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ABSTRACT

Health-care technologies for non-invasive monitoring of vital parameters like blood pressure

and heart rate are widely used due to their capability to function as a point-of-care device.

However, most of these devices are limited to using either optical based sensing methods, which

are vulnerable to environmental optical interference and possess a limited penetration depth, or

galvanic electrode transducers, which require multiple conducting nodes connected to the skin

as well as prone to muscle action potential. In addition, most of these sensing systems are

realized on hard electronics which lack epidermal conformance. These limitations highlight the

need for developing minimally obtrusive, non-invasive, conformal diagnostic clinical devices for

extracting vital signs as well as non-super�cial limb hemodynamics. Technologies based on

electromagnetic sensing using �exible radio frequency (RF) resonators are well poised to

address this need. Electromagnetic sensors can be leveraged to detect volumetric changes in

layered material as changes in the re�ection coe�cient since dielectric variation in the near-�eld

electromagnetic boundary. The focus of this study was to develop a minimally obtrusive

electromagnetic sensing system to non-invasively detect pulsatile blood �ow from the radial

artery through conformal and functional biointerface. For that purpose, a �exible RF resonator

with two di�erent readout architectures have been developed. The sensing architectures

integrate a novel RF skin patch resonator embedded with a coplanar outer loop antenna and a

compact, standalone wireless readout hardware based on standing wave ratio (SWR) bridge,

and directional coupler with RF gain and phase detector. The resonator itself is a copper-based

open circuit planar Archimedean spiral with a rectangular cross-sectional area, chemically

etched on a �exible polyimide substrate. The readout hardware is developed exploiting

o�-the-shelf components, fabricated on the top of a rigid FR4 substrate. Under external RF

stimulus, the resonator electromagnetically couples to the surrounding dielectric medium. Any

change in the dielectric properties results in perturbation to this near�eld coupling. This e�ect

can be measured through tracking the changes in re�ected power and complex S11 modulation

(amplitude and phase) from the resonator using the proposed hardwares. By leveraging this

working principle and the dielectric characteristics of biological tissues, the experimental results

from in-vitro benchtop models and human trials con�rmed the ability of the sensing systems as

the potential noninvasive blood �ow and limb hemodynamics detector. Hence, the systems could

be the alternative to the conventional, non-invasive wearable sensing with an unprecedented

capability of multimodal bio�uid phenomena detection within a single sensing platform.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Human body exhibits certain physiological traits which are inevitably the

consequences of pulsatile blood �ow through the vascular network. For example, heart

beat, respiration rate, blood pressure, temperature, hydration status, and glucose level are

governed by a set of biochemical processes where blood transports nutrients, hormones,

and enzymes to catalyze the system. Inside the body, circulating blood is pumped by a

non-voluntary four chambered heart that can be modeled as a positive displacement pump.

This complex biomechanical pump controls the magnitude and amount of blood ejection

from the left ventricle through the synchronized opening and closing events of cardiac

valves, resulting in pulsatile blood �ow. In addition, due to the branchings and

non-homogeneous �ow areas in the vascular bed, blood �ow is impeded by the path

resistance which further generates eddies pronounced as �ow re�ections. These �ow

separations and valve timing events can be identi�ed as certain characteristics peaks and

notches in the blood pressure and velocity waveform. Accordingly, the oscillating arterial

blood �ow inside the body represents the dynamics of left ventricular activity including

cardiac valve events, arterial compliance, �ow re�ection, cardiac output, vascular

resistance, and mean arterial pressure - collectively known as limb hemodynamics. In the

human body, these hemodynamic parameters response to the state of di�erent health

conditions. Therefore, non-intrusive monitoring of blood �ow waveforms is clinically

signi�cant as they accurately render information relevant to the prognosis and diagnosis of

cardiovascular health and diseases [1, 2, 3, 4, 5, 6].

In personalized medicine, to monitoring blood �ow parameters is typically

accomplished through noninvasive and minimally obtrusive epidermal sensors. Traditional

instrumentation o�ers sensing interfaces via optical, electrical, or mechanical coupling with
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the epidermis. Although these point-of-care devices might be clinically signi�cant, most of

these are realized with planar hard electronics which are six orders of magnitude sti�er than

soft tissue [7]. Hence, limitations arise when it comes to interface with the time evolving,

uneven skin surface which leads to imperfect integration between the sensing element and

the targeted anatomical locations. So far, previous studies have identi�ed this mismatch as

one of the root causes of movement artifacts in the transduced signals [1, 8, 7, 9].

Recent advancements in material science have already demonstrated unprecedented

�exibilities in the micro-machined, ultrathin brittle silicon wafer. Accompanied by skin like

stretchability, it is now possible to create functional biointerface that supports intimate

coupling with the uneven surface. However, the challenges still persist when these sensing

modalities biased in leveraging conventional optical, galvanic, or mechanical transducers to

detect health parameters. For example, optical sensors are limited in penetration depth,

less than 8 mm, which makes them di�cult to utilize in decoding �ow information from

deep arteries surrounded by the tissues with thickness greater than 3 cm [1, 5].

Photoplethysmography is also vulnerable to ambient light interference, moisture, thermally

induced vasodilation or vasoconstriction, and the chemical composition of blood [1, 5, 9].

On the other hand, sensing systems exploiting galvanic transducers are highly subjected to

muscle action potential which deteriorates the signal to noise ratio in the biopotential

recording system [1, 10].

Sensing system based on electromagnetic energy has eventually established a

pathway to mitigate the aforementioned issues by rendering galvanic isolation and

improved penetration depth. Studies have already demonstrated its superior capabilities

through non-invasive interrogation of intrathoracic organs like the heart, peripheral

vasculatures, and cerebral ventricles for measuring ventricular stroke volume, limb

hemodynamics, and intracranial pressure [11, 12, 13, 14]. Furthermore, researchers around

the globe have also explored the utilities of microwave sensing for non-contact monitoring

of cardiopulmonary motion, respiration rate, and heart beat exploiting planar rigid

antennas and near-�eld resonators integrated with a benchtop readout equipment like
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vector network analyzer. Nonetheless, most of these prior arts already lack epidermal

conformance and non-obtrusiveness. Thus, a compact sensing system is highly desired for

non-intrusive monitoring of health parameters, which can be accomplished through �exible

RF resonators. In addition to the conformal resonators and antennas, there is also a need

for comprehensive studies of the readout circuit and overall miniaturization of the readout

system for the possible point-of-care implementation since the viability of RF sensing does

not only depend on the sensing element, but also on the accuracy and robustness of the

readout circuit [15, 16, 17].

1.2 Objectives and Goals

Although prior studies have already demonstrated the attempts to develop portable

and wearable readout systems like magnetic �eld response recorder based on induced eddy

current e�ect, in practical applications, these systems are only feasible if the material

under test (MUT) have signi�cant conductivity [18, 19, 20, 21]. Since the focus of this

research is to detect blood �ow and limb hemodynamics from biological tissues with

negligible conductivity, the current work primarily aims to explore the utilities of �exible

near-�eld RF resonators as a capacitive transducer coupled with a compact, wireless, and

miniaturized readout systems for improved sensitivity and e�ciency in point-of-care

applications of multimodal health parameters on a single sensing platform.

1.3 Brief Methodology

Considering the primary objective of this work, two RF resonators based on open

Archimedean spiral with an embedded outer loop antenna have been developed on a

�exible polyimide substrate to ensure epidermal conformance and biocompatibility. The

resonator detects �uid volume displacement via resonant frequency shift and complex

re�ection coe�cient i.e. S11 modulation due to the near-�eld dielectric perturbation in the

resonator-MUT coupled system [1, 2, 22, 23, 24, 25, 22, 26]. Furthermore, two compact

readout hardwares have been designed and developed based on resistive standing wave
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ratio (SWR) bridge and directional coupler with logarithmic RF gain and phase detector to

obtain the re�ected power, and S11 amplitude and phase modulation information within

the resonance band, respectively. Further post processing of the raw frequency and time

domain responses are handled wirelessly on a remote host computer using a MatLab and

custom-made serial data acquisition software. So far, the work has revealed experimental

evidences of �uid shift detection using the designed readout prototype (SWR bridge based)

in in-vitro benchtop models utilizing 1) a basic stagnant �uid phantom and 2) an arm

phantom capable of mimicking pulsatile blood �ow. In addition, the �nal versions of the

prototypes (both the scalar and vector network analyzer approaches) were also evaluated

on two healthy human subjects for detecting limb hemodynamics from di�erent anatomical

locations including radial, carotid, and supraorbital arteries, and cardiogenic vibrations

from thorax (apex).

1.4 Synopsis

In this manuscript, Chapter 2 provides some background and literature review

pertaining to RF sensing and relevant readout architectures. The experimental designs

including phantom models and human trials are introduced in Chapter 3. The chapter also

brie�y describes the architectures of the tailored resonators and prototypes. Chapter 4

exempli�es the application of digital signal processing i.e. �ltering and spectral analysis of

the recorded data to identify meaningful outcomes. Chapter 5 discusses the results

obtained from the in-vitro and human study and their practical relevance from clinical

views. The chapter also highlights the limitations of this study from both hardware and

data interpretation perspectives. It also includes the future scopes for the possible

improvements in the readout hardware and resonator design. Finally, Chapter 6 concludes

the whole study in a comprehensive manner specifying the important �ndings from this

work and the needed clinical study to facilitate the future of this research.
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CHAPTER II

LITERATURE REVIEW

In this chapter, a theoretical framework of the electromagnetic resonance and

near-�eld dielectric sensing has been outlined clarifying the relevant terminologies, scope of

the present work, and evaluation of the previous works and limitations mostly relevant to

readout systems.

