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Abstract
The electrical interface to implanted neural medical devices is researched from
three perspectives, namely, the electronics within the device, the electrodes on the
device, and the electromagnetic fields around the device.
A Brain-Machine Interface may allow paralyzed patients to control robotic limbs
with neural signals sensed by fine wires inserted into the brain. The neural signals have
an amplitude under one millivolt and must be amplified. A totally integrated amplifier
is designed, manufactured, and characterized. The amplifier is fabricated in a standard
half-micron CMOS process without capacitors or resistors. Two application issues not
previously addressed are solved. First, the topology of the amplifier is shown to be less
sensitive to long-term drift of transistor parameters than the standard topology. Second,
a neural signal corrupted by 10 millivolts of powerline interference can be recovered.
The amplifier has a gain of 58 dB, a bandwidth of 750 to 14k Hz, power consumption of
180 uW, and noise of 1.5 uV RMS. The design techniques proven in this amplifier are
suitable for clinical Brain-Machine Interfaces.
An implanted electroencephalogram (EEG) recorder may aid the diagnosis of
infrequent seizure-like events that are currently diagnosed, without proof, as epilepsy. A
proof-of-concept study quantifies the electrical characteristics of the electrodes planned
for the recorder. The electrodes are implanted in an ovine model for eight weeks.

iv

Electrode impedance is less than 800 Ohm throughout the study. A frequency-domain
determination of sedation performs similarly for surface versus implanted electrodes
throughout the study. The time-domain correlation between an implanted electrode and
a surface electrode is almost as high as between two surface electrodes (0.86 versus 0.92).
EEG-certified clinicians judge that the implanted electrode quality is at least adequate
and that the implanted electrodes provide the same clinical information as surface
electrodes except for a noticeable amplitude difference. No significant issues are found
that invalidate the concept of an implanted EEG recorder.
Transcranial stimulation may treat a multitude of neurological and psychological
disorders. The stimulation may have higher repeatability and lower patient effort if an
implanted device provides the stimulation. The shape of the device, 300-mm long by
1 mm in diameter, is unlike any present implanted device. Five techniques that deliver
energy to the device are analyzed using computer simulations. The electrode for the
techniques that employ an electric field to deliver the energy is a new design that
exploits the anatomy of the scalp and skull. The electric-field techniques deliver energy
that is likely suitable for some stimulation protocols but not for all. The techniques that
employ a magnetic field deliver more than the energy required, especially if the shape of
the coil that creates the magnetic field is automatically optimized. However, the
magnetic-field techniques heat the brain; the electric-field techniques do not heat the
brain. This research validates the new delivery concepts and justifies future research.
v
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Foreword
In the United States, 40 million adults have mental disorders, such as autism,
depression, anorexia, post-traumatic stress, and schizophrenia [NIMH 2014].
Neurological disorders also afflict a large population. For example, there are 7 million
stroke survivors, 12 million epileptics, and 20 million women with migraines
[NINDS 2016]. The total burden of disorders associated with the brain is immense.
These disorders are treated with drugs, surgical modifications, implanted
medical devices, or medical devices outside the body. Drugs affect the entire brain and
body, so side-effects are common. Surgical modifications that are ineffective cannot be
reversed. In contrast, devices have a localized effect and are reversible in that they can
be disabled. Implanted medical devices carry the risk of surgery, but provide the
benefits of precise localization and less patient effort compared to devices outside the
body.
This dissertation concentrates on implanted medical devices and, more
specifically, the electrical interfaces to three future devices: the Brain-Machine Interface,
a multi-month EEG recorder, and an extracranial neural stimulator.
A Brain-Machine Interface is a prosthetic system that senses brain activity by
some means, interprets the activity as commands, and controls an external apparatus
with the commands. Paralyzed patients regain control of a portion of their environment
with a Brain-Machine Interface. The variations on a Brain-Machine Interface are
1

distinguished by technological choices at each of the steps starting at the intents of the
patient and ending with the action performed. This work concentrates on the choice of
needle-like electrodes inserted into the outer layer of the brain to capture the intents of
the patient.
The multi-month EEG recorder is a temporarily implanted device that records
the same EEG signals acquired by conventional EEG instruments. The device is inserted
in the loose tissue between the scalp and skull. Various embodiments of the recorder are
in development. The device is envisioned to have many applications, for example,
capturing the brain activity for a patient who appears to have epileptic seizures, but the
symptoms never occur while the patient is attached to a conventional EEG instrument.
The EEG signals captured by the implanted recorder allow a neurologist to differentially
diagnose the symptoms as epilepsy or some other disorder.
Stimulation of the brain with a DC current administered by electrodes pressed on
the head is claimed to treat just about every mental or neurological disorder. Eventually,
validity will be established for some of these claims. Delivering a DC current to a precise
location on a daily basis will be a burden on patients. The effort is reduced and the
repeatability increased if the DC current is created by an implanted extracranial neural
stimulator. Similar to the implanted EEG recorder, this device resides between the scalp
and the skull. The device receives energy from a high-frequency electrical field that is
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applied to the surface of the scalp. The device then coverts the energy into a DC current
applied to the cranium.
A different technological challenge for each of the three promising medical
devices discussed above is addressed in each of the chapters. The chapters form a
progression of research from the electronics inside a device, to the electrodes on its
surface, and, finally, to the electromagnetic fields outside the device.
Chapter 1 focuses on the design and demonstration of an integrated-circuit
amplifier of the neural signals entering a Brain-Machine Interface via needle-like
electrodes. Chapter 2 focuses on the verification of the equivalence of the EEG signals
sensed by traditional surface electrodes to the signals sensed by the electrodes of an
implanted EEG recorder. Chapter 3 focuses on the computer analysis of five techniques
to transfer electrical energy to an implanted device, such as an extracranial neural
stimulator, that has an extremely small cross-section.

3

1. A neural amplifier for a Brain-Machine Interface
This chapter1 describes an integrated-circuit neural amplifier developed as a
significant power reduction of the amplifiers in a prototype Brain-Machine Interface
(abbreviated as BMI) created by the Wolf Laboratory at Duke University [Rizk 2009].
The primary objective of the new amplifier is power reduction while matching or
improving the other specifications of the existing amplifier. The secondary objectives are
solutions to two practical clinical problems that have not been addressed previously in
similar amplifiers, namely, powerline interference and transistor-parameter drift.

1.1 Introduction
The justification for each goal for the amplifier is developed in the following five
sections. In the first section, the location of the neural amplifier determines the power
dissipation and silicon area goals. Next, the characteristics of the neural signal sensed by
a BMI establish the gain, bandwidth, noise, distortion, and crosstalk goals. Then, the
electrode characteristics dictate the goals for input impedance and DC input signal
range. In the fourth section, powerline interference sets the goals for input and output
amplitude and for gain matching. The last section explains and evaluates the goal of

The chapter is based extensively on “An Integrated Neural Amplifier with Positive-Gain Input
Configuration” [Jochum 2006] and “Integrated circuit amplifiers for multi-electrode intracortical recording”
[Jochum 2009] (Journal of Neural Engineering © copyright 2009 IOP Publishing Ltd.). Portions of these
sources are excerpted without citation or alteration as permitted in the copyright agreement.
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maintaining the performance of the amplifier despite the long-term drift of the
parameters of its transistors.

1.1.1 Location of the neural amplifier
The location of the neural amplifier in a BMI strongly influences the goals for
power dissipation and silicon area. In this section, the components of a BMI are
reviewed, followed by a description of alternative locations for the neural amplifier
portion of the BMI. The benefits and drawbacks of the alternatives are presented, and a
selection is made for the BMI system built by the Wolf Laboratory. Finally, the goals are
set for the neural amplifier that stem from the selection.
1.1.1.1

Components of a BMI
For the purposes of this research, a BMI is a neuroprosthetic system that senses

cortical signals with neural probes and interprets the signals to control an external
actuator (Figure 1). Other regions of the brain and other probes are not considered here.
A brief description of the components of the system follows. A detailed description of
each component is found in Moxon [2000]. A detailed description of a realization of a
BMI by the Wolf Laboratory is found in Rizk [2009].
The needle-like neural probes are inserted into the few-millimeter-thick cortex. A
microscopic region of the probe is exposed metal that senses the local extracellular
voltage. Nearby neurons generate most of the extracellular voltage sensed by the probe.
Each electrode connects to the input of a voltage amplifier. In the earliest BMI, sensing
5

many neurons required many neural probes each with its own long wire connected to its
own large amplifier. The bulk of this apparatus limited subject movement and often
corrupted the miniscule voltage present at the neural probe. Compact multi-probe
assemblies, compact wires, and compact amplifiers were created to permit the subject to
move freely and to amplify cleanly the neural signals. These compact amplifiers are
called neural amplifiers.

Figure 1: Components of a Brain-Machine Interface. [Rizk 2009 by permission
of the author with modifications]
The outputs of many neural amplifiers are digitized, multiplexed, and
transmitted wirelessly to external electronics. Power for the implanted electronics is
magnetically transferred from an external supply. Because the skin is uncut by power
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cables, the interface between internal and external electronics is called “transcutaneous.”
(The term “percutaneous” applies to cables that penetrate the skin. In common usage,
transcutaneous and percutaneous are synonymous, but not in medical usage.)
The external electronics interpret the data gathered by the neural amplifiers as
commands from the brain. The commands then control an actuator that performs some
task that ideally is desired by the subject. Commonly in research settings, the outputs of
the neural amplifiers are reconstructed by a user interface for viewing the neural signals
on a monitor.
1.1.1.2

Possible locations for the neural amplifier
The location of the neural amplifier depends upon the architecture for the entire

implanted assembly. Three common architectures for the implanted electronics are
shown in Figure 2. These architectures are designated as merged, mixed, and
distributed. The box labeled “other” in the figure holds the other implanted electronics,
such as the data converters, the power receiver, and the telemetry transceivers
[Banks 2003, Moxon 2005, Sanchez 2007]. The merged architecture, Figure 2 (a),
combines all assemblies into a compact unit that fits under the skull or in a hole burred
in the skull [Mohseni 2005, KimT 2006, Ayoub 2007, Harrison 2007b]. The mixed
architecture, Figure 2 (b), places the amplifier and a multiplexer on the probe
[Song 2007, Wise 2007]. The cable leaving the skull has just a few wires and no noisesensitive signals. The distributed architecture, Figure 2 (c), separates the probe from all
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other assemblies [Kennedy 2004, Rizk 2009]. The cable leaving the skull has one wire for
each probe so there may be many wires. The wires between the probes and amplifiers
are much longer than in the other two architectures. The other electronics may be in a
distant location, such as in the torso, as done with Deep Brain Stimulation systems.

Figure 2: Three common architectures for the implanted electronics for a BMI.
From the point-of-view of the amplifiers, the merged and mixed architectures are
equivalent. In both architectures, the amplifiers rest on the probes and are near neural
tissue.
The advantages and disadvantages of the three architectures in Figure 2 are
detailed in Table 1. A positive sign (+) indicates a desirable trait; a negative sign (−)
indicates an undesirable trait. The “+” and “-“ do not necessarily indicate more or less of
any parameter. For example, the “+” in the “Merged” column for the row with the trait
“Surface area that promotes infection” does not indicate a large surface, but, instead,
indicates a desirable trait which is a small surface area. None of the architectures have
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seen clinical use, so the ranking of traits is the estimation of the author instead of a
comparison of clinical data.
Table 1: Comparison of system architectures.
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1.1.1.3

Selected location for the neural amplifier
From an electrical engineering perspective, the merged and mixed architectures

have significant merit. The connections of the probes to the amplifiers are on the scale of
integrated-circuit techniques. The connections are too small for electromagnetic fields to
introduce noise or cause any of the cable-related problems listed in Table 1. The vast
majority of academic BMI systems follow either the merged or mixed architecture.
From a biomedical engineering perspective, the merged and mixed architectures
introduce new risks. No approved medical device places electronics directly on the
cortex. If the device fails, explanting may be dangerous. The area for electronics is
restricted to the area of the probes, so standard safety components may not fit.
The most significant new risk may be heating of the precious cortex. This risk
may be mitigated in the mixed architecture in which the other electronics are
extracranial, but the merged architecture places all heat generation and temperature rise
near the brain. Kim [KimS 2007] analyzed the magnitude of the temperature rise, but
few researchers have analyzed the effects of the temperature rise [Dube 2007, Wolf
2007]. In some literature on neural amplifiers, a 1 or 2 ◦C rise is claimed to be acceptable.
However, standards do not exist for cortical temperature rise because no medical device
chronically raises cortical temperature.
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The distributed architecture, in the partisan opinion of the author, may have the
shortest path to approval for clinical use because it builds upon technology already
released for human use.
1.1.1.4

Power and area goals
The BMI system developed by the Wolf Laboratory (Figure 1) [Rizk 2009] follows

the distributed architecture. In this architecture, the power and area requirements of the
amplifier may be set by concerns other than probe area and neural heating.
The power consumption of the implanted electronics in the previous generation
BMI is 2 W with half in the amplifiers and half in the other electronics. With a redesign,
the power in the other electronics could drop to approximately a half Watt. The goal for
the power in the new amplifiers is to not increase significantly the total system power.
Reducing the amplifier power by 10X from 1 W to 100 mW achieves this goal; a
reduction of more than 10X has little influence on total system power and unnecessarily
burdens the amplifiers. The assembly labeled “Neural Amplifiers” in Figure 1 has other
circuit blocks in addition to the amplifier in this research. All the circuit blocks have a
goal of a 10X power reduction. The particular circuit block that is the predecessor to this
research drew 300 uA from the power supply. Thus, the goal for this research is a supply
current of 30 uA. The predecessor circuit had a 5V supply. For this research, split
supplies are used to simplify circuit biasing (see the Circuit Design section). The split
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supplies are 3.3 V and -2 V, so the total supply voltage drop is 5.3 V and the goal for
power becomes 30 uA * 5.3 V = 160 uW.
The printed circuit board that holds the previous generation neural amplifier is
30 mm by 15 mm (Figure 3). Reducing the area to half has some benefit, such as a better
match to the curvature of the skull. Further reductions have little benefit and
unnecessarily burden the amplifiers. In Figure 3, seventeen amplifiers fit in each of the
two integrated circuits on the left. To reduce the board area by half, all the amplifiers
must fit in a single chip that is slightly larger than the previous generation chip. The area
for each amplifier must drop to two-thirds the 0.6 mm2 area of the predecessor amplifier.
The goal for the area of the amplifier in this research is 0.4 mm2. One dimension of the
amplifier is pinned to 200 microns to match the bumped pads available at Duke
University [Pascual 2004], so the goal can be restated as 0.2 mm X 2 mm.

Figure 3: Neural amplifier board in Figure 1. The two large black squares on
the left are the previous generation of neural amplifiers. [Rizk 2009 by permission of
the author with modifications]
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The complexity of the circuitry that fits within the area goal depends on the
process technology. To meet financial and schedule goals, the same process as for the
previous generation is selected for this research. The process (C5N Process, AMI
Semiconductor Inc. (now ON Semiconductor Inc.), Pocatello, ID) has 0.5 micron
minimum dimensions and has only NMOS and PMOS devices that have a maximum
operating voltage of 5.5 V. No other devices, such as resistors or capacitors, are available
with acceptable area. The selected process is sufficient for the complexity of the circuits
in this research though more recent processes take less area.
At the stated goals, the power density of each amplifier is 160 uW in 0.4 mm2 or
40 mW/cm2. This power density is too high [Rizk 2009] if the merged or mixed
architecture is used because the heat cannot spread beyond the integrated circuit. In the
distributed architecture, the heat spreads over the area of the entire assembly, which is
15 times larger than the integrated circuit. The power density in the distributed
architecture is reduced to far below the density that harms tissue.

1.1.2 Neural signals
The voltage field in the extracellular space surrounding neurons consists of
signals of various frequencies, amplitudes, and sources. Brain-Machine Interfaces may
one day use low-frequency sub-100 Hz signals from the cortex [Spencer 2016] or deep
regions [Bourget 2015], but this research considers only the signals known as “spikes.”
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Spikes are the neural signals for all the BMI systems that have human subjects and have
probes for electrodes [Hochberg 2006, Collinger 2013, Aflalo 2015, Gilja 2015].
The characteristics of neural spikes set the goals for the gain, bandwidth, noise,
distortion, and crosstalk of the neural amplifier. The justification of each goal is
developed next, but first some properties of spikes are reviewed.
A spike may also be referred to as an extracellular action potential (often
abbreviated as an EAP), a unitary activity, or a single unit. Spikes were first measured in
humans in 1955 [Ward 1955, Garell 1998]. Examples of spikes are shown in Figure 4. A
typical spike is a quarter-millisecond negative pulse followed by a slightly lower
amplitude half-millisecond positive pulse. The more than 100 human spikes shown in
Truccolo [2008] illustrate the prevalence of the biphasic shape along with variations such
as small leading positive pulses, small trailing negative pulses, and compression or
expansion of the pulse durations. The filtering of the spike by the amplifying electronics
may also significantly contribute to the wave form observed at the output of a neural
amplifier system [Wiltschko 2008].
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Figure 4: Examples of spikes. [Rizk 2007 by permission of the author]
Each spike is generated by an action potential firing in a nearby neuron.
Henze [2000] simultaneously measured the intracellular action potential and
extracellular spike to demonstrate their temporal alignment. The current that rushes into
the neuronal cell body at the initiation of an action potential pulls the extracellular space
near the neural signal probe to a negative voltage relative to a distant reference probe.
The current that leaves the cell body at the end of the action potential lifts the voltage on
the signal probe. Classic papers by Rall [1962] and Plonsey [1977] derive the
mathematical description of the extracellular voltages.
1.1.2.1

Gain goal and maximum passband input voltage
The required gain of an amplifier is the ratio of the amplitude of the signal

needed by the subsequent electronics to the amplitude of the signal being sensed. For
the BMI system considered in this research, the analog-to-digital converter that follows
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the neural amplifier expects a full-scale signal of approximately 1 V. The gain goal of the
neural amplifier is thus 1 V divided by the largest amplitude of a spike.
The amplitude of a spike is a strong function of the separation between the probe
and the neuron [Grill 2007]. Li and Jasper [1953], pioneers in cortical recording, would
lose a spike when the probe moved 60 microns from the location of the largest
amplitude. Modern measurements confirm this rapid decrease in amplitude with small
displacements [Henze 2000, Blanche 2005, Kaneko 2007]. The largest amplitude spikes
are found near large neurons, such as layer 5 pyramidal cells [Li 1953]. Spikes as large as
1.2 mV peak-to-peak have been encountered [Blanche 2005, Suner 2005], but most
researchers are pleased with an amplitude of 200 uV.
The goal for the passband gain of the amplifier in this research is 1000, which is
usually expressed as 60 dB. A rather large 1 mV spike, which is the goal for the
maximum passband input voltage, is magnified to 1V.
Manufacturing tolerances introduce variation in gain from one integrated circuit
to the next. Variation of gain of 10% is acceptable because many other factors, such as
probe location, have a larger impact on spike amplitude. The goal for part-to-part
variation of gain for the amplifier in this research is a standard deviation of 3% or 0.3 dB,
which is equivalent to the desired +/-10% specification for low-volume manufacturing
(but is a +/-20% specification for high-volume manufacturing where six standard
deviations are required).
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1.1.2.2

Bandwidth goal
If the time-domain spike signal is converted to its frequency-domain equivalent,

the band of frequency where the power density is above half of its peak spans from a
few hundred Hertz to approximately 2000 Hz [Fee 1996, KimK 2000, Pancrazio 2003,
Blanche 2006]. Non-spike sources, both biological and environmental, may cause the
signal sensed at the probe to have much more energy outside this frequency band than
inside it. The out-of-band energy will mask the spike if not filtered [Henze 2000,
Yoshida 2004].
The high-frequency filter corner commonly ranges from 3k Hz to 6k Hz in BMI
systems [Jochum 2005]. Higher corner frequencies, even beyond 10k Hz [Nenadic 2005],
may be used to inspect fine details of the average of many spikes. If only the detection of
a spike is required, then a 1k Hz corner is adequate [Dorman 1985] and reduces
amplifier power dissipation.
The low-frequency filter corner usually ranges from 300 to 500 Hz, but 800 Hz
may be needed to suppress muscle-related potentials [Harrison 2007b]. The predecessor
amplifier from the Wolf Laboratory has a 400 Hz low-frequency corner [Jochum 2005].
The goal for the bandwidth of the amplifier in this research is approximately
500 Hz to 10k Hz. A second goal is an adjustable bandwidth as is common for neural
amplifiers. The adjustments accommodate the inaccuracies of the design software, the
frequency of non-spike sources, and the needs of the BMI algorithms. As with gain, the
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variation of bandwidth over manufacturing tolerances is not critical for sensing spikes in
a BMI system. A standard deviation of 3%, at a given adjustment setting, is acceptable.
1.1.2.3

Noise goal
In Figure 4, only spikes are shown, but, in Figure 5, the background noise

surrounding the spikes is also shown. The dominant noise source in cortical recordings
is oftentimes the summation of spikes from neurons that are either too small or too far
away to produce a distinct large pulse. As seen in Figure 5, this noise is approximately
60 uV peak-to-peak or 10 uV RMS. The amplifier and probe contributed insignificant
noise in this recording. For any amplifier, regardless of the application, a key
specification is the signal-to-noise ratio (abbreviated as SNR). For spike amplifiers, the
SNR is unusual in that the signal is measured as a peak-to-peak voltage and the noise as
an RMS voltage. A spike is usually detectable at an SNR of about eight which is
equivalent to the tips of the spikes being a third larger than the tips of the noise.

Figure 5: Four spikes with background noise. [Rizk 2007 by permission of
the author]
When several noise sources are present, the noise of the combination is the rootsum-square of the individual sources. The biological background noise in neural
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recordings such as Figure 5 is approximately 10 uV RMS. If the neural amplifier adds
5 uV RMS more noise, then the root-sum-square calculation of total noise is 11 uV RMS
or only 10% higher. The ability to detect spikes is not significantly altered.
The noise of an amplifier is commonly given as the noise density in units of
nanoVolts per root Hertz. The total noise of the amplifier is found by integrating the
noise density over the bandwidth of the circuit that receives the output of the amplifier.
For neural amplifiers, the common practice is to specify the total noise instead of the
noise density. The bandwidth for the noise calculation is understood to be the
bandwidth of the amplifier.
The noise of the previous generation BMI system is 6 uV RMS [Jochum 2005]. A
significant portion of this noise is not from the neural amplifier. The amplifier was not
independently measured, but its noise is estimated to be 3 uV RMS. The goal for the
input-referred noise for the amplifier in this research is 3 uV RMS over a 500 Hz to
10k Hz bandwidth.
1.1.2.4

Distortion goal
In most of the neural amplifiers in the literature, the devices that determine gain

or bandwidth are non-linear transistors. The non-linearity leads to signal distortion of a
few percent [Holleman 2007, Rieger 2007]. Distortion will change the shape of a spike as
seen at the output of the neural amplifier. For a BMI system, the requirement is that the
shape remain roughly constant over time for the spike from a particular neuron. The
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distortion of the spike shape by the amplifier is not critical as long as it is consistent. On
the other hand, distortion is critical in BMI systems that use low-frequency non-spike
signals. These signals are analyzed in the frequency domain [Heldman 2006], and
distortion causes the energy peak from a particular biological source to move to
incorrect frequencies depending on the amplitude of other sources. For this research,
only distortion of spike shape is considered.
Distortion increases with the amplitude of the input signal. The maximum
amplitude considered here is 1 mV peak-to-peak. The distortion goal for the amplifier in
this research is 10% for a 1 mV signal.
1.1.2.5

Crosstalk goal
The presence of a spike sensed at one neural probe on the output of an amplifier

for a different neural probe is called crosstalk [Pancrazio 1998]. To the BMI system, the
spike appears to be sensed by more than one probe. If the amplitude of the extra spike
on the output of the unintended amplifier is relatively small, the extra spike is
indistinguishable from the spikes of distant neurons that form the background noise
(Figure 5). Crosstalk of 1% can be tolerated [Najafi 1990]. Some crosstalk arises in the
capacitance from wire-to-wire in the probe cable, especially in the distributed
architecture (Figure 2) considered here. This crosstalk is not the fault of the amplifier
other than that an excessively high input impedance increases the crosstalk
[Dabrowski 2004].
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The goal for the crosstalk for the amplifier in this research is 1%. If the gain of
the amplifier is 1000, then this goal is equivalent to a gain of 10 from the input of one
amplifier to the output of another amplifier.

1.1.3 Electrode properties
The exposed metal on a neural probe is the electrode that conveys the voltage of
the adjacent extracellular region to the wire that connects to the input of the neural
amplifier. The voltage at the input to the amplifier is not exactly the voltage of the
extracellular region. The difference in voltage between the extracellular region and the
amplifier input is the voltage across the microscopic interface region where the
extracellular fluid contacts the electrode surface. Some of the properties of this voltage at
the probe interface determine goals for the neural amplifier. These properties and goals
are discussed next. In this discussion, and in the literature, the word “probe” often refers
to the electrode portion of the probe assembly. The intended meaning of “probe,”
whether electrode or entire structure, is chosen by the context.
The next subsection describes the three types of probes that connect to the neural
amplifier. The change in the DC voltage from the extracellular region to the amplifier
input is then explained. The goals for the DC voltage range and input current of the
amplifier are chosen to minimize the effects of this change in voltage. Next, the change
in the AC voltage due to the electrode is explained, and its effect is minimized by setting
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a goal for the input impedance. Finally, the various amplifier topologies that achieve
these goals are described, and one is selected for this research.
1.1.3.1

Probe topology
The probe and the electronics associated with it are called a “channel.” The

probes for three channels are shown in Figure 6. Each amplifier in a multi-channel
integrated circuit connects to its own signal probe. Two other probes, the reference
probe and the ground probe, are common to all the channels.
The dimensions of a signal probe are similar to those of the neuron cell bodies
that generate the signal—that is, in the range of ten microns to fifty microns. The
amplitude of the signal captured by the probe increases as the probe area is reduced, but
the resistance and thus the noise of the probe also increase. If just these two properties
are considered, there is a theoretical optimal probe area [Lempka 2006, Moulin 2008].
However, the biological noise described in the Neural Signals section is so large that
probe noise is typically insignificant. Other concerns, such as tissue damage from large
probes and signal attenuation from small probes, determine the probe area.
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Figure 6: Probe topology with connections to three neural amplifiers.
Alternative names for each probe are in parentheses. The relative area of the probes is
shown in the figure.
The voltage on the signal probe is relative to the voltage provided by a usually
larger area and lower resistance reference probe. The reference probe is commonly close
to the signal probes so that environmental electrical noise between the probes is reduced
but not so close that the same extracellular voltage is sensed by the signal and reference
probes [Cheung 2007]. The separation between signal and reference probes is typically
in the one- to ten-millimeter range.
A very large ground probe establishes the ground potential for all the circuitry.
The ground electrode must be very low resistance because much more current passes
through it compared to the other probes. The ground probe provides the return path for
the input currents of the signal and reference probes. More importantly, the current
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induced by voltage differences to the grounds of the other components of the implanted
BMI system flows in the ground electrode. Without a ground probe, this current flows in
the signal or reference probes and creates voltages that mask the neural signals.
The area of a signal probe ranges from a hundred to a few thousand square
microns. For analysis performed for this research, an area of 1000 um2 is assumed. The
reference probe may be an order of magnitude larger than the signal probe [Suner 2005,
Harrison 2007a] and the ground probe several more orders than the reference probe.
1.1.3.2

DC input voltage range and input current
The DC voltage across the electrode interface is explained in this section. This

property of the electrode determines the DC goals for input current and voltage range.
The explanation assumes the electrode surface is a bare inert metal such as platinum or
gold. The explanation may not apply to other material or surface treatments.
The extracellular space is an electrolyte with electric current carriers that are
simple ions, such as sodium and chlorine, or complex ions, such as proteins. The
electrode is a metal with electrons as the sole current carrier. At the electrode interface,
the current flows from an electrolyte to a metal, and the carriers transition from ions to
electrons. For example, the current may be a negative chlorine ion that enters and
remains in the interface, and then the current continues as an electron that leaves a metal
atom in the interface. A voltage must form across the interface to provide the force that
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pulls the electron away from the metal atom (or the force for any other change in the
composition of the electrolyte or metal).
A plot of the relationship between the electrode current and the voltage needed
to create the current is given in Figure 7. The electrode metal is platinum, and the area is
1000 um2. If the electrode consists of a different metal, then the entire current-versusvoltage curve may shift to the left or right a few hundred milliVolts.
For current less than 100 pA, the voltage is highly variable and depends on the
dominant mechanism of the many possible mechanisms. Some mechanisms are
illustrated along the bottom of the figure and are explained in Jochum [2009]. The
normal physiology-driven fluctuations of the constituents of the extracellular fluid, the
atomic-scale perturbations of the probe metal facets, and the binding and unbinding of
various molecules to the metal surface change the dominant mechanism [Dymond 1976,
Kipke 2004] and shift the voltage on the probe, sometimes a hundred millivolts in
seconds [Heer 2006]. Small changes in the current, such as from a few picoAmperes
positive to a few picoAmperes negative, can also change the mechanism and thus
change the voltage by hundreds of milliVolts. The voltage for current under 100 pA is
unpredictable and is shown in the figure as a region instead of as a specific value.
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Figure 7: DC probe current magnitude versus voltage. The electrode area is
1000 square microns. [Jochum 2009 by permission of the author]
For currents larger than 100 pA, the voltage leaves the ill-defined center region
and enters a well-defined region where the dominant mechanism is electrolysis of water.
The hydrogen or oxygen molecules that leave the interface may damage tissue
[Hurlbert 1993]. The hydrogen concentration near the electrode changes, which is
equivalent to a pH change. Many cell properties, such as the creation of action
potentials, vary when pH changes [ChenZ 2014]. No studies have been conducted on the
long-term consequences of nanoAmperes of electrolysis confined to a few thousand
cubic microns [Cogan 2008]. The much larger electrode for Deep Brain Stimulation has a
maximum DC current of 1 uA through an area of 6 mm2 which is comparable to 200 pA
in Figure 7 [Tim Denison, Medtronic Corp., 2006 private communication]. The DC
current drawn by the input to the neural amplifier must be the minimum possible.
Taking into consideration the electrode properties just described, the goal for the
DC input range for the amplifier in this research is +/- 0.8 V. The goal for the input
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current is the current in the reverse-biased diodes that protect the amplifier from
electrostatic discharge. The diode current is expected to be below the 100 pA that causes
water electrolysis because some commercial integrated circuits have input current
specifications under 10 pA (LTC6241, Linear Technology Corp., Milpitas, CA). No other
source of DC input current is allowed on the input of the amplifier.
1.1.3.3

Input impedance goal
In addition to the voltage drop at the electrode interface caused by the

transitioning of current from ions to electrons, there is a voltage drop from the charge
stored on either side of the interface. The magnitude of the voltage drop is a function of
the frequency of the current. Many models are available that describe the voltageversus-current relationship, that is, the impedance of the interface. Some models attempt
to encompass all frequencies from DC to beyond the tens of kilohertz relevant to this
review. An alternative to models of this complexity is to consider just two frequency
regions: DC and the band from 100 to 10000 Hz. The probe interface at DC is described
in the previous section. The probe interface in the kilohertz frequency region is
adequately described, for many design tasks, by the simple model in Figure 8 (a).
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Figure 8: Electrode AC models. Only the simple model in (a) is applied to this
research. Jochum [2009] explains models (b) and (c). [Excerpted in its entirety from
Jochum 2009 by permission of the author]
The model in Figure 8 (a) needs no resistive element because, for many probes,
the resistance contributes a tenth or less to the probe impedance and to the system noise.
The capacitor in the model is a simple ideal one without unusual dependencies as found
in the other two models in the figure. However, the capacitor may have a wide range of
capacitance that must be considered in the amplifier design. Variations in the
manufacturing of the probe lead to reported capacitance ranges as small as 2:1 and as
large as 10:1 even when the physical dimensions are tightly controlled [Kindlundh 2002,
Moxon 2004, Blanche 2005, Suner 2005]. A smooth metal surface produces 0.2 pF/um2,
and rougher surfaces may have five times this capacitance [Prohaska 1986,
Schuettler 2007]. As a numerical example, a 36 um diameter probe – an area of
1000 um2 – may have a capacitance of 200 pF. At 1k Hz, the magnitude of this probe
impedance is 0.8M Ohm. Probe manufacturers frequently list only the “0.8M Ohm”
value, which is understood to specify an impedance that is mostly from a capacitance
and not a resistance.
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The probe impedance and the amplifier input impedance form a voltage divider
that attenuates the signal sent to the amplifier. A commonly accepted loss through the
divider is 10%, when all of the contributors to the amplifier input impedance are
considered [Kipke 2004]. If the probe capacitance is assumed to be more than 100 pF,
then the goal for the input impedance for the amplifier in this research is 10 pF. The
parallel resistive component of the input impedance must be so large as to be negligible.
1.1.3.4

Amplifier topology selection
The goals for bandwidth and DC input range require a high-pass filter in the first

stage of the neural amplifier. The goal for DC input current requires that only capacitors
or gates of MOS transistors connect to the input of the amplifier. Six circuit topologies
that meet these requirements are shown in Figure 9. The component values are
appropriate for constructing the amplifier entirely within an integrated circuit. The
internal amplifier, represented by the standard triangle symbol, has a gain of ten in
topologies (a), (b), and (d)(1) (shown in blue) and has very high gain in the other
topologies.
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Figure 9: Amplifier input stage topologies for high-pass filtering. All have a
passband gain of 10 and a time constant of 1 ms. Topology (d)(3) is selected for this
research.
Low-frequency signals are blocked by capacitors in (a) and (c), but are removed
by subtraction in (b) and (d)(1 to 3). In (a), the capacitor connects to a high impedance,
but, in (c), the capacitor connects to a virtual low impedance. In (b), the subtraction is in
the forward path, but, in (d)(1 to 3), the subtraction is in the feedback path.
The topologies in Figure 9 (d)(1 to 3) have an undesirable gain of one at DC. The
second stage of amplification thus has the same issue as the first stage, namely, the DC
voltage across the electrode interface must be accommodated. All the other topologies
have zero gain at DC.
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The neural amplifiers in hundreds of papers have the topology of Figure 9 (c).
The first use of this topology in a neural amplifier is commonly credited to
Harrison [2003], though Olsson [2002] presented it at a conference a few months earlier
than Harrison. The feedback from the high-gain internal amplifier creates a low
impedance at the negative input of the amplifier such that the entire probe voltage is
dropped across the input capacitor. The large input capacitor converts the probe voltage
into picoAmpere-sized current that flows into the small output capacitor. The net effect
at the output of the amplifier is the amplification of the voltage sensed by the probe. The
output signal also contains unwanted signals caused by picoAmpere sources that
capacitively couple to the negative input of the operational amplifier. The other
topologies are similarly sensitive to unwanted picoAmperes flowing into the resistor–
capacitor junction. Extreme care is taken in the layout of the amplifiers to prevent stray
capacitance that could couple these unwanted currents.
The low-pass filter in the subtraction path of Figure 9 (b) and (d)(1 to 3) may be
the traditional combination of resistors and capacitors ( [McRobbie 1990,
Pereleman 2005, Parthasarathy 2006] for (b), [Obeid 2003] for (d)(2), and [Borghi 2007]
for (d)(3)). The low-pass filter has other forms, though. It may be an operational
amplifier integrator [Sacristan 2002, Gosselin 2007a] or a transconductance amplifier
driving a capacitor (see the Circuit Design section of the Methods). In some neural
amplifiers, the subtraction of a low-pass-filtered signal is achieved through
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conceptually-identical well-known methods for offset-cancelling such as autozeroing
[Chan 2007], correlated double sampling [Aziz 2007], or driving the negative input of the
amplifier with a digital-to-analogue converter [Guo 2004, Jochum 2005] such that the DC
voltage at the input is nulled.
Traditional resistor-capacitor high-pass filters are found in the topology of Figure
9 (a) [Demosthenous 2005, Aziz 2006].
The topology in Figure 9 (d)(3) is selected for this research. In the top row of
topologies in the figure, components other than the input of the amplifier connect to the
probe. These components lower the AC input impedance, so these topologies are not
selected. Topology (d)(1) has an internal amplifier with a gain of 10 which takes more
area than the very-high-gain amplifiers in (d)(2) and (d)(3), so (d)(1) is not selected. The
methods that create a gigaOhm resistor in the area allowed in the goals for this research
do not create resistors that match well enough to meet the gain goals, so topology (d)(2)
is not selected. Topology (d)(3) is selected despite the drawbacks of unity gain at DC and
a large-value resistor. Both drawbacks are overcome by replacing the resistor with a
transconductance amplifier, as explained later in the Transistor-Parameter Drift section.

