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ABSTRACT OF THE DISSERTATION
A NOVEL POWER-EFFICIENT WIRELESS MULTI-CHANNEL RECORDING
SYSTEM FOR THE TELEMONITORING OF ELECTROENCEPHALOGRAPHY
by
Mahmoud Sharafi Masouleh
Florida International University, 2022
Miami, Florida
Professor Malek Adjouadi, Major Professor
This research introduces the development of a novel EEG recording system that is modular,
batteryless, and wireless (untethered) with the supporting theoretical foundation in wireless
communications and related design elements and circuitry. Its modular construct
overcomes the EEG scaling problem and makes it easier for reconfiguring the hardware
design in terms of the number and placement of electrodes and type of standard EEG
system contemplated for use. In this development, portability, light weight, and
applicability to other clinical applications that rely on EEG data are sought. Due to printer
tolerance, the 3D printed cap consists of 61 electrode placements. This recording capacity
can however extend from 21 (as in the international 10-20 systems) up to 61 EEG channels
at sample rates ranging from 250 to 1000 Hz and the transfer of the raw EEG signal using
a standard allocated frequency as a data carrier. The main objectives of this dissertation
are to (1) eliminate the need for heavy mounted batteries, (2) overcome the requirement
for bulky power systems, and (3) avoid the use of data cables to untether the EEG system

from the subject for a more practical and less restrictive setting.
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Unpredictability and temporal variations of the EEG input make developing a
battery-free and cable-free EEG reading device challenging. Professional high-quality and
high-resolution analog front ends are required to capture non-stationary EEG signals at
microvolt levels. The primary components of the proposed setup are the wireless power
transmission unit, which consists of a power amplifier, highly efficient resonant-inductive
link, rectification, regulation, and power management units, as well as the analog front end,
which consists of an analog to digital converter, pre-amplification unit, filtering unit, host
microprocessor, and the wireless communication unit. These must all be compatible with
the rest of the system and must use the least amount of power possible while minimizing
the presence of noise and the attenuation of the recorded signal

A highly efficient resonant-inductive coupling link is developed to decrease power
transmission dissipation. Magnetized materials were utilized to steer electromagnetic flux
and decrease route and medium loss while transmitting the required energy with low
dissipation. Signal pre-amplification is handled by the front-end active electrodes. Standard
bio-amplifier design approaches are combined to accomplish this purpose, and a thorough
investigation of the optimum ADC, microcontroller, and transceiver units has been carried
out. We can minimize overall system weight and power consumption by employing
battery-less and cable-free EEG readout system designs, consequently giving patients more
comfort and freedom of movement. Similarly, the solutions are designed to match the
performance of medical-grade equipment. The captured electrical impulses using the
proposed setup can be stored for various uses, including classification, prediction, 3D

source localization, and for monitoring and diagnosing different brain disorders.
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Chapter I Introduction and Research Background
1.1 Introduction

Electrical activity of the human brain as recorded through electroencephalography
(EEG) recording has been a research area of significant interest for many scientists and
researchers for several decades since the inception of electrode recordings in 1890. Richard
Caton was the first to have reported his findings on brain electrical signals [1] and
introduced the existence of such electrical brain rhythms to the world. In the 1920s, Hans
Berger discovered the presence of certain rhythms in brain signals and was the first to use
a recording method we now know as Electroencephalograms [2]. Since then,
Electroencephalography (EEG) signals as a recording modality for research and diagnosis
have become ubiquitous in medical schools and hospitals [3]. EEG recordings have
subsequently been utilized to detect central nervous system abnormalities such as
encephalopathies, epilepsy, and structural lesions [4] and examine other dysfunctions
associated with various neurological and neurodegenerative illnesses.

Electroencephalography has many advantages, such as high temporal resolution
and the ability for mobile and long-term measurements compared to positron emission
tomography (PET), magnetic resonance imaging (MRI), and computerized tomography
(CT) [5]. Besides the mentioned advantages, the recorded EEG signals can be used for
brain-computer interface (BCI) to control all kinds of devices to better everyday life,
including entertainment such as video games and medical implantation procedures like the

prostheses described in [6-8].



1.2 Research Purpose

Despite the many advantages of EEG systems, the low spatial resolution compared
to other neuroimaging techniques is the downside of such a recording technique. High-
density EEG systems with 126-256 channels have emerged to address this problem, but
they still include excessive setup time, cumbersome wirings, or battery-powered related
issues. Typical EEG recording systems are pretty bulky where the channels are connected
with cables to a local processing system, which prevents monitoring during ambulation. So
the use of typical EEG recording systems usually requires a relatively lengthy amount of
time to set up (around 45-60 minutes) [9]. On the other hand, single-channel EEG systems
offer quick setup time, increased user comfort, and, most importantly, the ability for a
specific measurement during ambulation, such as monitoring sleep, gauging auditory
evoked potential, or even assessing the type of induced emotion through specific
stimulation. However, such setups suffer from low spatial resolution and are limited in
scope for the more meaningful representations of brain activity and 3-D source localization

that can be attained with multi-channel EEG recordings.

1.3 Research Problem

The proposed design elements for a wireless and batteryless recording system are
developed to to create a power-efficient, wireless multi-channel cable and battery-free
recording system for telemonitoring electroencephalography (EEG) data. Although the
practical focus is on EEG recording, such a system is shown to be adaptable for recording
other signals emaniating from sensors or any other recording device. This type of design

as contemplated leads to a more comfortable and less obtrusive and restrictive headset that



could solve pertinent design issues while making the system more practical and appealing
to both patients and clinicians. However, the high impedance at the electrode-tissue
interface seen with dry electrodes increases noise and interference from the environment.
Interesting studies have shown different ways of overcoming some of these practical issues
[10-14]. 1t should be mentioned that one of the main drawbacks of dry electrodes is motion
artifacts seen in the recorded signals. To address the motion artifacts issue, active
electrodes circuit (AEs) have been developed and simulated. These are likely candidates
for providing reliable EEG to be used for further processing. This will also remove

extensive wiring for transmitting data and heavy batteries as power supply.

1.4 Significance of Study

The significance of this research endeavor is in consolidating our understanding of
the engineering and computing principles behind designing a portable hardware setup with
the ability to wirelessly power an EEG recording system in an untethered and freely
moving target. The intellectual merit of the study is in the integrated software-hardware
design to serve as a wearable EEG system for long-term monitoring and diagnosis of brain
activity as reflected through EEG. This research endeavor builds the system and related
circuit design elements to create a novel wireless multi-channel EEG signal recording setup
to meet these essential design requirements. This system thus contends with the complex
portability issues and mitigates the ubiquitous presence of noise in recording reliable and

repeatable EEG signals that are transmitted wirelessly.



1.5 Theoretical Perspective and Literature Review

The initial steps of this research are devoted to improving current wireless EEG
recording systems for multi-channel EEG signal acquisition, including the EEG cap and
resonator holders. Then we focus on designing a power-efficient battery-free wireless
multi-channel recording system for wireleslly recording and transmitting EEG signals or
any other signal captured through some other sensor or recording device. This matter
entails a thorough review and analysis of current technologies related to highly efficient
wireless powering and highly reliable wireless communication besides active electrode
module design and the other required front-end electronics. The primary focus of this
dissertation will be on the wireless power transmission, removing the powering cables, and
designing a battery-free EEG recording signal setup.

To achieve a highly efficient EEG recording front end electronics, the primary
design considerations will be power consumption, power efficiency, input impedance,
noise, electrode offset, common-mode rejection ratio (CMRR), higher-order modulation
technique, antenna design, and proper analog to a digital method for the EEG recording
application. This will, in turn, guarantee reliable interpretation of the EEG, which can be
used for monitoring the condition of the brain or as means for human-computer interaction
or for the control input to an actuation mechanism (e.g., the communication system for
people with locked-in syndrome or control system for prostheses or wheelchairs) . By
providing high-quality signals in single or multi-channel EEG recordings, this technology
could offer a viable alternative to the unfavorable standard EEG systems in diagnosing
various disorders. Moreover, a dependable system could contribute to the advancement of

telemedicine by eliminating the need for local professional assistance or a visit to a clinic.



As considered in this dissertation, the improvement of such systems could also benefit
other electrophysiological measurement platforms such as EMGs or ECGs by providing
good quality in signal acquisition.

The literature review mainly focuses on the different kinds of existing EEG
recording system architectures and circuit design techniques. The circuit design techniques
explored will range from conventional wire-based EEG recording systems to state-of-the-
art techniques used for recording EEG signals to transmit recorded signals wirelessly with
higher-order modulation and sampling techniques. The performance criteria of such sub-
systems will likewise be researched for additional knowledge related to the system
performance quality. The literature review article on domain applications of EEG is rich
and extensive, as indicated by the selection of references provided here on Alzheimer's
disease and epilepsy as two important study topics, among many others.

Before the design and theoretical accomplishments are revealed in the chapters that
follow, It is emphasized here that the designs that were fabricated and tested in this
dissertation included the 3D head cap, the electrode holders, the TX (RX) transmitter and
receiver resonators, the resonator holders, an array of Rx resonator holder, and power
combiner. The rest of the control circuitry and supporting electronic designs were also

designed and simulated via standard existing software.

Chapter Il EEG Cap Head-surface-based positioning solutions based
on 10/20 and 10/10 systems

2.1 Electroencephalogram Signal Measurement

EEG signals are projections of brain activity that have been attenuated by the

leptomeninges, cerebrospinal fluid, dura matter, bone, galea, and scalp. Cartographic



discharges have 0.5-1.5 mV amplitudes, with spikes reaching several millivolts when
measured by subdural electrodes. The amplitudes on the scalp, on the other hand, are
typically in the range of 0.5-200 uV. Because EEG pulses provide data about individuals'
neuronal activities and neurophysiological features, it is feasible to analyze many
functioning of the human brain using modern signal analysis techniques. Besides, Digital
Signal Processing (DSP) techniques and advanced Brain-Computer. Furthermore, Digital
Signal Processing (DSP) techniques and enhanced Brain-Computer Interface (BCI)
mechanisms allow us to control numerous technologies that assist people. To achieve the
stated aim, it is necessary first to understand the EEG cap's head-surface-based positioning

solutions based on 10/20 and 10/10.

2.2 Placement of the Electrode to Capture EEG Signals

The 10-20 system is a widely used method of detecting EEG signals. The
international 10—20 system is a method for specifying and applying the position of scalp
electrodes in an EEG recording test. This method was developed to ensure that the results
of a subject's study (clinical or research) could be compiled, duplicated, and appropriately
analyzed and compared using the scientific method. The method is based on the link
between the positioning of an electrode and the underlying area of the brain, specifically the
cerebral cortex. The International Federation Societies for Electroencephalography and
Clinical Neurophysiology (IFSECN) has approved the 10-20 system [17]. The 10-20 system
depends on the percentage ratio (in terms of percentage) between electrode placement and
underneath the region of the cerebral cortex, where 10% and 20% relate to the realistic

intervals between neighboring electrodes of the whole skull's front-back or right-left



distance. Each of these spots has a classification that comprises a letter and a number to
determine the lobe and hemisphere placement. The letters F represent the frontal lobe, T for
the temporal lobe, C for the central lobe, P for the parietal lobe, and O for the occipital lobe.
The numbers indicate which side a given electrode is placed on, an even number indicates
the right side of the head, and an odd number indicates the left. In the 10-20 system, earlobe
reference electrodes with expressions A1 and Az are employed. Modern methods, such as
the "10-5" system, use up to 256 electrodes, even though the original 10-20 system only had

21 electrodes [18].

2.2.1 10/20, 10/10, and 10/5 System

For more than 50 years, the universal 10-20 method has been the defacto norm for
electrode placement to record brain signals. The relative distances between cranial
landmarks over the head surface characterize head surface positions in this approach. The
10-20 system, also known as the international 10-20 system, describes and applies the
placement of scalp electrodes in an EEG reading and recording. This approach was created
to ensure that a subject's study outcomes could be collected, replicated, adequately assessed,
and compared using the scientific method. The process is based on an electrode's placement
and the brain's underlying region, especially the cerebral cortex.

During sleep and waking cycles, the brain generates various objectively known and
identifiable electrical patterns, which electrodes may detect on the skin. Multiple extrinsic
variables, such as age, prescription medicines, bodily illnesses, and drug dependency, may
influence these patterns. VVarious branches and modifications of the 10-20 system are often

used without precise definitions. Comparing different futures is a problem, and there is no



straightforward standard approach yet. So we must cope with derivatives' diversity. The
demand for expanding the 10-20 approach to more significant density electrode
configurations grew with multi-channel EEG hardware solutions. As a result, the 10-10
system was suggested, expanding the previous 10-20 system with a greater channel density
of 81. Its specific version has also been adopted as a benchmark by the American Clinical
Neurophysiology Society (ACNS) and the International Federation of Clinical
Neurophysiology after some disagreements about electrode location naming. On the other
hand, high-end consumers want even greater density electrode configurations. Marketed
accessible 128-channel EEG devices and 256 channel EEG systems are becoming
commonplace.

Oostenveld and Praamstra [19] logically expanded the 10-10 system to the 10-5
system, allowing for over 300 electrode sites (320 explicitly stated). Meanwhile, the 10-20
system's principal application shifted from guiding the placement of EEG electrodes to
giving direct positional guidance for emerging transcranial neuroimaging methods, near-
infrared spectroscopy, and transcranial magnetic stimulation. The 10-20 approach ensures
that probe settings are constant across the participant’s scalp. In addition, the 10-20
approach is utilized to mediate probabilistic registration in the same way traditional cranial
landmarks are employed. As a result, the 10-20 approach is becoming more widely used as
a conventional relative head-surface-based positioning strategy for transcranial magnetic
stimulation (TMS) brain mapping techniques. Indeed, it is also true that the initial 10-20
system was not designed to be a flexible system capable of handling such unusual scenarios.
The 10-20 based systems have mainly been recognized as approaches to spatial resolution

for EEG research. More densely positioned electrodes have been proved helpful in



enhancing spatial resolution when the three-dimensional signal source estimate is used.
However, its use as a head-surface-based positioning system has received considerable

attention.

2.3 EEG Cap and Electrode Holders

The numbers "10™ and "20" indicate that the actual distances between neighboring
electrodes are 10% and 20% of the skull's entire front-back or right-left space. A
measurement is made across the top of the head, from the nasion to the inion. Most other
commonly used measures (‘landmarking methods') begin at one ear and conclude at the
other, usually over the top of the head. The tragus, auricle, and mastoid are three anatomical
sites of the ear [20-27]. The letters allocated to each electrode implantation position to
identify which lobe or part of the brain it is reading from are pre-frontal (Fp), frontal (F),
temporal (T), parietal (P), occipital (O), and central (C). Because of their positioning and
depending on the individual, the "C" electrodes can display EEG activity more
characteristic of frontal, temporal, and some parietal-occipital action and are always used
in polysomnography sleep studies to determine sleep phases. There are (Z) spots as well;
the Z (zero) electrode is positioned on the midline sagittal plane of the skull (Fpz, F, Cz,
0Oz) and is used primarily for reference and measuring purposes. Because they are
positioned across the corpus callosum, these electrodes will not necessarily reflect or
enhance lateral hemispheric cortex activity, and they will not sufficiently represent either
hemisphere.

In polysomnography sleep studies and diagnostic/clinical EEG montages aimed to

represent/diagnose epileptiform seizure activity or suspected clinical brain death, "Z"



electrodes are frequently used as "grounds" or "references.” The number of EEG electrodes
required and their meticulous, measured implantation grow with each clinical necessity and
modality. Even-numbered electrodes are located on the right side of the head, whereas odd-

numbered electrodes are located on the left.
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FIGURE 2.1. Electrode implantation location for designing portable EEG cap

To make a typical EEG cap, we need to understand the basics of the electrode
locations. As a result, we begin by identifying four crucial reference points on the scalp
anatomy. As seen in Figure 2.1.1, the nasion (N:) is a dent at the upper root of the nose
bridge; the inion (Iz) is an external occipital protuberance; the left preauricular point (LPA)
is an anterior root of the center of the peak region of the tragus, and the right preauricular
point (RPA) is determined in the same manner as the left. In the Ul 10/10 system, LPA and
RPA are the same as Ty and T1o. The reference curves on a scalp must then be established.
For clarity, as shown in Figure 2.1.11, a "reference curve" is defined as a path of crossover
seen between the head surface and a plane given by three provided locations. We consider
Nz and I; to create the sagittal center reference curve around the head surface, with C;
acting as a temporary midpoint.As shown in Figure 2.1.111, the sagittal central reference
curve is altered so that C; splits both the sagittal and coronal main reference curves evenly

spaced along with LPA, C;, and RPA to create the coronal central reference curve across
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LPA, Cz, and RPA. The Ul 10-10 method divides the sagittal center reference curve in ten
percent increments from Nz to Iz, yielding Fpz, AFz, Fz, FCz, Cz, Cpz, Pz, POz, and O..

Moreover, considering Figure 2.1.XV, the coronal center reference curve is
separated into T7, Cs, Cs, C1, Cz, C2, C4, Cs, and Ts by dividing it by 10% increments from
LPA to RPA. As shown in Figure 2.5, The Ul 10/10 method divides the sagittal center
reference curve in ten percent increments from Nz to Iz, yielding Fpz, AF;, F;, FC;, Cq,
Cpz, Pz, POz, and Oz and considering Figures 2.2.V and 2.2.V1, the coronal center reference
curve is separated into Tz, C5, Cs, Ci1, Cz, C2, C4, Cs, and Ts by dividing it by 10%
increments from LPA to RPA).

Next, as shown in Figure 2.1.V and Figure 2.1.VI1 along Fpz, T7, and Oz, a left 10%
axial reference curve is created. To establish Fp1, AF7, F7, and FT7, we split the left anterior
quarter of the turn by 1/5°th increment from Fpz to Tv. Then, across Fpz, Tz, and Oz, a left
10% axial reference curve is created (Figure 2.1.VII).To establish Fp1, AF7, F7, and FT7,
the left anterior quarter of the curve is split by 1/5°th increments from Fpz to Tz (Figure
2.1.VII). In Figure 2.1.1X , from T7 to Oz, the space is divided by one-fifth increments to
get TP, P7, POz, and O for the left posterior quarter. The same procedure is valid for the
right side of the brain (Figure. 2.1.X). Following that, six coronal reference curves are
created. To have a comprehensive view of what we expect to have as an EEG electrode
holder based on 10-20 or 10-10 present, we start with four coronal reference curves in the
center, using the frontal (F) coronal reference curve as an instance because anterior—frontal
(AF) and posterior—occipital (PO) reference curves reflect different guidelines. F7, Fz, and
Fs establish the F coronal reference curve (Fig. 2.2.X1). As shown in Figure 2.1.XII, Fs, Fs,

and F1 are generated by dividing the F7—Fz segment of the curve by one-fourth intervals
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from F7 to Fz. We do the same for the Fs—Fz section (Figure 2.1.XI11). As shown in Figure
2.1.XIV, The front-central/temporal (FC/FT), temporal-/ Centro-parietal (TP/CP), and
parietal (P) coronal reference curves are divided into quarters on each hemisphere.

As seen in Figure 2.1.XV, the anterior—frontal (AF) coronal reference curve, is then
calculated utilizing AF7, AF;, and AFs. Because quarterly subdivision causes
overcrowding, the AF7—AF; section of the curve is now just intersected into half to produce
AF3, and the AFz—AFgsection is just split in half to create AF4. Likewise, we establish PO3
and PO4 using the parietooccipital (PO) coronal reference curve and considering Figure
2.1.XVI, along with Nz, LPA (T9), and Iz, we established a left zero percent axial reference
curve. As shown in Figure 2.1 XVII, From LPA (T9) to Nz, we divide by one-fifth
increments to get FTo, Fo, AFg, and N1 for the left anterior quarter. We split by one-fifth
intervals from LPA (To) through Iz to get TPy, P9, POy, and I1 for the left posterior quarter
(Figure 2.1.XVIII). Similarly, N2, AF1o, F10, FT10, TP10, P10, PO10, and Iz are set for the
right hemisphere. A1 and Az electrodes are put on the left and right ear lobes for EEG
research. However, they are not required for other transcranial techniques. To retain
intermodal generality, A1 and Az are not being addressed in this thesis. Through the
mentioned positioning system, 81 locations of the Ul 10/10 methods can be specified. All
the jobs defined in ACNS's 10-10 system are included in these 81 positions.

In the rest of the study, we employ this system to design a solid EEG cap for
mounting electrodes, resonators, and electronics in this chapter. Except for the following
modifications, the Ul 10-10 system is backward compatible with Jasper's 10-20 system.

There are some minor terminology changes: In the 10-20 system, Ts, T4, Ts, and Te are
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renamed Tz, Ts, P7, and Ps in the 10/10 system, respectively. Pg: and Pgz2 are positioned on
the pharynges in the 10-20 scheme. We left them out of the analysis since they are
challenging to describe quantitatively. Ch1 and Ch2 are meant to reside on the head above
the cerebellum and are included in Jasper's initial 10/20 scheme from 1958 [28]. We left
them out of the Ul 10-20 scheme to retain backward compatibility. In the Ul 10/20 scheme,

19 places are specified, eliminating A1, Az, Pg1, Pgz, Cbs, and Cho.
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Figure 2.2. A 3-D view of the designed EEG cap based on technical requirements

2.4. EEG Cap 3-D Printing

Because measuring voltage potential from several spots on the skin is such a
complicated operation, the use of EEG in practical applications outside of the hospital or
laboratory is minimal. Different headset models are being created in various structures to

help with this process. The number of channels, sampling rate, electrode connection type,
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and headset preparation time is all aspects cited as difficulties with recently developed
headsets. There are distinguishing characteristics such as conformability, and the cost is
also involved in this procedure.

A unique EEG cap is required to realize a fully untethered EEG recording system
and improve electrode implantation configurations. OpenBCI, Compumedics Neuroscan,
TMSi, and MyndBand are well-known headset manufacturers. Quick-Cap is a
Compumedics Neuroscan device that comes in the shape of an elastic cloth cap.

For the mentioned purpose using 3-D printers can be beneficial. As shown in
Figure 2.2, a CAD model of a 3-D view of the EEG head cap with a hexagonal form
electrode holder, including holes and interconnections, is designed and constructed. This
structure uses an elastic printing element to address the design requirement challenges
mentioned earlier. As a result, this construction represents a new version of the 3-D printed
EEG cap, which builds on prior work [26]. The design and fabrication of our EEG cap, on
which power resonators and other devices can be mounted on the head, is described in this
section.

The structural strength is determined by mechanical and electrical testing. The early
designs are based on open-source BCI's base 3-D printing file, and we changed the structure
to suit our needs [30]. PLA filament material with a diameter of 2 mm was used to print
the headset. 0.3 mm layer height, 3 mm shell thickness, 15% fill rate, aided printing, and
regular speed printing parameters were employed to print the headset. Since it is not
feasible to print the entire system in a single printing session due to the size limitation, the
headsets are divided into four pieces: left and front head, left and right rear headpieces, and

they were printed separately. Finally, we can join all four components reliably by
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developing the closed latching mechanism. In addition, in this way, the headset needs less
support material and takes less time to print when it is printed in four sections.

When comparing the printing of complementary parts to a single component, a twin
extruder uses the same amount of printing material as a single extruder. Still, the printing
time is cut in half. The headset, electrode holder, bolt, nut, and spring made up the entire
structure. All of these subsystems should be created considering the other aims in mind.
For example, the bolt should be designated to hold the resonators. The same size nuts are
used to hold the bolt and the Rx resonator on the Tx array testbed. The proposed structure
uses dry electrodes and can be manufactured with any three-dimensional printer. Similar
headsets but with a few electrodes are also available in three sizes: small (42-50cm),
medium (48-58cm), and significant (60-70cm) [26]. Even while the original 10-20 system
only had 21 electrodes, modern methods, such as the "10-10" or "10-5 " system, can
provide more channels using up to 256 electrodes. Figure 2.3 Shows the printed EEG cap

designed based on a 10/10 universal system.
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Figure 2.3. 3-D printed EEG cap
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Chapter I1l: Highly Efficient Power Generation, Transmission

Conversion Chain

3.1 Introduction

This chapter introduces state-of-the-art practical considerations for designing a highly
efficient power generation, transmission, and conversion chain system, PGTCC, to power up the
front-end electronics of an EEG signal acquisition system in a portable wireless battery-free EEG
cap. To achieve this purpose, a highly efficient and compact resonance-inductive link, multi-
resonator wireless power transfer, magnetized materials to boost power transmission efficiency,
closed-loop power transmission, and a highly efficient power conversion chain have all been
proposed. The proposed design can significantly improve the total efficiency and supply a stable
power level for the front-end units, including the EEG signal filtering, noise cancelation,
amplification, processing units, and transceivers.