2.1 Electromagnetic Resonance in RLC Network

Typical instrumentation for non-invasive electromagnetic sensing modality requires

a radiator that can emit electromagnetic energy. However, in order to generate

electromagnetic radiation a certain physical phenomena is exploited commonly known as

electromagnetic resonance. Any material that has conductivity exhibits unique resonant

signatures i.e. speci�c resonant frequencies, resonance bandwidth, and quality factor

[1, 10, 27, 28]. To generate electromagnetic energy, special con�guration of conductor and

dielectric materials are typically used. Based on the application, these speci�c

conductor-dielectric combination can be termed as RF resonators or antennas. When a

high frequency oscillating electric current is passed through a conductor, ideally, it is likely

to experience resonance if the capacitive reactance and inductive reactance become equal in

magnitude. However, due to the opposite polarity of these two reactances, during

resonance they cancel their mutual e�ect leaving only a purely resistive element in the

system [1, 3, 27]. The reactive components are considered as the energy storing elements

whereas the resistive components are the dissipating entities mostly known as the heating

element. Accordingly, during resonance the oscillating energy is either stored as electric

�eld or magnetic �eld. This unique phenomena results in a propagating electromagnetic

�eld in the free space or through complex dielectric material like biological tissues.

In a resonating structure like antenna, the conductive traces are modeled as
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transmission line where the capacitive (C), inductive (L), and resistive (R) elements are

distributive rather than discrete. Distributive element model accounts the �nite time taken

by the signals to propagate around the circuit whose dynamic behavior is described by full

Maxwell's equations [27]. In real world, however, it is preferred to model the distributive

elements as a �rst-order approximated lumped R-L-C network to explain some of its

resonance behavior using Kircho�'s current and voltage laws. Hence, the general

distributive model reduced into more constrained model where the lumped e�ect ignores

the �nite propagation time (which is assumed to be much less than the period of the signal

involved) throughout the circuit. Nevertheless, in certain medium like dielectric material

the signal propagation delay should no longer be neglected since it e�ects the phase

response of the actual signal. Equation 1 expresses the mathematical relationship of the

electromagnetic wave propagation (c) with the medium's electric permittivity (ε) and

magnetic permeability (µ) [27, 29].

c =
1
√
µε

(1)

Certain RF attributes are usually leveraged to physically explain the resonance

characteristics of an RLC network. The current scope of the research is mostly interested

in observing the resonant behavior through complex re�ection coe�cient S11. Re�ection

coe�cient, or scattering parameter S11 contains both amplitude and phase information

since it is a complex quantity. The term re�ection coe�cient refers to the ratio of re�ected

power (Pr) to incident power(Pi) in a resonator. Hence, the scalar amplitude of the S11

parameter can be expressed through Equation 2 [1]. In RF engineering, a transmission line

has a certain characteristics impedance which is independent of the radio frequency. If

there exists a mismatch between the load impedance and characteristics impedance, then a

fraction of the incident power will be re�ected back to the transmission line, hence creates

standing wave. The resistive element in the RLC load typically regulates the amount of

transmission and re�ection in the feed line. Therefore, in RF electronics certain impedance

matching networks are utilized to compensate the resistive element in the resonator with
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respect to the line impedance.

S11 =
Pr

Pi

(2)

To clarify further, a series RLC network illustrated in Figure 1 was simulated in the NI

MultiSim environment to observe the e�ect of resistive elements and capacitance variation

on the S11 and phase plot. Please note that, the resonant frequency in the S11 plot can be

identi�ed by tracking the radio frequency associated with the lowest S11 value where the

least amount of power re�ection occurs. The simulation was realized in a two ways: �rst,

the discrete resistance was varied between 0 to 100 ohm while keeping other elements as

constant i.e. 1 µH and 100 pF for the inductance and the capacitor, respectively. Similarly,

during capacitance variation (10 pF to 100 pF), the resistance (50 ohm) and the

inductance value of 1 µH were kept constant. Although, both the capacitance and

inductance are the reactive elements that can vary the resonant response of the resonator,

the capacitance in�uence is emphasized since the aim of this work primarily focuses on

detecting dielectric variations from low conductivity material like biological tissues where

the e�ect of inductance variation can be negligible [1, 2, 24].
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Figure 1: Schematic diagram of a lumped series RLC network connected to a virtual vector network analyzer
(XNA1) in the NI MultiSim environment.

Figure 2 displays the e�ect of resistive element variation in the power re�ection

coe�cient, S11 of the lumped RLC network presented in �gure 1. It clearly indicates the

resistive element's in�uence in modulating only the amount of re�ected power with respect

to the incident RF power in the network, however, the resonant frequency i.e. the

frequency at lowest S11 remained unaltered throughout the entire simulation. Note that, in

the virtual simulation a vector network analyzer (VNA) was utilized to investigate resistive

behavior of the RLC model. In short, the VNA generates a set of frequency modulated

continuous sinusoidal wave (FMCW) that monitors and calculate the S11 for any RLC

network. More details on VNA is covered in the following section 2.3. From equation 2 it

can be shown that the increase in re�ected power for a constant incident power will be

higher if the load resistance becomes higher. According to the maximum power transfer

theory, the resistive element should be equal to the characteristics impedance of the

transmission line to minimize the re�ection. In �gure 2(a) at 0 ohm least re�ection or
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highest electromagnetic power transfer was occurred throughout the RLC network since in

the virtual simulation, the modeled resistance was in series with the internal characteristics

impedance which was set to 50 ohm. Therefore, the changes in resistive elements only

modulates the power transmission in the system without in�uencing the resonant frequency

of the lumped RLC network. In addition, the resistive elements also a�ect the rate of

change of phase angle with respect to the frequency, however, the resonant frequency

remains same.

Figure 2: E�ect of resistive element variation on the resonance band of a series RLC network.(a) S11

modulation and (b) phase modulation.

9



The results from the capacitance variation is showed in Figure 2. Capacitive

reactances are considered as energy storing elements. That means they do not signi�cantly

contribute to the power dissipation in the RLC network. Change capacitance only e�ects

the resonant frequency due to the changes in the charge storing capacity of the system

which can also be realized through observing the phase modulation in �gure 3(b),

nevertheless, the S11 amplitude almost remained same through out the variations in the

capacitance. Note that, in the simulation environment, the capacitance was varied between

0 to 100 pF. Since, the current scope of the research primarily aims at detecting �uid shift

or blood �ow from human body, larger capacitance was not modeled here. However, if the

capacitive reactance signi�cantly alters the complex load impedance of the RLC network

i.e. a large deviation with respect to the characteristics impedance of system, then it will

also in�uence the re�ection within the network. In practical RF application, the impedance

matching is preferred to perform with respect to the real or resistive element since the

reactive components are uncertain variables and leaves less in�uence on the power

re�ection throughout the network. In a whole, in RLC network the reactive elements e.g.

capacitance variations are the major in�uences for the shift in resonant frequency which is

actually a direct consequence of phase modulation. Note that, phase shifts are the key

indicator of the variations in complex load nature i.e. highly capacitive, less capacitive,

highly inductive, less inductive, or purely resistive. Nonetheless, in real world ideal resistive

element does not exist. Mathematically, the relation between resonant frequency and the

reactive elements can be derived through the following equations:

ZLoad = XL +XC +R (3)

where, ZLoad- load impedance, XL- inductive reactance, XC- capacitive reactance, and R-

resistance. During resonance,

|XL| = | −XC | (4)

2πfL =
1

2πfC
(5)
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∴ f =
1

2π
√
LC

(6)

where, L- inductance, C- capacitance, and f - resonant frequency. From equation 6, it is

clearly evident that the resonant frequency modulation is a function of reactive elements in

the system. This important relationship will be a key factor in the later section 2.3

elucidating how the resonant frequency modulation can re�ect hemodynamic responses

from human body.
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Figure 3: E�ect of capacitive element variation on the resonance band of a series RLC network.(a) S11

modulation and (b) phase modulation.
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2.2 Dielectric Near-�eld Perturbation

In the previous section, an RLC circuit approach of the resonant phenomena has

been presented. Infact, in real world, the term resonance is more applied to explain the

behavior of an antenna as a communication device i.e. how to generate and receive

electromagnetic waves e�ciently. During operation, the propagating energy density around

an antenna can be hypothetically divided into two spatial domains i.e. 1) near-�eld and 2)

far-�eld [29, 30]. In genearal, the near-�eld is the spatial distribution where the electric

�eld and magnetic �eld are 90 degree out of phase whereas it is 90 degree in phase at the

far�eld. However, the more accurate embodiment of near-�eld can be described through

solving Maxwell's electromagnetic equations. Di�erent antenna structure provides unique

near-�eld distribution. Hence, it is di�cult to generalize the spatial domain of near-�eld

through analytical approach. Several numerical tools like method of moments or �nite

element method can be utilized to solve the Maxwell's equation for any arbitrary radiating

structure [29].

