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Summary

Arterial hypertension affects a third of the world’s population and is a significant
risk factor for cardiovascular disease. Blood pressure (BP) is one of the most rel-
evant parameters used for monitoring of possible hypertension states in patients
at risk of cardiovascular disease. Hence, there exists a need for new monitoring
solutions, which allow to increase the frequency between BP assessments, but also
allow to reduce the level of occlusion in the attempts. Moens-Korteweg equa-
tion is among the main principles to estimate BP by dispensing of any inflatable
cuff. This principle might lead to an indirect estimation of BP by measuring the
time it takes the pressure pulse to propagate between two pre-established vascular
points, accordingly the pulse transit time (PTT) method. This thesis proposes
a wearable PTT-based method to estimate central aortic BP (CABP) and, the
main milestones of this work included: proof of concept of the proposed method
(pilot work), the development of a wearable device (including two stages of valida-
tion), the proposition of a miniaturized version (integrated circuit) of the analog
front-end of the wearable hardware, and, the development of a novel PTT-based
model (PTTBM, i.e., the mathematical relationship between measured variables
and estimated BP) suitable for the proposed wearable methodology to estimate
BP. The main contributions found at each milestone are presented.

One of the contributions of this thesis is the use of the PTT-principle for
estimating CABP instead of the peripheral BP (PBP) (as typically used in the
literature). The pilot work showed the feasibility of CABP estimation from the
PTT principle by using electrocardiogram (ECG) and ballistocardiogram (BCG)
recordings from off-the-shelf equipment. Results showed that CABP was more
correlated with the proposed methodology in comparison to all PBP variables
assessed; confirming our hypothesis that the CABP is the most suitable parameter
to collate through the time elapsed from ECG R-wave to the BCG J-wave. That
is, considered featured time (RJ-interval) includes the time of a pulse pressure
propagating at an aortic district. Bland-Altman plots showed an almost zero
mean error (|µ| < 0.02mmHg) and bounded standard deviation σ < 5mmHg for
all systolic and mean central BP readings.

Pilot work provided a landmark in order to develop a compact device that
allows the integration of wireless blood pressure monitoring into a wearable sys-
tem. Another contribution of this thesis is the proposition of a wearable device
for PTT-computing by also including design considerations for the signal condi-
tioning chains for ECG and BCG signals. The proposed design procedure takes



care of minimizing the impact of spurious delays between physiological signals,
which eventually degrade the PTT computation. Further, such a procedure could
be suitable for any PTT-acquisition. Filtering with low and controlled delay is
required for this biomedical application, and proposed conditioning chains provide
less than 2ms group-delay, showing the effectiveness of the proposed approach. In
order to provide the methodology with higher autonomy and integration, a highly
miniaturized implementation of the filtering approach was also proposed. It in-
cludes the design of proposed architectures in CMOS technology to implement
the particular low-delay filtering at reduced bandwidth featuring ultra-low-power
characteristics. Results show that less than 2ms delay for the ECG QRS-complex
can be achieved with a total current consumption of IDD = 2.1nA at VDD = 1.2V
of power supply. Such development meant another significant contribution of this
work in the conception of highly autonomous wearable devices for PTT acquisition.

The first stage of validations on the wearable CABP estimation showed that,
when considering data from one volunteer, results achieved with off-the-shelf equip-
ment could be replicated by using a proposed wearable device, and the method
could be further validated by using the wearable version. Additionally, CABP esti-
mation from the proposed wearable device could be feasible by using three feature
times (FTs) as CABP surrogates; that is, RI, RJ, and IJ intervals (from ECG and
BCG wearable recordings). The first validation of the method also showed that
CABP could be accurately predicted by the proposed methodology when in the
order of daily calibrations are performed. The second stage of validations involved
a study with a group of volunteers, and new alternatives were explored (twenty-
seven: nine PTTBMs along the three FTs) for the CABP estimation. We found
that CABP could be accurately estimated (inside AAMI requirements) through
the presented methodology by using four of the explored alternatives, whereas the
RI interval, an FT lacking any PTT assessment, emerged as the best surrogate for
the CABP estimation. Hence, a principle different from the traditional PTT-based
method arises as a more advantageous method for the CABP estimation in the
light of evidence reported in this validation, and, to our knowledge, this is the first
time that CABP has been successfully estimated from a wearable device.

The final significant contribution of this thesis meant the last chain-link in the
process to achieve an utterly original method to estimate CABP. A novel PTTBM
to estimate CABP is proposed, which uses a flow-driven two-element Windkesel
network constructed from FTs extracted from the wearable recordings. When
classic PTTBMs are applied, the fitting of parameters often leads to values without
a physiological basis. Opposite to that in the proposed PTTBM, the parameters
have a clear physiological meaning, and the parameter fitting led to values that
are consistent with this meaning and more stable throughout calibrations.

In conclusion, this thesis introduces a novel device that exploits an alterna-
tive and indirect method for CABP estimation. Variants of the principle used,
accordingly, PTT method, have been previously explored to estimate PBP but
not for central aortic BP. Additionally, the device was designed to be wearable;
that is, it is attached to the clothes, causing low discomfort for the user during
the measurement, thus, allowing continuous and ambulatory monitoring of aor-
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tic pressure. The developed wearable system, validated in a series of volunteers,
showed promising results towards the continuous CABP monitoring.
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Resumen

Se estima que casi un tercio de la población adulta mundial sufre de algún grado
de hipertensión, siendo esto un factor de riesgo significativo para la enfermedad
cardiovascular. La presión arterial (PA) es el parámetro utilizado para evaluar
estos posibles estados de hipertensión; actualmente existe una necesidad de gen-
eración de nuevas tecnoloǵıas que permitan aumentar la frecuencia entre medidas
de PA, pero al mismo tiempo de reducir el nivel de oclusión de éstas (técnicas
aceptadas están mayoritariamente basadas en la oclusión y son de acceso limi-
tado). El modelo Moens-Korteweg podŕıa proveer los argumentos para la creación
de nuevas técnicas para estimar la PA prescindiendo de cualquier brazalete in-
flable. Más espećıficamente, podŕıa obtenerse una estimación indirecta de la PA a
través de la medición del tiempo que tarda el pulso de presión en propagarse entre
dos puntos vasculares predefinidos, método conocido como tiempo de tránsito del
pulso (PTT). En la presente tesis se desarrolló un dispositivo vestible que explota
este método alternativo e indirecto para la estimación de la PA pero a nivel cen-
tral, es decir, busca estimar la PA en la aorta (CABP), la principal arteria de
la red vascular. Para ello, los principales desarrollos de este trabajo incluyeron:
prueba de concepto del método propuesto basado en PTT para estimar CABP, el
desarrollo de un dispositivo vestible (incluyendo dos etapas de validaciones para
la estimación de la PA), la propuesta de un circuito integrado para el hardware
vestible y el desarrollo de un nuevo modelo para la estimación de la PA (PTTBM,
es decir, la relación matemática que vincula las variables medidas con el hardware
diseñado y la estimación de la PA). A continuación se presentan las principales
contribuciones resultantes de cada frente de trabajo.

Una de las contribuciones de esta tesis es el uso del principio PTT para es-
timar CABP en lugar de la BP periférica (PBP) (como se usa t́ıpicamente en la
literatura). La prueba de concepto mostró la viabilidad de la estimación de CABP
a partir del principio PTT mediante la adquisición de señales electrocardiograma
(ECG) y balistocardiograma (BCG) utilizando equipos comerciales. Los resulta-
dos mostraron que CABP estaba más correlacionado con la metodoloǵıa propuesta
en comparación con todas las variables de PBP evaluadas; confirmando nuestra
hipótesis de que la CABP seŕıa la variable más adecuada para estimar a partir
del tiempo transcurrido desde la onda R del ECG hasta la onda J del BCG. Es
decir, el tiempo considerado (intervalo RJ) incluye un tiempo de propagación del
pulso de presión a través de un segmento aórtico. Las gráficas de Bland-Altman
mostraron un error medio casi nulo (|µ| < 0.02mmHg) y una precisión σ < 5mmHg
para las variables de presión sistólica y media centrales.



La prueba de concepto proporcionó un hito para desarrollar un dispositivo
vestible apuntando a la monitorización inalámbrica de la presión arterial en un sis-
tema imperceptible para el usuario. Otra contribución de esta tesis es la propuesta
de este dispositivo vestible para la adquisición de la PTT. El desarrollo incluye
consideraciones de instrumentación necesarias para el correcto acondicionamiento
de las señales ECG y BCG, de las cuales se obtiene la PTT. En particular, el
procedimiento de diseño propuesto busca minimizar el impacto de los retrasos es-
purios entre las señales fisiológicas, que eventualmente degradan la computación
de la PTT. Además, dicho procedimiento podŕıa ser aprovechado por otros desar-
rolladores del método sin importar las definiciones de PTT que éstos usen. La
limitación de banda con bajo retardo es necesario para esta aplicación biomédica,
y el hardware de acondicionamiento propuesto proporciona menos de 2 ms de re-
traso en las señales (ECG y BCG) mientras consigue limitar sus bandas a decenas
de Hz, lo que muestra la efectividad de la metodoloǵıa propuesta. Adicionalmente,
con el fin de proporcionar a la metodoloǵıa de una mayor autonomı́a e integración,
se propone una implementación altamente miniaturizada de la sección de filtrado
con bajo retraso. Se incluye el diseño de nuevas topoloǵıas propuestas en tec-
noloǵıa CMOS para implementar el particular filtro de bajo retraso con reducido
ancho de banda, y con caracteŕısticas de ultra bajo consumo de potencia. El
diseño integrado consigue obtener resultados similares al obtenido anteriormente
(con componentes discretos) alcanzando un retraso de menos de 2 ms para el com-
plejo QRS del ECG, pero con un consumo de IDD = 2.1 nA a un VDD = 1.2 V .
Tal desarrollo significó otra contribución de este trabajo en el área de circuitos
altamente autónomos para instrumentación biomédica.

La primera etapa de validaciones en la estimación vestible de la CABP se basó
en experimentaciones con un voluntario, mostrando que, la estimación vestible
podŕıa alcanzar los mismos resultados que los alcanzados utilizando equipos de
investigación, permitiendo aśı avanzar en la validación del método propuesto uti-
lizando el equipamiento vestible diseñado. Además de esto, se encontró que la
estimación de CABP a partir del dispositivo vestible podŕıa ser factible utilizando
varios tiempos caracteŕısticos (FT) extráıdos de las señales vestibles ECG y BCG
(intervalos RI, RJ e IJ) junto con un popular PTTBM. La primera validación del
método también arrojó que la metodoloǵıa propuesta podŕıa estimar con precisión
la CABP cuando el tiempo entre calibraciones es del orden de un d́ıa. La segunda
etapa de validación implicó un estudio con un grupo de voluntarios, nuevas al-
ternativas se exploraron esta vez (veintisiete: nueve PTTBM con tres FT) para
la estimación de CABP. Descubrimos que CABP podŕıa estimarse con precisión
(dentro de los requisitos de AAMI) a través de la metodoloǵıa presentada medi-
ante el uso de cuatro de las alternativas exploradas, mientras que el intervalo RI,
siendo un FT que a priori no tiene ninguna vinculación con un PTT, surge como el
mejor estimador de la CABP. Se concluye entonces, que un principio diferente del
método tradicional basado en PTT podŕıa ser más ventajoso para la estimación
de CABP a la luz de la evidencia encontrada en esta validación y, adicionalmente,
a nuestro entender, esta es la primera vez que CABP se estima con éxito a partir
de un dispositivo vestible.
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La contribución final de esta tesis significó el último eslabón de la cadena
en el proceso de lograr un método completamente original para estimar CABP
de punta a punta. Se propone un nuevo PTTBM para estimar CABP, éste es
basado en una red Windkesel de dos elementos bajo una excitación de flujo. Estos
elementos del PTTBM son construidos a partir de cantidades extráıdas a través
de procesamiento de las señales vestibles ECG y BCG. Cuando se aplican los
PTTBM clásicos, el ajuste de sus parámetros (en calibración) a menudo conducen
a valores sin base fisiológica, mostrando a su vez, una dispersión en sus valores a
lo largo de distintas calibraciones que podŕıan ser inaceptables en la práctica. En
contraposición, los parámetros del PTTBM propuesto convergen a cantidades con
significado fisiológico claro y estable a lo largo de las calibraciones.

En conclusión, esta tesis presenta un dispositivo novedoso que explota un
método alternativo e indirecto para la estimación de CABP. El método propuesto
es basado en la metodoloǵıa de PTT, que si bien ha sido previamente explotado
para estimar PBP, no se ha dirigido éste hacia el monitoreo vestible de la PA aórtica
central. En este marco se desarrolla un dispositivo vestible, causando baja moles-
tia en el usuario durante las mediciones, lo que permitiŕıa un monitoreo continuo
y ambulatorio real de la presión aórtica central. El sistema vestible desarrollado,
validado en una serie de voluntarios, ha mostrado resultados prometedores hacia
el monitoreo continuo de CABP.
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Chapter 1

Introduction

”Mi vecino se tomaba la presión a diario en la emergencia del barrio, sus valores de
presión (perférica) siempre estaban controlados por la medicación. Esa mañana,
mientras se peinaba frente al espejo, con el pelo mojado y escuchando al mago, fue
la última vez que se vio. Tuvo una muerte súbita.”

Hypertension, the clinical term for elevated blood pressure (BP), it is also
commonly referred to as the silent killer. It seldom causes symptoms in the early
stages, making hypertensive people often unaware that they are until it is too late.
It is estimated that almost a third of the world’s adult population suffers from some
degree of hypertension [1], and the battle against it is one of the main challenges
facing health systems today. While it is a significant risk factor for cardiovascular
or kidney disease, which ends up being among the leading causes of death around
the world; hypertension is a risk factor that can be reasonably modifiable with
changes in lifestyle and medication. However, the problem is that hypertension
rarely causes initial symptoms, and chances of early stages of treatment for the
disease are often lost. The efforts of medicine are increasingly focused on the pre-
vention, early detection, and treatment of this disease. In this context, BP is one
of the most relevant parameters used for continuous monitoring of possible hyper-
tension states. Thus, the emergence of new technologies that allow continuous and
ambulatory BP monitoring are absolutely valuable.