1.1.4 Powerline interference
The electromagnetic fields emanating from powerline wiring or from devices
supplied by the powerline create voltages in the cortex. The neural spikes in the cortex
may be masked by the powerline-induced voltages. To prevent masking, the neural
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amplifier has goals for the input and output amplitude at the powerline frequency and
the matching of gain from channel to channel. The justification for the goals is
developed next.
When a BMI system is in the lab, powerline interference is challenging to avoid
[Shaw 2003]. When a BMI system is implanted, the resistivity of tissue is sufficiently low
to provide some shielding at powerline frequency but, even then, powerline interference
affects the performance of human BMI systems when the patient is outside the
laboratory [Gilja 2015].
The amplitude of the powerline voltage impressed between signal probes and
the reference probe is under 1 mV peak-to-peak even for strong sources, such as power
transmission lines [Jochum 2009]. However, the analysis in the literature [Scholten 2005,
Dawson 2001, Leitgeb 2008a, Leitgeb 2008b, Stuchly 2005] does not consider
conservative scenarios in which the powerline wires are close to the body, such as in
heating pads. To establish a worst-case goal, the cortical voltages from safely-insulated
powerline wires resting on the scalp are found through computer simulation (see
Chapter 3 for methodology). The biological parameters were for a thin and resistive
scalp and skull as encountered in elderly patients. As seen in Figure 10, the voltage on a
signal probe separated 10 mm from the reference probe is 10 mV peak-to-peak (peak-topeak is abbreviated as pp).
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The goal for the maximum amplitude for the input voltage to the neural
amplifier in this research is 10 mV pp at the powerline frequency. No neural amplifier
has addressed this concern.

Figure 10: Cortical voltages created by a 120 V RMS powerline. This is a crosssection view. The powerline wires are the two circles above the scalp.
The magnitude of the powerline signal at the output of the amplifier should be
approximately that of the neural spikes so that the analog-to-digital conversion and
digital processing later in the BMI system can readily measure and remove the
remaining powerline signal. A relatively small neural spike of 100 uV pp is amplified to
100 mV pp by the specified passband gain of 1000. Thus, the maximum powerline
output signal is also approximately 100 mV pp. Dividing this goal by the 10 mV pp
maximum powerline input voltage gives 10 as the goal for differential gain at the
powerline frequency of 60 Hz.
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Another source of a powerline voltage appearing at the output of the neural
amplifier is the powerline voltage between the reference or signal probes and the
ground probe. A conservative maximum for this voltage is 100 mV pp [Jochum 2009].
The gain from this voltage to the output of the amplifier must be one to meet the goal of
100 mV pp maximum powerline output voltage. This gain is called common-mode gain.
The powerline voltage that reaches the output of the neural amplifier is removed
by subsequent processing in the BMI system. One of the removal methods is to subtract
from the output of the neural amplifiers the output of the average of all the channels
[Volosyak 2010, Irwin 2016]. Another method of reducing powerline interference is to
subtract from the neural amplifier outputs the output of an amplifier called a replica
amplifier. The input for the replica amplifier shorts to the reference, preferably by a
replica signal probe inserted in the cortex as close to the reference probe as possible
[Grybos 2004]. The output of the replica amplifier contains a powerline signal due to the
common-mode gain and due to any on-chip powerline interference. For either of these
two methods to perform well, the gain of all the neural amplifiers must match one
another well. If the gains match to within 10%, then these methods can remove 90% of
the interference. Considering the other precautions taken in the amplifiers to reduce
powerline interference, a 90% reduction is adequate. The goal for the channel-to-channel
gain matching for the neural amplifier in this research is a 10% difference from the gain
of the channel with the highest gain to the gain of the channel with the lowest gain.

35

1.1.5 Transistor-parameter drift
Over time, the parameters of the transistors in an amplifier drift because of
predictable aging and unpredictable environmental stresses. This drift is one factor
considered when selecting from among various design options. This section analyzes the
design options for the resistors in Figure 9. The section is organized as a self-contained
research effort. In the conclusion of this research effort is the selection of the design
option with the least sensitivity to transistor-parameter drift.
1.1.5.1

Introduction
Implanted medical devices that have a battery must have no noticeable change in

performance over the life of the device, which is usually limited by the life of the battery.
The entire electronics portion of the medical device is replaced when the battery
approaches its end-of-life at up to twelve years [Porter 2008]. Implanted medical devices
powered by an external source are expected to perform without degradation over the
life of the patient [Shepherd 2015]. One cause of degradation is the drift of the electrical
parameters of the MOS transistors in the integrated circuits within the medical device.
The parameters drift unavoidably over long periods due to natural radiation
[Theuwissen 2007] or movement of various charged species [Hance 1994, Stathis 2006,
ChenK 1985]. The parameters may also change instantaneously from medical radiation
[Prutchi 1999].

36

Degradation of the amplifiers in Figure 9 has been analyzed [Hellwege 2013,
Jha 2005], but the degradation of the extremely-high-valued resistors has not. Most
degradation mechanisms increase conductivity, and these resistors have unusually low
conductance, so they are more sensitive to degradation than the typical resistor. A
thorough analysis of the degradation is beyond the scope of this research. Instead,
implementations of the resistors are compared. The implementation that is the least
sensitive, without violating other goals, is selected for the neural amplifier in this
research.
The resistance elements in Figure 9 fall into five categories: simple resistors, nonconducting devices, strongly-conducting transistors, weakly-conducting transistors, and
transconductance amplifiers. Each category is discussed next.
− Simple resistors are rarely used because the large values in a neural amplifier
consume expensive area or require expensive manufacturing processes
[DeMichele 2003b, Perelman 2006, Denison 2007]. These resistors violate the area
goals of this research and are not considered further.
− Building a resistor from a non-conducting device seems contradictory, but many
designers enlist the small leakage current through a nominally disabled device to
set the time constant of the high-pass filter. The device may be a single bipolar
transistor [DeMichele 2003a] or MOS transistor [Najafi 1986, Gosselin 2004,
Parthasarathy 2006]. Two such devices may be arranged in anti-parallel or anti-
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series to cancel non-linearities [Ji 1992, Olsson 2005, Holleman 2007,
Takahashi 1984, Dorman 1985, Nielsen 2003, Frey 2007, Harrison 2003]. The
uncertainty of these resistors is too high for the schedule and funding constraints
of this research and are not considered further.
− Strongly-conducting transistors are smaller than simple resistors but not by
enough to be widely used [Rieger 2005] and are not considered further.
− A weakly-conducting transistor has a gate voltage such that a high resistance
forms between the drain and the source. Various schemes set the gate voltage so
that the high resistance is independent of manufacturing variations [Bai 2001,
Hills 2002, WangD 2006, HoM 2007, Yuan 2008, Sacristan-Riquelme 2007]. The
schemes do not prevent drift in the resistance because the transistor that forms
the resistor may drift differently from the transistors in the schemes. Weaklyconducting transistors are considered for this research.
− Transconductance amplifiers also serve as resistors [Harrison 2007b,
Gosselin 2007b, Chan 2007, Samsukha 2007, Brown 2008] and are considered.
1.1.5.2

Methods
The sensitivity to transistor-parameter drift for a weakly-conducting transistor

and for a transconductance amplifier is found by computer simulation (Spectre, Cadence
Design Systems Inc., San Jose, CA). These two implementations of a high-value resistor
are placed in a high-pass amplifier as shown in Figure 11. The “simple resistor”
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implementation in the figure is not simulated but illustrates a circuit with equivalent
performance to the other two circuits. The resistance of the weakly-conducting transistor
is set to 46M Ohm by adjusting the DC voltage on the signal labeled “gate.” The
2.5 nA DC bias current for the transconductance amplifier creates the same high-pass
time constant as in the other two circuits. The high-pass time constant is 0.9 ms or,
equivalently, a corner frequency of 170 Hz.

Figure 11: Circuits analyzed for transistor-parameter drift.
The transistors are p-channel MOS with gate width of 2 microns and gate length
of 400 microns. The transistor parameters for the simulation are from a model for a
standard quarter-micron process (Vanguard International Semiconductor Corp.,
Hsinchu, Taiwan).
The internal amplifier, shown as a triangle, has a gain of 0.2 A/V. The capacitors
match those used in the neural amplifier in this research. The input voltage is zero
volts DC and is small enough in AC amplitude that small-signal approximations are
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appropriate. The “gate” voltage is -0.958 V DC. In a complete circuit, the gate voltage is
created by one of various schemes that cancel manufacturing variation of transistor
parameters so that the transistor has a resistance of 46M Ohm at the beginning of its
lifetime.
The transistor parameters that commonly drift are threshold voltage
[ChenK 1985], mobility [Krishnan 2003], and leakage currents [Hong 2002,
Miyazaki 2008]. The transistor model parameter file is proprietary and cannot be edited,
so a threshold voltage drift is emulated with a 30 mV DC voltage source in series with
the gate, a leakage current drift is emulated with a 1 nA DC current source on the
transistor drain, and a mobility drift is emulated with a 0.2 um increase in gate width.
Mobility is multiplied by gate width in transistor DC current expressions, so either can
be varied for the effects analyzed here. The magnitude of the parameter drift in the
simulations is consistent with the literature. The magnitude is unimportant, though,
because the circuit selection is based on the comparison of the simulation results from
the two circuits.
For each circuit, the percentage change in high-pass time constant is found for
the drift in each transistor parameter.
1.1.5.3

Results
Table 2 lists the simulation results. When compared to the weakly-conducting

transistor, the transconductance amplifier has equal or lower sensitivity for all drifts.
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Table 2: Sensitivity of two circuits to transistor-parameter drift

1.1.5.4

Discussion
The time-constant for the transconductance amplifier is unaffected by the drift in

threshold voltage because the transconductance of an MOS transistor biased in the
saturated (i.e., large drain voltage) region is set by the source DC current, not by the gate
DC voltage [Enz 1996 page 93]. In comparison, a transistor biased in the linear (i.e., small
drain voltage) region, such as the weakly-conducting transistor, has a resistance
proportional to the difference of the gate voltage and the threshold voltage [ibid.]. A
drift of the threshold voltage does affect the weakly-conducting transistor.
The resistance of the weakly-conducting transistor is proportional to mobility
while the transconductance in the transconductance amplifier is proportional to the
square root of mobility [ibid.]. The time-constant change of 13% for the weakly
conducting transistor is more than the 10% mobility change due to second order effects
arising from changing the gate width to emulate changing the mobility.
The 1 nA drift of the leakage current raises the bias current of the
transconductance amplifier from 2.5 nA to 3.5 nA. In the strong inversion (i.e., gate
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voltage significantly above threshold) region of operation for the transistor in the
transconductance amplifier, the transconductance is proportional to the square root of
current [ibid.]. The time-constant changes more than the square root of the change of
current due to the same second order effects related to gate width as mentioned above.
The drift of leakage current for the weakly-conducting transistor increases the drain
current from negligible current to 1 nA DC. This alters the gate-to-channel voltage such
that the channel resistance is predicted to change the same as the transconductance in
the transconductance amplifier. Leakage current does not influence the choice between
the two circuits.
The goal for time-constant accuracy is 10% (see Neural Signals section). The goal
is not met by the transconductance amplifier if the leakage current increases by 1 nA
over time. The 2.5 nA bias current in the transconductance amplifier can be increased to
lower the time-constant change from the 23% in Table 2. Alternatively, the 1 nA can be
considered a conservative estimate for the increase in the leakage and the 2.5 nA bias
current left as is – this alternative is chosen. However, as a precaution against increased
leakage currents, bias currents throughout the amplifier are not less than 1 nA.
1.1.5.5

Conclusion
When replacing a high-value resistor, a transconductance amplifier has lower

sensitivity to transistor-parameter drift than does a weakly-conducting transistor. A
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transconductance amplifier replaces high-value resistors in all the circuits in this
research.

1.1.6 Summary of goals
The goals for the neural amplifier are summarized in Table 5 at the end of the
Results section.
In the last entry in the table, a result – but not a goal – is given for the over-drive
recovery time. Over-drive happens when an electrical stimulation pulse occurs during
the recording of neural signals. The input voltage to the neural amplifier exceeds the
level of neural spikes by orders of magnitude during the stimulation [Blum 2004]. The
output voltage of the neural amplifier is typically driven to one extreme. The time
between the stimulation pulse and the return of the amplifier output to its normal range
is the over-drive recovery time. Special techniques are followed to reduce this time from
hundreds of milliseconds to approximately a millisecond [DeMichele 2003b,
Brown 2008]. The BMI system in this research does not stimulate, therefore the neural
amplifier is never over-driven. No goal is set, but over-drive recovery is measured to be
consistent with standard practice.

1.2 Methods
The design and construction of the neural amplifier and the integrated-circuit
test vehicle for the amplifier are presented first. Then the means of testing the amplifier
with computer simulation and laboratory measurement are presented.
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1.2.1 Circuit design
The description of the neural amplifier follows a top-down approach to provide
context for the fine details of purpose and design of the individual transistors.
1.2.1.1

Integrated-circuit test vehicle
The neural amplifier, by itself, is inaccessible. To connect to its inputs and

outputs, the amplifier is placed in an integrated circuit that serves as a test vehicle for
the amplifier. The integrated circuit provides pads that are the juncture between the
signals of the amplifier and the gold wires that are the first step in the connection to a
circuit board. The integrated circuit also provides auxiliary circuits required for the
operation of the amplifier.
The name given to the integrated circuit is PROTO32. This name is sometimes
used in the following to designate the integrated circuit, but, more often, the terms
“chip” and “IC” are substitutes for “integrated circuit.”
The IC is a test vehicle for the amplifier and is not a complete many-channel
neural amplifier system. Unlike a complete system IC, this IC gives access to signals
inside the amplifier and to the outputs of all the amplifiers. No multiplexing or other
processing of the outputs is done.
The block diagram and schematic of the test chip are Figure 12 and Figure 13,
respectively.
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Figure 12: Test chip block diagram (top) and pin list (bottom).
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Figure 13: Schematic of the test chip. The five instances of the neural amplifier
are in the middle and labeled “AMP3.” Pads are on the perimeter. Buffer transistors
are next to the pads on the bottom right. Bias circuits are on the top left.
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The pin list in Figure 12 has six groups. The input pins are direct paths to
amplifier inputs and have reverse-biased protection diodes connected to the supplies.
The other five groups – namely, outputs, supplies, biases, DC tests, and AC tests – are
explained in the Test Circuit section below.
The test chip holds five replicas of the neural amplifier. The top instance of the
amplifier has direct connections from pads to signals within the amplifier. The bottom
instance has buffered connections to signals within the amplifier. The middle three
instances of the amplifier are identical. They have no connections to internal signals that
might alter the performance of the amplifier.
The bias current circuits in the upper left and the buffers in the lower right are
explained in the Test Circuits section below.
1.2.1.2

Neural amplifier overview
The first decision in the design of the amplifier is the number of stages of

amplification. The goal of 10 for the gain at the powerline frequency can be met with
four stages when the other goals of a passband gain of 1000 and a low-frequency corner
of 500 Hz are considered, too. However, as seen in Table 1, three stages are only
marginally worse than four stages. The choice between three and four stages is based on
area estimates. The area of each stage is mostly the area of the capacitors, which is the
area of a minimum capacitor times the gain plus one. The minimum capacitor is set by
the low-frequency corner of each stage, which depends on the minimum gain of the
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transconductance amplifier which, in turn, depends on the minimum bias current. The
1 nA goal for the minimum bias current applies to all stages, so the same minimumallowed capacitor is found in all stages. In the four-stage choice, the third and fourth
stages need a total of 14 capacitors, but in the three-stage choice only 11 capacitors are
needed for the third stage. Also, the low-frequency corner is lower in the four-stage
design, so its minimum capacitor is larger than in the three-stage design. The three-stage
amplifier is selected.
Table 3: Powerline gain versus number of stages

A significant objective of this research is the gain at powerline frequency. The
three-stage design, in the simple analysis done above, misses this objective by 5%. To
ensure that this objective is met, the low-frequency corner is designed for 700 Hz instead
of 500 Hz. Provisions, described later, are made to adjust the biasing of the amplifier
such that the 500 Hz goal is achievable. This biasing is called “500 Hz biasing” in the
remainder of this chapter. The default biasing assumed during the circuit design is
called “700 Hz biasing.” The “700 Hz biasing” meets the goal of a minimum of 1 nA in
any circuit. The “500 Hz biasing” violates this goal.
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The block diagram of the neural amplifier is shown in Figure 14 at three levels of
detail. The values in the diagrams are those of the design and are slightly different from
the goals.

Figure 14: Block diagrams of the neural amplifier. Top: Summary view with
input and output signals and total gain and supply current. Middle: View of each
stage with allocation of gain and supply current. Bottom: Details of each stage.
DA=Differential Amplifier. GM=Transconductance amplifier. BUF=Voltage buffer.
In the last row of Figure 14, the voltage gain of each stage is set by the ratio of the
capacitors in the feedback path. The differential amplifiers have a large gain,
approximately 1000, so their gain does not influence the closed-loop gain of each stage.
The gain of the transconductance amplifier is shown in the figure as a resistance that is
the inverse of the transconductance. This resistance times the capacitance in parallel
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with the transconductance amplifier is the time-constant of the low-frequency corner.
For example, the low-frequency time constant of the third stage is 700M Ohm times 1 pF,
which is 700 us or, equivalently, a -3 dB corner frequency of 230 Hz. The high-frequency
time constant is the product of the series resistor and capacitor. For example, the thirdstage time constant is 1.5M Ohm times 10 pF, which is 15 us or 11k Hz.
The allocation of current amongst the stages is set to minimize noise due to the
differential amplifiers while maintaining adequate unity-gain bandwidth for these
amplifiers. The unity-gain bandwidth is a few hundred kiloHertz so that the differential
amplifiers have adequate gain, more than ten, at the 10k Hz high-frequency corner. High
gain at the corner frequency ensures that the corner is determined by the resistors and
capacitors in Figure 14 and not by second-order transistor parameters. The noise energy,
in uV2, due to the first stage is inversely proportional to the current in the transistors
connected to the input of the stage [Binkley 2008 page 197]. This current is also almost
all of the supply current for the stage. The noise energy of the second stage is also
inversely proportional to its supply current. However, the second stage noise referenced
to the input of the neural amplifier is the second stage noise divided by the gain of the
first stage. The second stage can have much higher noise than the first stage. Allocating
supply current to the second stage lowers its contribution to the input noise but leaves
less current for the first stage, which raises its contribution. With a gain of 11 in the first
stage, the sum of two input noise energies is minimized when 11/12 of the current is in
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the input stage. The lowest noise is thus when ~3 uA is in the second stage. The noise is
weakly dependent on the allocation, so, instead of 3 uA, 6 uA is allocated to the second
stage, which raises the total noise 20%, but allays a concern that simulation usually overestimates unity-gain bandwidth.
The noise due to the transconductance amplifiers sets the allocation of area
amongst the stages. The relationship between noise and area is developed next. The
noise density, in uV2/Hz, of the transconductance amplifier is inversely proportional to
its transconductance [Binkley 2008 page 190]. The bandwidth of the transconductance
amplifier is proportional to the transconductance divided by the capacitor in parallel
with the amplifier. The total noise energy, in uV2, is proportional to the product of noise
density and bandwidth, so transconductance cancels and the noise energy is inversely
proportional to capacitance. Because capacitance is proportional to area, an unsurprising
property of the transconductance amplifier is that its noise energy is inversely
proportional to area. By arguments similar to the allocation of supply current, the
optimum allocation of capacitor area is 11/12 in the first stage. Other circuitry resides in
the stages so that the allocation of the total area is not 11/12. From an estimate of the area
of the other circuitry, half the area is allocated to the first stage; a third is allocated to the
second stage; and a sixth is allocated to the third stage. The resulting allocation of
capacitor area is not 11/12, but 3/4. The penalty for a non-optimum allocation is an
increase in noise of only 5%.
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1.2.1.3

First stage
A simplified schematic of the first stage is given in Figure 15. The differential

amplifier, shown in blue, amplifies the difference of the signal from the neural probe,
IN1, and the feedback signal, FB1. The output of the differential amplifier, OUT1, drives
two parallel feedback networks, shown in green and red, to create the feedback signal. A
property of amplifiers with feedback is that the gain of the amplifier is the inverse of the
gain of the feedback network. In the frequency range of neural signals, the gain of the
feedback network is given by the capacitor divider shown in red. Thus, the amplifier
gain is determined by the value of the capacitors. At lower frequencies, the
transconductance amplifier, shown in green, sends more current to the feedback signal
than does the capacitor divider, so the transconductance amplifier sets the gain of the
feedback network. The gain of the entire stage, at low frequencies, is the inverse of the
gain of the transconductance amplifier. The transconductance amplifier has high gain, so
the entire stage has low gain. In summary, in the frequency range of neural signals the
first stage amplifies the voltage difference between a neural signal, IN1, and the
reference signal, REF_PROBE, with a gain set by the capacitors. At low frequencies, the
first stage has low gain.
The transition for control of the feedback signal from one feedback network to
the other is at the frequency that the magnitude of the current from the capacitor ML1
matches the current from the transconductance amplifier. This occurs if the susceptance
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of the capacitor equals the transconductance of the amplifier. Using the 20 pF and
40M Ohm values in Figure 14, the transition frequency is estimated to be 200 Hz. The
transition frequency is also known as the -3 dB low-frequency corner for the stage.

Figure 15: Simplified schematic of the first stage. Input differential amplifier
made from input transistor pair (MC1, MD1, dark blue) and active load (ME1, MF1,
light blue). Transconductance amplifier (MG1, green). Feedback network capacitors
(ML1, MK1, red). Bias current sources (MB1, MJ1, orange).
The loop that starts at the FB1 signal, proceeds to the OUT1 signal via the
differential amplifier, and returns to FB1 via the feedback network, can induce an
oscillation if the phase shift though the loop crosses zero with the loop gain greater than
one. The topology in Figure 15 does not oscillate because, at the high frequencies where
the loop gain is falling towards one, the loop phase is constant at -270 degrees. The only
source of phase shift is the capacitance on the OUT1 signal. Other sources of phase shift
do not contribute significantly until the frequency is high enough that the loop gain has
decreased below one.
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The full schematics for the first stage are in Figure 16 and Figure 17. The biasing
of the circuitry is annotated as explained in the caption. The DC voltages, given in blue
text, and the DC currents, given in the text under the SUB wire, are explained next.
Following this explanation, the design of each transistor is discussed.

54

Figure 16: First stage schematic. Blue text is DC bias voltage of the nearest wire. Red, green, magenta, and black
text refer to nearest transistor. Red text is input-referred noise; green and magenta text is bias data (see Circuit
Simulation section); and black text is transistor width/length in microns. Bias currents are labeled under the “SUB”
wire.

Figure 16: First stage schematic.
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Figure 17: The LONGNMOS and LONGPMOS sub-circuits in Figure 16. These
are labeled MJ1 and MG1, respectively, in the schematic.
In Figure 16, the DC voltage for the neural signal, IN1, is chosen to be zero Volts.
The goal for the range of the DC voltage for the neural signal is +/-0.8 V, so any voltage
in this range could have been chosen for this figure.
The feedback action of this topology forces the feedback signal, FB1, to be equal
to the input signal. Thus, the possible range of DC voltages on FB1 is also +/ -0.8 V. The
feedback action also forces the output signal, OUT1, to the voltage that creates a current
in the transconductance amplifier that drives FB1 equal to IN1. The transconductance
amplifier is simply a PMOS transistor, called MG1 in Figure 16 and LONGPMOS in
Figure 17, with its gate connected to ground. The feedback action forces the current in
the PMOS to match the bias current of 2.5 nA in the bias transistor called MJ1 in Figure
16 and LONGNMOS in Figure 17. If the currents did not match, then the feedback
voltage, FB1, would be pulled to a very high or very low voltage, and the feedback loop
would adjust the PMOS current to match the bias current and return FB1 to equality
with IN1.
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The voltage on FB1 is nominally equal to the voltage on IN1, but the feedback
action actually requires FB1 to be slightly negative. The two causes for the negative
voltage can be understood by considering the scenario that the transconductance
amplifier is removed and that FB1 is shorted to IN1. Under this scenario, symmetry
demands that the output voltage of the differential amplifier, OUT1, is exactly equal to
the 1.5 V on the M1 signal (M1 is more easily found in Figure 15). Symmetry also
demands that the current in both transistors that drive OUT1, that is, MD1 and MF1, is
exactly half the 20 uA from the bias transistor, MB1. In the actual circuit, the OUT1
voltage is not 1.5 V, and the current in MD1 and MF1 is not 10 uA. Feedback action
drives OUT1 to 1.6 V to establish the correct voltage on the transconductance amplifier.
The gain of the differential amplifier is approximately 1000, so to move OUT1 from 1.5 V
to 1.6 V requires FB1 to move 0.1 mV negative. Feedback action also imbalances the
current in MD1 and MF1 to send 2.5 nA into the transconductance amplifier. Because
these transistors carry 4000 times larger current than 2.5 nA, FB1 is forced negatively just
a few microVolts to imbalance the currents by 2.5 nA. All the above analysis assumes the
differential amplifier is perfectly symmetric, that is, transistor MC1 is exactly the same as
transistor MD1, and transistor ME1 is exactly the same as transistor MF1. In reality,
these transistors mismatch slightly, and the feedback action forces FB1 away from zero
by at most a few milliVolts to compensate for these mismatches.
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In Figure 16, the DC voltage on the REF_PROBE is -2 V. An off-chip low-value
resistor connects the REF_PROBE pin to the -2 V supply. A large off-chip capacitor,
several microFarads, connects the REF_PROBE pin to the reference electrode. The
voltages on the FB1 and REF_PROBE signals place the NMOS capacitor, MK1, in the
region of operation with the highest capacitance. Similarly, the PMOS capacitor, ML1, is
in the region of operation of highest capacitance. The two capacitors have their
low-leakage-current terminal, the MOS gate, connected to the FB1 pin so that the 2.5 nA
of bias current is not altered by the high leakage current on the other terminal of the
capacitors.
The DC voltage on the OUT1 signal is determined by a gate-source voltage of a
PMOS transistor, namely, MG1 of the transconductance amplifier. The OUT1 signal is
also the gate-source voltage of the PMOS transistor MN1, which acts as a resistor to set
the high-frequency corner of the second stage. Manufacturing variations of the
parameters of PMOS transistors do not change the resistance of MN1 because MG1
forces OUT1 to track these variations.
The remainder of this section explains the design considerations for the
individual transistors. The methodology for selecting the gate width and gate length that
satisfy the considerations is given in the Circuit Simulation section.
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− Differential input pair, transistors MC1 and MD1:
The crucial property of these transistors is their noise because it directly adds to
the input-referred noise of the entire neural amplifier. The noise is minimized by
operating the transistor with high transconductance [Binkley 2008 page 190], which
dictates a gate width to gate length ratio of more than one hundred [ibid. page 54]. The
gate length sets the impedance on the OUT1 signal, which determines the gain of the
differential amplifier. A length of 6 microns satisfies the goal of a gain of 1000. The gate
area, that is, the width multiplied by the length, is made as large as possible without
increasing the gate capacitance beyond the input capacitance goal for the neural
amplifier. The benefit of larger gate area is lower “1/f” noise [ibid. page 208].
− Active load, transistors ME1 and MF1:
A low transconductance for these transistors minimizes the input-referred noise
[ibid. page 393], so the width/length is as small as possible. The limitation on
width/length is the voltage of MC1, which should be approximately the voltage on MD1
to maintain matching of MC1 and MD1. The width*length is increased to lower noise
until the -3 dB frequency of the current gain from ME1 to ME2 drops low enough to
have a small effect on the phase angle of the feedback loop at the unity gain frequency of
the loop.

59

− 20 uA bias current, transistor MB1:
The gate length is long enough that the current does not change significantly as
the DC voltage of IN1 varies +/-0.8 V. When IN1 is at -0.8 V, the drain-source voltage of
MB1 is a few hundred milliVolts. The width of MB1 is increased until the drains-source
voltage at which the current changes significantly, known as the saturation voltage,
drops under 100 mV so that the IN1 voltage can drop to -0.8 V without the current
changing.
− Feedback network capacitors, transistors ML1 and MK1:
As mentioned in the derivation of the area allocated to the first stage, these
capacitors fill as much area as possible. The width/length is set for low resistance so that
the impedance of the capacitor remains imaginary to near the unity gain frequency.
− 2.5 nA bias current, transistor MJ1:
The bias current must be small so that a very low transconductance is realizable
in the transconductance amplifier. It must be several times larger than the current into
the feedback network capacitors when the FB1 signal tracks a 10 mV pp powerline
signal riding on the neural signal. The reason the transistor is broken into pieces is given
in the Circuit Simulation section.
− Transconductance amplifier, transistor MG1:
The transconductance of MG1, which is also the transconductance of the
transconductance amplifier, is set by the low-frequency corner goal of the first stage and
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the capacitors in the feedback network. The width/length must be exceptionally small to
achieve very low transconductance. The DC voltage of the OUT1 signal is inversely
related to the width/length, so width/length has a minimum set by the maximum OUT1
voltage. The OUT1 voltage is limited by the voltage needed by transistor MF1 to
maintain its current.
1.2.1.4

Second and third stages
The schematics for the second and third stages are shown in Figure 18. The

topology for these stages is the same as for the first stage except the input and reference
pins are exchanged. The reference voltage for these stages is ground.
As discussed in the allocation of current and area amongst the stages, the second
stage noise can be larger than the first stage noise, so the second stage has smaller
capacitors in the feedback network and lower current in the differential amplifier.
Likewise, the third stage has smaller capacitors and lower current than the second stage.
The current in the transconductance stage cannot decrease by the same
proportion as the capacitors decrease. The current must be several times larger than
needed to handle the powerline signal, and the power signal is increasing as it
propagates through the stages.
The larger of the two capacitors in the feedback network is a PMOS transistor in
these two stages, but is an NMOS transistor in the first stage. The DC gate-to-source
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voltage in the second and third stage is the polarity that places PMOS transistors into
their high-capacitance region.
The third stage has the smallest capacitors of the three stages. The random
variation of the matching of capacitors is inversely proportional to the square root of the
area. The voltage gain of the stages is the ratio of the two capacitors, so the variation of
the gain is worst in the third stage. However, even the third stage capacitor is enormous
compared to common practice, and its matching variation is under 1%. The variation in
gain is from other factors such as variation of the gain of the differential amplifier.
The LONGPMOS sub-circuit in Figure 17 produces adequately low
transconductance in the first and second stage, but in the third stage the required
transconductance dictates a DC voltage on the OUT3 above the supply voltage. The
LONGPMOS is replaced with five PMOSs that achieve low transconductance by
discarding signal current via current dividers. The five PMOSs (MG3A to MG3E) also
combine for a large saturation voltage as given by the “~700m” in Figure 18. A large
saturation voltage allows the AC output signal to swing +/-0.5 V – which is the goal –
without exceeding the input voltage range of the transconductance amplifier in the
feedback network.
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Figure 18: Schematics of the second stage (top) and third stage (bottom).
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1.2.1.5

Test circuits
The provisions in the schematic that aid measurement or problem isolation are

described next.
Each stage of an amplifier has its own supply pin so that bias currents can be
verified. The separate pins also break the on-chip feedback from the output stage to the
input stage that frequently occurs through the supply wiring. Feedback can cause
uncontrolled oscillation in high-gain amplifiers.
The group of pins called DC Tests in Figure 12 are direct connections to internal
signals in the top-most amplifier. The name of the pin corresponds to the name of the
internal signal. For example, the pin called IN2DC connects to the IN2 signal in the first
stage schematic in Figure 16.
The group of pins called AC Test also connect to internal signals, but with a
voltage buffer placed between the internal signal and the pin. The internal signals come
from the bottom-most amplifier. The buffer is a simple source-follower as seen in Figure
19. Identical buffers are between the outputs of the amplifiers and the output pins of the
chip. The buffers shield the internal nodes from the capacitance and resistance of the test
hardware so that the amplifiers perform as if they are inside a neural amplifier system
IC and have no connections to outside the IC. The buffer has an output impedance of
approximately one kiloOhm when its bias current is a half milliAmp. The DRAIN pin of
the chip connects to the DRAIN signal of all eleven buffers.
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Figure 19: Voltage buffer that isolates internal signals from the capacitance
and resistance of test hardware.
Six instances of the bias circuit in Figure 20 create the 30 bias currents needed by
the five amplifiers. Each amplifier needs six currents, two per stage. Each instance of the
bias circuit creates the bias current for the same function on all five amplifiers. For
example, the instance of this macro that connects to package pin BF2 (Figure 12) sends
its five outputs to the BF2 input (Figure 18) of the five amplifiers. The gate length of the
PMOS transistors is long, so the output impedance of the current sources is high enough
that output current has little dependence on the supply voltage. The gate width is
selected so that the current does not decrease until the drain-to-source voltage drops
below 300 mV. The total gate area and the gate-to-source voltage are large enough that
the output currents match to within 4% based on matching data from the manufacturer.