The near-�eld domain is further divided into two parts i.e. 1) reactive near-�eld and

2) radiative near-�eld. The spatial distribution of these two �elds are the function of

wavelengths, typically 1/2π of it. In near-�eld, there exists a strong inductive and

capacitive e�ects from the oscillating current and charges in the antenna, respectively.

Reactive near-�eld is the closest spatial domain in the antenna where the transmitting

antenna can be greatly a�ected by the absorption of electromagnetic power in the region.

Hence, it results in a feedback to the transmitter to vary the power to ful�ll the demand of

the complex load. In another word, if a fraction of energy is transferred to a nearby

receiver within the reactive near-�eld zone, the transmitter will experience di�erent

impedance at the transmitting antenna. On the other hand, if there no exchange of energy

occurs, the energy will be returned and stored at the very near of the antenna surface.

According to the RLC resonant circuit theory, this phenomena is termed as maximum

re�ection whereas maximum power transfer or absorption refers to the resonance. In
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contrast, absorption at far-�eld from antenna does not leave any feed back to the

transmitting antenna. Therefore, the antenna cannot be utilized as a transceiver for the

far-�eld absorption which perhaps demand the introduction of second antenna to serve as a

feed back element for the far �eld power absorption [29, 30, 31, 32, 33, 34].

The response of electromagnetic behavior of materials are intimately related to the

displacement of their free and bounded electrons by electric �elds and the spin orientation

of the atomic moments due to the magnetic �eld. When an external magnetic �eld is

applied, the orbiting electrons in�uence a net magnetic moment opposing to the direction

of the applied magnetic �eld. However, for diamagnetic material like water, the spinning

electron does not contribute to the magnetism whereas in paramagnetic and ferromagnetic

material, the magnetic dipole moment due to the spin e�ect are not negligible. Through

analyzing the Maxwell's electromagnetic equations, it can be deduced that the response of

an electromagnetic material to electromagnetic (EM) �eld are eventually the function of

three constitutive parameters, namely electric permittivity (ε), magnetic permeability (µ),

and electrical conductivity (σ). Furthermore, these parameters also regulate the level of

spatial extent to which the EM �eld can penetrate into the material at a particular

frequency. Nevertheless, the macroscopic behavior of low conductivity, diamagnetic, and

dielectric material is mainly determined by the permittivity and permeability only and do

not signi�cantly in�uenced by the external magnetic �eld [24].

One of the widely adopted EM characterization of the dielectric material is

resonant-perturbation method where a dielectric sample is introduced at the reactive

near-�eld of the resonator which in turn, modulates the resonant frequency and other RF

attributes of the resonator [1, 24]. These changes can actually be correlated with the

macroscopic and microscopic composition of a dielectric material like biological tissues.

During dielectric resonant perturbation, or near-�eld perturbation, the source provides

energy to the resonator through `excitation'and the resonator couples to the dielectric

sample through `loading'. Although, there are three coupling mechanisms: electrical,

magnetic, and mixed coupling, for dielectric sample like biological tissues it is more
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realistic to follow the theory of capacitive coupling. Previous studies have also mentioned

the possibilities of inductive coupling due to the induced eddy current in the dielectric

sample [18, 19, 20, 16, 35]. The capacitive coupling is ideally achieved from the fringing

electric �eld from the resonator. Note that, in resonant perturbation theory, the main

highlights is on the energy perturbation instead of the spatial distribution of the EM �eld

[30]. In addition, in the course of resonant perturbation, it is likely to experience inward

and outward perturbation i.e. the rightward or leftward shift in resonant frequency due to

the asymmetry in the electric and magnetic �eld within the resonance band [24].

2.3 State of the Art in RF Biosensing

Prior studies have already demonstrated the feasibility of RF resonator as a

non-invasive biosensor to detect vital signs predominantly in ultra-high frequency (UHF)

bandwidth [36, 37, 38, 39, 40]. This kind of sensors o�er resistance to unwanted muscle

action potential and independent of the surrounding optical interference. Below a brief

review of some of these technologies are presented from the perspective of resonator and

readout architecture.

2.3.1 Radar Based

Radar based sensing technology have already shown promising results for developing

portable and low-cost point-of-care devices for monitoring health parameters. Particularly,

monitoring the radial pulse pressure, respiration rate from chest wall, and heart beat.

Now-a-days this genre of devices are getting attention due to their capability of tracking

sub-mm movement from intrathoracic and precordial region. For example, a group of

researcher have demonstrated a functional compact millimeter-wave radar system for

performing accurate, noncontact measurement of arterial pulse waveform. Through

electromagnetic simulation models, the work con�rmed the feasibility of this sensing

technology. Through human trial, the measured arterial signal strength were found to be

above the noise �oor of the system. Finally, the comparison with a reference tonometer
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resulted in a strong correlation between the waveforms [41].

Another variant of radar based sensing technology is Coherent Ultra Wideband

(UWB) radar-on-chip. A research has already demonstrated substantial evidences to

measure cardiovascular dynamics and arterial pulse waveform from di�erent anatomical

locations of the human body. Through simultaneous ECG recording, the research showed

the accuracy in detecting pulse arriving time which is considered to be one of the important

parameter to obtain the cu�ess blood pressure. The work serves as a foundation for

developing a on-chip system for non-intrusive monitoring of the cardiovascular system [42].

For improved sensitivity, comfort, and durability in vital sign monitoring, a study

has reported a self-injection-locked (SIL) radar and a continuous-wave radar. The research

showed the successful detection of radial pulse through the bistatic SIL radar architecture

comprising of an oscillator, patch antenna. In this architecture, the oscillator's output

signal was demodulated by a remote frequency discriminator to measure real-time pulse

information [43].

2.3.2 Self-Injection-Locked Sensor

Previous subsection has already introduced SIL architecture based radar sensor.

However, a modi�ed SIL architecture has also been found in the literature. A group

reported a new wearable SIL sensor integrated with a self-oscillating active antenna and a

di�erentiator-based envelop detector for measuring vital signs from thorax and wrist. In

their system the antenna served as electromagnetic energy radiator as well as feedback

element through sensing back-scattered signal, which was phase modulated by the

movement of the pulsating organs. The modulated signal was received by the detection

circuit by locking the antenna which further introduced amplitude and frequency

modulation in the received signal. That means, the signal was a frequency modulated

carrier with an amplitude varying envelope. The envelop detector demodulates the

amplitude information into hear-beat and radial pulse data [44].
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2.3.3 Near-�eld Sensing

In the previous section, the concept of characterizing dielectric material has been

discussed already. A research group has already demonstrated an approach to detect

cardiopulmonary motion through near-�eld coherent sensing (NCS). NCS exploits both

amplitude and phase of the RF signals to sense and isolatethe vital signs from body

movement interference through tracking the high frequency components of the NCS signals

[45].

Similarly, a wrist pulse sensor based on re�ection coe�cient from a resonator can

also be leveraged for noncontact sensing of radial pulse. The compact resonator is etched

on �exible substrate which acts as an EM energy radiator in the system. As the re�ection

coe�cient from the resonator is a function of the distance between the resonator and the

arterial wall, the wall deformation will perturb the resonator's electromagnetic �eld. A

group of scientist has already experimented similar sensor at 2.4 GHz ISM band, and found

excellent performance in terms of sensitivity compared to conventional piezoelectric or

photoplethysmography (PPG) sensor [13].

To add further to the context, another research has also demonstrated a compact

vital sensor to detect heartbeat and respiration using oscillation frequency deviation at

2.4-GHz industrial�scienti�c� medical band. The oscillation circuit included a planar

resonator as a positive feedback element, as well as a near-�eld radiator to sense vital

signals. The periodic movement of a body during respiration results in the impedance

variation of the radiator within the near-�eld range. Consequently, it modulates the

corresponding oscillation frequency. This variation has a strong correlation with the vital

signals. Furthermore, a surface acoustic wave �lter and power detector have been utilized

to enhance the sensitivity of the system and to convert the frequency modulation in terms

of analog voltage signal. The tailored vital sensor was able to pick heartbeat signals from

20 mm away of the body [46].

Instead of using a single radiator, a group also presented the development of a
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non-contact radial pulse sensor based on the near-�eld variation of an array resonator. The

compact resonator array was designed and fabricated on a �exible substrate. The re�ection

coe�cient of the resonator varied as the distance between the resonator and the walls of

the major arteries changed, and the corresponding variation was exploited to extract heart

rate information from the recorded signal. To enable the signal extraction from the array,

an RF switch was introduced with the resonator at the 2.4 GHz ISM band. The results

demonstrated the sensor system's e�cient performance in detecting blood �ow pulse from

both radial and ulnar arteries via the array resonators [23].

2.3.4 VCO and Phase Locked Loop Modulator

Phase locked loop (PLL) is a demodulation technique where feedback voltage of the

PLL changes since the change in impedance of the resonator which in turns modulates the

oscillation frequency of the voltage controlled oscillator. The loop control voltage in the

PLL block converts the amount of frequency deviation into a di�erence of direct current

(DC) voltage, which is utilized to extract vital signs regardless of the ambient temperature.