Another issue to be addressed is the monitoring of cardiovascular health at
home with inexpensive and connected technologies, this would provide better con-
trol in the management of hypertension by providing instant feedback-controlled
therapies, which in turn may reduce the burden on the healthcare system. The
critical research and development in this area arise through the so-called m-health,
which harnesses the potential and broad penetration in the society of mobile de-
vices with high computing power (smartphones and tablets). In order to make
this possible, it is necessary to contribute to the generation of technology to make
ambulatory health monitoring using wearable devices.



Chapter 1. Introduction

Current techniques for non-invasive BP monitoring are based on the use of an
inflatable cuff around a limb, typically the upper arm. While the health commu-
nity widely uses these cuff-based techniques, they have some drawbacks: require
medical assistance, cause discomfort/injury, they are intermittent, and only allow
obtaining peripheral BP (PBP), that is, where the cuff is placed. On the one
hand, these reasons evidence the incapability of current BP monitoring techniques
for ambulatory and continuous monitoring on a generalized basis. Hence imped-
ing, the proper monitoring during daily life activities, and the possibility of the
launching of short-term BP regulation mechanisms. On the other hand, obtaining
the central blood pressure (at the level of the aorta), could allow us to better es-
timate the incidence on the organs most vulnerable to hypertension (brain, heart,
kidneys). Consequently, it is expected that central aortic blood pressure (CABP)
and PBP predict cardiovascular events and mortality differently [2] [3] [4].

Some current limitations of BP home monitoring must be addressed in order
to defeat hypertension. Mainly, there is a need for devices with high portability,
capable of being used throughout the day (wearables); and, provided with the high-
est capability for predicting cardiovascular events (access to central hemodynamic
variables represents a significant contribution to this aspect). Additionally, such
devices should be implemented with inexpensive and connected technologies that
lead to better control in the management of hypertension. This thesis contributes
to the generation of new technologies for monitoring BP at home by taking into
account the concerns above.

1.1 Scope
The scope of the thesis is the creation of a electronic system able to monitor
the arterial blood pressure. Variants of the principle used (the measurement of
the transit time of pressure pulse in the arterial network) have been explored to
estimate peripheral BP but not for central BP. The proposed approach implies
reconsidering whether the PTT-based models available in the literature (ie, the
mathematical relationship between measured variables and estimated BP) are ap-
propriate or not. Additionally, the device was designed to be wearable, that is, that
allows it to be attached to clothing, being comfortable during measurements, thus
allowing continuous and ambulatory monitoring. The developed wearable system
showed that the proposed methodology might lead to the ambulatory and contin-
uous BP monitoring at aortic districts. This thesis thus involved in overcoming
different obstacles which lead in the following significant contributions:

• Proposal of a methodology, validated with tests with volunteers, for the
estimation of central BP from the ballistocardiogram and electrocardiogram
waveforms.

• Exploration of the state-of-the-art for blood pressure PTT-based models,
derived from the pulse transit time method, and, its adaptation to the pro-
posed methodology.

2
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• Proposal for a new PTT-based model for the wearable estimation of the
central BP based firmly on the physical modeling of the central circulatory
system.

• Creation of a wearable platform, including the design of its hardware and
software, for the acquisition of physiological signals, proposing new design
criteria for better measurement of pulse transit time.

• Design of an integrated circuit that implements a miniaturized version of
core blocks of the analog interface suitable for the wearable system which
implements the proposed criteria but at an integrated level.

1.2 Architecture
Chapter 2
Introduces some previous information needed for the understanding of this docu-
ment. The chapter begins with basic concepts about the blood pressure (BP) and
some physiological mechanisms used for the development of this work, such as the
pulse wave velocity and the pre-ejection. Then, conventional (mainly cuff-based)
techniques used for the non-invasive assessment of the (peripheral) blood pressure
and central aortic blood pressure are presented. Finally, the pulse transit time
(PTT) method is introduced as a promising approach for estimating BP from an
ambulatory perspective, particularly towards the creation of a truly wearable de-
vice, which is the primary goal of this thesis.

Chapter 3
The feasibility of the central aortic blood pressure estimation from the transit time
method is studied. The scope of the chapter is to show the initial validation of a
proposed cuff-less method to estimate CABP. Validation of the proposed method
was performed with a small sample of healthy volunteers during strength maneu-
vers, and, by using off-the-shelf equipment. Experimental data showed promissory
results for monitoring CABP via PTT, which might lead to the creation of a con-
tinuous BP monitoring device. Part of the material presented in this chapter was
published in G. Fierro, F. Silveira, and R. Armentano. Central blood pressure
monitoring method oriented to wearable devices. Health and Technology, vol 6,
pages 197–204, 2016. Springer.

Chapter 4
The chapter presents the proposed approach for signal conditioning of a PTT-based
monitoring device. The method is suitable for a low power wearable implementa-
tion, which also takes into consideration the phase-shifting impact. The concepts
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shown in the chapter include design considerations for hardware and software sec-
tions of the proposed wearable platform, which can be applied in the conception
of any PTT-based wearable device. A summary of the material presented in this
chapter was published in G. Fierro, F. Silveira, and R. Armentano. Low group
delay signal conditioning for wearable central blood pressure monitoring device. In
2017 39th AnnualInternational Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC), pages 3285–3288, July 2017.

Chapter 5
Presents a miniaturized version of an analog front-end suitable for a PTT-based
wearable device. The chapter reviews the top level of the proposed architecture,
while the filtering section is further detailed. Notably, the ultra-low-power inte-
grated filter design is shown. The proposed filter features a low phase shift at
the QRS band and presents tuning capabilities. Part of the material presented in
this chapter was published in G. Fierro and F. Silveira, Ultra Low Power Tunable
Filter for a Low Phase Shift on Electrocardiogram QRS-Complex Acquisition. In
2018 31st Symposium on Integrated Circuits and Systems Design (SBCCI), Bento
Goncalves, pages 1-5, August 2018.

Chapter 6
Includes the first set of validations of the proposed method to estimate CABP by
using the designed wearable device. The chapter content aims to evaluate whether
a proposed wearable device is capable of achieving similar feasibility results on
CABP estimation as obtained with off-the-shelf equipment (Chapter 2). The study
also aims to characterize the scope of this method to estimate CABP regarding
to calibration interval (i.e., the period after a calibration procedure in which the
method is capable of accurately tracking CABP) and prediction capability (two
degree of validations) perspectives. The material presented in this chapter was
accepted after the revision in a peer-reviewed conference. G. Fierro, R. Armentano
and F. Silveira.Wearable Estimation of Central Aortic Blood Pressure: Feasibility
Study. In XXII CONGRESO ARGENTINO DE BIOINGENIERÍA - SABI 2020.

Chapter 7
Presents the final validation in volunteers of the proposed system and method-
ology. Twenty-seven alternatives (nine blood pressure PTT-based models along
three feature times) are explored for the aortic blood pressure estimation from the
proposed wearable device. To our knowledge, this is the first time that central aor-
tic blood pressure has been successfully estimated from a wearable device. Part of
the material presented in this chapter was published in G. Fierro, R. Armentano.
and F. Silveira. Evaluation of transit time-based models in wearable central aortic
blood pressure estimation. Biomedical Physics & Engineering Express, Volume 6,
Number 3. IOP Publishing.
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Chapter 8
Proposes an original PTT-based model (PTTBM) that uses Windkessel modeling,
particularly by using a flow-driven two-element network constructed from features
extracted by the proposed wearable device. The initial validations of the proposed
PTT-based model are presented, showing that the proposed PTTBM is promising
to resolve some issues observed during the CABP estimation when classic PT-
TBMs were used. For instance, being the calibration of these PTT-based models,
a mathematical process (regressions) between data and PTTBM, fitted parameters
in PTTBM might lose their physical meaning (numerically) in order to improve the
fitting accuracy. Moreover, such issues might also lead to unacceptable variabil-
ity in their fitting parameters, even considering within-person and very frequent
calibrations (chapter 6). These issues worsen even more because of the expected
fluctuations in PTT due to the within-person variability [5]. Increasing the physi-
cal constraints (at the calibration stage or for the particular PTTBM) might help
to improve the fitting quality. Proposed physical-constrained PTTBM showed
promissory results in mentioned calibration issues. This final contribution meant
the last chain-link in order to come by an utterly original method to estimate
CABP.

Chapter 9
Draws the conclusions of this thesis.
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Chapter 2

Background

Summary
This chapter introduces some previous information needed for the understanding
of this document. The chapter begins with some basic concepts about the blood
pressure (BP) and, being among the main physiological mechanisms used in this
document, the pulse wave propagation phenomena, and the heart (pre-) ejection
are presented in section 2.1. Noteworthy, far from being a self-contained document,
the thesis still requires the reader a basic comprehension of the circulatory system
physiology. Then in section 2.3, some of the conventional cuff-based techniques
used for assessing (the peripheral) blood pressure are presented. The importance
of the assessment of central aortic blood pressure (CABP) along with some of the
techniques available for its non-invasive assessment are included, notably, AtCor
Medical - SphygmoCor XCEL is highlighted as the cuff-based device used for
providing CABP assessments along the experiments included in this thesis. Then,
the pulse transit time method, which is the principal cuff-less approach used for
estimating CABP in this thesis, along with the ballistocardiogram signal, which re-
emerges as a valuable physiological signal for the method, are presented in section
2.4. Finally, the conception of a wearable device for estimating CABP from the
PTT-method is presented in section 2.5.



Chapter 2. Background

2.1 Blood Pressure
Blood pressure (BP) is the force per unit of area exerted against the internal sur-
face of the arterial vessels. Heart work over the blood generates a longitudinal
pressure gradient along the blood vessel network, which is responsible for the con-
duction of the bloodstream. Additionally, the pulsating nature of heart-pumping
is responsible for the also pulsating blood pressure waveform at a particular vas-
cular point. Typically, BP is measured in millimetres of mercury (mmHg), and
it is characterized by its maximum and minimum values (considering at least a
heart-beat), such variables are known as systolic BP and diastolic BP, respectively.
Thus, the blood pressure waveform (at a particular point of the arterial network)
is ranging between these two variables.

Figure 2.1: Propagation and amplification of pulse pressure pulses along the aorta [6].

On the other hand, being the blood an in-compressible fluid confined at a non-
rigid tube (arteries), blood volume displacement is based on the propagation of
the pulse pressure waveform across the arterial three. The pulse pressure traveling
wave pushes the blood at each heartbeat leading to a circulatory system, local
pulse propagation is further showed in section 2.1.2. Otherwise, the propagated
BP waveform, in turn, suffers a distortion and amplification effect [7] as the trav-
eling wave reaches peripheral districts at the vascular network (fig. 2.1). Such
effect occurs mainly due to the increase of the arterial impedance (arterial section
decreases), increased stiffness, and the eventual pulse wave reflections superim-
posed near the systolic section of the BP waveform [7]. In the order of 75% of
amplification could be expected between the ascending aorta to the femoral arter-
ies in young, healthy adults [6]. Even though systolic BP is more affected by wave
reflection effect than diastolic reading [6], it is expected a discrepancy between
both BP variables when assessed at central aortic or at the peripheral arteries, the
latter, where BP is typically assessed (brachial, humeral, radial). This thesis faces
the problem of the central aortic BP estimation (i.e., the BP at the aortic root,
that is, where the aorta, the main arterial vessel begins near the heart). Therefore,
when discrimination is needed, this document uses the central aortic BP from the
peripheral BP by using the notation CABP and PBP, respectively.
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2.1. Blood Pressure

2.1.1 Expected ranges and values
Figure 2.2 shows a simultaneous assessment of the CABP and PBP (at brachial
artery) waveforms. Real pulses confirm the fact that both pulses range differently
at each particular section of the vascular tree. That is, CABP ranges between
systolic = 108 mmHg and diastolic = 77 mmHg whereas PBP between systolic
= 125 mmHg and diastolic = 76 mmHg. Leading to 58% of pulse amplification
between the aoric root to the brachial artery in this example. Noteworthy, reference
values for screening hypertension at variables systolic and diastolic may be different
if referring CABP or PBP.
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Figure 2.2: Central aortic blood pressure (CABP) and peripheral blood pressure (PBP) wave-
form acquired simultaneously on the same subject. Amplification and distortion effects are
noticeable for the pulse pressures from the aortic root to the brachial artery.

Other standard variables that can be found for characterizing the blood pres-
sure waveform are the mean BP and the pulse pressure (PP). Mean blood pressure
refers to the average value of the pressure waveform considering a cardiac cycle
interval, and PP is the peak-to-peak value of the waveform, that is, PP = systolic-
diastolic.
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Chapter 2. Background

2.1.2 Pressure wave propagation
Pulse propagation phenomena is among the central physiological effects exploited
for the development of this thesis, some related elements are presented here.

Figure 2.3: Pulse pressure propagation along the aorta. Delay between two pulses at different
arterial locations is known as pulse transit time (PTT). The figure summarizes the method
used clinically for assessing non-invasively to the pulse wave velocity (PWV) through PWV ≈
∆Z/PTT by measuring the pulse pressures at carotid and femoral arteries. PWV is considered
the gold standard for the assessment of arterial elastance. Image adapted from [6].