Figure 20: Bias circuit. The input is a pin of the chip. The outputs go to the five
amplifiers.
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If the high-frequency -3 dB corner is lower in reality than predicted by
simulation, then the corner frequency can be increased by lowering the voltage on the
BWPROG pin. Connecting the BWPROG to the -2 V supply halves the resistors in Figure
14, which doubles the high-frequency corner.

1.2.2 Circuit layout and packaging
The integrated-circuit test vehicle is built with a 0.5 micron CMOS process (C5N
Process, AMI Semiconductor Inc. (now ON Semiconductor Inc.), Pocatello, ID). The chip
and a magnification of the amplifier are shown in Figure 21. The red regions are the
capacitors; they consume most of the area. The layout, the block diagram in Figure 12,
and the schematic in Figure 13 are arranged almost identically. For example, the inputs
are on the left, the outputs are on the right, and pin 1 is in the middle of the bottom
edge.
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Figure 21: Plots of the integrated-circuit test vehicle and one amplifier. Top:
The entire chip. The die size is 2.8 by 1.8 mm. The top layer of metal is green. The
transistor gates are red. Bottom: One amplifier. The ten red squares on the right side
of the first stage form the 200 pF capacitor.
The integrated circuit is placed in an 8 mm by 8 mm cavity in the top of a 40-pin
ceramic side-brazed dual-inline package (KD-78163, Kyocera, Kyoto, Japan) as seen on
the right of Figure 22. A gold lid, not shown, covers the cavity. The spacing of the pins
along the left and right edge of the package is 0.1 inch. The 25-micron-diameter gold
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wires that connect the chip to the package are shown in the “bonding diagram” on the
left in the figure.
The package is selected mainly because the pin spacing matches that of circuit
boards that are easily constructed by hand. Custom printed-circuit boards are not
necessary. The large package and the hand-wired circuit board cause no significant
signal degradation because the highest frequency of interest is ~10k Hz.
The package forms a shielded enclosure if the bottom of the cavity and the lid are
grounded. The lid may be removed to debug the chip or to modify the chip with a laser
or focused ion beam. No modifications are made, though.

Figure 22: Bonding diagram and package. Left: The die is oriented in the
bonding diagram as in Figure 21. Gold wires start on the die and end on the
gold-plated rectangles on the package. The rectangles are labeled with their pin
number. Right: Top view of package without the gold lid that covers the die.
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1.2.3 Circuit simulation
The large-signal currents and voltages and small-signal impedances and gains of
transistors depend on so many mechanisms that hand calculations give only a starting
point for the selection of the transistor gate width and gate length. Simulations then take
over and provide more accurate estimates of the transistor operation. The equations for
the mechanisms are encoded in the simulation software (Eldo, Mentor Graphics,
Wilsonville, OR). The parameters for the equations are supplied by the transistor models
written by the integrated-circuit manufacturer [Onsemi 2016].
The gate width and length of a transistor are adjusted until the transistor
characteristics reported by simulation match those determined beforehand as required
for the intended use of the transistor. The most common characteristics are the
transconductance, output conductance, and saturation voltage. The simulation results
for these characteristics are shown in green text in Figure 16 and Figure 18. The
conductances are listed by their inverse, in units of Ohms, as a preference of the author
so that time constants are mentally calculated more easily. The drain-to-source
resistance, in Ohms, is listed in magenta text. The transistor gate capacitance is also a
common useful characteristic but is annotated for only the transistors serving as
capacitors. For other transistors, the capacitance may be hand-calculated as simply the
gate area times the capacitance per area, which is 2.5 fF/um2 for the chosen process.
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The schematic for the simulation of the entire integrated-circuit test vehicle is
shown in Figure 23. The schematic is summarized in the table below it. The various
input signals are described in the Results section prior to presenting the result of the
particular simulation. The temperature setting for all simulations is the default of 25 C.
The circuit is intended to operate at the body temperature of ~37 C, but the increased
temperature has minor influence on transistor parameters. For example, the transistor
noise increases only 2%.
The models from the manufacturer have two omissions that are corrected by
modifications to the schematic. The first omission is the junction capacitance from the
back-gate to the substrate in the PMOS transistors. This effect is a particular concern for
the large transistor ML1 acting as the feedback capacitor in the first stage. Diodes are
added to the schematic to introduce the capacitance. The second omission is the
distributed resistance and capacitance of the channel for the very long MOS transistors
in the LONGNMOS and LONGPMOS sub-circuits. The transistors are simulated as
several transistors connected in series so that the channel capacitance that is normally
modeled as just at the drain and source ends of the channel now appears along the
channel of the composite device in the form of the drain and source capacitance of each
piece of the series.
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Figure 23: Full-chip simulation schematic. Top: Schematic with symbol for the
entire chip on the right. Bottom: Connection of off-chip components to the chip pins.
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1.2.4 Test hardware and methods
This section opens with a few comments that apply to all measurements. Then
the test instruments and circuit boards are described. Finally, details of individual
measurements are presented.
Some measurement methods are not described in this section, but, instead, in a
sentence or two in the Results section just prior to the result. Also, any method that is
standard laboratory practice is not discussed here or anywhere else.
All measurements are at room temperature – which is not measured, but
assumed to be ~22 C.
The “500 Hz biasing” is a reduction of the bias current in the transconductance
amplifiers in the second and third stages. The bias current is set by off-chip resistors that
attach to the BF2 and BF3 pins on the package (see Figure 20). The resistors are raised
from 840k Ohm to 3M Ohm, which lowers the bias current from 1 nA to 0.3 nA.
1.2.4.1

Test instruments
The instrument called the “analyzer” in this chapter is a many-functioned audio

test system sold to manufacturers of high-end audio equipment such as music studio
mixers. The bandwidth and amplitude of neural signals match low-level audio signals,
so the analyzer is well-suited to many measurements in this research. The analyzer is
Model 2322 of the System Two family from Audio Precision (Beaverton, OR) and is
controlled by their APWIN operating system.
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The oscilloscope is a TDS340A (Tektronix, Beaverton, OR).
The function generator is an Agilent 33220A (Keysight Technologies Inc.,
Santa Rosa, CA).
The neural simulator is a 100 Channel Neural Signal Simulator v1.1 (Bionics
Technologies Inc., Salt Lake City, Utah).
The voltage and current meters are Fluke 197, 87III, and 87V (Fluke Corp.,
Everett, WA).
Bench-top power supplies are not used. Power supplies add noise that raises the
RMS voltage readings during gain and noise measurements. Standard 9-Volt batteries
(type 6LR61, many vendors) provide the power.
1.2.4.2

Test circuit boards
The requirements for a test circuit board depend on the measurement being

performed. The variety of measurements in this research necessitates three boards. Each
board has special features described below, but the common features are a variety of
supply voltages created on the board and a grounded metal enclosure that holds the
board and the battery.
The schematic for Board #1, seen in Figure 24, matches the schematic for circuit
simulation (Figure 23). Board #1 is the only board with “700 Hz biasing.” Multiple signal
inputs are available, including a filtered DC input. In addition to a few of the
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measurements, screening parts prior to using them for other measurements is done with
this board.

Figure 24: Board #1: Functional verification and DC offset.
The schematic for Board #2 is Figure 25. The board has input and output
connections to the analyzer for measurement of bandwidth and noise. Noise
measurements are taken with the jumper for the 1M Ohm resistor inserted and the other
jumper removed. The 1M Ohm provides DC bias for the AC-coupled signal coming
from the analyzer. The jumpers are reversed when a function generator provides the
input to the amplifier on the “1000X input.” The bias pins are configured for “500 Hz
biasing” and are decoupled to the +3.3 V supply. The on-chip circuitry on the bias pins is
connected to the +3.3 V supply, so the decoupling capacitors connect to this supply. The
standard decoupling to ground is avoided because it allows supply noise to corrupt the
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bias currents. A buffer consisting of two NPNs drives the relatively low impedance,
100k Ohm paralleled with 200 pF, on the input of the analyzer.

Figure 25: Board #2: Noise measurements.
Board #3 has exceptionally high impedance on the input to the third amplifier,
which is the amplifier in the middle of the chip. The schematic, seen in Figure 26, has a
DC bias on this input of 100M Ohm. The resistor is built from a string of 10M Ohm
resistors that forms a free-standing arch. The arch does not touch the circuit board so
that ionic paths on the board do not lower the resistance. The high input impedance and
the high gain of the amplifier combine to cause oscillations when miniscule capacitance,
on the order of femtoFarads, couples the output of the amplifier to its input. The
coupling from input to output is sufficiently reduced with a grounded copper sheet that
is perpendicular to the package and placed along the mid-line of the package so that the
left-side pins are separated from the right-side pins.
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Figure 26: Board #3: High input impedance.
1.2.4.3

Noise, Distortion, Bandwidth, and Gain
Several of the reported measurements of gain or bandwidth are gathered by the

traditional method of a function generator and oscilloscope. However, most gain and
bandwidth and all noise and distortion measurements are collected by the analyzer. The
analyzer both creates the input to the amplifier and measures the output of the
amplifier. The input for these measurements is a sine wave with the frequency swept
from 10 Hz to 100k Hz and with amplitude of 100 uV pp for gain and noise
measurements or swept from 50 uV pp to 1 mV pp for the distortion measurement.
Within the analyzer, the output from the amplifier first passes through a broad
bandpass filter with corners at 10 Hz and 30k Hz for the gain and bandwidth
measurements or 400 Hz and 22k Hz for the noise and distortion measurements. All the
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filters are third-order except the 22k Hz filter is fifth-order. Then the output signal is
measured by an RMS voltage meter with a narrow bandwidth filter that tracks the
frequency of the input signal. The bandwidth is called a “third octave” and has -3 dB
corners just 12% above and below the center frequency. For gain and bandwidth
measurements, the narrow filter is a bandpass filter; for noise and distortion
measurements, the filter is a band-reject filter. Data from all the input frequencies is
stored for gain and bandwidth measurements. For distortion measurements, only the
reading at 2k Hz is stored, and, for noise measurements, only the 100k Hz reading is
used so that no distortion products are present in the measured signal. The inputreferred noise is the measured RMS output noise reading divided by the peak of the
measured gain.
1.2.4.4

Crosstalk and AC input impedance
Board #3 is built specifically for the crosstalk and AC input impedance

measurements. Both measurements require the circuit board to have the highestpossible impedance. To achieve this, the package pin for the input to the third amplifier
is curled upwards so that it does not touch the socket connection for it. The 100M Ohm
resistor in Figure 26 is soldered directly to the pin. The package and resistor are cleaned
to remove any surface film that may be conductive.
For the crosstalk measurement, the input pin is as described above, and the other
inputs are driven with a 1 mV pp, 2k Hz sine wave. For the AC input impedance
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measurement, a small wire is also soldered to the input pin for air-wired connections to
other components.
The connections for the AC input impedance measurement are in Figure 27. The
electrode impedance is emulated with either a capacitor or a resistor. The capacitance
and resistance are varied by two decades to imitate the magnitude and phase angle of a
wide range of electrodes. The upper end of the range is unlikely, but reveals if the
amplifier is prone to oscillate due to on-chip coupling from the output to the input.

Figure 27: Method to measure AC input impedance.
1.2.4.5

Powerline interference
Even with the test board in a grounded enclosure, enough powerline interference

reaches the amplifier that a function generator frequency of 60.00 Hz produces jumbled
traces on the oscilloscope. The oscilloscope traces for powerline interference shown in
the Results section have an input frequency slightly higher than 60 Hz. Averaging tens
to hundreds of cycles suppresses the 60 Hz powerline interference while passing the
just-above-60-Hz input signal.
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1.3 Results
The results are organized by the parameter being measured. Results may come
from computer simulations, from laboratory measurements, or from both. The results
are summarized in Table 5.

1.3.1 DC bias voltages and currents
The simulation results for DC bias voltages and currents are shown in the
schematics in Figure 16 and Figure 18.
The DC voltages on all the pins of one part are measured using Board #1. Table 4
lists the voltages for the DC and AC test pins. Each row is the same signal measured on
different amplifiers. On the left are the direct connections to the amplifier signals and, on
the right, the signals are buffered by on-chip source followers.
Table 4: DC voltages within the amplifier.

All the pin voltages, including those not in the table, are as predicted except on
pin IN3DC. The IN3 signal in Figure 18 is 1.5 V in simulations, but 1.1 V when measured
directly on the IN3DC pin. However, the IN3 signal does not have a mismatch between
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simulated and measured voltage when measured via the on-chip buffer that drives the
IN3AC pin. The IN3DC and IN3AC measurements are side-by-side in the table. The
mismatch on IN3DC is found on other parts, too. The suspected cause of the mismatch is
the resistive loading of the voltmeter. When the transistor between the OUT2 and IN3
signals has its drain connected to ground, it leaves the linear region and enters
saturation. The gate-source voltage of the transistor is such that only ~100 nA flows in
the drain. The 100 nA into the 10M Ohm resistance of the voltmeter may explain the
1.1 V measurement. This cause is not confirmed, though.
The current drawn by the +3.3 V supply is shown in Figure 28. The 18 functional
parts in a set of 20 parts picked at random from the 40 that were manufactured are
measured.

Figure 28: Histogram of the supply current (uA) for 18 parts.

The bias circuit draws 30 uA of the 200 uA so the supply current for the five
amplifiers is 170 uA or 34 uA per amplifier. The simulated current per amplifier is
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32 uA. The power per amplifier when running from +3.3V and -2V supplies is 170 uW in
simulation and 180 uW in reality.
The goal for a minimum transistor bias current of 1 nA is not verified by
measurement but only by simulation. The bias currents from simulation are listed along
the bottom of Figure 16 and Figure 18. The smallest bias current is 1 nA. As explained in
the Bandwidth results section, bias currents are reduced when the low-frequency corner
is desired to be 500 Hz. In this “500 Hz biasing” situation, the minimum bias current is
estimated to be 0.3 nA.

1.3.2 Gain
The gain of the amplifier at its peak at the center frequency of the passband is
58 dB when found by simulating the entire chip. The gain of the first stage is 11.6 in
simulations instead of the nominal 11 predicted by the ratio of the capacitors in the
feedback path. Also from simulations, the gain of the source-follower buffer that drives
the outputs is -2 dB when the load is 7k Ohm.
The measured gain depends on several factors which must be considered when
comparing results taken under different conditions. The influences of these factors are
not measured in a systematic manner but are post-hoc deduced by comparing results
taken at different times when only one or two factors change. Each factor shifts the
measured gain by tenths of a dB, so the cumulative effect of several factors may be
+/ -2 dB or, equivalently, ~25%. The factors are waveform parameter, instrument
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bandwidth, output loading, bias current, bandwidth programming, and measurement
frequency. If the waveform parameter for the measurement is the RMS output voltage,
then noise, either from transistors or from the environment, adds to the voltage and
raises the gain. This error is encountered even when the output is filtered by a narrowband tracking filter in the analyzer. A lower-error waveform parameter is the amplitude
of the average of many cycles as done with an oscilloscope with a very stable trigger.
The next factor to consider is the bandwidth of the instrument measuring the waveform.
If the bandwidth is not wide relative to the neural amplifier bandwidth, then the
measured gain is lowered. The analyzer bandwidth setting that is appropriate for noise
measurement is too narrow for gain measurement, so data taken during noise
measurements indicates an incorrect gain. Another factor is output loading. The output
loading is ~7k Ohm in boards #1 and #3 but is more than a decade higher in board #2;
higher loading leads to higher gain. Two factors, the bias current and the programming
of the bandwidth with the BWPROG pin, change the -3 dB frequency corners. The
corners are so close to each other that the passband does not have flat gain versus
frequency. Even at the center of the passband, the low-frequency and high-frequency
poles are close enough to influence the gain. The final factor that influences the reported
gain is the measurement frequency. The frequency should be adjusted for each situation
to hit the center of the passband, but this precaution is not practical for all
measurements; sometimes the same frequency is used as conditions or parts are varied.
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The measured gain when the factors that influence gain are selected to most
closely match the simulation conditions is 58 dB. This value matches the simulation and
is selected for the summary of the results in Table 5.
The part-to-part variation of the gain, measured under different conditions, is
given in Figure 29. The influence of the conditions on the standard deviation is not
known, so the higher value is selected for the summary table.

Figure 29: Histogram of gain (dB). Left: 30 samples (3 amplifiers from each of
10 parts) using Board #2. Right: 10 samples (1 amplifier from 10 parts) using Board #3.
8 parts are common to both histograms so 12 parts in total are measured.
The matching of the gain for the three amplifiers within a part is shown in Figure
30. Matching is defined as the percent difference between the highest and lowest of the
three gains. The histogram for matching usually is shaped like a log-normal or a gamma
distribution, but this histogram does not indicate a decrease in the population at higher
mismatch. However, many more samples are needed to draw conclusions about the
shape.
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Figure 30: Histogram of gain matching (%) of the three amplifiers in a given
part. Sample size is 10 parts.

1.3.3 Bandwidth
The same factors that cause a range of measured values for the gain cause a
range of bandwidth measurements. The measurements given below vary from figure to
figure due to these factors. The chip-level simulation gives a bandwidth of 660 Hz to
11k Hz; a measurement under similar conditions gives 750 Hz to 14k Hz. These values
are for the “700 Hz biasing” condition. For “500 Hz biasing,” the measured bandwidth is
490 Hz to 9k Hz.
The cumulative gain and bandwidth after each stage is shown in the simulation
results in Figure 31. The buffer stage is not included in this simulation, but separate
simulation of just the buffer shows a loss of gain of -2 dB but no change in bandwidth.
The frequencies highlighted in the figure are 60 Hz for powerline considerations and the
corner-frequency goals of 500 Hz and 10k Hz. As described in the Methods section, the
500 Hz goal was set aside to ensure low gain at the powerline frequency. The gain at
60 Hz is under the 20 dB goal. After this simulation was performed, the resistance
between the first and second stage was decreased to 100k Ohm, which increased the
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high-frequency corner from the 8k Hz seen in the figure to the 11k Hz reported above so
that the 10k Hz goal is met. The 11k Hz result is from a simulation with the final, as
manufactured, schematics (see Figure 32).

Figure 31: Simulation of gain versus frequency at output of each stage. Circles
indicate -3 dB corners.
In Figure 31, the bandwidth narrows as each stage is added. If the three stages
contribute equally to the low-frequency and high-frequency corners, then the three red
circles for each corner would be in a line. The first stage circle for the high-frequency
corner is quite out of line. The first stage does not contribute significantly to the overall
high-frequency corner. For the low-frequency corner, all three stages contribute with the
second stage having slightly more influence; this agrees with the capacitance-dividedby-transconductance time constant for the stages (see Figure 14).
The region above 10k Hz in Figure 31 has a smooth decrease in gain with no
spikes or mounds. With circuits that have feedback, spikes and mounds indicate that the
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feedback has a low safety margin and that the circuit is prone to oscillate. The neural
amplifier has adequate safety margin in the feedback paths.
A simulation result that includes the buffer and also illustrates the influence of
the resistors between the stages is shown in Figure 32. The resistors, which are actually
PMOS transistors, have lower resistance as the PWPROG voltage decreases. The highfrequency corner doubles over the allowed range of PWPROG voltages.

Figure 32: Simulation of gain versus frequency as BWPROG voltage is varied.
Circles are -3 dB corners.
Simulation results are compared to measured results in Figure 33. The results are
normalized to a peak gain of 0 dB to ease visualizing the -3 dB corners. For the
measurement with “700 Hz biasing,” the region around 2k Hz is ~1 dB lower than
simulation. The same deviation is on other channels on this particular part and on other
parts. This measurement is from board #1. On this part, on board #2 when the board had
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“700 Hz biasing” initially, the corner frequency is 800 Hz, which agrees with the
measurement from board #1. So the deviation in the “700 Hz biasing” data seen in
Figure 33 does not influence the measurement of the low-frequency corner. No other
bandwidth measurements are taken for the “700 Hz biasing” to confirm or refute the
deviation around 2k Hz. The deviation is not seen in the other measurement in Figure
33, so the deviation is not caused by the amplifier but by board #1 or its associated
instrumentation. Board #1 is not used for any other frequency response measurement, so
its unknown error does not alter any other bandwidth data.

Figure 33: Gain versus frequency. Measurements are placed on the simulation
plot. Gain is normalized to the peak gain.
The part-to-part variation of the corner frequencies, measured under conditions
different from any of the above, is given in Figure 34. The parts are the same as in the
right side of Figure 29.
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Figure 34: Histogram of -3 dB corner frequencies. BWPROG is 0 V.
“500 Hz biasing” is used. Left: Low-frequency (Hz). Right: High-frequency (kHz).

1.3.4 Noise
The simulation result for the input-referred noise in uV RMS for each transistor
is shown in red in the schematics in Figure 16 and Figure 18. The noise is integrated over
a 400 Hz to 22k Hz bandwidth. The largest noise sources are the input transistors, MC1
and MD1, at 1.2 uV RMS. The next largest source is the 0.6 uV RMS of the
transconductance amplifier transistors, MG1 and MJ1. Noise voltages add in a root-sumsquared manner, so the transconductance amplifiers contribute one-fourth the noise
relative to the input transistors. The sum of the noise from the two input transistors is
1.7 uV RMS. The total simulated noise of the amplifier is 2.1 uV RMS, so the noise from
everything except the input transistors is (2.12-1.72)0.5 = 1.2 uV RMS, which matches one
of the input transistors.
The output noise voltage density from simulation is shown in Figure 35.
Dividing the total noise of 1.8 mV RMS by the peak passband gain gives the inputreferred noise of 2.1 uV RMS. The simulations have “700 Hz biasing” while the
measurements have “500 Hz biasing.“ As discussed in the Neural Amplifier Overview
section, noise is independent of the biasing of the transconductance amplifiers so
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comparisons of simulated and measured noise are not invalidated by the inconsistent
choice for biasing.
In the simulation, the total noise is the square root of the integration from 400 Hz
to 22k Hz of the squared noise density in Figure 35. The limits of the integration are
highlighted in the figure. In the measurements, the limits of the integration are
nominally also 400 Hz to 22k Hz as set by the filters in the analyzer. The actual limits of
the integration are wider than 400 Hz to 22k Hz because the filters are not “brick wall”
filters but instead third-order at the low-frequency corner and fifth-order at the highfrequency corner. The effective limits of the integration are called the “noise
bandwidth”, which is 350 Hz to 24k Hz with these filters. Noise that is included in the
integration for measurements but not for simulations is just below 400 Hz and just above
22k Hz in Figure 35. The noise density is low in these regions, especially when
considering that the square of the plotted values is the quantity that is integrated, so the
extra noise in the measurement is not significant. Comparisons of simulated and
measured noise are valid despite the different noise bandwidths.
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Figure 35: Simulated output noise voltage density (V/rtHz) vs frequency (Hz).
The noise density has a local minimum at 200 Hz and increases for lower
frequencies. The model for the transistor noise includes “1/f” noise [Anser 2003], and
this noise causes the rise at low frequency. The noise is approximately 10 uV RMS per
decade of frequency. The simulated value for total noise of 1.8 mV RMS does not include
this noise because it is outside the limits of integration. However, this noise is actually
present at the output, so its magnitude must be determined to justify ignoring it in the
reported results. The ten-year life of an implanted medical device covers only ten
decades of frequency which creates 40 uV RMS of “1/f” noise. The reported output noise
is 1.8 mV RMS, so 40 uV RMS adds less than a percent to the total noise. Ignoring the
“1/f” noise in the reported simulated or measured results is justified.
The increase in input-referred noise caused by a decrease in bias current in either
the differential amplifier or the transconductance amplifier of the first stage is given in
Figure 36. The bias currents are reduced by quadrupling the resistance connected to the
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BT1 or BF1 pins. The noise from the transconductance amplifier has no dependence on
bias current. The noise from the input transistors, though, noticeably increases when
their bias current is reduced.

Figure 36: Dependence of noise on bias current in the input differential
amplifier (blue) and transconductance amplifier (green).

1.3.5 Powerline interference
The rejection of powerline interference causes the ratio of the spike signal to the
powerline signal to increase as the two signals propagate through the stages of the
amplifier as seen in Figure 37. The gain at the powerline frequency is 6 at the output of
the third stage. The AC small signal simulation in Figure 31 also shows a gain of 6. The
buffer that follows the third stage has a voltage loss of 2 dB, so the gain at the output
pad of the entire circuit is 5 according to simulations.

91

Figure 37: Simulation of powerline rejection. “700 Hz biasing” is used in all
simulations so gain at 60 Hz is a relatively low 6.
The largest change in the spike-to-powerline ratio occurs in the second stage,
which agrees with the second stage having the highest low-frequency corner as seen in
Figure 31.
The simulation situation shown above is repeated with the manufactured part
and the result shown in Figure 38. The gain for the powerline signal is 3 in this figure
and is also 3 in the more-standard AC gain measurement taken by the analyzer. This
gain is with “700 Hz biasing.” With “500 Hz biasing,” the measured gain increases to 12.
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Figure 38: Measurement of powerline rejections. “700 Hz biasing” is used to
increase rejection.
If the powerline signal is increased above the 10 mV pp in Figure 38, then the
amplifier output develops a negative pulse during the rising edge of the powerline
signal. A severe example of the pulse is seen in Figure 39 where the powerline
amplitude is 50 mV pp. When the pulse in the output is included in the RMS
measurement of the output voltage, the gain at the powerline frequency reaches a peak
of 70 at an input of 25 mV pp.

Figure 39: Output when the powerline signal exceeds 10 mV pp.
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The gain with the input and reference AC-coupled to the same signal, known as
the common-mode gain, is 1.2 at the powerline frequency for amplitudes up to
100 mV pp. Larger amplitudes are not measured and, as mentioned in the Introduction,
are not expected. This measurement is with “500 Hz biasing.” The common-mode gain
with “700 Hz biasing” should be one-fourth that of the “500 Hz biasing” as with the
differential gain, but the gain at “700 Hz biasing” is not measured.

1.3.6 DC input voltage range, input impedance, and DC input current
The ability of the neural amplifier to reject DC input voltages is simulated by
slowly sweeping the DC voltage while applying the same powerline and spike signals as
in Figure 37. The simulation results are in Figure 40. The DC input range in the
simulation is +/- 0.25 V which was the goal at the time of the design. The goal was
enlarged to +/- 0.8 V DC after the design was completed.

Figure 40: Simulation of DC input voltage range. The spike and powerline
signals are the same as in Figure 37.
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The slow +/- 0.25 V triangle wave on the input is not truly DC. In the frequency
range of the triangle wave, the amplifier has gain increasing with frequency which is
equivalent to a differentiation. The square wave seen at the output on the first stage is
the result of the differentiation of the triangle wave. The gain of the first stage at the
triangle wave frequency is approximately one-tenth, so the square wave is much smaller
than the triangle wave. The subsequent stages also perform differentiation but at such
low gain that the differentiation cannot be seen in the figure. The only signals seen in
these stages are the powerline and spike signals as in Figure 37.
The measured response to a DC input voltage is given in Figure 41. The AC
input to the amplifier is a 100 uV pp, 200 us positive pulse. The waveforms for DC
inputs of -1 V, -0.5 V, and 0 V are nearly identical. For a +0.5 V DC input, the gain
increases ~20% as seen in the middle plot. For a -1.5 V DC input, the gain is
approximately halved.
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Figure 41: Output voltage versus time at various DC input voltages. The scale
is in lower right. The DC input voltages are listed on the plots in the same vertical
order and spacing as the waveforms. For example, the -0.5 V and -1 V waveforms are
closely spaced but the -1.5 V waveform is spaced noticeably below these two.
The ability of the neural amplifier to interface with a wide range of electrode
impedance is measured by inserting an impedance between the signal source and the
amplifier input. The signal source is an imitation of a neural spike with a 250 uV pp
amplitude and a 220k Ohm impedance. The output waveforms from the amplifier for a
two-decade range of electrode capacitance and resistance are seen in Figure 42. The
equivalent impedance of the capacitors (for example, 100k Ohm for the 1500 pF
capacitor) is listed because industry practice is to characterize electrodes by their
impedance at 1k Hz.
The amplitude of the output is unchanged for the 1500 pF and 150 pF electrode
capacitance. The decrease in amplitude for the 15 pF case can be extrapolated to predict
the amplitude would be halved for a 5 pF electrode. Thus, the input capacitance of the
amplifier is approximately 5 pF. Simulations predict 4 pF.
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No amplitude reduction is seen when a resistor imitates the electrode, but
significant noise is created by the resistors. The RMS value of the noise is not measured,
but the waveforms roughly indicate ten times more noise for the 10M Ohm resistor than
for the 100k Ohm, which is the expected ratio.

Figure 42: Output voltage versus time at various source impedances.
The DC input current is not directly measured. However, an upper limit for the
DC input current can be deduced. The DC bias for the waveforms on the left side of
Figure 42 is provided by a 100M Ohm resistor connected to ground. If the input to the
neural amplifier has a 2 nA path to either power supply, then the DC input voltage is
pulled outside the range in which the amplifier functions. The amplifier functions
normally, so the DC input current is less than 2 nA.
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1.3.7 Over-drive, distortion, and maximum passband input voltage
The recovery of the outputs of the three stages to a large input signal is seen in
the simulation results in Figure 43. The outputs have long recovery time only when
over-driven negatively. The recovery time of the second stage is less than that of the first
stage, and the third stage is even lower. The spikes in the second and third stage are not
from an input signal but merely numerical instability in the simulation.

Figure 43: Recovery from over-driven input.
Figure 44 shows the increase in distortion and gain as the amplitude of an input
signal in the passband is swept. The distortion passes the upper limit goal of 10% when
the amplitude is over 0.9 mV pp. The gain also rises 10%, but no analysis is done to see if
the same mechanism causes both distortion and gain to increase. The measurement of
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distortion includes all other signals not at the 2k Hz frequency of the input signal. Noise
contributes to the other signals but does not change as the amplitude of the input signal
is swept. Noise relative to input signal is thus high at low input amplitudes.

Figure 44: Distortion and gain versus input voltage amplitude. Input is a
2k Hz sine wave.

1.3.8 Crosstalk
The output of channel 3 when its input is grounded via a 100M Ohm resistor and
all the other channels are driven identically is given in Figure 45. The gain from the
other inputs to the channel 3 output is 60. Crosstalk can also be expressed as the signal
due to other inputs relative to the signal due to the intended input. Crosstalk expressed
in this manner is -24 dB. No cause for the distorted output is investigated. Smaller input
amplitudes, which may eliminate the distortion seen in the output, are not applied.
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Figure 45: Output voltage due to an input on all the other channels.
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1.3.9 Summary of goals and results
Table 5: Summary of goals and results.
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1.4 Discussion
This section is divided into results that require further discussion and
suggestions for improvements. Not every result is discussed here. Some results meet
their goals without any notable challenge. Some results are discussed within the Results
section when one or two sentences are adequate.
Overall, the design process for this research leaves two impressions. First, hand
calculations that select transistor size are sufficiently accurate; only minor refinements
come from simulation. Second, the manufacturing process and models are sufficiently
mature; simulation predicts reality well, albeit slightly conservatively, for bandwidth
and noise.

1.4.1 Powerline voltage, amplifier bandwidth, and bias current
As demonstrated in Figure 38, neural spikes are extracted in the presence of a
large powerline voltage. An important objective of this research is achieved. However,
the objective is met only if the goal of a 500 Hz low-frequency corner is not met. A
700 Hz corner is needed to meet the goal for maximum powerline gain. The conflict
between the goals of powerline gain and low-frequency corner was observed during the
design, and provisions were made for a 700 Hz corner. The provisions have been
justified by the measured results. A 500 Hz corner is still possible but only if the bias
current goal of a 1 nA minimum is relaxed to 0.3 nA.
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With “700 Hz biasing,” the measured low-frequency corner is 750 Hz, which is
14% larger than the simulated value of 660 Hz. A 14% deviation is not unusual for
frequency parameters and explains the lower powerline gain for the measured results
(i.e., 3) compared to the simulated results (i.e., 5).
The maximum powerline signal barely meets the goal of 10 mV pp. For not much
larger signals, the output voltage becomes distorted at the maximum rising rate point in
the input waveform as seen in Figure 39. The cause of the distortion is likely the small
bias current in the transconductance amplifiers. The current is inadequate to drive the
capacitor feedback network at the required rate. The current can be increased, but this
raises the transconductance, which has the undesirable effect of decreasing the lowfrequency corner. The transconductance can be returned to the correct value by raising
the gate-source voltage, but the supply voltage sets the upper limit to this adjustment.
The maximum powerline signal cannot be significantly larger with the circuit topology
in this research.