A research has already demonstrated a proof-of-concept system that exploits this

technique to detect the periodic movements of the human lungs and the hearts via the

impedance variation of the resonator. However, as the distance between the body and the

resonator varies, the sensitivity also varies which impose challenges in utilizing PLL

technique to obtain vital sign information. These points are known as impedance null

points which periodically occur at distances proportional to the wavelength. The work also

demonstrated to overcome the impedance null point problem by utilizing two resonators as

receivers operating at di�erent frequencies, 2.40 and 2.76 GHz [47].

Another group also reported PLL based vital sensor by incorporating voltage

controlled oscillator (VCO) with integrated planar type circular resonator to render

e�cient performance in harsh environment. In their sensing architecture, the planar type

circular resonator acted as a transceiving element (both reception and transmission). The

frequency deviation of the VCO due to the impedance change in the resonator was a
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function to the body proximity e�ect ranged from 0.07MHz/mm to 1.8MHz/mm (6.8

mV/mm to 205 mV/mm in sensitivity) up to a distance of 50 mm. Furthermore, the

amount of VCO drift was about 21 MHz in the condition of 60 temperature range and

discrete component tolerance of 5% at an operating frequency of 2.4 GHz [48].

Instead of integrating the VCO with the PLL modulator, a most recent work has

shown a wearable heart rate sensor comprising of only a passive resonator and a voltage

controlled oscillator (VCO). The work clearly demonstrated that valid heart rate data can

be extracted by using a simple ompamp based DC bias circuit with the VCO.

Experimental results in comparison with the commercial optical sensor, further con�rmed

the successful measurements of the user's heart rate when the VCO was tuned to 2.42

GHz, with a DC bias voltage �uctuation of up to 10 mV representing the heart rate [49] .

2.3.5 Electromagnetic Sensing

Apart from near-�eld perturbation theory of dielectric sensing, coupling mechanism

based on capacitive and inductive method have also been found throughout the literature.

For example, several work has demonstrated detecting vital signs based on induced eddy

current e�ect inside the body like heart. For reference, a group demonstrated three

di�erent techniques to monitor cardiokymography or displacement cardiogram, also known

as movement of the heart throughout the cardiac cycle at 10-20 MHz RF in a non-contact

manner. The interrogating device included a sensing coil that generated the

electromagnetic �eld inside the thorax. The spiral coil was further connected to the tuned

circuit of a Clapp oscillator operating between 10 and 20 MHz. The alternating magnetic

�eld generated by the coil induced eddy currents in nearby objects having conductivity.

Movement of the object relative to the coil would change the coupling and hence in�uenced

the oscillator's resonant frequency. These changes were detected to obtain an signal related

to the motion. By monitoring the changes in coil's resonant frequency, impedance of the

coil at resonance frequency, and impedance of the coil at �xed frequency apart from the

resonant frequency, the work found strong evidence of detecting cardiogenic movement
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through the tailored device. The work also concluded in claiming the detection of cardiac

valve events [50].

Apart from single coil sensing, previous work also presented a proof-of-concept

sensor for pressure monitoring. The design included an implantable passive sensor and an

external reader. The passive sensor was made of two spiral coils and transduced the

pressure change to a resonant frequency shift. The external portable reader monitored the

sensor's resonant frequency over a wide frequency range (35 MHz�2.7 GHz). The work

reported a sensitivity of 0.92 MHz/mmHg and resolution of 0.028 mmHg. In addition,

computational investigation were also carried out in COMSOL to numerically quantify the

speci�c absorption rate to ensure safety issue [17].

Although prior works have exempli�ed the concept of magnetic induction based

vital sign monitoring, the sensing elements were rigid. To demonstrate �exible sensing

system, a research group developed a �exible mobile device to monitor both respiration

and pulse. The sensing element was based on magnetic induction, intended for respiratory

monitoring [18, 19, 20].

2.4 Scope of the Current Work

Previous subsection has already reported that most of the prior studies were biased

on exploring the resonator using planar geometrical con�gurations like split ring resonator,

inverted F antenna (PIFA), or patch antenna to detect detect �uid phenomena in term of

resonant frequency and S-parameter modulation [1, 6, 7] . In addition, improving the

sensitivity of the readout circuit through exploiting di�erent RF circuit topologies such as

surface acoustic wave (SAW) �lter, injection-locked based phase locked loop (PLL) system,

or a combination of attenuator, phase-shifter, and power combiner were also explored [1, 6,

7]. Nevertheless, none of those devices were compact and wearable and required periodic

calibration [13-20, 22-24]. For example, voltage controlled oscillator with surface acoustic

wave �lters likely to experience frequency drift at the oscillator due to aging of components

and thermal e�ect, and detection scheme using a phase locked loop system and a phase
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shifter, attenuator, and RF coupler heavily relies on subjective calibration of the attenuator

and phase shifter, which is hinders the ambulatory monitoring of health parameters.

The current scope of the research utilizes the near-�eld resonant perturbation of a

planar single arm Archimedean structure to detect dynamic volumetric response of

pulsatile blood �ow. The perturbing variable is predominantly the changes in coupling

capacitance between the resonator and the dielectric material under test (MUT) [1, 5,

25-27]. As the blood �ows through the arteries, it periodically changes diameter (due to

boundary and �uid volume displacement), and therefore, introduces dynamic capacitance

within the system which in turn results in pulsatile modulation in the complex re�ection

coe�cient, S11. Figure 4 illustrates the working principle of the proposed spiral resonator

where the pulsatile blood �ow waveform was obtained from a radial location of a healthy

human subject.
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Figure 4: (A)Radial pulse pressure obtained from a healthy human subject using a �exible electromagnetic
sensor illustrated in (B) and (C).
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An open circuit spiral resonator leverages distributed capacitance, resistance, and

inductance, and their interactions with electromagnetic �elds to measure the physical

variables within its EM boundary [45]. The inductance value is composed of self and

mutual inductances of the conductive traces and the capacitance is the parasitic

contribution of dielectric polyimides and coupled substrates [44-46]. A lumped RLC

network can be modeled (�gure5) to explain the behavior of the resonator in blood �ow

detection.

Figure 5: (A)Noninvasive electromagnetic �led-tissue interaction for a �exible near�eld epidermal resonator
and (B) Schematic lumped model of the �exible near�eld resonator.

In this lumped model, the coplanar loop antenna and the spiral resonator is

approximated as a parallel RLC network [44]. The electromagnetic interaction between
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these lumped networks is realized through the mutual inductance Mra, and coupling

capacitances, Cra and Car. The representing MUT is a single dispersion Cole-Cole

impedance model of the tissue which is capacitively coupled with the antenna-resonator

network through variable coupling capacitances, Cmr and Crm. It is assumed that, during

resonance, the blood �ow modulates the impedance of the cellular network in�uencing the

Cmr and Crm. As a result, it a�ects the overall impedance of the system which can be

approximated as a complex load Zl in the reduced two impedance model where Z0 is the

characteristics impedance. This load impedance Zl will introduce an impedance imbalance

in the system. Consequently, this will induce resonant frequency and S11 modulation which

can be expressed through equation 7.

∴ S11 =
Zl − Z0

Zl + Z0

(7)
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CHAPTER III

METHODOLOGY

The main objective of this research is to develop a wearable sensing system that can

decode hemodynamic information from the arterial blood �ow through the central and

peripheral vasculature. To accomplish this, two di�erent readout architectures and sensor

designs were investigated in in-vitro benchtop models and two healthy human subjects.

The following sections will discuss about the sensor design, tailored prototypes, and

experimental designs pertaining to benchtop models and human study. Note that, the

human study was performed upon the approval of the Wichita State University

Institutional Review Boards (IRBs). Also note that, some the experimental methods are

also reappeared in the author's prior publications during the commencement of this

research [1]. Besides, the methodology relating to the multisite hemodynamics study is

under peer review in the IEEE Transactions on Biomedical Engineering journal (TBME).

3.1 Flexible EM Transducer

Two open spiral (diameter 47 mm and 30 mm) copper structures with 50 turns and

30 turns (N), 0.18 mm and 0.35 mm gap width (G), and 0.35 mm trace width (T) were

chosen as the near�eld radiator and feedback element in the sensing systems, illustrated in

�gure 6 [1]. The key aspect of these resonator design is the introduction of the coplanar

loop antenna with the spiral resonator. Both the spiral resonator and the loop antenna

were fabricated on a same �exible polyimide substrate. This allowed improved power

transfer as well as an interrogation strategy to the spiral network through both capacitive

and inductive coupling. The resonators also included a top protective polyimide layer for

mechanical reinforcement and chemical robustness to the ductile copper traces against

cyclic strain and air oxidation, respectively. Note that, the resonator with 30 turns also

included an empirically optimized air gap of 9.4 mm X 0.93 mm surrounded by 0.94 mm
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thick PET acrylic tape (�gure 6(D)). It is assumed that the air gap adds improved

sensitivity since it introduces a very low variable series capacitance in the coupled system

which in turn largely vary the lumped capacitance of the system. As a result, the small

dynamic shift in the complex S11 parameter due to the pulsatile �uid �ow was possible to

be registered by the readout unit.
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Figure 6: (A)Proposed �exible resonator with 50 turns, 0.18 mm gap width, and 0.35 mm trace width used
for phantom study, (B) 3D exploded view of the 50 turns spiral resonator, (C) Modi�ed 30 turns �exible
resonator with 0.35 mm trace width and 0.35 mm gap used for blood �ow detection, and (D) 3D assembly
of the 30 turns resonator with air gap dimension.
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3.2 Readout Hardware

To facilitate the readout instrumentation, two di�erent readout architectures, i.e. 1)

a scalar network analyzer (SNA) based on resistive standing wave ratio (SWR) bridge

(prototype 1) and 2) a vector network analyzer (VNA) based on directional coupler and

RF gain and phase detector (prototype 2) were explored. Figure 7 and �gure 8(F)

illustrates the tailored SNA and VNA based prototypes, respectively.