A (new) pressure pulse appears in the aortic root at each cardiac cycle when
aortic valve opens at each left ventricular ejection. In the order of 75 mL of blood
are pushed out from the ventricle into the aorta at each heart-beat (considering
of a healthy adult at normal conditions). Considering a simple description for the
propagation phenomena, such entering blood volume rises the pressure at the aorta
inlet which is absorbed by the aortic walls due to its distensibility properties. Be-
ing the blood an in-compressible fluid confined at such compliant tube, the ejected
blood mass pushes in turn the portion at the side, and so on, inducing thus a trav-
elling blood flow along the artery. Such a blood volume displacement undergoes
to a local augmented pressure, also travelling, which defines the propagation phe-
nomena of the pulse pressures along the arteries. The pressure exerted of volume
displacement can be tangible externally, and many approaches for assessing BP
are based on sensing such pulses thought different techniques (see sections 2.2 and
2.3). Additionally, the velocity that pulse pressure travels along the arterial tree is
known as the pulse wave velocity (PWV). Fig. 2.3 shows an sketch of two volume
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2.1. Blood Pressure

displacements wave acquired in two aortic locations, given that pulse propagates
at velocity PWV, the foot of the pressure pulse is acquired before the respective
foot at a distal aortic location. The time it takes the pressure pulse to propagate
along a particular distance in the vascular tree is referred as pulse transit time
(PTT). The conception of PTT is central for the development of this thesis, since
as it will be shown latter, PTT provides a path for measuring BP.

Pulse propagation model

A simplified model for the pulse pressure propagation described as a travelling
wave (eq. 2.1) can be derived by applying classical mechanics over a small volume
of blood modelled as a mass [8]. The mass of blood is confined in a elastic tube
of cross-sectional area A, and characterized by the (cross-sectional) compliance
Cas defined as the change in tube cross-sectional area A divided by the change in
pressure in the tube pressure P(x,t), or equivalently Cas = ∂A/∂P (Fig. 2.4b) ρ
refers to the density of the filling blood.

(a) Sketch of the pulse wave velocity (b) Cross-sectional

Figure 2.4: Sketch of the volume displacement propagating at PWV velocity along an elastic
artery, and registered at two different time instants. Sketch of the cross-sectional vessel defor-
mation (along radial direction) due to the increased local pressure, illustrating the distensibility
effect of the vessel.

∂2P (x, t)

∂t2
=

A

ρCas

∂2P (x, t)

∂x2
(2.1)

Therefore

PWV =

√
A

ρCas
(2.2)

Equation 2.2 is known as the Bramwell-Hill equation; it describes how the
velocity of the pressure pulses propagating along arteries depends on the wall
distensibility of the arterial (compliance) segment considered. The more distensible
the arterial segment is, the more capable of absorbing the pressure energy by the
elastic walls, and consequently, the slower the pressure pulse propagates.

Otherwise, since compliance depends on the artery size, sometimes elastic mod-
ulus (E ) is preferred to characterize the arterial stiffness of the arteries. Eventually,
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Laplace’s law for a cylindrical tube with a radius r and a thin and incompressible
wall thickness h may lead to a relationship between both quantities [9].

Cas = 2πr3/(Eh), (2.3)

Then, by combining 2.2 and 2.3 is found 2.4

PWV =

√
hE

2rρ
(2.4)

Equation 2.4 is the well-known Moens-Korteweg equation, which gives an in-
sight into the effect that pulse pressures propagate at high velocity along the artery
as it stiffens. The positive relationship between arterial stiffness and pulse wave
velocity has been well known since the early 20th century.
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2.1. Blood Pressure

2.1.3 Pre-Ejection

Figure 2.5: Some mechanical and electrical
quantities on the heart within a typical cardiac
cycle. Left atrial pressure (dashed-pink), left
ventricle pressure (continuous-red), central aor-
tic blood pressure (dashed-green) and electro-
cardiogram (continuous orange) are included.
Figure adapted from [10]

Even though the PWV phenomena oc-
cur within the arteries, it is essen-
tial to show some events that occur
(shortly) before the pulse pressure gets
the aorta. Figure 2.5 shows some rel-
evant mechanical and electrical quan-
tities within a typical cardiac cycle.
These are, left-atrial (LA) and left-
ventricular (LV) pressures, aortic pres-
sure (CABP), and electrocardiogram
(ECG) superimposed in a temporal di-
agram. As mentioned previously, pulse
pressure onset in the aorta coincides
with the onset of the left ventricle ejec-
tion, which starts at the aortic valve
opening; such an event is thus further
investigated.

The principal function of the heart
valves is to provide a conduction path
for the blood flow only in the direct di-
rection and block the reverse direction
flow; when a pressure gradient is estab-
lished in the direct flow direction, the
valves open and the blood flow is estab-
lished. Therefore, aortic valve activity
is found (in Fig. 2.5) when LV pres-
sure exceeds the CABP (opening), or
conversely, it closes when LV pressure
falls behind CABP. Similarly goes for
the mitral valve, LA pressure, and LV,
respectively, as can be observed in Fig.
2.5.

Going a little further back in time
at diagram, the onset of LV contraction
(at constant blood filling volume, i.e., iso-volumetric contraction), which is respon-
sible for the abruptly pressure rising at LV, coincides with the peak of the R-wave
of the ECG [10]; since the QRS complex on ECG represents ventricular depolar-
ization. The time elapsed between the start of the isovolumetric contraction and
the onset of the LV ejection is known as the pre-ejection period (PEP). PEP is
a non-constant delay, which changes rapidly in response to stress, emotion, and
physical effort, and also increases with age. Nevertheless, as will be shown, PEP
is a very relevant quantity that will be revisited along this thesis.
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2.2 Non-invasive peripheral blood pressure assessment
Blood pressure assessment is crucial in order to follow up on possible hypertension
states, which constitute a crucial risk factor for health. There exist groups in
the society that BP home monitoring is a must-have (rather than a should), and
eventually, they would be hugely benefited from new technologies that improve
hypertension screening.

It is widely acknowledged that the elderly require more resources from care-
givers, and the increased life expectancy change (due to life sciences, health knowl-
edge, and awareness) impacts directly on health care systems. Moreover, the effect
would be more pronounced in developing countries than in developed ones since a
steeper growth rate of the elderly population is expected in the coming decades,
and they are less prepared to cope with aging [11]. Thus, finding mechanisms to
reduce this immediate effect is probably one of the most overlooked issues in the
current health field around the world. Establishing a suitable home monitoring
policy for the elderly attenuates the demand reasonably, mainly by increasing pa-
tient independence since, for example, doctor visits are reduced in a continuous
monitoring environment, so patient care costs for the family and the state are also
reduced.

Figure 2.6: Elder assessing the blood pressure at home with an oscillometric-based device.
Image from https://www.microlife.com/technologies/blood-pressure/afib-technology

On the other hand, pregnant women are another group worthy of attention in
this context. Hypertensive states in pregnancy are a common complication which
affects around 10% of pregnancies [12], [13]. In turn, about half of these cases
evolve into pre-eclampsia, a condition of risk that can lead to eclampsia, which
is the leading cause of maternal mortality in Latin America and the Caribbean,
as well as in developed countries, with an incidence of 25.7% of cases in Latin
America according to the latest figures available [14]. There are multiple studies
[12], [15], [16] indicating that control of blood pressure at home or on an outpatient
basis would allow early detection of pre-eclampsia as well as discrimination from
those cases related to the so-called white coat hypertension [16].

Different techniques for the non-invasive BP assessment can be found in the
literature [17]. Due to the relevance of this work, some of them are discussed in
this section.
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2.2. Non-invasive peripheral blood pressure assessment

2.2.1 Occlusive techniques
Figure 2.7 schematizes the process of occlusion and restoring blood flow in the
brachial (peripheral) artery. Conventional BP assessment is based on the occlusion,
which takes advantage of the phenomena behind the artery occlusion.

Figure 2.7: Occlusion procedure in a peripheral (limb) artery. Source [6]

15



Chapter 2. Background

In the procedure, an inflatable cuff is placed around the peripheral artery. The
cuff is inflated exerting pressure on the limb artery to a value above the maximum
intra-arterial (supra-systolic) pressure, thus bypassing the longitudinal blood flow
of the artery through the cuff. Then, the cuff pressure is gradually relaxed, and
a phase of turbulent blood flow begins. When the pressure exerted by the cuff is
lower than diastolic blood pressure, the steady-state flow is reached again. In this
process of occlusion and release, a couple of physical phenomena occur, which are
exploited by the traditional occlusion techniques (auscultation and oscillometric).
Note that, described procedure assesses only to local BP variables, the ones oc-
curring at the occluded peripheral artery, the brachial in this example, which are
arterial districts far from the organs of interest (to which blood pressure can cause
permanent damage, these are, brain, kidneys, eyes). Finally, the occlusion is a
bothersome procedure, which might cause artery injuries if it is used frequently
for large periods; this is one of the main technique drawbacks.

2.2.2 Auscultation

The turbulent blood flow phase is identifiable by hearing characteristic sounds with
the stethoscope. These sounds are known as Korotkoff sounds, K-sounds on figure
2.7.B. In the procedure, the artery to be assessed is occluded with a cuff. The
stethoscope diaphragm is put over the artery next to the cuff (at the occluded side
of the artery), whereas the cuff must provide the actual pressure (from a sensor)
to be displayed somehow, a mercury column is used in the example in figure 2.7.A.
Accordingly, mercury sphygmomanometer is known as the auscultation-based de-
vice for assessing BP where the cuff pressure is measured with a mercury column.
Systolic and diastolic variables are thus assessed by identifying the boundary cuff
pressure values in which the turbulent flow is ranging (or equivalently, the range
that k-sounds are audible).

Auscultation technique was discovered more than 100 years ago, and despite
the significant advances in technological resources in this period, this technique is
nowadays the favorite for the non-invasive BP monitoring. The mercury sphyg-
momanometer represents the gold standard for the non-invasive BP assessment.
The technique has demonstrated (throughout all these years) its robustness to
predict cardiovascular events, comprises a simple procedure to perform, and does
not require expensive material. Also, the method is characterized by the accuracy,
and the expected offset and precision error limits are less than µe < 5mmHg and
σ < 8mmHg (respectively) against an intra-arterial catheter reference. However,
the technique has some drawbacks; requires a trained operator to obtain the mea-
surement correctly, the pressure can fluctuate minute by minute and a single BP
snapshot may not be representative assessment, it is a cumbersome measurement
for the user which in turn, may be vulnerable to the white coat effect and, the
accuracy depends on the operator, on the deflating rate and also of the position
of the bracelet. Despite having its setbacks, it seems a technique that resists its
replacement in the near future.
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2.2.3 Oscillometric

Oscillometric methods provide automatic (operator-independent) access to periph-
eral blood pressure through the arterial occlusion process. In operation, the os-
cillometric device CPU records the pressure pulses exerted by the occluded artery
and exploits another phenomenon that occurred in the occlusion. The amplitudes
of pressure pulses impacting against the cuff, depend on the pressure exerted ex-
ternally by the cuff, these amplitudes reaching a maximum approximately when
the external pressure is equal to the mean value of intra-arterial pressure (See fig.
2.7.B). The procedure, thus, could find approximately the mean blood pressure of
the assessed limb by analyzing pulse amplitude. Then systolic and diastolic vari-
ables are estimated through proprietary algorithms. While these methods may
have less accuracy than the ones based on auscultation, they are quite reliable and
accurate, so making them attractive to users. The measure does not depend on the
operator and the method gain in repeatability. Moreover, and very relevant in this
context, the method opens the gap of outpatient BP monitoring. Finally, despite
the accuracy issues, automatic oscillometric devices might be the adequate refer-
ence device for initial validations in the development of PTT-based BP monitoring
systems [5].

2.3 Non-invasive central aortic blood pressure assessment

Even though BP readings at peripheral districts (i.e., at brachial, radial or femoral
arteries) are important markers for the assessment of cardiovascular risk, there is
a strong rationale and published evidence showing that central BP might be a
better parameter to follow up cardiovascular health [2] [3] [4]. For instance, key
organs and the major arteries supplying the brain are directly exposed to aortic
rather than peripheral BP. Other reported evidence in favor of the use of central
arterial BP (CABP) is the following. First, there are relevant discrepancies in
CABP among people with similar peripheral BP (PBP). Second, the prognostic
of end-organ damage by CABP is independent of the one by PBP [3]. Finally,
there exist differential reactions to anti-hypertensive drugs through CABP and
PBP [18]. Consequently, it is expected that CABP and PBP predict cardiovas-
cular events and mortality differently. Non-invasive CABP estimation is possible
based on carotid pressure assessments by applanation tonometry [19] and ultra-
sound techniques [20], or, through the use of a generalized transfer function from
a peripheral pressure assessment [21] [22]. Nevertheless, all of them require ei-
ther a trained operator or a brachial cuff for CABP estimation. Other methods
for non-invasive CABP estimation based on inflatable cuff recordings and arte-
rial modelling could be found in the literature [23] [24]. Nevertheless, the cuff
requirement makes unfeasible the wearable and ubiquitous CABP monitoring.
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2.3.1 Applanation tonometry techniques
The method estimates the CABP waveform from the assessment of a BP waveform
at another artery. For instance, CABP is directly estimated by the carotid BP
waveform, or conversely, the CABP waveform is estimated by using a generalized
transfer function (GTF) with the radial BP waveform. A pressure sensor (ap-
planation tonometer) over such arteries is used for the BP waveform registration.
Since sensed pressure by tonometer is subject to inherent inaccuracies (motions,
applanation issues) [7], the absolute intra-arterial pressure might differ from the
sensed by the tonometer, and the waveform must be calibrated against an auto-
matic (sec. 2.2.3) or manual (sec. 2.2.2) peripheral blood pressure assessment.
However, the former is, in turn, subject to the widely known inaccuracies of the
oscillometric based techniques, while the latter might suffer variability issues [25]
being an operator-dependent procedure. Nevertheless, radial applanation tonome-
try is considered the gold standard procedure for the non-invasive assessing of the
CABP [26] [27]. The technique has been successfully validated against invasive
catheterization [27], even during tests involving exercises [26].