1.4.2 Noise, power, and area
The measured noise is half the goal, so the design is overly conservative. The
power and area can both be halved and the noise goal still met.
Most neural amplifiers have PMOS transistors for the input differential pair to
minimize noise. Their passband reaches down to a Hertz or even lower, so “1/f” noise is
significant. In most processes, PMOS have lower “1/f” noise than NMOS. In this neural
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amplifier, the passband starts at 500 Hz, so “1/f” noise is unlikely to be significant. Only
thermal noise is significant. Thermal noise is minimized by maximizing
transconductance. The NMOS transistor has higher transconductance per area than the
PMOS transistor, so NMOS transistors are appropriate for this neural amplifier. If “1/f”
noise is shown to be significant, then NMOS transistors are the incorrect choice.
Fortunately, Figure 35 shows “1/f” noise is not significant.
As seen in Figure 36, the noise is independent of the bias current in the
transconductance amplifier. This agrees with the analysis that shows the noise of the
transconductance amplifier is set by the capacitor connected from its input to output.
As also seen in Figure 36, the amplifier noise increases 40% when the current to
the input transistors is cut to one-fourth the normal. This increase, combined with an
estimate of the operating region of the input transistors, leads to an estimate of the noise
due to the input transistors and then a judgement on the allocation of power to the
transistors.
When a transistor operates in strong inversion, its noise increases 20.5 or 40% if
the current is cut to a fourth. A 40% increase in input transistor noise can lead to a 40%
increase for the entire amplifier only if the rest of the amplifier is noise-free. This is not
possible, so the input transistors are definitely not in strong inversion. Simulation agrees
with this conclusion.
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If the input transistors are in deep weak inversion, then their noise doubles when
the current is reduced to a fourth of the normal. Under this scenario, a 40% increase in
total amplifier noise due to the current reduction indicates that the input transistors
contribute approximately half the noise.
The input transistors operate in neither strong nor deep weak inversion, so the
actual allocation of noise to the transistors is between half and all of the amplifier noise.
The transistors operate closer to weak inversion than to strong inversion. Although the
actual allocation of noise to the input transistors cannot be firmly determined from the
measurements, a reasonable estimate is that the input transistors contribute two-thirds
of the noise. If so, then allotting two-thirds of power to the input transistors matches the
allocation of noise. Power cannot be proven by the measurements to be optimally
allocated, but the allocation is certainly near optimum.

1.4.3 Gain and DC input range
The gain is determined by the capacitors in the feedback path of each stage. The
process does not have useful capacitors other than the gate oxide of NMOS or PMOS
transistors. The capacitance of the gates of MOS transistors depends on the DC voltage
across the capacitor. This voltage dependence explains the change of gain versus DC
input voltage seen in Figure 41. When the input voltage is above 0.5 V, the gate-source
voltage of the PMOS capacitor, ML1 in Figure 15, is reduced below the threshold
voltage, which lowers its capacitance. The gain is the capacitance of MK1 divided by the
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capacitance of ML1, so lower ML1 capacitance leads to higher gain. Similarly, input
voltages lower than -1.4V lower the gate-source voltage of MK1 below threshold, which
drops its capacitance and thus drops the gain.
The DC input range does not meet the goal of +0.8 V. As just described, the range
is limited by the voltage on the gate of transistor ML1 approaching the threshold
voltage. The gate-source voltage of ML1 is the source voltage of MG1 minus the input
voltage (refer to the schematic in Figure 15). If the source voltage of MG1 is higher than
in the design, then the output voltage can rise higher without changing the gain. Making
this modification would meet the goal of +0.8 V for the input range. However, a higher
source voltage for MG1 lowers its transconductance. To maintain the correct lowfrequency corner, ML1 has to be lower capacitance, which raises the noise of the
transconductance amplifier. Before change to accommodate the DC input range goal
can be made, the effect on total noise must be considered.
The gain of the first stage is 11.6 instead of the 11 predicted by the size of the
capacitors constructed from PMOS and NMOS transistors, ML1 and MK1, in Figure 15.
According to the simulation models, the capacitance per area of an NMOS transistor is
3% higher than that of a PMOS transistor even though the gate oxides on both are made
at the same time. The size of the NMOS is not adjusted for this difference, which
explains half of the 6% error in gain. The other half is explained by the capacitance of the
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input transistor, MD1. This capacitance raises the total capacitance in parallel with the
MK1 by 3%.

1.4.4 DC input current
The DC input current is shown to be less than 2 nA. Electrolysis may happen at
this current as seen in Figure 7. The current from simulation results is 60 pA, which will
not cause electrolysis. Commercial parts that emphasize low input current guarantee
less than 10 pA (LTC6241, Linear Technology Corp., Milpitas, CA), so the simulation
results are reasonable. In practice, ionic contamination of the wiring from the electrode
to the amplifier may conduct more than tens of picoAmperes and dominate the DC
current in the electrode.

1.4.5 Crosstalk
The crosstalk is six times larger than its goal. The source of the crosstalk is likely
the capacitance between the pins in the package that holds the neural amplifiers. The
1 mV pp signal on the inputs of the driven channels is capacitively coupled to the input
of the undriven channel being measured. The capacitance from one pin to the next is
hundreds of femtoFarads [Intel 2000 page 4-18]. The capacitance of the input to the
amplifier is ~5 pF. These capacitances form a voltage divider that places tens of
microVolts on the input being measured. The tens of microVolts are then amplified to
the tens of milliVolts seen in Figure 45.
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In the measurement, the input being measured is almost an open circuit. Its
impedance to ground is the input capacitance of the amplifier and a 100M Ohm resistor
in the test fixture. When the amplifier is acquiring neural signals, its impedance to
ground is the interface impedance of the electrode. This impedance is a thousand times
smaller than in the measurement. The crosstalk gain during neural acquisition is much
less than the goal of 10.

1.4.6 Over-drive
The transconductance amplifier has a highly imbalanced output current. The
amplifier can raise its output voltage with microAmperes but can lower its output with
only nanoAmperes. When a signal much larger than neural spikes or powerline
interference causes the output of the transconductance to rise a volt or two above its
normal range, the time for the output to return to normal is set by nanoAmperes flowing
into hundreds of picoFarads, which is hundreds of milliseconds. The recovery time can
be shortened to milliseconds by additional circuitry that provides a balanced output
current during over-drive situations. The additional circuit may be as simple as an
NMOS connected in parallel with the PMOS that forms the transconductance amplifier.

1.4.7 Improvements
Any issue noted in the above discussions is a candidate for improvement. Some
additional improvements are the following:
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− Insert capacitive coupling between the third stage and the buffer. A 500 Hz lowfrequency corner is then possible while maintaining powerline rejection.
− Insert a very low-noise unity-gain buffer between the REF_PROBE pad and the
reference input to the amplifiers. The input capacitance for each amplifier is
200 pF, and many amplifiers may be in a chip. The reference electrode
impedance may be too high to drive this large capacitance. Only one buffer is
needed for many neural amplifiers, so its power and area are not a major
concern.
− Select a process with two gate oxides. Most of the area is capacitors formed from
gate oxide. The DC voltage across the capacitors is ~2V, but the oxide thickness
supports 5V. A process with two oxide thicknesses, one for 5V and a thinner one
for 2V, may reduce the area in half with no change in performance. The area
reduction more than compensates for the increase in manufacturing cost.

1.5 Conclusion
The neural amplifier presented here meets the primary objective of a significant
power reduction from its predecessor without sacrificing performance. Two
enhancements appropriate for the clinical environment are demonstrated, namely,
improved rejection of powerline interference and reduced sensitivity to long-term drift
in transistor parameters.
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Four decades ago, a rudimentary Brain-Machine Interface was demonstrated in a
monkey [Fetz 1971]. Three decades ago, the clinical requirements for a BMI were
outlined [Joseph 1985]. Two decades ago, multiple academic labs commenced
development of the technology for the BMI [Moxon 2000]. One decade ago, a BMI was
demonstrated in a human patient [Hochberg 2006]. In the subsequent decade, no BMI
has transferred to clinical practice. When the research in this chapter was performed in
2006, the issues addressed were expected to be encountered in the clinic in the near
future. However, BMI systems still operate in research environments that are not
challenged by the issues raised in this research. The validation of this research must wait
for a medical device company to overcome the biological, technological, and financial
impediments to a clinical Brain-Machine Interface.
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2. Implanted electrodes for multi-month EEG
This chapter1 describes an experiment to quantify the electroencephalogram
(abbreviated as EEG) sensed by electrodes that are implanted for two months.

2.1 Introduction
Every year, 200,000 people in the United States visit a neurologist for the first
time after experiencing symptoms similar to an epileptic seizure [Theodore 2006,
Benbadis 2000]. A seizure is a malfunction of the electrical activity of the brain. In some
region of the brain, many of the cells that generate the electrical activity, the neurons,
have synchronized activity instead of their normal, independent activity. These cells no
longer regulate the behaviors or bodily functions that they normally control.
Uncontrolled behaviors or functions have many causes, so the visible symptoms that
prompted the visit to the neurologist do not confirm a diagnosis of a seizure. A seizure
can be diagnosed only by measuring the electrical activity with an EEG [Grisar 2012].
For an estimated 5,000 of these patients, the neurologist fails to induce a seizure in the
clinic despite deploying procedures that induce seizures in the vast majority of patients
with epilepsy [Mhatre 2013, Claxton 2013]. The neurologist fails to acquire an EEG that
proves a seizure occurred. Even though these patients cannot be diagnosed as epileptics,

The chapter is based extensively on “Subdermal EEG Recorder: A Lifelong Monitor for Epilepsy and Other
Brain Disorders” [Jochum 2011] and “Implanted Electrodes for Multi-Month EEG” [Jochum 2014]
(Copyright © 2014, IEEE). Portions of these sources are excerpted without citation or alteration as permitted
in the copyright agreement.
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the neurologist has no choice but to treat them as epileptics. They are restricted from
driving and from professions where a seizure endangers them or others. They are
prescribed antiepilepsy drugs with serious side effects [Vajda 2012].
A device that records the EEG continuously for several months would capture
the electrical activity of the brain the next time these patients have seizure-like
symptoms. The EEG recording would confirm or reject that seizures are the cause of the
symptoms.
The only FDA-approved device capable of continuous monitoring of electrical
neural signals, the NeuroPace RNS System, is implanted in a complex and expensive
surgery [Spencer 2016]. (A Medtronic device that is not yet approved also requires
complex surgery [Bourget 2015].) The FDA approval for the RNS System is for treatment
of confirmed epilepsy; the approval is not for diagnosis of the seizure-like symptoms
discussed above. FDA approval and insurance reimbursement are more likely for a
device that is less invasive. A device, called an implanted EEG recorder, may fill this
need. The implanted EEG recorder is 3 mm in diameter and 250 mm long (Figure 46). It
could be inserted between the scalp and skull via a small incision using well-proven
outpatient minimally-invasive surgical techniques. The neurologist would select the
direction that the device is implanted to monitor the region of the brain suspected of
having seizures. Electrodes to sense the EEG are on the surface of the device and spaced
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at 50 mm intervals. The performance of these electrodes, while implanted for two
months, is the focus of this chapter.

Figure 46: Model of the proposed implanted EEG recorder. Envisioned
locations for electrodes are in green.

2.1.1 Implanted EEG recorder: clinical and research applications
The diagnosis of rarely-occurring seizure-like events is the primary application
of the implanted EEG recorder and was the justification for the funding of the research
described here. However, other applications have been suggested by clinicians and
researchers familiar with the recorder.
One percent of the US population is diagnosed with epilepsy. Antiepilepsy drugs
are the initial treatment in the vast majority of these cases [Glauser 2006]. Today, the
dose is adjusted to control visible symptoms. Epileptics can also have unobvious
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seizures that are seen only in the EEG. These seizures are called subclinical seizures.
Subclinical seizures may persist after clinical seizures are suppressed [Kanazawa 2014],
may be in a distinct epileptic region outside the source of clinical seizures
[Farooque 2014], and may cause mental degradation [Walker 2015, Binnie 2003]. In the
future, if damage from subclinical seizures is proven, the dose of antiepilepsy drugs may
be increased to control these seizures. However, without a means to monitor subclinical
seizures, the increased dose will be determined by judgement, not data. An implanted
EEG recorder can provide the data to suppress subclinical seizures without the risk of an
overdose.
Clinical trials for antiepilepsy drugs rely on patients or caregivers maintaining a
diary of seizures, but the diaries are known to be inaccurate [Fisher 2012]. As a result,
clinical trials frequently do not predict clinical practice [Perucca 2016]. An implanted
EEG recorder would provide precise chronological data of seizures. The reluctance of
clinical trial participants to undergo surgery may be overcome by the benefit of reduced
side effects due to precise dose control.
Decreasing the cost of a clinical trial can never justify implanting a device; only a
benefit to the patient, as described above, provides justification. However, decreasing
the cost of a clinical trial benefits society by increasing the number of trials or the sample
size. A long-term trial may enroll a hundred patients for five years. The cost per patient
for EEG monitoring exceeds $50,000 with current EEG techniques [Brad Kolls, Director
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Duke Medical Center Telestroke Network, 2011 private communication] but can be
halved with an implanted EEG recorder. After implantation, the study subjects do not
need to revisit the clinic because their EEG data is transmitted electronically to the clinic.
The subject pool can then include patients with limited transportation, with limited free
time, or with rural homes. These subjects are normally excluded from trials.
Mental disorders afflict one in six individuals per year and one in three in a
lifetime [Steel 2014]. The onset of an episode of some disorders may be seen in the EEG
[Olbrich 2015]. The EEG indication of an episode may trigger treatment from an
implanted intracranial device [Spencer 2016, Bourget 2015]. Before these highly-invasive
methods are performed, patients could be screened by verifying with an implanted EEG
recorder that the appropriate EEG signals occur in everyday life outside the clinic.
Although the EEG recorder is primarily intended for outpatient monitoring,
within a long-term care facility it could detect subtle signs of consciousness in patients at
various levels of impaired consciousness. The advantage of the implanted recorder is it
requires no sophisticated daily maintenance, unlike the traditional EEG hardware.
The traditional EEG recorder is a primary measurement device in the research of
most neurological conditions such as insomnia, pain, migraine, tinnitus, dementia, ALS,
and repetitive mild traumatic brain injury. Not all of these conditions will be suitable for
implanting an EEG recorder in humans, but all of them will benefit from research
performed on animal subjects with an implanted EEG recorder.
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Finally, when a new mode of data collection is introduced, unexpected benefits
will likely accrue from the new knowledge. Examples of this serendipity occurred with
the Medtronic Reveal Plus implanted cardiac monitor [Merce 2013, Petkar 2012] and the
unsuccessful intracranial device from NeuroVista [Cook 2014]. Forecasting unexpected
benefits will not win grants, but the unexpected benefits may help mankind the most in
the long run.

2.1.2 Implanted EEG recorder: components and operation
The implanted EEG recorder is envisioned as a 250 mm long by 3 mm diameter
flexible translucent structure (Figure 47). Five 10 mm long cylindrical electrodes are
evenly spaced along the axis of the device. The voltage between adjacent electrodes
would be acquired to create four EEG signals.

Figure 47: Drawing of the implanted EEG recorder. The red arrow indicates
one of the five electrodes. The blue arrow indicates one of many integrated circuits.
[Drawn by Andrew McCloud. Courtesy of Southeast TechInventures Inc.]
The device has a round cross-section so that it may spin freely as patients
inevitably manipulate it. A flatter, wider cross-section could have the same area and be
less noticeable so may seem to be preferred. However, the patient may twist the device
such that the long dimension of the cross-section is perpendicular to the scalp. Medical
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attention may then be needed to prevent skin erosion. For the research performed here,
a round cross-section was assumed.
The device tapers to a thin compressible spiral insulated wire at one end. This
end may be on the forehead where the scalp is thinner and moves more. An EEG is
frequently acquired in this “below the hairline” location. The electrode is smaller here;
an electrode of this size is not considered in this research.
The electronics within the device can be seen prior to implanting because the
body of the device is translucent silicone (assumed to be Med4930, Nusil, Carpinteria,
CA). One of the electronic components is indicated by the blue arrow in Figure 47. The
electronics record and store one day of EEG data. The data is downloaded to an external
apparatus that the patient rests on the scalp above the implanted device. The apparatus
extracts the EEG data in a half-hour daily session. Simultaneously, the apparatus
charges the battery within the implanted device.
A block diagram of the electronics within the implanted device is given in Figure
48. The figure also lists some specifications, the power usage, and the volume consumed
for each block. The volume is expressed as the distance along the axis of the device
because the cross-section area of the electronics is fixed as a circle slightly smaller than
the 3 mm diameter of the device. None of the blocks have specifications beyond the
capabilities disclosed in the literature. Two of the blocks, the memory and the battery,
do require manufacturing methods known to only a few commercial firms and not
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commonly licensed outside the firms. The implanted EEG recorder would not be sold in
the quantities that these firms expect for products sold to only one customer. Thus, the
battery and memory may be either very expensive or impossible to acquire.

Figure 48: Electronics inside the implanted EEG recorder.
The memory has an unusual combination of requirements that do not align with
the memory found in digital devices with high processing power. These devices, such as
phones and computers, constitute almost the entirety of the memory market. The
memory requirements for the implanted EEG recorder do align with the requirements of
many medical devices. A major medical device manufacturer may have the financial and
engineering resources to develop this memory to the benefit of many medical
applications. One unusual requirement for the memory is that data is written and read
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serially. Random access is not required, which simplifies the design. The memory is
written extremely slowly; ten thousand bits per second is sufficient. The reading
frequency is also low; for example, less than a million bits per second. The silicon area
per bit, a hundred nanometers on a side, is not a challenge, either. The challenge is that
the supply current when writing must be a few micro-Amperes, and the supply current
to maintain data must be near zero. The recently introduced memory with a
programmable resistor as the storage element likely meets these requirements
[Micron 2016].
The flexible body of the implanted EEG recorder is not found in any released
medical devices known to the author. Flexible implants intended for long-term implants
are in research [Melki 2014, Giagka 2015]. The hermeticity of the flexible material is
questionable [Borton 2013]. Flexing the device severely, such as during the implantation,
is another concern. The electronics within the device may crack, and the bond between
the device body and the electrodes may peel and allow fluids to reach the electronics.
Both these concerns were analyzed as one of the aims of the grant that funded the
research presented in this chapter.
The author proposed the mechanical interface between the electrode and the
internal electronics shown in Figure 49. The seam between the silicone body and the
electrode narrows to just the post, shown in red, that connects the electrode to the
electronics. The bending of the silicone near the post is reduced by placing the post in
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the center of the electrode, by adding flanges at the ends of the electrodes that limit the
stress on the silicone inside the electrode, and by stiffening the circuit board as shown in
orange.

Figure 49: Electrode exploded view. [Drawn by Andrew McCloud. Courtesy of
Southeast TechInventures Inc.]
Andrew McCloud of Southeast TechInventures simulated with SolidWorks
(SolidWorks Corp., Concord, MA) the entire implanted device when bent at a radius of
curvature of a quarter inch. The silicone did not peel from the electrode with more than
an order-of-magnitude safety margin, and the electronics did not crack, though with
little safety margin [Brafford 2013].

2.1.3 Properties of the EEG
An implanted electrode must accurately capture the EEG signal present at the
location of the electrode. The electrical and clinical properties of the EEG thus form the
criteria for judging the electrodes.
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The properties of the EEG fill many books. Only a small subset of the properties
is discussed here. These properties are those relevant to the methods applied in this
research. The first property, the interpretation of the EEG by clinicians, is the motivation
for a survey of clinicians and for time-domain correlation measurements. The next
property, the source of the EEG, justifies the low-noise instrumentation and the spacing
of the implanted electrodes. The last topic, the categorization by clinicians of EEG
waveforms into standard frequency bands, justifies the 50 Hz upper limit for the
instrumentation. In medical research, the distribution of the energy of the EEG among
these bands identifies different neural states. This use of the EEG motivates the changeof-state measurements.
2.1.3.1

Clinical interpretation
Electroencephalographers, that is, neurologist who specialize in interpreting EEG

data, view the EEG almost exclusively in the voltage-versus-time format shown in
Figure 50. This data was collected with the instrumentation used in this research. At the
time marked by an arrow, the subject closed his eyes. The transition in the EEG upon the
closure of the eyes is called a change of neural state and will be discussed shortly.

Figure 50: EEG waveform example. [Engdahl 2012 by permission of the author]
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When the electroencephalographer views the EEG, “a number of mental
integrations take place seamlessly” [Schomer 2007 page 57]. The properties of a set of
simultaneously acquired EEG wafers are extracted by the neurologist entirely from
visual observation. The complex software that analyzes the EEG for medical researchers
is rarely used in the clinic. Instead, from years of education, examination, and practice,
the neurologist recognizes patterns that indicate the location and nature of neural
maladies. The patterns may be amplitude variations within a particular signal at
different times or amplitude variations among different signals at a particular time. The
patterns may be a few cycles of oscillation buried within many cycles of oscillation at
another frequency. The patterns may appear or disappear upon the change of state of
the patient such as drowsiness, sleep, hyperventilation, or light stimulation [Rowan 2003
page 76, Yamada 2010 page 87]. Scores of other patterns and their causes are presented
in thick atlases [ChangB 2005, Krauss 2006].
The clinical interpretation of the EEG is thus a human endeavor. The people
performing the interpretation are the most appropriate judges of the technical quality of
the EEG signals acquired by any new technology. Accordingly, the EEG signals acquired
by the implanted EEG electrodes under investigation were judged by board-certified
electroencephalographers who responded to a survey described below.
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2.1.3.2

Source of the EEG
The amplitude of the EEG is typically tens of microVolts. This is the smallest

amplitude of the electrical signals commonly measured in the clinic. The amplifiers and
cables in this research were selected to acquire this small signal without noticeable
injection of noise. The cause of the small amplitude is described in this section.
The EEG is the voltage difference between two electrodes placed in wellstandardized locations on the scalp [Jasper 1958] and separated by ~50 mm. The voltage
is most often explained as arising from the current flow within pyramidal neurons in the
two-millimeter thick outer layer of the brain known as the cortex. This theory is
discussed here, but other theories of the source of the EEG, such as from current flow
within the brain that is tangential to the scalp [Riera 2012], are proposed.
A cartoon of the scalp, the skull, and a single pyramidal neuron is shown in
Figure 51. The pyramidal neuron is simplified to a bottle shape with the neck being the
sum of the dendrites and the square bottom being the body or soma of the cell. The
dendrites can be a millimeter or more long; the soma and a collection of short
appendages can be tens of microns across [Mohan 2015]. In the cartoon, the thickness of
the dendrite is exaggerated for clarity; the actual thickness is less than that of the black
border of the neuron. Pyramidal neurons are arranged parallel to one another. In the
gyri or tops of the folds in the brain, the pyramidal neurons are oriented perpendicular
to the skull as shown. It is these neurons that create the EEG. The pyramidal neurons in
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the sulci or crevices of the folds are parallel to the skull and do not contribute to the
EEG.

Figure 51: Source of the EEG. Left: Circuit schematic representation of the
generation of the EEG due to a single pyramidal neuron. Right: Regions on the
schematic redrawn to scale.
Also in the cartoon are a capacitor and three resistor divider networks that help
explain the magnitude of the EEG as measured along the scalp. The EEG voltage is
typically explained by invoking the properties of a dipole in a volume conductor
[Plonsey 2007 page 30]. However, the explanation provided below is appropriate for
engineers familiar with electronic circuits but not with volume conductors.
The resistors in the cartoon represent the conductive path between various
locations. As examples, Rr1 is the resistance inside the neuron along its dendrite; Rb1 is
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the resistance from the neuron to the inside surface of the skull; and Rg1 is the resistance
crossing through the skull.
The EEG is measured between two points on the scalp, such as at the ends of
resistor Rg2. The source of the signal is the voltage stored across the capacitor. The
dielectric of the capacitor is the cell membrane of the soma. Special structures in the
membrane pump sodium ions out of the neuron and gradually build a voltage across
the capacitor of ~100 mV.
The circuit in the figure can be partitioned into a sequence of voltage dividers.
The dividers are individually colored. The capacitor is the input to the first divider made
of Rr1, Rr2, and Rr3. Rr3 is the input to divider Rb1, Rb2, and Rb3. Rb2 is the input to
the final divider made from Rg1, Rg2, and Rg3. The output of each divider is a tenth to a
thousandth of its input [Cooper 1965, Gloor 1985]. The combined effect of the dividers is
a reduction of the 100 mV on the capacitor to approximately tens of picoVolts across
Rg2.
The time variation of the EEG results from the time variation of Rr2. Rr2
represents many ion channels at many synapses. Rr2 is most often an open circuit, and
the voltage across Rr3 is most often zero. Rr2 decreases in resistance when the axon from
a distant neuron releases neurotransmitters into the synapse. The lower resistance of Rr2
places hundreds of microVolts across Rr3 for tens of milliseconds [Gloor 1985].
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The EEG voltage measured on the scalp is not the picoVolts from a single neuron
but rather tens of microVolts from millions of neurons spread over a few square
centimeters of the outer layer of the brain [Cooper 1965, Rajkowska 2005]. All these
neurons are receiving signals from distant neurons, and the Rr2 resistor in all of them is
at a low value.
The superposition of the voltages from the millions of neurons may be estimated
by the solid-angle method [Gloor 1985]. This method provides a simple and intuitive
calculation of the voltage at a given point due to a nearby sheet of resistors, such as Rr3,
in which each resistor has ~100 uV across it. When the given point is directly above the
sheet, the solid angle that starts at the given point and ends on the perimeter of the sheet
is large. The voltage at the given point is proportional to the solid angle. If the given
point is elsewhere along the scalp, the solid angle reduces and the voltage reduces
proportionally.
As mentioned above, any particular EEG event starts with the simultaneous
action of a sheet of neurons occupying a few square centimeters. The solid-angle method
allows quick estimation of the spread of the EEG event to a larger area – approximately
ten square centimeters – on the scalp. This spatial spreading of an EEG event sets the
lowest useful separation of EEG electrodes at a centimeter or two [Ryynanen 2006]. For
this research, the gap between electrodes is two centimeters.
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2.1.3.3

Clinical frequency bands and neural states
One of the mental tasks performed by neurologists as they examine EEG data is

to extract from the voltage-versus-time format the frequency of various oscillations that
are sometimes obvious (Figure 50) and sometimes hiding amongst other features of the
waveform. The frequency of an oscillation usually is not quantified in units of Hertz as
done in most scientific measurements. Instead, the frequency is categorized into one of
several standardized bands (Figure 52). The categorization is often done without
measuring the oscillation period and converting to frequency. The category is selected
merely by recognition because the time scale for EEG data is highly standardized,
especially on paper plots, and so an oscillation in a certain band always looks the same
to an electroencephalographer.

127

Figure 52: Standard clinical frequency bands. [Malmivuo 1995 by permission
of the author]
The beta band, the highest of the standard clinical bands, stops at 30 Hz. The
EEG also contains oscillations in a frequency band from 30 to 50 Hz, called the gamma
band, and even higher bands called high-gamma and several other terms [Buzsaki 2012].
The gamma oscillations are not clinically relevant now but may be soon [Gliske 2016].
The research done here includes the gamma band because of its pending relevance.
In the clinic, higher frequencies than the beta band are avoided because they
raise several practical problems. Electrical interference from powerlines and from
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electromyograms increases above 30 Hz. Also, the amplitude of the EEG falls with
frequency, so the signal-to-noise ratio decreases, and useful information is often hidden.
The physiological or anatomical cause of the roll-off with frequency of the EEG signal
has not been proven definitively [Nunez 2010 p. 105]. One theory is that a measurable
EEG requires simultaneous activity of millions of neurons, and achieving simultaneity is
less likely during the short period of a higher-frequency oscillation [Gloor 1985].
Another theory is that the capacitance of the dendrite membrane in Figure 51 has lowenough impedance at high frequencies that it replaces the soma as the voltage source
[Nunez 2012 page 55]. The resistor Rr3 is thus shorter, has lower resistance, and sends a
lower voltage into the other two resistor dividers.
During an EEG session, a neurologist will note the coming and going of
oscillations in the various bands. The oscillations signify different mental states or
neural states for the patient (some of the literature considers “mental” and “neural”
synonymous; some does not). Like neurologists, medical researchers also classify neural
states by the presence of oscillations in the standard clinical bands [Muller-Putz 2015,
Vacariu 2011]. Unlike neurologists, medical researchers typically quantify the
oscillations by transforming the time-domain data of the EEG into the frequency domain
and then integrating the frequency data across each of the standard EEG bands to find
the total energy in each band. The research done here performs similar mathematical
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analysis on the EEG data obtained by the implanted electrodes so that the electrodes can
be judged for use by medical researchers.

2.1.4 Electrodes for an EEG
The research aim for this chapter is to quantify the performance of the electrodes
of the implanted EEG recorder relative to the performance of conventional surface EEG
electrodes. The research was necessary because the EEG has not been acquired for
extended time at the location of the implanted electrodes. Needle electrodes (Figure
53 left) are commonly placed deep in the scalp just like the implanted electrodes but not
for an extended duration.

Figure 53: EEG electrodes. Left: Needle electrodes (Grass F-E2-24). Right: Disc
electrodes. [Photographs by author]
As discussed above, many properties of the EEG signal acquired by implanted
electrodes will be measured. For the electrode itself, the crucial property to measure is
the resistance of the interface between the electrode and the body. The clinical
requirement for this resistance is a maximum of 5000 Ohm [Nuwer 1998]. The resistance
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depends on the area of the electrode-to-body interface, so the implanted electrodes
should have the same area as clinical surface electrodes (Figure 53 right) for the
5000 Ohm standard to apply to the implanted electrodes. The area of the implanted
electrode matches that of the surface electrodes to within 10% based on nominal
dimensions.
The interface resistance of implanted electrodes increases for two months after
implantation and then plateaus [Grill 1994]. A healing process called the foreign body
reaction encapsulates the electrode in fibrous material which somewhat blocks the
electrode from the surrounding tissue. This research will monitor the interface resistance
of electrodes implanted in sheep for two months.

2.2 Methods
A methodology is presented that compares implanted EEG electrodes to
conventional surface electrodes during two months of healing to determine the
consequences of the foreign body reaction.

2.2.1 Implanted assembly and tunneling tool
The electrodes for an implanted EEG recorder are modeled in this research by
metal cylinders. Three electrodes are implanted per subject. Two electrodes are
positioned above the cranium to acquire EEG signals. The third is a reference electrode
in the upper neck. The electrical paths to the electrodes are wires tunneled under the
skin from the head to between the shoulder blades. There, a connector passes through
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the skin to complete the path to outside the subject. The entire implanted assembly and
an attachment that aids the tunneling is shown in Figure 54.

Figure 54: Implanted assembly. Top: Entire assembly prior to surgery.
Bottom: Connector as viewed from its bottom and the electrodes.
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This section details the implanted assembly, the tunneling tool used to implant
the assembly, and the sterilization of both.
2.2.1.1

Construction of the implanted assembly
The implanted assembly was constructed by Sonometrics Corp. (London,

Ontario) from a design by the author. Sonometrics selected most of the materials based
on their experiences with previous custom implanted devices for other researchers. All
materials were biocompatible; for example, the silicone rubber outer jacket of the three
leads passed ISO 10993-10 sensitization and irritation tests and ISO 10993-5 cytotoxicity
tests [Wayne Smith, Sonometrics engineer, 2012 private communication].
As seen in Figure 54, the implanted assembly consists of the connector in the
bottom left, three leads, and the electrodes along the top of the figure. The three threads
and the tunneling aid are removed during surgery after the assembly is in place.
The electrodes are 3 mm diameter by 10 mm long cylinders (Figure 54 bottom,
Figure 55 right) cut from Type 304 stainless steel chromatography tubing. The surface
area of the electrode, nominally 70 mm2, is almost the same as clinical EEG electrodes.
The electrode nearest the connector is called the “reference” or “yellow” electrode, the
middle electrode is the “back” or “red” electrode, and the farthest electrode is the
“front” or “black” electrode.
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Figure 55: Components of the implanted assembly. Left: Implanted male
connector and external female connector. Right: Unassembled electrode.
Red and blue wires (Figure 55 right) are welded to the interior of the cylinder –
one to the left end and the other to the right end of the cylinder. A nylon loop (Berkley
Trilene, Pure Fishing Inc., Columbia, SC) is inserted into the electrode. The entire lead
including its outer translucent jacket is slid into the cylinder. The interior of the cylinder
is filled with silicone (RTV 734, Dow Corning Corp., Auburn, MI) which seals the open
end of the jacket.
The two wires that contact an electrode are a shielded twisted pair. Each wire is 7
strands of 44 AWG Type 326L stainless steel with an effective size of 36 AWG. The
shielding is also 44 AWG stainless steel with a minimum of 85% coverage. The lead is
encased in a silicone outer jacket and has an outer diameter of 1.3 mm. The lead for the
reference/yellow electrode is 27 cm long, for the back/red electrode is 34 cm, and for the
front/black electrode is 37 cm. Each lead has a color band (FIT-221, Alpha Wire,
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Elizabeth, NJ) at each end so that the lead can be identified when only the end is visible
such as at explantation.
After being implanted, the gap between the front and back electrode is 2 cm,
which is wide enough for distinct EEG signals, as explained in the Properties of the EEG
section. The gap between clinical EEG electrodes is ~4 cm, but a gap this wide would
place the back electrode caudal of the cranium.
The reference electrode is ~7 cm from the brain, which is a compromise between
being far enough that neural signals are insignificant there and not so far as to allow
powerline interference to be induced between the reference and signal electrodes. The
reference is near large neck muscles, but the subject is sedated (see next session), so
EMG artifacts are unlikely. This reference location has been used in other sheep EEG
research [Gorman 2001].
Two “ground” connections are provided in the assembly. One ground is the shell
of the connector. A short stainless steel wire connects the shell to a connector pin. The
other ground is a 10 cm loop of 28 AWG stainless steel bare wire. This wire is insulated
with white tubing (FIT-221) for a short distance as it leaves the connector so that it does
not contact the shell of the connector (Figure 54 bottom).
The percutaneous connector, manufactured at Sonometrics, is titanium, has 12
male pins, and can be sealed with a screw-on cap with an O-ring gasket. All leads leave
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the connector at a right angle (Figure 54 bottom) to lower the bump in the skin above the
base of the connector. The bottom of the connector is sealed (RTV 734).
The tunneling aid in Figure 54 is 15mm of 9 gauge Type 304 stainless steel
hypodermic tubing (Small Parts, Inc. Logansport, IN). One end holds a nylon loop
(Silver Thread, Ft. Smith, AR) secured with epoxy (Mid-Cure, Bob Smith Industries,
Atascadero, CA). The interior of the other end is threaded for 5 mm so that it can accept
the 6-32 threaded tip of the tunneling tool described below.
The tunneling aid is connected to the three electrodes with three surgical threads.
The threads are color-coded so that the electrode can be identified during surgery even
if the electrode is hidden under the skin. The lengths of the threads are such that all
three electrodes are pulled simultaneously so that the spacing between the electrodes is
maintained.
2.2.1.2

Schematic of the implanted assembly
The schematic of the implanted assembly (Figure 56) has several features to

improve reliability or analyze failures. Wires and connectors fail in implanted devices at
a significant rate [Levy 2013, vanMalderen 2016]. The sample size in this research is only
two, so precautions to prevent and detect wire failures are warranted.
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Figure 56: Schematic of implanted assembly.
A single wire from the connector to the electrode is adequate to measure the EEG
signal. However, detecting a short or an open in this single wire is difficult. Once
implanted, the wire has a low impedance to the body of the subject because the electrode
contacts tissue. If the insulation of the wire fails, then the wire acquires an additional
low impedance path to tissue, but this path is in parallel with the electrode-tissue path,
so it may not alter noticeably the impedance measured externally. The failure may not
be detected. If the wire develops an open and the insulation simultaneously fails
[Shils 2008], a common combination when the sharp end of the open wire pierces the
insulation, then again the impedance does not change noticeably and the failure is not
detected.
Two more wires were added for each electrode to allow detection of the failure
of the signal wire. One additional wire is a shield that surrounds the signal wire. The
other additional wire is a duplicate signal wire from the electrode to the connector.
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The shield does not have a path to tissue and so it has a high impedance to the
tissue as long as its insulation is intact. The signal wire cannot have a short to tissue
without also shorting the shield to tissue. If this happens, the high impedance of the
shield is lost and this is readily detected.
The duplicate signal wire provides a very low impedance round-trip path from
the connector to the electrode and back. This impedance is much less than the low
impedance between the electrode and tissue. An increase in the round-trip impedance
signals a degradation of the signal wire or, more likely, of its solder to the connector pin
or its weld to the electrode. The two signal wires could share a weld to the electrode, but
this was not done. Instead, the duplicate wire also has a duplicate weld to the electrode.
As long as one of the two welds held, then this research could continue.
The ground connection to a subject should be very low impedance so that the
common-mode voltage on the reference and signal electrodes is low despite ground
currents flowing in the subject. The ground currents could come from other instruments
attached to the subject (although this should not happen with approved medical
instruments) or from capacitive coupling between the subject and powerline wiring. The
EEG is only microVolts, so even small common-mode voltages, such as hundreds of
milliVolts, may not be rejected sufficiently by the EEG instrumentation. A low-resistance
ground cannot be confirmed by measuring the resistance between the connector pin for
a signal electrode and the pin for a ground electrode because the resistance in the signal
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electrode path is too high. A higher-than-normal resistance in the ground path would
not be noticed. The ground connection can be easily confirmed, though, if two ground
connections are made. If the resistance measured externally between the two grounds is
low then both grounds are good. The schematic shows two grounds, namely, the shell of
the connector and a large ground wire loop. These grounds are not shorted in the
implant assembly; they are shorted only via tissue after the assembly is implanted.
The wiring integrity tests described above (i.e., shield-to-ground, ground-toground, and signal round-trip) were performed frequently, and no failures were
detected over the duration of the study.
2.2.1.3

Pre-surgery saline soak of the implanted assembly
The insulating material in the implanted assembly was tested for leakage paths

for at least one week prior to surgery. The assembly, except for the very top of the
connector, was immersed in physiological saline (Normosol-R, Hospira Inc.,
Lake Forest, IL). The resistance between the shield in each of the three leads and the
grounds was measured at initial immersion and then approximately daily. At the initial
reading, the shield resistance fell into one of three categories: high (>10M Ohm), medium
(1M to 10M Ohm), or low (<1M Ohm). The category for a particular shield did not
change from the initial category whether the soak time was one week or three months.
Ideally only high-resistance shields should be used, but only one of seven
assemblies had all three shields at high resistance. Shields with medium resistance are
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still able to detect wiring failures, as described in the previous section, so they were
used.
The implant assembly intended for the second sheep had low resistance on one
of the three shields. A barely visible pinhole was patched with epoxy (#81730, Permatex,
Hartford, CT). The resistance improved to the medium category. This assembly was
soaked in saline for three weeks after the repair, and the resistance category did not
change. The assembly was then implanted.
Resistance was measured in the laboratory with an impedance analyzer
(HP4192A, Agilent Technologies, Santa Clara, CA) and in the operating room or barn
with a hand-held multimeter (87 III, Fluke, Everett, WA).
Some electrodes developed an orange film at their ends after a month of soaking.
The film was assumed to be iron oxide forming where the electrode was cut from its
source tubing. Time did not permit a change in the electrode metal, to titanium, for
example, so the film was rubbed off and the electrodes implanted. The risk was
assumed to be low because oxide films are known to form on stainless steel implants
[Hofmann 1981].
2.2.1.4

Construction of the tunneling tool
As described in more detail in the Surgery section, the implanted assembly was

pulled into its location using a custom tunneling tool (Figure 57). The rod and sheath of
the tool were designed by the author. The handle (#3655, Medtronic Corp., Minneapolis,
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MN) and tip (#3755, Medtronic Corp.) come from different DBS tunneling tool kits and
were provided by Dr. Dennis Turner.