The basic blocks of the SNA readout circuit consolidated many electrical

components to power and interrogate the resonator and conduct wireless telemetry to the

remote host computer. It comprised of an RF analog front end (AFE) and a digital

controller. The AFE included a direct digital synthesizer coupled with an RF ampli�er, an

SWR bridge, peak detector, diode compensator, and two rail-to-rail op-amp based

non-inverting ampli�ers. The SWR bridge functions as a signal separator in the system.

During continuous sinewave frequency modulation from 1 MHz to 40 MHz, the output RF

power ranged between 2 dBm (at 1 MHz) to -10 dBm (at 40 MHz).

The electrical con�guration of the resistive SWR bridge resembles the basic

architecture of the Wheatstone impedance bridge where the resonator was connected to the

unknown arm of the impedance bridge . The reference arm of the bridge was kept equal to

the 50-ohm characteristics impedance from the RF source. During resonance, the load

exhibits impedance with a nearly 50-ohm resistive (real) component, which in turn

balances the bridge where the AC voltage di�erence between the legs becomes very low,

resulting in no current �ow. However, when the complex impedance of the resonator

deviates away from the characteristics impedance of the system, it renders an imbalance in

the bridge. The diode detector samples the voltage due to the imbalance, recti�es it, and

after �ltering (low pass) the DC signal becomes analogous to the re�ected power from the

antenna-resonator system. The DC signals were further compensated and bu�ered through

the diode compensator showed. The compensation stage accounts the nonlinearities in the

detectors when the bridge operates at very low RF power levels. The bu�ered DC signals
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were further ampli�ed using a non-inverting ampli�er having a theoretical gain of 11 and

fed at the 10-bit analog-to-digital (ADC) peripheral of the 8-bit microcontroller

(ATmega328P). During continuous operation, the microcontroller sends a 32-bit frequency

tuning word (FTW) and 8-bit control word to the RF generator through the serial

peripheral interface (SPI) bus to generate speci�c RF frequencies. The �rmware inside the

MCU calculated the S11 magnitude from the recti�ed DC signals. The MCU transmits the

S11 data and the corresponding frequency value to the host software (a serial data

terminal) running at a remote PC via bluetooth low energy transmitter (BLE TX, TI

CC2540) serial communication with a baud rate of 9600. The sampling rate i.e. number of

each successive ADC conversion per second for the entire wireless readout system was 64

Hz. Considering the portability and usability, the whole system is designed to receive

power from a 5V battery operated voltage source.

In the SWR bridge, during recti�cation, the phase information of the S11 gets lost.

To obtain the phase information, a mini vector network analyzer (VNA) was constructed

based on a 20 dB bi-directional coupler ((B/W): 1 to 800 MHz) coupled with an RF gain

(S11) and phase detector ( B/W: low frequency to 2.7 GHz). The inclusion of a

bidirectional coupler ensures the sampling of forward and reverse signals in the transmission

line without altering their AC information, hence preserves the phase information too [24].
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Figure 7: (A) Modular based prototype 1 where, (B) Microcontroller controlled radio frequency generator,
(C) Non-inverting ampli�er with theoretical gain 11, (D) Standing wave ratio bridge based signal separator
with on-board 5V power supply, and (E) Compact version of the prototype 1 realized in a dual layer FR4
PCB.
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3.3 Experimental Design

3.3.1 Steady Fluid Volume Model

Inside the human body, �uid accumulation can be approximated as a �uid volume

displacement inside a closed chamber. For that purpose, a water-�lled 100 mL glass beaker

as portrayed in �gure 8(A) was exploited to partially replicate the situation. In this

improvised �uid model, the resonator was adhered over the curved surface of the beaker.

The �uid level was gradually increased from 0 mL to 100 mL, with an increment of 10 mL.

At each �uid level, the response of the resonator (S11 vs Frequency) was wirelessly

monitored through the readout hardware. The resultant raw data were recorded on the

host PC via bluetooth serial communication and post processed to quantify the resonant

frequency shift with respect to the incremental �uid volume.

3.3.2 Transient Fluid Volume Model

Since, major bio�uid phenomena are the consequences of dynamic blood �ow, a

transient �uid model mimicking the pulsatile blood �ow inside an arm phantom (Model-

BPDA230-AP, Blue Phantom, Kirkland, WA) was investigated using the scalar network

analyzer, or prototype 1. The arm phantom can induce three di�erent types of �ow

condition such as no �ow, constant �ow, and pulsatile �ow. The �owing �uid was a

synthetic human blood consisting polyethylene glycol, sodium benzoate, and water with a

high frequency (HF) relative permittivity ≈ 5.6102, and relative magnetic permeability ≈ 1

at room temperature. In addition, the tissue block in the phantom also has di�erent

permittivity (≈ 3 at HF) which is relatively low from the human fat (≈ 37), muscle

(≈ 170), and skin (≈ 150) at high frequency (HF, 3 MHz to 30 MHz) [1]. Figure 8(C)

demonstrates the experimental system for the dynamic �uid model where the resonator is

adhered near the embedded non-overlapping, radial vascular bed (≈ 2 cm below the surface

of the tissue block) of the phantom [1].
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Figure 8: (A)In-Vitro steady �uid model experimentation with the modular prototype 1, (B) Schematic
�uid-�eld interaction inside the graduated 100 mL beaker, (C) Transient �uid model where (D) illustrates
the schematic �ow loop inside the arm phantom. (E) Near-�eld communication tag and (E) 19.624 MHz
RLC dummy load for the performance assessment of the wearable vector network analyzer.
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3.3.3 Radial Pulse and Multisite Hemodynamics Detection

During human trial, the compact SNA (�gure 7(E)) prototype was evaluated on a

single healthy human subjects' radial location. Based on the signal quality from this, it

was decided to evaluate the SWR bridge (�gure 7(D)) as a potential radial pulse detector

since it is the analog signal separator unit in the readout system that handles the

modulated response from the resonator. The objective was to investigate the scope for the

possible improvement in the SWR bridge design for the enhanced sensitivity in blood �ow

detection. Consequently, the SWR experiments suggested in a modi�ed SWR bridge

(�gure 9(B)) which was further evaluated on di�erent human subject's 1) supraorbital

location, 2) carotid location, 3) apex location in the supine position, and 4) radial location

in the seated position as illustrated in �gure 9. During data collection from the apex,

subject 1 was under momentary respiratory suspension (i.e. breath holding following a

deep inspiration) for 10 seconds to reduce the artifact from lung's motion. Furthermore,

based on the outcome from multisite hemodynamics, a revised version of the SNA with the

modi�ed SWR unit was evaluated on a radial location of a healthy human subject to study

the feasibility of the entire SWR system as a compact, wireless epidermal decoder. Note

that, during data collection, the center of the resonator was positioned at the maximum

palpable sites of the previously mentioned anatomical locations since it is computationally

evident that the maximum gain of the near-�eld occurs at the center of the spiral

resonator. Nevertheless, there might be a small o�set between the center of the resonator

and the targeted vasculature.
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Figure 9: (A)AD8232 single lead EKG analog front end with isolated DC-DC converter and optoisolator,
(B) Functional block diagram of the isolated EKG ampli�er, and (C) Reference optical PPG sensor with a
green led as a transmitter and a phototransistor as a receiver.
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3.4 Data Acquisition and Signal Processing

For the in-vitro phantom experimentation, the signal processing steps involved: 1)

digital �ltering of the raw data and 2) spectrum analysis of the �ltered data, collected from

the frequency and time domain, respectively. According to the experimental design,

frequency domain data were recorded from the �xed resonator and stagnant �uid model

experiment. The time domain data were collected from the arm phantom study. Noise

contribution to both the frequency and time domain data were reduced by improvising a

ten-point, zero-phase moving average �lter in Matlab 2017a. In addition, the spectrum

analysis was performed by computing the discrete Fourier transform (DFT) of the �ltered

response, using the Fast Fourier Transformation (FFT) for obtaining heart rate

information. The experimental outcomes were further validated against the similar

outcomes from a benchtop vector network analyzer (R&S ZNC 3 GHz VNA).