2.3.2 Generalized transfer function approach
AtCor Medical - SphygmoCor XCEL
Reference CABP measurements in this work were assessed with the SphygmoCor
XCEL (AtCor Medical, West Ryde, Australia) unit by using the pulse wave anal-
ysis (PWA) [28]. Figure 2.8 shows such a cuff-based device used as a non-invasive
CABP reference. The unit has been extensively validated for non-invasive central
hemodynamic assessment [21] [29] [30] [31] [32], and the measurement is not based
on the operator expertise. Regarding the assessment, the completion of a standard
PWA attempt lasts in the order of 90 to 120 s to be accomplished. The device
constructs a CABP waveform by extracting parameters derived from the brachial
waveform by using proprietary signal processing over a sub-diastolic volume dis-
placement recording [21], which is assessed with a cuff at sub-diastolic pressure
on the brachial artery. As a result of a PWA assessment, a snapshot of variables
extracted from the assessed PBP and estimated CABP waveforms are available.
These are systolic, mean, diastolic, and augmentation index for CABP waveform,
and, systolic and diastolic variables for brachial BP.

2.4 Cuff-less BP estimation: the pulse transit time method
The non-invasive method for measuring blood pressure has been based on the
use of inflatable cuffs. Although the cuff-based method may provide accurate or
autonomous paths for the BP assessment, it still has several disadvantages, such
as occlusion, annoyance, heart workload, and interruption of activities. More-
over, cuff-based methods provide only intermittent measurements; that is, after
an assessment attempt (that lasts in the order of minutes), only a snapshot of
BP variables (of the occluded) artery are available. Consequently, it nullifies the
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Figure 2.8: AtCor Medical - SphygmoCor XCEL. Cuff-based device used along this thesis for
the central aortic blood pressure assessment. Figure from [33].

possibility for monitoring dynamic fluctuations of BP, which might be a determi-
nant of cardiovascular risks [17], but also, it would eliminate any possibility of
incorporating short term mechanisms to control BP. In order to achieve a method
for estimating BP continuously, several groups [34], [35], [36] have worked on BP
monitors based on the pulse transit time (PTT) method. The method would be
capable of construct a new BP estimation at each heart-beat from the measure-
ment of the time that a pulse pressure propagates along a particular segment of
the arterial tree.

Pulse transit time (PTT) method
PTT-method is based on some effects on the pulse pressure propagation along the
arterial tree. Principally, given that PWV is assessed by the transit time it takes
the pulse pressure to travel a fixed vessel distance (L) in the cardiovascular tree
(ec. 2.5); and, propagation models presented in 2.1.2, Moens-Korteweg in 2.4, and
Bramwell-Hill in 2.2, that show how PWV is dependant of arterial distensibility (or,
reversely, the stiffness). The pulse (pressure) transit time (PTT) is consequently
also related to such an arterial wall property.

PWV =
L

PTT
(2.5)

On the other hand, it is well-known that arterial distensibility (stiffness) is, in
turn, affected by blood pressure. In effect, equations 2.6 [37] and 2.7 [38] show
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different models available in the literature, for the compliance and the elastic
modulus, respectively, at central elastic arteries (near the aorta) as a function of
the internal pressure (P).

Cas(P ) =
Am

πP1

[
1 + (P−P0

P1
)2
] (2.6)

E(P ) = E0e
αP (2.7)

where, Am, P0, P1, E0, α > 0 are subject dependant parameters. Eventually,
artery distensibility (stiffness) might depend on other factors such as age, heart
rate, treatment, and medication. However, by assuming that BP could be treated
as the main factor that affects the arteries stiffness; thus, PTT could be threaded
as a BP surrogate. PTT-method is based on such a hypothesis and thus, for
a particular PTT, the method proposes that a BP could be found bi-univocally.
Furthermore, the mathematical relationship between measured PTT and estimated
BP are known as the PTT-based models (PTTBM).

Several PTTBM could be found in the literature, for instance, in chapter 7
some of them are explored for the CABP estimation and, in chapter 8 a novel
PTTBM is proposed. Notably, a very popular PTTBM (eq. 2.8) could be derived
by combining 2.5, 2.6 and 2.2 [39].

P ≈

√
AmP1ρL2

πA

PTT
+ P0 −→ P ≈ k1

PTT
+ k2 (2.8)

Where k1 and k2 are subject dependent parameters that could be resolved from
a calibration procedure (basically, through parameter fitting routines by using pairs
of P and PTT data); otherwise, P in 2.8 should be a value derived from the CABP
waveform so that this theory is consistent. However, it does not exist a formal
answer about the BP value that is related to PTT [8]. Most works use the systolic
values [40] [41] (noteworthy, the PEP is included in the PTT assessment in many
of those works, see sections sec. 2.4.1 and 2.5), whereas others propose that the
mean/diastolic value of BP should be estimated from PTT [42] [43]. Moreover,
even though the PTT theory is derived from artery models mainly elastic (near the
aorta), most works use the PTT-method for estimating BP at peripheral locations,
where neither the estimated pressure (CABP and PBP may be uncorrelated) nor
the pulse propagating district corresponds with merely elastic arteries. Eventually,
some abuse on the use of the PTT-method may be commonly found. This also
occurs for the PTT assessment itself, where for simplicity in the acquisition, PTT
may be commonly approximated, and thus, the assessment may include portions
of time that are not purely a pulse propagation time (as will be shown in sec.
2.4.1).

Eventually, such approximations and other issues found (such as instrumen-
tation accuracy, within person BP variability, smooth muscle contraction in the
aorta) [5] might lead to inaccuracy problems for the PTT-based BP estimation
which may be one of the main limitations of the PTT-method nowadays. Mainly
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if an Association for the Advancement of Medical Instrumentation (AAMI) type
criteria is used for assessing the accuracy of the PTT-based estimation, where the
device under test would be compliant with the AAMI accuracy if a bias error of
µe < 5 mmHg and precision of σ < 8 mmHg could be achieved against an auscul-
tation reference [44], typically, such criteria is used for assessing the accuracy of
oscillometric devices. Also, it might be in a kind conservative for the PTT-based
methods. In effect, PTT-based systolic (diastolic) BP estimation could reach up
to a bias error of µes = 10 mmHg (µed = 10 mmHg) and a precision error of
σs = 14 mmHg (σd = 11 mmHg), against an automatic cuff device reference, and
the method still may be capable of screening hypertension [5].

Finally, PTT method emerges as an attractive approach for estimating BP
since PTT could be assessed by using hand-held equipment, thus, the method may
lead to the conception of an unobtrusive BP monitoring device, by eliminating any
cumbersome inflatable cuffs and by also providing a continuous (that is, beat-to-
beat) BP estimation.

2.4.1 PTT assessment
Several publications about pulse transit time assessment have shown that PTT can
be accessed from the processing of at least two physiological signals [34], [35], [45].
For example, the ECG R-wave could be (roughly) considered as a time reference
for the onset of the propagation of a pulse pressure (see sect. 2.1.3). Despite the
inaccuracies, R-wave is a often preferred proximal reference by the PTT-method
developers because ECG is a relatively easy physiological signal to acquire [39].
On the other side, the ballistocardiogram (BCG) offers diverse possibilities as a
timing reference which emerges as an valuable physiological signal to be exploited
in the PTT context.

Mechanical response to heart activity: the ballistocardiogram
Ballistocardiogram is a measurement of the body response caused by the blood
ejected during the cardiac systole. The blood mass displacement confined at the
arterial tree experiments accelerations and forces that are recoiled by the body
in the opposite direction. Consequently, slight body accelerations are expected
at each heartbeat mainly experienced in head-to-foot direction. Former studies
in this area were implemented with constrained devices, such as suspended tables
and then with chairs and weigh scales, restricting the measurements only to a
medical/research environment. However, some works [46], [47] have proved the
feasibility of integrating small sensors (based on electromechanical films (Emfi)
or Microelectromechanical systems (MEMS)) in ambulatory and wearable devices
which, in turn may enable continuous time monitoring.

The BCG is composed of several characteristic waves named with letters from G
to O as were covenanted in the Scarborough-Talbot Report [48] by the Committee
on Ballistocardiographic Terminology. In practice, the BCG acquisition is subject
to low signal-to-noise ratios principally due to weakness of the BCG effect itself,
motion artifacts, noise, and involuntary movements. The H, I, J, K, and L waves,
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Figure 2.9: Phonocardiogram envelope and Ballistocardiogram.

indicated in Fig. 2.9, are in general, the strongest ones and those who give it its
characteristic morphological shape. Notably, the H-wave has presented particular
relevance compared to others since it was reported of occurs nearby the first heart
sound [49] (shown as S1 in Fig. 2.9). Eventually, it could be an alternative
for determining approximately the S1 event, as shown in Fig. 2.9, where the
phonocardiogram envelope is superimposed on a BCG. Otherwise, the J-wave, also
one of the most relevant waves and especially crucial for this work, corresponds to
the first positive deflection from the H-point of the BCG signal. It was reported to
coincide with the reaction caused by the blood displacement approaching the aortic
arch and going through the descending aorta [50]. Also, it has been documented
that the J-wave amplitude is correlated with stroke volume [51]; therefore, the
cardiac output could also be estimated from BCG. Further information about
ballistocardiography can be found in the literature [50] [52].
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2.5 PTT-based device for CABP monitoring: wearable
implementation

Measuring PTT as a surrogate of BP may lead to the conception of a wearable,
unobtrusive, BP monitoring device. Nevertheless, the approach (a priori) requires
the placement of two sensors on the body to find a pair of (proximal and distal)
arterial waveforms. These waveforms are used to compute, on a beat-to-beat basis,
the time that will be related to the BP, referred as feature time (FT) from now on
since, as was discussed, the role of PTT might be filled in by an approximation that
not strictly corresponds witha a PTT. Therefore, PTT, any PTT approximation,
even the defined PEP are grouped in this FT category in this document.

Various PTT based approaches use the electrocardiogram (ECG) signal as
proximal reference, and, another arterial waveform as the distal counterpart (e.g.,
photoplethysmogram (PPG) [53] [54] [55], ballistocardiogram (BCG) [56], magne-
toplethysmogram (MPG) [57] [58]). When the ECG R-wave is used as a proximal
reference, the FT is actually called pulse arrival time (PAT) because it includes not
only the pulse transit time but also the PEP. There is controversy on whether the
PEP inclusion in the FT is beneficial or detrimental to the BP estimation. Some
works have highlighted the positive effect of PEP on such estimation [59] [60].
Meanwhile, other works have reported that BP and PEP may change indepen-
dently [61] [43], and thus BP prediction from PAT would be inconvenient. This
thesis will contribute to this discussion later on.

BCG waveforms can also be used to provide a proximal timing reference, since
the I-wave on the BCG wave approximately indicates the initiation of the mechan-
ical ejection of the heart [52]. Therefore, the R-I interval, i.e., the time interval
between the ECG R-peak and the I-peak on the BCG, may correlate with the
pre-ejection period [62]. Then, PEP can be disjointed from PAT to provide an FT
that is independent of PEP; or conversely, PEP can be eventually assessed, since
it is a non-invasive marker that may reflect the sympathetic nervous system activ-
ity [63]. Therefore, the BCG waveform, by itself, may contain information about
pulse pressure propagation time at the aortic level. Notably, as was shown, BP-
PTT dependency is mainly exploitable at elastic arteries [64] which are principally
found on or near the aortic district. Additionally, although many of these works
measure pulse propagation’s mostly at aortic domains, none of them consider that
the central (aortic) blood pressure is the most suitable parameter to collate for.
In this work, it is proposed to use the presented PTT-method to estimate central
aortic blood pressure rather than peripheral BP.

The CABP estimation from an aortic pulse propagation time was previously
studied in [65], where a proposed approach for CABP estimation is based on
employing the electrical impedance tomography technique. This method has the
drawback of involving complex image processing, cumbersome hardware, and the
need to inject electrical excitation into the body. The approach may be very
constrained in a wearable application. This work aims to achieve a PTT-based
methodology for the wearable estimation of CABP, which, to our knowledge, was
not achieved yet. The material presented in this thesis contributes in that direction
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where a proposed wearable device was developed, and results show that wearable
CABP estimation can be achieved by the proposed approach.
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Chapter 3

PTT-Based Central Aortic Blood
Pressure (CABP) Estimation: Proof of
Concept

Chapter Summary

This chapter presents the proof of concept for the non-invasive central aortic blood
pressure (CABP) estimation based on the pulse transit time (PTT) principle. A
beat-to-beat PTT was estimated from electrocardiogram (ECG) and ballistocar-
diogram (BCG) recordings. As the measured transit time takes place mainly
within the aortic domain, CABP was estimated instead of brachial pressure. Val-
idation of the proposed method was performed with a small sample of healthy
volunteers during strength maneuvers. Atcor Medical SphygmoCor XCELL de-
vice was used to monitor central and brachial blood pressure (systolic, mean, and
diastolic) during the rest of the strength maneuvers. Pulse transit time was esti-
mated from ECG and BCG recordings and simultaneously recorded with all BP
readings. Results showed that systolic and mean central blood pressures were
strongly correlated with PTT-estimated blood pressure in comparison to all other
blood pressure variables, particularly, the brachial variables. Bland-Altman plots
showed an almost zero mean error (|µ| < 0.02mmHg) and bounded standard de-
viation σ < 5mmHg for all systolic and mean central BP readings. Experimental
data thus showed promissory results for monitoring aortic blood pressure via PTT.
The scope of this pilot work is to provide initial validation of this method in order
to develop a compact miniaturized device that allows the integration of wireless
blood pressure monitoring into a wearable system. The chapter is organized as
follows: The context of this pilot study is presented in 3.1. Experimental methods
are described in section 3.2. Then, section 3.3 shows preliminary measurements of
the proposal. Finally, discussion and perspectives are included in section 3.4 and
conclusions are drawn in section 3.5.



