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Abstract

While many advances have been done for identifying and processing data generated
by epileptic seizures, there are still many challenges of how to deal with it without
medicines. In order to detect these biosignals, some prerequisites must be respected,
otherwise the whole sensing is degraded by noise or interferences. Not only the
electrodes but also the amplification chain determines the quality of the observed
signal that will be utilized in all processes.

This thesis discusses the types of electrodes used for ENG signals that could be
extended to identifying epileptic seizures, alternatives for the core instrumentation
amplifier with low-power consumption, configurations that make better use of all
features presented and how to overcome non-idealities generated by the variable
behaviour of the electrode-tissue interfaces. The source of the signals will be the
vagus nerve, a complex but large nerve in the human body.

A key element in the whole process is how to deal with artefacts, since the
order of magnitude from the captured useful ENG signals (4V) can be two or
three orders of magnitude smaller than the one from muscles (EMG signals), not
allowing proper measurements and analysis. For this, some configurations with
the instrumentation amplifiers were analyzed checking advantages and drawbacks
for each of them and the decision was made after the investigation of another
non-ideality intrinsic from cuff electrodes: the impedance imbalances, that greatly
degrades the property of linearized external potential interferences from the cuff
electrodes. This issue was dealt by an addition of digital control over the gain from
the amplifying chain that is possible in only one of these architectures.
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Introduction

In recent times, more and more is known about epilepsy: a disease that affects
many people worldwide. However, it is still very challenging to deal with it besides
the use of medicines. Due to the need of new methods and techniques, many
tests have been done in rats in order to detect ENG (electroneurogram) signals
that might indicate physiological reactions due to some stimulus. For the human
beings, the vagus nerve plays a very important role: it conveys information from
the brain to other organs [28]. It is also the longest nerve of the autonomic nervous
system and has influence on controlling the heart, lungs and digestive tract [1].
For this reason, VNS (vagus-nerve stimulation) showed up as an option for trying
to attenuate and even avoid seizure effects. It is based on electrical stimulation
from a pulse generate by a small device implanted in the neck. It is in the context
of implantable devices able to sense and even actuate that this thesis will focus,
mainly in the sensing aspect.

Due to the nature of ENG signals of few uV special attention must be taken in
regards of noise, mainly on what concerns thermal noise. Not only that, external
interferences are also responsible for degrading the desired ENG signal, where the
most proeminent ones are EMG (electromyogram) artefacts, which might range
from few 'V up to mV. With these restrictions in mind, researches made with cuff
electrodes are one of the first steps to be able to collect and process data from
nerves, which are very sensitive regions with signals of extremely low amplitudes.
Besides, it is fundamental to have an amplifying chain ensuring that the quality of
the signal is preserved and amplified for further analysis.

The main goal of this thesis is to from an available instrumentation amplifier
(IA) for ECG signals (designed by UCLouvain in 65 nm CMOS technology) build an
adaptive tripolar configuration, with digitally-assisted gain tunability and low-power
consumption for VENG (vagus-nerve ENG) signals.

The first contribution of this work was to modify the gain from the IA such
that it could be digitally-tuned. This is essential for handling non-idealities present
while using cuff-electrodes, where the growth of nerve, i.e, its adaptation to the cuff,
generates imbalances in the way the signals are sensed, which can be corrected by
modifying the gain accordingly. The methodology used to determine the number



of bits needed for the digital control comes from the specifications where the
signal-to-interference ratio (ENG and EMG signals in this case) should be greater
than 6 dB, for a range of impedance imbalance of £40%, following [7].

The second was adapting the available TA to the ENG context, where the
bandwidth of interest is no longer up to 250 Hz, but from 500 Hz to 10 KHz [30].
The last contribution was to implement the tripolar amplifier configuration for
cuff electrodes by using the IA with gain tunability. Some of the results for the
adaptive tripole were:

Power = 13.5 uV

SIR > 10 dB

Range of imbalance correction: -40% to +40%
Gain range: 36 dB to 44 dB (30 to 80 V/V)

Gain resolution = 0.18 [V/V]

The simulations were performed in ELDO (SPICE environment) with the
support of MatLab for analysis, calculations and graphs.
This thesis is organized as follows:

Chapter 1 gives a description about what is epilepsy, main causes, symptoms
and available treatments. It also highlights how seizure sensing is made and
what are the relevant signals for this purpose.

Chapter 2 explains about vagus nerve recording, since the source of the signals
(how they are produced) up to its sensing, emphasizing the types of electrodes
for ENG signals, what are the amplifier configurations with their advantages
and drawbacks and a discussion about instrumentation amplifiers.

Chapter 3 deals with the implementation with some metrics and how to
deploy gain tunability for the IA from the specifications.

Chapter 4 discusses the simulation results and the techniques implemented
for dealing with non-monotonicity in the digital control when using binary
code for the gain tunability from the IA, and, finally, comparisons between
what was done in this work and the state-of-the-art.



Chapter 1
Epilepsy

It is a neurological disorder that affects around 50 million people worldwide [10] in
which brain activities become abnormal, causing reactions more commonly seen
as recurrent seizures, atypical behaviours and sensations and loss of awareness.
Seizures can vary from short and almost undetectable periods to long ones of
vigorous shaking and it might involve parts of the body (partial) or its entirety
(generalized), as a consequence, can result in physical injuries, occasionally broken
bones after loss of control during seizures.[19]

Despite of having seizures as the most noticeable feature for epileptic patients,
seizure by itself does not mean epilepsy (around 10% of people worldwide have one
crisis during their lifetime). In order to be recognized as epilepsy, a person must
present two or more unprovoked seizures.

To better understand the effects from this condition and to identify what are the
potential actions for it, in this chapter it will be highlighted its causes, symptoms,
available treatments and the seizure sensing.

1.1 Causes

Many underlying disease effects can lead to epilepsy, however its cause is still
unknown in about half of the registered cases. It is not contagious, but deserves
special care. The causes are divided in categories: structural, genetic, infectious,
metabolic, immune and unknown. Examples of known cases: brain damage from
prenatal or perinatal causes (complications during birth), congenital abnormali-
ties/genetic conditions with associated brain malformations, severe head injuries,
strokes restricting amount of oxygen to the brain, brain tumors [19], and so on.



1.2 Symptoms

The main characteristic is the presence of seizures and depends on which region of
the brain the disturbance starts and how it propagates. Temporary symptoms such
loss of awareness, disturbances of movement, sensation, mood, or other cognitive
functions are also present in these cases. People with epilepsy are more prone to
physical (fractures and bruising related to crisis) and psychological conditions (e.g
depression and anxiety), also they present higher risks of premature death (up to
three times higher that average population). It is worth it to mention that a great
proportion of deaths are preventable [19].

1.3 Treatments

Up to now there is no cure for epilepsy, however there are options for treatments. In
this section, it will be given special attention to the most commonly used nowadays.

Medicine treatment (AED) Patients under this treatment use anti-epileptic
drugs (AEDs), and it is the most common method for epilepsy, helping to control
seizures in about 70% of people. They work by changing the chemical levels in the
brain and despite of reducing the numbers of seizures, it does not cure epilepsy.
There are different types of AED and they are chosen according to the person
profile with epilepsy (type of seizures, age and interest of having a baby are some
of them). AEDs are usually administered in tablets, capsules, liquids or syrups
with daily use and, as all medicines, they might present side effects [18].

Brain surgery This method may be considered if AEDs are not enough for
controlling the seizures and if they happen due to a problem in a small part of the
brain that its removal would not cause serious effects. It is made by performing a
small cut in the scalp and creating an opening in the skull allowing to remove the
affected part of the brain. The recovery might take months to years still with the
use of AEDs. This kind of surgery is always associated with risks, such as problems
with memory, mood or vision and they might improve over time or be permanent.