The proposed techniques help us make a fully untethered system without being entirely
dependent on the battery as the primary power source for the EEG readout cap. The powering
system is equipped with a highly efficient and compact power transmitter system mosaicked by an
array of (3x5 or 3x10 or 8x11) Tx resonators in a specific pattern operating at the lowest ISM band
of 6.78 MHz (in system-level design). The front-end’s power receiver block (RX) includes multi-
resonators mounted around an EEG cap that a subject can wear. Furthermore, taking into account
the subject's head, which can assume a variety of positions, a well-designed positioning, and an
intelligent power feeding system are designed to balance the efficiency drop caused by
misalignment and to involve the most associated resonators with the powering scenario, with the
possibility of switching off the extraneous resonators that are not engaged with transmitting and

receiving (Tx-Rx) power.
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In recent years, remote powering has piqued the interest of certain complex domains of
research and innovations. This modality can be used for neuromuscular stimulation and neural
recording in biomedical wearable and implantable systems. Utilizing wires and cables for power
and data transmission limits the mobility of subjects being tested and makes them feel unpleasant
[31-38]. Lightweight wearable devices must be able to communicate and get powered wirelessly
for long-term and long-standing operations. The first solution that comes to mind for the limited
mobility issue is using batteries as a source of energy to power up the front-end electronics.
However, batteries have a short lifespan and might leak heavy metals while being used for
biomedical purposes, which could be severely detrimental and cause severe head or brain damage.
However, these portable wearable and implantable devices require a reliable energy source to
perform their intended tasks. So, considering above mentioned powering issues, it is a significant
operational difficulty to power up biomedical wearable systems without batteries or cables. Various
power-up alternatives have already been reported, such as using wiring techniques. But, all of these
approaches are concerned with restricted mobility, individual comfort, device longevity, and
potential human safety risks. In addition, some of these approaches are prone to add noise effects
to the captured EEG signal. As a result, procuring enough energy to power up the front-end units
remains a challenge. In the case of implantable EEG recording systems, transcutaneous wires or
powering cables for power delivery are not recommended since they might expose the patient to
health hazards and restrict the patient’s movement.

Wireless power transmission (WPT) has proven feasible for maintaining power without
replacing batteries. Removing the battery from a portable EEG recording system has another
advantage: delivering adequate and stable power levels while keeping safety measures. This
approach allows adding additional electrodes on the EEG cap to have better spatial resolution with

less crosstalk. Hence, wireless power transfer devices are increasingly being utilized for this
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purpose. Inductive and resonant-inductive remote power approaches have become critical for
wearable and implantable medical devices.

Two of the most prevalent wireless power transfer (WPT) technologies help us cut the last
cord ( power wires). More specifically, for the dissertation's intended application, a design of a
battery-free and cable-free EEG readout system, WPT has proven to be a feasible method for
preserving power while avoiding unnecessary effort for battery change and wet electrode
installation and relocation.

The first option is to employ an inductive remote powering link [39].0n the other hand,
the second option, the resonant inductive or magnetic resonant coupling, requires that the Tx-Rx
link be designed to operate at a specific frequency. By including an external capacitor on both sides
of resonators, we will have more degree of freedom to adjust the resonance frequency.

The WPT through an inductive coupling principle is straightforward: A Tx coil powered
by an oscillating electromagnetic field produces a current in a secondary Rx coil nearby. Under
optimal circumstances, the method effectively allows for microlevel (1) power transmission to tens
of kilowatts (KW). The issue emerges when hardware developers discover they must choose
between two seemingly opposing modalities for a specific application to power the embedded or
implantable or wearable devices wirelessly. Both inductive and resonant- inductive systems have
benefits and drawbacks, which will be discussed in the following sections. Due to poor
electromagnetic coupling, inductively transferring power has low efficiency. Furthermore, the
distance and relative orientation of the powering transmitter coil (Tx), as well as number of element
in an array of resonator mounted on the EEG cap as the receiver coil (Rx), and the propagation
medium substantially influences the level of received power in practice [40].

Because the research for this thesis is motivated by the need to eliminate data wires, power
cables, and batteries (as power sources) from portable and wearable EEG readout systems, the

above objective, as well as providing the necessary power for front-end electronics in a highly
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efficient manner, are the primary goal of this chapter. The most challenging problem we encounter
is optimizing and increasing the parameters of the resonant-inductive power connection for high
power transfer efficiency. Another challenge is precisely integrating the power conversion chain
(PCC) electronics and components on the EEG cap at the front end to consume less power while
still fitting within the volume permitted for the chosen recording system. Moreover, we need to
assess power dissipation in the power transmission and conversion chain while supplying energy
to different front-end units. So to fulfill this dissertation, we strive to concentrate on developing
system and circuit-level solutions for high-performance wireless power transmission and
conversion chain circuitries. This procedure begins with the design of corresponding wireless
power transferring links, a power conversion chain including voltage rectification and regulation
subsystems, power management units consisting of power on rest modules, and the other required
electronics.

These low-cost wireless and battery-free EEG recording caps can be used as ambulatory
therapeutic assistive equipment or as a fast-diagnostic tool for brain injuries in an accident or
battlefield [41]. These are just some of the possibilities that could be produced with this unique
design. It should be noted that the number of channels involved in the EEG reading and recording
procedure specifies the power consumption limits, which range from 10 mW to 150 mW,
depending on the application type. What will be proposed in the following sections can dramatically
improve the efficiency of the power transfer link to power on the power-hungry front-end units
such as an EEG signal amplifier, filtering, noise cancelation unit, ADC, processing units, and

transceivers.

3.2 Wireless Power Transmission for Wearable EEG Readout System
Wearable and implantable gadgets require energy sources to perform their intended tasks.

As stated in the introduction of this chapter, it is a significant operational difficulty to power up
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biomedical wearable systems without batteries or cables [42]. Batteries are very limited in energy
density and device life. They have potential dangers to human safety, individual comfort,
integration, and the required space, and also they add more noise to the captured EEG signal. As a
result, procuring enough energy to power up the front-end units remains a challenge. In the case of
implantable EEG recording systems, transcutaneous wires or powering cables for power delivery
are not recommended since they might expose the patient to germs and viruses and restrict the
patient's movability [43]. WPT has shown to be a viable method for preserving power without
battery replacement. Taking the battery out of a portable EEG recording device has an additional
benefit. It allows more energy to be transmitted to the front-end’s electronics while maintaining the
body's threshold and safety precautions. The proposed EEG cap is a unique setup because of getting
the required level of energy wirelessly. More electrodes can be involved in the EEG recording
procedure, and we will have a higher spatial resolution.

According to a thorough literature review, wireless power and data transfer technologies
will be able to keep an inductively powered EEG readout device operating permanently if needed
[44] but with low power transfer efficiency. As a result, inductive remote powering might power
EEG recording devices for people tested in enriched environments. However, there is a significant
disadvantage to this power transfer method. Because the energy transmitted from the Tx coil is
distributed nearly uniformly on all sides, the flux decreases rapidly as the range is extended because
of the inverse square law [45]. The Rx coil should be placed as close to the Tx as possible to capture
the most substantial magnetic flux.

Furthermore, the total energy level captured by the Rx coil is proportionate to its cross-
section, which has been exposed to the magnetic field originating from the Tx side. An Rx coil with
equal size to the Tx one, oriented parallel, and horizontal spacing of only a few centimeters,
provides the best cross-section. However, alignment is still a significant issue that degrades

efficiency drastically. The inductive coupling has low power efficiency due to weak
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electromagnetic coupling. Furthermore, many published works had no consistency between the
application and design size and standard allocated operation frequency.

MIT researchers examined a technique to enhance the efficiency of wirelessly powered
devices in 2007. They are impressed that as the coils in inductive wireless powering are moved
apart in terms of distance, the magnetic field flow rapidly diminishes. The flux gets feeble outside
a few millimeters (mm), and power transmission is virtually impossible. To liberate power
transmission from the inverse square law that dominates inductive approaches, MIT researchers
came up with "non-radiating" wireless powering technology [46]. This approach is a new means of
delivering power to a target application that may power devices and sensors without wires while
also increasing power transfer efficiency.

The theory and the physics of resonant-inductive coupling are complicated, and it is out of
the scope of this thesis; however, it is well covered in literature [47-52]. The essential idea is that
energy is transmitted from the Tx resonator/resonators in the predefined channel to the next Rx
resonator/resonators rather than spreading omnidirectionally from the initial resonator. In practice,
in this way of remote powering, energy decreases with distance but not at the same inductive
coupling method rate. Using this method, the primary source of attenuation is the resonators'
qualification factor Q, not the nature of the transmission modality. So, we can enhance the Q factor
to get a higher power transmission efficiency through power link optimization. Furthermore,
suppose the Rx resonator has enough extensive cross-section exposed to Tx to receive the required
power level. In that case, the resonant inductive link won’t rely on its resonators' alignment like
other WPT methods.

When creating a link to transmit the power to wearable or implanted devices, the operation
frequency of the WPT is an essential factor that must be considered as the initial design step. The
frequency range between 1MHz to 13.56MHz has been recommended for wearable and implantable

purposes [53]; however, acquiring the essential electronics and ICs in this range of frequencies
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based on what is available on the market would be very challenging for hardware developers.
Otherwise, we'd have to engage in complex ASIC designing processes to design different
subsystems like power amplifiers, rectification units, voltage regulators, transceivers, ADCs,
microcontrollers, etc., regarding the system's specific design requirements.

The simplified schematic block diagram of the proposed wireless and battery-free EEG
recording system includes power back-end units, resonant-inductive link, power conversion chain

units, power management unit EEG analog front-end, and the other subunits shown in Figure 3.1.
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Figure 3.1. The schematic block diagram of the proposed wireless and battery-free EEG
recording system

The system is divided into four primary blocks, as shown in Figure 3.1: the back and front-ends
powering units and the front and back-ends EEG reading and processing units. The major
subsystems addressed in the following sections are contained in these primary components.
3.2.1 Power Generation, Transmission & Conversion Chain

As shown in Figure 3.2, an input control voltage can adjust the operational characteristics
of a DC voltage source followed by a voltage control filter. The AC, power supply unit generates
the power and then gets boosted by a Class-E power amplifier linked to a matching network
between a source and a Tx resonator. The matching network circuitry is often designed to transfer

nearly all generated power from the power source to the Tx resonator while having an input
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impedance equal to the complex conjugate of the source's output impedance. These components

work together to drive the Tx resonator.
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Figure 3.2. Schematic of back-end powering units

The power conversion chain units in the powering front-end, on the other hand, receive the
transmitted power from the Tx to Rx resonator to provide a stable and reliable voltage level for the
front-end's succeeding components, which include voltage-sensitive ICs, as shown in Figure 3.3.
The front-end's power generation, transmission, and conversion chain (PGTCC) consist of a power
receiver network that comprises an array of Rx resonators placed in a specific order around the
proposed EEG cap plus a full-wave active rectifier that supplies the DC voltage. The AC-DC unit
is followed by several low drops out voltage regulators that provide the stable DC voltage levels
for different EEG font end’s electronics. A power management unit includes a command generator,
and command modulators control the front-end's power level. These are.

The power level control signal contains information about the required power level, which
must be transmitted from powering back-end to the powering front-end. Since this system allows
more channels to be added to the EEG recording method (if higher spatial resolution is required),
the desired power level signal is delivered through the same powering link to the back-end unit. In

addition, foreign object detection (FOD) signal or excessive current usage will be reported
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immediately through the powering link to the back-end to decrease the transmitted power level or

turn off the entire front-end system.
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Figure 3.3. The front-end power transmission-conversion chain units

3.2.2 The EEG Front-End Block

The power transmission-conversion chain must create multiple consistent and smooth
voltage levels that feed the power-hungry components in the EEG recording front-end unit. As
shown in Figure 3.4, the preamplifier unit, active high pass filter unit, core amplifier unit, active
low pass filter unit, analog to digital converter (ADC) unit, digital processing unit, and transmitter
are all subsystems of the EEG front-end block. While EEG front-end blocks are exclusively
designed to capture, amplify, and digitize EEG signals and prepare them for additional processing
in the EEG reading back-end, the proposed PGTCC system is anticipated to be compatible with
any wearable application with a power output of up to 5W. The power management and data
transmission modules, which interchange data between the EEG front-end and the powering front

and back-ends, are critical components of the suggested system.
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Figure 3.4. The Schematic diagram of Front-End of EEG recording system

3.2.3 Data Transmission

As shown in Figure 3.5, we assume two data communication channels for the suggested
system. The first one is a full-duplex communication link through the same power link. This link
conveys information about the powering link and the available power level on the front-end
electronics. The key reason for contemplating such a link is to improve safety while enhancing
power transmission and conversion efficiency at the same time.

Second, the EEG data link, a half-duplex communication channel, sends the digitized
amplified and noise-free EEG signal to the EEG read-out system's back-end for further processing.
Because of the significant electromagnetic-field absorption in the surrounding skull, skin, and
tissues, which increases exponentially with carrier frequency [54], our EEG recording system's
half-duplex high-bandwidth telemetry must also be established at the lowest carrier frequencies in

the megahertz band.
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Figure 3.5. Two scenarios for downlinking a and uplink communication in the proposed EEG
recording system

3.3 Description and Details of Proposed System

Due to the restricted space and permissible weight of head-worn wearable devices, the
suggested methodology is more complicated to achieve than existing wearable systems for human
subject use. However, the potential advantages of this proposed setup, on the other hand, make it
worthwhile for further research. Figure 3.6 depicts a scale model of suggested wireless and battery-
free EEG recording cap powering system for a freely moving subject, such as the human head. The
proposed approach can be used for clinical and psychological research and novel therapies and

entertainment systems.
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Figure 3.6. Scale model of suggested wireless and bé-‘t‘fe'ri/k;free EEG recording cap system

A well-designed power transmission-conversion mechanism constantly supplies power to
the battery-less wearable EEG readout system. On the other hand, the suggested EEG cap is

designed so that the person being tested is not disturbed during the EEG recording operation.

Figure 3.7. The suggested wirelessly powered Tx multi-resonator setup

Figure 3.7 shows the Tx multi-resonator arrangement. In the following chapters, we'll go
through the detail of the layout, technical specification of resonators, and the number of resonators
necessary for the intended application.

3.3.1  The Constraints of the Proposed Portable EEG Recording Setup

Many factors must be tuned to accomplish an effective wireless power transfer link.

Furthermore, numerous elements interact with one another, making optimization procedures

difficult and time-consuming. As a primary step, we are designing a highly efficient and compact
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multi- resonator Tx- Rx link embedded in a pillow and mounted all around the EEG cap that a
single individual can wear.

In this thesis, the powering resonator array embedded in a standard size pillow is called
powering pillow. The Tx array is mosaicked by a group of Tx resonators in a specific pattern on
the Tx side. A positioning system must be developed to involve the exact right resonators in the
powering operation and switch off the extra resonators not involved with powering regarding the
head position. In addition, this type of WPT system eliminates resonator misalignment and keeps
efficiency close to the same level in the case of lateral and angular misalignment.

According to the latest research, the present marketed wearable EEG cap systems for being
used by humans have several issues for being used by end-users and many obstacles in design and
implementation for hardware developers. As stated in [55], having an efficient power source for
the entire system is one of the most difficult challenges. Real-time EEG recording systems, in
particular, which require many samples per minute, demand a relatively high power level. Almost
all of the approaches reported so far are based on giving energy to wearable EEG caps via cable
[56]. However, using a cable head cap, subjects being examined have limited movement due to the
number of the attached wires. Another option is to employ batteries in the proposed portable
wearable cap [57]. Because battery cells have a limited lifespan and must be replaced by other
limited-life-span batteries when fully discharged, the number and the processing time of required
operations may rise.

Furthermore, suppose the application necessitates a high level of power, such as when more
electrodes are needed to be involved in an EEG recording operation to get a higher spatial
resolution. The battery's lifespan will be restricted to a few minutes [58]. It may be feasible to
employ a large battery that can respond to demands, but it increases the overall weight and size of
the wearable device. The battery weight even dominates the system's total weight. The best option

is to provide energy wirelessly to the wearable EEG cap system without using a battery and cable.
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The suggested battery-free wearable gadget fits over a person's head and functions
indefinitely. As mentioned before, the power transfer efficiency through the inductive coupling is
relatively low in many experiments, so the required efficiency for the EEG recording system is not
obtainable through that method. To achieve the best power transfer efficiency (PTE) and an
acceptable power level that can be delivered to load PDL, we developed a multi-Tx-Rx resonant
inductive link for our setup. Note that because the size and shape of the wearable system are
constrained, the Tx resonator is similarly affected by the size of the wearing cap. Moreover, the Rx
resonator’s size affects the coupling coefficients k between the resonators. The link's coupling
coefficient and the resonator's quality factor Q determine power transmission efficiency. Even
though the resonators are designed to have a high-quality factor Q, on the other hand, the coupling
coefficient K limits the power transfer efficiency to some extent [59].

Furthermore, owing to the intended set-up's test-bed and considering an individual's head
position, there must be at least a 6 to 8 cm space between the Tx and Rx resonators. It should be
noted that the distance between the Tx and Rx resonators, as well as any misalignment between
them, has a negative impact on power transfer efficiency, so the powering system blocks, which
include a power amplifier, command generator, and command modulator, should be designed in
such a way that any PTE drops are addressed immediately. As seen in Figure 3.6, the proposed
EEG cap has several Rx resonators to avoid power transfer efficiency due to lateral and angular
misalignments. A set of Tx resonators has been mosaicked precisely on the powering pillow in the
back-end. The problem of wireless power transmission becomes significantly more difficult when
higher power transmission efficiency is necessary to limit the transmitted power level, and this
matter might affect the health of the individual being tested. The resonator size and mutual
inductance coupling must be optimized to acquire excellent power transfer efficiency from the

wireless power transmission link. Finally, powering links data transmission is a significant design
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issue in this study. A constant power supply is required to respond to the system's energy needs as
multiple power-consuming components such as amplifiers and transmitters require it.

To reduce total energy usage, consider a low-power consumption solution, such as utilizing
a limited number of EEG electrodes or highly low-power consumption ASICs for the EEG
recording procedure. This method may compensate for low power transfer efficiency, but it reduces
the resolution of collected EEG signals. So it wouldn't be beneficial for capturing EEG data of high
quality. As mentioned in section 3.2.3, one possible solution for lowering power consumption is
establishing two separate data links. One of these two links controls the power level, which can be
accomplished via the same power link, and the other via a short-range communication data link
that does not require a power amplifier for the EEG data transmitter unit. So by this way, because
of the short distance between the EEG cap and the EEG signal recording and monitoring back-end
unit, this strategy reduces the system's overall power consumption.

We might face another technical challenge in the power link design procedure; for
example, the induced voltage is relative to the wireless powering frequency. So the resonator's self-
resonant frequency should be less than the wireless power transmission frequency. Therefore, the
resonator structure and geometrical specification dominate the WPT operation link (outside
diameter, number of turns, track width, etc.). The resonators' geometrical configuration, shape, and
size are crucial for fully covering the length and width of the standard size pillow on which the
person being tested lays his head and receive enough power for the worn EEG cap.

The suggested wearable EEG system's energy consumption alters the architecture of the
WPT powering link. The magnetic field strength diminishes as the distance increases (with the ratio
of the inverse cube), which directly impacts the remote powering efficiency or the received power
level. Although low-power-consumption electronics are necessary on the front-end side to
minimize the energy required to power the front-end unit, we should not sacrifice captured signals

quality to integrate the internal design of low-power consumption modules. The rectifier and
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voltage regulator, active filters, and even the data transmitter could be highly efficient in limiting
energy loss and power consumption and maximizing Tx's incoming transmitted energy. Designing
or selecting other essential modules that directly impact the quality of signals based on their power
consumption measures, such as ADC or microprocessor, should not be taken as the primary
consideration for the design.

The proposed EEG signal recording system'’s total power usage, including the 16-channel
EEG recording device, sensor interfaces, and communication, is projected to be under 50mW. Due
to the testbed specifications, which include Rx resonators placed on an EEG cap, a pillow, and a
planar Tx resonator mosaicked in a specific pattern, wireless power transmission must be
accomplished over more than a 6 cm distance.

Furthermore, an intelligent wireless powering link must follow the individual's head
movement and distribute the power effectively and efficiently in a testbed. A power control block
and a switching devices adaption mechanism keep the suggested power quality at a predefined
value. Finally, a highly efficient, mid-range data transmitter is proposed for uplink data
transmission. The mentioned challenges are considered while designing an appropriate and optimal

wireless powering link.

3.4 Far-Field Vs. Mid-range Near Field Powering

Electromagnetic waves, ultrasound, and magnetic field transmission can all transfer
electricity. However, the decision is based on several factors, including the required energy level
as link budget, the distance between the powering back-end Tx resonator and the front-end Rx
resonator, and the power transmission conditions. Generally, there are two primary ways for an
electrical device to get power from a distance. The first method is to obtain energy from available
sources in the environment. The other solution is to install a power source dedicated to supplying

power to the gadget [60]. The energy harvest techniques may create power levels from artificial
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and natural sources [61]. The piezoelectric and thermoelectric effects can be exploited to produce
electrical energy from movement. Electricity generated by the environment, such as solar, wind, or
waterpower, seems a viable option [62]. Ambient heat as an energy source for remote sensors
located within a structure might be advantageous. Using current radio-frequency (RF)
transmissions, such as those present in TV and radio transmissions, mobile phone communications,
and wi-fi, would be the most feasible technique for energy harvesting [63]. However, the biggest
issue with ordinary far-field energy harvesting is the deficient level of captured power (often only
a few pyW/cm? [64]). A larger receiving antenna gives more power; however, this technology is
incompatible with miniature remote sensors. As a result, given the present technology, this
alternative is not feasible [65]. This section compares different modalities to select the best option
with higher efficiency so that the EEG readout system can run with the lowest amounts of power
available.

Since power harvesting is unfeasible, another alternative is to install an energy source that
is mainly designed to deliver energy to the gadget [66]. Non-radiative technology is used in near-
field transfer to transmit power over small distances utilizing inductive or capacitive, or resonant
inductive coupling methods [67]. One alternative for far-field transmission is to employ available
technology via electromagnetic radiation to achieve the required controlled power that is supposed
to be delivered to the load [68]. This technique can now transfer electricity over distances of up to
50m, and the issue is that the transmitter must be in a direct line of sight with all receivers. This is
ineffective if the receivers are dispersed over a multi-room facility with features that block or
severely attenuate electromagnetic radiation. With the arrival of 5G technology, which uses
beamforming to target broadcast signals to specific receiving devices, this problem is somewhat
alleviated. This novel technology can give a more reliable and quicker transmission power and

improve far-field power transmission efficiency for transmitters. However, given current
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technological breakthroughs, the power demand of applying beamforming technology in the
transmitting circuitry of a remote sensor array appears to be unfeasible for the years ahead [69-71].

A more reliable and straightforward alternative is to extract power from a transmitting
electromagnetic field using slot array antennas to generate a field of sufficient power. So the remote
devices can obtain enough power to exercise their function. Other antennas, such as microstrips,
cannot transmit high levels of power owing to their structure, so they are not useful for this purpose.
[72-73]. Power transmission technologies with greater power efficiency per unit surface area might
be handy to wirelessly power up the electronic devices. However, the energy required to drive the
current technology electronics cannot get satisfied by far-field radiation power harvesting methods

The technological limitations and the FCC clearance and certification requirements will
create considerable barriers for the designer wishing to include remote power capabilities.
However, it is likely to be changed shortly. Far-field power transmission systems operating in MHz
and GHz frequencies in the ISM band [74-77] can be the following power harvesting sources. The
ISM-designed base system allows power transmissions that are an order of magnitude greater than
Wi-Fi or other commonly used radio transmitters, dealing with these low field densities. The
disadvantage is that an ISM-based system will require a custom transmission system rather than
the current Wi-Fi network [80-92].

The received power is affected by the distance between the source and receiving devices,
and received power has a square-root relationship with coupling distance. As a result, there'll be a
considerable power dissipation while working across broad spaces. With careful design of the
receiving antenna, receiver electronics, rectifier, and tuning for maximum efficiency, it is feasible
to send sufficient energy to a low-power consumption device [93]. Realistically, the technology
exists to transmit a few milliwatts to a sensing device for a few minutes via pulsed power transfers

across 10 meters. To open up far-field power transmission to a broader range of applications, the
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issue is to transmit much higher quantities of energy levels to enable quick charging and high
energy power transfers [94].

An energy source's field strength (H or E) diminishes with a propagation path length in far-
field radiation. The magnetic field intensity (H) is highly dependent on a range of transmission and
decreases with 1/d® in the near field, corresponding to a 60 dB decrease each decade of transmission
range. In the far-field zone, however, the electrical field intensity (E) is inversely dependent on the
distance between Tx and Rx (1/d), resulting in only a 20 dB drop every decade [95]. As a result,
electromagnetic waves are used to successfully transport power across further distances, but the
energy level is kept extremely low due to many safety issues.