Chapter 3. PTT-Based Central Aortic Blood Pressure (CABP) Estimation:
Proof of Concept
3.1 Study Context
The study presented in this chapter was the result of an exploration period with
the PTT-method to estimate BP. PTT-method provided characteristics that are
aligned with the primary objective of this thesis, the conception of a wearable de-
vice for BP monitoring. Several possibilities for the PTT acquisition were explored
at that time, methods included: PTT computation from electrocardiogram (ECG),
photoplethysmogram (PPG), ballistocardiogram (BCG) and magnetoplethysmo-
gram (MPG) signals. In this context, ECG-BCG-based PTT provided the best
correlations with BP at the time, and thus, ECG-BCG-based PTT became the best
surrogate candidate for the BP estimation, conjecture which, needed to be further
studied. Not mention that BCG acquisitions from longitudinal (head-to-feet) ori-
entated accelerometer along with an adequate ECG acquisition might lead to a
compact and low-power implementation of a wearable device. Additionally, since
the ECG-BCG-based PTT defines a time elapsed for a pulse pressure to propagate
at aortic domains, it was considered that the central aortic blood pressure (CABP)
was the most suitable parameter to collate for. The major proposition of this proof
of concept study is based on this hypothesis, that is, the ECG-BCG-based PTT
needed to be collated to CABP rather than peripheral BP as typically analyzed
in the literature. Such investigation is presented in this chapter.

At the time of the study presented in this chapter, there were some limitations
to the methodology which should be noted here.

• Proposed ECG-BCG-based PTT includes a delay between electrical and
mechanical activity of the heart; accordingly, the pre-ejection period (PEP).
As widely considered in the literature [45] [66], and also in this work, PEP
was assumed neglectable in the PTT assessment. Nevertheless, as will be
shown throughout this thesis, PEP might not be utterly neglectable against
an aortic PTT, and further, PEP will have a more leading role in our BP
estimation than a simple error in the PTT assessment.

• Only one PTT-based model was evaluated to study its suitability for the
blood pressure estimation. More alternatives are further studied later in
chapter 7. Also, and more importantly, the approach used to evaluate the
proposed method was based on calibrating and testing the PTTBM using
the same group of data-sets for both operations. Although such an approach
does not provide an ultimate validation [39], it was enough to give an insight
into the feasibility of the proposed methodology. A moderate-hard validation
approach might be based on predict accurately unseen BP data, which was
the case for further validations.

• Data in this proof of concept were acquired with off-the-shelf equipment
and custom hardware. However, the estimation of PTT could be spuri-
ously affected at its signal-conditioning stages. Frequency limiting stages
could produce phase lags between reference signals [67], accordingly ECG
and BCG, resulting in a corrupted PTT. Potentials issues with the acquisi-
tion material were not rigorously analyzed at the time; phase issue was not
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considered in this proof of concept. Nevertheless, the concern is studied in
the following chapter and represents one of the main contributions of this
thesis.

Finally, despite the limitations of the study presented in this chapter, results
shown that the CABP estimation by the presented cuff-less method is feasible.

3.2 Methods
As was previously discussed, an ECG-BCG-based PTT was pre-selected as a surro-
gate for the CABP estimation. Particularly, the time delay elapsed between ECG
R-wave and BCG J-wave was the considered feature time (FT) for this work; and,
such FT reasonably meets the transit-over-aorta condition if the pre-ejection period
is neglected. Otherwise, ECG and BCG signals could be acquired simultaneously
from the chest [66], thus appropriate for a future wearable device implementation.
Wearable devices based on PTT definitions from very distal physiological loca-
tions require, cumbersome cables to operate or a wireless communication between
sensing devices [45] [68]. Besides the increasing of power consumption, those later
require precise synchronization between such distant devices. For the time being,
an acquisition system mainly based on off the shelf equipment was used in this
proof of concept work, which is enough since the scope of this work is solely to
validate the measurement principle.

3.2.1 Hardware
Signals are acquired with the BIOPAC MP-36 unit (Biopac Systems Inc.) and
particularly its ECG module used to obtain the electrocardiogram signal. BCG
acquisition is performed with the Analog Devices ADXL335 accelerometer chip
attached to the chest. This integrated circuit features a surface-micromachined
sensor, conditioning circuitry with analog output, full scale range of +/- 3g and low
power characteristics (350uA typ at 1.8V power supply), making it fairly suitable
for a wearable device. A custom analog front-end (AFE of BCG AFE on Figs. 3.1
) circuit is also included to condition the sensor signal prior to its acquisition by
the MP-36 module. Fig. 3.1b summarizes the hardware and software paths for
ECG and BCG signals, and Fig. 3.1a shows a scheme of the test-bench used in
this experiment.

3.2.2 Signal processing
The signal processing section was performed with a Matlab/Octave script. The
morphological characteristic pattern of each signal, i.e., PQRST waves for ECG
and HIJKL waves for BCG, extracted from basal measurements of each subject,
was swept to correlate with the signal itself in order to find where R-and-J-waves
occur. Figure 3.2 shows the signals involved in such processing when a small
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Figure 3.1: Acquisition scheme: (a) ECG and BCG were acquired with the BIOPAC MP-36
device. Central and brachial BPs were assessed with the SphygmoCor device (sec. 2.3.2).
Measurements were acquired during the rest of the strength maneuver (sec. 3.2.3). (b) ECG
and BCG signal-paths from the sensors to the recording in the computer. Electronics at BCG-
AFE: C1 = 10µF , C2 = 1µF , R1 = R3 = 47kΩ, R2 = 1MΩ, R4 = 100kΩ; analog circuitry
implements two passive high-pass-filters to decouple DC from sensor (f3dB = 0.34Hz), and
towards the BIOPAC unit (f3dB = 1.6Hz), along with an active gain section of Gain=22.3
V/V.

segment of the ECG and BCG recordings are considered. That is, firsts wave-
patterns (PQRST waves for ECG and HIJKL BCG) at each signal are correlated
throughout all the recording. ECG and BCG correlation result waveforms (Fig.
3.2) present a local maximum coinciding with the desired waves, R and J at ECG
and BCG, respectively. The algorithm finished by launching a simple (threshold-
based) peak algorithm over the correlation (result) waveforms in order to find a
beat-to-beat PTT. ECG and BCG waveform section to be swept were chosen so its
lengths only included the wave-pattern, and more critical so that they were wave-
patterns as representative as possible, the decision was based on the overall vector
observation. That is, both signals are subject to motion artifacts (specially BCG),
and by choosing a representative waveform pattern adequately, the accuracy of
the correlation swept algorithm is maximized.

BP =
A

PTT
+B (3.1)

As presented in chapter 2, work in this area requires a model to estimate Blood
Pressure using pulse transit time, ec. 3.1 is the previously introduced PTTBM
recommended in the literature [39]; in chapter 7 the performance of several PTT-
based models are further analysed for the CABP estimation. In this chapter, model
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Figure 3.2: Signals involved in the PTT acquisition. Firsts appeared wave-patterns (PQRST
waves for ECG and HIJKL BCG) are correlated throughout all the recording, and thus, gener-
ating two new signal vectors from the result of the correlation. Algorithm code was generated
so correlation vectors presents local maximums coinciding with R and J waves.

in eq. 3.1 is used to construct a beat-to-beat aortic blood pressure estimation. A
and B are subject-dependent coefficients which were found via least-squares fitting
with recorded data.

3.2.3 Measurements
The proposed technique was validated with measurements as follows. ECG and
BCG signals plus BPs were registered in six male volunteers (between 18 and 50
years old ¡ mean 30 years, SD 12 years ¿) during their typical workout session at
a local gym in Paysandú - Uruguay (fig. 3.3). Particularly, Brachial - systolic
and diastolic - and Central - systolic, diastolic and mean - blood pressures were
registered with Atcor Medical SphygmoCor XCEL device using a cuff around the
upper arm. The brachial mean blood pressure is not included because it is not
provided by the SphygmoCor. Meanwhile, BCG and ECG signals were recorded
with the previously mentioned BIOPAC hardware system. A continuous recording
of these signals provided a discrete beat-to-beat PTT assessment. A moving aver-
age (ten samples) filter was used over the beat-to-beat PTT for smoothing (solid
line in figure ). Contrarily, in the cuff-based SphygmoCor blood pressure, only dis-
crete BP snapshots (dots in figure ) were accessed with at least 1-minute intervals
between measurements. During the trial, each volunteer performed strength ma-
neuvers to provoke changes in BP; data were recorded at rest in order to minimize
motion artifacts in the same upright sitting position. The measurement process
was conducted using the following steps:

1. Trial protocol began with basal measurements. Six subjects were asked to
relax for approximately 5 minutes in a sitting position, then the ECG and
BCG signals were recorded during two SphygmoCor discrete measurements.
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Figure 3.3: Local Gym Maneuver: Volunteers were asked to perform their typical strength
maneuvers in a gymnasium at Paysandú (Uruguay). SphygmoCor cuff was placed at the upper
arm to perform the CABP, and PBP assessments, ECG and BCG were acquired simultaneously.

2. Recording was paused and subjects were then asked to do twenty repeti-
tions on the bench press with a moderate weight. Immediately after the
strength maneuver was finished, another series of BP, ECG and BCG read-
ings were collected during three (or four in some occasions) SphygmoCor
measurements.

3. Step 2 was repeated two more times. Thus, at least eleven BP measurements
were taken per subject in a trial; a total sample of N=77 BP-measurements
were recorded.

3.3 Results
Figures 3.4a and 3.4b show central systolic and mean blood pressure measurements
with our estimation based on the method proposed in this article (from acquired
ECG and BCG), for one subject in a complete trial. The estimated (solid) line
presents a local maxima at the beginning of the rest and then drops gradually to
a basal level as expected. In addition, the relationship between peak amplitudes
on the solid line seems to be in agreement with pressure peak values reported by
the SphygmoCor device, suggesting correlation between magnitudes. Such trend is
quantitatively reflected in table 3.1, whose entries represent correlations between
each type of BP (i.e. measured and estimated), and actually, significantly better
results were reached on aortic systolic and mean cases for most subjects. Eventu-
ally, this is a reasonable outcome since measured events mainly take place in the
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Figure 3.4: Aortic Blood Pressure: Measurement (dots) and Estimation (solid line).
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Figure 3.5: Mesurements vs Estimation (linear regression) and Bland-Altman plot, N=77.
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Figure 3.6: Mesurements vs Estimation (linear regression) and Bland-Altman plot, N=77.
Estimations were constructed from 3.1

aorta, and only there would it be appropriate to contrast them. Nevertheless, up
to our knowledge, this has not been previously highlighted as method of estimation
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of the central blood pressure.

On the other hand, regarding population data (N=77), Fig. 3.5 and Fig. 3.6
present Estimation vs. Measurements and Bland-Altman plots for the mentioned
Blood Pressures, demonstrating a reasonable agreement between measurement
and estimation. In this context, correlation coefficients of r = 0.89 (p < 0.05) and
r = 0.92 (p < 0.05) are obtained for the systolic and mean case respectively.
Additionally, the identity line defined by Estimation vs. Measurements plots
present a slope-intercept pair of m=0.75/b=30 mmHg and m=0.83/b=16 mmHg,
respectively, showing slightly better results for the central mean BP estimation
than its systolic counterpart. The same issue occurs in the Bland-Altman plots
where data is slightly more scattered at the central systolic case (µ=-0.0133mmHg,
σ=4.57mmHg) than for the central mean BP (µ=-0.0152mmHg, σ=3.32mmHg).
Nevertheless, both data sets show that a reasonable estimation of central blood
pressures could be made using the presented methodology.

Table 3.1: Association Table (Pearson Correlations): measured and estimated blood pressure.
The model in 3.1 was calibrated to analyze its capability to estimate the following variables
at peripheral and central aortic districts (all references were assessed with the SphygmoCor
XCEL device (see sec. 2.3.2)).

Brachial Aortic
Subject Systolic Diastolic Systolic Diastolic Mean

1 0.61 0.46 0.9 0.57 0.89
2 0.7 0.25 0.81 0.32 0.77
3 0.79 0.46 0.85 0.43 0.78
4 0.3 0.72 0.66 0.86 0.89
5 0.57 0.72 0.73 0.73 0.79
6 0.66 0.48 0.78 0.42 0.86

3.4 Discussion and perspectives
The purpose of this investigation is to show the feasibility of this methodology
to provide an aortic blood pressure estimation. Also, the method was conceived
in order to be implemented without discomfort of any kind to the patient, suit-
able for a wearable application. As will be shown in this document, the material
presented in this chapter served as prelude to achieve a compact and reliable im-
plementation which is needed to gain confidence in a potential user. Additionally,
although brachial BP has been the standard parameter for assessing hemodynam-
ics within classical medicine, perhaps due to cultural reasons, it has been proven
that central blood pressure presents richer aspects to perform a clinical outcome,
and this method and in general, the work in this thesis, points to that direction.
Further studies will be necessary to perform more exhaustive validations towards
the implementation of the present method. That is, the following chapter presents
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the implementation of this method in a wearable device. The method along with
the proposed wearable implementation (chapter 3) will be further validated in the
next few chapters (chapters 6 and 7).

3.5 Conclusions
A non-invasive method to estimate central blood pressure with no occlusion and no
annoyance was presented. This proof of concept work, despite its limitations (sect.
3.1), served as a seed for the research involved in this thesis. This chapter showed
that CABP estimation is feasible from the proposed methodology, and the result
was achieved based on experimentation with healthy volunteers. The method,
based on ECG and BCG processing, might allow efficient CABP monitoring since
it is a relatively easy extendable methodology to be implemented in a wearable
device. That is, a proper sensor location might conceive a compact device, and
it might allow a (relatively) low power consumption implementation due to the
low consumption of the required sensing (ECG, electrodes, BCG, IDD@ADXL
335 ≈ 350µ Amps). The conception of this methodology in a proposed wearable
device is presented in the following chapter. The introduction of such types of
wearable devices will undoubtedly help with the management of patients under
suspect of cardiovascular risk.