Ketogenic diet It is a treatment for children (usually) or adults whose seizures
are not controlled with AEDs. The diet may help to reduce amount and severity of
seizures having other possible positive effects, it is very specialized needing proper
supervision and guidance from medical advisors. The diet consists of high fat,
low carbohydrate and controlled protein. The body normally uses glucose from
carbohydrates for energy source. Chemicals called as ketones are generated when
the body uses fat as source of energy (process known as ketosis). With ketogenic

4



diet, then, the body uses in most part ketones instead of glucose as energy source
and some researches show that there are acids presented in this diet that contributes
to control seizures. One drawback is constipation due to the lack of fibre, but with
advices from nutritionist and other medical suggestions can be easily overcome [31].

Deep Brain Stimulation (DBS) DBS therapy is a surgical treatment used
for reducing seizures not controlled with medication neither with surgery of part
of the brain. It is made by implanting electrodes into specific areas of the brain
and stimulating these regions with small regular electrical impulses. It is still a
treatment under research. As can be seen in Figure [[.1a] it works by using a
device called a neurostimulator that send electrical impulses to the brain. The
electrodes are placed in the anterior nucleus of the thalamus, a part of the brain
that is involved with the spread of seizures. For some people they have a warning
or aura few moments before the seizure happens. When this happens, they can
activate the DBS therapy immediately to try to stop a seizure event. To implement
the whole system, it is also required surgery, leading to risks [31].

Vagus nerve
Brain stem

Stimulator ./‘

(a) Deep brain stimulation [2] (b) Vagus nerve stimulation [23]

Figure 1.1: DBS and VNS treatments

Vagus Nerve Stimulation (VNS) VNS therapy is a treatment involving a
stimulator (pulse generator) which is connected internally in the neck to the left
vagus nerve. This generator produces regular electrical stimulations through this
nerve helping to control irregular brain activities that lead to seizures. This therapy
aims to reduce amount, period and severity of seizures, and it is a way for treating
people whose seizures were not controlled with medication.

The vagus nerves are a pair nerves starting in the brain and going through the
body, its location and distribution over the body are some of the reasons why it is
an interesting part to apply stimulus.



For implementing, the stimulator is placed under the skin in the upper chest
during a small operation and, then, a lead connects the stimulator to the vagus nerve
in the left side of the neck, as shown in Figure [[.1ID] The amount of stimulation
varies from person to person, but it is common procedure to start at low levels and
increase progressively up to a suitable level for the patient. Usually it is set at 30
seconds of stimulation every five minutes through day and night.

1.4 Seizure sensing

In order to visualize and collect relevant data regarding seizures, in this section
it will be highlighted EEG (electroencephalogram), ENG (electroneurogram) and
other signals.

1.4.1 EEG signals

With EEG, by positioning electrodes around the scalp of a patient, it is possible to
observe the electrical signals produced for each region. In Figure it is shown
the behaviour of the recordings from a normal situation and then while a seizure.
From that, features such duration and region of the brain under abnormal activity
can be fetched. EEG signals are usually seen in the bandwidth between 0.5 Hz
and 100 Hz, with amplitudes from dozens to hundreds of mV if measured from the
scalp [16]. Depending on the predominant frequency seen, they might be classified
as alpha, beta, gamma and delta waves useful for identifying abnormalities, for
example.
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Figure 1.2: (A) Normal EEG compared to (B) EEG including a seizure:
epileptic seizure visible as rhythmic activity starting on electrodes P8
and T8 (from [11])

1.4.2 ENG signals

They can be used for detecting epileptic seizures, because some nerves (such as the
vagus nerve) receive some indications about the seizure onset, since they induce
visible physiological symptoms. Because of that, the vagus nerve is a key element for
the traffic of information from the brain to other organs [28]. ENG signals present
amplitudes is in the order of few 'V [30] and have their bandwidth distributed
over 500 Hz and 10 KHz, with peaks around 1 KHz and 3 KHz. A signal extracted
from a rat can be seen in Figure [I.3]
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Figure 1.3: ENG signal of the rat sciatic nerve after mechanical stimu-
lation of the paw: the raw and filtered signals. (from [14])

1.4.3 Other signals

Between other signals that affect the overall sensing there is, for example, the
EMG (electromyogram) which amplitudes can reach mV order and the bandwidth
is spread over 1 Hz and 3 KHz [30] usually more often concentrated at KHz range.
Following similar nature, there is the ECG (electrocardiogram) signal also in the
mV range and distributed over 1 Hz to 250 Hz. To summarize what was discussed
in this section, see Figure [1.4]
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Figure 1.4: Frequency and amplitude characteristics of EEG, ECG, and
EMG, and contaminating signals of the biopotential signals (not to scale)

(from [34])



Chapter 2

Vagus nerve recording

In this chapter it will be presented how nerve signals are generated in the body along
with how it is recorded nowadays, with special focus on vagus nerve because of its
importance reflecting signals from the brain to other organs [28]. For nomenclature
reasons, when the ENG signal is collected from the vagus nerve, it is called VENG
(vagus nerve electroneurogram).

2.1 Electrical impulse & nerve recording

Electrical impulse One important event related to the electrical signals pro-
duced by the body is the action potential. Closely looking at the neuron, there
is a voltage difference between its inside and the extracellular fluid, called resting
potential (around -70mV). This voltage is caused by the sodium-potassium pump
established by a chemical and electrical gradients.

For a recap, neurons are composed by dendrites, cell body and axons. The key
to impulse conduction is the movements of ions inside and outside the membrane.
If the summation of the signals from the dendrites of a neuron is sufficiently large,
it can be observed an action potential, a pulse is produced and the membrane
potential reaches the firing threshold (around -60 mV).

In the resting state, there are more relatively Na+ ions in the extracellular
medium of the cell than the intracellular whereas the opposite happens with K+
ions. It is worth it to mention that this separation of ions creates a chemical
gradient, while the presence of more positive particles outside the cell compared to
the inside creates a electrical gradient. The membrane potential at rest is around
-70mV, indicating that the inside of the cell is less positive than the outside. The
axon, then, can be seen as having net positive charges in the outside and net
negative charges in the inside at resting state.

Thus, with an action potential, there is a movement of ions allowed by ion



channel gates: rapid inflow of Na+ ions followed by an outflow of K+, rebalancing
the membrane potential. This inflow of sodium ions depolarises that region of the
membrane, causing it to keep following the same procedure and, as a consequence,
the action potential propagates as a wave along the axon (when not myelinated),
as can be seen in Figure leading to impulse conduction. If myelinated, the
impulse observes a "saltatory" conduction around the myelinated sheets, moving
from node to node.

local closed
current lines
. extracellular

~

by medium

AR N 7L

axon active region intracellular
\J = =-=-=--~- T e L
R e A T e
resting depolarised
membrane membrane

Figure 2.1: Neuron conduction when not myelinated (from [30])

The main goal is to be able to collect not a single action potential, but multiple
ones, the field action potential usually from a nerve trunk (bundle), and for doing
so, some different electrodes might be considered.

Requirements for nerve recording For biomedical applications, special at-
tention should be given to the electrodes. They must fulfill certain requirements
mainly when the interest is recording signals from a nerve. It should be able, for
example, to perform properly for a long time span and offer minimal physiological
or histological damage due to movements from the surroundings. There is one
type called intrafascicular electrodes (needle electrodes penetrating the nerve, see
Figure : they provide relatively high ENG output signals, however, both are
not widely spread for being invasive and potentially causing damages to the nerve
in the long term.

For these reasons, the cuff electrode (Figure surrounding a nerve is more
often used for not causing substantial internal harm to the nerve, despite of being
less invasive [26] than intrafascicular electrodes. This thesis will focus on the cuff
electrodes, being the main topic for discussion in the next sections.
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intrafascicular
electrode

extrafascicular
reference electrode

(a) Intrafascicular electrode compared (b) Culff electrodes
to reference one in the nerve

Figure 2.2: Types of electrodes (from [30])

Summarizing what was seen about electrodes, see Table[2.1] The terms invasive
concerns if enters or not the body through a medical procedure. Intrusion is about
the positioning: if inside the nerve then it is intrusive. Outside, non-intrusive.