Figure 57: Tunneling tool. Top: Exploded view. Bottom: Demonstration of the
implanted assembly being pulled through the sheath. The rod and the sheath are
shorter than actually used so that all components are easily seen.
The rod is 35 cm of 9 gauge Type 304 stainless steel hypodermic tubing (Small
Parts, Inc. Logansport, IN). A tubular rod was selected instead of a solid rod. The
tubular rod bends more easily than a solid rod, but can still push through tissue without
buckling. The rod must be bent during the surgery to match the curvature of the
anatomy of the subject.
The interior of each end of the rod was tapped for 6-32 threads for ~1 cm. A 6-32
stainless steel screw (#07097 Midwest Fastener, Portage, MI) was cut 15 mm from the tip
to create a small threaded dowel. Cyanoacrylate glue (Super Glue, Henkel, Mentor, OH)
was applied to the cut end of the threaded dowel. The dowel was screwed into the rod
leaving 4 mm of threads exposed. During the surgery, either the tunneling tool tip
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(Figure 57) or the tunneling aid (Figure 54) was screwed on the threaded dowel on the
end of the rod.
The sheath (Thermo Scientific Nalgene 689 Polypropylene Tubing, Cole-Parmer
Instrument Co., Vernon Hills, IL) was selected for its inner diameter of 4.8 mm, which
allowed the implanted assembly to slide through, but blocked the tunneling tip. The
sheath was cut to 32 cm to fit snuggly between the handle and the tunneling tip when
the handle was slid far enough on to the rod that its set screw held firmly, but not so far
that the rod extended out the back of the handle. The sheath had to be firmly against the
tip so that a gap did not form between them. A gap would snag on tissue during the
tunneling.
2.2.1.5

Sterilization of the implanted assembly and the tunneling tool
The implanted assembly and the tunneling tool are sterilized to prevent infection

in the subject. The standard steps of cleaning, disinfecting, and then sterilizing are
followed.
The implanted assemblies are not reused, but the tunneling tool is reused.
Between uses, the tool is vigorously scrubbed with hard brushes on all surfaces under
running hot water and with copious soap (E-Z Scrub 107, 4% Chlorhexidine gluconate,
Becton, Dickinson, and Company, Franklin Lakes, NJ). Then the tool is soaked in
disinfectant overnight (MDS098003Z, isopropyl alcohol, Medline Industries Inc.,
Mundelein, IL).
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The threads that join the tunneling aid to the electrodes are sterile when pulled
from their package (they are sutures of various brands selected for their color). They do
not require cleaning, which would trap soap residue, but are still disinfected and then
sterilized.
Cyanoacrylate glue cannot survive the high temperature of steam sterilization, so
ethylene oxide is selected for the sterilization, which is done at the Duke Medical Center.
A separate bag is used for each part of the tunneling tool. Each bag holds a monitor strip
(Part# 1251, 3M Health Care, St. Paul, MN). The sheath had a trial sterilization with a
monitor strip placed in the middle. The strip indicated that proper sterilization reaches
the middle of the long narrow lumen.

2.2.2 Surgery
In the context of research, surgery performed on a non-human subject falls into
two categories: “survival” and “non-survival.” As the name implies, following a
survival surgery the subject must recover to full health. A survival surgery on a nonhuman subject adheres to the same procedures to prevent infection and promote healing
as surgery on a human. These procedures are collectively called aseptic technique. The
survival surgeries performed for this research followed aseptic technique. An initial trial
surgery, which was non-survival, also followed aseptic technique because it was a
training session for the survival surgeries.
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All personnel wore face masks while attending to the subject before, during, and
after the surgery to prevent acquiring Q fever from the subject. None of the subjects
tested positive for Q fever at any time, but precautions were taken regardless.
The subject was examined by a veterinarian and had blood work (CBC and
Chemistry/Electrolyte Panel) a week before surgery. The subject fasted for 48 hours prior
to the surgery to minimize gas in the rumen. Gas might expel during surgery and foul
the endotracheal tube. A day or two before surgery, hair on the subject was clipped in all
areas that are shaved just prior to surgery. The location of the halter strap across the
back of the head (seen in Figure 63) was marked with permanent ink.
The prominent steps, including additional detail as needed, for the surgery are
the following:
− Inject 40 mg/kg ketamine hydrochloride sedative.
− Shave above the leg vein. Disinfect the area with Betadine/Chlorhexidine and
alcohol. Place a 20 gauge IV catheter in the hind saphenous vein.
− Apply 1-5% isoflurane anesthetic via a nose cone except while intubating.
− Intubate, that is, insert an endotracheal tube. If discharge from rumen
contaminates the tube at any time then intubate again. (This did not occur.)
− Ventilate and apply 1-5% isoflurane anesthetic via the endotracheal tube.
− Insert an orogastric tube that directs rumen emissions into a waste container.
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− Inject 0.06 mg/kg Dexamethasone anti-inflammatory to suppress the reaction to
intubation.
− Apply ophthalmic ointment to prevent corneal injury from dry eyes.
− Refresh with a surgical skin marking pen the marking for the halter strap so that
electrodes and incisions avoid the strap. EEG noise and possibly skin erosion
would occur if the electrodes were under the strap. Poor healing, infection, and
pain possibly would occur if an incision was under the strap.
− Mark the midline from between the horn buds to ~40 cm caudally. All incisions
and tunneling must avoid the spinal ligaments along the midline [Linnea Lentz,
veterinarian Medtronic Corp., 2012 private communication].
− Mark the intended location of the front electrode: 1 cm right of midline and 3 cm
caudal of horn buds. The goal is the most rostral site that avoids the tight skin
around the horn buds.
− Mark the intended location of the pocket for excess implanted leads: 11 cm caudal
of the front electrode.
− Mark the intended location of the percutaneous connector: 34 cm caudal of the
front electrode.
− Shave a 10 cm wide path from 5 cm in front of the front electrode to 5 cm behind
the percutaneous connector. Shave the locations for all monitoring electrodes and
the electrocautery ground pad.
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− Place the sheep on the operating table and upon a heating blanket and the
electrocautery ground pad. The sheep is sternally recumbent with its head
supported. Adjust the head so that the shaved area bends downwards with the
peak at the back of the neck. The position of the sheep is unchanged throughout
surgery to maintain aseptic technique.
− Monitor the following indices at less than 15-minute intervals: ECG, heart rate,
blood pressure, blood oxygen saturation, temperature, mucous membrane color,
capillary refill time, and palpebral reflex.
− Measure blood gases at less than 30-minute intervals. Adjust the ventilator settings
accordingly.
− Infuse 0.9% NaCl via IV at 5-10 ml/kg/hr.
− Disinfect the operative sites with Betadine or Chlorhexidine and alcohol alternated
three times.
− Practice aseptic technique at this time and until closing of incisions. For example,
the surgeon (Patrick Wolf) and assistant (author) touch only sterilized tools, the
sterilized implant assembly, or the operative site on the subject.
− Place surgical drapes around the operative site to establish the sterile surgical field.
− Install the electrocautery blade used for hemostasis.
− Make three incisions through all skin layers at 1 cm to the right of midline and
parallel to the midline:
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First: 2 cm long at the front electrode marking
Second: 4 cm long at the pocket marking
Third: 3 cm long at the percutaneous connector marking
− Construct the tunneling tool: Screw on the tunneling tip; slide the sheath over the
rod so that it touches the tunneling tip; slide on the handle snugly against the
sheath and secure the handle with its set screw.
− Curve the tunneling tool to match the curvature of the back of the sheep from the
pocket incision to the percutaneous connector incision.
− Insert the tunneling tool under the skin from the pocket incision to the connector
incision. The tunneling tip bluntly dissects between a deep layer of skin and
connective tissue. The tunneling tip and the end of the sheath exits the connector
incision for a few centimeters.
− Remove the tunneling tip and screw on to the tunneling tool the tunneling aid of
the implanted assembly.
− Hold the sheath so that it does not move and pull back on the tunneling tool. The
implanted assembly is pulled by the tool through the sheath. Pull until the flange
at the base of the percutaneous connector enters the incision and the connector
shaft passes through the incision perpendicular to the skin. Half of the implanted
assembly extends beyond the end of the sheath at the pocket incision.
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− Hold the connector; pull the sheath rostrally over the implanted assembly and
back on to the tunneling tool; detach the tunneling tool from the implanted
assembly; and reattach the tunneling tip.
− Repeat the tunneling procedure so that the implanted assembly is pulled from the
pocket incision to the front electrode incision. Pull until the tunneling aid exits
the front incision by a few centimeters.
− Hold the small loop of excess leads in the pocket incision; pull the sheath back on
to the tunneling tool; and detach the tool from the implanted assembly.
− Gently pull each of three threads on the tunneling tool individually for a few
millimeters. Alternate the pulling among the threads so that all three remain taut.
Continue pulling until the nylon loop on the front electrode is visible in the front
incision. If the other two electrodes were accidentally pulled too far, they can be
positioned correctly by gently pulling on their lead available at the pocket
incision. Do not cut the threads yet.
− Affix the nylon loop of the front electrode to the deepest skin layer with a 2-0
Prolene Non-absorbable Blue suture (Ethicon Inc., Somersville, NJ).
− Form a pocket with a fingertip or a blunt instrument under the deepest skin layer
to the right of the pocket incision. The pocket is no larger than needed for the
excess ~4 cm of leads. Slide the excess leads into the pocket. The leads must not
cross over each other. Crossed leads may cause skin erosion.
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− Reposition the electrodes by pulling on their threads on the tunneling aid if they
moved during the pocket procedure. Cut and remove the threads.
− Affix the flange of the percutaneous connector to the deepest skin layers by
suturing through holes in the flange. Select three holes spread evenly on the
flange. Use 2-0 non-absorbable sutures again.
− Close

incisions first at the deepest layer and working to the surface. Use 2-0

VICRYL absorbable violet sutures (Ethicon Inc., Somersville, NJ). Carefully form
a tight fit around the base of the percutaneous connector.
− Aseptic
− Inject

technique is no longer required.

Bupivacaine local anesthetic at the incisions with total dose not to exceed

2 mg/kg. Commonly only a fourth of the maximum is used. Inject 0.01 mg/kg
Buprenorphine analgesic and 2.2 mg/kg Excenel antibiotic.
− Hold

the shaft of the percutaneous connector so that it does not pull on its sutures.

Remove the cap on the connector and attach a custom cable. Verify that the
resistance to ground of the shields in the implanted assembly is at least a few
MegOhm and that the round-trip resistance of the electrode wires is ~150 Ohm.
Return the cap to the connector.
− Disconnect

all the monitoring electrodes, but continue the isoflurane. Transport the

sheep for x-rays of its head to document the probe locations.
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− Stop

the isoflurane. Return the sheep to its carrier. Monitor the sheep until it is alert

and sternally recumbent.
− The

surgery is completed.

Post-operative medication is two more 0.01 mg/kg Buprenorphine injections at
twelve-hour intervals and daily 2.2 mg/kg Excenel injections for three days. Incision
healing is monitored several times daily during the two-week healing time. If the
percutaneous connector is manipulated during the two weeks, such as during training
sessions, then 4% Lidocaine cream anesthetic is rubbed beforehand into the skin around
the connector. External stiches are removed after two weeks.
At the conclusion of the two-month study on a subject, surgery is performed to
explant the implanted assembly. The euthanasia procedure complies with the
recommendations of the AVMA Panel on Euthanasia. While in its carrier, the subject is
sedated with an injection of 15-44 mg/kg ketamine. The subject is moved to the
operating table. The EEG is taken as described in the Measurement Sessions section
below. The EEG confirms death, which is a common application of the EEG, but the EEG
data has not been analyzed further. The subject is euthanized with an injection of
1 ml/10lb Euthasol.
The explant procedure starts with an incision to expose the two leads between
the reference electrode and the back electrode. The leads to the front and back electrode
are cut. These electrodes are removed without disturbing the tissue around them by
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making an approximately circular incision around the electrodes down to the skull and
then cutting along the skull surface. The explanted tissue with the electrodes is stored in
formalin (10% Neutral Buffered Formalin, VWR, Radnor, PA) in case histology is
warranted. Histology was outside the scope of the research grant and was not done.
The tissue around the percutaneous connector is fully cut with as little
disturbance to the leads as possible. The percutaneous connector is free except where the
ground loop and three leads pass into the body. The ground loop is cut where it exits the
connector; the ground loop is not explanted. The connector is tied to a force meter
(DS2-110, IMADA Inc., Northbrook, IL). The percutaneous connector is pulled caudally.
The meter monitors the force as the three leads and the reference electrode are pulled
out of the subject.

2.2.3 EEG recording instrumentation
The amplitude of the EEG is microVolts to tens of microVolts, so the recording
instrumentation must be low noise. In clinical practice, the limit for noise caused by the
instrumentation is 1.5 uV pp and 0.5 uV RMS in a bandwidth of 0.5 to 100 Hz
[Nuwer 1998]. The two specifications are not necessarily equivalent because a peak-topeak specification is firmly defined only when it is accompanied with another
specification. The percentage of time that the peak-to-peak specification may be
exceeded must also be specified. The peak-to-peak specification is unlike most
specifications in that it is understood that the specification will be violated occasionally.
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An amplifier that matches the clinical specification of 0.5 uV RMS of noise will have its
noise exceed the specification of 1.5 uV pp for 13% of the time. The “13%” is found from
the probability that a Gaussian distribution of noise with 0.5 uV RMS is outside of
+/- 1.5 uV. In practice, the RMS noise of an EEG amplifier is lower than the 0.5 uV RMS
specification; for example, 0.2 uV RMS, as in the amplifiers selected for this research.
With these amplifiers, the 1.5 uV pp specification is exceeded 0.02% of the time. In other
words, in the 8-second epoch described in the Data Analysis section below, the noise in
two of the eight thousand samples is highly likely to violate the 1.5 uV pp specification.
A block diagram and photographs of the recording instrumentation are given in
Figure 58. The EEG signal from the front or back implanted electrodes is measured
relative to the implanted reference electrode. The EEG signal from surface electrodes
(described in the Measurement Sessions section below) is relative to a surface reference
electrode. The electrode voltages are amplified by 100X with a bandwidth of 0.1 to
100 Hz (Iso-DAM8A, WPI Inc., Sarasota, FL) followed by a 1k-Hz 16-bit 50-mV-full-scale
analog-to-digital conversion with an analog 0.15 to 100 Hz pre-filter and a digital powerline-harmonics post-filter (PowerLab 16/35, ADInstruments, Colorado Springs, CO). The
analog-to-digital converter output is divided by 100 to remove the gain from the
amplifier and return the data to voltage as measured at the electrodes. This data is
analyzed and displayed as it is acquired using Excel (Microsoft Corp, Redmond, WA).
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This analysis and other analyses of the PowerLab data are described in the Data
Analysis section below.

Figure 58: EEG Instrumentation. Top: Block diagram. Bottom: Layout.
The external cable that attaches to the percutaneous connector (Figure 59) is
lightweight and very flexible to minimize the force on the connector so that the skin
surrounding the connector is not stressed. As with the implanted assembly, the external
cable was constructed by Sonometrics. The cable is a bundle of four of the same siliconejacketed shielded twisted pairs used in the implanted assembly. The bundle is enclosed

153

in an un-insulated shield. The end of the shield stops 2 cm from the female connector
attached to the end of the bundle of shielded twisted pair. The gap between the shield
and the connector is encased in gray heat-shrink tubing. The female connector is
electrically continuous with the male percutaneous connector so the gap allows the
shield and the subject to have different grounds if desired. Color bands at the far end of
the shielded twisted pairs match the color bands on the lead of the implanted assembly.
The external cable is 1 m long; the far end is terminated in stripped and tinned wires and
shields.
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Figure 59: External cable. Top: External cable on left inserted into percutaneous
connector. Color bands on the end of external cable match color bands on the
electrodes. The implanted assembly is an early version that was not implanted.
Bottom: Close-up of percutaneous connector, connector cap, and external cable.
The external cable connected to the subject transitions in a custom junction box
to two cables (#74016, WPI Inc., Sarasota, FL) appropriate for the WPI amplifier. The
schematic for the connections from the subject to the amplifier is in Figure 60.
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Figure 60: Instrumentation interconnection schematic: External cable (black), a
custom junction box (blue), the WPI cables (purple), the WPI amplifier (brown), the
current source for the impedance measurement (red), and the reference
resistors (green).The current source is shown connected to amplifier #2 for the back
electrode measurements; it is connected to amplifier #1 for the front electrode
measurements; it is disconnected for the EEG measurements. During EEG and
electrode impedance measurements, the reference resistors are replaced with the
implanted assembly (Figure 56).

The external, surface EEG electrodes are high-grade clinical electrodes as seen in
Figure 53 (Grass F-E5GH-60, Natus Neurology Inc., Middleton, WI). The usual clinical
electrodes are the same size as these electrodes, but made of Ag/AgCl and are less
expensive and disposable. The wire for each electrode is cut to a length of 30 cm. The
length is just long enough to position the electrodes on the subject. The wires are
unshielded so the length is minimized to limit powerline interference. Another custom
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junction box joins the EEG wires to WPI cables. As with the implanted electrodes, the
surface signal electrode connects to the amplifier positive input, the surface reference
electrode connects to the amplifier negative input, and the surface ground electrode
connects to the amplifier ground.
The impedance of the implanted electrodes is found by forcing a current into the
electrodes and measuring the resulting voltage. Just before this measurement, the
identical current is forced into a hand-selected 1k Ohm +/-0.2% metal film resistor
(MF1/4 series, KOA Speer Electronics Inc., Bradford, PA). The voltage on this reference
resistor is measured on the same amplifier as used for the implanted electrodes. The
ratio of the two voltages is the resistance of the implanted electrode normalized to
1k Ohm. Neither the forced current nor the amplifier gain must be accurate; they merely
must not change between the two voltage measurements. During the measurement of
the reference resistors, the percutaneous connector and the external cable are
disconnected from each other and the external cable connected to the reference resistors.
The schematics for the current-forcing circuit and the reference resistors are
shown in red and green, respectively, in Figure 60. The current-forcing circuit is inserted
in the set-up only during the electrode impedance measurement. The current flows in
the electrode-tissue interface of both the reference electrode and the front or back
electrode. Thus the measured impedance is the sum of two electrode impedances. The
function generator (33220A, Agilent Technologies, Santa Clara, CA) that creates the
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current sends out a 10 Hz, 60 mV RMS sine wave (30 mV RMS for the first two sessions
of the first sheep). Neither output terminal of the function generator connects to earth
ground to minimize ground-loop current in the subject. The resistors RP and RN and the
capacitors CP and CN between the function generator and the impedance being
measured convert the 60mV RMS voltage source into a ~10 nA RMS current source. The
current source impedance is ~6M Ohm, so the current is not changed regardless of
variation of the electrode impedance in the expected kiloOhm range.
The resistors RP and RN and capacitors CP and CN are hand-selected to be
matched to within 1% so that the common-mode voltage of the function generator
makes matched current in its two output terminals. The matched current prevents the
common-mode voltage from creating a differential voltage at the amplifier input
assuming the two electrode-tissue impedances are approximately matched. The two
electrodes are identical material and size so they will be approximately matched. A
differential voltage would be incorrectly interpreted as due to the impedance between
the two electrodes.
The 3M Ohm resistors RP and RN are made from three series 1M Ohm resistors
(MF1/4 series, KOA Speer Electronics Inc., Bradford, PA). The capacitors are 50V
metalized film (ECQ-V1H564JV, Panasonic Industrial Device, Newark, NJ).
Video recording of the sheep, synchronized to the data collection, enables off-line
determination of movement artifacts in the EEG data and confirmation of the sedation
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described in the Measurement Sessions section. A log of every action, instrument setting,
and many instrument readings during a session is narrated to the audio channel of the
recording. The audio log holds far more detail than a written log would and does not
interrupt the flow of the session as a written log would.

2.2.4 Measurement sessions
The primary goal of a measurement session is to collect EEG signals during
various neural states from implanted electrodes and from surface electrodes. The surface
electrodes are at the same location as the implanted electrodes except on the
contralateral hemisphere. The secondary goals of a session are to measure the
impedance of the implanted electrodes and the noise of the recording instrumentation.
One measurement session is held before the surgery that implants electrodes.
This session is identical to the sessions held after the surgery except surface electrodes
substitute for implanted electrodes. The surface electrodes are placed above the eventual
site of the implanted electrodes. The next measurement session is held two weeks after
surgery, which is adequate time for incisions to heal in sheep [Stanslaski 2012]. Three
subsequent sessions are held at two-week intervals. The last of these sessions is eight
weeks after surgery, which is long enough for electrode impedance increase, if present,
to stabilize [Grill 1994].
Figure 61 is the timeline for the various measurements taken during the half
hour that the EEG recording instrumentation operates. EEG data is collected in the
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middle of the recording; noise and impedance data is collected at the start and finish.
The EEG data is divided into three regions defined by the sedation of the subject.

Figure 61: Timeline of a measurement session.
The small risk incurred by sedation is justified by the need for a repeatable
neural state across all the sessions and subjects. Also, the EEG taken under sedation is
unaffected by noise and movement elsewhere in the barn or by movement of the subject.
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Sedation is less stressful to the subject than other methods of acquiring repeatable EEG
signals such as prodding, pinching, bright lights, or loud sounds. Apnea is the main risk
with sedation, but the selected sedative, propofol, and dose allow sheep to breathe freely
[Upton 2008]. As a precaution, equipment for manual ventilation is present.
In preparation for the measurement session, the subject has an overnight fast to
lower the already low risk of pulmonary aspiration and also so that cud is not chewed
during the session. Chewing creates a large EMG signal that interferes with the EEG
measurement. An hour before the session, isopropyl alcohol and then 4% lidocaine
cream local anesthetic is rubbed everywhere on the subject that is handled, such as the
various monitoring electrode sites, the IV site, and especially around the percutaneous
connector. The electrode and IV sites are kept shaved throughout the two-month study.
The EEG recording instrumentation is turned on an hour early to fully warm, as
suggested in the manual. After the instrumentation is warm, all four amplifier inputs –
two inputs for the implanted electrodes and two for the surface electrodes – are shorted
to ground for a noise measurement. The outputs of the analog-to-digital converters
should indicate less than 0.2 uV RMS at the amplifier inputs (all bands are deep blue in
the display described in the Data Analysis section). The four inputs are then driven one
at a time with an approximately 10 uV RMS sine wave created by the function generator
followed by a 100,000: 1 or 5M Ohm: 50 Ohm resistor divider. The surface electrodes are
directly clipped to the resistor divider output. The implanted electrodes obviously
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cannot be accessed, so an extra implanted assembly is connected to the external cable
and the resistor divider clipped to the electrodes of the extra implanted assembly. The
converter outputs should be within 2% of each other (4% if comparing energy).
All personnel wear face masks while attending to the subject to prevent
acquiring Q fever from the subject. None of the subjects had Q fever, though.
The prominent steps, including additional detail as needed, for the measurement
session are the following:
− Offer liquid treats to the subject throughout the session to reward or calm it.
− Place a halter and lead chain (Sheep Show Halter, Springwater Animal Supply,
Gresham OR) over the head.
− Place the sheep into the sling (Small Adjustable Vet Sling, Munks’ Livestock Sling
MFG., Anacortes, WA): Two people guide the sheep using the lead chain and
“pig boards” to above the sling which is lying on the stall floor. A third person
positions the legs into the appropriate slots in the sling. The sling with the sheep
inside is then lifted with a winch (Tripod EZ Farm Porta Lift, Better Barnyard,
Claremore, OK) until the hooves are ~10 cm off the floor (Figure 62).
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Figure 62: The subject supported in a sling.
− Attach lightweight chains to the halter on left, right, and bottom. The chains have
slack when the head is in the normal low position, but prevent large movements.
− Insert a 20 gauge IV in the hind saphenous vein and tape the IV securely to the leg.
− Affix ECG, pulse-ox, and temperature electrodes to the subject and connect the
electrodes to the monitor (Vetlox Plus 4800, Heska Corp., Loveland, CO). Record
at ~10-minute intervals: blood oxygen saturation (expect 92-96%), heart rate (40
to 80 bpm), rectal temperature (98 to 102 °F), respiration rate (~20 breaths per
minute for low-key personality and ~40 for high-strung personality), mucous
membrane color, and capillary refill time (under 2 seconds) by pinching vulva.
− Apply ophthalmic ointment. Re-apply as needed during the session.
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− Mark the surface electrode locations. All electrodes are 1 cm left of midline. The
front electrode is 3 cm caudal of horn buds; the back electrode is 3 cm caudal of
the front electrode; the reference electrode is 7 cm caudal of the back electrode;
and the ground electrode is 4 cm caudal of the reference electrode.
− Prepare the surface electrode locations: Disinfect with isopropyl alcohol wipes; rub
with Nuprep mild abrasive gel (Weaver and Co., Aurora, CO); remove Nuprep
with a paper towel, cover the locations with fingertips; and spray around the
locations with surgical adhesive (#7730, Holister Inc., Libertyville, IL).
− Attach the surface electrodes (Figure 63): Fill the electrode cup a few mm beyond
the lip with Ten20 conductive gel (Weaver and Co., Aurora CO); press the
electrode in place, and stabilize it with paper tape.

Figure 63: Connections to subject. Left: Close-up of the surface electrodes.
Right: In the upper right is the external cable attached to the percutaneous connector.
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− Clean the shaft and cap of the percutaneous connector with alcohol wipes, then
remove the cap.
− Start the EEG recording when personnel are settled and the sheep is calm. The
recording will stop automatically after half of an hour. The session stops then
regardless of the completion of the desired measurements.
− Attach the reference resistors to the external cable and place the current source inline with the amplifier input for the implanted front electrode. Record with the
source on and off for ~20 seconds each. Repeat with current source in-line with
the amplifier input for the implanted back electrode (Figure 60). The recording
taken while the current source is off represents the noise of the amplifiers.
− Detach the reference resistors and attach the external cable to the percutaneous
connector while holding the connector firmly relative to the body. The external
cable must have slack throughout the range of motion of the torso of the subject
which is limited to ~10 cm by the sling.
− Repeat the current source procedure so that the impedance of both of the
implanted electrodes is measured.
− During the impedance measurements, pan the video camera over the surface
electrodes to record their location and condition. Also record the support of the
subject by the sling. Then position the camera for the remainder of the session to
view the entire head over the full range of head motion of ~10 cm.
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− Record the four EEG signals (implanted front electrode, implanted back electrode,
surface front electrode, and surface back electrode) for the next ~20 minutes.
− After the first 5 minutes of EEG recording, administer 2 mg/kg of propofol via the
IV as a ~half-minute push. Flush the IV with several cc of saline, then pull back
the plunger of the syringe that holds the saline until blood is drawn. This
procedure verifies that all the propofol is injected into a vein and not elsewhere.
− Monitor the breathing of the subject closely during sedation. Respiration rate
should not change significantly. Heart rate may increase 10 to 40 bpm. The
subject will drool profusely and its head will droop until supported by the chains
connected to the halter.
− After the subject returns to consciousness in ~10 minutes, continue recording the
EEG for another ~five minutes.
− Remove the four surface EEG electrodes and press them together with the Ten20
gel binding them. The noise of the amplifiers for the surface electrodes is
measured at this time.
− Re-measure the impedance of the implanted electrodes with the same procedure as
during the beginning of the recording.
− Remove the external cable from the percutaneous connector and return the cap.
Inspect the seal of the skin to the shaft of the connector.
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− Feed the sheep solid treats to reinforce the association of the sling with pleasant
experiences. Chewing is allowed because EMGs no longer affect the recording.
− Remove all electrodes and the IV. Lower the subject; it will attempt to leap when
its hooves touch the floor. Remove the sling and guide the subject to a fresh stall.
− The recording session is completed.

2.2.5 Data analysis
As described in the EEG Recording Instrumentation section, the raw EEG data
from the four electrodes are voltages sampled at 1 ms intervals with 8nV resolution and
less than 200 nV RMS noise. The four steps in the data analysis are detailed in the
following four sections. The first step converts the raw data from time domain to
frequency domain and then calculates the energy in each of the standard EEG frequency
bands. Next, the change of the neural state caused by sedation is quantified using the
frequency band data. In the third step, the time-domain data is revisited to perform
time-domain correlation between the implanted and surface electrodes. This step
follows the frequency-domain analysis because the frequency-domain data determines
the slice of time selected for the correlation. The final step in the data analysis finds the
impedance of the implanted electrodes using the time-domain data.
2.2.5.1

Energy in the standard EEG frequency bands
The steps in calculating the energy in the EEG frequency bands are the following:

− Partition the raw time-domain data into 8-second time slots called epochs.
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− Convert the time-domain data in each epoch to frequency-domain data using the
Fast Fourier Transform (abbreviated FFT).
− Calculate the “energy” as the square of the frequency-domain data. (The units of
this quantity, which is commonly called “energy,” are V2. To be truly energy the
quantity is divided by the impedance at the location of the measurement and
integrated over some time period. The impedance and time period are assumed
to be the same on all electrodes and thus the conversion from V2 to energy is the
same on all electrodes. Relative changes in V2 are equal to relative changes in
energy and so comparisons of V2 from different epochs or locations are as valid
as comparisons made with correctly calculated “energy.”)
− Partition the frequency-domain energy data into the EEG frequency bands.
− Sum the energy data points in each band to find the total energy in each band.
− Convert the total energy in each band in each epoch into a color representing
amplitude.
− Display the color-coded energy as a spectrogram.
The calculations are done within the data acquisition system that controls the
analog-to-digital converters (LabChart 7 Pro, ADInstruments, Colorado Springs, CO).
Excel does the color-coding and displaying. The Excel display is updated in real-time
during the session (Figure 58), which is another monitor of the wellness of the subject
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and the soundness of the experiment. The raw data and the calculated data are saved for
the other data analyses that are done off-line.
Each epoch is 8.192 seconds long, which is short enough to update the display in
almost real-time, but long enough to limit the total number of epochs for the half-hour
session such that Excel does not slow down and lose the impression of real-time. There
are 8192 voltage samples in each epoch to comply with the FFT software requirement of
a power-of-2 sample size. The 8192 time-domain samples lead to 4096 pairs of amplitude
and phase data points in the frequency domain, which is a frequency resolution of
0.1 Hz.
The FFT is not actually the frequency-domain representation of the time-domain
data in a single epoch but, rather, of an infinite repetition of the epoch. The discontinuity
at the boundaries of these epochs introduces false results in the frequency domain
known as sidebands. To eliminate sidebands, the data in the epoch can be multiplied by
a function called a window, which tapers to zero at the ends of the epoch. However,
short-lived EEG oscillations may occur near the end of an epoch. A window would
remove these oscillations (though there are methods to avoid this removal that involve
more calculations than desired). To preserve these oscillations, no window at all is used,
which is known as using a “rectangular window.” The rectangular window spreads any
particular frequency data point over sidebands that are ~0.6 Hz wide as determined by
experimentation. If a particular frequency data point is on the edge of one of the EEG
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frequency bands, then some of its energy would spread into the adjacent band. The peak
of the data point would be reduced and an energy spike in the correct frequency band
may not be noticed. So that spikes are not missed, the frequency bands are widened by
0.3 Hz. The spike is then full height in the correct band – but now the spike also appears
in the adjacent band. The error of having two spikes, one in each band, is deemed for
this research to be more acceptable than missing a spike.
Taking into account the 0.3 Hz widening, the EEG bands become the following:
Delta = 0 to 4.3 Hz

(The band-filtering algorithm mistakenly included DC
data, but the DC data is insignificant because the amplifier
and analog-to-digital converter are AC coupled.)