Furthermore, by employing the GHz range of frequency in the far-field, the power
reception antenna may be scaled down to mm ranges, making it appropriate for many applications
[96]. As part of the dissertation, we aimed to provide the necessary power for the EEG cap through
the power harvesting method. We fabricated three different types of slot array antenna to evaluate
the far-field radiation and energy harvesting. Still, unfortunately, none of these methods can be
helpful due to energy levels and safety measures. Anyway, in this section, we try just the outline
of what we had been done so far. The received power for far-field radiation can be calculated as

follow

P. = P,G,G, (de)2 (3.1)
The received power level, the transmitted power level, the transmitter antenna gain, the
receiver antenna gain, the wavelength of the electromagnetic wave, and the distance between the
two antennas are all represented by Py, Py, Gi, Gy, and d, respectively.
For a 12 cm distance at 2.42GHz, P: G; (PEIRP) of roughly 1W is required [95].
Furthermore, due to SAR restrictions set by regulation [96-99], the maximum value of PEIRP is

limited. When the permeability of open space is zero, the received and transmitted power levels are

P: and Py, respectively.
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3.4.1 Design, Analysis, and Optimization of the Array of Axial Rectangular Slots on a
Cylindrical Waveguide

3.4.1.1 Far-field power harvesting

The literature extensively analyzes different antenna topologies with different shapes and
designs. They all show distinctive and systematic design procedures that characterize their
proposed antennas [106-108]. In the scenarios, optimization techniques are applied to enhance the
antenna’s parameters and study the effect of different dimensions and materials on parameters [99].
Deployment, manufacturing techniques, and production procedures have been widely investigated
at microwave frequencies for the other application domains, ranging from medical wearable
applications to radars [100-103]. Many different antenna types are used in radio systems with
specialized properties for specific applications [104-105]. Based on the target application, antenna
parameters, including desired frequency, gain, bandwidth, impedance, and polarization, and the
antenna's shape and configuration should be calculated and designed [106]. Despite confronting
the constraints and many limitations in antenna design, novel methods have been proposed to
improve the antenna parameters and optimize antenna size [107]. However, the slot array antennas
have attracted significant attention due to their inherent valued characteristics of high radiation
efficiency, high gain, wide bandwidth, and low losses. Consequently, they may be preferable to
reflector and patch antennas [108].

The design of slot arrays goes back to 1948 when Stevenson [109] carried out the
preliminary analysis on resonant slot arrays for the first time. This analysis was initially proposed
by Oliner in the study on non-resonant slots [110]. However, Elliot was the one who presented the
design equations for slot arrays on a rectangular waveguide [111]. In the study by Oraizi et al.
[112], a design algorithm for an edge slot array is proposed with non-uniform spacing on a
rectangular waveguide. Slotted arrays on a cylindrical waveguide were initially studied by Wait et

al. [113]. In [114], Shin et al. studied the radiation from multiple circumferentially opened
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rectangular slots displaced along the longitudinal direction. M. Sharafi Masouleh et al. in [115]
extended Shin’s work by proposing a similar method but for circumferential slots placed on a
cylindrical waveguide. In this work, the design equations are proposed for rectangular slots
elongated along the cylinder's axis, forming a linear array with the intent to broaden bandwidth and
hence the realm of practicality. With their high gain, efficiency, mechanical strength, and absence
of spurious radiation from their feeding system, slot array antennas have been deployed effectively
in multiple radar and communication systems applications. They have many other practical
implications [116-119]. However, the slot array antenna, axially placed on a cylindrical waveguide,
is not well-covered in the literature despite all these research endeavors.

This section proposes a method to design narrow axially rectangular slots on a conducting
cylinder. Compared to the circumferentially disposed slot arrays [120], the advantage of this design
is its wider bandwidth [121]. The method follows the approach introduced by Elliot [121], which
devised a recursive procedure for creating longitudinal slot arrays by considering the external
mutual coupling. Three main variables for the array design and pattern synthesis are considered:
slots L’s length, center-to-center distance “d,” and their disposed angle ¢o. The least-squares
method is applied to synthesize the radiation pattern with specified sidelobe level and the array
input impedance matching. The minimization of the error function is performed using a genetic
algorithm (GA) and the conjugate gradient (CG) method. Through this work and for the first time,
an analytical approach is proposed for both purposes, i.e., the design equations and the synthesis of
an array composed of rectangular slots arranged along the central axis of a cylindrical waveguide.
The results are verified using the HFSS commercial software, and the measurements are obtained
via the proposed prototype built for this purpose.
3.4.1.2 First and Second Design Equations

An array of narrow rectangular waveguide slots on a cylindrical waveguide is shown in

Figure.3.8. Each slot is of length L, while the center-to-center distance between two consecutive
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slots is d. Two design equations are derived for the array based on the physical characteristics L, d,
and arch length (¢o). From these two equations, both the slots' mutual and self-
impedance/admittance information defines the array’s characteristics. For the pattern synthesis
problem, an error function is also developed. The developed error function comprises impedance
matching, array pattern synthesis, and slot design equations. Its minimization is achieved by the
combination of the GA and CG methods. Due to the orientation of the slots, the circular waveguide
is assumed to operate in its dominant mode TE11. Every slot is excited by a tangential electric field
on its aperture as follows:

S
E =E :V”cos[ﬂ]' i<z<5 (3-2)
w

With
E,=E0, , E,=0 (33)

Where w_and are the width and length of the n’th slot, respectively, with Vs being the
maximum voltage distributed across the n’th slot.

A g

Figure 3.8. An array of narrow rectangular slots along the axis of the cylindrical waveguide

Following the procedure that is presented in appendix A, the two design equations are defined
as follows:
First Design equation:

Zi Va

= Kf, = (3.4)
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Second Design equation:
B _My KPR 35
Zo - 2 0 Zg,a ( . )

Where:
P = anos(BléL“)cos(chn)
DT (m2=(B1iln)?)
(3.6)
and
2
K = —j 41th?],2(ha) 3.7)

a
2(hp),
muBuZoU (Ilhz:,) +pJZ(hp) |dp
0

In these equations, I, , V,” and Z 2 are the mode current, the slot’s voltage, and the active
impedance of the n’th slot, respectively. As z¢-= is the active loaded dipole impedance, defined as
follows:

Zy® = Lo + 28 (3.8)

Where Z . is the axial slot impedance, and Z. is the mutual impedance between the two axial slots.

The complete derivations of Z_ and Z: are presented in Appendix B. It should be noted that based

on the two design equations, the length of the slots and their azimuthal locations can be determined.
These equations work in the microwave range of frequency, but we need to consider the upper bands'
skin effect and waveguide power loss. The next step is to define the error function. This will be done
based on an equivalent circuit model for the proposed array.
3.4.1.3 The Error Function

The error function comprises the three terms of impedance matching, slot design equations,
and pattern synthesis. A single error function is constructed for each term, and all the error functions

are summed up to produce the final error function.
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For active impedance matching, the least-squares method minimizes both the real and

imaginary parts.

2

(3.9)

€Matching = W, |Re (:;—2) - 1|2 + W, |Im (z_z)

Where W; and W, are weigh functions of the error function.

For linear array longitudinal slots in a cylindrical waveguide, the equivalent circuit model with a

matched load in its end is shown in Figure 3.6.

Zo ZN  Zn- A

- d
7N N- /. Y/

Figure. 3.9. The equivalent circuit of axial slot array

In Figure 6.3, the equivalent circuit of the linear traveling wave axial slot array is modeled by a
transmission line with a series impedance. As seen, |; is the constant parameter across the slots, so
the slot’s voltage distribution which is proportional to the cosine form of voltage, just depends on
the length of the slot.
3.4.1.4 Slot Design Equation Error Function

According to the design procedure described in [135], the normalized admittance of the n’th slot
is

Zn— .
Zn _ Kiff ( n 1/ZO) cosPy1dp_1+jsinBigdn_q (3.10)
Zo Zh coandn_l+j(Z“_1/Zo)siandn_1 .

Since the current of two successive elements can be written as :
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. . (Zn1\ .
Iy = Ih—1c08By1dp_q + jln—1YosinBy1dnq =14 [Cosﬁlldn—l +] (?1) SlnBlldn—l]

(3.11)
Considering equations (10.3) and (11.3), the following relationship can be established:
Zn-q . _ VR _fn Z§-1/Z
cos(By1dn-1) +j=—=sin(B11dn—1) = Vst 7370 (3.12)

Furthermore, the error function can be written as:

2
N
_ . Zn—l . V]S’I f((anLn) Z?l—l/ZO
SDesignEqs. = w3 E COSBdn—l +] Slann—l -
n=

= Zo Vi f(@n_1lno1) "Z3_1/Zg
(3.13)
3.4.1.5 A Relation for the Radiation Pattern of Axial Slot Array
The radiation pattern of an array of axial slots on a cylinder as defined in [105] is
replicated here in conformance with the proposed design approach:
—jkr o .
Eg(r » =) = jwu% sin(0) Zm:_m emejMLf () (3.14)
o eTIkr oo mdbs
Eo(r = =) = — ]ke? sin(0) ), ___ ™M tlg () (3.15)

The Fourier transforms fm (a)) and g, (a)) can be obtained by using equations (2.3) and

(3.3) and also invoking the appropriate boundary conditions:
fn(w) =0 (3.16)

E,(m,w)
K-wHHP  (RVKZ—w2)

? N
WLpn
F¢<m'w>=g = e (3.18)
n=1
p=1

Where P denotes the number of columns of the axial slot. The far-field components consist

gm(w) = (3.17)

of E,and E(ﬂ . Therefore, the E-plane pattern is considered only with the E, field component.
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For the appearance of some null points in the pattern, we considered the asymmetrical modified

Taylor pattern as in [125]:

fig-1

b = singm Mo @70/80) (3.19)
k T sz:(lﬁL_l)(l_u/n) .

Where h, is the asymmetrical modified Taylor pattern, and R and L denote the right and

left components of the Taylor pattern, respectively. The unit normal factors for both the right and

left parts are as defined below:

C [meery]” )
i, = fig 5 n=1.2,.. ,ig—1 (3.20)
A§+(ﬁ——)
and
, 1211/2
I L Gl ) N S (3.21)
AL +(A-3)

WhereR = 106LL/20) A = %cosh_l(R) , and with A and Ay define the left and right side

lobe level (SLL), respectively. For AL and Ag, we use the left SLL and right SLL, respectively. The
pattern’s main lobe elevation angle depends only on the spacing of the slots, and this condition
happens only when higher-order grating lobes appear in the pattern. Otherwise, the change of the
elevation angle is about 1 to 3 degrees. Having defined the radiation pattern function using the

method of least squares, the error function can be defined as:

SSynthesis = lelewk (lF(ek) - hkl)z (322)
Where
_ Eg
F = 20log (|E6Max ) (3.23)
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It is worth mentioning that the error function depends on the spacing between the slots and
the slots’ dimensions. The error function in total is the combination of the errors determined

through equations (3.9), (3. 13), and (3.22) as follows:

€Error Function = SMatching + SDesignEquations. + 8Synthesis (3 24)

The following sections show how the most desired pattern can be obtained through optimization.

3.4.1.6 Synthesis of Slot Array

To determine the error function, both the space between adjacent slots and the length of
the slots are assumed to be identical. These assumptions will result in the simplicity of the
calculation process to minimize computational time. On the other hand, the equality of length of
slots makes the amplitude of voltage distributions in the slots even and equal. A cylindrical array
with twenty-two axial slots consisting of two rows of 11 elements is designed, as shown in Figure
10.3. The length of the slot and the spacing between slots were optimized. The error function is
minimized by combining a genetic algorithm (GA) with the conjugate gradient (CG) method. The
parameters are as given in Table 1.3. The spacing between adjacent slots is equal to 19.88 mm, and
the width and length of the slots are equal to 3 mm and 10.95mm, respectively. Hence, optimizing

these parameters aims to yield better impedance matching and the desired pattern shape.
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Figure 3.10. Two-column narrow rectangular slot array on a cylindrical waveguide

Table 3.1 optimized parameters of the antenna

N: Number of slots Two by eleven

W: Slot width 3.00 mm
Antenna parameters |T: Thickness of wall of the waveguide 2.80 mm

R: Radius of waveguide cylinder 11.26 mm

Operation frequency 9.00 GHz

For comparative purposes, the pattern of the slot array as obtained by the method of least
squares (MLS) and HFSS software simulation (at 9 GHz in XZ-plane for ¢= 0) is shown in Figure
3.11. As shown in Figure 11.3, more specifically about the main beam, the MLS design pattern
matches the HFSS simulation pattern, and the sidelobe levels are almost between the specified
design constraints. The inability to reach the specified sidelobe levels is mainly due to internal
mutual coupling, which is a factor that was not counted in the design. The assumption of sinusoidal
field distribution in the slot is another possible source of error. The VSWR of the array simulated
by HFSS at the input terminal of the cylindrical waveguide is shown in Figure 3.12, reflecting that

the high bandwidth of the designed antenna is about 200 MHz.
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Figure 3.11. E-plane pattern cut comparison between MLS and HFSS at 9GHz in XZ-plane for
¢=0
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Figure 3.12. Simulated results of VSWR

3.4.1.7 Fabrication, Measurement, and Comparison

As shown in Figure 3.13, a typical axial slot array antenna consisting of two rows of 11
slots on a cylindrical waveguide is fabricated for the test, and measurement results are provided to
clarify the accuracy of the acquired design equations. The fabricated antenna consists of a coaxially
fed monopole, a slotted cylinder, and an SMA termination. The antenna has two ports, and a 50-
Ohm male pin SMA as a terminator coax connector plug (TCCP) is used to absorb the reflected
waves on one side. In contrast, the other port serves as the excitatory terminal of the antenna. The
coaxially fed monopole, which has a protruding inner conductor of 6.9882 mm length, excites the
TE1; mode into the slotted circular cylinder. The SMA termination used in the measurements
demonstrates SWR below 1.25 at 9 GHz. Figure 3.14 illustrates the fabricated slot array antenna's
simulated and measured return losses. The measured return loss is less than -17 dB from 8.9 GHz

t0 9.1 GHz.
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The difference between the simulation and measurement results, as seen in Figure 14.3,
can be attributed to milling machine fabrication process tolerance. Our theoretical model could not
mimic the reflection, possibly introduced by the coaxially fed monopole and the SMA termination.
The antenna radiation pattern is measured and compared to the simulation pattern at 9 GHz, as
shown in Figure 15.3. The results obtained for the prototyped antenna have good compliance with
the design goal, that SLL is lower than -15dB in the H-Plane. As the graphs in Figures 3.11, 3.14,
and 3.15 reveal, there are strong agreements in the measured and simulated outcomes' overall
behavior, which verify the proposed method's accuracy. The proposed antenna structure, designed
based on acquired equations, can be used as a phased array antenna to scan a range of space. This
feature comes out of the antenna’s high bandwidth, which by changing the frequency from one to
another in a specific field, the angle of the main lobe gets altered consequently, and it can sweep a
range of space to find targets. It is worth mentioning that since the amplitude of the voltage
distribution is even across the waveguide, it is possible to change the beam angle but just by
frequency changing. Moreover, more slots can be placed around the waveguide for designing
wideband omnidirectional slotted-waveguide antenna arrays. However, it should be noticed that
because ripples amplitude is proportional to the number of slots distributed around the
circumference of the waveguide, increasing the number of slots just for the sake of having an
omnidirectional pattern increases the level of ripple in the omnidirectional radiation pattern
(azimuthal plane).

Table 3.2 Characteristics of structure optimized parameters and desired pattern antenna

N: Number of slots Two by eleven

W: Slot width 3.00 mm
Antenna parameters

T: Thickness of wall of the waveguide 2.80 mm

R: Radius of waveguide cylinder 11.26 mm
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Operation frequency 9.00 GHz
Optimized parameters L: Slot length 10.95 mm
d: Space of slots 19.88 mm
@122: Slot offset -13.559& 27.43°
Characteristics of the desired pattern Modified Taylor pattern to have

SLL_L=-15dB SLL_R=-12dB

Figure 3.13. Fabrication of the 22-slot antenna (two rows of 11 elements). All slots are identical,
and the distance between two adjacent slots is d=19.88 mm.

Return Loos (dB)

1 i | l 1 | 1 1
89 892 894 896 898 9 902 904 906 908 91
Frequency (GHz)

Figure 3.14. Measured and simulated return loss (S11) versus frequency
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Figure 3.15. Measured and simulated radiation patterns for an axial slot at operating frequency f =
9 GHz

The proposed section expanded on the least-squares method to synthesize axial slot array
on a cylindrical waveguide for the dominant mode TE1; and analyzed the radiation from axial slots
on a cylindrical waveguide. Using Elliott’s method [115] as a baseline, and for the first time, the
design equations were presented and expanded for the traveling wave mode with the use of
equivalent circuits for the axial slot array antenna. Subsequently, the geometrical dimensions of the
slot array on the cylindrical surface were determined by minimizing the appropriate error functions.
This minimization led to accurate pattern synthesis impedance matching, formulation of the
relevant design equations, and minimization of power losses. With the proposed antenna design,
the computational requirements were optimized. The method is also advantageous because it
combines the determination of slots’ parameters and impedance matching with the array pattern
synthesis, leading to a quick design with higher accuracy.

Moreover, a design example was presented to demonstrate the effectiveness of the
proposed synthesis method on a cylindrical slot array. Full-wave simulation software HFSS was

used to verify the proposed design procedure. To verify the simulation's accuracy and practical
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feasibility, measurements were taken on a prototype design of an array of axial slots ona cylindrical
waveguide, and good correspondence with the theoretical predictions was achieved.
The study indicates that the far-field power harvesting did not yield desired results; we

opted for near-field wireless power transmission in chapter V.
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Chapter IV  Near-Field Wireless Power Transmission

4.1 Inductive or Resonant Inductive

Tesla discovered that an alternating current in a wire loop produced an alternating magnetic
field, which caused an alternating current in a secondary coil. The induced AC might be engineered
to accomplish meaningful things by adding a payload to the secondary windings [126]. The level
of wireless power transmission ranges for diverse systems can range from a few millimeters to a
few centimeters, depending on industrial, civil, and biological applications [127-131]. Wireless
power transfer is becoming an exciting subject in analog front-end design, and companies are
gradually integrating innovation into various products [132-135].

The WPT principle is straightforward: a coil or resonator powered by an oscillating
electromagnetic field produces a nearby current in a secondary coil or resonator [136-139]. There
are two effective modalities for wireless power transmission, inductive and resonance inductive
coupling. But there is an issue here for us to decide which kind of WPT modalities can be more
consistent for the proposed portable wireless and battery-free EEG readout system. So, we must
choose between two seemingly opposing ways to power the front-end electronics wirelessly. There
are two conflicting regulatory standards and three different technologies, and both approaches are
embraced by the opposing regulatory agencies [140-141]. As we found in the literature [142-144],
they are more complementary than rivals, so we should get familiar with both to make the best
decision based on the target application. One can debate the merits of competing protocols, but
unification is the most realistic possibility based on prior standards. For designing a highly effective
WPT link, two highly essential characteristics must be considered: first, power transfer efficiency
PTE, and second, the power delivered to load PDL, the latter of which is sometimes more important

than the first [145-166].
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4.2 Wireless Powering Standards and Protocols

Qi and A4AWP define two protocols as standard measures for wireless power transmission.
By concentrating Qi's efforts on the more established inductive wireless powering technique and
encouraging its development in smartphones, it can be said that Qi has pulled ahead of the
competition in terms of technology. The AirFuel Alliance was formed in June 2015. The AirFuel
Alliance, along with the Alliance for Wireless Power (A4WP) and the Power Matters Alliance
(PMA), have established an inductive wireless powering specification [166-167]. The operational
frequency of the powering back-end for low-power WPT (up to 5W) based on Qi standard is
between 110 and 205 kHz, while the standard transmission frequency for medium-power WPT (up

to 20w) is between 80 and 300 kHz [168-179].

4.2.1 An efficient Wireless Power Transfer Link’s Requirements Considering the Target
Application

The following conditions must be addressed in developing the EEG signal recording
system:

1. Because the total efficiency of the entire set-up is strongly dependent on the Tx-Rx
transmission link efficiency, it's crucial to improve the powering link's efficiency from the Tx
power amplifier to the load. This measure guarantees that the mounted active electronics
subsystems on the front of the EEG recording system are always operational. Coupling distance
variations between transmitter (Tx) and receiver (Rx) resonators, load fluctuations on the Rx side,
and detuning of the Tx and Rx resonators owing to misalignment all have a negative impact on
both the PTE and PDL [180-192].

2. Due to safety concerns and the power level of front-end components, wideband and
reliable data transmission links must be developed on the same power link. The real-time status of
the front-end subsystems is comprehensively relayed to the back-end powering unit through such

a powering link. Powering link can provide sufficient power to current involved active electronics
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or add more channels to the EEG reading operation. In emergency scenarios, it shuts down the
entire system [192-195].

3. Frequency selection is one of the most important factors to consider when designing a
power transmission network. Strong electromagnetic-field absorption by the tissues raises the
tissues’ ohmic losses .as a result, the tissue temperature rises, which can be detrimental. So, lower
frequencies in the MHz range are favored for target applications. However, on the other side,
choosing lower frequencies may increase the resonator's size. Considering the the equations
provided in literature through the conventional design procedure, the resonator size would be too
large to be used for biomedical purposes. It's also worth noting that the front end's LC-tank circuit's
resonant frequency should be the same as the powering back end transmitter Tx carrier frequency,
fo [195-198].

4. Because of the significant electromagnetic-field absorption in surrounding tissues, which
increases exponentially with carrier frequency, the half-duplex high-bandwidth telemetry data link
must be established at the lowest carrier frequencies in the megahertz range [199-203].

5. For the design of a resonant-inductive link, first, we should calculate the inductive
resonance coupling parameters. The inductive-link power-transfer efficiency is determined by the
mutual inductance Mmn Of the coils (in the case of having four loops Mas in our recommended
design) and the quality parameters Q. The resonators' geometry, which includes their relative
coupling distance, orientation, and the number of turns, is commonly recognized to impact these
two parameters [204-206].

6. Regarding resonator configuration with skin effects, resonators could be wire-wound or
lithographically formed on a planar conductive surface, such as a printed circuit board (PCB) or a
micromachined surface known as Litz wire, to help reduce the resonator's resistive losses due to

skin effects, which is especially important at higher carrier frequencies [207-210].

54



7. power transfer efficiency PTE and power delivered to load PDL are two key factors that
must be fully understood to accomplish the design standards. The wireless powering link for the
EEG recording system must provide an appropriate power level. The adequate power level must be
delivered to the load (PDL) while retaining high power transfer efficiency (PTE). The power link
must be designed to have the maximum possible PTE to fulfill regulatory and safety requirements.
On the other hand, PDL is dependent on the electronics’ power consumption in the EEG front-end
unit and the power amplifier PA in the powering back-end circuits, which should have generated
adequate power and delivered it to the load. As a result, the powering link should provide adequate
PDL while considering all technical constraints of the power amplifier (PA) in the back end [211-
214].

8. In addition to the considerations mentioned above, we must also consider heat
dissipation on either side of resonators. Electromagnetic field exposure can cause additional heat
dissipation in the mediums involved in the power transmission procedure. Power amplifier
technical constraints and frequency cross-talk with neighboring electronics and circuitries must be

considered for the optimum link design [215-217].

4.2.2 Technical Concerns Regarding the Power Delivered to Load in the Design
Procedure

There are two primary concerns regarding PDL and PTE:

1. Increasing the source voltage, Vs, to increase the power level delivered to the load (PDL)
may sound acceptable. However, it might reduce driver efficiency in the back end,
necessitate larger transistors in the source power amplifier, and complicate meeting
technical measures.

2. When space is limited (particularly on the EEG cap), the resonator's dimensions must be

optimized to a modest size. The size optimization will directly impact the PDL. So, the Tx-
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Rx loops in the resonators must have been adjusted to generate the highest possible

voltage on the load to yield higher PDL.

4.2.3 Single or Multi-Loop Resonator
Considering Figure 4.1, the current passing through the first loop L of the Tx resonator
creates a magnetic field, which induces current to flow through the L4 of the Rx resonator. The

induced current's value is proportional to the Leq 7« and Leqrx inductance values [221-224].

Figure 4.1. Coupling distance di» and mutual inductance M3

After deciding the frequency allocation, resonator geometries are one of the most critical
criteria in determining link power efficiency. Most previous designs used coils in inductive
coupling made up of single or insulated strands of filament wire. The latter version, also known as
Litz wire, assists in the decrease of skin-loss resistive effects by expanding the circumferential area
of the wire, particularly at higher frequencies. On the other hand, wire-wound resonators require
specialized technologies to be batch-fabricated or reduced from a size perspective. In wireless
power transmission, the spiral inductor is the most basic and significant element, and they are
usually made in square, rectangular, octagonal, hexagonal, or circular forms. Many studies have
examined spiral inductors using various methodologies, such as those reported in [225-228].

Inductance calculation for square spiral inductors is extensively reported in the literature [229-232].
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However, when dealing with PSCs, the design methodologies developed for resonators made of 1-
D filament wires are only helpful in getting the optimal lumped values for the inductive coupling.
Considering Figure 4.1, the mutual inductance, M, of two linked resonators is inversely
proportional to d3, where d is the resonators' center-to-center distance when entirely lined in parallel
planes. When d is relatively large, or the resonators are misaligned, i.e., when M is extremely small,
the powering source unit must increase the power level to transmit the required power to the load.
It depends directly on the PDL factor.