Table 2.1: Comparison between intrafascicular and cuff electrodes

Electrode . . Considerable Output ENG
Invasive | Intrusive . .
type damage in long-term signal
Intrafascicular Yes Yes Yes High
Cuft Yes No No Sufficiently high

2.2 Cuff electrodes

This type of electrode allows the implementation in patients for a reasonable amount
of time, suitable for long-term applications. Available cuffs consist of insulating
tubes made of biocompatible flexible insulating materials, as highlighted in [22],
and the ring electrodes made of platinum-iridium or stainless steel attached to the
interior wall of the cuff, covering almost the whole circumference (it has a gap
for longitudinal opening in order to allow the nerve to be inserted in the cuff). A
simplified scheme can be seen in Figure 2.3
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Figure 2.3: Culff electrode surrounding the nerve trunk (from [21])

After the cuff is implanted, it is observed some changes in the nerve: sometimes
growth tissue happens and due to local rearranging because of the cuff, the tissue
may even cover the cuff, as can be seen in Figure [2.4] implanted in the nerve of a
rat.

(a)

Figure 2.4: Cuff implemented in a rat (a), its progression with tissue
adaptation (b), after removal of the cuff (c) (from [30])

2.2.1 Action potential inside the cuff

The neural signal obtained using cuff electrodes depends of some parameters, for
example the slit closure, number of electrodes and presence of interference. Since
the cuff surrounding a nerve bundle collects the activity from a group of axons,
the recorded signal is the summation of the active potentials (field or compound
active potential). In the literature, however, the studies with cuff electrodes were
described in terms of single-fibre active potential, in order to be able to generalize
to cover all types of nerve fibres.
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As seen from [27] and [4], by modelling the Ranvier nodes as point current
sources, the cuff observed signal is the sum of the contributions of all nodes
inside it. These current sources are activated in sequence, since the action potential
propagates along the fibre and its maximum amplitude reaches each node, producing
1ac. As a consequence, the same signal is observed in the cuff at different times
multiplied by a scaling factor (weights), as can be seen in the Figure 2.5

nodes in cuff

k k1 k2 N
):( > ):( J X

11{\‘ lk{'f 1k+l{t)\ |k+"(t 1N(U
)

oWk |Wk+1 Wi W

1.-\(_'(t
/ cuff

node

Figure 2.5: Schematic showing the contribution from the current
sources at each Ranvier node (from [30])

As a result, the single-fibre action potential (SFAP) is given by:
SFAP(t ZZAC — ut) * w(x,) (2.1)

The weight function expressed in Ohms, is the voltage caused by the node n in
position x,, in the cuff (measured by an electrode in the cuff), divided by the
current of the node reaching the electrode. The weight profile in the cuff is shown
in Figure obtained experimentally from [3], where the maximum is observed in
the middle of the cuff and, as result, the signal will follow the same shape, with
the maximum amplitude in the middle of the cuff length.

w(x) cuff centre
() T :

0] Xei Xg2 Xe3s [0

Figure 2.6: Cuff weighing function over the cuff (from [30])
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2.2.2 Interferences & Cuff properties

The main source affecting the recorded ENG signals is the EMG interference. Due
to the location of the nerves, these signals become very vulnerable to muscular
contamination during recording where its amplitude can be up to three orders of
magnitude larger. A common metric used for comparing both signals is the SIR,
(signal-to-interference ratio):

SIR = YENG (2.2)
‘/INT

Some of the most important advantages of using cuff electrodes are that the
medium inside the cuff is only resistive (observing no significant phase differences
to the interference potentials across the cuff electrodes) and the potential from
external fields varies linearly with the distance inside the cuff (linearising property),
as can be seen in the Figure 2.7 The last property will be broadly exploited in the
interference reduction for the amplification chain aiming to record ENG signals.

cuff centre
Vine(x) i
V)

-

0 | XE] Xg2 XE3 L

distance along cuff length: x (mm)

Figure 2.7: EMG external interference linearized inside the cuff (from
[30], [25])

Assuming that the linear variation from external interference potentials V;yr(z)
are independent from the location of the external field, then, from Figure 2.7

‘/[NT(I) = oxr + ‘/INT(O) (23)

Here, the gradient o can be easily determined by using the potential at the end
of the cuff:

~ Vinr(L) — Vinr(0)
a = 7 (2.4)

2.2.3 Cuff electrode configurations

In monopolar cuffs, the recording is done between a ring electrode inside the cuff
and a reference one outside. The internal ring must be positioned as close as
possible to the middle of the cuff to maximize the amplitude from the ENG signal.
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In bipolar cuffs, the measurement is taken differentially between the two electrodes,
with the signal level proportional to the separation between them. Finally, in
tripolar cuffs, measurements are taken between the middle and the two other
electrodes. These last ones positioned close to each end of the cuff to maximize the
ENG signal. All these configurations can be seen in Figure 2.8

000 OJ o
(a) (©)

Figure 2.8: (a) Monopolar cuff, (b) Bipolar cuff and (c) Tripolar cuff
electrodes from ([30])

In the study made in [24] it was shown that tripolar cuff electrodes provide
better signal-to-interference ratio (SIR) and could be used in amplifying chains
achieving greater interference reduction, as will be shown in further sections.

2.2.4 Ideal tripolar cuff model

Using the simplified model as shown in Figure[2.9] it is possible to analyze the impact
of the EMG and ENG signals in terms of voltage and current. The description of
each element in the model can be seen in the Table 2.2]

Points A, B and C are the output from the electrodes that will be used according
to the amplifier configuration discussed in the next section and Vgyg is the desired
signal. In the scheme, it is also shown not only the linearisation effect from external
fields in the cuff, seen as the interference potential gradient, but also the ENG
potential through the cuff as described in previous sections.

It is important to highlight that Z;, and Z,, correspond to the tissue impedance
between the middle electrode and the other ones which will be relevant in the
discussion of non-idealities, such as imbalance. In this ideal case, they have same
values Z;, = Z;, = 1.25k€). Also for the electrodes, they are assumed to have the
same resistances.
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ENG potential Interference
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in cuff in cuff
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Figure 2.9: Ideal tripolar cuff model (from [7])

Element Description Value
Zy Tissue impedance outside the cuff | 20082
Zy = Zy, + Zy, | Tissue impedance inside the cuff | 2.5k€)
Zey o Electrode impedances 1.0k€2
IrnT EMG interference signal 1uA

Table 2.2: Model elements description and nominal values (from [7],
[30])

In this model, the current source Iy will give rise to the interference voltages
at Vyp and Vpe which are in anti-phase, while the ENG signal is in-phase, fact
that will be explored in the amplifier configurations for obtaining great interference
reduction.

2.2.5 Non-ideality: Impedance Imbalance

Among the non-idealities present in tripolar cuff, the impedance imbalance is one
of the most important features that need to be taken care for recording ENG signal
properly. It is the case when Z;, # Z;, and it is usually computed in percentage as:

Z — 7
Xipy = (tzt) £ 100% (2.5)
t

This also allows the computation of Z;, , in terms of X,
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Iy =——5 (2.6)

Z,, = S imb) (2.7)

Causes Two known causes of imbalance are cuff asymmetry, when the electrode
placement is imperfect usually from manufacturing deviations, and the inhomoge-
neous tissue growth after implantation of the cuff, as shown in Figure [2.4](b). In the
ideal model, the assumption Z;, = Z;, means that the cuff is totally symmetrical
and with tissue uniformly distributed inside the cuff, however, these behaviours
are not achieved in real implanted cuffs. The imbalance issue can be addressed by
some specific amplifier configurations and will be studied in the next section.

2.3 Tripolar amplifier configurations

The amplifier configurations used along with tripolar cuff electrodes are the quasi-
tripole (QT) and the true-tripole (TT), as shown in Figure In both cases
it is exploited the ability to cancel the EMG interference by using the linearising
property from external fields inside the cuff. Assuming the cuff is symmetrical, the
EMG signal is expected to be cancelled and only the ENG signal is observed at
the output from these architectures.