Funding: This study was funded by Comisión Académica de Posgrado - Uni-
versidad de la República and Comisión Coordinadora del Interior - Universidad de
la República.

Ethical approval: All procedures performed in studies involving human par-
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national research committee and with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. The procedure of this study was
approved and supervised by the Medical Review Committee of the Biological En-
gineering Department, Universidad de la República.

Informed consent: Informed consent was obtained from all individual par-
ticipants included in the study.
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Chapter 4

Proposed Wearable Device for CABP
Estimation

Chapter summary
The previous chapter reported a method for estimating central (aortic) blood pres-
sure from a feature time (FT), which includes a PTT at an aortic domain (such
magnitudes may be referred indistinctly in this chapter). The method algorithm
requires ECG R wave and BCG J wave detection. Nevertheless, the ECG-BCG-
based FT estimation, being a delay measurement, may be affected by the group
delay introduced by the signal conditioning chain of the acquisition hardware. A
simple design approach for the signal conditioning chain, which can apply to any
PTT-based device and, that takes care of minimizing the impact of eventually in-
troduced spurious delays, is presented. The proposed approach provides less than
2ms group-delay. The design of a wearable device for ECG, BCG, and PTT ac-
quisition featuring this conditioning is also presented. Experimental results of its
application are reported, showing the effectiveness of the proposed approach. The
work gives way for a wearable implementation of the central aortic blood pres-
sure (CABP) estimation method presented in chapter 3. This chapter is organized
as follows: section 4.2 presents the design criteria used to define the conditioning
cores, which are discussed in section 4.3 for the analog one and in section 4.4 for the
digital one. Then, section 4.5 shows overall results on the delay performance of the
proposed filtering scheme which, is included in an implementation of a wearable
device suitable for PTT acquisition (sec. 4.6). Section 4.7 presents measurement
results on the wearable implementation. Finally, conclusions are drawn in section
5.5.
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4.1 Introduction

A significant correlation between the FT (that it will refer indistinctly as PTT
in this chapter) defined by ballistocardiogram J wave (BCG J wave) and electro-
cardiogram R wave (ECG R wave) and, aortic blood pressure was shown in the
previous chapter [69]. Therefore, a continuous estimation of aortic blood pressure
could be performed through a beat-to-beat PTT (FT) assessment. However, the
measurement of PTT may be spuriously affected at the signal-conditioning stage
where filtering inadvertently produces phase lags between signals [67], e.g., ECG
and BCG in our case but the same applies to other PTT estimation methods. De-
spite being the PTT-method widely used in the literature to infer blood pressure,
how to deal with the non-avoidable artificial phase shifting at signal-conditioning
usually is not discussed. [66] applies the same IIR filter in the forward and back-
ward direction to nullify the phase delays, but no caution was taken at the analog
domain, and also such a digital filtering technique requires first to store whole
signal sections.

Ideally, by keeping a zero-phase shifting along the processing chain for the
ECG and BCG signals would guarantee uncorrupted PTT results, at least due
to conditioning. However, a priori it would imply an excessively large analog
filtering bandwidth since phase shifting increases as signals reaches the cut-off
region. On the other side, constant group-delay filtering delays the signal events to
be detected with a constant offset, but if the same constant group-delay is applied
at both signal paths, the PTT, which is estimated as the time difference between
two events, is unaffected. Usual analog filter design techniques uses magnitude
frequency response requirement as main specification but presents large group-
delay ripples at the limit of the pass-band which could be inadmissible in the
considered application. The problem of controlling group delay in filters has been
widely researched, in particular in the domain of communication systems [70].
Usually, an all-pass network is connected behind the analog filter to modify the
phase-shifting conveniently and so seek to optimize the group-delay response [71],
but this approach, though achieving high performance implies to add components
and complexity to the design not compatible with low power, compact wearable
device. Sometimes, filter order is increased to enlarge the constant-group delay
region in the band, but at expenses of increasing the overall shifting, and that also
increases consumption and complexity.

This chapter presents a proposed approach for signal conditioning of a PTT-
based monitoring device suitable for a low power wearable implementation, which
also takes into consideration the phase-shifting impact. Additionally, the ideas
shown in this chapter are also incorporated in the conditioning circuitry of a pro-
posed wearable device suitable to the PTT measurement. The wearable device
was conceived to be capable of implementing the methodology presented in the
previous chapter for the PTT-based central aortic blood pressure estimation.
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4.2 Design criteria
The solution proposed in this work aims to induce an almost zero phase shifting
between EGG and BCG signals to reach a PTT estimation that is free of offset and
distortion. Moreover, in order to give the device a truly wearable characteristic,
the design approach was based on reaching a as compact, autonomous and simple
device as possible, so area, consumption and complexity are among the design
priorities.

Since the average spectral support of the QRS complexes isQRSBW = (6, 30)Hz
[72] [73], the design criteria were based on minimizing any eventual phase shifting
at such domain in the ECG conditioning, or at least to guarantee a reasonable
group delay at such region. On the other hand, it was reported [74] that most
relevant spectral components of the BCG signal are located approximately in the
same region as considered for the ECG; therefore, the same strategy design was
adopted for both signal paths (the ECG and the BCG). Furthermore, as will be
shown, the conditioning approach aims to apply the same filtering for both signals
in order to cause (approximately) the same small delay at both signals, and thus,
the resulted PTT would be unaffected from filtering.

In order to meet the goal of having a compact, low power, wearable device,
the analog front-end was designed trying to minimize the number of components,
particularly the active ones. On the digital side, the sampling frequency was fixed
at the minimum necessary to reasonably estimate the transit time, as discussed
next. Time quantization introduces an error at BCG J wave and ECG R wave time
detection, which consequently implies an error in the PTT estimation. Therefore,
the maximum allowable error defines a minimal sampling frequency. Taking a
1/2Ts error model for the detection of the start and end of the PTT period, the
error in PTT estimation becomes less than 4 milliseconds (ms) for a fs = 250Hz
which would lead to a less than 5% of uncertainty for an expected PTT (FT) of
about 100 ms. Finally, such minimal allowable sampling frequency also requires
the proper anti-aliasing treatment which in turn should be addressed at the analog
front-end.
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4.3 Analog core

4.3.1 Analog phase shifting
This section aims to present a result used in this work about phase shifting in
first and second order low pass filter implementations. In particular, these results
allow to design these filters for a given phase shift (∆φ) specification at a given
frequency f0 (with corresponding angular frequency ω0). For a first order low pass
section with transfer function H(s) the relationship of -3dB cut-off frequency ωp
with ∆φ is as follows.

H(s) =
ωp

s+ ωp
(4.1)

∆φ = Arg(H(jω0)) = atan(
ω0

ωp
)

⇒ ωp =
ω0

tan(∆φ)

(4.2)

For a second order low-pass filter written in terms of its natural (cut-off) fre-
quency (ωn) and damping ratio (ζ), it is known that the phase shift transition
at ωn presents a sharper behaviour as damping ratio goes to zero at the expense
of having a more oscillatory response. This work aims to exploit this effect, by
letting the filter get close enough to instability in order to maximize the region
with small phase shift over the filter bandwidth. The following equations give the
relationship of the phase shift ∆φ at ω0 with ωn and ζ.

H(s) =
ω2
n

s2 + 2ζωns+ ω2
n

(4.3)

∆φ = Arg(H(jω0)) = atan(
2ζωnω0

ω2
n − ω2

0

)

⇒ ωn =

√
ω2

0 +
2ζωnω0

tan(∆φ)

(4.4)

A damping ratio of ζ ≈ 0.2 allows to reduce the phase shift while providing a
good filter response and guaranteeing minimal stability for the system in practice.
Thus, a phase shift ∆φ = 10° (or ∆φ = 5°) at f0 = 30Hz with a second-order
low-pass (ζ = 0.2) filter implies a cut-off frequency about fn = 2.65.f0 = 79.5Hz
(or fn = 4.8.f0 = 144Hz ).

Summarizing, an under-damped second order filter is an efficiently solution in
terms of bandwidth (and consumption) to provide an small phase shift over the
desired frequency region (QRSBW ).
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4.3.2 Analog implementation
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Figure 4.1: ECG and BCG analog front-ends

The ECG and BCG analog front-ends (AFE) are presented in Fig. 4.1a and Fig.
4.1b respectively. An electrical model of the accelerometer transducer used was
also included in the BCG AFE scheme. For the AFE implementation, general
purpose operational amplifiers (LM324) were used in traditional filter topologies
and an off-the-shelf instrumentation amplifier (AD8226) was used for the ECG
pre-Amplifier. Each AFE includes two first-order high pass filters and a second
order low pass filter. The first order high pass sections are set more than one
decade apart so that there is a dominant high-pass section that sets the high
pass cut-off frequency. This dominant high pass filter is set with ωp= ω0HP /12
so it is expected to provide less than 5 degrees of phase shift at f0HP = 6Hz.
On the other hand, the second order low pass filter is designed with (ζ = 0.2)
and ωn = 2.66.ω0LP = 80Hz, providing a less than 10 degrees of phase shift at
f0LP = 30Hz. The low pass filter is also used as anti-alias stage suitable for the
selected sample frequency fs = 250Hz.

39



Chapter 4. Proposed Wearable Device for CABP Estimation

−100

−50

0

50

M
a
g
n
it
u
d
e
 (

d
B

)

Bode Diagram

Frequency  (Hz)

10
−3

10
−2

10
−1

10
0

10
1

10
2

10
3

−180

−90

0

90

180

System: untitled1
Frequency (Hz): 30.1
Phase (deg): −8.92

System: untitled1
Frequency (Hz): 5.95
Phase (deg): 3.88

P
h
a
s
e
 (

d
e
g
)

Figure 4.2: Simulated frequency response of AFE filters, showing expected phase shift in the
band of interest

Fig. 4.2 shows the simulated frequency response of the filters (equal for ECG
and BCG). A phase shift between -8.9 degrees and +3.9 degrees is expected in
frequency band of interest QRSBW = (6, 30)Hz.

4.4 Digital core
The presented analog filtering is not enough to provide a proper signal condi-
tioning since undesired frequencies still remain. For instance, line frequency was
not blocked, and, out of band noise can be suppressed with higher order filtering.
Therefore, a Finite Impulse Response (FIR) filter was implemented at the digital
domain. The FIR implementation was selected because of its linear phase charac-
teristic, and applied at both signal paths (ECG, BCG) in order to avoid inducing
any eventual delay between both signals.

Other issues to be considered here are complexity and consumption, so digital
filtering with as few coefficients as possible was considered. Being a FIR digital
filter of order N, written in terms of its coefficients (Bn); where the output yn is
obtained from the last N+1 input samples xn, as stated in 4.5.

yn = B1xn +B2xn−1 + ...+BN+1xn−N (4.5)

Proposed FIR coefficients are enlisted in table 4.1
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4.4. Digital core

Table 4.1: Proposed 15th order FIR coefficients.

B1 -0.016521630237534 B9 0.327665395670958
B2 -0.040154744966048 B10 0.226665961705200
B3 -0.091686037336591 B11 0.059034837616000
B4 -0.141765076142112 B12 -0.079751120701733
B5 -0.079751120701733 B13 -0.141765076142112
B6 0.059034837616000 B14 -0.091686037336591
B7 0.226665961705200 B15 -0.040154744966048
B8 0.327665395670958 B16 -0.016521630237534

Fig. 4.3 shows the frequency response of the designed 15th order FIR filter.
The proposed filter provides a low pass response with DC attenuation, so undesired
components are eliminated at low and high frequencies (i.e., noise, motion arti-
facts), and its first null in the frequency response was used to filter line frequency
(50Hz in this implementation) as a notch filter.
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Figure 4.3: FIR filter frequency response

This implementation completes thus, the signal conditioning section, and it is
intended to be applied at the end of both signal paths (ECG and BCG). The pre-
sented filtering scheme, implemented within one-digital-stage and with relatively
few coefficients, presents a deterministic group delay of 7.5 samples (30 ms for
fs = 250Hz), which affects equally both signal paths and thus, does not affect
PTT estimation.
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4.5 Overall phase shifting results
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Figure 4.4: Simulation of physiological signals phase shifting: Raw, post-Analog, post-Analog
and Digital Processing

Fig. 4.4a and Fig. 4.4b show the simulated phase shifting by the proposed signal
processing chain when applied to actual acquired raw ECG and BCG signals. The
simulation shows that no significant delay is generated as the signals are processed
in the chain from the raw signal through post-analog and post-digital process-
ing. The post-digital line results were moved backward 7.5 samples suppressing
the constant delay of the digital signal processing. Overall phase shift along the
complete processing chain corresponds to a timing error of less than 2ms, which is
negligible regarding the estimated values of PTT, which are around 100 ms, and
the time quantization uncertainty.
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4.6 Wearable device prototype
The proposed signal conditioning scheme was implemented in a device prototype
to be tested in a real wearable application (photos shown in Fig. 4.5).

(a) Close up (b) Device testing

Figure 4.5: Photos of wearable device prototype

Fig. 4.6 summarizes the wearable device hardware in a block diagram. The de-
vice contains a custom printed circuit board (PCB) including a longitudinal, head-
to-foot, accelerometer (ADXL335), front-end analog signal processing for BCG and
ECG, and a Bluetooth Low Energy module for signal acquisition and transmission
to an external computer.

Figure 4.6: Custom Made Wearable Device Block Diagram

The PCB was designed to be electrically and mechanically coupled to a training
shirt that features dry electrodes at the chest region. ECG and BCG conditioned
signals are acquired at 10bits, fs = 250Hz; and, transferred wirelessly to a remote
PC where digital processing occurs. A Python script was written to receive signals,
apply digital filters, find ECG R wave and BCG J wave (through a simple peak
algorithm based on seeking for peaks in an adequate time-window),compute the
beat-to-beat PTT, and display signals in a real-time basis.
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4.7 Results
Fig. 4.7 shows the signals acquired by the wearable prototype as displayed on
screen after the complete processing chain is performed. The subject was asked to
relax in a sitting position during the acquisition and the PTT was almost constant
at about PTT=112 ms.