High power transfer efficiency is a factor that reduces heat dissipation inside resonators
and tissue exposure to an AC magnetic field. Inductive coupling, which has lower efficiency, may
create extra heat loss in wearable devices. According to our findings through simulations, using the
4-loops approach improves power transfer efficiency at large d at the expense of a considerable
loss in power delivered to the load. So we decide to use the 4-octagonal loops approach. However,
this proposed arrangement still lacks an in-depth comparative circuit analysis based on the coupled-
mode theory CMT. Circuit designers use another theory to compare the 4-loops resonant inductive
coupling to the 2-resonator equivalent, called the reflected load theory [242], which is more
recognizable to the designer unwilling to get involved with the physics behind the power link.

To choose the most suitable configuration for power transmission units which consists of
two resonators, we face a lot of restrictions. The majority of the design limitations are set by the
resonant inductive link application, while the resonator manufacturing and production process
determine the remainder.

To improve power transmission efficiency, the outer diameter of the resonator on the Rx
should be increased to the maximum size allowed by the application. Using lithographically
designed or wire-wound resonators would have been the first step in deciding which resonator to
use. As detailed in [233] and [234], the line width (w), line spacing (s), outer diameter (Do), and

fill factor (the ratio of the difference and sum of a PSC's inner and outer diameters) are geometrical
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characteristics that impact circuit parameters such as quality factor Q and coupling coefficient K,

and subsequently the PTE.

4.2.4 Resonator Specification

Resonant Inductive coupling power link design and geometrical optimization based on
power transfer efficiency for biomedical applications have also been widely investigated in the
literature [238-240]. For inductive or resonant-inductive coupling, planar spiral resonators (PSRs)
are often utilized in wearable applications. These specific spiral topologies allow us to have the
length of the needed track in lower frequencies. This section describes a new and straightforward
way of enhancing the coupling efficiency of printed spiral circuits that we used as L in a resonator
with the desired shape. We need to consider both the design restrictions of the application and the
resonator manufacturing technologies accessible in our lab. The inductive coupling parameter to
create a resonant-inductive link should be calculated as the first step. The dominant factors in
defining the inductive-link power-transfer efficiency are the mutual inductance between the
resonators M (in the case of four loops Ma3) and the quality factor Q. The Tx/Rx resonators'
geometries and their relative coupling distance, orientation, and the number of turns are widely
acknowledged to influence remote powering links' performance. The nominal values resonator
specification, such as innermost diameter, outermost diameter, and the coupling distance, varies

depending on the application.

4.2.5 4-loop resonator power transmission link

The 4-loop resonator power transmission link represented in Figure 4.1 may is designed to
achieve high power transfer efficiency and power delivered to load. The circuit's power transfer
efficiency can be calculated by reflecting the resistive components of each loop from the load

towards the primary resonator loop and then summing the percentage of power delivered from one
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level to the next until it reaches R [244]. In 4-resonator resonant-inductive links, there is a trade-
off between attaining optimum power transfer efficiency over short distances and maintaining
adequate power provided to load over long distances.

A range of parameters is evaluated to determine which resonant-inductive power transfer
link is suitable for the target application. Important parameters that have an impact on PDL are the
driver output resistance (Rs), source voltage (Vs), nominal coupling distance (di2), misalignments
tolerance, and resonator geometries. When the power transferred to the load is little, or Rs is great,
power transfer efficiency (PTE) is an appropriate metric. But when the power amplifier driver is
constrained, supplying sufficient power to the load becomes difficult. Another reason to employ a
4-loops two-resonator link is because of size restrictions. Different configurations such as multi-
resonator linkages can be used when the resonators are loosely coupled. In this condition, the
coupling distance varies considerably, or a large amount of power is delivered to the load. Finally,
after evaluating the pros and cons of the proposed EEG cap, multi-resonator linkage is the ideal
solution. Since in our target application, efficiency is crucial, load power consumption is minimal,
resonators are loosely attached, and relative spacing and alignment are stable, which could be
covered by considering a few resonators on either side the multi Tx- multi Rx is proposed as an

optimal power link configuration.

4.2.6 Resonator Configurations

The spiral inductor is the most fundamental and crucial component in near-field wireless
power transmission based on Tx-Rx systems. Because our proposed powering system is predicted
to run at 6.78MHz, the track lengths will be pretty long, and the single loop will not meet the other
design limitations. As a result, employing spiral forms allows us to have enough inductance in a
small space. We follow the method reported in [233] by increasing a shape factor to obtain the

inductance for the desired configuration, the octagonal arrangement.
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Figure 4.2. the layout of a square spiral inductor

The required equations for the geometrical calculation are provided in [233]. Spiral
inductors of different shapes such as rectangular, octagonal, or circular can be converted to square
spiral inductors by keeping the parameters unchanged. Their inductance can be calculated simply

by multiplying a configuration coefficient with the inductance of a square spiral inductor.

4.2.6.1  The Octagonal Spiral Inductor's configuration coefficient and analytical
calculations

The layout of an octagonal spiral resonator and its structural parameter is shown in Figure
4.3. When comparing the inductance of square and octagonal spiral inductors, the configuration
coefficient factor of the octagonal spiral inductor ranges from 1.06 to 1.17, with a 10% variation.

If the configuration coefficient factor is 1.11, the maximum error is less than 5% [233].

Outer
Diameter

Figure 4.3. the layout of an octagonal spiral inductor
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Figure 4.4. Circuit model of powering link by reflected load theory

Mutual inductance M is the essential factor in wireless power transfer link efficiency.
When dealing with 3-D PSCs, what is reported in the literature is insufficient to predict the
intertwined effects of scattered inductive, resistive, and capacitive components on power
efficiency. Finally, optimum wireless power transfer efficiency can be attained by maximizing the
resonator coupling coefficient and the quality factor. So, the resonator can be appropriately
designed to achieve optimum coupling and quality factors.

As seen in Figure 4.4, the self-inductance of the powering (Tx) and wearable (Rx)
resonator in two-loop powering links are Lpc and Lic. The Tx and Rx resonator's series resistances
and parasitic capacitances are represented by Rs1, Rs2, Cparasitict, aNd Cparasitic, respectively. Cresonance
is the capacitance of resonant frequency on both sides. Furthermore, M3 and Rioaq Stand for mutual
inductance and load resistance. The capacitances Cresl and Cres2 adjust the remote powering link

to the resonant frequency. When both LC tanks are set at the same resonant frequency, fo

1

= = The highest PTE and PDL for the resonant inductive coupling may be
\/LeqTxCeq Tx \/LequCeq Rx

reached.
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4.2.6.2 Finalized Design of Resonator

Our proposed resonator design is different from what is given in the literature, which
consists of a single TX -Single RX power link. Considering Figure 4.1, two octagonal shape
resonators make up the Tx-Rx link for the powering block. First, we try to improve power transfer
efficiency by developing L3, the outer loop of the Rx resonator, then we improve L, which is the

outer loop of Tx, to increase the amount of power transferred to the load.

4.3 The Optimum Conformal Wireless Power Transmission line

The coupling distances vary considerably when the subject's head rolls to the left or right
on the pillow. A high power level must be delivered to the load to keep the front end running to
compensate for the PTE drop. However, if Tx_Rx misaligned more than the normal range, the
front-end electronic system shut down entirely. So, we proposed our novel powering arrangement
called the intelligent multi Tx-multi Rx linkage for weakly coupled links due to severe
misalignment. The multi-resonator linkage is ideal for maintaining efficiency at almost the same
level. The Rx resonators can still get loosely connected to Tx by implementing the mentioned idea.
By considering a few resonators with the precise structure and intelligent feeding on either side,
relative spacing and alignment have a good tolerance.

Additionally, because these resonators' characteristics are application-specific, the wireless
powering link shall be customized appropriately based on our purpose. The power transfer
efficiency is substantially related to the inverse of the distance (1/d®) in the magnetic inductive
coupling; the spacing between the resonators is one of the essential criteria for effective power
transmission. As a result, the gap between the powering Tx and Rx resonators should be kept short.

In recent decades, numerous techniques for improving the power transfer efficiency have
been explored, including geometrical optimization of two, three, and 4-loops resonant-inductive

links [255-258]. The configuration and the shape of the resonator (Figure 4.5) significantly

62



influence power transfer efficiency. Several resonators surround the EEG cap, as illustrated in
Figure 4.6. On the other hand, these structures appear to be enough for the Rx multi resonators that
are expected to be installed on EEG caps. Due to the distinctive form of the proposed EEG cap and
the design constraints imposed by the necessity for precise positioning to adjust for Tx-Rx

misalignment, octagonal resonators are chosen for maximum power transfer on the front-end side.

Figure 4.5. Octagonal spiral inductor designed for being installed on EEG cap
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Figure 4.6. Proposed testbed for recording EEG signals

The WPT wireless powering technology employs four loops that dynamically adjust to
changing environmental and circuit conditions, lowering resonator size and improving total power

efficiency from the backend driver output to the load in Rx. According to the loosely linked
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resonators, the distant powering channel efficiency (the Tx-Rx link) dominates the power transfer
efficiency of the entire system. The circuit model of the octagonal resonator for the wireless power

transmission link is shown in Figure 4.7.
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Figure 4.7. Circuit model of suggested octagonal shape Tx-Rx resonators

4.3.1 Calculation Methods Proposed Conformal Wireless Power Transmission Link

After a thorough literature review, we determined that any powering link should be built
purely to benefit the target applications. Power transmission effectiveness depends on how well the
Tx and Rx tank circuits are tuned at the operating frequency. The coupling coefficient k of the
resonators will be important in boosting the power transfer efficiency once the distance between
the resonators is significant. Furthermore, resonator power dissipation has a substantial impact on
power transmission efficiency. Topological modification of the proposed WPT link is necessary to
produce a highly efficient wireless powering link. However, several resonator characteristics must
be optimized, including the number of turns, conductor width, the spacing between tracks,
outermost and innermost radii, etc. However, all of these optimization strategies can improve
resonator coupling. We may need to incorporate magnetic material in our design to improve
efficiency further.

To deliver the most optimum power level for the electronics in the front end, we choose

one of two methods to design the most optimum resonator geometries. First, the resonator variables
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may be determined using the given mathematical formulae. This method reduces computing time.
However, the outcome will not always be identical to the ideal result. Second, to determine the
desired resonators based on application and operating frequency, a 3-D high-frequency modeling
program provides a better outcome and fits the obtained data from measurement. The calculation
time, on the other hand, would skyrocket. Based on our experience in designing the desired link, it
is better to acquire the best resonator geometry by combining the abovementioned methods. The
mathematical formulae conduct the rough estimation of size and resonant frequency. In addition, a
high-resolution simulator is used to fine-tune the resonator designs. Each resonator's geometric
parameter is evaluated in the analysis procedure to get the best resonator shape.

As a result, using mathematical formulas and HFSS tools, the lumped model elements of
the wireless powering channel, displayed in Figure 4.7, are derived. The proposed link's power

transfer efficiency is calculated by the formula reported in [232]. The resonators ' physical
parameters can be optimized by modeling software such as (HFSS). The 3-D model of the proposed
powering setup using the HFSS simulator is shown in Figure 4.5. Finally, the operating frequency
is determined, and the resonators are carved on a circuit board (PCB). We can change the capacitor

values to tune the operation frequency. The fittest capacitor from the capacitor bank may be added
to the resonance tank when the operation frequency of the power link gets detuned.
4.3.2 Link’s PTE Enhancement Using Magnetized Strips

The data link must have a high-frequency carrier (over 50 MHz) to send EEG data via a
broadband data link; raising the frequency of the high-level power carrier for the power link might
induce severe temperature rises in the surrounding tissues (due to excessive power loss). We also
need an estimate for the data link budget. The power carrier frequency should be kept below 20
MHz, as stated in previous sessions. On the other hand, finding appropriate electronics in the
market to generate high power within the allocated frequencies is a big challenge. After careful

study, we chose 6.78MHz, the lowest ISM band, as the powering carrier. However, prototyping a
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highly efficient power link with a reasonable size resonator that can be compatible with the
application is quite difficult due to the low frequency. The use of ferrite materials between the loops
at the back of the substrate concentrates more of the magnetic field into the resonator (Figure 4.8).
It steers the radiation in a specific direction, improving resonant inductive coupling significantly.
Other modalities have been reported in the literature, such as utilizing magnetized material to cover
the distance between the resonators using a powder-blasting method or a polymer-Mn-Zn alloy
combination. Both technical ways need intricate patterning through lithography and won’t help
system-level design [253-256]. [257] describes a technique involving inserting a ferrite rod into the
core of a printed planar spiral resonator to improve coupling efficiency dramatically. In most
biomedical implants, a planar spiral coil is used. We are interested in having a magnetic material
that could be made on a flexible substrate for this dissertation, but it appears to be outside the scope
of this research. However, it must be mentioned that as long as the operating frequency is less than
the ferrite's hysteresis response frequency, the ferrite powder may magnetize itself and modify the
spatial distribution patterns of the magnetic field. As a result, increasing the mutual inductance
between the two resonators with the ferrite strips confirms the coupling enhancement. This section
of the dissertation shows how a simple method may dramatically improve the resonant-inductive

coupling efficiency of a resonator in the form of a printed spiral circuit.

Figure 4.8. CAD model of magnetized loop placed on PCB substrate backside between the L; and
L.
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As seen in Figure 4.9, the power efficiency declines dramatically as the distance between
the Tx and Rx rises. Increasing the voltage source Vs can somewhat compensate for the loss, but
there is another effective technique to handle this issue. The induced open-circuit voltage is
increased when a porous ferrite layer is added between the loops, and the efficiency rises again.
Thanks to a ferrite coating, the mutual inductance between two resonators is improved by 42
percent (Figure 4.10). Because adding a ferritin layer to a planar spiral, the board is still a planar
manufacturing process. The present way to increase the resonant-inductive coupling efficiency of

resonators may be more effective than alternative options.
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Figure 4.9. PTE drop when the coupling distance increases between 8 tol5mm
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Figure 4.10. frequency drop compensation by adding magnetize strips in 10cm coupling distant
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Because the approach discussed in this section does not need accurate lithographic
patterning. It is simple to implement and may be utilized efficiently in resonators to deliver the
energy to the power conversion chain in our proposed EEG caps electronics.

4.3.3 An Analysis of the Alignment and Misalignment of the Proposed Wireless Powering
link Positioned on an EEG cap

4.3.4.1 Lateral and Angular Misalignment

Keeping the EEG cap received power stable across a wide range of coupling and loading
fluctuations is a crucial design measure. So, the coupling coefficient, k, between the transmitter
(Tx) and receiver (Rx) resonators is essential in determining the amount of power provided to
battery-free and cable-free EEG recording setup. Fluctuation in coupling coefficient k can
significantly impact the amount of electricity received in the Rx resonator. Misalignments and
distance discrepancies between the resonators due to their relative movements are the common
causes of coupling coefficient k. Changes in the received power might cause large voltage
fluctuations across the Rx resonator. Such differences are particularly undesirable in our design
since little power fluctuations might cause malfunction. At the same time, too much power can
create heat dissipation within the electrodes, causing them to malfunction or even damage the
subject's skin.

As seen in Figure 4.10, the power transfer efficiency is 96.34% under the perfect alignment
situation. However, considering Figure 3.26, two significant displacement events, or a combination
of them, change the coupling coefficient, resulting in a reduction in power transfer efficiency.
However, these adverse effects of misalignment should be compensated in some way. The first
misalignment might happen when the subject head is deviating by an angle a according to the x-
axis, so, in consequence, the Rx resonators mounted on the EEG cap get misaligned with the Tx

resonators which are embedded into the pillow.
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Under this situation of angular misalignment, the efficiency drops. In the case of lateral or
diagonal displacement, the Rx resonator is moved by an offset distance d concerning the Tx
resonator’s axis. Still, as long as the subject’s head is on powering pillow, the lateral misalignment
doesn’t significantly impact PTE. Both angular and lateral misalignment may occur in the third
scenario. The Tx and Rx resonators are shown in Figure 3.26 with perfect alignment, angular
misalignment, lateral misalignment, and both angular and lateral misalignment situations. The
magnetic field intensity that generates the current on the Rx in the case of angular misalignment
can be calculated through a formula that has been proposed in [258]. The magnetic field is
proportional to the resonators' centers lateral displacement relative to the horizon axis in lateral
misalignment. The efficiency of the link diminishes as the displacement increases.

Considering the clinical application, since the subject spent 80% of their testing time
sleeping on the Tx powering pillow [269], lateral misalignment is not the primary source of power
efficiency losses utilizing our proposed EEG cap. However, due to patients' predisposition to move
their heads to the right or left side, angular misalignment poses a major challenge for our design.
As a result, we'll need to develop a new Tx and Rx resonator arrangement to solve this problem.
The simulated power transfer efficiency for several different misalignment conditions, normalized

to optimum alignment, is shown in Figures 3.27 and 3.28.
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Figure 4.12. Simulated angular Misalignment Versus Link’s power transfer Efficiency
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4.4 Wirelessly Powered EEG Readout Systems via Intelligent Powering Setup

A single resonator can be used beneath the powering test pillow as a preliminary solution,
but in actual circumstances, even the smallest powering pillow size is more extensive than a single
Rx resonator. In addition, because the sizeable powering resonator has a low self-resonant
frequency, putting a single resonator beneath the pillow that covers the whole baseline alters the
operating frequency and diminishes the resonant-inductive coupling's PTE, rendering the link
incompatible with the back-end powering electronics.

The usual size of the typical pillow, the size and number of resonators, and other potential
positioning sensors are all taken into account to design a lattice frame as powering Tx resonator
array holders (Figure 4.14). The operating frequency shift is compensated by substituting a sizeable
octagonal resonator with multiple small resonators. The frequency compensation allows for a
higher operation frequency and relatively large bandwidth for transferring powering data and a

stronger magnetic field. The magnetic field in the resonators is focused on the core. As shown in
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Figure 4.14, better homogeneous spatial distribution is achieved by expanding the number of
resonators, eliminating position-dependent power transmission efficiency. However, as the number
of resonators grows, the system may require more power. An intelligent feeding system is designed
and manufactured to feed the linked resonators on both sides. In addition, a feedback system to
regulate the power level of the Tx resonators is considered for the feeding system to address the
difficulty of delivering a high level of power for every single Tx resonator.

4.4.1 Intelligent Positioning System Frame

To completely comprehend the system's operation, keep in mind that the required energy
is sent from an external source to the electronics mounted on an EEG cap system via a powering
link, including a highly efficient external transmitter and an external receiver. The received
powering waves are rectified before being regulated to power up the EEG reading system. In such
procedures, the distance or alignment between the transmitter and receiver resonators changes due
to transmitter or receiver displacement in angular or lateral misalignment. Any perturbations make
variations in the induced voltage on the receiving resonators even though we addressed the
misalignment problem by implementing a network of Tx-Rx power links that are fed by an
advanced feeding system.

We require intelligent powering to complete the intelligent positioning and feeding
system, which may be achieved using digital circuits that contain a microcontroller, ADC, DAC,
and multiple MOSFETSs functioning as appropriate route switches. The power link operation
frequency influences the bandwidth and, consequently, the highest data rate. In addition, the Rx
resonator's induced voltage is proportionate to the operating frequency. Furthermore, the highest
resonant-magnetic field is created near the resonator's core. Considering the design procedure notes
mentioned earlier, the received power reduces considerably when the Rx resonators displace from
the center to the corners of the powering resonator Tx. The front-end unit may turn off as a result

of insufficient power transmission. To ensure the functionality of the front-end unit in any
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circumstance, at least the minimum level of needed energy must be delivered to the Rx resonator.
So, the Tx resonator must operate at maximum capacity to ensure the setup function flawlessly.
This may be accomplished by constructing an array on either side of the powering link with several

resonators, which looks more successful.
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Figure 4.15. Intelligent positioning and feeding system
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Figure 4.15. shows a lattice design framework for the Tx array, and Figure 4.15 depicts an
array of resonators regulated by a feedback system and supplied by an integrated PCB feeding
mechanism. The total energy usage of the system is reduced by using the feedback loop, which
involves the most appropriate resonator among the other resonators based on the position of the
head.

Using this system, only four of the resonators in the array would be powered up at any
powering cycle, and the remainder of the resonators would be turned off. In contrast, the head turns
and deviates from the normal position. In proposed remote monitoring that aims at head position,
the tested person can freely rotate his head to the left or right. From the clinical perspective, the
measurement may not be exact due to the rotational restriction, which may cause discomfort to the
patient. The patient can turn his head to any side on the powered cushion during the experiment.
As a result, the subject's head must be monitored, and appropriate power can be provided. The
suggested feedback system for remotely powered issues is shown in Figure 4.18, with the subject's
head freely rotating to either side. A Hall effect sensor (also known as a Hall sensor) uses the Hall
effect to detect the presence and amplitude of a magnetic field. A Hall sensor's output voltage is
proportional to the field strength. When a Hall effect sensor is near a permanent magnet, it transmits
a voltage signal, which activates a set of Tx resonators embedded in the powering cushion.

4.4.2 Positioning System Algorithm

Because the system is supposed to be completely untethered and the amount of power
wirelessly transferred to the front-end device is limited owing to safety considerations, we must be
careful about the positioning sensor we use in the EEG cap. So, as the alternative idea, we can place
active elements (hall effect sensor) on the powering side and passive components (permanent
magnet) on the front end (Figure3.32). The hall effect sensor (also known as a Hall sensor) detects

the presence and amplitude of a magnetic field using the Hall effect. The output voltage of a Hall
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sensor is proportional to the field strength. These sensors determine the subject's head position on
the powering pillow ( powering back end).

To understand how the proposed positioning system works, assume that the subject's head
rotates from point A to point B by alpha degrees on the pillow while it moves on the Y-axis by d

cm. This is an example of angular and lateral misalignment occurring simultaneously.

Mounted Resonator / 2
Figure 4.16. the designated permanent magnet positioned in the center of the Rx resonator

Considering Figure 4.17, while the head is in its typical position in A, the output voltage
of the Sz4 sensor is first the highest, followed by Sss, Sss, S2s, S2s, S26, Sa3, Saa, Sss, and finally Sss,
Sas, Soa, Sz, Szs, Saz, Sas, Sas, While the remainder of the sensor is virtually off. The output of the
Sas sensor decreases as the head travels from point A to position B, whereas the responses of the
S37, Sss, S3o, Sa7, Sas, Sag, Ss7, Sss, and Sse sensors increase. Therefore, the required switches are
flipped on, and the supply voltage from PA is routed to resonators Ras, Rag, Rss, and Rsg through
the almost lossless power divider network. At point B, the output of Si7 reaches its maximum. A

microprocessor generates the control signal to turn on the required MOSFET switches to deliver
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enough power to the involved resonators, and voltage comparator circuits compare hall effect
sensors' voltage levels and alert us which of the two has the more significant response. The power
delivered to load PDL is a superposition of the four resonators surrounded by the nine hall effect
sensors grid. The best chance of having the highest voltage responses to permanent magnets
positioned in the middle of EEG cap resonators. The voltage level of the Hall effect sensors and
the location of the subject's head on the powering cushion decide which four resonators must be

powered at any given time.
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Figure 4.17. The feedback system for remotely powered untethered EEG cap

Since the power transmission efficiency of the resonant-inductive link is strongly
dependent on the magnetic flux density (H), which varies with lateral and angular misalignments,
the position of the Rx resonators should also be defined according to the center of the Tx powering
resonators to supply adequate energy. However, many clinical studies reveal that the individual
under the test lays his head on a pillow most of the time vertical (the Tx-Rx are aligned well) [269].
Consequently, the most common cause of excessive misalignment is angular and, on rare occasions,
lateral, which both are being investigated in this dissertation. Figure 4.19 shows the power
transmission efficiency of the resonant-inductive power transmission (Figure 4.13) as a function of

angular and lateral misalignment, as calculated using the 3-D electromagnetic simulator (HFSS).
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When the subject's head rotates to either side or moves from the center to the margins of the
powering resonator grid, the power provided must be increased to activate the front-end unit. The
output of Hall effect sensors may also be utilized to define the location of the engaged Tx resonator
concerning the center of the relevant Tx powering resonator. As a result, the front-end system gets
enough power it needs by switching techniques that our proposed intelligent feeding systems

provide from the primary supply voltage of the power amplifier.

Power Transfer Efficiency ( % )

0 10 20 30 40
Lateral Misalignment (mm)

Figure 4.18. The power transmission efficiency of the resonant-inductive power transmission
lateral misalignment

The output voltage of each Hall effect sensor monitors the distance between the permanent
magnet and the accompanying detector to regulate the power level and turn on a set of resonators.
A microcontroller receives the Hall effect detectors' output voltages and translates them to digital
signals. Each voltage level has a linear and angular distance kept in a Lookup Table (LUT). The
front-end resonators' coordinates are then calculated using the spaces determined earlier. The
amplifier triggers the suitable Tx powering resonators by switching and selecting the most

appropriate routs based on the location of the front-end Rx resonators in the WPT scenario. To
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transfer adequate power to the front-end unit, the area of the Rx resonators is also determined
according to the center of the selected resonators where the permanent magnet is positioned; the
required power is calculated using the curve of power transmission efficiency shown in Figure 33.3.