A A
*— *——-
B B
*—e
VL)]"
C C
h .—'_

(a) (b)
Figure 2.10: Quasi-tripole (a) and True-tripole configurations (b) (from
[29])

By using these configurations along with the cuff model previously seen in
Figure [2.9] it is possible to determine the impact of the interfering EMG signal at
the output.
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2.3.1 Quasi-Tripole

By grouping the cuff model along with the amplifying configuration (see in Figure
2.10| (a), following the nomenclature in Figure and ignoring the ENG contribu-
tion, it is obtained: (Vx is the node between Zy and Z;,, moreover: Z,, = Z., = Z,)

Vor =GV — Vo)

’
Vi=Vo= -2
2
Z,
Ve =Vx—=
B XZt
Zi] |22, 22042,
Vi = Iine Z o2l ~

2] )220+ 2o NT2Z, 7, + ZoZy + 2202,

From ([2.11)) into (2.9) and (2.10) and replacing in ({2.8]):

I]NTZO(ZtQ - Ztl)
27, + 22y + L4

Vor =

2.3.2 True-Tripole

(2.8)
(2.9)

(2.10)

(2.11)

(2.12)

In this case it will be used the configuration in Figure (b) and, by using a
similar approach as the Quasi-Tripole and considering V> as the reference node, it

yields:
Virr = Gout|[G1(Vs — Va) + Go(Vp — V)]
Zy
V= Zyl
A 0 INTZO 7

Zy,

Vi = VAZ

Ve=0

From (1), (ZT5) and (€10) into €T3):

ZOIINT(G2Zt2 - GIZt1>

VTT = Gout Jo+ 7
0 t

(2.13)
(2.14)

(2.15)
(2.16)

(2.17)

One important point to mention is that the ENG signal will pass through each
amplifier and then will be summed up. As a result, the ENG signal at the output

in the TT configuration is given by:
VENGTT = Gout(Gl + G2>V£JL\/G
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2.3.3 Comparison

Comparing equations and , the residual output interferences due to
the EMG signal are dependent on (Z;, — Z;,) in the QT configuration and on
(GoZy, —G1Zy,) in the TT, showing that in the first the condition for no-interference
would be Z;, = Z,,, achieved only in the ideal cuff case, limiting its use when
non-idealities such impedance imbalance are presented. In contrast, the TT has
the possibility of adjusting the gains Gy and G5 so that even if Z;, # Z;, there is
a combination Gy, Gy such that Vyr = 0. By rewriting the equations and
(2.17) in terms of Xj,,;, it yields:

IintZoZ,
Vor = -G Xim 2.19
or ( 27, + 22y + B2 ) b 219
IintZoZ,
Vi — (—G,m G) X, 2.20
o 2o+ 2, ’ (2:20)

In equation , it was considered that G; = Gy = G. Assuming G,y = 1, it
can be seen that for no-imbalance, both results are zero. When there is imbalance,
Vrr is larger than Vir, in other words, the SIR of QT is better than in TT
configuration for the same ENG level, however, the latter has the possibility to
correct imbalances externally by adjusting the gains.

In terms of noise, in the paper [20], it was shown that true-tripolar configurations
present higher SNR (ENG) compared to quasi-tripolar under the same conditions,
see Figure [2.11] reinforcing some of the advantages of TT over the QT. In the
same time, additional circuitry is demanded potentially occupying larger area and
consuming more power when designed on chip.
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Figure 2.11: Comparing QT and TT configurations for 2 types of am-
plifiers (AMPO1 and MicroProbe) (from [20])

2.3.4 Adaptive-Tripole

With the concepts of QT and TT in mind, the adaptive-tripole (AT) is an evolution
from the T'T where the possibility of removing imbalance is finally implemented
and with tunable gain for dealing with such non-ideality, increasing the SIR and
the ENG signal quality. In [7], it was shown one way to compensate the imbalance
by using a fully-analog architecture as shown in Figure . It uses 1) low-noise
preamplifiers, 2) gain-adjustable OTAs, 3) rectifiers, 4) comparator and an 5)
integrator. For the adjustable-gain OTA, the current after the integrator is fed back
to the OTA, changing the tail-current and, as such, modifying the gain according
to the imbalance seen.

In [7] they were able to achieve STR,,; > 6dB for an imbalance correction range
of more than 40% and input-referred noise of 290 nV.,, for a bandwidth from 1 Hz
to 15 KHz at the expense of 7.2 mW. In this paper, an AT will also be designed
but with digitally-controlled gain as will be seen in a specific section.

20



Ip(1)

Figure 2.12: Adaptive-tripole architecture (from [7])

In order to implement the AT configuration, it is needed to have an instrumen-
tation amplifier respecting certain prerequisites while acquiring biomedical signals.
For that, a detailed analyze of it will be presented.

2.4 Classic Instrumentation Amplifier

For biomedical applications, the main design specifications for instrumentation
amplifiers (IA) are high CMRR (rejecting mains interference), high input impedance
(minimizing effect of electrode mismatches), low input-referred noise, low power
consumption and potential to reject high levels of DC-electrode offset. In this
thesis it will be exploited the Current-mode instrumentation amplifier (CMIA) by
first showing its advantages over the classic TA (3-OpAmp IA) and then, how to
assemble it into the desired architecture of true-tripole.

As seen in Figure 2.13] one of the main advantages from this configuration
comes from the high input impedance, directly connected to the input of an
opamp. In order to analyze its other features, the circuit will be splitted into 2
parts, as seen in Figure [2.14]
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1 R2 Rl

§ Rgain Vo
—+

Rs1

V2

Figure 2.13: The classic 3 OpAmp TA

24.1 CMRR

In order to see what is the CMRR from the 3 OpAmp IA, this value will be
calculated for part 1 and part 2.

Part 1 By applying Voys at both inputs, assuming each opamp is ideal, the
current across Rg is zero because both terminals follow the Viy,. As a consequence,
Vg1 = Vg2 = Ve and it produces Ay = 1. Now, by applying % and —44L to
vy and vq, respectively, it yields:

Vaiff Vo1 — Vo2

Ryain  2Rs1 + Ryain

Ay = Vo1 — Vo2 _ 2Rs1 + Ryain (2.21)
Vaiff Ryain

7=

As a consequence, for the first stage:

Aa
M = !
CMRR, Acar
CMRR, = W (2.22)
gain
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Figure 2.14: (a) Part 1 and (b) Part 2

Part 2 Using Figure a), it is obtained, for the common-mode:

R Ry
Vi =ven (5 m) o (75w
p=vem\p R ) T\ R TR,

Ry
o= ()
A =Vcm Rs + R,
Vi=Vpg

From ([2:24) and (2.23) to (2:23):

(5 - )
A Vo \Rs+R4 R1+R2
CM2 - - R

VoM (R1+2R2)

Now, for the differential gain:

V:Udiff< Ry )
A 2 \Rs+ R,

=t () e ()
Ve = — e
B > \Ri+r,) T\ & 1R,

From and to :

Ay, = Yo — <%) (Rf&-le + Rgl—?&l)
vdits (31}121%2)
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(2.24)
(2.25)

(2.26)

(2.27)

(2.28)

(2.29)



Ad,
Ac,

Finally, by using CM RRy = , with further simplifications:

CMRR, = () (ne + ne) (2.30)

G
R3+R4 Ri+R2

R1 A1

vy
R2 Vg A sz. Ve
OPAMP — OPAMP b—\/p
RSy ’ ol
@ Ay + 9\. Vi -
R4 l_ = = R =

(a) (b)

Figure 2.15: (a) Part 2 for common-mode gain and (b) Part 2 for dif-
ferential gain

Despite of using the ideal opamp for this analysis, from equations (2.22)) and
(2.30)), it can be seen that the CMRR relies on matching of resistors, with the
second part as an example of that. Therefore, the global CMRR is dominated by

the CMRR from the second stage, mainly in what concerns the ratio % and %.

The best case scenario is % = %, when the CMRR would be as high as possible.