Theta = 3.7 to 8.3 Hz
Alpha = 7.7 to 13.3 Hz
Beta = 12.7 to 30.3 Hz
Gamma = 29.7 to 50.3 Hz
The color scale that Excel applies to the total energy in each frequency band is
shown in Figure 64. The color scale may also be considered a voltage scale with yellow
being 1 uV RMS and red being 10 uV RMS.
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Figure 64: Color scale for EEG energy. [Engdahl 2012 by permission of
the author]
The frequency domain data is displayed in Excel as a spectrogram. A
spectrogram has time as one axis, frequency as the other axis, and amplitude quantified
by color. A small example of a spectrogram is given in Figure 65. Time increases from
top to bottom and frequency from left to right. The resolution on the time axis is the
8-second epochs. The resolution on the frequency axis is the standard EEG bands. The
value that appears in each Excel cell is the total energy in the cell in units of V2.

Figure 65: The frequency domain data is presented as a spectrogram.
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2.2.5.2

Neural state change
The change of the energy in specific EEG frequency bands is an indication of a

change of neural state. For this research, the ability of the implanted electrodes to detect
a change caused by sedation is measured. The theta band has a pronounced increase in
energy during sedation [Upton 2008], so it is the band selected for analysis. The
magnitude of the change depends on the depth of the sedation during any particular
measurement session. To control for the depth of the sedation, the change seen by an
implanted electrode is plotted beside the change seen by a surface electrode. The
implanted and surface electrodes can be readily compared regardless of the depth of
sedation. The subject might have an inherent left-versus-right hemisphere mismatch in
the change which would be incorrectly interpreted as a mismatch in the surface-versusimplanted change. To control for left-versus-right inherent mismatch, the pre-surgery
change is included in the plot of post-surgery changes. The pre-surgery change is
measured with surface electrodes everywhere, that is, the effect of implanted electrodes
is not present. A left-versus-right mismatch at pre-surgery indicates an inherent
mismatch.
The change of energy in the theta band from before sedation to during sedation
is reported as the dB change of a set of selected epochs. The epochs must be selected
instead of contiguous because the subject moves during pre-sedation and creates large
EMG and motion artifacts in the EEG. Epochs without artifacts are selected. The gamma
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band generally has the lowest energy, so artifacts are most noticeable in this band. The
21 epochs during pre-sedation and the 21 during sedation with the lowest gamma band
energy were selected. The second subject fell asleep occasionally during pre-sedation,
which drops the gamma band energy very low, under 1e-12 V2; these epochs are not
considered because the desired pre-sedation state is fully conscious. From the two sets of
21 epochs, seven epochs are selected with the lowest theta energy during pre-sedation
and seven with the highest theta energy during sedation (the protocol in the grant
application stated a minute of sedation is considered, and seven epochs is a minute). The
selection of epochs uses the geometric mean of the energy from the four electrodes. For
each electrode, the geometric mean of the theta energy during the seven sedation epochs
is divided by the mean during the pre-sedation epochs. The resulting quotient is the
neural state change and is expressed in dB, as commonly done for energy comparisons.
2.2.5.3

Time-domain correlation
The EEG is viewed as time-domain waveforms in the clinic. The matching of

time-domain waveforms acquired by implanted electrodes to those by surface electrodes
is quantified as the correlation coefficient between the waveforms. Correlation is
calculated on the data from the final session of the final subject. This session is selected
because the degradation, if any, of the implanted electrode is maximized and also
because personnel are most skilled at performing the experiment at this time. The pre-
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surgery data is also analyzed to learn the correlation coefficient when implanted
electrodes are not involved. No other sessions are considered.
The correlation coefficient for each epoch of data from the front implanted and
surface electrodes is calculated by the Excel CORREL function. The magnitude of the
correlation coefficient is converted to a gray scale and plotted alongside the energy data.
Only epochs during sedation are considered because motion and EMG artifacts occur
frequently outside of sedation. The artifacts affect the implanted and surface electrodes
differently depending on the location of the source of the artifact and thus lower the
correlation coefficient. The analyzed epochs are the six consecutive minutes of deepest
sedation as determined by the lowest energy in the gamma band.
2.2.5.4

Electrode impedance
The impedance of the electrode is derived from two voltage waveforms as

explained in the EEG Recording Instrumentation section. The waveforms are 10 Hz sine
waves with an amplitude of ~10 uV. Noise corrupts any particular cycle of the sine wave
such that measuring the amplitude is difficult. To reduce the noise, the waveform is
bandpass filtered with a 10 Hz center frequency and a 1 Hz bandwidth. Thirty cycles are
averaged at each point in time of the sine wave to produce the one cycle of a sine wave
on which the amplitude is measured. The thirty cycles are the last three seconds that the
current source is on. The filtering, averaging, and amplitude extraction are done in
LabChart and transferred to Excel. In Excel, the impedance is calculated as 1k Ohm
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scaled by the quotient of the amplitude from the implanted electrode divided by the
amplitude from the reference resistor.

2.2.6 Survey of clinicians
A survey of five board-certified electroencephalographers is done to learn if the
implanted electrodes influence their analysis of the EEG time-domain data. The survey
is conducted via e-mail. The clinicians download two EEG data files from the website of
the author. One file has the EEG waveforms for one subject and the other file for the
other subject. Each file has four EEG waveforms from the four electrodes. Nothing in the
file indicates which waveforms are from implanted electrodes. The waveforms are
formatted such that if the file is printed on letter-size paper or viewed on a monitor in a
letter-sized window, then the voltage and time axes match the clinical standards for EEG
printouts. The waveforms are from the deepest minute of sedation as determined by the
lowest energy in the gamma band.
The participants answer questions based on these waveforms. The same set of
questions is asked for each sheep. One question concerned the quality of the data.
Another question concerned the differences among the waveforms. The full set of
questions and the participants are listed in the appendix.
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2.2.7 Subject welfare
The steps to ensure the welfare of the research subjects are summarized. Steps
include institutional review, subject selection, sample size, stress prevention, injury
prevention, health monitoring, and housing.
The animal study protocol was approved by the Duke University Animal Care
and Use Committee and conformed to the Guide for the Care and Use of Laboratory
Animals. The distress or pain of subjects fell into the USDA category D: “Testing,
teaching, or experiments involving pain or distress for which appropriate analgesic,
anesthetic, or tranquilizing drugs are used.” [NAS 2000 page 6]
An in vivo model is required because computer or in vitro models in the existing
literature cannot capture the complex systemic responses to implantation of an EEG
electrode. For example, the model must generate EEG signals and develop scar tissue
comparable to that of humans.
A key determinant of subject welfare is selection of the appropriate species. The
size of the head of the subject should be comparable to the human head. The animal
models that are familiar to the researchers and caregivers and that have adequate head
size are pig, goat, and sheep. Pigs are significantly more intelligent than required and so
are not considered. Goats resist handling, such as placing in a sling, so are not selected
[Turner 2007]. Sheep are the remaining choice and have other benefits. Sheep can rest in
a sling for at least an hour [Linnea Lentz, veterinarian Medtronic Corp., 2012 private
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communication]. The EEG in the left and right hemispheres match well in sheep as
needed to compare external to implanted electrodes [Gorman 2001]. Sheep have a
known change of EEG with sedation, especially propofol, as needed to measure changes
in neural state [Otto 2007, Strain 1986, Upton 2009]. Female sheep are more docile than
male; also, the capillary refill time measurement is accessible from the vulva while the
sheep is in the sling. The head and neck of the subject should not grow during the two
month experiment to prevent movement of the implant, so only adults are considered.
The Suffolk breed of sheep was recommended by the animal caregivers because Suffolk
are more easily handled than other breeds. Based on the above considerations,
adult (115 to 130 lb.) female Suffolk sheep (Robinson Services Inc., Mocksville, NC) are
appropriate subjects.
The sample size should be the smallest that accomplishes the scientific goals. One
subject was required for a non-survival surgery that verified the surgical techniques and
that lowered the risk of complications for subsequent subjects. The goal of the research
was not to prove efficacy or safety, so a large sample was not required. A proof-ofprinciple experiment, such as this, can be held with just one subject. A second subject
raises confidence in the results though is not a large enough sample to estimate variation
of any of the measured effects. Several more subjects would be needed to estimate
variations, but this was not a goal of the research. A sample size of two was selected. (A
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third sheep had electrodes implanted prior to the two sheep reported here. It contracted
a lung infection unrelated to the research and was euthanized.)
The study on the second subject was delayed until all measurement and housing
procedures were proven on the first subject. If a procedural issue had been encountered,
only one subject would have been affected. This precaution limits the increase to the
sample size to just one if a problem occurs (such as the sheep with the lung infection).
Many training sessions were held prior to the first measurement session so that
the subject was familiar with the equipment and not stressed during the session. The
initial training sessions were merely walking the subject to the measurement stall.
Gradually the subject was familiarized with the sling and then with being lifted. The last
step in training was acclimating the subject to the various electrodes attached to its
body. With rare exceptions, the subjects appeared unstressed during measurements.
One subject slipped in and out of sleep while in the sling.
The data collection phase of a measurement session was strictly limited to a half
hour by the data collection software. The total time the subject was in the sling was
under an hour.
To prevent injury, the percutaneous connector was placed between the shoulder
blades because the subject could not bite there or rub there against a wall. The subject
lived and grazed alone to prevent manipulation of the connector by other sheep.
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The subjects received daily health checks with emphasis on wound healing and
signs of infection (e.g., fecal shape or excess mucus) or stress (e.g., teeth grinding or
lethargy). Blood tests were performed upon arrival at the farm, pre-surgery, and a week
post-surgery.
The subjects were housed in a barn with a pasture. Measurement sessions were
held in the barn to eliminate stress from transportation. A large metal mirror in the stall
provided the illusion of other sheep to lessen the stress from not socializing with other
sheep in the same stall. A variety of environment enrichment objects appropriate for
sheep were placed in the stall and pasture.

2.3 Results
2.3.1 Surgery
Both subjects recovered from surgery without incident. No signs of systemic
infection appeared; the incisions were free of inflammation. For a week following
surgery, serous fluid seeped from the juncture of the skin and the shaft of the
percutaneous connector. Traces of fluid appeared occasionally afterwards, but mostly
the skin around the shaft was clear (Figure 66).
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Figure 66: Percutaneous connector eight weeks after surgery.
The surgeries proceeded as planned except, on the second subject, the threads to
the tunneling aid were cut too early, and the reference electrode could not be pulled into
the intended location. The electrode was positioned a few centimeters too caudal. The
time from first incision to commencing closure was approximately fifteen minutes.
Closing the incisions lasted a half hour due to the attention paid to the percutaneous
connector.
The front and back electrodes are above the parietal lobe and cerebellum,
respectively (Figure 67), and one and a half centimeter left of the midline. The back
electrode rests on thicker skull than the front electrode, particularly for the first subject.
The electrodes in the second subject are ~1.5 cm more rostral than in the first subject. The
reference electrode in the second subject is not aligned to its lead as seen in the top view.
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Figure 67: X-rays of implanted electrodes. Top left: First subject. Top right:
Second subject. The metal cap at the top center rests on the scalp to indicate its
thickness. Bottom: Second subject, top view. X-ray taken from below and the image
mirrored. The metal cap marks where the front surface electrode will be placed.
At the explant procedure, eight weeks after surgery, the front incision had no
visible scar, and the pocket incision had a faint scar. The pocket was filled with serous
fluid. The impedance from the shields of the twisted pairs to the ground lead was
several MegOhm or more and the round-trip impedance of the twisted pairs was ~150
Ohm, so the wires in the implanted assembly did not fail. The force to pull the reference
electrode out of the incision at the percutaneous connector was a few Newton for the
first several centimeters; that is, the lead slid out easily as its portion in the pocket
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uncurled. After the slack in the lead was taken up, the force to dislodge the reference
electrode and remove it was 10 N in the first subject. In the second subject, the force
reached 30 N at which point the leads snapped and the reference electrode remained in
the body.

2.3.2 Electrode impedance
The results of the electrode impedance measurements are presented in Figure 68.
The following observations are drawn from the figure. The amplitude of the function
generator was doubled after the fourth week for the first subject. The readings prior to
the doubling are lower than the other readings. The impedance trends downward over
time.

Figure 68: Impedance of implanted electrodes.
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2.3.3 Comparisons of implanted electrodes to surface electrodes
In this section, the EEG data is presented in various forms so that the EEG sensed
by implanted electrodes can be compared to the EEG sensed by surface electrodes. First,
a small example of the raw time-domain data is compared visually. Then, all of the
frequency-domain data is compared visually. Next, the frequency-domain data is
quantitatively compared using the change of neural state. Finally, the time-domain data
is quantitatively compared by the correlation of a waveform from an implanted
electrode to that of a surface electrode.
2.3.3.1

Visual comparisons
A representative example of the time-domain EEG data is shown in Figure 69.

This data is from the first subject at eight weeks after the surgery during the deepest
sedation as determined by the lowest gamma amplitude. The four waveforms are alike
except the amplitude from the implanted back electrode is smaller than the others. A
smaller amplitude for this electrode is found on both sheep on all post-surgery sessions.
The pre-surgery sessions using only surface electrodes do not have a smaller amplitude.
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Figure 69: Comparison of time-domain data from the first subject. Left: EEG
data. Bottom right: Scale for EEG data. Top right: Electrode locations marked on a
sheep skull. Marker colors match waveform colors.
The frequency-domain data from all measurement sessions from both subjects is
presented below. This is a complicated plot (Figure 73), so portions of it are explained
before it is discussed.
The frequency-domain data from the last session of the second subject is given in
Figure 70. The format for the data is the same as displayed in real-time during the
session (Figure 58). The plot is a spectrogram as explained in the Methods section. Each
electrode has a separate spectrogram. The electrodes are identified as Front or Back and
Implanted (“I” at the top of the spectrogram) or Surface (“S”). The color scale for the
magnitude of the voltage in each EEG frequency band is at the bottom of the plot. The
values for the horizontal axes are D, T, A, B, and G which represent the standard EEG
frequency bands of Delta, Theta, Alpha, Beta, and Gamma. The vertical axis is along the
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right side of the plot; the session lasted a half hour. Along the left side of the plot are the
tasks performed during the session.

185

Figure 70: Spectrograms of the EEG from the four electrodes during one
session. The subject slept occasionally during post-sedation.
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In Figure 70, the spectrograms from all four electrodes are similar except during
the two tasks at the beginning and the two at the end of the session. The EEG is not
measured during these tasks. The back electrode and front electrode spectrograms are
quite similar, so just the two front electrodes are considered for the plot for all the
sessions (Figure 73).
The deep blue region at the bottom of the spectrogram in Figure 70 indicates that
the noise of the instrumentation is under 0.1 uV RMS in each band. The sum of the noise
in all the bands is 0.3 uV RMS (the amplifier contributes ~0.2 uV RMS and the rest is
from the environment).
Figure 71 is an excerpt from the top of the complicated plot that holds all the
frequency-domain data (Figure 73). The heading along the top of Figure 71, that is,
“SHEEP #1”, indicates which of the two subjects is the source of the spectrograms below
the heading. The next heading down lists the time of the session relative to the surgery.
The lowest heading designates if the electrode is implanted (“I” in the heading) or
surface (“S”). At the pre-surgery session, the future location of the implanted electrode
received a surface electrode as shown by the red “S”.

Figure 71: Excerpt of headings from Figure 73.
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Figure 72 highlights two issues to consider while visually analyzing the plot with
all the data (Figure 73). First, the gray regions do not compare well because of the tasks
performed at these times. Second, comparisons should be made between pairs of
columns from the same session; an example is the region enclosed by the dashed box.

Figure 72: Preview of Figure 73. Dashed box is an example of comparing the
spectrograms from the same session. Gray areas mark when EEG not recorded.
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Figure 73: Spectrograms of all sessions from both subjects.
Figure 73: Spectrograms of all sessions from both subjects.
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The following are observations drawn from Figure 73. The sedative was not
effective on week 4 of Sheep #1 because the IV line was dislodged by sudden sheep
movement at the start of the sedation. Sheep #2 fell asleep several times during pre- and
post-sedation periods as seen by sporadic low gamma voltages (green-blue on right
edge of spectrograms) accompanied by low delta voltages (orange-yellow on left edge).
The similarity of spectrograms from surface versus implanted electrodes held for both
subjects and all sessions.
2.3.3.2

Neural state change
An increase in the energy in the theta band marks a change of neural state from

conscious to sedate. An example of the change is highlighted in Figure 74.

Figure 74: Example of the Neural State Change.
The measurements of the state change are shown in Figure 75. The plot includes
data from both subjects as indicated by the red and blue data markers and from surface
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and implanted electrodes as indicated by circle and bar markers, respectively. As a
mnemonic, the shape of the markers matches the shape of the electrodes. For any
particular session, markers of the same color are compared.

Figure 75: Change of mental state caused by sedation. The first subject has no
data for the fourth week because the sedative was not delivered well.
For the front electrodes, the data from the pre-surgery sessions – the sessions
without implanted electrodes – has no inherent mismatch between the two hemispheres
as seen by the closeness of the circle and bar markers. Thus, comparing the circle and bar
markers for the post-surgery sessions is done with the data as shown in the plot because
no correction is needed for inherent mismatch.
For the back electrodes, the pre-surgery session for the first subject (the red
markers) does indicate an inherent mismatch between the left and right hemispheres.
This mismatch must be taken into account when evaluating the matching of the data
from the post-surgery sessions.

191

Even though the magnitude of the state change varies from session to session
because the depth of sedation varies, the surface and implanted measurements remain
matched. The front electrodes are tightly matched with a correlation coefficient of 0.988
(Excel CORREL function). The back electrodes are not as well matched and have a 0.914
correlation coefficient.
2.3.3.3

Time-domain correlation
The correlation of the EEG waveform from an implanted electrode to the

waveform from a surface electrode is presented in Figure 76. The figure contains both
spectrogram and correlation data. The two spectrograms in the two left columns of the
figure are a portion of Figure 73 taken during deepest sedation. Amplitude, time, and
frequency scales for the spectrograms are the same as in Figure 73. The two right
columns are time-domain correlations of the EEG waveforms from the front right
electrode and from the front left electrode. In the left correlation column, the front right
electrode is implanted; in the right column the front right electrode is on the surface. For
both correlation columns, the front left electrode is a surface electrode. The left-hand
column of correlation data is from the same slice of time as the spectrograms. The
correlation is performed on each epoch. The magnitude of the correlation is indicated by
the gray scale at the bottom of the plot. The change in correlation caused by implanting
an electrode is seen by comparing the two columns of correlation data.
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Figure 76: Time-domain correlation of the EEG from the front right electrode
to the EEG from the front left electrode.
The EEG from an implanted electrode is well-correlated to the EEG from a
surface electrode with a peak correlation of 0.86. However, a slight degradation of
correlation is caused by implanting the electrode because the pre-surgery correlation
column is generally darker than the post-surgery correlation. The peak of the presurgery correlation is 0.92.
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2.3.4 Clinician survey
The one minute of EEG data presented to the survey participants is given in
Figure 77. The location of the electrodes is shown in the plot, but whether an electrode is
implanted or not is hidden from the clinicians. The thicker traces for the first sheep are
merely a different formatting of the plot and are not caused by noise.

Figure 77: Data presented to clinicians. Top: Complete record for both subjects.
Bottom: Beginning of the data for the second sheep. The light blue grid is 10 uV
vertically and 0.25 seconds horizontally. The right electrodes are the implanted
electrodes.
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The results from three of the questions on the clinician survey are shown in Table
6. The responses to the other questions in the survey are sentences and cannot be
tabulated. These responses are in the appendix. In the table, the number of responses
sum to ten because the five participants each reviewed two EEG files.
The smaller amplitude of the EEG from the right back electrode would have
influenced the interpretation of the data for two of the clinicians. The right electrodes are
the implanted electrodes.
Table 6: Survey of clinicians.

2.4 Discussion
The Discussion section follows the organization of the Results section with the
addition of a discussion of the limitations of this research.

2.4.1 Surgery
The surgery to place the implanted assembly and the recovery afterwards had no
complications. The majority of the time during the surgery was spent on closing the
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incisions, especially around the percutaneous connector. The implanted EEG recorder
that prompted this research will not have a percutaneous path. The surgery to implant
the EEG recorder will take approximately a quarter hour based on the four surgeries
performed during this research. The surgery seems suited to an outpatient clinic; the
expense of inpatient recovery likely can be avoided.
The tunneling technique worked well provided the threads between the
tunneling aid and the implanted assembly are cut at the appropriate time. The
envisioned EEG recorder would be less complicated to implant because only one lead is
tunneled compared to three leads in the implanted assembly. The implanted assembly
could not be pulled too far into the tunnel because the percutaneous connector is much
larger than the sheath. The envisioned EEG recorder could be pulled too far because its
entire length fits inside the sheath. A thread attached to the trailing end of the recorder
will allow pulling the recorder backwards if it is inserted too far.
The explant surgeries did not proceed smoothly. A key requirement of the
envisioned implanted EEG recorder is that explanting is a trivial surgery. Extracting the
first several centimeters of the implanted assembly required little force. The portion of
the leads curled into the incision pocket likely was uncurling at this time. The ease of
this initial extraction indicates insignificant adhesion of tissue to the leads. After the
slack in the leads was removed, the force required to extract increased significantly.
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On the first subject, the reference electrode eventually was extracted. The
electrode surface was smooth and free of adhesions so it did not hinder the extraction. A
possible cause of the resistance to the extraction is the clear band that gathers the three
leads just below the reference electrode (Figure 54). As the three leads pass through the
band, they form a cup that could gather tissue and snag as it is pulled through the
tunnel.
On the second subject, the reference electrode was not extracted. The reference
lead snapped, and the electrode remained in the body. The reference electrode was not
pulled into its proper location during the surgery because its thread was cut too soon.
The electrode is not in line with its lead as can be seen in Figure 67. The electrode may
have been trapped by the kink in the lead just caudal of the electrode.
The envisioned EEG recorder would not have a band around it or a kink in its
lead, so its explant is likely to be similar to the easy extraction of the initial portion of the
leads. However, the results of this research are contrary to this expectation.

2.4.2 Electrode Impedance
The clinical standard for electrode impedance is a maximum of 5000 Ohm
[Nuwer 1998]. The standard does not specify whether the measurement is a two-wire
measurement as done in this research, a three-wire measurement as done in most metalto-electrolyte interface measurements (working, reference, and counter wires), or a fourwire measurement as done with precision resistors (two force and two sense wires). The
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two-wire measurement is the least accurate because the resistance of the leads and the
tissue is included. The measured resistance reported in this research is approximately
100 Ohm high due to the lead and tissue resistances. The two-wire method, unlike the
other methods, includes two electrode-tissue interfaces in the path. Clinical electrode
impedance meters commonly divide the measured resistance by two [Teplan 2002] on
the assumption that the two interfaces are similar. The results in Figure 68 are not
divided by two and may be twice the values commonly reported. Despite the
measurement method having errors that raise the results, the highest resistance data
point is under 800 Ohm. The 5000 Ohm maximum specification is satisfied.
The electrode impedance decreases with time. This is contrary to common
experience in which the impedance rises initially [Lempka 2009, Benabid 1996,
Grill 1994]. Over the course of years, the impedance may decrease up to 30%
[Sillay 2010], but this effect takes too long to cause the decrease seen in this research. The
impedance may decrease if current is passed through the electrode [Lempka 2009], but
the 10 nA applied during the impedance measurement is neither large enough nor long
enough to explain the decrease in Figure 68. The downward trend is encouraging, but,
because the resistance does not stabilize, a firm conclusion cannot be drawn. A longterm mechanism that increases the impedance may be hidden by a short-term, but
stronger, mechanism that initially decreases the impedance. The assumption that two
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months is an adequate post-surgery duration is wrong. Future research should have
longer durations.

2.4.3 Comparisons of implanted electrodes to surface electrodes
The correlation coefficient for the time-domain data from the implanted and
surface electrodes is predominantly above 0.8. Under most situations, 0.8 is considered a
high correlation. However, recent research into alternative EEG electrodes is extensive,
and the correlation between the signals from traditional surface electrodes and
experimental electrodes is commonly above 0.9 [Gargiulo 2010, Lin 2011, Baek 2012,
ChenC 2014, and ChenY 2015]. The peak correlation of 0.92 found during the presurgery session agrees with the literature more so than the 0.86 found post-surgery. The
higher correlation for surface-versus-surface compared to surface-versus-implanted may
be caused by the reference electrodes. The same reference electrode was used for all four
signal electrodes in the surface-versus-surface pre-surgery case. In the post-surgery
cases, the two implanted electrodes had an implanted reference, and the two surface
electrodes had a surface reference. Any voltage between the two references would lower
the correlation. Future studies should place surface electrodes directly above implanted
electrodes to remove this source of error.
The correlation of the implanted and surface electrodes when measuring the
change of neural state due to sedation is quite high, 0.99 for the front electrodes and 0.91
for the back electrodes. As in the case of the time-domain data, high values for the
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correlation coefficient are not surprising [Xu 2011]. Values lower than 0.9 would raise a
concern.
For the front electrodes, the 0.99 correlation shows that depth of sedation
explains almost the entire variation in the data from session to session. For the back
electrodes, the 0.91 correlation shows that 16% of the variation is from causes other than
sedation. One possible source of variation is the brain region sensed by the back
electrodes. The back electrodes are above the cerebellum instead of the cortex. The
cerebellum is not under any of the EEG electrodes in the normal clinical configuration.
The contribution of the sheep cerebellum to the EEG during sedation is not known. The
EEG signal sensed by the back electrode is likely the same cortical signal sensed by the
front electrode with some cerebellar signal added. The cerebellar signal may lower the
correlation coefficient. The cerebellum should be avoided in future research.

2.4.4 Clinician survey
The quantitative comparisons of implanted-versus-surface electrodes discussed
above will not decide the acceptance of an implanted EEG recorder. The opinion of
clinicians will determine the acceptance. The general opinion of the clinicians who were
surveyed is that the implanted electrodes produce good quality EEG waveforms and
that the same interpretation is formed from either surface or implanted electrodes.
However, two of the five clinicians stated that the smaller amplitude of the waveform
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from the back implanted electrode may influence the interpretation if the smaller
amplitude cannot be explained by technical causes.
Possible causes of the small amplitude on the back implanted electrode are
instrumentation variation, inherent hemisphere differences, electrode impedance
increase, and skull thickness variation. These causes are discussed next.
At each session, the gain of the amplifiers was checked. The measurement
included all cables. The only hardware not checked was the implanted assembly, which
is obviously inaccessible. The gains of the amplifiers were within 2% of each other, so
instrumentation variation is not the cause of the small amplitude.
The back of the right hemisphere of the sheep brain may inherently produce a
smaller EEG than the back left hemisphere. This possibility was checked at the presurgery session. The back right and back left locations received surface electrodes, and
the amplitude of the data from these locations matched. An inherent hemisphere
difference was not found and is not the cause of the small amplitude.
The impedance of the back implanted electrode matched that of the front
implanted electrode during several of the sessions. The impedance of the front electrode
did not cause a small amplitude. Thus, the impedance of the back electrode is likely not
the cause of the small amplitude there.
The EEG sensed by the back electrodes may be predominantly from the cortex
and not from the cerebellum, as discussed in previous section. Resistance between the
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electrode location and the scalp above the cortex would attenuate the cortical signal seen
at the electrode. This resistance may be higher for the back implanted electrode than for
the back surface electrode. The back implanted electrode rests directly on thick and high
resistance skull (Figure 67) and the surface electrode does not. As suggested in the
previous section, future research should avoid the cerebellum. If the back electrode is
above the cortex in future research, and does not produce small amplitude EEG, then
skull thickness is the likely cause of the small amplitude found in this research.

2.4.5 Limitations
The duration of the study was selected to be two months per subject based on the
expected stabilization of electrode impedance [Grill 1994] and formation of connective
tissue [Seeherman 2008] which may have encapsulated the electrodes. The electrode
impedance did not stabilize in two months. Furthermore, longer duration is required to
demonstrate that infection was prevented, as reported in a study conducted after the
start of this research [Carvallo 2012].
Constructing the electrode from stainless steel likely had no effect in this twomonth study. A longer study should use a more appropriate material such as titanium.
Implanted stainless steel corrodes [Williams 1980] and is allergenic [Crames 1977].
Normal clinical practice is to check the impedance of all electrodes. The surface
electrodes are not checked in this research. The surface electrodes are assumed to be
properly applied and have low impedance, so none of the half-hour measurement
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period is allotted to measuring the surface electrodes. While this omission likely caused
no issues, not following clinical practice raises doubts about the quality of the research.
The impedance of the surface electrodes should be measured in future research.
Histology of the tissue surrounding the explanted electrodes and leads was not
in the scope of the research. If problems had been uncovered and the cause was the
foreign body reaction, then the development of the implanted EEG recorder would have
stopped. Acquiring the histological details of the foreign body reaction would not alter
the decision to terminate further work. The expense of histology cannot be justified.
Other studies on new electrode technologies place the traditional electrode as
close as possible to the new electrode. In this study, the traditional surface electrodes
were placed contralateral to the implanted electrodes. The surface electrodes were not
placed above the implanted electrodes because the subject may have experienced pain
from the pressure of applying a surface electrode to a region that is healing. This
precaution may have been too conservative. Placing the surface electrodes above the
implanted electrodes should be attempted in future studies. The correlation coefficients
for both time-domain and frequency-domain data may improve to the level found in
these other studies.

2.5 Conclusion
A proof-of-principle study, such as this research, does not truly prove a principle
because the sample size is too small to draw conclusions confidently. The real purpose
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of a proof-of-principle study is to find negative results that compromise the concept
being studied and thus halt further development. The results of this research are not
entirely positive, but also are not sufficiently negative to invalidate the implanted EEG
recorder concept.
The particular implementation of the implanted device envisioned in this
research may never progress further due to financial and regulatory barriers. However,
two different implementations are in trials (Figure 78) [Duun-Henriksen 2015,
Cook 2016].
The prospect of an implanted EEG recorder is indeed bright.

Figure 78: Implanted EEG recorders under development. Left: Courtesy of
Mark Cook, University of Melbourne. Right: Courtesy of Jonas Duun-Henriksen,
HypoSafe A/S.
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3. The transfer of electrical energy to a long and slender
implanted device
This chapter describes computer verification of the transfer of energy via electric
or magnetic fields to an implanted device that is long and slender; for example, a length
of 300 mm and a diameter of 1 mm.

3.1 Introduction
3.1.1 Small-diameter implanted devices
The previous chapter concerned a long and slender implanted device for
recording the EEG. The complexity of the electronics in that device dictated a diameter
of approximately 3 mm. Other applications, such as extracranial neural stimulators,
have simpler electronics that fit within a diameter of ~1 mm [Ivorra 2015,
Perryman 2016]. These applications are not performed continuously, as in the EEG
recorder, but instead for relatively short intervals. Patients would not be overly
burdened during these short times to have an external apparatus placed on their head.
The external apparatus provides the energy to operate the implanted device. This
chapter focuses on one means of transferring energy to the implanted device, namely,
electrical fields. Other means of energy transfer, such as ultrasound [Seo 2016,
ChangT 2016] or vibrations [WangS 2012], are promising but not as mature as electrical
means.
Several issues motivate a 1-mm diameter. First, a visible ridge on the scalp is
reduced or, more likely, eliminated. Second, skin erosion is much less likely; for
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example, ten of twelve papers on skin erosion from DBS hardware cite the
3.8-mm diameter connector as the cause, while just two of twelve papers cite the
1.3-mm diameter cable. Third, implantation is less likely to damage vasculature. Fourth,
decreasing the diameter farther may reduce the tensile strength below the force exerted
during explantation; the device may fracture during explantation.
The length of the implanted device considered here, namely, 100 mm to 300 mm,
has not been addressed in the literature, although a 30-mm-long neural stimulator is
under development [Ivorra 2015]. The length under consideration enables techniques
not previously considered. The ends of the device are far enough apart that the E-field
techniques in this chapter are possible. A length of 300 mm is selected for all the analysis
unless stated otherwise.
The power that must be transferred to the implanted device is taken to be the
same as the power the stimulator delivers to the body during stimulation. Losses are
assumed to be negligible in the circuit that converts the high-frequency of the delivered
power to the DC of the stimulation power. The stimulation power is approximately
20 mW if the stimulator is external to the head [Hahn 2013]. The impedance seen by the
external stimulator is approximately 5k Ohm [ibid.]. Most of this impedance is likely in
the first layers of skin. The impedance seen by an implanted stimulator is expected to be
similar to that measured in the previous chapter, which is an order-of-magnitude lower
impedance. The stimulation power is thus expected to be an order-of-magnitude lower
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for an implanted stimulator compared to an external stimulator. The goal for the power
to be delivered by the techniques in this chapter is a few milliWatts. Other applications
may need more power than this, so the capability of the techniques to go above a few
milliWatts is also considered.