Calculating efficiency using a microcontroller is difficult due to the various complex
mathematical equations that must be solved. Each power level has its feeding line and several in
route switches that connect them to the power amplifier, which is saved in the controller unit's LUT.
Finally, the desired route's supply voltage is digitally conveyed to the external DAC, allowing the
appropriate power to be transmitted. The abovementioned calculations can also collect data about
the subject's head position and resonator state. As a result, the same microcontroller is used to track
and show the rotation and movement of the subject's head to provide the adequate required power
to the front end considering which resonators are engaged on either side. Linear output magnetic
field sensors AD22151, with configurable offset for unipolar or bipolar performance and minimal
offset drift over a wide temperature range, are used in the feedback mechanism. As illustrated in
Figure 33.3, the designated permanent magnet has a diameter of 10mm and is positioned in the
center of the Rx resonator fixed on the head cap. The magnet is 6 cm above the surface of the
sensors. Figure 5.8 depicts the Hall effect sensor's response for the north and south poles of a
specified magnet in the situation of lateral misalignment. The output voltage is symmetrical for
both poles, and the control unit is set up to handle both scenarios. However, the distance between
the sensor is another challenging issue since the Hall effect sensor's output saturates at 3 cm from
its edges. Consequently, enough Hall effect sensors have been added to the lattice structure to fill
the pillow and accurately detect the subject's head position.

The sensors are positioned as shown in Figure 4.16 and Figure 4.17. The Hall effect
sensors' output voltages are transformed to 10-bit digital, and the DAC interacts with the controller
unit via the evaluation board's serial port. The DAC requires 11 bits to tune the power amplifier's

supply voltage. The first three bits are used to choose the right channel, while the remaining eight
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bits transform the voltage value. DAC output changes from 0 to 3V with a 10mV step size to
manage the power amplifier supply. Because of its outstanding efficiency, the power amplifier (PA)

is a Class-E type, and the link's operation frequency is 6.78 MHz.

4.4.3 Design and Analysis of Testbed

Different resonators are created based on geometrical limitations while considering the
desired EEG cap design. The optimization strategies stated so far should be employed to explore
the EEG cap's best wireless power transfer link. Because of the desired use, certain factors are
considered, such as the coupling distance (d12) between the resonators and the outer diameter of the
Rx resonator, which defines the resonator's size. Many aspects of our design, such as the capacitor's
standard values and the total size of resonators, have a restricted degree of freedom, so we can't do
too much with them. They must be correctly packed to achieve the desired outcomes while
developing wireless power transfer links. The design parameters of the link, which are specified by

the target application, are shown in Table 3.3.
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Figure 4.19. The effect of the outermost diameter of resonators on power transfer efficiency

Table 3.3 The design parameters of the link
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Parameter Value

Operation Frequency 6.78 Mhz

Coupling Distance 60-80 mm

Outermost diameter of the resonator | 61mm

Minimum spacing between tracks | 150um

Minimum width of tracks 150um

Load Resistance 1600Q

The ideal outermost diameter may is calculated as 6.1cm by positioning the Tx resonator
under the pillow to reduce the spacing. The perfect diameter for power efficiency is calculated
analytically, the same as Rx. Extending the total size of the Tx resonator to encompass every single
spot of powering pillow's bottom may seem a solution for receiving power from any corner of the
powering pillow. At the same time, the subject's head rotates or moves to either side. But, owing
to the restricted self-resonant frequency of the excessive size of the Tx resonator, it may not be the
best option because overextending Tx resonator aspects might reduce link efficiency severely. The
powering pillow configuration is shown in Figure 3.35. (a) But there must be enough resonators to
encompass the entire bottom of the powering pillow. Figure 3.35 (b) depicts the optimized Rx
resonators considered for the proposed EEG cap and the resonator network that occupies the base
of the powering pillow. There are still a few more variables that influence power efficiency. The
self-inductance value increases as the number of turns grow for a given conductor width, while the
self-resonant frequency drops.

Furthermore, the quality factor rises in direct relation to conductor width. On the other
hand, the parasitic capacitances grow, and the self-resonant frequency decreases. The ideal Tx and
Rx configuration must be researched based on theory, simulation, and manufacturing to achieve

optimal wireless power transmission link efficiency in resonator geometry parameters. According
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to the abovementioned optimization technique, the link power efficiency is tied to the coupling

coefficient (k) and the resonator quality variables.

(a) (b)

Figure 4.20. (a) an array of Tx power transmitter resonators embedded in the pillow and (b) a variety of
Rx Power receiver resonators placed around the EEG cap

4.5 Electronics and drivers of proposed Wireless power transmission link

Figure 4.21 depicts a powering setup for a wireless and battery-free EEG reading device
intended for freely moving targets such as the human head. Any movement and displacement of
the head alter the coupling between the powering and the resonators mounted on EEG caps,
resulting in a misalignment of the Tx and Rx resonators. Because the load impedance varies as the
coupling coefficient changes, a well-designed, highly efficient power amplifier should be

developed or chosen to work effectively under various load situations.
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Figure 4.21. The recommended powering set up for wireless and battery-free EEG reading
devices

The main goals of this section are to study an appropriate power amplifier working at 6.78
MHz, optimize resonant inductive power transmission for high power transfer efficiency, develop
the most efficient power conversion chain for the front end, and integrate the components of the
power conversion chain (PCC) on the EEG cap side to fit within the volume allowed for wearable
EEG cap.

Delivering appropriate power to the load (PDL) while retaining high power transfer
efficiency (PTE) is an essential design requirement in wireless power transmission. Increased
power transfer efficiency is necessary to fulfill regulatory standards since it reduces heat dissipation
within the resonators and exposure to electromagnetic fields, which can cause further heat
dissipation in the power transmission medium. Higher frequency to reduce resonator size occurs at
the expense of higher energy loss due to absorption by surrounding tissues. Considering the
mentioned issues, the powering link must give enough power to the load while also considering the
realistic capabilities of the energy source and power amplifiers. There have been several approaches

to creating the most optimum wireless power transfer systems. [261] and [262] changed the Tx and
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Rx resonator configurations, L. and Ls, to attain the most considerable voltage on the load and high
power delivery. When space is restricted, such as the suggested EEG cap, the amount of power
given to the load is an important design element, and resonators’ size must be reduced. A great deal
of research has gone into the design and geometrical optimization of resonators in resonant-
inductive coupling for a typical Tx-Rx based on power transmission efficiency. [272] uses a slightly
different approach, in which Ls is optimized first for optimum power transfer efficiency for a given
RL. Then L; is adjusted to deliver the appropriate voltage gain from source to load, increasing the
amount of power transferred. Unfortunately, there is no detailed research in the literature for a
specific target application that can incorporate both power transfer efficiency and control delivered
to load to assist designers in emphasizing crucial but seemingly competing criteria. Based on
application needs, well-designed research can provide designers with valuable insight into
improving resonant-inductive power transmission networks. First, it guides designers toward
resonant-inductive power transmission lines with the highest possible power transfer efficiency and
power delivered to load. Second, it assists the designer in determining the number of loops on each
side resonator required for a given application. On the other hand, energy management is critical
for the proposed wireless EEG recording systems' safe and uninterrupted operation due to human
health concerns.

Considering the following equation, which is the total PCTE of the link:
MNtotal = TNPA X Mcoupling X Mrectifier < Mregulator

As a result, the selection and optimal design of the electronics that drive the powering link

are critical for effective wireless power transmission.
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Figure 4.22. Simulation result of power transfer efficiency of powering back-end and WPT link

4.6 Power Amplifier

The circuit model wireless power transmission link set up for the proposed EEG cap is
shown in Figure 4.23. An effective amplifier must drive the powering Tx resonator array. The
energy is transmitted from an E-class power amplifier in the powering back end over a uniquely
engineered, efficient wireless powering link scheme. The power received on the Rx side is then
rectified and regulated to turn on the power-hungry circuitries on the front-end side. As seen in
Figure 4.23, the inductance, parasitic resistance, parasitic capacitance, and the resonant capacitance
for adjusting the inductance to the operation frequency, the distance between the resonators, and

the coupling coefficient between the resonators are shown with the circuit model of TX- Rx link.
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Figure 4.23 Circuit model of Tx-Rx powering link

The resonators and a power amplifier run at a resonance carrier frequency to power up the
active power conversion chain’s units. This resonance causes the WPT and runs the front-end
electronics mounted on the EEG cap. When utilizing this transmitted power at the receiver, a
rectifier, regulator, and bandgap voltage reference must provide a stable, load-independent voltage
to the circuit. These power management devices must be low-power, low-cost, and produce as little
as 1/f noise for the system. As seen in Figure 4.24, the clock generator provides a 6.78 MHz clock
signal in the back end, which is amplified by the power amplifier (PA). The primary and secondary

resonators' LC values must be designed to achieve LC resonant at 6.68 MHz.
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Figure 4.24. resonant inductive link and E-class external link driver
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One or more primary Tx resonators receive power from the amplifier through an intelligent feeding
system and begin radiating depending on the engaged Rx side resonators mounted on the head cap.
In the front end, an identical situation exists, and one or more resonators get employed in a power
transmission scenario. As the subject's head moves or rotates in the given space, the misalignment

between the resonators changes the coupling coefficient.

4.6.1 Coupling Coefficient Impact on Wireless Power Transmission -

Considering Figure 4.21, because every single component's efficiency counts in the
overall design, the transmitter resonator Tx should be powered by a high-efficiency amplifier PA.

A link driver, a data receiver, a power controller, and a Tx powering resonator make up the
back-end's powering unit. The drain performance of a Class-E amplifier is exceptionally high, and
the efficiency of such a power amplifier is potentially up to 100 percent [273]. Furthermore, the
Class-E amplifier is well suited for wearable application link drivers [274]. The Class-E amplifier
is straightforward to implement compared to the other conventional power amplifiers. The gate
driver, which controls the entire amplifier's performance at a higher frequency, is significant in
optimizing energy consumption and lowering power loss. The gate driver in a Class-E amplifier is
a simplified oscillator circuit, which decreases design intricacy and energy usage compared to other
power amplifiers that we can use for our setup: a desired class-E power amplifier and the wireless
power transmission and conversion chain as shown in Figure 4.24. The Cres1 and Cres2 Capacitors
fine-tune the resonators' operating frequency.

Furthermore, Ricad denotes the load of the WPT link, which is the front end's rectifier's
input resistance. Because the subject's head moves or rotates during the test, the EEG cap is
unavoidably shifted out of its ideal alignment, causing the coupling between the Tx and Rx

resonators to vary. The power amplifier must have a high-power efficiency in various coupling
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conditions. Figure 4.25 depicts the simulated power efficiency vs. coupling coefficient results for
a Class-E power amplifier optimized with k =0.04.

The power efficiency for k =0.08 is 96.82 percent and constant for a broad coupling
situation. The overall energy transfer efficiency remains high even when the subject's head is

moved away from the most efficient position.

Power Efficiency ( % )
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Figure 4.25. the simulated power efficiency vs. coupling coefficient results for a Class-E power
amplifier optimized with k =0.01
Because the power amplifier is tuned for a specific load impedance, its power efficiency
drops as the load impedance increases. The power amplifier is selected and engineered to perform
well under various load circumstances. Furthermore, given the difficulty encountered throughout
implementation, choosing the best power amplifier is critical in the initial design steps. The

amplifier design should reduce the power amplifier and the overall setup's complicity.

4.6.2 Powering Front-end and Back-end Circuits and Electronics
WPT can be compared to a transformer to envision the wireless power transmission

network. Considering Figure 4.21, The main resonator Tx receives power from PA and generates
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an electromagnetic (EM) field, and the second resonator is being exposed to this field. At the
intended carrier frequency (fc=6.78MHz), a power amplifier (PA) powers the Tx resonator, L. The
rectifier rectifies the AC signal over the secondary resonator L,Co-tank, tuned at fc. The rectifier
output is then sent into a low drop-out voltage regulator. In the WPT link, the coupling efficiency
is related to the power transfer efficiency. Wirelessly transmitting the front-end’s power
information to the back-end and driver side is also possible through the same resonant inductive
powering link.

Regarding the budget link, the EEG cap platform requires a maximum of 1.25 watts of

power, which it obtains via wireless power transfer. The power chain conversion unit requires a
resonator transmitter and a suitable receiver module to create a power transfer link. Due to safety
issues, they must all resonate at a frequency below 20 MHz to build a safe, complete wireless power
transmission system. Our system's technical specifications require a maximum output of
5V/250mA to run the entire setup.
The long-term and uninterrupted operation of the EEG read-out system highlights the practical
design of the resonant inductive link and power-management circuits in the power link. When
employing resonant-inductive coupling with a limited amount of received power, the problem of
low-power data transmission must be considered, such as undesirable interference with the
powering link frequency. As a result, low-power consumption power management and data
transceiver units must be established as critical elements of the power conversion chain.

A key element of our design is the utilization of high-efficiency power conversion chain
circuits. The power management unit's controller IC manages the system and executes the power
transfer protocols, while the resonator drive IC provides the required power level to the transmitter
resonator. The back-end circuitries and the front-end electronics can handle systems with up to 5
watts of power. However, our proposed EEG cap system would only have about 1.25 watts of

power. In the proposed setup, the supporting components, on the other hand, maybe changed to fit
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our goals. The performance of the power management unit must be evaluated since it allows us to
see how the power receiver and Tx transmitter resonator constantly regulate the wireless power
process to supply and transmit the required energy for our setup. As shown in Figure 4.21, the
power transmitter electronics are made up of six subsystems that, when correctly coupled, can
execute the transmitter's full function in our power management unit. The V volt filter block
smooths the input power supply. Then the smoothened voltage as a constant power supply goes to
the controller unit, a wireless power controller that monitors all transmitter activities. Then, the Tx
resonator driver, a transmitter driver, drives the Tx resonator using controller inputs. The Tx
resonator comprises a series of octagonal shape resonators in spiral con PCB transmitter (a pair of
batch-fabricated printed spiral resonators (PSC) utilizing micromachining technology) that work in
tandem with the receiver resonators, which are basically in the same arrangement. A Feedback
signal module will also be required to change the resonator and drive settings as a feedback input
to the controller. Figure 4.26 shows the powering back-end system-level design.
4.6.3 Powering Front-end Units

The induced AC voltage captured by the group of resonators on the EEG cap must be
transformed into a continuous, steady dc voltage to run the EEG recording set up. As a result, an
AC-to-DC converter and a voltage regulation block are needed. A power management unit is also
required to control the received signal level and alter the transmitted information regarding the
front-end power level to the power transmitter side, part of the design's back-end. We may measure
the efficiency of power transmission across the system using the suggested plan by comparing the
power received by the receiver at the output (not the Rx resonator) to the power received by the
transmitter (not what we supply to the Tx system from the power amplifier). The graph shows that
the slope flattens as additional channels are added to the system as load (for example, having 256
channels to achieve high spatial resolution). This indicates that if the load on the system increases,

we'll need to give 250mA current to power the entire EEG signals recording system, resulting in a
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95% efficiency. Because the Tx-Rx resonators in wireless power transfer links lose more power
when energy is transmitted from the Tx resonator to the Rx, improving the system in the resonator's

units can considerably improve the overall system efficiency.
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4.6.4 Powering Algorithms

Three wireless power transfer methods have been developed from the literature's
standpoint of the power consumption of front ends. The first category includes our battery-free and
cable-free EEG readout device.

1. Wearable devices with a minimal power consumption of up to 3 watts, such as headphones,
wristband devices, medical sensors, etc.

2. Devices with medium power consumption, such as mobile phones, tablets, and medical
electronics, consume 5 to 15 watts.

3. Power-hungry devices that require a high level of power to run. This category includes
devices that require 15 to 100 watts of power, such as power tools, Remote controls devices such
as drones' RC, and other equipment. In addition to being intelligently regulated, wireless power
systems used in wearable or implantable devices, such as our proposed design, differ from
traditional WPT systems in another crucial sense. It is the high efficiency of the entire system. For
the safety and maintenance concerns, we considered a few design requirements. First, the Tx
resonator through the powering back end unit only supplies power when the right Rx side receiver
resonators are activated and linked to the Tx resonator. It only delivers the precise amount of power
that the front-end demands.

Second, the system must identify when the electromagnetic field is disrupted by an
undesired condition and immediately turn off power transmission to prevent any significant amount
of power from being absorbed by anything other than the respective receiver resonators. So, before
doing anything, a programmable IC (TS80000) scans for a power receiver to identify the right Rx
receiver resonators. This allows us to intelligently regulate our power management unit's wireless
power transfer process. When the receiver detects a power demand, it informs the transmitter, and
the powering via the wireless system begins. The system then double-checks that the right level of

electrical power is being transferred and, more importantly, no energy is being wasted owing to
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foreign material. To keep the WPT procedure running, the receiver will make repeated requests for
power, and the process will end if the requests stop.

This technique can support even complex powering patterns for devices with a higher level
of sensitivity since the transmitter may supply varying quantities of power depending on what the
receiver (load) requires. When the receiver no longer requires power, such as when only a few
channels must be turned on while the others are turned off, or when the EEG reading process is
over, it may notify the transmitter. The transmitter may lower its output correspondingly. When the
receiver no longer requires a high level of power, such as when only a few channels must be
switched on while the others are turned off, or when the EEG reading process is completed, the

transmitter may be notified. The transmitter's output may be reduced accordingly.

4.6.5 Front end Power Management Description

As shown in Figure 4.21, the suggested power management in the front-end unit is
composed of many sub-systems. A power management unit must develop a complete wireless
power transmission system that can directly power up our suggested EEG recording equipment for
roughly 250mA of current. The front-end electronics of the power management unit are connected
to a 6.78 MHz transmitter resonator, and the back-end electronics are coupled with a 6.78 MHz
receiver resonator. The Tx resonator is a printed spiral resonator (PSC) batch-fabricated using
micromachining technology to transmit power from the back-end to the receiver resonator Rx at
the front end. Due to a misalignment issue that may drastically reduce power link efficiency, a
group of Rx resonators with delicately chosen positions are placed on the back hemisphere of our
proposed EEG recording cap. These are the secondary resonators in the flux field of the TX
resonator and are part of the 6.78 MHz resonant tank. The rectifier, which transforms the AC
voltage received from the RX resonator to positive values, is the first block following the Rx
resonators. It is preferable to use FETs in the design of the rectification unit for maximum

conversion efficiency. The regulator turns the rectifier output into regulated 1.8,3.8 and 5v outputs
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while also providing protective circuitry. This sub-block is crucial since a super smooth DC voltage
must power ICs. A few additional subsystems must be addressed in the design to completely
regulate the entire powering unit. First, a command generator device informs the backend unit to
switch the power. Another command modulator unit delivers the handshake signal to the transmitter
using the same power link.

To develop complete wireless and battery-free portable EEG recording system, we'll need
a powering unit that can provide about 250mA of electricity to directly power up the electronics,
including 64 channels and front and back-end powering circuits. The design and module selection
in our power management unit is created in such a way that they maximize the efficiency of the
process. For a recommended low-power, wearable wireless, and battery-free EEG readout system
that necessitates a low-cost and space-saving solution, an IC, which is a fully-integrated, plays a
vital part as the core of the wireless power receiver. The IC can function as a single-chip wireless
power receiver in customized applications such as our design. It can also work with a wireless
power controller, microcontroller, or microprocessors to handle standard wireless protocols such
as Qi, PMA, or A4WP and custom standards operating in higher frequencies up to 2W combined
system. When one or more Rx resonators are within the range of power transmission (at least 60
mm), the back-end provides enough power to the transmitter resonator, and communication begins.
Suppose the transmitter transfers an inadequate level of power to the front end. The front-end unit
can inform the backend via the same power link about its power level requirements, indicating that
the total number of channels currently involved in the EEG signal reading procedure has increased.
The back end should respond by increasing the level of power. When this exchange is complete,
the power amplifier in the back-end unit begins to give the necessary power to the front-end. So,
throughout the power transfer process via the same link, the receiver, Rx, interacts with the
transmitter Tx and actively controls the wireless power transmission process. This guarantees that

power is only given when the front-end requests it. In addition, the quantity of power is determined
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by the EEG readout set up and delivered in a way consistent with its needs (considering the number
of channels involved with the reading procedure). The front end can actively raise or lower its
power request for safety reasons, and the transmitter will respond adequately. Consequently, the
most intricate WPT measures may be perfectly satisfied by transmitting only the appropriate
amount of power from the back end to the front end through the same power link. It's vital to
remember that, unless the application only requires a small amount of power (a few tens of mW or
less), a high driving voltage (Vs) will be required in all other circumstances, that it results in
limiting driver efficiency and posing safety risks in clinical settings.

The framework of the proposed wireless powering electronics for our suggested EEG cap
is shown in Figure 4.22. A low-dropout (LDO) voltage regulator follows the rectifier to provide a
smooth and steady supply voltage (1.8, 38, and 5V) for the other super-sensitive ICs designed to
amplify, digitize, and code, decode and transmit recorded EEG data. A completely CMOS reference
voltage generating circuit provides the reference voltage for the LDO voltage regulator. Two
essential subsystems perform Power-On-Reset (PoR) and a power feedback mechanism that makes
up the power management unit. Compared to a given voltage level, the PoR circuit checks the
power flow in the EEG head cap and activates or shuts down the entire front-end system.
Moreover, the front end's received power is kept constant by regulating the transmitted power level.
A closed-loop power feedback system monitors the front-end power level and sends feedback
information to the back-end. The provided power level drops to zero if there is excessive power
consumption in the front end unit, which indicates a malfunction in one or more subsystems,
resulting in extra power dissipation in heat. On the other hand, it may rise to a certain level to
compensate for any efficiency drops due to misalignment or other disturbances that cause the

system to deviate from its optimal operation.
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4.6.6 Technical Specifications of Power Conversion Chain

Because power budget, weight, and size are the most critical design considerations, low-
power design optimization methodologies may be used at various design phases, from the
algorithmic and system level down to the circuit level. This is due to the significant power required
to execute the essential operations while considering biological constraints; thus, we must build the
system so that the maximum amount of power can be transmitted via barriers between Tx and Rx.
So Low-power design necessitates the use of precise power estimation and optimization techniques.
Just right after the Rx resonator, we have power conversion chain units. A diode-connected
transistor rectifier, a voltage regulator, and a single or multi-channel active electrode with two
electrodes and a reference point for each channel make up the load of the proposed wireless and
battery-free EEG reading system. Because the base is primarily made up of digital blocks, it is
frequently provided at the technology's nominal supply voltages.

The primary purpose of a power conversion chain for our proposed EEG setup device is
to allow power transmission and distribution. A rectifier, regulator, and bandgap voltage reference
are required to give a stable, load-independent voltage to the circuits on the front end. These
systems are active circuits and need energy sources to perform their intended purposes. As a result,
acquiring sufficient energy to power them up remains challenging. Rectifiers are commonly built
with diodes or diode-connected MOS transistors. Full-wave bridge structures are more often used
than half-wave rectifiers because they have greater power efficiency, fewer output ripples, and a
higher reverse breakdown voltage. The proposed EEG recording system requires linear series
voltage regulators to create a ripple-free voltage supply. The model includes a pass device, error
amplifier (comparator), sampling circuitries, and a reference voltage generator as a rectification

unit. The power management units must be low-power, low-cost, and produce as little as 1/f noise.
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It's also ideal if the entire powering link’s electronics and circuitries are fully integrated on the
CMOS substrate, but it imposes more restrictions.

Another point that must be highlighted as a crucial piece of practical advice is that we apply
a passivation layer to shield a wireless power transfer (WPT) resonators' network from the outside
environment and substantially enhance the safety measures, in addition to the noticeable size
reduction compared to the usual EEG system already in use today. Because resonator design
essential factors such as conformal shape and necessity of being relatively small in size (particularly
Rx resonator), as well as considering the restrictions related to mediums between the Tx and Rx
resonators in the vicinity of other powering channels, it is expected that any perturbation could
affect the efficiency entire system and reduce it drastically, so any other stationary electronics must
be designed or selected with this point in mind that they must have their ultimate efficiency while
preforming in our system. Furthermore, due to low coupling efficiency (when the individual moves
or rotates his head to one side or the other), the provided power in these systems varies from
hundreds of pW to a few mW. It is crucial to remember that the maximum back-end (base station)
power radiation to turn on the EEG readout system is mainly dependent on the efficiency of
powering link.

The system's overall volume is dominated by several parameters, such as the secondary
resonator Rx's size, and the resonator's size is related to the power carrier's frequency. Even though
the resonator size is reduced by increasing the carrier frequency, the power loss increases due to
medium and nearby tissue absorption above a few tens of megahertz. In addition, providing
compatible electronics is another decisive factor in choosing powering frequency. For a wide range
of biological applications, the required power budget is in the mW regime, and the power delivery
unit must be optimized for this power range, and this introduces new tradeoffs and circuit design
alternatives. We need to consider a low-offset amplifier with a high gain for the amplification unit.

During the early phases of a project, a model may be used to analyze the contribution of each circuit
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module to total power consumption and forecast the input and output voltages of these modules.

Verilog-A can be developed based on a power consumption model with average power usage.
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Chapter V Fabrication, Testing, and Experimental Results

5.1. Conformal Resonator's Geometries and Parameters

Resonator shapes and configurations are among the most critical factors that define a link's
power transmission efficiency. To comply with most applications, those resonators intended for
biomedical applications in the future generation should have been planar, flexible, and
lithographically fabricated in one or more layers on rigid or flexible substrates. Spiral shape
inductors are one of the most significant components of WPT.