0 1 2 3 4 5 6

time (s)

Figure 4.7: Signals acquired by wearable device

In order to show a dynamic PTT acquisition, the volunteer was asked to do
push-ups repetitions until muscle fatigue to produce an hemodynamic fluctuation.
Immediately after the strength manoeuvre was finished, a series of readings was
collected with the prototype device. Fig. 4.8a shows the on-the-fly computed
PTT which increases approximately from 85ms to 110 ms in a 8 minutes lapse.
A moving-average filtered PTT (ten samples) was also superimposed on figure to
show the mean signal trend. Fig. 4.8b (Fig. 4.8c) shows the ECG R wave (BCG
J wave) phase shifting through the proposed conditioning chain. Finally, less than
2ms of phase lagging error is reached along the complete trial (Fig. 4.8d). The
validation of this set-up for CABP estimation from these ECG and BCG wearable
recordings are further studied in chapters 6 and 7.
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(b) ECG R wave phase lagging (due to filtering) expressed in samples (Ts = 4ms) during
the trial. Digital introduces a 7.5 samples delay.
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(c) BCG J wave phase lagging (due to filtering) expressed in samples (Ts = 4ms) during
the trial. Digital introduces a 7.5 samples delay.

0 1 2 3 4 5 6 7 8 9 10
−2

−1

0

1

2

time (mins)

D
e

la
y B

C
G

 −
 D

e
la

y E
C

G
 (

m
s
)

(d) PTT phase lagging error (due to filtering) during the trial.

Figure 4.8: PTT estimation by wearable device after strength manoeuvre and phase lagging
induced on signals 45
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4.8 Conclusions
When estimating pulse transit time, the timing error introduced by the signal pro-
cessing chain must be taken into account, especially if featured times are required
to be accurate and absolute (i.e., with no offsets corrupting the FT due to delays
at acquisition). For instance, in chapter 8, it is developed a novel PTT based
model (PTTBM) to estimate central aortic BP from few FTs (derived from the
ECG and BCG acquisition). Proposed PTTBM is firmly based on physics near
the heart, and consequently, its proper application depends on keeping the physics
on its input magnitudes unaffected; the addition of delays with no physical sense
certainly degrades the model accuracy/convergence. In this sense, conditioning
chains must preserve the timing references unaffected, and this is the case for this
proposed methodology. The simplicity of the design, which optimizes the filter
parameters without adding additional components or stages, suits the low power
and size needs of wearable applications. Simulations and measurements show that
a spurious timing error, which is negligible (less than 2ms) in the context of the
considered application, can be achieved. The designed wearable device features
the proposed technique for the proper PTT acquisition. Its design and experi-
mental results, including real-time ECG and BCG signal acquisition, and PTT
estimation, are reported.
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Chapter 5

Wearable Device: Conceiving an
Integrated Version

Rationale
A novel methodology for the pulse transit time (PTT) acquisition was presented
in the last chapter. Measurements with a wearable prototype demonstrated that
a neglectable error at the PTT computation could be achieved, and thus, the
proposed method contributes to the conception of hardware suitable to BP es-
timation based on PTT acquisition. In order to provide the methodology with
higher autonomy and integration, a highly miniaturized implementation of the fil-
tering approach was also proposed. An integrated ultra-low-power (ULP) version
of the previously presented filtering scheme is proposed in this chapter. Simulation
results showed that less than 2ms delay for the QRS complex of the Electrocar-
diogram (ECG) could be achieved with a total current consumption of IDD =
2.1nA at VDD=1.2V of power supply. Given that integrated circuits are subject
to a significant deviation on component parameters, and the proposed filtering
scheme requires precise filtering parameter selections, this performance is based
on the filter transfer function selection from a novel gm-C architecture and tuning
procedure.

Even though this chapter is centered on the ultra-low-power filter block, in or-
der to provide the context of its application, the proposed filter was included in the
signals path chain of a complete analog front-end (AFE) suitable for the low-delay
electrocardiogram (ECG) and ballistocardiogram (BCG) acquisition. Noteworthy,
the material is presented focusing on the ECG signal path filtering, but the con-
cepts were analogously applied for the BCG branch since, as was mentioned in
4.2, the average spectral support of both signals was considered approximately
the same. Additionally, complete AFE was fabricated in a CMOS process with a
130nm technology node whose main objective was to integrate an AFE as complete
as possible; that is, the chip would provide all the needed circuitry for the proper
PTT acquisition while seeking for adding as few external blocks as possible. In
this sense, besides of being fully-integrated, the proposed filter architecture and
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design aim to include novel solutions for facing issues typically found in the ULP
IC design domain; such as large and well-controlled on-chip time-constant creation
for filtering, on-chip generation of pico-Ampere current references, ULP voltage
referencing, and mechanism for tuning internal currents. The chapter is organized
as follows: section 5.1 briefly presents the integrated AFE, its context acting in
a wearable device, the top level view and the key internal blocks are introduced.
Section 5.2 presents the gm-C architecture where novel dc-attenuation and tuning
features are highlighted; an algorithm for tuning is also presented along with the
criteria adopted to design the part. Then, section 5.3 presents the biasing sec-
tion of the AFE/Filter and the implementation of the tuning feature. Results of
experimental characterization of the fabricated chips are shown in 5.4. Finally,
discussions and conclusions drawn in section 5.5.

5.1 The analog front-end (AFE)
Fig. 5.1 shows the block diagram scheme of the wearable CABP monitoring device
presented in the last chapter but, by using the proposed AFE IC at the condition-
ing chains. Ballistocardiogram (BCG) and electrocardiogram (ECG) are the two
physiological signals that might serve as biological input to estimate central aortic
blood pressure (see chapter 3). Each signal path features analog conditioning and
bandwidth limiting stages to prepare signals to be digitalized, and then, to be
transmitted (wirelessly) to an external computer for further processing as shown
in the previous chapter. Proposed AFE IC is denoted inside the fine-dashed box
in the context of the wearable implementation, and, a novel ultra-low-power filter
is also denoted in the figure 5.1 as part of the AFE.

Figure 5.1: Scheme of the proposed blood pressure monitoring device
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5.1. The analog front-end (AFE)

5.1.1 The technology
The whole AFE IC indicated in Fig. 5.1 was fabricated in the GlobalFoundries
GFUS-8RF 130 nm CMOS Technology.

The technology features low power (LP), low threshold voltage (Low-Vt), zero
threshold voltage (Zero-Vt), and standard metal oxide transistors (MOS) devices
with n-type-channel (NMOS) and p-type-channel (PMOS) characteristics. All the
presented designs in this chapter use LP MOS devices, and unless stated otherwise,
all LP devices have their bulk terminal tied to GND for the NMOS, and to Vdd for
the PMOS. Where GND (also referred to as Vss) refers to the negative terminal
of the power supply, and Vdd stands for the positive one. The technology is
characterized for operating with a Vdd=1.2...1.5V and, most discussed circuits are
intended to operate for a Vdd=1.2V. However, as will shown, on-chip generated
current reference (Iref, see section 5.3.1) might achieve better yields by operating
at Vdd=1.5V. GlobalFoundries GFUS-8RF technology kit for the 6.1 version of
Cadence electronic design automation (EDA) tools was used for the presented
simulations with the Virtuoso Spectre Circuit Simulator L and XL tools.

5.1.2 AFE top level
Fig. 5.2 shows the top level view of the proposed AFE IC. Main Blocks are
presented briefly in this section.
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Figure 5.2: Top level view of the Analog Front End Integrated circuit
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Signal path:

Each signal path (ECG and BCG) features a pre-amplifier block and the proposed
tunable 2nd-order low pass filter with DC attenuation (sec. 5.2) as the ultra-
low-power section of the signal path. The signal path chain continues with more
standard (by-the-book designs) blocks, which are not intended to achieve high-
performance specs but to provide the auxiliary functionality to make possible the
proper operation of the whole system. These are, the x5-gain block that provides
the signals path with a further gain (5 V/V) while alleviating the linearity specifi-
cation of the previous block; and the Output Buffer that was designed to drive the
chip output and the eventual ADC input properly. Even though ECG second-order
filter is the central block presented in this chapter, the same design considerations
were applied for the BCG filtering. In effect, as was previously mentioned, and
inherited from the previous chapter, both signal path were designed to implement
the same filtering from a frequency response perspective and, signal path only
differs on the pass-band gain to given to the signals. The design of pre-amplifier
block along with signal path auxiliary circuits were not included in this document.

Voltage regulator:

As was previously mentioned, this IC design pursued an implementation that min-
imized the need for external blocks. Given that the wearable device was intended
to be powered from a Vcc=3V CR2031 lithium battery, the IC should provide its
power supply from there. Therefore a linear regulator was included in the AFE to
provide from Vcc (k-factor in Fig. 5.2 from a voltage divider technique similar to
the included in sec. 5.3.5), the power supply VPOS (1.2V) for the auxiliary cir-
cuits, and the Vdd for the ultra-low-power designs. The regulator is not described
in this chapter.

References section:

The reference section will be further discussed in the following (sec. 5.3) since it is
strongly related to the proposed filtering approach. This section introduces novel
ultra-low-power designs which serve for biasing the AFE, particularly, the pro-
posed filter. The section includes a Internal DC Voltage reference (Vref=600mV),
currents references (Idiv=30/60pA, Iref=60pA, Ibias=30pA) and, a Current Con-
trolled Oscillator (CCO) designed for measuring such small bias currents [75].

Tuning module:

The proposed filtering approach requires a very controlled damping ratio and cut-
off frequency to achieve the desired low-delay at narrow bandwidth filtering. The
tuning module provides the mechanisms for achieving such particular filtering de-
spite the variability of the fabrication process. The module tunes each particular
IBIASj by controlling externally the voltage at inputs Vtunej as will be further
detailed in section 5.3.4.
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5.2 Ultra-low-power integrated filter
Objective: Implementation of an integrated version of the filtering scheme pre-
sented on chapter 4

The proposed filtering scheme developed in the previous chapter requires a
precise and accurate filter parameter selection in order to produce low phase lags
on biomedical signals in a reduced bandwidth. An integrated implementation of
such proposed under-damped filtering scheme might be provided from different
techniques available in the literature [76] [77] [78]. In general, the conception of
circuits with very low cut-off frequencies might not be an easy task to implement
on-chip. That is, low-frequency filtering accordingly requires the on-chip imple-
mentation of large time-constants (τ = RC ); notably, a τ in the order of 0.01..10
seconds would be needed for this biomedical application. Whereas, on-chip ca-
pacitances and resistances are limited to tens of pF and MΩ, respectively; higher
valued components will not be integrable on the chip area.

Relatively large time-constants as long as reliably and repeatably for filter-
ing might be achievable by using discrete-time structures, and thus, it is why
the switched capacitor technique is widely encountered at conditioning stages in
biomedical acquisition systems [78]. Nevertheless, such structures require the im-
plementation of its respective sampling clock reference, which adds an avoidable
circuitry design if there are no other circuits (in the chip) utilizing/sharing such
timing references (e.g., Analog-to-digital converters, wireless communication or
digital core). Further, required clocked references must be precise and/or well-
matched with other devices, [78] in order to reach the accurate filtering needed
by this application. Additionally, when using such discrete-time structures for
biomedical filtering, filter reference frequency must be as high as several kHz to
satisfy anti-aliasing restrictions, and such switching rate increases the dynamic
consumption, thus compromising the ultra-low-power characteristic for the filter
design.

On the continuous-time IC-design side, the operational transconductance am-
plifier Capacitor (OTA-C) or Gm-C technique might offer an alternative for imple-
menting the required low-frequency filtering. Since large resistors are impractical
to implement on-chip, such a role could be fulfilled by transconductances devices
along with techniques to reduce its effective gain (Gm) [79]; such an approach
might lead to achieving large on-chip time constants. Effective gm values of a
MOS device (the core of OTA structure, then Gm could be proportional to gm),
can be reduced by using a bulk-driven operation rather than the typical gate-
driven one [80] [81]; the technique also might be suitable for low voltage design
since it reduces the threshold voltage and facilitates low voltage operation [82].
Nevertheless, such an approach might not offer benefits for this design, since the
chosen technology features Low-Vt and Zero-Vt MOS devices yet, and still, it is
not intended an ultra-low voltage operation for this design (in the meantime).
Also, bulk-driven devices might show linearity issues at sub-threshold currents
due to the leakage, mainly affecting current mirror stages. Otherwise, the current
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splitting technique [83] is also utilized to reduce the effective Gm of the OTA, but
the technique is based on draw current to decrease Gm, which is in the opposite
direction respect the low power design.

The OTA with MOS devices operating in the deep sub-threshold region is a
power-efficient solution aligned with the autonomy required by this application.
Notably, the proposed filter presented in this section exploits the sub-threshold
region of the MOS devices in order to achieve the required very low transcon-
ductance. Eventually, such OTA operation might be affected by linearity issues,
whereas active source degeneration technique with transistors [84] offers a simple
solution to improve the linearity in the transfer characteristics of the OTA devices,
even operating at deep sub-threshold region. Additionally, MOS devices at such
inversion levels present an almost constant transconductance over drain current
ratio gm/ID ≈ 1/nUt (where Ut is the thermal voltage, n is the slope factor). The
proposed method exploits such feature in order to tune the gm of MOS devices
(and thus, the Gm of the OTAs) by means of tuning ultra low currents.