On the other hand, during human trial, an isolated electrocardiogram (EKG) and

optical PPG sensor (shown in �gure 10) were utilized as the reference sensors to evaluate

the signal integrity of the readout systems. Note that, radial pulse and hemodynamics

detection using SWR bridge were conducted using benchtop signal generator and dual

channel digital storage oscilloscope for raw time domain data collection. So it was

necessary to isolate the EKG sensor (AD8232) from the ground connection of the benchtop

oscilloscope since it was receiving power from the mains supply. Figure 10(B) shows the

functional block diagram of the isolated EKG sensor.

Finally, the raw time domain responses from human trial were treated with a �nite

impulse response (FIR) bandpass �lter having a cut-o� frequency of 0.1 Hz to 10 Hz to

eliminate the DC and high frequencies (>10 Hz) and background noises [18]. Furthermore,

the spectral analysis of the �ltered time domain responses are computed through DFT

using FFT algorithm to quantify the heart rate.
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Figure 10: (A)AD8232 single lead EKG analog front end with isolated DC-DC converter and optoisolator,
(B) Functional block diagram of the isolated EKG ampli�er, and (C) Reference optical PPG sensor with a
green led as a transmitter and a phototransistor as a receiver.
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CHAPTER IV

RESULTS

In this chapter, all the major outcomes from the outlined experimental designs as

well as the resonators' spectral responses are carried out. Note that, some of these results

are also reappeared in the author's prior publications [1, 2] published during the course of

this research. Also note that, a fraction of the results pertaining to the human trials are

still under peer review. Considering the overall interest and IEEE disclosure policy, the

readers are advised to go through the aforementioned references for more detailed

interpretation of the results. In addition, an intuitive pulse wave analysis are also included

based on the �ltered time domain waveforms obtained from the modi�ed SWR based

sensing device (�gure 17) to investigate the signal integrity of the developed hardware.

4.1 Spectral Response of the Resonators

Since the operating bandwidth of the developed prototypes are limited to 70 MHz

RF, it was necessary to design a resonator that resonates within this frequency bandwidth.

For that purpose, the proposed resonators as shown in �gure 6 were tested with a benchtop

vector network analyzer to observe their spectral responses on the air. Figure 11 displays

the frequency response of the designed resonators. The response of the resonators in the air

was considered to be the baseline. From the baseline, it was con�rmed that both the

resonators had their resonant peaks within the 100 MHz of the spectrum. In particular, the

�rst resonant peak for the 30 turns resonator occurred at 70.93 MHz with S11 value of

-1.396 dB. For the 50 turns resonator, the �rst resonant peak was found at less than 50

MHz where the second resonant peak was at 74.93 MHz with an S11 of -3.303 dB. Since,

the baseline shifts towards the left side of the spectrum due to the increase in capacitance

under dielectric in�uence like biological tissues, these particular designs of the resonators

were investigated further for the potential hemodynamics sensing applications.
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Figure 11: Frequency spectrum of the designed resonators (a) 30 turns and (b) 50 turns observed in a
benchtop vector network analyzer.
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4.2 In-Vitro Models Study

4.2.1 Steady State Fluid Model

Figure 12 displays the results from the steady state �uid model interrogation where

the introduction of the �uid (water) near the resonator with 50 turns (�gure 6(A)) resulted

in the resonant frequency decreasing in a nonlinear fashion [1]. An approximate frequency

shift of 11.6 MHz and 12.2 MHz were calculated from both the SNA prototype (�gure

12(D)) and the benchtop VNA for a total of 100 mL �uid shift inside the beaker [1]. From

the results, an inward resonant perturbation i.e. a leftward resonant frequency shift was

also experienced since the increment in the lumped capacitance of the coupled system and

the asymmetry between the electric and magnetic �eld strength [24]. Furthermore, the

�uid volume was also modulating the S11 amplitude in an increasing and then decreasing

trend. Consequently, it re�ects the degree of impedance mismatch with respect to the

characteristic impedance of the readout hardware where the minimum resonant peak refers

to frequency corresponding maximum power transfer between the MUT (water in the

beaker) and the resonator . In addition, the resonator was highly sensitive between the

�uid levels of 30 mL to 70 mL during the experiment. Hence, it can be assumed that

between these levels, the �uidic medium was strongly perturbing the near �eld of the

resonator. Note that, in this model only the resonator's �eld exposure to the water was

changing while the type of the dielectric material (water) remained constant [1, 2, 3, 27].
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Figure 12: (A)Resonant band modulation detection using 50 turns spiral resonator coupled with modular
readout 1 during stagnant �uid phantom study, (B) Similar experimentation with a benchtop VNA instead
of the developed prototype, and (C) Comparison of resonant frequency shift at di�erent �uid level inside the
100 mL graduated beaker obtained from readout 1 and the benchtop VNA. (D) Experimental setup for the
stagnant �uid model study [1].
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4.2.2 Transient Fluid Phantom

For this experiment, the spiral resonator with 50 turns was utilized. Radio

frequency of 26 MHz was chosen arbitrarily (within the 1st resonance band) to study the

S11 amplitude modulation and pulsatile �ow correlation inside the arm phantom [1]. Figure

13 presents the results pertaining to the experiment . These results denote the successful

detection of S11 amplitude modulation during transient �uid �ow. Note that, the

amplitude responses will be inverted if the radio frequency of 24 MHz was selected instead

of the 26 MHz which can be evident from resonant band modulation shown in �gure 13(A)

since the S11 amplitude left to the resonant peak (at no �ow) decreased while it increased

with respect to the right side of the baseline (no �ow) resonant peak. The frequency

spectrum of the signals, illustrated in both �gure 13(C) and �gure 13(F) show the �rst

harmonic peaks at 0.845 Hz which resulted in heart rate of 51 beats per minute from the

simulated heart (�gure 8(D)) inside the arm phantom [1].

41



Figure 13: (A)Resonant band modulation detection using 50 turns spiral resonator coupled with modular
readout 1 during dynamic �uid phantom study, (B) Pulsatile time domain response at 26 MHz obtained
during pulsatile �uid �ow inside the arm phantom using the benchtop VNA, and (C) Spectral analysis of
the �ltered time domain waveform from the VNA. (D) Similar experimentation with the readout 1 instead
of the VNA. (E) Time domain waveform obtained at 26 MHz from the proposed readout 1 wirelessly and
(F) Spectral response of the time domain data from the SNA device during pulsatile �uid �ow [1].
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4.2.3 Vector Analysis of Dummy Loads and Spiral Resonators

Since the scope of the research also produced a di�erent readout device (�gure 8(F))

for the purpose of vector analysis i.e. amplitude and phase detection of the re�ection

coe�cient S11 from the proposed resonators under variable dielectric in�uence like blood

�ow, the developed VNA prototype was evaluated for the near-�eld communication tag (of

resonant frequency 14.4 MHz illustrated in �gure 8(E)), a series RLC dummy load of

19.624 MHz resonant frequency (�gure 8(F)), and both the spiral resonators (30 and 50

turns) on the radial location of a healthy human subject. The experimental outcomes

presented in �gure 14 further con�rmed the tailored VNA based prototype's ability to

detect the phase information as well as the amplitude information for any RLC network

that resonates within the RF band of 70 MHz due to the limited operational bandwidth of

the readout prototype. Note that, both the S11 and the phase responses presented in �gure

14 were uncalibrated raw voltage output from the RF gain and phase detector from the

readout device. For the actual values in dB and angle, these voltages need to be

transformed through appropriate transfer function presented in the data sheet [51].
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Figure 14: S11 and Phase response obtained from compact wearable VNA for (A)NFC tag, (B) RLC dummy
load, and (C) 30 turns spiral resonator and (D) 50 turns spiral resonator over radial tissue of a healthy
human subject with no air gap.
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4.3 Pulsatile Blood Flow Detection

4.3.1 Radial Pulse Detection

One of the major goals of this research was to detect the radial pulse using the

proposed sensing devices. For that purpose, several stages of the readout hardware

development were carried out to tailor the optimized one with improved sensitivity and

compactness. In addition, the development stages also solicited the evaluation of the

prototypes over the radial artery to verify the detection capability of blood �ow since this

certain anatomical location is widely preferred for wearable applications. Figure 15, �gure

16, and �gure 17(A) illustrates the results from the resistive SWR bridge, compact SNA,

and modi�ed SWR. All of these readouts resulted in successful detection of radial blood

�ow including the clear indication of heart rate and dicrotic notch with respect to the

reference PPG and EKG sensors. However, the development stages were carried out to

enhance the sensitivity and accuracy to preserve the waveform morphology (triphasic

resonse). Similary, the VNA based prototype shown in �gure 18 also resulted in successful

detection of the hemodynamic �ow through the modulated phase response whereas the

previous SWR bridge based prototypes registered the pulse response through tracking the

re�ected power from the resonator [52].
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Figure 15: 1(a) Radial pulse vs. ECG (electrocardiogram) observed at 34.8 MHz and 1(b) radial pulse vs.
PPG observed at 33 MHz.
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Figure 16: (a) Raw radial pulse and �nger PPG data obtained from the developed compact scalar net-
work analyzer readout, (b) �ltered time domain data, (c) frequency spectrum of the �ltered data, and (d)
experimental setup during the data collection.
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Figure 17: Compact wearable, wireless readout based on modi�ed SWR bridge evaluated over a radial artery
of a healthy human subject. (A) Developed prototype, (B) graphical user interface for data recording, and
(C) obtained radial pulse data during the bluetooth telemetry.
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Figure 18: Compact wearable, wireless readout based on directional coupler and RF gain and phase detector
evaluated over a radial artery of a healthy human subject. (A) Developed prototype on the human test
subject, (B) (B) obtained radial pulse data during the bluetooth telemetry, and (C) spectral analysis of the
�ltered time domain radial pulse data con�rmed the heart rate of 80 beats per minute.
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4.3.2 Radial Pulse Wave Analysis