The layout and the structural parameter of the fabricated octagonal spiral resonator are
shown in Figure 5.1. depending on the target application's requirements, Tx and Rx resonators are
PSCs with non-overlapping octagonal shapes fabricated on 0.8382 mm thickness FR4 sheets with

a copper thickness of 18 um. For Tx-Rx design, the PCB manufacturing technique requires Wmin

and Smin to be 150 pm.
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Figure 5.1. The layout, excitation port, and resonance capacitor bank of the proposed octagonal
spiral resonator.

Due to the overlapping L1 and L in the 2-loops configuration on either side, the resonator
size affects coupling distance. Because of the size limitations in the EEG cap, electrode holder size,
and predetermined scenario defined for powering procedure while the subject's head is rolling on
the powering pillow, the outermost and innermost diameters are limited to 6 and 2.6 cm. A few
more variables still influence the link’s power efficiency: the self-inductance value increases as the

number of turns grows for a given conductor width, while the self-resonant frequency drops.
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Furthermore, the quality factor rises in direct relation to conductor width. On the other hand, the
parasitic capacitances grow, and the self-resonant frequency decreases.

The ideal Tx and Rx configuration must be researched based on theory, simulation, and
manufacturing to achieve the most optimum wireless power transmission link efficiency
considering the smallest size of the resonator in the desired frequency. The link power efficiency
is tied not just to the coupling coefficient k but also the resonator quality variables.

The fabricated optimized powering link is shown in Figure 5.2; the links consist of two
loops meandered orthogonal resonator on each side in the front layer, and the resonance capacitor

and the matching network are considered in the back layer.

Figure 5.2. CAD model and experimental setup for measuring the power transfer efficiency ina4-
loops resonance- inductive link operating at 6.78 MHz.

For measuring power transfer efficiency and power delivery to load, particularly in multi-
loop resonance-inductive links, the Tx and Rx resonators are coupled to the resonance capacitors
and R, making the system a full 2-port system with the multi-loops resonance-inductive link. The
network analyzer is then used to measure the S-parameters. In the two-part configuration, power
transmission efficiency in percentage terms is calculated by setting the S or Si, to Magnitude

mode at a power of 2 and multiplying the results by 100.
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Figure 5.3. Comparison of the proposed powering link's measured and simulated power transfer efficiency
in 60 mm coupling distance.

Figure 5.3 compares measured power transfer efficiency with HFSS simulation results from Ansys

software. In the simulation, the suggested link has a power transfer efficiency of 95.36 %, and we

tested 86.44% using a network analyzer, which is entirely consistent. The fabrication and

measurement process errors account for 7% of the variation between measured and simulated

results.

5.2 Frequency Shift Compensation-Capacitive Effect

The capacitive impact of foreign items in the vicinity of the proposed link reduces power
transfer efficiency. This phenomenon directly impacts the resonance frequency shifting to higher
or lower frequencies (Figure 5.4). The effects of the head on the nominal transmission frequency
are the same. The frequency shift is prevalent in wireless power transmission, but it must be
adjusted quickly after being detuned. The most practical solutions are employing a varactor, a
variant capacitor, or an advanced switching three networks to include the most suitable capacitors

from a capacitor bank in the WPT link.
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Figure 5.4. Capacitive effect of the power transmission link (HFSS simulation results).

Any frequency shift due to misalignment or other external causes can be adjusted by including the
most appropriate capacitor in the WPT link. So through this way, the link will promptly be turned
back to a nominal operating frequency (6.78 MHz). As shown in Figure 5.4, when the EEG cap is
worn, the powering link operating frequency for the precisely adjusted resonator moves from
nominal operating frequency to 7.5 MHz, but by switching the capacitor from 160pF to 170pF, the
frequency shifts back to 6.78 MHz again. The measured results of capacitor effect on wireless
power transmission efficiency, tabulated in table 3.4, show that the measured and simulated
findings data are in good agreement.

A Figure of Merit (FoM) is a metric that describes how a system or technique performs
compared to its alternatives. Figure 3.47 shows how the FoM graph compares PTE's simulation
results to measured data to evaluate the consistency of the simulation approach and testbed
measurement results. This graph gives us an idea of whether the simulation is accurate and reliable
for developing the proposed WPT system. In addition, we can better understand how to compensate
for the frequency shift caused by the subject's head proximity effect or foreign object disturbance

on the powering link. In Figure 5.6, the relative consistency and matching between simulations and
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measurements as a major factor for link design validation demonstrates that the intended WPT

system is appropriately designed and fabricated.

» \/”\

Simulation PTE (%)
2 2

Measured PTE (%)

a) b)
Figure 5.5. The Figure of Merit comparison for simulation results and measured data vs. capacitor
and resonance frequency: a) Simulation results b) Measured data.

The resonance inductive link’s PTE variations due to capacitive effects are summarized in Table
5.1.

Table 5.1 Measured data of capacitor impact on wireless power transmission efficiency

Capacitor Value |Resonance Frequency |Simulation PTE | Measured PTE
(PF) (MHz) (%) (%)
120 6.48 96.10 87.43
130 6.65 95.25 86.64
140 6.83 95.84 86.34
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150 7.65 96.12 87.53
160 7.80 95.20 86.11
170 7.90 95.36 86.44
180 8.13 94.83 85.67
185 8.80 94.35 85.07

5.3 Coupling Distance Effect on Link's Power Transfer Efficiency

As shown in Figure 5.6, to evaluate the coupling distance influence on power transfer
efficiency, an expandable 3-D printed testbed is designed and fabricated. By sticking Tx and Rx
resonators in each holder, we can measure the influence of distance on the WPT link by increasing
or contracting the distance between the resonator holders. As seen in Figure 5.7, when the distance
between the Tx and Rx resonators increases, the power transmission efficiency drops inevitably.
The simulated coupling distance variations on the link's PTE show that a distance of 80mm between
Tx and Rx still yields above 50% power transfer efficiency, which is sufficient to run the front-end
electronics while still considering the subject's safety concerns.

A 3-D graph for coupling distance variation versus PTE’s simulation results and PTE Measured data

is shown in Figure 5.8. The distance variation and the link’s power transfer efficiency is measured. PTE

values are summarized in Table 5.1.
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Figure 5.6. A testbed to evaluate the coupling distance effect on power transfer efficiency
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Figure 5.7. link's power transfer efficiency versus Tx-Rx coupling distance
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Figure 5.8. Coupling distance variation vs. Simulation PTE results and measured PTE data.

Table 5.2 Simulation and measured data of coupling distance variations impact on wireless power
transmission efficiency

Distance |Simulation PTE |Measured PTE
(mm) (%) (%)
60 95.19 86.44
70 74.46 65.43
80 50.32 40.91
90 32.17 23.46
100 20.25 11.32
110 12.77 3.67
120 8.26 2.48
130 5.37 1.09

5.4 Planar 20-way Octagonal Power Combiner
In the WPT procedure, the power received by the Rx resonators should be delivered to the
rectification unit. The received power may originate from multiple resonators concurrently due to
the power receiver's particular structure, which includes multi-Rx resonators designed to prevent

the detrimental impact of misalignment on PTE. In practice, based on the subject's head position
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on the powering pillow, the most suited Rx resonators are paired with Tx powering ones.
Combining the acquired power can be difficult, but a well-designed 20-way power combiner
operating at 6.78 MHz can be a highly successful solution. For this goal, many power combining
techniques have been investigated. The combining corporate approach is an ideal solution for
combining the received power from a few resonators. As the number of resonators grows, the
total length of lossy transmission lines grows consequently, resulting in a parasitic resistance and
capacitance effect that causes considerable power loss. The suggested wireless power transmission
and conversion chain was a circular power combiner comprising microstrip transmission wires.
The configuration proposed is both planar and compatible with the remaining powering
subsystems. A low-loss planar microstrip circular form power combiner is designed and
manufactured using the described technology.

Figures 3.51 show the CAD view and the fabricated prototype power combiner's design. A
two-layer PCB with 0.031 inch thick FR4 substrates is used in the proposed combiner. The input
and output tracks of the combiner are printed on the top metallization layer, while the bottom layer
acts as ground. As shown in Figure 5.9, the combiner's input component comprises 20 identical
exterior Surface Mount U.FL Receptacle, Male Pin, connected to the combiner's core through a
tapered microstrip transmission line. The line's characteristic impedance rises linearly from 50 at
the perimeter, where the input ports are, to 100-ohm in the center, where all 20 tapers meet on the
circumference of a central circle. Using a taper aims to increase the impedance in the center circle,

where all 20 tapers meet.
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a) ' b
Figure 5.9 a) CAD View and b) The fabricated circular power combiner 20*1
The circular substrate form architecture provides additional advantages while being
compatible with the remainder of the Tx-Rx setup. By raising the impedance of the tapers at the
center, we may increase the overall impedance at the central point. Very long tapers cannot be
fitted in the available space without the proper arrangement. This issue might result in a large size
power combiner and minimal lines, decreasing the power handling and PDL of the powering link.
RA U.FL Resonators are connected to the power combiner using a male cable with a core
diameter. The via ends in a center ellipse on the output side serves as the launcher. The input ports

have a significant amplitude imbalance when utilizing a round disk as a launcher. We can keep
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the amplitude balance by transforming the circular disk into an ellipse and optimizing its major
and minor axes. The primary purpose of the output section is to transmit the received power signal
from the through to a 50-ohm output connector. Although this appears to be a simple operation,
the substantial impedance mismatch between the Via and the output port makes it more
challenging. Because a low impedance microstrip line is approximate twice the width of the via
and cannot be effectively connected to the via, a simple taper between this via and a 50-output
port is impossible. Two parallel lines were employed to transmit the received power from the
through to the output port to fix the problem. Figure 5.10 shows the measured return loss of the
output port (Snout, N=1 to 20), and a comparison to the simulation result, demonstrating good
agreement between selected input and output ports. AS seen from 2 MHz to 10MHz, the output
port has a return loss of lower than -27 decibels which indicates that the received power doesn’t

get reflected and will be delivered efficiently to the output port.
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Figure 5.10. Simulated and measured return loss of the output port.
5.5 Power Transmitter Resonator Array (Back-end Tx Testbed)
The methodologies suggested in the preceding sections led to the design and fabrication of

a power source for any wireless electrophysiological experiment on freely rotating or moving
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subjects, such as the human head, that would eliminate the need for batteries for continuous
operation.

As shown in Figure 5.11, the wireless power supply can be employed with an approach
that combines an array of resonators (9 or more planar resonators) and power drivers for wireless
power transmission with magnetic sensors for subject positioning. The suggested fabricated
powering system can be employed in experiments requiring real-time biological data gatherings,
such as neurological signals, body temperature, pressure, blood ph level, and experiments requiring

continuous electrical or mechanical stimulation.

Figure 5.11 CAD model and experimental setup for powering resonator array.

3.11.6 Power Receiver Resonator Array (Front-end Rx Testbed)

Current wireless wearable neural recording systems developed for neuroscience
applications have a primary constraint. They require the patient to carry a considerable payload of
batteries for continuous recording over several hours or even days. As a result, users of such gadgets
must find a balance between the length of the experiment and the weight of embedded batteries.
We used resonance inductive power transfer technology to power our recommended Tx-Rx system,
allowing neuroscientists to conduct brain interface research on a daily experimental testbed (Tx
embedded in a pillow and RX placed on an EEG cap) without having to change batteries. The

power receiver resonator array consists of 15 or more planar resonators installed in a 3-D printed
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EEG cap, as seen in Figure 5.12, to wirelessly receive energy from Tx and power up multichannel

neural interfacing devices.

Figure 5.12 CAD model and Fabricated setup of power receiver resonator array (Front-end Rx
array mounted on EEG head cap).
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Chapter VI: EEG Read Out System’s Front-End Electronics/Electrode
and bio amplifier

6.1 Introduction and Prior Works

This chapter aims to study active electrode technologies for acquiring EEG data with
sixteen or more channels using a unique, cable-free, battery-less setup. This aim demands a
thorough examination and understanding of existing technologies. The next step is to create a
design and improve the proposed system. This chapter examines the performance of current state-
of-the-art procedures and existing medical standards for creating a package containing an EEG
capturing electrode and a bio amplifier to establish the system's qualifying requirements. To capture
EEG signals, amplify them, filter out noises, and prepare them for the digitization unit, in this
chapter, as the fourth major stage of the proposed wireless and battery-free EEG readout system,
we need to design a cost-effective, easy-to-use, lightweight, portable, and long-lasting EEG signal
amplifier unit. This chapter covers several decades of literature and design. Excellently suitable
objects were researched to acquire further study for a functioning overview. The system was broken
down into modules, each representing a different aspect of its operation.

Brain control interface systems based on EEG data are now more ubiquitous and simpler.
These gadgets allow users to control many machines or cars merely by thinking about them.
Because nearly all wireless BCI systems rely on batteries to function, energy management is critical
to extending their lifespan. Battery life is limited, so low power consumption modules are essential
in the design, but it comes with low spatial resolution and poor EEG signal quality. However,
through this thesis, we are willing to study how to eliminate the final power line and use resonant
inductive coupling to wirelessly transmit the required energy to the EEG cap, using modules with

better spatial resolutions.
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6.1.1 EEG Capturing and Monitoring Systems

As seen in Figure 4.1, Electrodes, differential amplifiers (one for each channel), analog-to-
digital converter (ADC), and data processing and visualization device are the five essential
components of multi-channel electroencephalography systems. On the other hand, modern multi-
channel BCI systems now feature wireless data transfer in their system (see Figure 6.1) [265-267].
Depending on the architecture, some systems are augmented by additional pieces, such as hardware
filters, pre-processing data units, etc.

Front-End EEG Reading and Processing
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Figure 6.1. Block diagram of EEG measurement and recording subsystems

The EEG recording electrodes are critical for obtaining high-quality data. Different kinds
of electrodes are now utilized in EEG recording devices, including disposable, reusable silver/gold
disc electrodes, headbands, electrode caps, saline-based electrodes, needle electrodes, etc. Wet and
dry electrodes are the two types of non-invasive scalp electrodes. Wet electrodes provide better
signal quality due to better skin contact and lower electrode-tissue impedance. Ag/AgCl disks are
among the most preferred electrodes placed for multi-channel EEG systems with many electrodes.
Because high impedance (greater than 5k) between the brain and the electrodes might cause
distortions, impedance measuring sensors are frequently included in current EEG recording

equipment [268].
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Pre amplification and amplification unit are essential parts of modern EEG measuring
systems because the magnitude of the EEG signal obtained from the scalp is just a few pvolts.
These amplifiers must fulfill specific standards in hopes of avoiding distortions. First and foremost,
they must have a high input impedance (at least 10M) to ensure that the signal being monitored is
loaded as little as possible. Aside from that, the input circuit needs to offer safety, as any current
flowing over the amplifier's input terminals can alter the signal getting monitored. The amplifiers
should also include isolation and control circuitry. The current through the electrode circuit is kept
at a tolerable range, and any artifact caused by that current is eliminated.

Further, the amplifier's output impedance must be smaller than the load impedance, and it
must operate within a specific frequency spectrum to provide the best signal-to-noise ratio (SNR).
Differential amplifiers are used in modern EEG systems, which receive data from bipolar
electrodes. The differential amplifier must have a high common-mode rejection ratio (CMRR) (at

least 120dB) to avoid interference from the common-mode signal [269].

6.1.2 Metrics in EEG recording amplification Unit

Amplification unit design is a significant factor in front-end EEG recording systems, as it
lowers power consumption, noise, electrode offset and increases common-mode rejection ratio
(CMRR).
In most cases, wearable EEG recordings are non-invasive, meaning no external object is implanted
into the subject's head. Contact electrodes are placed at predefined standard spots on the subject's
head skin, and electrolytic gel is often used to lower the skin's resistance and improve signal
strength. However, on the other hand, signals with an amplitude of 100V are detected inside the
scalp (intracranial electrodes like Utah electrode) of a human subject, and movements with an
amplitude of roughly 1-2uV are seen on the surface of the cortex regional contact electrode using

Ag/Agcl [270]. The EEG signal spectrum's bandwidth is usually less than 50 Hz (1Hz to 50Hz).
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The electrodes used in the EEG readout system might be bipolar or single-polar. In the unipolar
measurement technique, we compare each electrode's potential to the reference electrode or the
electrode's average potential, whereas bipolar measurements examine the potential difference
between two electrodes. Both techniques contribute to the debate on signal perception [261].
Another essential metric is ETI, which stands for the electrode-tissue interface. The ETI measures
the impedance between the electrode and the surface tissue, impacting signal quality, and increased
ETI can degrade signal quality.

A capacitor and a resistor can create a circuit model, an equivalent electrode circuit for the
electrode-tissue interface. Figure 6.2 shows a dry electrode equivalent circuit with an interface
voltage of V.

Electrode Tissue Interface

’---_---

\

Electrode Tissue

‘ Cerr I

Figure 6.2 Electrode Tissue Interface circuit model

Because of their excellent signal quality, low polarization voltage, and low baseline drift,
Ag/AgCI electrodes are the most preferred. These non-polarizable electrodes can be used for DC
measurements. Some electrodes are expensive and polarizable, such as gold or platinum electrodes.
Even though they can create powerful signals, they cannot make DC measurements [272].
Numerous rhythms can be found in the EEG data, classified into frequency bands. These bands
include but are not limited to the alpha, beta, delta, and theta bands. A thorough investigation has
been conducted to determine the cause of varied wave patterns and their relationship to brain health

[273], but they are out of the scope of this dissertation.
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In an efficient EEG readout system, attempts must be undertaken to eliminate noise and
unsound signals from the collected EEG data even early in the signal route. The quality of
equipment, such as amplification and buffering, impact the noise level. Whether physiological or
not, unwanted signals are commonly referred to as artifacts. Electromagnetic fields created by the
body are known as physiologic artifacts. Physiological artifacts are signals released by surrounding
muscles and hearts for enhanced amplitude electromyography (EMG) and electrocardiography, but
they are not caused by undesired interference from nearby electronic equipment (ECG) [274]. The
low spatial resolution of EEG readout devices is a significant shortcoming compared to other
neuroimaging approaches. High-density EEG systems with 126-256 channels have evolved to
address this problem, although they have several downsides, such as a lengthy set-up time [275].

On the other hand, an EEG system with a single channel is a popular topic now. Because

such devices only have one measurement channel, this approach does not seek to achieve high
spatial resolution. However, a limited number of channels allowed for a faster setup and increased
user comfort [276].
Conventional EEG recording devices usually necessitate considerable effort (around 45-60 minutes
[277]). When the channels are connected to local processing systems through cables, typical EEG
recording devices become highly voluminous, which may prevent surveillance during ambulation.
Almost in any of these systems, an electrolyte gel matches Tissue-electrode impedance, but the gel
eventually dries up, reducing signal quality and necessitating electrode replacement [277].

As mentioned in chapter 3, providing a reliable source of energy for the system, on the
other hand, is a significant issue as well. The power line limits the user's comfort and using the
large batteries might be risky and challenging to manage by hand. However, this problem could be
solved by our suggested wireless and battery-free EEG recording device using dry electrodes. This
alternative would be more tempting to consumers if it came with a more comfortable and discreet

headset. As mentioned above, dry electrodes have a high impedance at the electrode-tissue contact,
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which increases noise and interference from the surroundings, either physiological or electronic
equipment, which is one of the main disadvantages of using them. In addition, one other significant
drawbacks of dry electrodes are the existence of motion artifacts in the recorded data. To rectify
this issue, active electrodes (AEs) have been created, and they are a strong competitor for providing
reliable EEG data that may be used for further processing [277]. Such amplifiers integrated with
electrodes must meet a variety of highly exact requirements, and the superposition of a more
significant signal of noise and interference complicates the work. Through this dissertation chapter,
a bio-amplifier is designed at the system level to prepare the desired movement so that the ADC
and subsequent electrical equipment may appropriately interpret it. The electrode-measured EEG
signals are the inputs to the amplification process. They are commonly separated into five elements:
First, the signal sought is the EEG signal which can be a delta, theta, alpha, and beta. In addition,
there are unwanted signals from various sources, including physiological and non-physiological
signals that originate from the body or nearby electrical equipment. The interference from power
lines (50/60Hz) is another leading noise source. The interference at the electrode-tissue interface is
a significant issue that must be addressed by a decent hardware design. Finally, flicker noise is the

dominant noise in this range of frequency.

—

High Pass Filter
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Low Pass Filter

Figure 6.3 Conventional EEG readout system block diagram

The preamplifier is perhaps the most crucial phase since it manages the first signal
modification and might be the decisive factor in signal quality. An effective bio amplifier design

can reject the undesired components above. The high- and low-pass filters aim to prevent
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interference caused by electrode polarization voltage and noise cancelation by limiting the
amplifier's bandwidth. The core amplifier offers the required isolation between the subject being
tested and the electrical equipment while simultaneously amplifying even more [288-290].
Instrumentation amplifiers can be used to construct the initial step in the preamplifier unit since
they have a high input impedance, low noise, high CMRR, high open-loop gain, low DC offset,
and low drift. In addition, because EEG signal amplitudes on the scalp are roughly 1-2 mV, the 1A
should have an input-related inaccuracy in the nV-mV range [281], so the IA should have a

common-mode rejection ratio (CMRR) of greater than 120 dB to compensate for this.

6.2  Instrumentation Amplifier Circuit

the three-opamp structure is the most general 1A topology. Switched capacitor,
capacitively-coupled, current-mode, and current-feedback topologies are other topologies. 1A's
120dB CMRR criteria are difficult to satisfy, especially given existing circuit design approaches
that demand trade-offs on other essential metrics. As a result, there are two options. First, to
enhance the CMRR, even degrading the different design's important components. Another
alternative is to reduce the CMRR requirement by raising the bio amplifier’s common-mode input
impedance, which is possible with active grounding. The reference electrode is actively pushed to
the common-mode voltage observed at the measuring electrodes rather than grounded. The
reference electrode then delivers the inverted common-mode potential back to the measurement
electrodes, thereby attenuating the common-mode signal. This matter is referred to as a driven-
right-leg (DRL) circuit [282]. Considering Figure 6.5, a driven right leg (DRL) circuit is typically
added to a biopotential amplifier to reduce the common-mode voltage (i.e., increase the common-
mode rejection ratio, CMRR). The basic biopotential amplifier is an instrumentation amplifier with
a buffer and single output amplification stages. The DRL is introduced after the first step, as shown

in Figure 6.5. The driven right leg funnels some common-mode voltage away from the first stage
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but before the second. The DRL enhances the CMRR by functioning as an antenna to pick up EMI

from surrounding power lines or other electrical equipment.

Input-Stage Output-Stage
Noninverting Amplifiers Difference Amplifier

Figure 6.5 Active Grounding Drivel -Right Leg DRL for One Channel EEG readout system
6.3. Single-channel versus multi-channel EEG recording system
The use of only one channel to record brain activity raises particular challenges, which
they're all related to the limited amount of data that a single track may acquire. Another challenge
is separating the intended source from unwanted signals originating from other brain sections or
nearby muscle tissue. So, various blind source separation techniques are required, such as

independent component analysis.
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The essential components of (A) a multi-channel EEG system and (B) a single-channel EEG system

are shown in Figure 6.6.
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Figure 6.6. (a) a single-channel conventional EEG system and (b) a multi-channel EEG system

Because one of the critical purposes of single or multichannel EEGs is long-term and
transportable recording, the device's power consumption is a significant concern. Because large,
heavy batteries detract from the device's attractiveness, eliminating the battery as a power source
is needed. Another stumbling block in deciding the recommended Electroencephalography cap is
the amount of data transmitted from any channel; this is crucial in multi-channel systems. On the
other hand, compressed sensing is a relatively new approach based on data compression concepts
[283]. This technology can save energy by shortening desired signals in real-time, lowering the

amount of processing power required for subsequent stages in the signal path.

6.4. Active Electrode
Numerous cables are frequently used in conventional EEG readout systems for the power

supply and data transfer between the active electrode and the back-end electronics. The number of
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linking lines between the dynamic and back-end systems can impact system cost, complexity, and
preparation time. We need a portable, enjoyable, easy to set up, and straightforward approach to
develop a wireless and battery-free EEG readout system. However, the designer must consider
several key metrics, including CMRR, spatial resolution, electrode polarization, and DC electrode
offset. An AE-based (Active electrode) EEG read-out system is depicted in this Figure 6.7. The
suggested EEG readout cap arrangement requires an active electrode because motion artifact is a
primary concern in such a system. Thanks to its low output impedance, the active electrode reduces
motion artifacts by preventing parasitic current from entering the channels. Furthermore, active
electrodes can maintain signal quality without using cumbersome and visible shielded wires. More
crucially, given the limited number of leads and tiny integrated circuits utilized in the design, the
power consumption and power loss in active electrodes are significantly lower than in other

comparable topologies, making it ideal for application in a wireless and battery-free arrangement.

Digital Back-End

Figure 6.7. Active Electrode AE based EEG readout system

Various aspects must be considered when designing active electrodes, including noise,
electrode offset tolerance, common-mode rejection ratio (CMRR), input impedance, power
dissipation, and the number of wires. The following measures must be considered for designing

active electrodes:
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1. The system should have a maximum input-referred noise (IRN) voltage of 6 mVyp, which
translates to a root mean square (RMS) noise of 0.91 mVms, to comply with applicable medical
device rules from the International Electrotechnical Commission (IEC) [284].