2.4.2 Power vs noise

The opamp used in this configuration can be seen as a two-stage miller OTA, as
shown in Figure Then, in order to calculate the impact from the noise, it is
needed to observe the impact of each transistor at the output.
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(a) 2-Stage Miller OTA

(b) Noise in input stage

Figure 2.16: Miller OTA and its noise in input stage

Introducing Ry as the output impedance at node V,,, in Figure [2.16b], the gain
of each transistor with respect to the output can be seen as:

V, V,
nol — |20 — g R 2.31
V. Vs Im1ilg ( )
Vno Vno

B T 2.32
Vn3 Vn4 Jmato ( )
vno 9gms

= 2.33
Vn5 29m2 ( )

Here it was assumed that the pairs (Q1,Q2) and (Q3,Q4) are matched. Then,
it is possible to obtain the equivalent output noise voltage, and then, by dividing
by the global gain g¢,,1 Ry, the input-referred noise:

gms
29m2

Vnzo(f) = 2(gm1R0)2VnZl(f) + 2(9m3RO)2V7123(f) + ( > Vn25(f) (2.34)

wmnzmﬁm+m%m(%ﬂ (2.35)

gm1

The noise contribution from Q5 can be neglected, since it is very smaller
compared to the other terms, already simplified in equation (2.35). The noise from
a MOS transistor can be seen as a contribution from the thermal noise and the
flicker noise. The equivalent noise seen at the gate of a MOS transistor is shown
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below, with the first term being the thermal and the second the flicker noise.

2 1 K;
VA(f) = 4KT (3) (gm> + WL (2.36)

W;
mi = \/ZMZCOJ? (L) ID,' (237)

By replacing (2.36) into (2.35)), the Vj,; divided on its components already
simplified can be seen as:

Vi (f) =Vi+V} (2.38)
2

V2 =_KT + ( ) 2.39

th 3 9m1 dm1 dms3 ( )

VZ= = 2.40

f Cox [WlLl " (I’LP) (Wng)‘| ( )

From , one way to reduce the thermal noise is to increase g,,1, by increasing
Ip, and, Ip, that generates the biasing current from the circuit. From here it can
be seen a trade-off between noise and power from the input stage P = Vpplp,.

For the flicker noise, increasing L3 would be a good solution to reduce its
impact, but paying attention to the signal swing. Other alternative is the chopper
modulation, that will also be discussed in further sections.

For the output stage, in Figure it can be seen that the opamp must drive
the resistor Ry, and, by knowing the noise in the resistor VRn =4KT R uinAf, it
is needed to minimize R to minimize the noise, but from Vi = RIp, it would be
needed a large Ip,, demanding a large power output stage. It is also important to
mention that changing R, also impacts the global gain (A = A4, Aq4,), because
Ag, depends on Rygip,.

As a summary, the 3 OpAmp for noise considerations must have large input
power and large output power.

2.5 Current-Mode Instrumentation Amplifier

This configuration can be seen as 2 different stages: the first composed by two input
op amps and a resistor ;. The op amps are connected as unit gain buffers, with
the input voltage across R;. Like this, only differential current ¢ = sz flows over
R;. In the second stage, by using mirroring techniques, this current is collected
and the output voltage observes the same i but over Ry, i.e, vpye = (v1 — Ug)%. It
also presents high input impedance since it is directly connected to an op amp.
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Figure 2.17: Current-Mode IA scheme: current copied into second stage

([13])

2.5.1 CMRR

Differently from the 3-Opamp configuration, here the CMRR relies on matching of
the buffers used, as it was shown in [I5], where, assuming the range of frequencies
to be work on below the cut-off frequency:

1 o ! |
CMRR;, - A, A, " CMRR, CMRR,

(2.41)

Where Ay, and Ag, are the differential gains from the buffers followed by their
CMRRs. From it can be seen that the differential gains must be as high
as possible, with well matched op amps in order to obtain high CMRR. This
architecture explores another way to obtain high CMRR without relying on resistor
network matching.

2.5.2 Power vs noise

By taking a look at Figure [2.17] the noise sources will be the buffer voltages and
Ry for the input stage and the voltage buffers and R, for the output stage. Then,
in a simplified way, and knowing that the gain is A = %’, the input-referred noise
can be calculated as (with the v%,, as the buffer noise contribution):

Az T a2

V2 pp(f) = 2050 (f) + AKTRIAf + (2.42)

The noise is dominant in the first stage, since the contributions from the second
are divided by the gain squared.
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Figure 2.18: Current-Mode TA example [13]

From the Figure 2.18] it can be seen that R; is driven by the input stage,
contrary to what happened to the 3-OpAmp configuration. The main advantage
comes from the fact that this mode does not require high-power output stage to
produce low noise, being the most suitable alternative when low-power is striven
for. There are some methods used for reducing the noise, such as the chopper
modulation as will be seen in the following section.

2.6 Chopper modulation technique

® ©
Y1),
® I\/] LPF
L1 o, —MLED gy
1 3 #ohop 1 3 2 4
\Z/f
Offset + 1/f Noise it \~_ Noise T
f/fchn T f/fcho
] il /Il i

Figure 2.19: Chopper modulation [13]

Application It is a technique commonly used for removing DC offsets from am-
plifiers due to some mismatches and also as an approach to reduce the impact from
flicker noise in signals working in the bandwidth where its influence is proeminent.
In this case, for example, suitable for bio-applications where the signals are usually
spread over lower frequencies.

Principle The idea behind is to play with modulation by a square wave of higher
frequency compared to the signal, by separating the non-idealities band from the
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signal. An illustration is shown in Figure [2.19] in which the bands are splitted and
with a further use of a low-pass filter, these effects are reduced. The implementation
can be made by using switches as can be seen in Figure [2.20]

o, .0

— ‘Di

o ILIL

l""'I'n]: cg ! -

Figure 2.20: Chopper modulation done by switches

'
(]
r
i
'

Drawbacks One of the problems concerns the bandwidth of the amplifier in use,
that must be able to deal with the chopped signal, demanding high bandwidth
amplifiers compared to the original signal. Another point is the clock feedthrough
and charge injection leading to residual offsets due to the parasitic capacitances,
important when the design uses switches, as shown in Figure 2.21] It is also
important to mention that it reduces the input impedance, since the switches,
connected to load capacitances, will work as switched-capacitors.

v%%&? ' o

Figure 2.21: Clock feedthrough and charge injection due to parasitic
capacitances
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Chapter 3

Implementation

In this chapter it will be shown 1) the starting point from an available IA from
UCLouvain and its figures of merit, then 2) the changes needed to be done in
order to satisfy the requirements for ENG sensing followed by a brief description
of how the circuit works and, finally, 3) how to make use of the circuit for an
adaptive-tripole which main goal resides on dealing with impedance imbalances.
The last 2 are the main contributions from this thesis.

3.1 Fully-differential current-mode instrumenta-
tion amplifier

The instrumentation amplifier in use was based on [33] and uses a fully-differential
CMIA. It was an available IA previously designed by UCLouvain and because of
that, it was the chosen TA to start working with. Since initially it was used for
ECG applications, in order to achieve the requirements for ENG signals, some
changes must be made.

Adaptation to ENG sensing This architecture aimed to collect ECG signals,
which signals range from 1 Hz to 300 Hz. As such, the original bandwidth of the
TA (around 300 Hz) suffered substantial influence of flicker noise. For the IA of
this thesis, there were 3 main modifications: the first to modify the bandwidth
for around 10 KHz, where the ENG signals are found. This was simply done
by reducing the capacitance value responsible for the filtering. The second was
removing the choppers, for some reasons: 1) the ENG signals are distributed from
500 Hz to 10 KHz and in order to modulate signals at a higher chopping frequency
it would be needed an IA with a large bandwidth reducing the output capacitance,
being affected when further stages are connected to it; 2) parasitic capacitances
provoke charge injection that affect the output and the quality of the signals; 3)
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the flicker noise dominates for lower frequencies and from the noise distribution it
can be seen that the ENG bandwidth does not lie in those frequencies (see Figure
. The third major change concerns the gain-tunability and a special session
will be dedicated to discuss it. For the next calculations only the 2 first changes
described here will be used.