To further con�rm about the triphasic response of the recorded pulse waveforms as

illustrated in �gure 17(C), the numerical di�erentiation of the �ltered time domain

waveforms were conducted through obtaining the central di�erence approximation of the

discreet data. The mathematical deductions are explained in equation 8, equation 9, and

equation 10. Note that, equation 8 and equation 9 are obtained from the Taylor's series

expansion. By subtracting equation 9 from equation 8, equation 10 is obtained which was

used in a Matlab script for the calculation of the 1st order derivative of the time series data.

f(x+ h) = f(x) + hf
′
(x) +

h2

2!
f

′′
(x) +

h3

3!
f

′′′
(x) + ..........+ nthorder (8)

f(x− h) = f(x)− hf ′
(x) +

h2

2!
f

′′
(x)− h3

3!
f

′′′
(x) + ..........+ nthorder (9)

Central Di�erence Approximation:

f(x+ h)− f(x− h) ≈ 2hf
′
(x) (10)

∴ f
′
(x) ≈ f(x+ h)− f(x− h)

2h
(11)

Where, h- is the sampling period i.e. 2 mS for the device as illustrated in �gure

17(A) and f
′
(x)- the �rst order derivative where x is the input �ltered time domain data.

Figure 19 presents the pulse waveform and its �rst and second derivatives. Since, the

outlined EM based sensing technology is assumed to detect the boundary displacement of

the arterial wall due to the pulsatile blood �ow, there exists a strong correlation with the

dynamic radial pressure. Hence, the time series data are assumed proportional to the

radial component of the oscillating blood pressure and simply presented as the dynamic

pressure response in �gure 19(a). Furthermore, this dynamic arterial pressure can also

re�ect the radial velocity component of the arterial blood �ow. Considering that, the �rst

order derivative of the time series voltage data are approximated to the velocity response

(considering the velocity as 3 dimensional vector where the approximation is assumed to
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re�ect the radial component; however, the tangential component is still di�cult to obtain

in this intuitive numerical approach) in �gure 19(b). Similarly, the velocity data were

further di�erentiated to obtain the acceleration waveform as shown in �gure 19(c).

According to the pulse wave analysis, the acceleration waveform can contain important

hemodynamic response i.e. triphasic information for diagnostic purpose. The entire

hemodynamics analysis can be translated through the following mathematical expressions-

Let's consider, the dynamic arterial blood pressure has two components i.e. radial

(PR) and tangential (PT ). Hence, total pressure,P-

P = PR + PT (12)

According to the assumption,

∆y ≈ PR (13)

∴ PR = f(∆y) (14)

where, ∆y- arterial dynamic boundary displacement. Again, radial velocity component

(VR) is,

VR = f(
dPR

dt
) (15)

and, acceleration (a),

a = f(
dVR
dt

) (16)
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Figure 19: (a) Filtered radial pulse waveform hypothesized as pressure waveform, (b) Filtered velocity
waveform obtained through the di�erentiation of the pressure waveform in (a), and (c) Filtered acceleration
waveform numerically obtained through further di�erentiating the velocity waveform in presented in (b).
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Figure 20 illustrates the numerically approximated pressure-velocity relationship.

Note that, the velocity waveform in this analysis are obtained from �rst order numerical

di�erentiation which actually re�ects the rate of change of dynamic pressure in the artery

[53, 54, 4]. However, it still requires further clinical evidence to justify this assumptions

presented in the model. One of the limitation could be the approximated velocity

waveform is out of phase with the pressure waveform. It is interesting to learn from several

invasive studies of arterial pressure and velocity that in real scenario i.e. inside the human

body, the pressure and velocity waveform might not have phase di�erence [55]. In that

case, in order to resemble the di�erentiated results to resemble with the real world, a phase

correction might be necessary. However, in that case, the numerical interpretation will not

be valid anymore since at peak pressure the numerically obtained velocity i.e. rate of

change of pressure should be minimum. Although, the di�erentiated waveform strongly

con�rms the triphasic response of the �ltered time domain waveform [56].
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Figure 20: First order numerical di�erentiation of the radial pulse waveform. The di�erentiated waveform
clearly indicates the triphasic response of the recorded pulse data collected using the compact modi�ed SWR
bridge based readout circuit as illustrated in �gure 17 (A).
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4.3.3 Multisite Hemodynamics Detection

Since, most of the wearble electromagnetic based sensing systems explored the

radial location to detect limb hemodynamics, the scope of the current research also

investigated the capability of open Archimedean spiral resonator's as a true noninvasive

near-�eld epidermal decoder to detect limb hemodynamics from peripheral as well as

central arteries like carotid and supraorbital. To accomplish this motive, the modi�ed

SWR bridge-based detection system as illustrated in �gure 9(B) was evaluated at the apex,

carotid, and supraorbital location of a healthy human subject. The raw and �ltered time

domain results are plotted in �gure 21 and �gure 22 respectively. From the results, it is

evident that the waveforms contain certain features i.e. characteristics peaks and notches.

So far, no comprehensive clinical study has been reported yet that demonstrated similar

studies to detect multisite limb hemodynamics using electrmagnetic sensing technology. In

addition, �gure 21(E) and �gure 22(E) also delineate the sensing system's ability to detect

cardiogenic vibrations from the thorax (apex location of the heart). Note that, for all of

the human trial, the 30 turns resonator presented in �gure 6(D) was used. The spectral

analysis of the �ltered time domain data, presented in 22(B,D,F,H), clearly show that the

most prominent frequency peak (peak 1) of both the �exible RF resonator and PPG sensor

were exactly overlapped. To add further, the frequency spectrum also revealed the readout

system's ability to quantify heart rate variability while preserving the morphological traits

i.e. peaks and notches in the decoded pulse waveform. It must be mentioned that the

spectral analysis of the raw time domain data in �gure 21(B,D,F,H) were carried out to

identify the high frequency noises (> 10 Hz) in the time domain signals for �ltering

purpose.
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Figure 21: Raw time domain hemodynamic waveform and �nger PPG data obtained from (A) supraorbital
artery,(C) carotid artery, (E)thorax (apex), and (G) radial artery using the modi�ed SWR bridge described
in Fig.9. (B),(D),(F), and (H) displays the spectrum of the raw time domain data.
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Figure 22: Filtered time domain hemodynamic waveform and �nger PPG data obtained from (A) supraorbital
artery,(C) carotid artery, (E)thorax (apex), and (G) radial artery using the modi�ed SWR bridge described
in Fig.9. (B),(D),(F), and (H) displays the spectrum of the �ltered time domain data.
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CHAPTER V

DISCUSSION

Through this work, a novel electromagnetic sensing platform has been introduced to

detect pulsatile blood �ow responses and associated limb hemodynamics from epidermal

locations. The sensing system leverages a new kind of electromagnetic resonators coupled

with a fully integrated readout hardware. The experimental evidences from in-vitro and

human trial con�rmed the prototypes' ability to detect dynamic �uid shift in dielectric

medium.

5.1 Limitations

Although the current form of the prototypes with the outlined detection scheme is

able to detect �uid volume shift through resonant frequency modulation in steady state

�uid model discussed in �gure 12, in real application, the challenge arises when the

frequency sweeping rate from the readouts are not signi�cant enough to detect dynamic

�uid �ow in terms of resonance frequency shift. This further in�uenced the experimental

design to investigate the detection of pulsatile �uid �ow at a single frequency through S11

amplitude modulation rather than tracking the resonant frequency shift during continuous

RF sweep. Nevertheless, the frequency of interest might be subjected to change since the

dielectric condition of human skin depends on multiple variables including hydration status

and sweat analytes. Furthermore, the bending strain and center o�set between the

resonator and the targeted artery might result in amplitude variation in the resultant

waveforms. Figure 23 delineates the e�ect of di�erent frequency during radial pulse

detection from a single healthy subject. One important thing could be the phase alteration

of the pulse waveform which might require additional learning algorithm to preserve the

correct hemodynamic response in the readout and post processing units. Hence, the

sensing system also demands narrowband ultra-fast sweeping instead of less e�cient single
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frequency interrogation.

Figure 23: AC coupled and �ltered time domain radial pulse waveform obtained at di�erent radio frequencies
(a) 30 MHz, (b) 35 MHz, (c) 39 MHz, (d) 39.5 MHz, and (e) 40 MHz using the SWR bridge and 30 turns
resonator. Variations in the waveforms morphology were observed with respect to the reference optical PPG
sensor.