3.1.2 Overview of the transfer of electrical energy
Electrical energy can be transferred via electric-field techniques, magnetic-field
techniques, or electromagnetic-field techniques. All three techniques contain both
electric and magnetic fields, but the field with the majority of the energy gives the
technique its name. An electromagnetic field has roughly the same energy in both
electric and magnetic components, and the energy oscillates between these two. As
explained in the upcoming Frequency of the Energy Source subsection, energy-transfer
techniques that use electromagnetic fields are not considered here.
3.1.2.1

Electric-field technique
An electric field (abbreviated as E-field) is created in the head by applying a

voltage to electrodes placed on the scalp as seen in Figure 79. In the implanted device,
the E-field causes a current determined by the electronics within the device. Elsewhere
in the head, the E-field causes current determined by the conductivity of the various
tissues in the current path. The current in the device is the desired transfer of energy.
The current in the tissues is undesired transfer of energy that heats the tissues.
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Figure 79: Energy transfer via E-field. Left: Hardware locations. Right: Current
paths. The device current (green) is desirable. The tissue current (red) is not.
The electrodes on the implanted device are the entrance and exit locations for the
current through the device. The electrodes are small, for example, 1 mm in diameter and
5 mm in length, which constricts the current that enters the implant. The high
current density at the electrodes heats the local tissue, which limits the current in the
implanted device to a small portion of the total current. The transfer of energy using an
E-field is thus an inefficient process. Inefficiency is a concern if the energy source is
limited, such as a battery, but is not a concern when the energy is drawn from the
powerline as in most medical device systems. The only issue with the inefficiency is that
the tissue is heated by the current not in the device. The Tissue Heating subsections
discuss this issue.
The source electrode is divided into many small electrodes, each on the tip of a
fine bristle. The bristles penetrate hair for ease of application. Bristles have been
208

demonstrated on the electrodes for EEGs [Viswam 2015]. The bristles are closely spaced
so that many fit in the intended area. The current per bristle is then small, and current
crowding at the tip is not a significant heat source. The individual bristles act as one
large electrode. The approximation of the bristles as a single electrode is assumed in this
chapter.
A new arrangement of the bristles solves two issues while still supplying a
voltage over a large area of the scalp. The bristles are arranged along the perimeter of a
circle. The first issue solved by the arrangement is irritation of the skin above the
implanted electrodes. For maximum transfer of energy, the bristle tips should be directly
above the implanted electrodes. However, the incision for implanting the device is also
in this location, and the skin there is sensitive and low impedance [Robertson 2006]. A
circumferential arrangement of bristles surrounds the implanted electrode without
contacting the incision area. The second issue solved by a circumferential arrangement is
the contacting of a convex surface, such as the head. If the head is considered a sphere,
then a circumferential electrode completely contacts the head regardless of the radius of
the head or of the circle of bristles. In contrast, when a full array of bristles attempts to
contact a convex surface, some tips do not make contact and other tips slide out of their
proper location because their bristle bends excessively.
A drawback of an electrode that contacts only the perimeter of the region to
receive energy is that the middle of the region will be at a lower voltage than the
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perimeter. However, when delivering energy to an implanted electrode in the scalp, the
geometries and conductivities of the scalp and skull negate this drawback. The scalp
may be considered a planar conductor instead of a volume conductor, because it is a
sheet resting on material, the skull, this is much lower conductivity. With a planar
conductor, driving the perimeter of a region at a particular voltage establishes that
voltage throughout the region. The region inside the circle of bristles becomes an
isopotential.
A computer simulation [Multiphysics, COMSOL, Stockholm, Sweden] of the
isopotential effect is shown in Figure 80. The conductivity is the same everywhere except
the black strip that represents the skull. The left side of the plot can be considered scalp
without a skull, and the right side is scalp with a skull. In this simulation, the
conductivity of the scalp is fifteen times that of the skull [Oostendorp 2000]. The orange
region in the scalp above the skull demarcates the isopotential region.

Figure 80: Isopotential region created by a circumferential electrode above the
skull. This is a cross-section view. The skull is the black strip in the upper right. The
electrodes are the small black squares on the top. The potential of all the electrodes is
1 V. The bottom is ground. The axes are in millimeters. The color scale is Volts.
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The isopotential effect weakens if current flows through a more conductive or
thinner skull or into the implanted electrode. These imperfections are considered later in
this chapter.
3.1.2.2

Magnetic-field technique
The transfer of energy via a magnetic field is, in principle, identical to the action

of an electronics transformer. Current in one coil creates a magnetic field that crosses the
inside of a second coil, which, in turn, creates a current in the second coil. The
application of this principle to an implanted device is illustrated in Figure 81. The first
coil is called the source coil and resides just outside the scalp. The second coil is inside
the implanted device and is called the implanted coil. The magnetic field not only
crosses the inside of the implanted coil but also crosses through the tissue in the vicinity
of the source coil. The magnetic field creates current in the tissue which heats the tissue.

Figure 81: Energy transfer via H-field. The source current flows in the source
coil. The device current flows in the implanted coil. The tissue current is spread
throughout the tissue. The H-field, in yellow, is created by the source current and
causes the device and tissue currents. The scalp is dark gray, and the air is light gray.
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The magnetic field, abbreviated as H-field (named by Maxwell after naming the
G-field), can be captured by two shapes of coils in the implanted device. Both shapes are
shown in Figure 82 and are considered in this chapter. The stadium shape is also called
by the less-descriptive terms obround and discorectangle. The dimensions in Figure 82
are those determined in later sections of this chapter.

Figure 82: Implanted coil alternatives. Top: helix. Bottom: stadium. Only 8 mm
of the total 300 mm length is shown. Axes are millimeters.

3.1.3 Tissue heating: mechanism
The type of current called conduction current is the motion of electrons or ions.
These moving particles collide with stationary particles and increase the vibrations of
the stationary particles. Temperature is the measurement of these vibrations, so
conduction current results in a temperature increase in the material in which it flows.
This process is known as Joule heating. The density of the conduction current is
proportional to the electric field and to the conductivity of the material. Understanding
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the cause of the electric field is the key to understanding the heating of the tissue during
the transfer of energy to the implanted device.
In the E-field technique, the voltages on the source electrodes are readily seen as
the cause of the electric fields in the tissue. In the H-field technique, the electric field is
not as apparent. The temporal derivative of the magnetic field created by the current in
the source coil is the cause of the electric field in the tissue. Faraday’s Law provides the
equation that relates the electric field to the temporal derivative of the magnetic field.
The next subsection derives the heating of tissue under conditions that are
amenable to a closed-form solution. The E-field technique is considered in this solution.
The subsequent subsection derives a closed-form solution for the H-field technique.
Both solutions are verified by computer analysis. The matching of the
closed-form and simulated solutions lends confidence in the software package,
COMSOL Multiphysics, which provides the data for the remainder of this chapter. The
software package, by itself, requires no verification. Thousands of users over many years
have proven its accuracy. However, the package has many features and options that
must be selected correctly. The matching of the theoretical and numerical solutions
demonstrates that the software is applied correctly.
3.1.3.1

Example of tissue heating during E-field transfer of energy
Several simplifications of the E-field technique produce the shape of tissue

shown in Figure 83. In the computer simulation field, the shape of the object that is
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analyzed is called its “geometry,” and this chapter uses this term. In the figure, only the
scalp is considered; the skull is assumed to have zero conductivity. The isopotential
region established by the circumferential source electrode is shown in yellow and is a
perfect cylinder. The source electrode is assumed to force 20 mA into the scalp. The scalp
is only as wide as the outer radius in the drawing. The voltage and temperature at the
outer radius are zero. Temperature rise, not the actual temperature, is calculated.
The closed-form solution is developed in Table 7.
The values of the spatial and tissue parameters are given in Figure 84.
The results in Figure 85 show the matching of closed-form and simulated
solutions.

Figure 83: Model for an example of E-field heating. The scalp is modeled as a
squat 3D annulus. At the inner radius, ri, is a voltage source. At the outer radius, ro, is
an electrical ground and a perfect heat sink.
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Table 7: Derivation of tissue heating due to energy transfer via an E-field.
Top: Variables and parameters. Bottom: Derivation.
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Figure 84: Simulation parameters and geometry for E-field demonstration.
X and Y axes are in meters. Z axis is in millimeters.

Figure 85: Comparison of derived (red) and simulated (black) temperature rise.
3.1.3.2

Example of the transfer of energy via an H-field
The previous subsection demonstrates that the temperature rise of tissue due to

tissue current is simulated correctly. This subsection demonstrates that the creation of
current during the transfer of energy via an H-field is simulated correctly. Combining
these two results demonstrates that the tissue heating by an H-field is simulated
correctly.
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In this example, the current that is created by the magnetic field is within a
simple model of the coil in the implanted device. The correct simulation of not only
current, but also power, is demonstrated.
The simulation geometry is shown in Figure 86. The spatial dimensions are
similar to those in the analyses in the remainder of this chapter. The source coil is
approximated as just a 30-mm-long wire segment with a 2-mm diameter. Just one turn
of the source coil is considered. The entire turn would be in the positive Z half of the XZ
plane; the wire is the very bottom of the turn. One turn of the coil in the implanted
device is approximated as a torus with a 1-mm major diameter. The wire and torus are
separated by 10 mm as if they are on the top and bottom, respectively, of the scalp. The
plane of the torus is along the XZ plane so that it intercepts the maximum flux of the
magnetic field produced by the current in the wire. The torus has homogeneous
conductivity that absorbs energy to imitate the energy transferred to the implanted
device. The long axis of the entire implanted device is in the Y direction, similar to the
red arrow. The permeability is assumed to be that of free space.
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Figure 86: Geometry for H-field demonstration. The H-field source is a wire
along the x axis. The torus captures some of the H-field energy.
X and Z axes are in meters. Y axis is millimeters.
The closed-form solution is developed in Table 8. The solution assumes the wire
is infinitely long and its magnetic field is constant in the hole in the torus. The area of the
hole in the torus and the circumference of the torus are approximated.
The values of the spatial and tissue parameters are given along the bottom of
Figure 87. The result for the power, given in the bottom right of Figure 87, shows the
matching of closed-form and simulated solutions. The power is the volume integral over
the entire torus of the power density shown in the figure.
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Table 8: Derivation of power delivery via an H-field.
Top: Variables and parameters. Bottom: Derivation.
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Figure 87: Simulation results for a demonstration of power delivery via an
H-field. The plot is the power density in a portion of the torus. In the lower right is
the power delivered to the torus as estimated by the simulation and by the derivation.

3.1.4 Tissue heating: safety limits
Several approved medical devices that operate for brief periods, such as a
half hour, and only occasionally, such as daily, raise tissue temperatures by 6 C
[Smith 2010, Dondelinger 2008]. The transfer of energy analyzed in this chapter is an
application similar to these. However, the temperature rise in this chapter is not allowed
to reach 6 C. Instead, two safety limits for tissue heating that are commonly employed in
computer analysis of medical devices are followed.
The first limit is a temperature rise of 2 C [ISO 2014 page 17]. This limit is meant
to apply only to the surface of implanted devices, but the limit is commonly extended to
anywhere in the body.
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The second limit is a power density of 2 W/kg [IEEE 1991]. This quantity is called
specific absorption rate and abbreviated SAR. In computer simulation results, SAR is
usually reported as the power density at a specific point. However, the limit is actually
the power density averaged over a gram of tissue. If tissue is assumed to be as dense as
water, then a gram has a volume of one cubic centimeter. Sometimes in the literature,
simulation results are an average over a cubic centimeter, but most times the results are
point-by-point. When point values are reported, SAR may exceed 2 W/kg but be excused
because the volume where the excess SAR resides is much smaller than a cubic
centimeter. The electrical fields in most analyses are AC fields, so just the real
component of power density is considered as SAR. Power density is not often
encountered, so, to give a sense of scale, the SAR limit of 2 W/kg is approximately
one-tenth the metabolic power density of the brain.
Biological damage is caused by temperature rise and not by power density. A
limit for temperature rise is sufficient to ensure safety. However, power density is more
easily found than temperature in both computer simulations and in physical
measurements, so a power density limit was established. When SAR is at the limit of
2 W/kg, the temperature rise under normal biological conditions is expected to be safe
[Shrivastava 2008].
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3.1.5 Frequency of the energy source
In this subsection, the limits are set for the frequency of the current forced in the
source coil in the H-field technique and of the voltage forced on the source electrodes in
the E-field technique.
The frequency must be above that which stimulates nerves or muscles. The
rule-of-thumb for this limit is 100k Hz [Leitgeb 2010 page 114].
The frequency must be below the resonance frequency of the 300-mm-long
implanted device. If resonance occurs, the tissue near the tips of the implanted device
may overheat [Mattei 2008]. The resonant frequency is one-tenth of that occurring in free
space because the relative permittivity of tissue is approximately one hundred. The
quarter-wave resonant frequency of the implanted device is 25M Hz, so the source
frequency should be safely below this.
A frequency close to 25M Hz is desirable, though, to reduce the impedance of the
plastic that encases the source electrodes in the E-field technique. The plastic prevents
exposure of the patient to the bare metal of the electrode. The impedance of the plastic
forms a voltage divider with the impedance of the body and adds uncertainty to the
voltage that reaches the body. The uncertainty is reduced by selecting a high
source frequency.
The method to deposit energy into the body in the E-field technique is, in
principle, the same as in diathermy. In diathermy, source electrodes are placed on either
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side of a region to be heated. The electrodes are driven with a high-frequency voltage.
Diathermy equipment has FDA and FCC approval for a frequency of 13.56M Hz
[Dondelinger 2008]. Because 13.56M Hz has this precedence, this frequency is selected
for all the simulations in this research unless stated otherwise.
Frequencies higher than those considered here have been shown to deliver more
power to deeper implants [HoJ 2014], but the devices receiving this energy are
millimeters long, not hundreds of millimeters long, and do not have the resonance
concerns of this work.

3.1.6 Electrical properties of tissue
The data in the literature show considerable variability,
even in samples of the same tissue type from animals of the same species.
[Foster 2008]
This discouraging assessment by a multi-decade expert in the field places doubt
on computer analysis results intended to predict the actual energy transferred to the
implanted device. However, comparisons of various E-field and H-field techniques are
not strongly reliant on the tissue parameters. The comparisons are based on the energy
delivered to the implanted device at a specified SAR in a specified tissue. In both the
E-field and the H-field techniques, the energy delivered is relatively independent of the
tissue parameters. In the E-field technique, most of the source voltage reaches the
implanted electrodes, and this determines the energy delivered. In the H-field technique,
the energy delivered is completely independent of the tissue parameters. Neither the
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magnetic field created by the source-coil current nor the voltage induced in the
implanted coil depends on tissue parameters. The other factor in the comparison, the
SAR, is determined by conductivity and the electric field. The electric field is estimated
well in the E-field technique and precisely in the H-field technique regardless of the
value assumed for conductivity. As long as SAR is measured in the same tissue for the
E-field and H-field techniques, comparison of the SAR between the techniques is valid.
For some crucial comparisons in this chapter, the assumption in the concluding
sentence of the previous paragraph is violated. The important SAR is measured in one
tissue in the E-field technique and in a different tissue in the H-field technique. The
validity of the comparison hinges on the accuracy of the ratio of the conductivity in the
two tissues. The ratio is most likely to be accurate if the conductivities for the two tissues
come from the same source. Such a source exists for most of the tissue types in the body,
and this source is the standard in the bioelectricity simulation field. The source, known
as Gabriel’s database [Gabriel 1996], has an on-line tool that provides the electrical
parameters for selectable tissue and frequency. Except where noted, Gabriel’s database
is used in this chapter. (A newer and more complete database [Hasgall 2015] may
supplant Gabriel’s in the next few years.)

3.1.7 Approximations to Maxwell’s Equations
The simulations in this research compute a numerical solution to Maxwell’s
Equations. The full set of Maxwell’s Equations is computationally expensive, so the
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number of the equations or the terms per equation are reduced when accuracy does not
suffer. A minor burden is the inclusion of the displacement current in the equations. A
major burden is the inclusion of the mutual coupling of the electric field and the
magnetic field. Mutual coupling introduces many iterations to the calculations of the
fields, because the solution must have the correct dependence of the magnetic field on
the electric field and the correct dependence of the electric field on the magnetic field.
Displacement current arises from the temporal derivative of the electric field. The
significance of this current is given by the ratio of the displacement current to the
conduction current, which is also the ratio of the product of frequency and permittivity
to conductivity. For the tissues under consideration, this ratio is a few percent. Despite
the small value of this ratio, the displacement current is considered in the simulations in
this research. The cost for computing the displacement current is a doubling of the
required memory, because all the fields have real and imaginary components instead of
just a real component. As long as the required memory fits in random-access memory,
the simulation time increases only slightly.
The coupling of the electric field and the magnetic field must be considered in
the analyses of the H-field techniques. In these techniques, a magnetic field is the source
of the energy to be transferred, and its induction of voltage in the implanted coil is the
means of delivering energy. Without the coupling, the modification of the magnetic field
by the currents arising from the induced voltage is ignored. The fields would be in error
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by tens of percent. For the H-field techniques, the full set of Maxwell’s Equations is
used.
For the E-field techniques, the coupling of magnetic and electric fields is
important if the fields have significant spatial decay caused by the skin effect (“skin” is
an electrical term here, not a biological term). For the tissues under consideration, the
skin depth is 100 mm to 400 mm, which is comparable to the ~200 mm diameter of a
head. From these dimensions, the coupling of magnetic and electric fields seems
significant, but the fields that deliver energy are important only in the scalp, skull, and
the outer ten millimeters of the brain. This 25-mm deep region is small relative to the
skin depth. Ignoring the coupling of magnetic and electric fields leads to an error of a
few percent. For the E-field techniques, the full set of Maxwell’s Equations is not used;
the magnetic field is not considered at all. The only exception to this conclusion is
discussed in regards to the technique called the One Electrode technique.
Another consideration for the E-field technique is the propagation time of the
fields from one side of the head to the other. This consideration is mathematically
redundant with the skin-depth consideration, but is, nevertheless, informative. If the
propagation time creates a significant error in the computation of the fields, then the
equations in the simulation must use the full set of Maxwell’s Equations or,
equivalently, use “retarded” voltage sources [Hayt 1974 page 347]. The fields propagate
at a velocity that is one-tenth that in air because tissue has a relative permittivity of
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approximately one hundred. The propagation time across a head is roughly 6 ns. If
voltage sources are placed on opposite sides of the head, a point in the scalp just under
one source is immediately influenced by the adjacent source but influenced by a
6-ns-delayed version of the distant source. For a source frequency of 13.56M Hz, which
is a period of 74 ns, when the distant source is at the peak of its sine wave, the delayed
version of it at the adjacent source is 13% below its peak. A 13% error seems significant,
but is not, because the influence of the distant source is much smaller than that of the
adjacent source. When the influences are summed, the error decreases to the point of
insignificance. Again, the conclusion is reached that the full set of Maxwell’s Equations
is not required for the E-field technique.

3.2 Simulation of five techniques to transfer energy

Figure 88: Cartoons of five techniques for transferring energy to an implant.
The head is the black circle. Source electrodes for E-field techniques and coils for
H-field techniques are in green. Implanted electrodes or coils are in red.
Two variations of the E-field technique and three variations of the H-field
technique are illustrated in Figure 88. The variations are evaluated by computer
simulation in this section and the results compared in the next section.
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For the E-field techniques, the diameter and number of source electrodes are
determined in the first two subsections. The maximum energy that can be transferred at
a safe level of SAR is found in the third section for two sets of tissue parameters.
For the H-field techniques, each of the three variations is analyzed in a separate
subsection. The analysis of the helix technique is performed first and determines many
design parameters that are then applied to the other two techniques.
The H-field techniques use small coils that limit the magnetic field to a small
volume surrounding the implanted device. The transfer of energy can be more efficient
and less alignment-sensitive if the magnetic field is constant throughout the head, such
as the field from two coils the size of the head and placed on opposite sides of the head.
Coils like this are not considered because of the unnecessary risk of heating many
regions of the head, most especially, the eyes.

3.2.1 Electric field: Diameter of the source electrode
The source electrode for the E-field technique is a circle that encloses the
implanted electrode as seen in Figure 88. The patient will be instructed to place the
source electrode such that the end of the implanted device is within the circle. Patient
compliance will increase if the placement is easy, so a large diameter for the circle is
desired. However, a larger diameter leads to a lower voltage in the scalp in the region
within the circle because more current flows to the skull. A lower voltage reduces the
energy delivered to the implanted device. Also, a larger diameter reduces the gap
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between the two source electrodes, which decreases the tissue resistance between the
electrodes. The increased current in the gap raises the temperature there. This subsection
finds the source electrode diameter that maximizes the ratio of scalp voltage under the
electrode to scalp temperature anywhere in the head.
The head is modeled as concentric ellipsoid shells of various tissues. An ellipsoid
approximates well the upper half of the cranium. The approximation is less applicable
on the lower half, but the current flow there is not significant. Symmetry pares the
simulation domain by three-fourths as seen in Figure 89.

Figure 89: Geometry for the selection of the diameter of the source electrode.
Axes are in millimeters.
The boundary conditions for the planes of symmetry are electrical ground for the
left surface, that is, x equal to zero, and an electrical insulator for the right surface. All
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surfaces are thermal insulators except the innermost quarter of an ellipsoid, where the
temperature is forced to zero. Temperature measurements are the rise in temperature,
not the actual temperature. The removal of heat by blood perfusion or air convection is
assumed to not alter the selection of the electrode diameter and is not modeled. The
generation of heat by metabolic processes is likewise not modeled. The regulation of
temperature via homeostatic processes is modeled by the zero reference surface.
The source electrode is modeled as a ring with a width of 1 mm. The interface
between the source electrode and the skin is considered a perfect short. While this
approximation is generally poor for the electrode-skin interface, it is accurate in this
situation. The electrode has a thin coat of insulation which, at 13.56M Hz, is low
impedance [Kirson 2007]. The outer layer of the skin is also low impedance at this
frequency. Finally, the electrode is pressed against the skin, so the gap between the two
is microscopic, high capacitance, and low impedance.
The current drawn by the implanted device is not considered. The temperature
rise from this current is important in the determination of the energy that can be
transferred. However, the rise is merely an addition to the rise caused by the source
electrode, and does not influence the selection of electrode diameter.
The parameters for the various tissue layers are listed in Table 9. As discussed in
the Electrical Properties of Tissue section, Gabriel’s database is the source of the
electrical parameters, but some approximations are made. The layer called Muscle
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represents many possible tissue types between the skin and the skull. Depending on the
location of the source electrode, the tissue may be muscle (e.g., temporalis), firm
connective tissue (e.g., the galea aponeurotica), or loose areolar connective tissue (e.g.,
the subgaleal space). To be a conservatively low conductivity, the parameters for Muscle
are those of tendons in Gabriel’s database. A layer of fat is included so that the
consequences of a low conductivity layer between the source and implanted electrodes
are revealed. The skull is an average of one-fourth part cancellous bone (i.e., the diploe)
and three-fourths part compact bone.
Table 9: Tissue parameters for optimization of E-field source diameter.
[Jochum 2010 by permission of the author]

The influence of the diameter of the source electrode is found for a variety of
implanted device lengths and orientations and for a variety of tissue parameters. Table
10 lists the variants under consideration.
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Table 10: Geometry and conductivity variants for the optimization
simulations.

Five variants of conductivity are simulated. The Default case is from Gabriel’s
database. The Gone case highlights the combined influence of the low-conductivity
layers of fat and skull. In the Gone case, these two layers are replaced with the Muscle
layer. The Confined case lowers the skull conductivity so that current is confined to the
scalp. The Less Fat and Less Skull cases lower the conductivity of the fat and skull layers
relative to the Confined and Gone cases, respectively.
Three variants of the separation of the source electrodes are simulated. The
expected length of the implanted device is ~300 mm, so the Middle and Far cases bracket
this. The Near case covers short devices already in the clinic.
The four variants of orientation are illustrated in Figure 90. The orientations are
named for the anatomical plane where the implanted device lies. In all the cases, the
locations of the source electrodes remain the same while the three diameters of the
ellipsoid are varied. The diameters are 190 mm front-to-back, 160 mm left-to-right, and
130 mm top-to-bottom.
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Figure 90: Variations of the orientation of the implanted device. The variations
are labeled with all capital letters. The face and the top of head are indicated.
For each source electrode diameter and situation variant, the source electrode
voltage is adjusted such that the maximum temperature rise in the gray matter is 2 C.
The minimum voltage in the scalp region that is within the circle of the source electrode
is recorded. The minimum voltage is considered proportional to the available energy for
the implanted device because the current of the device is assumed to be constant
regardless of the voltage in the scalp. The implant current is set by intelligent electronics
within the device for a 2 C rise of the electrode temperature.
For each situation variant, the minimum voltage data is normalized to the peak
versus source electrode diameter. Each curve in Figure 91 is a separate variant.
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Figure 91: Power transferred via E-field versus source diameter. Each curve is a
different variant and is individually normalized. Maximum temperature rise in the
gray matter is constant along each curve. The Near case is shown in red dots.
The curves are similar except for the Near case. In that case, the gap between the
two electrodes was so small that the current density, and thus, temperature, was
determined only by the diameter.
The goal of the analysis is to select the largest reasonable diameter. A diameter of
40 mm is, at worst, a 10% penalty in the energy transferred, and is used in the remainder
of this chapter.

3.2.2 Electric field: Number of source electrodes on the head
The two E-field techniques in Figure 88 are compared in this subsection. In
addition, modifications to the geometry and tissue parameters are introduced. The
modifications are used in the next subsection also to determine the maximum energy
that can be transferred safely. Another modification of the methodology is that SAR,
instead of temperature, quantifies the risk from heating the tissue.
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The One Electrode technique in Figure 88 has a second electrode that completes
the circuit path but the electrode is in a more convenient location, such as the wrist. In
the non-clinical neural stimulation field, this arrangement of electrodes is known as the
DARPA montage.
The results of the previous section display little influence from the Fat layer, so
the number of layers in Figure 89 is reduced to the more-common three layers
[Rush 1968]. The tissue parameters for the three-layer head model are listed in Table 11.
The Scalp layer is an average of the Skin, Fat, and Muscle layers of the seven-layer
model. The Brain layer is the average of the three layers beneath the skull in the
seven-layer model.
Table 11: Tissue parameters for 3-layer head model.

In the One Electrode technique, the current from the distant electrode funnels
through the neck. Simulation results (not shown) on a geometry that includes an
approximation of the body below the neck reveal that the base of the neck is an
isopotential plane. The geometry in Figure 92 takes advantage of these results and places
the second electrode at the bottom of the neck. This electrode is assigned to ground
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potential. In the Two Electrodes technique, the ground electrode is identical to the
source electrode but on the other side of the head from the source. Based on the previous
subsection, the source electrode diameter is 40 mm. The electrode width is 2 mm. Only
the bones of the cranium are modeled. The void of the oral cavity is not modeled.

Figure 92: Geometry for selecting the number of E-field electrodes on the head.
Top-right portion of the head is removed in the figure but not in the simulation.
Axes are in meters.
The voltage on the source electrode is adjusted until the SAR is 2 W/kg
somewhere other than where the electrodes contact the scalp. SAR is high at the
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electrode-scalp interface because the current density is high. However, the scalp is
assumed to be cooled by means such as chilled forced air or a Peltier device. SAR at the
surface is countered by the cooling, and the tissue there is not heated. SAR elsewhere is
the criterion for tissue damage in this analysis.
The power delivered to the implanted device is proportional to the voltage
difference at the implanted electrodes that are at the ends of the device (see discussion in
previous subsection concerning constant current in the device). The ends of the
implanted devices are assumed to be at the scalp-skull interface in the center of the
source electrode circle.
The simulation results are given in Figure 93. Other than at the surface, SAR is
highest in the skull. The SAR for the One Electrode technique is nearly identical to the
SAR in the figure and is not shown. The four voltage contours intercept the source and
implanted electrodes. In the One Electrode technique, the implanted electrodes are at
5.9 V and 4.4 V for a 1.5 V difference. In the Two Electrodes technique, the implanted
electrodes are at 6.35 V and 3.65 V for a difference of 2.7 V.
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Figure 93: Simulation results for one or two electrodes on the head. Left and
right plots show the area near the source electrode for the Two Electrodes technique.
The middle plot is the entire head for the One Electrode technique. The green arrows
indicate the locations of the implanted electrodes.
The Two Electrodes technique delivers almost twice the energy of the One
Electrode technique. While this result may seem predictable, any change of physical
parameters that lowers the voltage at the left green arrow in Figure 93 helps the One
Electrode technique but has no benefit for the Two Electrodes technique. For example,
the head below the cranium is likely to be lower impedance than in the simulations.
Also, simulations with the full set of Maxwell’s Equations improve the One Electrode
results while not affecting the Two Electrodes results. The skin depth at 13.56M Hz for
tissue is 100 to 400 mm. Sophisticated models of the head may show that the voltage at
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the left green arrow in Figure 93 drops by a Volt or two. The One Electrode technique is
then better than the Two Electrodes technique.

3.2.3 Electric field: Maximum transfer of energy
In this subsection, the implanted electrode is added to the head models in the
previous subsection, and the maximum power delivered to the implanted device at a
safe SAR is determined. The power is also found when the biological parameters are
altered to better confine the source current to the scalp.
The geometry for the Two Electrodes technique in Figure 92 is reduced to just
one quadrant, similar to Figure 89. The implanted electrode is added to the geometry as
seen in Figure 94. The implanted electrode has a relatively high conductivity, 100 S/m.
The conductivity of metals is a million times higher than 100 S/m, but an extreme
discontinuity in conductivity across the electrode interface creates numerical
instabilities. A conductivity of 100 S/m allows the electrode to be an isopotential volume
without inviting instabilities. A hemisphere is removed from the center of the electrode
to give an easily defined surface area for the electrode-current boundary condition. All
the boundary conditions in Figure 89 are repeated. Boundary conditions are added for
the electrode-current and the temperature at the source electrode. Some means of
cooling is assumed for the source electrode that maintains its temperature as if no source
current is flowing.
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Figure 94: Geometry for maximum power delivery via E-field. Inset is
magnification around the implanted electrode (green). Brain is gray; skull is cream;
scalp is red; and electrodes are green. The source electrode, at far right, is 40 mm
diameter and 2 mm thick. The implanted electrode is 1 mm diameter and 5 mm long.
The voltage of the source electrode is adjusted for a maximum SAR of 2 W/kg in
the skull. The current of the implanted electrode is swept to show its impact on SAR and
on the power delivered to the implant. The current is found that delivers the most
power at an acceptable SAR and temperature rise.
Various fields are plotted in Figure 95 for the implanted electrode current that
maximizes power while raising the SAR in the skull under the implanted electrode to
equal the SAR of 2 W/kg found in the skull under the source electrodes. The implanted
electrode current is 2.5 mA; the source electrode current is 61 mA; and the source
voltage is 7 V. The total power deposited in the head is a half Watt, which is just 1% of
the metabolic power. A half Watt is unlikely to burden the homeostatic regulation of
temperature. From the symmetry of the model, the voltages near the other source
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electrode are the negative of the voltages in the figure. The total voltages are double
those shown, for example, the total voltage across the implanted electrodes is 1.6 V,
which is double the 0.8 V in the figure.

Figure 95: Simulation results for maximizing power delivery. The source
electrodes are on the top and bottom of the right edge of each plot. The four plots are
in a causal sequence: voltage causes current causes power causes temperature rise.
The current drawn by the implanted electrode lowers the voltage in its vicinity,
noticeably raises the current density, noticeably raises the SAR, and barely raises the
temperature. The SAR near the implanted electrode is much larger than the standard
limit of 2 W/kg, but, because of the small volume of the high-SAR region, the
temperature is barely raised. The standard limit for SAR is not a point measurement of
SAR, but an average over a cubic centimeter. The spike in SAR around the implanted
electrode does not violate the standard because the volume is too small; the small
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temperature rise confirms this conclusion. The plot of the rise in temperature shows no
hot spots, and the rise is well within the standard of 2 C.
The current density in Figure 95 is not confined to the scalp as desired and as
expected from Figure 80. The scalp-to-skull ratio of conductivity in Figure 80 is 15:1
[Oostendorp 2000], while the ratio in Figure 95 is approximately 3:1. The 3:1 ratio
derives from Gabriel’s database, which is well-accepted in the simulation field.
However, higher ratios have been measured many times. The simulation is repeated
with a 15:1 ratio. The parameters for the repeated simulation are in Table 12. The
influence of a thick layer of fat is also removed, because it, too, may be overly
conservative.
Table 12: Conductivity modifications to confine current to the scalp.

As seen on the right side of Figure 96, the current is confined to the scalp when
the Confined case is applied. In the simulation of the Confined case, the implanted
electrode current is 6.5 mA, which raises the SAR slightly above 2 W/kg in a small
volume of the skull under the electrode similar to the Standard case. The source
electrode current is 68 mA, and its voltage is 6.7 V. The implanted electrode voltage is
2.4 V, and its power is 15.6 mW.
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Figure 96: Current density for standard and confined cases of conductivity.
The implanted electrode is in the upper right. The source electrode is on the middle
right edge.
The Standard and Confined cases are compared in Figure 97. The Confined case
delivers four times the power of the Standard case. The temperature rise in the Confined
case is 0.4 C higher but is still well below the 2 C maximum.

Figure 97: Power delivered to the implanted device and the maximum SAR in
the skull. Red arrow indicates the optimum implant current for the Standard case.
Green arrow indicates the implant current at the highest allowable SAR for the
Confined case.
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3.2.4 Magnetic field: Helix technique
The first of the H-field techniques for transferring energy that are shown in
Figure 88 is simulated. The Helix technique places a long helical source coil on the scalp
directly above the entire implanted device. Within the implanted device is a second
helical coil, called the implanted coil, which also runs the length of the device. Current
in the source coil creates a magnetic field that is normal to the turns in the implanted
coil. The magnetic field induces a voltage along the implanted coil that delivers energy
to a load within the implanted device.
The magnetic field created by a helix is predominantly within the interior of the
turns. A perfect helical coil, that is, infinitely long with an infinite number of turns
wound with a zero-diameter wire, has a magnetic field completely in the interior. No
magnetic field is outside the coil. The Helix technique must have a magnetic field
outside the source coil, so this technique relies on the imperfections of the source coil. In
other words, the Helix technique captures energy from the fringe field of the source coil
and not from the dominant field. The Helix technique is inherently inefficient because
the source-coil losses are associated with the unused dominant field. As with the E-field
technique, efficiency is not an important consideration if the external medical device
system draws energy from the powerline.
The initial simulations of the Helix technique use a single turn for the source and
implanted coils. The benefits of analyzing single turns are reduced simulation time,
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simpler data extraction, and similarity to the other two H-field techniques under
consideration. The design information determined by the single-turn simulations is
applied to multi-turn helical coils and to the other H-field techniques.
The geometry for the simulations is given in Figure 98. Each single-turn coil is a
torus. The center of the source coil is at the origin. The center of the implanted coil is
chosen to model the source coil resting on the top of the scalp and the implanted coil
residing in the relatively open space between the scalp and skull. Both tori lie in the
zero Z plane. The long axis of the implanted device is in the Z direction.