VDD
o

Vbp Vbp

Vpp
v %
bv_"”g; - DD DD

1% v MP6L MPGR
on -4 MP2L MP2R — op
Vip —Ci Vin
X1 xz 1 Y2
casy —4E4P4L MP4E”>— casy | =" |
MP7L Venop Yo Ly MPTR
& g b
Z Zy
Y Rz
& - on Vop
Vip 0—q| MP1L MP1R |p—O Vi,
MP3L |:>7 w W MP3R casn—l I— casy
! 2 MN3R
| MN3L
- casy—| ﬁNZL MNZE [~ CASp - | >-< |
bp—{| 1L mwir || —b,, MN4L '_fb_| MN4R

(a) Transconductance stage (b) Transimpedance stage

Figure 3.1: Input and output stages from the CMIA (from [33])

Circuit description The circuit is composed by 2 main stages: the Gm (transcon-
ductance input stage) and the TI (transimpedance output stage), as they can be
seen in Figure and Figure [3.10], respectively. Here v, , from Gm-stage are
connected to v, , from Tl-stage. It is important to mention that the inputs from
Gm-stage considered passed through first a high-pass filter (HPF) with f, = 0.5Hz
and then by a chopper block with fenepper = 4000H z. For this reason, in the original
architecture, the input stage deals with a modulated signal.

The voltages cas,, and b, , are the ones used for cascoding and biasing. As
described previously in the discussion of CMIA, the transistor MP1L is working as
voltage follower from the input to z;, analogously for the right-side. The current
generated in each branch is then copied through the current mirror pair MP2L
and MP6L, scaled by current mirror ratio. One possible problem could arise if the
common-mode input voltages are large, consequently increasing the voltage at z;
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leading MP2L to triode region and, as such, the current from the current mirror
(MP6L) would no longer be the copy from the Gm-stage, generating distortion
and reducing the CMRR. As an alternative, 2 amplifiers are added collecting the
voltages at nodes (x1,y2) and (x2,y;) and feeding the output after chopping to to
MP7L and MP7R, regulating the current mirror.

X1

€y

X2

(o]

Y1 -

Figure 3.2: Amplifiers A1 added to regulate the current mirror [33]

From the paper [32], it was shown that the gain of this circuit can be approxi-
mated to:

A ~ QoM = (31)

(%),

From this gain equation it is possible to obtain some insights of how to make the
circuit with variable gain. Since R, and R; are usually the polysilicon resistances,
the acps could be tuned to generate this variable gain behavior, as will be exploited
later.

The sizes can be seen in Table where the M values are the amount of
transistors in parallel for increasing the overall W.
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Table 3.1: Sizes from Gm and TI stages (L and R omitted)

Transistors | (W/L) [um/um] | M Transistors | (W/L) [um/um] | M
MP2 2.25/10 6 MP6 1.9/10 3
MP4 15/5 6 MP7 0.75/5 3
MP1 80/5 10 MN3 18.9/10 3
MN?2 37.8/10 6 MN4 6.3/20 3
MN1 12.6/20 6
MP3 0.12/20 1
MFB 0.9/10 I

3.1.1 Input impedance & CMRR

Since the input is connected to the gate of a transistor, the input impedance is
mainly dependent on the capacitances in the region. From simulation, the obtained

result was Z,,, = 177M€ at 50 Hz.

The CMRR was obtained by running MonteCarlo simulation in order to see
the impact of mismatches in the gains. For comparing the common-mode and
differential gains, the total number of runs (per type of gain) was 500 and the
results can be seen in Figure |3.3[ and Figure

Common-mode gain
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Figure 3.3: Common-mode gain and its histogram
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Differential gain Histogram A at @50Hz
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Figure 3.4: Differential gain and its histogram

Picking up the gains at f = 50H 2z from the mains, the worst case scenario is
obtained for the lowest A; and largest A.,,. From that:

CMRRapy,y. = Adyp — Acmas

CMRRyp,,,. = 39.3 — (—35.7)
CMRRyp,,,. = T5dB

Using the statistical mean (not the one from the histograms)

CMRRyp.,,. = 39.8 — (—49.4)
CMRRp,,,. = 89.2dB

It is safe to assume, then: CMRR4p.,,. > 75dB.

3.1.2 Power vs noise

For the noise, it was taken the input-referred noise and its spectral distribution,
that allows the calculation of the V,,,,,; from the graph. In can clearly be seen
in the log-log plot the flicker noise contribution and the thermal noise level, as
highlighted in Figure [3.5] The corner frequency found was f. = 147Hz and the

. nV
thermal noise floor was 30\/7—2.
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Figure 3.5: Input-referred noise spectral distribution
From Figure it was calculated the V,,,,,,, using f; = 0.5H z and fy = 150H 2
(for comparing later with the state-of-the-art) and then with f; = 500Hz and
fo = 10K Hz to englobe the ENG bandwidth, as follows:

fa
Viws =1/ [ V2 (32
V,20M% — 951.43nV

VIOKHz — 9 914V

NMRMS

For the power, it was observed the overall contribution from the supply, in this

case:
P = VDD]total (33)
P = 6.6uW
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3.1.3 Common-mode input range & electrode offset rejec-
tion

Here it was checked at the input of the IA what was the common-mode input
voltages (disconsidering the HPF, otherwise it would always be removed) that
would still produce enough gain at the output. Essentially, it is changing the
biasing point from the input transistors. For doing so, the input voltage was DC
swept from GND to Vpp (0V to 1.2V). The result can be seen in Figure 3.6/ and,
therefore, the common-mode voltage must be in the range 0.2V < Ve < 0.92V if
the criteria is the 3dB gain loss.

8 Input Common-mode voltage
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Figure 3.6: DC Common-mode input range

For the electrode offset rejection, it is needed to take into account the presence
of the HPF at the input and, therefore, it is always removed. By using the HPF,
however, the price to pay comes in the input impedance which is reduced.

3.1.4 Comparison with state-of-the-art

After highlighting some metrics from the IA, it can be seen in Table the results.
It can be clearly seen the power vs noise trade-off from the different papers. The
majority of the IAs with higher CMRR than this current work presented some
technique to improve the input impedance, such as boost impedance in [33]. After
verifying the TA, now it is possible to build the true-tripolar amplifying architecture
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including some additional features, as will be seen in the next section where it will
be exploited the current mirror ratio from the IA to make it gain-tunable.

3.2 Digitally tunable gain CMIA

As seen in Tripolar amplifier configuarations section, the True-Tripolar configuration
has the possibility to correct the impedance imbalance. However, this would only
be possible if somehow the gains of the amplifiers were tunable. With this idea in
mind and knowing the gain expression from the IA in the previous section,
by manipulating the current-mirror ratio acy,s it is possible to tune the gain to a
certain value.

If the transistor MP6L in Figure is replaced by a bank of transistors in
parallel followed by digitally-controlled switches, then the gain can be tuned (see
Figure . First, it is needed to define the range of imbalances to be corrected
and also the accuracy desired. In other words, based on these values it will be
possible to determine the full-scale of the gain and its resolution and, as such, the
number of transistors in parallel as well as their sizes.

Figure 3.7: Replacing MP6L/R by a bank of transistors connected by
switches

Specifications As suggested by [29] and [7], the target imbalances to be corrected
will be up to Xy, = +40%. Following the result obtained in [7], the resolution
will be done for AG chosen for when SIR > 6 dB.