Besides, in clinical application, the RF power and the operating frequency band

should be optimized according to the speci�c absorption rate (SAR) on human body

[57, 58, 59]. Since, SAR depends on the �eld strength inside the MUT, a limit should be

imposed on the transmitted power from the interrogating devices. The proposed devices

generates power less than 0 dBm at frequency higher than 20 MHz which might not exceed

the safety margin of SAR i.e. 4W/Kg in peripheral, and 1.6 W/Kg in upper extremities

[60, 61].

In addition, it is essential to have a design trade-o� on the resonator's geometry for
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optimum sensitivity. In bio-sensing application like arterial pulse detection, it is preferable

to utilize small RF resonator to ensure optimum spatial resolution to disregard any

in�uence from overlapping vasculatures. Moreover, applications like intracranial �uid

pressure monitoring and ventricular stroke volume detection also demand ultra-high

resonant frequency to achieve higher resolution in �uid volume detection, hence, small

geometry for the resonator since smaller the spiral length, higher the resonant frequency

[1, 2]. Nonetheless, the designed prototypes o�er operational bandwidth of 70 MHz which

narrow downs its compatibility to adapt with the smaller UHF resonator. Certain

integrated RF synthesizer like AD9910 DDS chip (operating bandwidth 420 MHz) could be

easily implemented with the designed architecture. In addition, phase locked loop

synthesizers like ADF4351 (bandwidth 4.4 GHz) can also be utilized for the possible

extension of the frequency bandwidth to ultra-high frequency range (>300 MHz) with the

tailored prototypes [1, 2].

Finally, the waveforms obtained from human trail might be the consequence of

boundary displacement of the arteries or the epidermal skin layers, although, in human

body the blood �ow modulation consists of the lumped e�ect of both �uid volume

displacement and boundary displacement [1, 35, 18]. Clinically, it is evident that the

arterial pressure waveform has a strong correlation with arterial wall deformation, hence

the proposed technology still holds its clinical signi�cance over traditional point-of-care

devices.

Apart from the needed clinical evaluation, the pulse signals measured by the �exible

resonator can be corrupted by motion artifacts and other interferences, since in the current

con�guration the resonator utilizes a mechanical UFL connector to communicate with the

readout circuit. Figure 24 illustrates the e�ect of movement artifact on the radial pulse

signal during the data collection using the SWR bridge and experimental setup shown in

�gure 15 (B) with respect to the traditional optical based PPG sensor. Note that, the

artifact were reduced in the compact readout devices since the benchtop data acquisition

system was not minimally obtrusive, hence rendering movement e�ects in the signal
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recording probes. Furthermore, due to the omnidirectionality of the near-�eld, the signals

can also be in�uenced by the unintended external variables. Hence, the resonator design

might demand a ground plane to isolate the �eld from the external artifact. However, this

will increase the gain and directivity of the radiation which needs to be accounted to

ensure a safer SAR level [1].

Figure 24: E�ect of movement artifact in the raw radial pulse data in comparison with the �nger PPG
obtained through SWR bridge illustrated in Fig.7(D) at 37 MHz and 6.5 dBm RF power.

5.2 Clinical Signi�cance

5.2.1 Supraorbital Pressure

Non-intrusive and non-invasive blood pressure monitoring is an important clinical

aspect especially in monitoring the anesthetized patient. A widely adopted noninvasive

technique to measure blood pressure is using an in�atable arm cu�. In this method, the

cu� is in�ated �rst and after certain threshold, it is de�ated slowly. During the de�ation

process, when the applied pressure equalizes the dynamic pulse pressure in side the artery

(typically, brachial), the pressure oscillation inside the cu� becomes maximum due to

mechanical resonance. The pressure at this particular point is known as mean arterial

pressure (MAP). Conventionally, an empirical correlation is used to obtain the systolic and

diastolic blood pressure from the MAP. However, the method does not provide continuous

pressure information. Repeated compression can lead arterial rupture resulting in venous

congestion, ischemic pain, and may even cause nerve damage. In some instances, like

burned or trauma patient with limb involvement, the oscillometric method can not be

performed. Recent studies have found supraorbital artery as a promising anatomical site to
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continuously monitor blood pressure. Besides, forehead is easily accessible. The forehead

blood circulation mainly comprise of super�cial temporal, the supraorbital, and the

supratrochlear arteries. These arteries shares a network with the contralateral arteries in

the forehead as well as with the carotid artery. Due to the collateral circulation, continuous

monitoring of blood pressure is possible by tracking the pressure changes in supraorbital

artery. In this work, it has been found that the proposed EM sensing technology can be

utilized to monitor the dynamic pulse inside the supraorbital artery (�gure 9(A) and �gure

22(A)) [62, 63, 64, 65].

In addition, supraorbital pressure monitoring can be an alternative to the

traditional instrumentation for the contrast arteriography to detect obstruction of the

extracranial internal carotid artery. Standard clinical modalities such as

opthalmodynamometry, Doppler ultrasound, thermography, occular plethysmography are

expensive and require sophisticated instruments which introduce obtrusiveness in the

detection system. Study has demonstrated a simpler optical based technique to record the

�ow dynamics from the frontal and supraorbital arteries which are the terminal branches of

opthalmic artery in the forehead, nevertheless, the sensor is still realized in hard electronics

which impose constraints to conform with the uneven geometry of the forehead [66]. The

proposed �exible EM sensing technology can mitigate this issue with improved sensitivity

which can be predicted from the results illustrated in �gure 22(A).

Moreover, literature has also provided the evidence for the approximate blood

pressure measurement of the brain and the eyes from the supraorbital or supratrochlear

artery using re�ection photoelectric plethysmographic sensors with combination of special

head band type blood pressure cu�. The study also supported the possibility of diagnosing

cephalic hypertension or cephalic hypotension and retinal and cerebral circulatory

disturbances through tracking the supraorbital blood pressure [67].
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5.2.2 Carotid Pressure

Monitoring central pressure from carotid artery is pathophysiologically more

important for the diagnosing of cardiovascular ailments. Furthermore, the distending

pressure in the large elastic-type arteries like carotid can re�ect the degeneration due to

aging and hypertension which is less dominant in the peripheral arteries like brachial and

radial ones. In addition, vasoconstriction and vasodilatation in the peripheral circulation

can also be determined from the carotid artery due to the pulse pressure ampli�cation

[62, 66].

5.2.3 Radial Pressure

Radial blood pressure contain information of peripheral arterial health

[68, 69, 70, 71, 72]. Through proper characterizing the hemodynamic information, it is also

possible to obtain continuous blood pressure from this location. Several studies have

already investigated radial blood pressure through impedance measurement. However, the

devices still require multiple conducting nodes to inject currents and detecting voltages.

Sensing technology can circumvent this situation through eliminating the need for galvanic

electrodes [73].

5.2.4 Displacement Cardiogram

The obtained time domain waveform from the apex as illustrated in �gure 22(C)

might re�ect the displacement cardiogram (DCG) which provides information on cardiac

timing intervals such as pre-ejection period (PEP) and left ventricular ejection time

(LVET) [50, 74]. Athough exhaustive multisite hemodynamics studies using

electromagnetic sensing technology are still a new concept, these results are open to clinical

interpretations.
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CHAPTER VI

CONCLUSIONS

The results presented in this paper have successfully demonstrated the proposed

electromagnetic sensing system's ability to measure multisite limb hemodynamics. Enabled

by a novel readout design, this technology holds a strong potential for monitoring blood

�ow from peripheral and central arteries at minimal cost to facilitate point-of-care diagnosis

of cardiovascular health. For example, apart from the radial blood �ow monitoring, a set of

human readings from the central (e.g. carotid, supraorbital) and peripheral vasculature

(radial) as well as the thorax (apex position of the heart) are presented in the results

section. Anatomically, supraorbital artery is a terminal branch of the ophthalmic artery

which further rami�ed from the internal carotid artery and other intracranial arteries to

form the circle of Willis. Hence, hemodynamics recording from supraorbital and carotid

arteries might provide the clinicians information like dynamic change in intracranial

pressure, and intraocular pressure. Moreover, it is also found that blood pressure in the

super�cial temporal artery like supraorbital artery has a strong correlation with the

brachial blood pressure. Therefore, the sensing technology can be potentially utilized as a

point-of-care alternative to the cu�ed blood pressure monitor. In addition, the

characteristic peaks and notches in the pulse waveform are usually the consequence of �ow

separations in the blood stream due to arterial branching and compliance. According to the

vascular dynamics, this vascular network introduces �ow resistance that further generates

re�ections in the �ow path. These wave re�ections might contain the certain pathological

information like arteriosclerosis, stenosis, and pulse pressure ampli�cation which are the

key parameters in predicting cardiovascular risk. To the best of the author's knowledge,

this is a new kind of noninvasive epidermal device that can nonintrusively detect encoded

hemodynamics information from di�erent clinically important locations in the human

body. It also has the ability to discriminate site speci�c hemodynamic information from
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each other in a single sensing platform. Hence, future studies will emphasize on clinical

evaluation of these devices to promote access to multimodal health information on a single

wearable platform. In addition, the proposed sensing technology can potentially be utilized

to monitor plural �uid quantity, beef tenderness, and food quality through detecting the

dielectric properties i.e. permittivity of the material under test [75, 76, 77] .
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