2. The electrode offset is the difference in polarization voltage between electrodes, as high
as 100mV. As a result, the active electrode may saturate and lose dynamic range. According to IEC
standards, the EEG system should withstand a 300mV electrode offset [285].

3. At 50/60Hz, the IEC recommends an input impedance greater than 100MW. A high
input impedance is essential to avoid gain attenuation in the active electrode. The voltage division
generated by electrode-tissue impedance and the amplifier's input impedance causes gain
attenuation. The voltage divider resembles the input impedance substantially higher than the ETI
[286].

4. with Active electrodes, the number of cables and wires will no longer be an issue because
the proposed EEG readout system and, as a result, active electrodes are designed primarily for
wearable applications and are powered by a wireless source (e.g., T, Rx resonators through WPT).

5. The power consumption of a suggested wearable EEG readout system is critical due to
safety concerns. One of the main criteria is not surpassing the body tolerance threshold, so we must
design the subsystems to consume less power. Furthermore, one of the primary determining factors
for the system's size is the size of the resonator and power control unit, which may impact user
acceptance. Consider a 3.6 V conventional WPT in continuous operation. The current of the EEG
reading device is regulated to 5mA for the system to remain operational for as long as the test takes,
bearing in mind all safety rules. In addition, a mismatch between the dry electrodes and the
amplifier's restricted input impedance is the fundamental CMRR constraint in wearable

applications.
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6.4.1  Active Electrode Architectures

Because an analog buffer only provides high input impedance and no voltage gain, succeeding
circuitry must meet the same noise and offset tolerance conditions, resulting in higher power
consumption. AC-coupled inverting amplifiers with capacitive feedback have been used
extensively [287]. Its low power consumption, low noise, rail-to-rail offset rejection capability, and
tiny size contribute to this. But Low-frequency rhythm acquisition, such as in the sigma, theta, and
mo bands, is not possible using AC-coupled amplifiers because they suppress low-frequency
signals. On the other side, because of the dynamic range necessity, these amplifiers have a restricted
electrode offset tolerance, which impacts gain. Furthermore, high-resolution ADCs (>16 bit) are

necessary to eliminate noise, which increases the system's power consumption.

6.4.2. Noise Cancellation Challenges for AE Circuit Design

1/f noise (or flicker noise) is the most common noise source in amplifiers [288]. This matter has
various disadvantages since parasitic capacitance increases, affecting the amplifier's size and the
input impedance. Alternative procedures that do not require negative trade-offs are available.
Chopper stabilization and autozeroing are two dynamic techniques that could be used [289]. The
Auto zeroing approach captures undesired noise at the amplifier's input or output and subtracts it
from the signal. The CHS technique modulates the signal to a higher frequency where the 1/f noise
is negligible after amplification, then demodulates it [290].

As a result of this strategy, the offset and low-frequency noise is pushed up to a higher frequency,
resulting in output ripple. A ripple reduction loop is one solution to this problem (RRL). This
includes sampling and modifying the ripple to send a compensation voltage proportional to the

ripple back to the origin [290].
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6.5. Technical Metrics for Active Electrode Design
6.5.1 Electrode Offset

Another difficulty is the signal's DC offset caused by the electrode-tissue interface.
Typically, the DC offset is 20-50 mV and 1000 times larger than the acquired signal. A low-noise
instrumentation amplifier amplifies EEG signals and eliminates the DC offset. As previously
mentioned, placing a capacitor at the input can avoid the electrode offset. A DSL connection is an
attractive choice. This method uses a closed-loop active system to verify that the desired DC

component is present at the output [291].

6.5.2 Common Mode Rejection Ratio

Two main components influence the amplitude of the CMRR for active electrodes: first,
Electrode tissue impedance mismatch, and second, gain mismatch in two independent, active
electrodes. It must be mentioned that increasing the amplifier's input impedance as much as feasible
is a common way to reduce electrode-tissue impedance mismatch. It's more challenging to reduce
the gain mismatch between the active electrodes because they're on different boards. The primary
circuit strategies used to overcome this problem are common-mode feedback (CMFB) and
common-mode feedforward (CMFF). The DRL topology is the most prevalent CMFB technique
utilized in amplifiers. The downside of DRL circuits is that they are prone to causing instability.
CMFF circuits are believed to be easier to build and show more stability. Rectifying the common-
mode signal before amplification at each active electrode is being tested. The common-mode

current is neutralized by connecting the reference inputs of the active electrodes [292].

6.5.3 Input Impedance
The non-inverting amplifier architecture has a high input impedance and is a preferred

initial general planning at the system level. However, a highly successful circuit design method for
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impedance boosting is called impedance bootstrapping at the circuit level. This method is based on
positive feedback, which sends the amplifier's output back to the input, resulting in a higher

effective input impedance. A voltage or current feedback can be used [293].

6.5.4 Power Dissipation

In circuit-level design, the noise specification is the determining factor for the device's
power consumption. It is well understood that increasing the drain current to reduce thermal noise
results in increased power dissipation. Current reuse is a new circuit design technigue that uses n-
channel and p-channel MOSFETs (NMOS and PMOS) as input transistors. The input
transconductance is doubled without increasing the tail current. The drawback of this method is
that the dynamic input range is reduced by half [294].
6.5.5 Number of Wires

Active electrodes frequently require a cable or track connections for power, analog/digital
output, clock, data, CMFF / CMFB, reset, and other tasks. The circuit's complexity determines the
number of wires needed and the design approaches used. One method for minimizing the number
of cables is to combine the active electrode output with the power supply via a current source driver
[295]. Another option is to combine the active electrode digital 1/O signals or pulse-width-
modulation (PWM) to mix the clock and data lines [305]. Furthermore, the digital active electrode
concept significantly decreases the number of wires by including a five-wire bus to transport digital
I/0 signals, power, and other feedback leads. Given the vastness of the design space and the fact
that attempting every possible component combination to find the best solution takes time, it's vital
to carry out the design systematically and orderly. Even though the metrics used to assess the
quality of digital circuits differ from those used to evaluate the quality of analog circuits, efficiency,
size, and energy consumption all impact their performance. Other constraints and the circuit layout

dominate the quality of analog circuits.
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6.6 Design of an Active Electrode Preamplifier for Single-Channel EEG readout system

This section will demonstrate designing an active electrode preamplifier unit for a single-
channel EEG recording system. However, the objective was not to develop a new architecture but
to enhance and modify an existing one to the application's requirements. To learn as much as
possible about current knowledge and technology, the first step is to conduct a thorough literature
study. The design requirements were determined, and the appropriate architecture and circuit
design methodologies were adopted to enhance the amplifier's functionality. This chapter aims to
improve single-channel EEG signal quality by upgrading current active electrode circuit design
methodologies. This method may provide a feasible alternative to unsatisfactory standard EEG
systems in diagnosing various illnesses by giving high-quality signals in single-channel EEG
recordings. The quantity of noise level is influenced by the quality of measurement equipment,
such as the amplification and buffering stages. Unwanted signals that are either physiological or
non-physiological are referred to as artifacts.

6.6.1 Electronic Circuit Design Analysis Type

6.6.1.1 Transistor Sizes

The power and noise level are essential in determining the transistor size. The appropriate circuit
is created based on a literature study and current state-of-the-art designs for the proposed setup.
The Current Feedback Instrumentation Amplifier was chosen as the circuit topology (CFIA).
Throughout the chapter, several tools were used, either because they were essential or just because
they simply aided in obtaining the desired goal. In the electronic circuit design process, the
CadenceR VirtuosoR environment was employed. The schematic design, circuit simulation, and
layout design were all part of this. The CadenceR SpectreR circuit simulator was used to do SPICE-
level simulations, part of the VirtuosoR environment. Finally, when it was time to set the transistor

pair architectures during layout design, the constraint management tool came in helpful.
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6.6.1.2 Transient Analysis

Cadence's transient analysis evaluated the circuit's transient response to different input signals.
There were five distinct types of analysis carried out. The circuit's reaction to a large input signal
step was also studied to ensure stability. The circuit's response to a sinusoidal input at various
frequencies was also studied. The input signal frequencies were chosen to fit inside the amplifier's
bandwidth constraints, with a second simulation conducted at a frequency in the center of the
bandwidth range. Finally, a transient model is simulated using actual EEG data from an online
database resource. The EEG data was converted into a format that could be read by the Cadence
environment using a Verilog-A block.

6.6.1.3 Common-Mode Input Range

The common-mode input range of the circuit is determined by doing an ac analysis in Cadence and
sweeping the common-mode input voltage. The circuit's gain behavior and dc operating points were
next investigated. The constraints of the common-mode input range were recognized, and the
circuit continued to function correctly.

6.6.1.4 Maximum Input and Output Swing

Analyzing the amplitude of an input sinusoidal signal and assessing the consequent output signal
evaluated the circuit's highest input and output swings. The maximum input swing was calculated
just before the output saturated, and the maximum output swing was also determined. This issue
was accomplished in the same manner as the transient analysis.

6.6.1.5 Input Impedance

Calculating the inverse of the current at the amplifier's input yielded the input impedance.
Cadence's ac analysis and a current probe were used to measure.

6.6.1.6 CMRR

The amplifier's differential gain and common-mode gain calculated the CMRR. The common-mode

gain may be calculated similarly by short-circuiting the amplifier's inputs. As a result, by dividing
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the differential gain by the common-mode gain at the required frequency, the CMRR may be

calculated.

6.6.1.7 Power Consumption

The overall power consumption of the circuit is calculated using a dc analysis in Cadence. Also,
checking the components' operational measures helps us estimate the required amount of power for
this unit. The current across all branches may then be summed together, and the power consumption

can be calculated using the power source's voltage.

6.7 Design Process and System Components

The functionality of state-of-the-art solutions and current medical norms for EEG recording
systems were investigated to identify the essential specifications for the system to meet. According
to the IEC and IFCN standards, the preamplification unit must satisfy the following requirements:
The input voltage range must be around 0.5mVpp, and the input-referred noise voltage per channel
should be 0.91 uWWRMS in the range of 0.5 to 100 Hz. The bandwidth should be between 0.17-100
Hz, electrode offset must be above 300 mv, and the input impedance should be above 100 MQ. It
was chosen to develop a current-feedback instrumentation amplifier that met the IEF and IFCN
standards and the active electrode requirements (CFIA). The CFIA was then tweaked to fit the
application's demands, and a few circuit approaches were applied to increase its performance. CFIA
configurations are the most appropriate 1A for being more efficient, having a lower CMRR, and
creating negative rail output voltages as an instrumentation amplifier. In this layout, the gain of the
instrumentation amplifier is defined by two resistors, and resistor matching does not affect the

CMRR.
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6.7.1 Parametric Analysis and Optimization of MOSFET and Simulation Results

This section simulates the amplification of actual EEG data by optimizing the W/L ratio and
parametric sweep of resistor and capacitor values. The suggested architecture is a current forward
instrument amplifier, as described in [296], and we try to tweak the parameters to achieve the best
results possible. For MOSFET technology, the gate length stated is the minimum length. It can be
longer than the minimal length in design. The transconductance and current capacity, and
multiplicity factor m are all factors that influence the W/L ratio. For a given Vg, a larger W/L ratio
improves current gain and, as a result, current. The same is true for a higher m, which denotes
mWI/L. In reality, big transistors with large W/L ratios or/and large m are beneficial for gain stages.
The differential input stage of OpAmps, for example, requires a lot of gains. However, the input
differential stage's proper matching must also be regarded. We must also comprehend the circuit's
geometrical sensitivity. So, if it's a biasing circuit, such as a current mirror, or a current source that
has to match another source on the die, we'll need to lengthen it and make the width a notional 5um
use numerous legs to size it. Make sure that all matching transistors have the same orientation and
layout, with the multiplier being the only difference. Devices with the most petite length and
breadth have poor compatibility. The MOSFET parameters are optimized and listed in Table 6.1

using the notes mentioned above.

Table 6.1 CFIA components operating points, sizes, and values (refer to 1 in figure 6.8)

MOSFET W/L(Micro) | Ips | Passive components | Value
M1,M2 720/7.2 8 Rtc 8KQ
M3,M4,M7,Ms 360/18 8 R 200 KQ
Ms,Ms 720/18 14 Cri 50nF
Mo, Mio 90/9 8 CGM 10UF
Mi11,M12 36/144 8
M™3 M14 144/144 8
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Table 6.2 The voltage amplifier components' operating points, sizes, and values (refer to 2 in

figure 6.8)

Table 6.3 Operating points, sizes, and values for the OTA components (refer to 3 in figure 6.8).

1

Table 6.4 Gm-C filters trans conductor component operating points and sizes (see 4 in figure

6.8).

MOSFET | W/L( Micro) | los | Passive components | Value
M1,M2 14.4/1.44 8 Rc 100Q2
M3, M4 36/7.2 8 Cc 100 pF
Ms,Ms 72/3.6 14

Mz 36/3.6 8
Ms 36/7.2

MOSFET | W/L( Micro) | Ips
Mas,M1s 90/2.6 15
Maz 28.8/14.4 40
Mis 72/3.6 20

MOSFET | W/L( Micro) | los
My, M, 144/3 6 2
M; M4 72/90 04

Ms 360/72 8
Ms 180/72 7
M, 18/360 15
M, 7.2/540 0.45
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Additional transient simulations using EEG data from an alcoholic patient were conducted for the
alternative AE CFIA [73]. The data was collected at the scalp's Fz electrode location. Figure 4.9
depicts a simulation of a 1.3-second section. The DC drift seen in Figure 6.9 is caused by the input
signal's DC component being filtered out; however, as previously explained, it may be recovered
at the DSL's output and coupled with the AC component at subsequent stages in an active electrode

system.
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Figure 6.9 Signal Amplification using the CFIA circuit The time response of the CFIA to a
given signal (red) and amplified using the CFIA circuit (blue) ,(b)The time response of the
CFIA to the actual EEG signal (red) amplified using the CFIA circuit (blue)
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Chapter VII: Filter, Analog-to-Digital Converter (ADC)&
Microcontroller

7.1 Filters

Filters are necessary for developing explainable EEG measurements while capturing and
visualizing EEG signals. VVarious EEG waveform parts might be incomprehensible if we don’t filter
the EEG spectrum. Filters would have multiple effects on the EEG signal, ranging from minor to
significant. The fundamental advantage of filters would be that filters seem to wipe up the EEG
pattern, providing a way to read and thus more visually appealing. Filter configurations could also
be utilized to highlight specific forms of EEG waveform. On the other hand, Filters can sometimes
be misunderstood, and their use can often result in the undesirable interpretation of EEG signals.
While the comprehensive study of filter design also isn't required to analyze EEG signals, knowing
the electronics or techniques used to construct these filters can help improve filter performance and

the complexity of EEG reading.

7.1.1 The Most Common Way to Choose a Filter for Electroencephalography

The ideal filter design would filter out any noise from physiological or electrical sources from the
EEG, leaving only genuine brain activity to get through. However, there are no intelligent filters,
and filtration can effectively exclude signals based on mathematical limits. These generalizations
are founded on the premise that the brain exclusively creates EEG waves in a specific frequency
range. Therefore, any activity in and around that scope that is unusually slow or rapid activity is
unlikely to be caused by the human brain nervous system.

Furthermore, a few of the basic tenets of EEG filter design would be that activity under 1 Hz higher
than 35 Hz doesn't originate in the brain and is most likely a physiological or electrical artifact.
EEG filters are typically set up to refuse a significant proportion of high-frequency activity.

Another filter disregards the large percentage of very low-frequency activity, founded on the idea
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that the frequency of about most brain electrical impulses of involvement lies within a particular
bandwidth. The bandpass refers to the frequency range permitted to pass through the filter
arrangement between these undesired high and low frequencies. Different bandpasses are
connected to different filter configurations in a novel method. Filtering methods can sometimes
draw out the specific band of EEG signals waveform that would otherwise be concealed in other,
higher voltage activity instead of discarding erroneous action. Ones working with EEG signals may
dampen slow waveform in a recording, even if it reflects genuine brain activity, emphasizing quick

activity that would otherwise be lost amid high-voltage slow waves.

7.1.2 Type of Filters
Low-frequency, high-frequency, and notch filters are the three most prevalent filter categories in
commercial and therapeutic Electroencephalography. A low-frequency filter's function filters
unwanted low-frequency waveforms while leaving high-frequency components alone. Designers
refer to low-frequency filters as high-pass filters since they mitigate low frequencies while allowing
high frequencies to get through the rest of the setup. On the other side, high-frequency filters are
meant to block out high-frequency waveforms while allowing low-frequency signals to get through
and are commonly alluded to as low-pass filters by designers. Even though the phrases high pass
and low pass are widely used in electronics to describe filters, they are not the favored phrases in
therapeutic electroencephalography. The terms high-frequency filter (HFF—filters out the high
frequencies) and low-frequency filter (LFF—filters out the low frequencies) are used
interchangeably in commercial or medical EEG, with the labels high filter (HF) and low filter (LF)
being referred as short and acronyms. As a result, HF and HFF are interchangeable, and LF and
LFF are alike.

The next sort of filter is the notch filter. Its goal is to block out waveform that occurs at a
given frequency instead of a sampling frequency. Electric fields created by 60-Hz power line signal

in the nature surrounding us in our interior habitats commonly affect the EEG since the AC in
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conventional electric plugs in the United States oscillates at 60 Hz. This undesired signal is
attenuated or eliminated using sixty-hertz notch filters built mainly to filter out the 60-Hz activity.
50-Hz notch filters are applied for the same reason in locations where power line frequencies are
50 Hz. When a low-frequency filter encounters a sinusoidal waveform precisely at its cutoff
frequency, it reduces the amplitude by around 30%. Signals with frequencies less than that are
suppressed by more than 30%; the lower the wave's frequency, the more dampened it is.
Surprisingly, sinusoidal waves with frequencies slightly above the cutoff frequency also decrease
in size primarily by filter but by a smaller than 30%. The less the sinusoidal wave's outset the
standard frequency of the low-frequency filter, the less the filter influences it. The significant
impact of using classic low-frequency filter selections for lower frequency filters, such as a cutoff
frequency of 1 Hz or below, would be to help maintain each EEG channel inside the horizontal
region, preventing significant displacements upward or descending through into area of many other
channels. This is because the standard displacing is a very low-frequency signal. Higher cutoff
frequencies, such as 3 Hz or 5 Hz, dampen delta frequencies initially, whereas as higher cutoff
frequencies are used, they practically erase specific slow activity, frequently with the extra
advantage of showing out some other elements of the EEG. When actual EEG signals are filtered,
the oscillations delivered to the filter have mixed frequencies. Even in wave mixes, the filter tends
to reduce each harmonic component of the oscillations according to the roll-off characteristic rule.
Low-frequency filters are particularly beneficial for removing artifacts generated by patient
movements, which can cause a channel's background to change and other low-frequency noise
causes. High-frequency filters also include a roll-off function, but it works opposite to LFF roll-off

curves, with higher frequencies dropping off to the right [298].
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7.2 Analog-to-Digital Converter (ADC)

An essential component of wireless& battery-free EEG recording equipment is an analog-
to-digital converter (ADC), which may save a lot of energy if the architecture is designed well. An
analog to digital converter captures an analog voltage at a particular instant and transforms it into
a digital output code that replicates the original value. The resolution of the A/D converter
determines the number of binary digits (bits) used to represent this analog voltage value and the
analog-to-digital converter (ADC) is one component of this system that can considerably minimize
energy usage by decreasing the amount of data [299]. To choose the most optimal ADC, a research
evaluation of EEG signals and BCI systems is conducted first to identify the prerequisites for ADC
choosing. Then, using these criteria as a guide, a detailed analysis of synchronous and asynchronous
ADCs is carried out to identify their strengths and drawbacks and their suitability for target
applications to choose the best type for use in front-end design. Based on a review of power
consumption, sampling rate, resolution, and ADC Coding Complexity among synchronous and
asynchronous analog to digital converters, successive approximation register analog to digital

converter is the most beneficial option for our target application.

7.2.1 Successive Approximation Register Analogue-to-Digital Converter

Whenever the input voltage is compared to the output of an N-bit DAC during the counting
process, a register monitors the comparator's output (high or low) to detect if the binary count is
higher than or less than the analog signal input and modifies the bit values accordingly (Figure 7.1).
The outcome of the SAR correlates to the value of the analog input signal and forms the foundation
of the SAR ADC serial output as each bit is determined. It's also worth noting that the internal DAC

determines the accuracy level and smoothness of the SAR ADC.
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SAR ADCs are often utilized in low-power, medium-to-high-resolution systems with sample rates
of up to 200 MS/s. Low latency, excellent precision, low power dissipation, energy usage, and a
simple design are the key benefits of SAR ADC. SAR ADC cumulates on the input signal quicker
than Digital Ramp ADC and has a fixed sampling rate. Because of the benefits listed above, the
SAR ADC is among the most often utilized ADCs for bio-potential monitoring. SAR ADCs come
in a range of power consumptions, sample rates, resolutions, input and output choices, prices, and
packaging designs [300].
7.2.2 SAR ADC’s Efficiency in terms of energy

SAR ADCs consume the lowest energy of any ADC, particularly whenever the resolution
is between 4 and 10 bits, and the sampling rate may be a few KS/s. According to the current study,
a SAR ADC with the energy usage of 717pW for 8-bits and 1 KS/s [342] and 3nW for 10-bits and
1 KS/s may be built. The energy usage for better resolution applications is likewise substantially
greater, although still reasonably modest. For instance, a desirable 12-bit SAR ADC costs 100nW

(1 KS/s), but an 18-bit SAR ADC requires 30.52mW (5MS/s).

7.2.3 SAR ADC Coding Complexity
SAR ADCs have one SAR, one DAC, one comparator, and a logic control unit, but their

analog architecture is costlier and more sophisticated than a Digital Ramp ADC; hence they are
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considered moderate sophistication. With 100nW of energy usage, 12-bit resolution, and a

sampling rate of 20 KS/s, the best SAR ADC will take up 0.3mm2 of the silicon die [300].

7.2.4 SAR ADC Resolution and sampling rate

Recent technical advancements have allowed SAR ADC resolution to be increased to 24,
although most SAR ADCs are in the 8-18-bit range. The rate at which samples are taken. Latest
developments in SAR ADC architecture have increased the sample rate to the GS/s range, although
this is solely true for low-resolution SAR ADCs. One of the most optimistic cases is a 36 GS/s, 6-
bit, 110mW SAR ADC; however, for needed 12-bit resolution, the sampling rate may be as high

as 36 MS/s with nW power consumption.

7.3 Microcontroller Unit

A microprocessor module is a high-speed, input-output (I/0O) computer that can handle
many tasks. The microcontroller unit can supervise all signal processing units and command and
start data flow between them. Because all additional electronics that the microcontroller unit may
need are already available, it does not necessitate peripheral components for functioning. For the
proposed Wireless and battery-free EEG readout system design, such characteristics minimize the
required room, resulting in power optimization and the time for manifesting fabrication [301].
There is no standard protocol for choosing a microcontroller unit for the desired purpose. It's a
challenging task to balance the running energy required and the energy usage of the microcontroller
unit and its peripherals. The advent of new, improved devices besides new novel and better
capabilities might make selecting the microcontroller unit tiring. The additional characteristics
necessary for this section of the dissertation push us to hunt for smaller parts to reduce the occupied
space on the EEG control board. Bus architecture, interconnection, the possibility of using internal
Digital signal processors (DSP), power usage, an elastic memory, and technical assistance are all

characteristics that must be considered.
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Dialog Semiconductor and Atmel were the brands evaluated (Arduino). Considering our system
design, the following sections offer the most appropriate choices for these two corporations.
7.3.1 Different types of Microcontroller
7.3.1.1 Dialogue Semiconductors:
Dialogue Semiconductors has many Smart bond chips in its product category, from the DA14580,
which has a 32-bit ARM Cortex Mo microcontroller, to the DA14680, which has an 8 Mb FLASH
and 64 kB OTP memory. Throughout the selection process, the primary qualities identified in the
various systems were the system architecture, power control, and versatility in connection, such as
SPI, UART, and Bluetooth [369]. The other type, DA14680, attracted attention thanks to the high
integration and complete Bluetooth 4.2 capability, low energy usage, and tiny dimensions. The
DA14680 differs from the DA14681 because it contains flash memory, infinite processing space,
and over-the-air upgrades [375]. Its ARM CPU has a 16kB cache that may function in direct, two-
way bidirectional, or four-way associative mode.