Linking X,,,, and SIR A relation from Xj,,;, and SIR can be obtained by the
equations below, where Vyp from (2.17) was renamed as V.5 indicating the residual
output from the EMG interference because of imbalances. Assuming (G = 1):
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ZOIINT(GQZtQ - G].Ztl)

V;‘es = Gou
! Zo+ 7,

Z:(1+ X,

Ztl _ t( + zmb)
2

Zi(1 — Ximp)
Ziy= =g
Gi=Gy, =G

Grouping them all (3.4]) it is obtained, moreover, the ENG output signal can be
easily determined by ({3.5):

Xim
‘/res - ]EMGG 1 bl (34)
Zy " Zo
VENGout = QGVENG (35)

Finally, using the SIR defined as the ratio between the signal Vgyg,,, and the

interference V..q:
2VenG
Ximb

EMGI T
Z 7

SIR = (3.6)

Linking AG and X;,, Now, since there is a clear relation between SIR and
imbalance, it is possible from a certain specification in SIR to determine the
minimum imbalance allowed. The next step is to find a way to relate the gain
with imbalance, to be able to link the specification to the desired gain. From
AG perspective, defining the gains as follows and imposing null residual output it
yields:

G, =G+ AG (3.7)

Gy =G — AG (3.8)

Vrr =0 (3.9)
Finally, using 1) and (3.9) into (2.17)):

AG = —GXimp (3.10)

38



Full-scale and resolution for AG From , it is possible to determine the
full-scale (FS) for AG and from the resolution. Here it was decided for SIR >
6 dB following [7] result, as shown in Figure 3.8l From now on, the gain G will
be 55.5 V/V, because as will be seen later, this value allows correction for +£40%
imbalance range. By using that G = 55.5 V/V and the information from the graph,
SIR = 6 dB leads to Xj,,, = 0.54%, then, from (3.10)):

SIR [dB]

100

80

60

40

20

-20

|AG g1ep| = 55.5 % 0.54%
|AGstep| = 0.3 V/V]

[V/V]
(3.11)

SIR vs Imbalance
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Figure 3.8: SIR in function of the imbalance

From (3.10]), by using Xj,,, = £40%, it can be determined the maximum and
minimum AG to correct the imbalances and, from that, the full-scale:

AGiin = —23  [V/V]
AGpar = 423 [V/V]
FS=46 [V/V] (3.12)
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Finally, from (3.12)) and (3.11), the number of steps needed (N) are:

F
|AGae,| 0.3
N = 156.33 (3.13)

As such, the minimum number of bits required for these steps is 8.

Recalculating AG;sp and SIR  For 8 bits the new gain step AGg5:

FS
AGLsp = =5
AGyrsp =018 [V/V] (3.14)

From (3.14]) and (3.10)) the new imbalance is X, = 0.32%, by looking at Figure
(3.8]), it can be seen that the new expected SIR is larger than 10 dB, in fact,
expected STR > 10.4 dB. Now, the results can be summarized in Figure [3.9

Gain
] AG
T Gut
256 steps ‘
2 oy | | G
256
I 'V
" 2
—_— 0

Figure 3.9: Nominal gain G, and its increment AG relation

Linking AGsp with transistors size Finally, it is possible to define a size
relationship from the nominal gain by using (3.1)). Defining the aspect ratio as:
AR; = %, then:

Ry AR,
n=— 3.15
Ry AR, (3.15)
Ry ARpsp
G = 3.16
1SB= 1 AR, (3.16)
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By dividing (3.16) for (3.15) and isolating ARgtep:

GLSB 0.18
ARpop = 5B AR = Z"C AR, 3.17
LB = " 55.5 (3.17)
W W
— 0.0032 () 3.18
( L )LSB L/, ( )

With the relationship of equation and Table , it is possible to determine
the value required Wysp and Lygg. It is important to mention that because of
simulation limitations, the minimum value allowed was W;gsp = 200nm, and the
maximum length by the simulator was L = 20 um. As such, the minimum value
allowed by ELDO was % = 0.01. For solving it, the technique used was to put
transistors in series (in this case PMOS) connected by the same gate voltage. As
such, these transistors in series are equivalent to one transistor but with larger
length, as can be seen in Figure [3.10]

VDD

VDD
W/L
WL :

Figure 3.10: 2 identical transistors in series gate-connected equivalent
to one with double length
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Chapter 4

Results

In this chapter it will be discussed the simulation results from the CMIA adding
gain tunability, its validation and, finally, the results from the whole adaptive
tripole digitally controlled compared to the state-of-the art.

4.1 Digitally tunable gain CMIA

Gain vs Digital entry Gain Variation vs Digital entry

70 . 1.6 :
.
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Figure 4.1: Gain and gain variations over digital entries

Binary-code The first idea was to use binary code for implementing the 8 bits
from AG. As such, each transistor from the bank would have its % increasing at
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powers of 2 from the LSB to the MSB. The transistor responsible for the nominal
gain G,, was kept always turned on with its initial sizes. The simulation for 8-bits
in binary code can be seen in Figure [4.1]

As shown, the gain curve is not strictly decreasing, raising two main issues:
1) the imbalance range is not achieved, going against the specification previously
decided; 2) in the paper [7], the correction from the gain is made through a feedback
loop and, as consequence, with non-monotonicity, the gain compensation might
end up unstable, because in the presence of imbalance the circuit should guide the
gain to one direction, however, with this issue, the compensation might have the
opposite effect.

In the second plot from Figure it was highlighted the impact from the MSBs
(it can be seen spikes at each 16, 32, 64 and 128 after the first one, at least). One
way to address this problem is by using thermometer code, which is monotonic,
however in order to obtain the same resolution the number of transistors would
increase exponentially producing a control overhead. Another drawback is the
area: despite of having the same active area, by replacing binary to thermometer,
the transistors are splitted into smaller sizes but they must be slightly spaced
demanding a larger overall area with the same happening for the switches.

In order to obtain the monotonicity characteristic from thermometer code and
the high resolution from the binary one, it was decided to use a segmented code.

Segmented code The idea can be seen in Figure[4.2} the first bar representes the
total width, the second the width division for binary code, the third for thermometer
and, finally, the fourth, a mix of both codes. The second bar represents the 8-bits
in binary, and they are binary controlled (0000 0001, 0000 0010,...). The problem
of non-monotonicity from before happens, for example, when there is a mismatch
between the MSB and all the other bits. From Figure the largest gain variation
happens for digital value 127, i.e, in the transition from 0111 1111 to 1000 0000.
The third bar uses thermometer code where it keeps adding blocks (0000 0001, 0000
0011, 0000 0111,...) and, as such, it is monotonic. However, it reaches low resolution.
The fourth bar represents a combination of both: 3 MSBs in thermometer code
and 5 LSBs in binary code. As such, there are 7 control bits for the thermometer
part and 5 control bits for the LSB. With such configuration there is less risk of
non-monotonicity still preserving high resolution.
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Figure 4.2: Segmented code: binary and thermometer codes together

The same idea can be extended for more MSBs and here it was done for 3
different cases: 1) 3 MSBs in thermometer + 5 LSBs in binary; 2) 4 MSBs in
thermometer + 4 LSBs in binary; 3) 5 MSBs in thermometer + 3 LSBs in binary.
The results and comparison with the binary code can be seen in Figure [4.3

% Gain vs Digital entry Gain Variation vs Digital entry
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5 MSB Thermometer code

Binary code
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Figure 4.3: Comparison between segmented code for 3 cases and the
binary one

From Figure |4.3| the more MSBs in thermometer, the more monotonic the curve
is and the progression can be seen in the gain variation behaviour for each case.
The configuration with 5 MSBs in thermometer + 3 LSBs in binary code was the
only one to achieve monotonicity and, because of that, the chosen architecture.
One remark about the graphs is that the nominal gain in use was different from the
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ones that reached +40% imbalance range correction, however, in this comparison
the goal was to implement an architecture to ensure monotonicity and in all of
them the same nominal gain was used. In the next simulations, the gain was
corrected for the imbalance range and the transistor sizes can be seen in the Table
[1.2] obtained by using (3.18). The suffix DO, D1, D2 corresponds to the 3 LSBs,
while TH to thermometer transistors, where there are 31 in parallel but connected
to switches with different control bits. NOM is the one responsible for the nominal
gain.