Figure 98: Geometry for delivery of energy via an H-field. Left: The spherical
shell is the extent of the analyzed volume. Portions of the shell are removed so that
the coils are visible. Bottom right: Both coils magnified. Upper right: Implanted coil
magnified more. The load is outlined in red. Coils are in xy plane. Axes are in meters.
The diameter of the source coil is 40 mm, which is large enough to approximate
the coil as being just a wire resting on the scalp, such as in Figure 86. A single wire
creates more H-field per current than a torus, because the opposing field from a second
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wire carrying current in the opposite direction is not present. The source-coil wire has a
diameter of 2 mm. The diameter has little influence on the source magnetic field as the
field is determined more by the total source current and less by the current density.
The torus for the implanted coil has major and minor radii that sum to
one-half millimeter so that the outer edge of the torus matches the one-millimeter
diameter assumed for the entire implanted device. The width of the insulation around
the implanted coil is assumed to be negligible.
The implanted coil has two regions. Most of the torus is metal with conductivity
that is a parameter in the simulations. A small region of the torus, 1/24 of the total, has a
much lower conductivity and imitates the load presented to the coil by the implanted
device. The conductivity of the load region, outlined in red in Figure 98, determines the
current of the implanted device.
The spherical outer shell has the property that the magnetic field on its inner
surface is the same as if the shell is infinitely thick. The shell allows the simulation
domain to be not much larger than the source coil and still have accurate results.
The volume within the shell has electrical parameters of 1 S/m for conductivity
and 100 for relative permittivity. Relative permeability is one everywhere. These are
commonly used estimates of tissue parameters. The results of the simulations in this
subsection are normalized, so the tissue parameters are not a factor. The simple set of
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parameters in this subsection are replaced in the subsequent subsections with more
representative parameters.
The meshing for the finite-element computations is shown in Figure 98. The
density of the meshing is a trade-off of accuracy versus simulation time. The coils
require fine meshing for accuracy, but the tissue requires loose meshing for simulation
speed.
The simulations use a single turn for each coil except when stated otherwise.
When multiple turns are used, the geometry is altered as shown in Figure 99, which is
an example with 11 turns in the source coil and 31 in the implanted coil. The “turns” are
individual tori instead of the true turns of a helix. This simplification reduces the time to
define the geometry, execute the simulation, and extract the data. A flaw in this
simplification is that the current is not necessarily equal in the individual tori, while the
current is equal throughout a helix. The current in the source tori is a boundary
condition, so the current is guaranteed to be equal in all the turns. In contrast, the tori
that model the turns of the implanted coil do not carry equal current, but the middle few
turns are monitored to assure equality. All data is extracted from the central turn. The
current in the outer turns may not match the inner turns, but this error is assumed to be
small.
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Figure 99: Emulation of turns for the source and implanted coils. In this
example of a simulation geometry, the source has 11 “turns,” and the implant has 31.
The individual tori are separated by 3 mm for the source and 0.4 mm for the implant.
The following tests in this paragraph show that choices for the geometry and for
the simulation parameters do not influence significantly the results. The mesh density is
tripled, and the results change <0.2%. The convergence tolerance is relaxed by a factor of
ten, and the results change <0.01%. The diameter of the simulation domain is halved,
and the results change <0.3%. The length and conductivity of the load region in the
implanted coil are halved, and the results do not change at all. Finally, ignoring the
induction of current in the source coil by the current in the implanted coil is a 200 ppb
error. That is, the implanted-coil current caused by 1 A of source-coil current induces
0.2 uA in the source coil.
The dependence of the power delivered to the implanted device on a variety of
control system and construction parameters is shown in Figure 100 and Figure 101,
respectively.
In the discussion of the simulation results, eddy currents are sometimes cited as a
cause for an unexpected dependency. Eddy currents in the implanted coil circulate in
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the metal portion of the torus along the edge near the hole and return along the outer
edge. This current does not pass into the load and does not contribute to power in the
implanted device, but it does consume energy from the magnetic field created by the
source-coil current. The magnetic field must be increased to compensate for the energy
stolen by the eddy currents. The increase in the magnetic field increases SAR and
heating in the tissue. Thus, eddy currents lower the energy delivered to the implanted
device when SAR is held constant.

Figure 100: Power delivered via H-field versus control system parameters.
Both graphs assume SAR is held at 2 W/kg. Top: Both axes are relative to the
optimum choice of implanted coil current. Bottom: Left axis is unity at 13.56M Hz.
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An assumption behind the upper graph in Figure 100 is that the electronics
within the implanted device are able to adjust the current that the device consumes to
maximize the power delivered to it. The delivered power drops only 10% for a 30%
deviation from the optimum current, so the electronics can be a low-gain, high-stability
circuit.
An optimum load current arises from the competing processes of the source
magnetic field creating implanted-coil current and the implanted-coil current creating a
magnetic field. The magnetic field created by the implanted-coil current represents
energy taken from the source magnetic field but then returned as a magnetic field. The
returned field has a 90 degree phase shift from the source field, so the returned and
source fields are distinct and cannot add or cancel. If the implanted-coil current is below
optimum, there is more energy available to be transferred from the source field. If the
implanted-coil current is above optimum, too much energy is returned to the magnetic
field. The returned magnetic field is given by I/2R (A/m) where I is the implanted-coil
current and R is the major radius of the torus [Cope 1996 page 22]. Equating the
magnitude of the returned field to the source field estimates the optimum implanted-coil
current to within 30%.
In all the other graphs in this subsection, the optimum implanted-coil current is
found for each data point so that the delivered power can be fairly compared from one
data point to the next.
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The lower graph in Figure 100 shows the delivered power decreasing at higher
frequencies of the source current. The power decreases because the optimum implantedcoil current decreases inversely with frequency while the implanted-coil voltage is
constant with frequency. The dependency of the implanted-coil voltage and current with
frequency derives from the requirement that the magnetic field decreases inversely with
frequency to maintain a constant SAR. The current in the source coil is not shown in the
graph, but it tracks the power delivered and the implanted device current. The
source-coil current reaches 90 A at 400k Hz.
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Figure 101: Power delivered via H-field versus construction parameters.
Within each graph, SAR is held constant as the parameter is varied. At each data point
(circle), the implanted-coil current is adjusted for maximum power delivered.
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The slope of the curve in Figure 101 (A) decreases as the conductivity increases
because the reduction of ohmic losses is partially cancelled by the increase of eddy
currents. Eddy currents increase proportional to conductivity because a voltage source,
that is independent of conductivity, is created within the metal region by the source
magnetic field. If the implanted device uses portions of the implanted coil as stimulation
or sensing electrodes at times other than during energy transfer, then the coil wires must
be biocompatible metal. Platinum transfers 30% more energy than titanium, which may
compensate for titanium costing a fraction of a percent of the cost of platinum.
A small diameter for the implanted-coil wire gives more volume in the
implanted device for other components. When the diameter is too small, though, the
ohmic losses reduce the energy transferred as seen in Figure 101 (B). When the diameter
is too large, two effects cancel the benefit of lower resistance. First, the area that the
source magnetic field crosses is reduced. Second, eddy currents increase.
In Figure 101 (C), the delivered power is not that of a single torus but that of all
the tori that can fit in the implanted device when placed at the pitch given by the
horizontal axis. When the pitch is large, the tori do not interact with one another, and
the power is simply proportional to the number of tori. In this region, the power is
inversely proportional to the pitch. When the pitch gets too small, the tori interact and
the power per torus drops. Each torus converts the magnetic field in its vicinity to power
delivered to the implanted device. When two tori are closely spaced, the magnetic field
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in the space between the tori is shared. Figure 102 displays a quantity proportional to
the available magnetic energy. In particular, the square of the real part of the Z
component of the magnetic flux density is displayed because only this can be converted
to power in the implanted device. The available energy drops to half at 0.2 mm above
the coil. Based on this observation, the optimum pitch of 0.4 mm in Figure 101 (C) is
reasonable.

Figure 102: Decrease in magnetic energy caused by transfer to the implanted
coil. The black circles outline the perimeter of the wire in the implanted coil. In the
red regions, the magnetic field is unaffected by the implanted coil, and its magnitude
is that created by the source coil.
Adding turns to the source coil does not increase the transferred power, as might
be expected, but decreases severely the power, as seen in Figure 101 (D). At a spacing of
3 mm, the source coil has 100 turns along the length of the implanted device, so Figure
101 (D) covers only a sixth of the total possible turns. A separate simulation with a
simpler geometry shows the relative transferred power is 0.3 of the peak when the
source coil is at its full length.
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The penalty from adding source-coil turns may be explained by the curves in
Figure 103. These curves are also found in the literature from the analysis of a loop
antenna [Werner 1996], but the pertinent expressions contain integrals that require
numerical evaluation, so the effort in creating the curves is no less than for the
simulations done here. The curve that is proportional to the energy that can be
transferred is given by blue triangles. As in Figure 102, this data is the square of the
Z component of the magnetic flux density. The curve that is proportional to the heating
of the tissue, and to the SAR, is given by the red circles. This data is the square of the
magnitude of the total magnetic flux density. The X and Y components of the vector
contribute to this curve. The curve that represents heating is always above the curve that
represents energy transferred, so, when heating is held constant, adding turns always
decreases the energy transferred. Adding turns that are offset by more than 15 mm is
even more deleterious. As seen by the curve with green squares, the sign of the useful
component of the magnetic field changes. The voltage in the implanted coil is
proportional to the integral of this curve. The voltage induced in the implanted coil
actually decreases as more turns are added beyond an offset of 15 mm.
The best number of turns for the source coil is one. That single-turn source coil
must be perfectly aligned to a single-turn implanted coil, though, or the delivered power
decreases, as shown by the blue triangles in Figure 103. This finding is important for the
Normal Stadium technique.
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Having many turns in the source coil is still required because a magnetic field is
needed for each turn of the implanted coil along the entire length of the implanted
device. With a one-turn source coil and a one-turn implanted coil, the power per
implanted coil is 1.5uW at a SAR of 2 W/kg. With many turns in the source coil, the
power in one implanted coil drops to 0.3*1.5 = 0.5 uW (see two pages back for the
explanation of the “0.3”). At a spacing of 0.4 mm, there are 750 turns of the implanted
coil for a total delivered power of 750*0.5 = 400 uW.

Figure 103: Three magnetic field quantities versus the axial offset of the coils.
The inset defines “offset.” The simulation has a torus for each coil, but the results
apply also to one turn on the source coil relative to one turn on the implanted coil.
The Helix technique delivers 0.4 mW, which is a tenth of the other techniques
under consideration. The Helix technique is dropped from consideration. The analysis
of the single-turn coil applies to the other two H-field techniques, so the effort spent on
the Helix technique has definite value.
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3.2.5 Magnetic field: Normal Stadium technique
The second of the H-field techniques for transferring energy that are shown in
Figure 88 is simulated. The implanted coil in the Normal Stadium technique is one long
loop that runs the length of the implanted device. The plane of the loop is normal to the
surface of the head. A similar, though much wider, loop forms the source coil that rests
on the head and also is normal to the surface of the head.
The geometry for the Normal Stadium technique is given in Figure 104. The
geometry is the same as the Helix technique, except the implanted coil is stretched into
the stadium shape. The optimum design parameters found for the Helix technique are
applied. The length of the implanted coil in the geometry is a third of the actual length,
so power results are scaled accordingly. The radius of curvature for the implanted coil in
the geometry is also a third of reality. The curvature in the simulation raises the
magnetic field at the implanted coil by a few percent compared to reality. The placement
of the source coil inside the head lowers the magnetic field by a few percent. The
curvature and placement errors are small and cancel, so the errors are ignored.
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Figure 104: Geometry for the simulation of the Normal Stadium technique.
The implanted coil is between the scalp and skull in reality but is in homogenous
tissue for the simulation. The plane of the two coils is normal to the skull surface. The
source H-field is from a coil inside the head for the simulation but is from a coil
shaped like the implanted coil and placed outside the head in reality (Figure 88).
Spatial dimensions are the same as for the Helix technique (Figure 98).
The power delivered to the implanted coil can be predicted by adjusting the
voltage and current results from the Helix technique. The voltage scales with the loop
area to match the increase in magnetic flux from the source coil. The implanted-coil
current scales such that the magnetic flux it creates also matches the increase in the flux
from the source coil. The relationship between the optimum implanted-coil current and
the source magnetic field is discussed in the Helix technique subsection. The predicted
power matched the simulation result – on the first simulation performed for the Normal
Stadium technique.
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The power delivered to an implanted coil that is the length of the implanted
device is 4 mW when the SAR at the depth of the brain is 2 W/kg. The choice of the brain
for the SAR measurement comes from the Tangential Stadium subsection, where the
brain is shown to hold the peak SAR if the high SAR at the surface of the scalp is
compensated by external cooling.
The power delivered is sensitive to misalignment of the source coil to the
implanted coil, as given in Figure 103.

3.2.6 Magnetic field: Tangential Stadium technique
The last of the H-field techniques for transferring energy that are shown in
Figure 88 is simulated. As in the Normal Stadium technique, the implanted coil in the
Tangential Stadium technique is one long loop that runs the length of the implanted
device. The loop is rotated 90 degrees relative to the Normal Stadium technique so that
the open area of the loop lies along the surface of the skull. The loop is not technically
tangent to the surface, but “tangential” is used for lack of a better term. The source coil is
similar to the implanted coil but has a much larger width. Figure 105 illustrates the
relationship between the source and implanted coils.
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Figure 105: 3D example of the Tangential Stadium technique. The source coil
is blue; the implanted coil is green (but mostly black outlining). The source coil lies
in the same plane as the surface of the scalp. The implanted coil is 10 mm below the
source coil. The coils are 100 mm long here but may be three times longer in reality.
The width here is 35 mm but may be wider. Axes are in millimeters.
The half torus at the end of the loop is 1% of the loop length. If the power
delivered by the ends of the loop is ignored, then the coils may be considered straight
wires, and the geometry becomes the 2D cross-section shown in Figure 106. The
curvature of the head is also ignored, which leads to a few percent error in the magnetic
fields. The curvature and its planar approximation may be compared in Figure 108.
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Figure 106: Geometry for the Tangential Stadium technique. A 2D crosssection is simulated. Axes are in meters. Inset is a 6X magnification of the region near
the implanted coil. The two wires of the implanted coil are green dots indicated by
the green arrow. One wire of the source coil is the blue circle in the lower right of the
inset. Scalp is red; skull is cream; and brain is gray. The outer blue circular shell in
the larger plot is the region that emulates an infinite domain.
The parameters for the tissues are in Table 11 and are the same as in the E-field
technique. The rectangular regions inside the brain and scalp are not new tissues but
merely define regions with higher finite-element meshing.
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The spatial dimensions of the source and implanted coils are the same as in the
Helix and Normal Stadium techniques, except the width dimension shown in Figure 105
is a new design parameter. The dependency of the delivered power versus the width is
given in Figure 107. The implanted-coil current is optimized at each data point in the
graph.
The source and implanted coils are perfectly aligned for these simulations. The
decrease of delivered power caused by misalignment is quantified in the Comparison
section.

Figure 107: Power delivered in the Tangential Stadium technique. The peak
SAR in the brain is held at 2 W/kg.
The choice for the width of the source coil is a trade-off of delivered power
versus allowable misalignment. At a width of 55 mm, the allowable misalignment is the
same as in the E-field technique. A power of 5 mW is delivered for this width.
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3.3 Comparison of E-field techniques to H-field techniques
The E-field and H-field techniques are compared for a wide range of topics. The
dominant factor in the comparisons is energy delivered to the implanted device at a
given peak SAR below the surface. Other factors are considered, though.

3.3.1 Power under default conditions
The E-field and H-field techniques deliver practically identical power, 4 mW and
5 mW, respectively, when other factors – such as SAR, frequency, and toleration of
misalignment – are equal. The power is just barely adequate for the neural stimulators
that are the intended application for this research.

3.3.2 Heated region
The conditions in the previous subsection that transfer nearly identical power
from either technique create heat in starkly distinct regions. As seen in Figure 108, the
sub-surface SAR is solely in the skull in the E-field technique and solely in the brain in
the H-field technique.
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Figure 108: SAR (W/kg) for the E-field (left) and H-field (right) techniques.
The red arrows indicate the source electrode (left plot) or the source coil (right plot).
The white arrows indicate the implanted electrode (left) or coil (right). The left and
right plots have the same SAR and spatial scales.
In the E-field technique, the resistance in the current path is not set by the skull
because it is a thin layer, even though it has high resistivity. Thus, the current in the
skull can be considered as coming from a current source. When the current in a material
is independent of its conductivity, the power is inversely proportional to the
conductivity. The skull is low conductivity and so has high power.
In the H-field technique, the magnetic field can be considered as establishing
loops of voltage sources throughout the head. When the voltage in a material is
independent of its conductivity, the power is directly proportional to the conductivity.
The brain is high conductivity and so has high power.
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A technique that heats the brain is less attractive to patients than a technique that
heats the skull. The H-field technique needs substantial benefits to overcome this major
deficiency.

3.3.3 Prediction of the SAR
In the E-field technique, the magnitude and location of the current flowing into
the head are known by the system that drives the source electrodes. The current density
in the skull can be estimated well from this information. An upper limit for the SAR can
be estimated from a conservative value of conductivity for the skull.
In the H-field technique, the source-coil current and geometry are known. From
this, the magnetic field can be accurately estimated. However, whether the brain is
exposed to the high-intensity region of the field is not known, especially considering the
rapid change of the field with distance from the source coil.
If the implanted device is able to communicate with the external system, it can
send electrical information, such as optimum load current, which allows a good
prediction of SAR in either the E-field or the H-field technique.

3.3.4 Alignment of the electrodes or coils
In all the simulations, the implanted device was perfectly aligned to the external
source. The energy transferred to the implanted device will decrease precipitously when
the alignment strays beyond a region defined by the diameter of the source electrode in
the E-field technique and the width of the coil in the H-field technique. The default
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electrode diameter, 40 mm, and coil width, 55 mm, create the same-sized region in
which the alignment can stray. This region is bounded by the green bands in Figure 109.

Figure 109: The usable region for the implanted electrode (top) or coil (bottom)
is colored green through red. The usable range is the same in both plots. Arrows
indicate the source electrode for the E-field case (top) and the source coil for the Hfield case (bottom). The implanted electrode or coil is in the middle of the colored
region. The long axis of the implanted device is horizontal (top) or normal to the plot
(bottom). Plots have the same spatial scale and the axes are in millimeters.
In the figure, V2 and B2 are plotted because these determine the power available
to transfer to the implant. The color scale for V2 and B2 applies only to the space between
the scalp and the skull where the implanted device will be inserted. The plot is deep
blue outside of this space. The ragged edges of the colored region in the upper plot is
caused by a coarser simulation mesh than in the lower plot.
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3.3.5 Rotating and twisting of the implanted device
In the E-field technique, the transfer of energy is through a voltage field. Voltage
is a scalar, not a vector, so only the location of the electrode influences the voltage of the
electrode and the transfer of energy. Neither the orientation of the long axis of the
electrode nor the rotation of the electrode about its long axis changes the energy transfer.
On the other hand, in the H-field technique, the magnetic field that carries the energy to
be transferred is a vector. The plane of the implanted coil must be perpendicular to the
H-field vector to transfer the most energy possible.
Rotating is defined as the implanted device, in its entirety, turning on its long
axis. For example, if the implanted device used in the Normal Stadium technique rotates
by 90 degrees, then the implanted coil is actually positioned as in the Tangential
Stadium technique. The transferred energy falls off with the square of the cosine of the
rotation. For example, only half the available power is transferred at a rotation of
45 degrees.
Twisting is defined as the implanted device turning by varying amounts along
its long axis. An example of severe twisting is the plane of the coil rotating 180 degrees
in a short region halfway down the long axis. In this example, the voltage induced in
one of the halves of the coil is cancelled by the voltage induced in the other half. No
energy is transferred in this example.
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Rotating can be counteracted by including a second coil in the implanted device
that is rotated perpendicular to the first coil. The electronics in the implanted device can
select the coil that is rotated correctly relative to the source magnetic field. Adding a
second coil does not counteract twisting, though.

3.3.6 Frequency of the source field
The E-field technique has negligible dependence on frequency because the
current is almost entirely conduction current; only a few percent of the current is
displacement current. A possible exception to this conclusion is that the One Electrode
technique may benefit from higher frequency because the skin depth decreases.
As seen in Figure 100, the H-field technique transfers more energy at lower
frequencies with the drawback that the current in the implanted device and in the source
coil also increase. The current in the implant may require larger wires and
semiconductor devices than fit in the implant. The current in the source coil creates
problems discussed in other subsections.

3.3.7 Variation of the biological parameters
As seen in Figure 97, the transferred power in the E-field technique quadruples if
the skull has a high resistance. The same change to the skull has no effect on the H-field
technique because the magnetic field at the implanted coil is not changed and the SAR in
the brain is not changed. Thus, the power delivered per SAR is unchanged.
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A biological phenomenon that may severely degrade the E-field technique but
has no effect on the H-field technique is the encapsulation of the implanted electrode by
high-resistance connective tissue during the healing process [Grill 1994].

3.3.8 Length of the implanted device and the implanted electrode
In the H-field technique, the transferred energy is proportional to the area of the
implanted coil which, in turn, is proportional to the length of the implanted device.
Also, if the implanted device has regions where a coil cannot be placed, such as sensing
or stimulating electrodes, then the coil length and the transferred energy decrease.
The energy transferred by the E-field technique is unaffected by the implanted
device length except when the device is very short, well under 100 mm, as discussed in
the Diameter of the Source Electrode section.
The length of the implanted electrode for the E-field technique is 5 mm in the
simulations. The current crowding into the implanted electrode causes the increase in
SAR in Figure 97 for current larger than 2 mA. Increasing the length of the electrode
decreases the crowding, which permits higher current before SAR increases. A longer
electrode also lowers the resistance, which causes the decrease in power for current
greater than 2.5 mA in Figure 97. The optimum current would move to a higher value,
and more energy would be transferred.
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3.3.9 Volume of the implanted electrodes or coil
The electrodes in the E-field technique consume 3% of the volume of the
implanted device. If the electrodes also serve as sensing or stimulating electrodes, then
they take no extra volume.
As discussed in the Rotating and Twisting section, two coils are likely needed for
the H-field technique. These consume 7% of the volume. While the volume of the coils is
not large, the location of the coils interferes with placing the other components of the
implanted device. The interference is throughout the device. In contrast, the interference
posed by the E-field electrodes is confined to a small portion of the implanted device.
The implanted device may need a metal wire along the long axis to raise the
tensile strength so that the device does not snap during implanting or explanting. The
coils could serve as the strengthener and thus consume no extra volume. However, a
ground wire may already be serving as the strengthener.

3.3.10

Interaction of the source field with the implanted device
The E-field technique may capacitively couple high-frequency voltage onto

signals within the implanted device. The voltage field in the tissue decays rapidly with
distance, so approximately half of the implanted device, in its middle, sees no
interference. Sensitive circuitry may be placed here. If needed, shielding can be inserted
between very sensitive signals and the exterior of the implanted device.
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The H-field technique may inductively couple high-frequency voltage into circuit
loops within the implanted device. The voltage is proportional to the loop area; any
signal that runs the length of the implanted device forms a large loop with ground and
may be particularly susceptible. Unlike the E-field technique, the coupling is equally
strong throughout the implanted device. Also unlike the E-field technique, shielding is
not possible. The materials that are magnetic shields are forbidden in MRI machines.
The magnetic field in the H-field technique creates eddy currents within metal
inside the implanted devices. The eddy currents steal energy intended for the implanted
coils. A simulation of an implanted device with a core consisting entirely of metal
transfers 40% less energy to the implanted coil. At a more likely volume of metal, the
lost energy is a few percent.

3.3.11

Interaction of the source field with the environment
The magnetic fields from the source coil of the H-field technique may heat

nearby metal. Fortunately, the heat is not a function of source frequency. Although the
source-coil current and the source-magnetic field are larger at lower frequency, the
voltage induced in nearby metal does not depend on frequency. The eddy currents and
the heating are unchanged if a lower source frequency is selected. The source frequency
may be dropped to increase the energy transferred to the implanted device without
concern for more heating in nearby metal.
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Magnetic shielding may be added to the source coil, but the coil then becomes
heavier, less flexible, and hotter. The coil is then more difficult to place comfortably
against the head.
Shielding in the E-field technique is lightweight, flexible, and does not heat. The
shielding does not affect the comfort of the patient.

3.3.12

Surface cooling requirements
The E-field technique raises the SAR at the surface of the scalp much more than

the H-field technique. More cooling must be directed towards the skin in the E-field
technique.
The source coil in the H-field technique may be warm from conduction losses,
especially if the coil current is high because a lower source frequency is selected. The
shielding on the coil may also be warm because it absorbs energy from the magnetic
field. The source-coil apparatus may need cooling to prevent this heat from reaching the
scalp.
The source electrodes in the E-field technique dissipate negligible power and are
not warm.
If the cooling of the surface of the scalp is by chilled air blown on the scalp, then
the large source-coil apparatus in the H-field technique complicates spreading the
cooling evenly over the length of the implanted device.
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3.3.13

Obstruction by hair
The bristles of the source electrode in the E-field technique pass through hair

easily. The bristles may be several inches long to accommodate most hair styles.
The source coil in the H-field technique compresses hair against the scalp. This
may be uncomfortable and may disturb the hairstyling such that patient compliance
decreases. Furthermore, simulations with the source coil not resting on the scalp show a
reduction in the toleration of misalignment equal to the gap between the source coil and
the scalp. Also, the power delivered to the implanted device drops 10% if the gap is
5 mm.

3.3.14

Patient effort and comfort
Several issues with patient comfort for the H-field technique are discussed in the

preceding subsections. Another issue is that the source coil in the H-field techniques is
larger than the source electrode in the E-field technique, so more effort may be required
to apply the source coil and maintain alignment.
The E-field source electrode must be pressed firmly against the scalp. The
pressure may lead to pain and to skin irritation.

3.3.15

Voltage in the implanted device
The voltage received by the implanted device with the E-field techniques is

between one and two volts. This is a common voltage for batteries so many circuits are
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available to convert this voltage into whatever voltage is required by the implanted
device.
The voltage delivered by the H-field technique is approximately half of a volt.
Circuits for this low of a voltage have recently been developed for energy-scavenging
applications. However, if a lower source frequency is selected, the delivered current
increases which, combined with the resistance of the implanted coil, may drop the
delivered voltage to an unusable value.

3.3.16

Improvements via clinical screening
Testing performed in the clinic prior to implantation may determine the choice

between the E-field technique and the H-field technique.
An MRI provides an excellent measurement of scalp and skull thickness. This is
the only information needed in H-field technique to estimate the ratio of power in the
implanted device to SAR in the brain. The concern with heating of the brain may be
allayed by a confident estimate of the heating.
The E-field technique needs more information than just the scalp and skull
thickness. The conductivity of the various layers of tissue is required to estimate the
power that can be delivered at a safe SAR. Electrical impedance tomography does not
have the resolution yet to provide this information. However, a needle electrode may be
inserted into the intended location of the implanted electrode and a trial run of energy
transfer performed. This is far better proof than any simulation using MRI data.
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An MRI also reveals any fissures or vasculature that should be avoided by the
implanted device. Fissures are a particular concern in the E-field technique because
more current may pass into the brain and heat it. This negates the prime benefit of the
E-field technique, namely, the avoidance of heating the brain.

3.3.17

Improvements via electronics
Clever electronics in the implanted device that adjust the delivered current for

maximum power delivery or maximum temperature rise have already been discussed.
Clever electronics in the source-coil apparatus may eliminate the so-far-unsolved
concern of twisting. The electronics may also provide excellent alignment so that the
width of the source coil may be reduced and the delivered power dramatically
increased, as shown in Figure 107. The apparatus for the source coil may consist of many
parallel wires oriented along the long axis of the implanted device and spaced ~5 mm
apart. The electronics selects two of the wires to form the source coil and, via telemetry
from the implanted device, determines the power delivered for that pair. Other pairs of
wire are selected until the pair that delivers the most power is found.
As shown in Figure 110, this concept may be extended to handle twisted
implanted devices. The parallel wires in the source-coil apparatus are divided into
groups along the long axis of the implanted device. A pair of source-coil wires is
selected for each group. The direction of current in each pair is selected for maximum
power delivery so that 180 degree twists of the implanted device are handled.
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Figure 110: Source-coil location and direction selected to match the implanted
device. The implanted device is green. The unused wires of the source coil are gray.
The selected wires of the source coil are red. The direction of current is given by the
arrows. The implanted device has a 180 degree twist at its middle.

3.3.18

Summary
Table 13: Summary of the comparisons. A beneficial topic is indicated by one
or two plus signs. A detrimental topic receives one or two minus signs.

The H-field technique has many issues, but, with clever electronics and a lower
source frequency, the delivered power can be significantly larger than in the E-field
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technique. The high power of the H-field technique justifies research effort and product
cost to overcome its many issues.
On the other hand, if simplicity is desired, then the E-field technique delivers
adequate power with no serious issues. Furthermore, the E-field technique is readily
verified in a pre-surgery trial run.
Finally, if heating the brain is viewed as a very high risk, then the E-field
technique is the only choice.

3.4 Conclusion
Computer simulations demonstrate that electric and magnetic fields are capable
of delivering adequate energy for emerging applications of implanted neural
stimulators. Magnetic fields are capable of delivering significantly more power, tens of
milliWatts, than electric fields but expose the brain to more heating.
The transfer of energy to long, slender implanted neural medical devices is not
an obstacle in the path to the clinic for these new applications of neural stimulation.
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Epilogue
I started my graduate studies as a young-at-heart, though not so young-at-body,
idealist certain to contribute to medical device technology. I have learned that the
notable advances in the field, many coming from the Duke Biomedical Engineering
Department, emerge from a team of faculty, post-docs, grad students, and staff who
invest untold hours. Other than Albert Einstein, a part-time researcher on a team of one
is challenged to have a significant impact. My hope now is that an original concept in
this work contributes to the success of a team of medical device researchers.
I also have learned, through patient and generous advice from prominent
medical industry engineers, that the major obstacle for a new medical device is often not
biological or technological but financial. The medical devices that prompted the research
in the first two chapters of this work may never progress to the clinic because the
financial obstacles are too formidable. On the other hand, the implanted stimulation
device in the third chapter has excellent financial prospects and is likely to be
developed, probably more from consumer demand than from medical necessity. The
concepts in the third chapter may appear someday in a consumer medical device.

278

Appendix A: Clinician Survey
The survey participants are the following:
− Selim Benbadis, Director Tampa General Hospital Comprehensive Epilepsy
Program and prolific author on EEG methodology
− Jonathan Halford, Medical University of South Carolina
− Brad Kolls, Duke University School of Medicine
− Andrew Krystal, Duke University School of Medicine
− Joseph Sirven, Chairman Department of Neurology Mayo Clinic and
editor-in-chief of epilepsy.com
The survey questions were suggested by Dr. Kolls. The questions are presented
next. Replies are given below the questions if the question is not multiple choice. The
replies from different clinicians are separated by hyphens. The replies to the multiple
choice questions are in Table 6. The same set of questions was asked for each of the two
data files.
***
Please read the questions below so that you can focus your viewing of the EEG
data on the parameters that we are surveying. Then view the EEG signals from the first
sheep in the pdf file: http://people.duke.edu/~taj2/EEGsheep1sedated.pdf . If your pdf
viewer has a window of 8 inches tall by 14 inches wide, then 10 seconds of data fits in
the window with a "paper speed" of 30mm/sec.
279

1) Please rate your impression of the overall quality of the EEG signals in this
referential recording: Excellent, good, adequate, poor, or uninterpretable.
2) If you feel one channel has significantly better quality compared to the other
channels, please list the channel and describe what factors you considered in this
determination.
Responses: They are comparable. - More higher frequencies present in red
recordings (looks closer to intracranial signals). - They all appear to be of equal
quality. Couple are clipped though this does not preclude interpretation. - All
appear to be about the same quality. - All are equal. - I cannot truly decipher a
better channel.
3) If you feel one channel has significantly worse quality compared to the other
channels, please list the channel and describe what factors you considered in this
determination.
Responses: They are comparable. - Blue channels have less than red in terms of
higher frequencies. - Channel 2 is clipped in a couple places, channel 1 less so, so
these are of slightly lower quality. - All appear to be about the same quality. There is high frequency artifact in leads 2 and 3 and what looks like ECG in leads
1 and 4. - There are significant amplitude differences but that I assume to be part
of intracranial versus non-implanted.
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4) Please indicate the dominant frequency of the background for channel 1
___________Hz
Responses: 10 Hz … but difficult to say without a clear time scale! - 6 Hz, but
same comment as above. - 9Hz in sample one and 8 Hz in sample two. - There is
a mix of frequencies present, a 1 Hz slow wave with overriding 7-8Hz faster
activity. - As above, the BG is 1-1.5 Hz slow activity with overriding faster 7-8Hz
activity. Dominant varies over time smaller amplitude high frequency activity in
the 4th channel. - I could not tell because I did not understand the time scale. It
seemed to be a mixture of delta and beta -- again I am not sure I interpreted the
time scale correctly.
5) Is the background frequency estimate the same for the other channels?
___________Yes

___________No

Responses: Frequencies appear very similar across all channels, though a clear
amplitude difference exists between the red and the blue channels. - You see
more faster frequencies in channels 1, 2 and 3 than 4.
6) Are there any overt differences among the channels which would make you
interpret them differently from one another?
___________Yes

___________No

If yes, then please describe.

281

Responses: Only the amplitude. The 4 channels are measuring the same signal,
which is maximum in channel 2. - The amplitude differences between the blue
and red leads are >50% at times and would be interpreted as possibly being
clinically significant, though some additional details would be helpful in
determining this. - Smaller higher-frequency activity in the 4th channel is the
biggest difference and might affect interpretation in some circumstances. Clearly there are frequency and amplitude differences among the channels.
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