Furthermore, the cache line can be programmed to be 8, 16, or 32 bytes. The DA14680's
CPU may be tuned to unutilized an XTAL16 crystal oscillator (16 MHz) or a relatively low energy
consumption PLL to raise the frequency to 96 MHz, enabling complicated methods to be
implemented with no external or particular microcontroller unit. This component's energy
management makes it perfect for wirelessly powered portable designs. A universal constant
current/constant voltage (CC/CV) charge, which enables the support of WPT powering, and a State-
of-Charge engine, which manages PTU when the system is active, are two major power
management features [302].
This module also has three-phase power rails that may drive peripherals like Vsys, Viiash, and Vext.
The Dialog SmartSnippets Studio was used to create the DA14680 and all other members. Dialog
SmartSnippets Studio is the application framework for all Smart Bond products, and it's made up

of a SmartSnippets toolkit that covers all app developers, FLASH or OTP programming, and
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testing. The SmartSnippets IDE is an Eclipse CDT-based IDE with pre-configured modules that
simplify building and debugging.
7.3.1.2 Atmel

Atmel offers a variety of micro-control unit boards designed on chips, including the
Arduino Leonard, which is based on the ATmega32u4 microprocessor, and the Arduino Uno,
which is based on the ATmega328P. The constraints mentioned earlier, such as connection (SPI,
UART, and Bluetooth) and programming freedom, restricted the accessible possibilities while
looking for the perfect solution. The following subsection presents the Arduino gadget that was
chosen (Atmel).ATmega328 board sparked our curiosity to be chosen as a Microcontroller unit
since it is small, complete, and breadboard-friendly, plus it is based on the ATmega328. Six of the
fourteen digital input/output channels on the Arduino Nano could be used as pulse modulation
(PWM) outputs. It also features six analog channel inputs and a quartz crystal with a frequency of
16 MHz. The Arduino Software (IDE) is used to program the Arduino. Because the ATmega328
on the board included a bootloader software that allowed directed loading of the code, a hardware
interface programmer had not been required to program the board. An external power source, such
as a wirelessly powering up, can power the Arduino Nano through the WPT link. The Nano's Atmel
MCU contains 32kB of memory, of which the bootloader consumes 0.5kB. Furthermore, SRAM
requires 2kB, while EEPROM requires 1kB [303].
7.3.2 MCU Comparison
Without evaluating the restrictions and peculiarities of any device, it is impossible to identify which
MCU should be used for the proposed EEG readout system as a modular design. The given MCUs
and their fundamental properties are summarized in Table 7.1. The MCUs shown here are
interesting, but the DA14680 is perhaps the most suited MCU for this application, as it uses the

ADS1298 in daisy-chain mode. Furthermore, the BLE offers configurable charging capabilities, a

141



slim design, and the flexibility to reduce the number of components necessary. This MCU allows

the project to expand, allowing for a more significant number of ADC.

Table 7.1 MCUs types & properties [304-310]

MCU DA14680 Atmega328
Flash 8Mbit 32KB
SRAM 16KB 2KB
Clock Speed 1 MHz 16MHz
Analogue 1/0 31 general purpose 8
DC Current per 1/0 10pA 40mA
Digital 1/0 22
Input Voltage 1.7-4.75V 7-12V (operational SV)
Bluetooth BLE device Peripheral device

Changed mode

Programmable

External device

CPU type ARM Cortex -MO AVR
SPI 2 1
1/0 Supply Class 1.8,3.3 3.3

According to what is reported in publications so far [311-314], the processing unit can vary
from microcontrollers with limited capabilities to super small microprocessors with a great deal of
performance operating in the GHz range of frequencies or even greater frequency, based on the
target application and needed computing capabilities. Microcontrollers will integrate microchips
with operating frequencies of 1 GHz or more based on the desired application and required
computational capabilities. Even a high-performance CPU is unsuitable for wirelessly powered
EEG recording equipment. Although we can provide a large quantity of power for the analog front
end, we are mainly concerned with human safety due to the allowed power transmission. Machine

learning and other computationally intensive processes must be executed locally on a computer's
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back-end unit. This project's CPU was chosen to provide the required maximum analog front-end
sampling speed of 1 kbps and wireless sensor components necessary for network connectivity.
The ATmega line of minimal CMOS 8-bit microcontrollers, including the
640/1280/1281/2560/2561, is developed on the AVR improved RISC design. The ATmega
640/1280/1281/2560/2561 delivers throughputs approaching 1 MIPS per MHz by performing
strong directives in a single clock cycle, enabling the system developer to balance energy usage vs.
computational and processing performance. The Atmel® AVR® core has 32 working registers and
an extensive instruction set. The Arithmetic Logic Unit (ALU) is linked directly to all 32 registers,
enabling two autonomous registers to be accessible in a single program performed in a single clock
cycle. The resultant design is more code efficient than the conventional CISC microcontrollers,

with a throughput of 10 times quicker [315].

7.4 Transmitter
7.4.1 Bidirectional Communication link for power management unit

One option to keep the received power stable is to use a closed-loop system to change the
transmitted power so that the received power stays marginally higher than the minimal level
required to make our EEG recording equipment operational. Furthermore, wideband bidirectional
data communication may be created by utilizing the same short-range wireless link or a separate
near-field/far-field link. IMDs (implanted microelectronic devices) is an excellent example of how
power and data transmission lines may be linked. Increasing the number and electrodes improves
the quality of perception in EEG recording systems. These devices can use tens to thousands of
EEG channels to record brain activity, and they often demand a lot of power and bandwidth [316].
Data transmission has been a well-known subject that employs various high-data-rate technologies.
We have specific circumstances in wearing EEG readout systems, either positive or negative. To

decrease total weight and volume, such a suggested system should operate for longer durations
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without needing an additional battery. As a result, the device must have a low power consumption
to last a long time without recharging for the individuals' comfort.

The received power information is delivered from the EEG setup to the back-end TX, either

by back telemetry based on load shift-keying (LSK) or actively together with data [317]. A digital-
to-analog converter (ADC) digitizes the rectifier voltage to produce power bits for digital
transmission,
The rectifier voltage is compared to a reference voltage, and a power bit is delivered to the Rx. A
detecting circuit receives the data in the external unit, and a control unit provides the appropriate
voltage for the PA through a power-efficient DC-DC converter [318]. These efforts have produced
an application-specific integrated circuit (ASIC) to shut the power loop through a lengthy and
expensive procedure.

Most commercially available wideband wireless technologies, such as Bluetooth or WiFi,
which run at 2.4 GHz, are incompatible with the requirement of our setup. Medical Implant
Communication Service (MICS), which operates in the 402-405 MHz range and has a restricted
bandwidth (300 kHz), is an example of a particular standard for data communication.

Carrier-based modulation methods have been employed in the majority of inductive
telemetry lines. Such approaches include amplitude shift keying (ASK), frequency-shift keying
(FSK), binary/quadrature-phase shift keying (BPSK/QPSK), and load shift keying (LSK). These
carrier-based approaches were appealing in the early days of wearable or IMDs since the same low-
frequency carrier could power the setup.

Because the power carrier's frequency cannot be raised due to tissue loss at high frequencies, the
power carrier must be separated from the data carrier in high-performance wearable applications
that demand additional bandwidth. Furthermore, because these approaches rely on carrier signals,

they also consume significant Tx power. Wideband communication with high-frequency data
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carriers involves the adoption of expensive and power-comsuming frequency-stabilization RF
circuits, not desired in our suggested EEG configuration.

The use of ultra-wideband (UWB) technology for low-power communications was
permitted by the Federal Communications Commission (FCC) in 2002. Short-range ultra-low-
power applications quickly embraced a form known as impulse-radio (IR) UWB, in which data is
sent through sub-nanosecond pulses via wideband antennas. The lack of a carrier in IR-UWB
transmitters eliminates the need for high-frequency oscillators that consume a lot of power,
resulting in lower power consumption. The IR-UWB is a suitable choice for IMDs because of these
properties. The standard IR-UWB is highly absorbable in water and cannot penetrate or pass
through tissue, which is a drawback. It is designed for far-field interactions in the 3.1-10.6 GHz
range.

Given the difficulties of adopting carrier-based modulations, a novel pulse-based data-transmission
technique known as pulse-harmonic modulation (PHM) might effectively push the bounds of
energy usage and data rate (DR) in near-field telemetry systems.

Despite the wide bandwidth of pulse-based techniques, the intense power-carrier
interference on the Rx side may overpower the faint data signal, making data restoration difficult,
though perhaps not unattainable. As a result, power-carrier interference must be filtered out,
increasing the Rx's power consumption and complexity. Pulse-delay Modulation (PDM) is a
breakthrough dual-band data and power transmission technology for wideband near-field
applications that exploit undesirable power-carrier interference on the wireless data link (due to the
proximity of the power and data coils) to transmit the data. The proposed approach saves both
power and space by filtering out power carrier interference. It also takes advantage of IR-low-
power UWBs and low-complexity characteristics, particularly Tx, to further reduce EEG cap power
consumption. The primary benefit of using a single carrier for both power and data transmission is

that power coil coupling is relatively stable, resulting in more reliable data transfer. Another
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advantage is that the power resonators may be reused several times, saving space. It achieves high
power transfer efficiency and high data-transmission capacity on the same carrier. The fundamental
problem is that changing the power carrier significantly complicates the power Tx circuitry and
reduces the power transfer efficiency. The low frequency of the power carrier is another critical
issue since it decreases data transmission capacity to insufficient levels for most wireless
applications. The primary advantage of utilizing a single carrier for power and data transmission is
that power coil coupling is generally steady, resulting in more reliable data transmission. Another
benefit is that the power resonators may be reused several times, resulting in space savings.

Due to competing objectives, obtaining high power transfer efficiency and high data-
transmission capacity on the same carrier will be difficult. The core issue is that altering the power
carrier makes the power Tx circuitry more complicated and lowers power transfer efficiency.
Another significant difficulty is the power carrier's low frequency, which reduces data transmission
capacity to levels insufficient for most wireless applications. However, a separate power carrier
from the data carrier is recommended for high-performance since a wearable EEG cap with more
channels necessitates a broader bandwidth requirement. And also need to consider that increasing
the frequency of the high amplitude power carrier may cause dangerous temperature increases in
the tissue due to excessive power loss. It is the other reason for separating power and data channels.
A high-frequency carrier (> 50 MHz) is essential for the data connection to achieve effective
communication; however, the power carrier frequency should be kept below 20 MHz due to human
safety issues. Due to human safety issues, the power carrier frequency should be controlled below
20 MHz. The data link is also built to provide bidirectional high-bandwidth communication with

wearable or implantable devices.

7.5 Modular Design

146



Because of the noisy and unpredictable nature of the EEG input, implementing a wireless
and battery-free is a complicated process. Advancement in this area is limited by authentication,
design expertise, and evaluation for such systems. To record non-stationary EEG signals in pv
ranges, high-quality and high-resolution front-end electronics are necessary. Professional and high-
quality EEG capture hardware is available from several businesses. Due to their high cost, these
devices are not designed for widespread public use or research entry-level research. However, no
designer can disregard the concept of modular hardware design. Modular electronics design is the
technique of linking multiple electrical devices into a single system. The standardized electrical
connections used in electronic gadgets are employed to accomplish this aim. While it would be
preferable to design and fabricate all the subsystems on a single chip using the ASIC design
technique, modular architecture provides its benefits.

The number of components that can be crammed onto a PCB is limited, and a single-PCB
design may not fit into the enclosure if you're developing for items with restricted space. By
dividing the procedure into many modules, it is possible to verify that all the components fit within
the space restrictions. Some of the suggested setup's components will likely become outdated. We
will only need to modify a piece of the circuit when an update is required by retaining fast-changing
elements on the same module. We may repurpose the same module for multiple items designed
based on a modular design. It reduces the time and the cost of redesigning and lowers the cost-per-
unit when more of the same module is produced. Modular hardware enables testing to be limited
to certain portions of a circuit without breaking traces. Faulty modules may be easily identified and
replaced, making troubleshooting and maintenance more straightforward.This modular and
vertically stackable development board can acquire entry-level EEG signal acquisition.
Additionally, the suggested architecture allows the system to be readily scaled and tailored to

various EEG activities while still power, cost, and time.
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There are a lot of publications that detail the concepts and models of EEG capturing and

processing that have been developed in recent years.[318] describes a wearable device EEG
recording set up with including 32 channel active dry electrode for epilepsy monitoring. The system
is battery-powered, and the analog data is converted to digital signals by the ADS1299, a 24-bit
resolution analog-to-digital converter unit capable of sampling up to 1 ksps. The processor is a 1
GHz ARM CPU, with Wi-Fi 802.11 b/g as the data communication route. The device's size was
not optimized, necessitating the usage of longer cables and active electrodes. In [319], A 16-
channel EEG cap cape has been developed with the cup AM3358 ARM Cortex-A8 1 GHz CPU.
The ADC is ADS1299 and can sample at one ksps. Such a system for battery-powered portable
applications is still a significant hurdle.
[320] describes a battery-powered EEG device for long-term monitoring of schizophrenia patients.
The CPU is a SAM G55 microcontroller, and the ADC is ADS1299. Bluetooth communication is
used as a communication link, and overall power consumption is 69 milliwatt. [321] released
details of a low-cost 8-channel EEG recording equipment for BCI applications. The design was
committed to favoring compact size and low power use, using an STM32F4 microcontroller, a
single ADS1299, and communicating data through Bluetooth.

Due to being battery powered, most of the devices described lack spatial resolution for
EEG, and overall board expandability was not considered. [322] represents a novel re-design for
an ECG acquisition system that includes a 24-bit ADS1298 ADC. The ADC and controller modules
are an 8-channel analog-to-digital converter connected to an MSP430F5529 microcontroller
running at 12 MHz. The given system can sample at a rate of 500 Hz.[392] demonstrated a four-
channel EEG acquisition system that was relatively small. Researchers developed a BCI board
using an ADS1299 ADC linked up using an Atmega328 microcontroller based on OpenBClI project

principles [393]. The EEG data was transferred to the back-end through Bluetooth. [394] describes
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the development and use of a 16-channel EEG recording system using dry electrodes and a

Bluetooth connection link for final processing.

7.5.1 Topology of the Framework

Designing a durable with high-accuracy analog front-end (AFE) is challenging. Because
whole-brain EEG rhythmic waves propagate in the low-frequency range of 0.5-100 Hz, a high-
sampling capability is unnecessary for ADC selection. However, priority should be given to analog
front-ends with the most supported channels, high acquisition resolution, and noise reduction
capabilities. For modular design due to low power consumption, reduced input-referred noise
(0.205uVrms—6.5uVrms), and overall improvement over offered characteristics in the same device
category, The ADS series was suggested for EEG acquisitions based on the assessment supplied
literature. Because of its characteristics, widespread use in the industry, and diverse applications,
the ADS1299 and its counterpart, the ADS1298, may be used as the analog front end for the design.
The ADS1298/9 is a device with eight low-noise, programmable gain amplifiers (PGAs) and eight
high 24-bit resolution Delta-Sigma ADCs for biopotential studies and medical instruments (e.g.,
ECG, EMG, and EEG). Self-test, temperature, and lead-off detection systems are all included in

the IC.

7.5.2 Schematic modular design and PCB Layout

At the component level, a circuit diagram describes your electronic system. Components
can be represented as discrete blocks with input outputs in a circuit design or standard component
symbols. Complex devices, like logic gates, are presented as blocks to avoid defining every
transistor and a passive element. This makes it simple to show connections between passive parts,
ICs, and other circuit design elements, such as connectors. A circuit schematic and a block diagram
are sometimes used interchangeably; however, they do not convey the same information. A block

diagram is the starting point for your PCB design. The block diagram depicts how the system
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functions from a functional standpoint. The term practical perspective refers to the functions in the
system that alter data and analog signals. Each component of the system is labeled according to the
role it serves. The idea is to concentrate less on individual members and more on the overall
operation of the system. It's worth noting that a block diagram can relate to components while
maintaining focus on the system's functioning. PCB design might take longer if the transition from
the conceptual requirement to the actual design is not adequately planned. There are several aspects
to consider at the same time. For instance, where should important components be placed to
maximize space and performance dropped first. We also have to think about how subsystems work
together and which location would produce the most evident traces. These early selections might
be intimidating, resulting in procrastination or the need to restart.

Modular schematics can save time if hardware redesign is necessary for MCU migration.
It might be difficult to replace an outdated microcontroller with a new one if the two are not pin
compatible. The microcontroller cannot be changed until all other components have been physically
relocated and all connections have been reconnected. A modular schematic design is a significantly
superior solution since it allows us to organize the microcontroller on single schematic sheets and
connect it to other modules through nets or ports. We would need to change the microcontroller
schematic module with this method, and this is far more efficient and neater than non-modularized
schematics. The schematic design shown in Figure 7.2 is completed using Altium Designer

software.
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Figure 7.2 schematic design of suggested EEG recording front end system

Next, the schematic must be checked for any design rule breaches that prevent
synchronization with the PCB layout. After the PCB layout is finished, this initial synchronization
process ensures that any schematic changes may be instantly imported into the PCB layout. The
board must then be imported into a blank PCB layout using the schematic capture tool. For the
PCB, we create a layer stack, and we can arrange components and route traces between them once
we've finished these three procedures. Altium Designer has several valuable features that help us
construct an error-free PCB design. It allowed us to rapidly validate the layout against our design
rules and restrictions, establish the layer stack fast, execute design simulations, etc. The integrated

design capabilities in Altium Designer are designed to keep the PCB schematic and layout synced

151



without the need for an additional schematic capture application, resulting in a more efficient
schematic to circuit board process. The schematic method can be transferred to a four-layer PCB

using the design rules, as shown in figure 7.3.

Figure 7.3. PCB of suggested EEG recording system’s front end stimulated using Altium designer
software

Chapter VIII: Conclusion

This dissertation, whose findings are published in high-quartile journals and in well-known
conference venues, dwelved on developing a system and related circuitry for high-performance

wireless power and data transmission to wearable biomedical readout devices.
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The first chapter provided an investigation through the literature review on design
processes of completely untethered EEG readout system applications. In the reported literature,
there has been a lot of discussion on the progress of portable EEG equipment. Their performance
has proven to be equivalent to traditional EEG devices for various applications. The ability to
monitor mobile patients and the rapid setup time are two of its key advantages over conventional
systems. We went over the various modalities and design principles in Chapter I, and an EEG cap
based on the traditional 10/10 system is designed and constructed in Chapter I1. The cap was created
as part of a daily consumer need product design for a BCI EEG acquisition headset. Such a device
would have excellent performance with a few channels, resist minor misalignment caused by non-
professional users, and be tolerant of shaky contact between the electrode points and the user's
head.

The design's goal was to develop a fully untethered and self-powered system. The system
was built with using 3-D printing. For nonprofessional users, this degree of reliability is sufficient.
It is also demonstrated that average performance can be maintained by reducing the number of
channels to 16. Even if the positioning of such a headset requires greater precision, it is nevertheless
an appealing solution for low-cost devices.

The third chapter focused on several strategies, including multi-resonator power transfer,
intelligent power feeding, closed-loop power transmission, and high-efficiency power
management, which may considerably boost the PTE of power transfer links. The proposed
powering system has been fabricated, and data transfer mechanisms have been tested in the lab to
prove the feasibility of the proposed design.

Such strategies have been coupled in a modular printed circuit board (PCB) design to
evaluate further the practicality of the power and data transmission systems. Active electrodes, a
relatively novel approach incorporating the needed bio amplifier circuitry at the electrode site, were

described in Chapter IV. Improved signal integrity, decreased physical size, and a possible
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reduction in power usage are deemed critical advantages over traditional electrode arrangements.

They're especially well-suited towards portable EEG devices.

A preamplifier for an AE was simulated and tested at the system level in a single-channel

EEG application. The application imposed several design constraints, focusing on signal integrity

and power consumption. Additional design criteria were acquired from EEG recording system

specifications and cutting-edge designs. In Chapter V, the components of EEG front-end

electronics, such as filter core amplifiers, ADCs, and microcontrollers, were carefully studied.

8.1 Design Contributions

The following developments are considered as contributions made through this research work:

This research developed a fully battery-less and wireless (untethered) EEG readout cap. A
CAD model of a 3-D view of the EEG head cap is designed and constructed with a
hexagonal form electrode holder, including holes and interconnections with elastic printing
elements to meet the design requirements. As a result, this construction represents a new
version of the 3-D printed EEG cap, which augments prior work. The design and
fabrication of the EEG cap includes power resonators and other control circuitry and

devices.

The structural strength is determined by mechanical and electrical testing. The early
designs are based on open-source BCl's base 3-D printing file, and we changed the structure
to suit our needs The powering system is equipped with a highly efficient and compact
power transmitter mosaicked by an array of 8x11 Tx resonators in a certain pattern
operating at the lowest ISM band of 6.78 MHz. The front-end’s power receiver block Rx

includes multi-resonators mounted all-around an EEG cap that can be worn by a subject.
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Furthermore, considering the subject's head which could assume different positions, a well-
designed positioning system and an intelligent feeding setup are developed to balance the
efficiency drop due to misalignment and to involve the most associated resonators with the
powering scenario with the potential of switching off the extraneous resonators that are not

engaged with Transmit and Receive (Tx-Rx) power.

A wireless misalignment-resistant powering system for a portable wireless EEG recording
cap is proposed. This design can be used for the wireless recording of EEG data. A design
that can also be used as an ambulatory device, or as a fast-diagnostic tool for assessing
brain signals and related connectivity patterns pre and post treatment. This setup helps to
increase safety precautions and reduce the negative impact of excessive magnetic field
exposure in a remotely powered EEG cap. The proposed setup reduces the negative impact
of angular and lateral misalignment and maintains the power link’s PTE above 80% as the

results indicate.

Except for the design of the electrodes themselves as this is beyond the scope of this
dissertation, All the essential elements, and supporting circuitry for designing a highly
efficient power generation, transmission, and conversion chain system, PGTCC, to power
up the front-end’s electronics that acquire satisfactory EEG signal acquisition in a portable
wireless and battery-free EEG cap. Unique configurations have been presented, including,
a highly efficient and compact resonance-inductive link, multi-resonator power transfer,
use of magnetized materials to improve power transmission efficiency, closed-loop power
transmission, and a highly efficient power conversion chain. Experimental evaluations

have shown the potential to significantly improve the total efficiency and supply stable
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power for the front-end units that include the EEG signal, filtering, noise cancelation

amplification units, processing units, and transceivers.

For the first time, the design equations for an array of rectangular slots axially placed on a
cylindrical waveguide are driven and presented, making it possible to attain asymmetrical
and non-broadside patterns with higher bandwidths. The method of least squares is then
used for both the radiation pattern synthesis with the specified side lobe level and the array
input impedance matching. For optimization, the error function comprised of the three
terms of impedance matching, array pattern synthesis, and slot design equations is
constructed. To minimize the error function, the genetic algorithm combined with the
conjugate gradient method is utilized and the geometrical characteristic of the slots defined.
This procedure increases the design speed and provides the means to synthesize any desired
pattern for an array of axial rectangular slots on a cylindrical waveguide. Numerical and
fabrication examples are presented as illustrations of the proposed synthesis method. The
results of the proposed method are verified by using the commercial software High-
Frequency Structure Simulator (HFSS) in comparison to measurement results obtained out

of the proposed prototype of a fabricated antenna operating at the frequency of 9 GHz.

The research on array of rectangular slots axially placed on a cylindrical waveguide
expanded on the method of least squares for the synthesis of axial slot array on a cylindrical
waveguide for the dominant mode TE1; and analyzed the radiation from axial slots on a
cylindrical waveguide. Using Elliott’s method as a baseline, and for the first time, the
design equations were presented and expanded for the traveling wave mode with the use
of equivalent circuits for axial slot array antenna. Subsequently, the geometrical

dimensions of the slot array on the cylindrical surface were determined by minimizing the
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appropriate error functions. This minimization led to accurate pattern synthesis impedance
matching, formulation of the relevant design equations, and minimization of power losses.
With the proposed antenna design, the computational requirements were optimized. The
method is also advantageous because it combines the determination of slots’ parameters
and impedance matching with the array pattern synthesis, leading to a quick design with
higher accuracy. Moreover, a design example was presented to demonstrate the
effectiveness of the proposed synthesis method on a cylindrical slot array. Full-wave
simulation software HFSS was used to verify the proposed design procedure. To verify the
accuracy and the practical feasibility of the simulation, measurements were taken on a
prototype design of an array of axial slots on a cylindrical waveguide, and good

correspondence with the theoretical predictions was achieved.

8.2 Retrospective

In retrospect, all the proposed designs including the 3D EEG headcap, the (20*1) circular
power combiner, the powering resonator array, the testbed to evaluate the coupling distance
effect on power transfer efficiency, the 22- rectangular slot array on a cylindrical
waveguide (two rows of 11 elements) were fabricated and tested. In terms electronic
circuitry for the Tx resonator driver electronics, resonant inductive link, Circuit model of
Tx-Rx powering link, powering set up for wireless and battery-free EEG reading devices,
Circuit model of suggested octagonal shape Tx-Rx resonators, the front and back-end circuitry
for the powering units were all tested and simulated using Spice, Altium, and high-frequency

structure simulator (HFSS) software.
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The fully integrated head cap to be ultimately fabricated would require the inclusion of
select and most performing active electrodes available on the market to be embedded in
tha allotted slots in the fabricated 3D headcap. Moreover due to current fabrication facility
limitations, the ultimate design will need miniaturization of some of the design elements
developed in this dissertation. This is by no means an easy task as other technological
limits could be confronted as we attempt to integrate all these softwrae-based and the
hardware-based components. Only then will we be able to ascertain the full practical

dimension and of the proposed wirelees and batteryless EEG recording system
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