Comparison with state-of-the-art After recalculating the parameters in the
same way as did before, it can be made a comparison with the paper [6], that was
the closest to the focus of this thesis. It can be seen, first, that the addition of the
bank of transistors did not modify substantially the figures of merit from the TA,
see Table[4.1] Unfortunately there are not many references available for comparison
in a similar context. The gain from [6] varies by changing the tail current from
an OTA and they reach very low noise at cost of high power, the opposite of this
work, which has high noise but low power consumption.

Table 4.1: Comparison IA from this work (gain tunable) with [6]

This work [6]
Technology 65 nm CMOS 0.8 um CMOS
Supply 1.2V +25V
Power 6.7 uW 1.3 mW
Gain 29 - 40 dB 41 dB
Cut-off high 10 KHz 14 KHz
CMRR @1KHz 84 dB 82 dB
Input-referred noise 2.96 uVgrs 290 nV s
(range) (500 Hz to 10 KHz) | (1 Hz to 15 KHz)

Table 4.2: New MP6 transistors allowing the variable gain

Transistors | (W/L) [um/um] | M
MP6_DO 0.27/160 1
MP6_DI 0.27/80 1
MP6__ D2 0.27/40 1
MP6_TH 0.27/20 31

MP6__NOM 0.83/10 3
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4.2 Adaptive Tripole digitally-assisted

This architecture can be seen as such:

D.Dg ...D,
_ [ vagl-lveel
Ximp = ( \VABHIVBCI)
. nY \
> ) I
A / D;Dy ... Dy
Nerveand | Vour
Cuff . Digital Compensation
lectrod
electrodes w \
G CHS . > [
l D,Dg . D,

Figure 4.4: Adaptive tripole with digitally controlled gains

In this work, the main focus is in the gain tunability from the TA and ensuring
its proper functioning. The blocks that are fed into the digital compensation, as
shown in Figure [£.4] are some of the challenges for future works, not the focus here.
In order to validate the circuit behaviour, a first simulation with no-imbalance and
no-compensation was done. The result can be seen in Figure [£.5] for Vgyg = 1uV
and in the presence of the EMG signal.

After validating the gain tunability from the IA, the goal now is to make sure
that the adaptive tripole corrects imbalances for the £40% imbalance range. In
Figure [4.6] it can be seen the SIR distribution for 0%, -40% and +40% imbalances.
It shows that at least for the extremes the SIR observed is higher than 6 dB. The
inputs were: Vpyg = 1uV and Igye = 1pA from the model seen in Figure [2.9]
The other values used for the complete model can be seen in Table 2.2] The signal
compensated and non-compensated for -40% can be seen in Figure
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150 Vout at zero imbalance and no compensation
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Figure 4.5: Output signal with no imbalance neither compensation
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Figure 4.6: SIR distribution for +40% and 0% imbalances
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Vout with and without compensation Ximb = -40%
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Figure 4.7: Signal compensated and non-compensated for Ximb = -40%

Taking a closer look at the compensated signal in Figure [4.8] the output value is
coherent from what was expected, because its value should be V,,; = 2G,,Veng =
110uV,, due to the property from the true-tripole explored by adaptive-tripole
(equation . Also notice that the result was the very close to the case with
no-imbalance and no-compensation. One of the advantages from the way the
implementation was made refers to the fact that whenever the compensation
happens, the output ENG signal will always be close to V,; = 2G,,Veng, because
from Figure and , one TA will contribute with G + AG and the other with

G — AG, cancelling each other at the output after summation.
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150 Vout with compensation Ximb = -40%

100 ||

50 |-

Vout [uV]

50

00 ||

150 . | . . | | . | | |
0 2 4 6 8 10 12 14 16 18 20
Time [ms]

Figure 4.8: Signal compensated for Ximb = -40%, SIR = 27 dB

Finally, to show that the circuit works for the whole range, the simulation was
run for all imbalances and picking the best SIR value for a specific digital entry.
The result can be seen in Figure [4.9] where the minimum SIR was close to 10 dB
and the largest around 50 dB.
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Figure 4.9: Largest SIR values for each imbalance

Comparison with state-of-the-art After gathering the performance metrics
from the AT, they were compared with the state-of-the-art from the paper [7] and
[6], as seen in Table Unfortunately, there are not many references available
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to do a broader comparison, however it is possible to observe some trade-offs. In
both cited papers, it is used a low-noise pre-amplifier followed by a variable-gain
OTA, allowing them to achieve very small noise values. Comparing the work in this
thesis, it can be seen that the noise is quite detrimental for the sensing, since ENG
signals have amplitudes close to few pV', the same order of magnitude from the
input-referred noise, that would generate low SNR values. However, if this noise is
somehow manageable by some technique, it would allow an implementation of a
circuit more than 2 orders of magnitude less power consuming than the architectures

from [7] and [6].

Table 4.3: Comparison adaptive-tripole with the state-of-the-art

This work [ [6]
Technology 65 nm CMOS 0.8 um BiCMOS | 0.8 um CMOS
Supply 1.2V +25V +25V
Power 13.5 W 7.2 mW 3 mW
Gain 36 - 44 dB > 40 dB > 41 dB
Total ENG path gain 41 dB 87 dB 52.5 dB
Range of correction +40% > 40 % +5%
Gain resolution 0.18 V/V Analog Analog
Input-referred noise 3.14 uVynms 291 nVguirs 290 nV s
(range) (500 Hz to 10 KHz) | (1 Hz to 15 KHz) | (1 Hz to 10 KHz)
SIR > 10 dB > 6 dB > -15.5dB
THD < 1.08% n.a n.a
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Chapter 5

Conclusion

In this part it will be given a summary with critical look to what was developed in
this thesis, as well as some future work perspectives.

The main goal of this thesis was to be able to adapt the available TA from ECG
applications to the ENG context, along with is integration in an amplifying archi-
tecture that dealt with the most proeminent non-idealities. From this perspective,
reaching SIR > 10 dB, with gain around 40 dB and low-power were some of the
metrics that favor what was deployed. From the current-mirror ratio and its link
with the gain, the opportunity to make a design that could benefit from it was
clear after knowing how architectures such adaptive-tripole would exploit the gain
tunability to deal with non-idealities. From the specifications and information from
the state-of-the-art, the path and the methodology to be followed were decided
and, as a result, the IA demanded 8 control bits in order to reach the full-range
of imbalances to be corrected and the needed resolution. Determined the relation
between the gain and the imbalances, linking them to the transistor sizes became
trivial and the first obvious implementation came in binary code. Problems such
non-monotonicity can make the circuit unstable if implemented in a feedback loop,
as it is the main interest in the gain tunability. To overcome this issue commonly
present in binary codes, a segmented control was used: a mix between thermometer
code, that benefits from monotonicity, and binary that favors high resolution.

After validating the gain tunability, the next step was to implement the TA
in the adaptive-tripolar configuration and testing it for different digital entries to
compensate imbalances. After verified expected behaviour from the circuit, it was
possible to compare all the work with some other references in the literature, such
as [7] and [6]. From that, some major considerations must be made. The first one
is the noise, where the thermal level gets predominant and when input-referred
reaches the same order of magnitudes from the desired ENG signals (while they
reach one order of magnitude less noise). Another point is that the use of a
high-pass filter to remove DC electrode offsets reduces the input impedance, that
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contributes for not reaching as large CMRR [32],[17] as other architectures. When
designing a circuit for ENG purposes, if the idea is to long-term implantation,
then low-noise architectures as in this work should be considered, despite of the
high noise content. Some techniques used for improving SNR could be used, for
example, with multi-channel sensing, where the signal could be collected as different
realizations from the same phenomena, by averaging the SNR would increase as a
factor v/ N, where N is the number of repetitions from the same event [12]. Even
with low SNR, with data post-processing, by using FFT it is also possible to detect
the peaks and extract some information.

Future work Some parts of the circuit presented in Figure [4.4] are still missing,
for example, for the decision making in order to allow the AT system to be
autonomous. Following the same idea as in [7], with a rectifier followed by an
comparator it would be possible to determine to which direction compensate the
imbalances in the AT. Insisting in the same architecture from this work, it would
be interesting to find a method to deal with the noise in a clever way without
substantial power overhead.
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