OTA current tuning could be provided by automatic tuning techniques [85] in
order to achieve the target τ of the desired frequency response [69] automatically.
Nevertheless, such a tuning approach, besides increasing the circuit complexity and
requiring a very precise external timing reference [85], would leave the damping
ratio setting, which is required to be precisely set, liberated only to the matching
quality between devices through the layout techniques. Such an approach may
not be sufficient for this application. A classic biquad topology [86] was selected
so that parameters (time constant, and damping ratio) could be easily tuned by
modifying biasing currents at individuals sub-blocks. Additionally, in order to
improve the suitability of the classic biquad filter into the proposed analog front-
end, some modifications to the classic structure were performed; as a result, a novel
architecture which implements a second-order low-pass filter with DC attenuation
and tuning capabilities is proposed in this section.

5.2.1 Architecture and design
Proposed filter is the bandwidth-limiter section of the analog front-end for the
ECG and BCG signals acquisition. In this context, the filter is located after
the pre-amplification stage (see fig. 5.1) and, besides filtering, the biquad block
also provides (variable) gain at each signal path. Notably, ECG filter design is
presented in this document, the same was applied for the BCG channel in this
design; but also, the concepts involved could be extended to other physiological
signals to minimize phase lags at acquisition.

The band of interest for detection of the ECG-QRS complex QRSBW is from 6
to 30 Hz [72] [73]. The design criteria proposed in [87] was to minimize any even-
tual phase shift at such band for the ECG conditioning chain. Design presented
here, similarly to the previous chapter and in [87], exploits the underdamped filter
characteristics to provide the solution. In particular, a damping ratio of ζ = 0.25,
natural filter frequency of fn= 100 Hz was the target in this work to minimize
the phase shift in the QRS complex frequency band, while providing a variable

52



5.2. Ultra-low-power integrated filter

Gm4

CA

CB

Gm3
Gm1

Gm2

vref
vref

IBIAS3
IBIAS2

vref

IBIAS2

IBIAS4

input

output

Figure 5.3: Classical biquad Implementation [86]

in-band Gain.

5.2.2 Classical biquad implementation
Filter architecture is based on a classical biquad implementation [86] which imple-
ments a second order low-pass filter as shown in Fig. 5.3.

The transfer function of this biquad is given by 5.1. The natural frequency
(ωn) and damping ratio (ζ) of the second order low-pass filter are given by 5.2-5.4.

H(s) =

Gm4
Gm1

Gm1Gm2
CACB

s2 + Gm3
CB

s+ Gm1Gm2
CACB

(5.1)

Gain =
Gm4

Gm1
(5.2)

ω2
n =

Gm1Gm2

CACB
(5.3)

ζ = Gm3

√
CA/CB

2Gm1Gm2
(5.4)

5.2.3 Proposed biquad architecture
Classical biquad implementation was modified (Fig. 5.4a) as follows. Firstly, a
loop through Gcm, Ccm and the DC cont input of Gm4 is added. This loop
implements the high pass characteristic and provides DC-attenuation to alleviate
the effect of the preamp and filter DC offsets. Secondly, Gm2 is simplified, in
order to save consumption to a source follower, as discussed later. Additionally,
regarding the system level implementation, filter is preceded by the pre-amplifier
block with a fully-differential architecture, and, followed by the single-ended input
5X-gain block. Consequently, a differential-to-single ended filter is the needed
structure by the overall implementation.
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Figure 5.4: Proposed circuit and transconductors implementation. Ibias current sources shown
in (b) are mirrored from the bias current injected in the IBIAS4 input of (c). Gm4 also includes
the DC cont input that changes the ratio between the current injected in the Ibias input and
the current of one of the Ibias current source that is internal to the transconductor as shown
in (b). The implementation of such voltage-controlled current source will be shown in section
5.3.4
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Ultra low power implementation and tuning
Target consumption was only few nano-amperes, consequently, differential pairs of
the transconductance blocks were biased with only hundreds of pico-amperes. At
such biasing levels, CMOS devices operate in deep weak inversion region where
gm/ID values are confined to be close to gm/ID ≈ 1

nUT
. Therefore, such almost

linear transconductance-bias behaviour gives an approximately linear tuning of the
transconductance by tuning the bias current; IBIASj will be the used nomenclature
for referring to the different Gmj biasing currents in this chapter. The IBIASj were
adjusted from 10% to 120% of its nominal value by a tuning procedure (section
5.3.4) for each individual current. Then, filter parameters as, gain, bandwidth and
damping ratio are adjusted at will by tuning bias currents properly as (5.2)-(5.4)
suggest.

Circuit and dc-attenuation Loop
Fig. 5.4 shows the proposed architecture where Gm1, Gm3, Gm4 and Gcm were
implemented with the structure of Fig. 5.4b. Gm4 includes an input for bias
current tuning (DC cont) shown in the dashed box at Fig. 5.4b, while Gm1, Gm3,
and Gcm do not include it. The first novel approach is that the dc attenuation at
the output is implemented by the feedback loop from the output, through Gcm to
the DC cont input of Gm4.

The second novel approach lies in implementing Gm2 with a simple common
source structure (Fig. 5.4a). This is due to the low amplitude at the input of
Gm2 (internal node of a fed-back structure with gain) which avoids the need for a
transconductor with higher linear range.

5.2.4 Tuning algorithm
The filter specification requires a very well-controlled set of parameters (Gain,
ωn and ζ) due to the variability of CMOS process. This is achieved through a
tuning procedure as follows (illustrated in Fig. 5.5). This tuning procedure is
implemented off-chip.

• Gain: Starting from an initial (seed) value of Gm1=Gm1o, Gm4 is tuned,
through Ibias4 (Fig. 5.4a), to satisfy the Gain specification (5.2). If the
desired Gain cannot be achieved within the tuning range, Gm1 could also
be modified conveniently to reach it.

• Natural frequency: Gm2 is adjusted to reach the desired peaking fre-
quency which is related to ωn (5.3).

• Damping factor: Gm3 is adjusted to reach the desired peaking amplitude,
which is related to the damping factor ζ (5.4).

As was previously mentioned, a damping ratio of ζ = 0.25, natural filter fre-
quency of fn= 100Hz was the target in this work to minimize the phase shift in
the QRS complex frequency band, while providing a variable in-band Gain.

55



Chapter 5. Wearable Device: Conceiving an Integrated Version

Figure 5.5: Tuning Algorithm.

5.2.5 Results
Circuit design was performed using Cadence EDA Tools for nominal and corner
simulations. Table 5.1 presents final design parameters of the filter to achieve a
damping ratio of ζ = 0.25 at f= 100Hz with an in-band Gain=12dB. The total
consumption achieved was Idd=2.1 nA for a Vdd=1.2 V. The equivalent input
noise was 0.38 mVrms showed a reasonable noise for a second stage block since
the reference value for the ECG input at pre-amplifier block was in the order of 1
mVrms. Whereas, the BCG expected input reference value for BCG signal is more
than ten times higher.

Table 5.1: Filter parameters

Block Value IDD Cap Value
Gm1 1 nS 320 pA CA 1.9 pF
Gm2 4.5 nS 170 pA CB 4.4 pF
Gm3 1.5 nS 460 pA Ccm 20 pF
Gm4 4.7 nS 960 pA
Gcm 0.13 nS 122 pA

Frequency response
Figure 5.6 shows the simulated gain amplitude and phase-frequency response of
the filter. By letting the filter get close enough to instability, the phase shift over
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Figure 5.6: Frequency response of the tuned filter.

the region of interest is minimized. Phase shift varies only 10 degrees in the 6 to 30
Hz region, in spite that the overall bandwidth is only about 100Hz, which allows
reducing consumption and noise. Additionally, the filter features more than 20dB
of dc-attenuation. A high pass cut-off frequency as small as 0.35 Hz is reached by
design. The proposal decreases the usual stability margins in order to minimize
phase lag. This will lead to slightly increased ringing, which is an acceptable cost
for having a much better phase lag performance. As shown in the next sub-section,
the resulting transient response is fully adequate for the application.

Transient response

In order to show the performance of the technique from a low QRS delay perspec-
tive, an acquired ECG signal (from the wearable device presented in the previous
chapter) was filtered by the proposed circuit. A 50-beat ECG recording was mod-
eled as a piece-wise linear voltage source in a transient simulation. The beat-to-
beat QRS delay between filter input and output was automatically measured by
the simulator. QRS complexes were delayed less than 2ms over the hole 50-beat
recording. Figure 5.7 shows such simulation for two cardiac cycles, and depicts
qualitatively that no significant delays are generated by the proposed approach.

In order to show more closely the improved delay performance of the proposed
circuit it is compared with the case of an ideal second order low pass filter imple-
mented with two identical first order stages in cascade. All signals were normalized
to have the sample peak amplitude; and both, proposed and ideal filtering struc-
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Figure 5.8: Closer view of the aquired ECG R-wave (continuous trace) as input signal. ECG
R-wave filtered by the proposed circuit (short dashed trace) and by two identical first order
low pass stages in cascade(long-short dashed trace). Both filtering structures have the same
equivalent bandwidth.

tures have the same equivalent bandwidth. Fig. 5.8 shows an R-peak filtered by
the proposed circuit and by the ideal filter. The proposed filtering scheme produces
a delay almost 4 times smaller than the produced by the ideal structure.

Tuning performance

In order to show the feasibility of the proposed tuning method, the filter was tuned
for each of the process corners of the CMOS technology used. Fig. 5.9a shows
the filter frequency response from a corner analysis at nominal biasing and no
tuning performed. Although, all curves show large variability on the three char-
acteristics (in-band Gain, natural frequency, evidenced in the peaking frequency,
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Figure 5.9: Frequency response over technology corners.

and damping factor, evidenced in the peaking amplitude), all curves can be suc-
cessfully tuned. Every corner run was subsequently tuned with the algorithm
presented in section 5.2.4, with Gain=12dB, peaking frequency=100Hz, peaking
amplitude=8dB as target. In such proceeding, biasing currents were adjusted from
10% to 120% of its nominal value by an external block. Fig. 5.9b shows the corner
frequency responses after the tuning procedure. The tuning procedure allowed to
reach a very low spread of the frequency response in the band of interest, further,
the tuned low-pass filtering is almost the same for all corners. The bias current
values after tuning are shown in Table 5.2. The nominal bias current corresponds
to 100%. Some bias current are tuned below 100% in all corners (such as Ibias4)
because the target tuning specification was different from the initial design specifi-
cation. In the case of Ibias4, for instance, it was set a gain target for tuning higher
than the initial specification. Finally, the frequency response after tuning presents

59



Chapter 5. Wearable Device: Conceiving an Integrated Version

larger variability at frequencies below the band because the dc-attenuation path
was not tuned. Monte Carlo simulations were also performed (over process and
mismatch) showing that variability did not lead to the occurrence of unstable re-
sponses (checked both in the frequency response and in the transient response).
Furthermore, the parameter-tuning capabilities would allow to compensate a po-
tentially unstable unit.

Table 5.2: Bias currents (IBIASj) resulted after the tuning procedure performed for each
corner of the technology in order to obtain the desired filtering. Respectively IBIASj values
at each corner are written as percentages of their nominal value, which are indicated at the
100% row.

IBIAS1 IBIAS2 IBIAS3 IBIAS4

100% 30 pA 60 pA 30 pA 60pA
tt 73 % 92 % 83 % 39 %
fff 33 % 83 % 11 % 34 %
ssf 87 % 108 % 103 % 46 %
fs 100 % 71 % 77 % 55 %
sf 100 % 69 % 44 % 59 %
ff 73 % 68 % 13 % 52 %
ss 100 % 86 % 85 % 54 %

5.3 References section
Presented filtering scheme proved to be a suitable solution for a narrow-band and
low-delay filtering of the ECG QRS complex. Nevertheless, at this point, the
required tunable pico-Amps biasing (table 5.2) of the structure emerges as a new
problem to be addressed. In this sense, two major difficulties are encountered.
Firstly, the efficient generation of biasing currents in the order of pico-Amperes,
that is, filter design is tuned from their nominal IBIASj= 30/60 pA, and such
nominal currents must be generated in some way; and, the generation of a voltage
reference (sourcing the node vref at Fig. 5.4) which also should feature ultra-
low-power characteristics to maintain the consistency of the design. Then, and
critical for the proposed low-delay filtering scheme, to provide the mechanisms for
precisely tuning IBIASj currents to reach the values showed at table 5.2 (written
in rows as percentages of its nominal values at second row). Integrated circuits
are subject to a significant spread on component parameters which defines the
biasing, and so the filtering. Featuring the design with a proper tuning module
may lead to achieve the needed frequency response despite of technology process
as showed in section 5.2.5. This section presents the solution for the pico-Amps
bias generation (sections 5.3.1 for the on chip solution and 5.3.2 for an alternative
externally-biased solution), the ultra-low-power voltage reference (sec. 5.3.5) and
the externally-controlled tuning module (section 5.3.4).
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5.3.1 Ultra-low-power on-chip pico-Ampere current reference
Objective: Generation of the references currents of Ibias =30pA and Iref=60pA

Figures 5.10 and 5.11 shows different self-biased structures capable of gener-
ating current biasing in-which, the resistor-based (Fig. 5.10b) and resistor-less
(Fig. 5.10a), are among the conventional structures that can be found in the lit-
erature [88]. For all structures, and across the section, it is considered the current
through devices M2-M4 as the target Ibias current (that is, Ibias=ID2 = ID4),
then, through a current copy (factor of two) of Ibias, it is generated Iref which
will provide the nominal biasing for external blocks. That is, Ibias (=30pA) is
an internal-block current that will be relevant within this section from a design
perspective, whereas Iref is the output current that will be relevant for external
blocks as will be shown.
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Figure 5.10: Current bias (Ibias) generation through self-Biased structures available in the
literature.

The proposed structure is based on the resistor-less structure (Fig. 5.10a)
with a relevant modification to achieve the pico-Ampere biasing requirements.
Especially considering that self-biased references based on resistors would need
resistors (R at Fig. 5.10b) in the order of G-Ωs to generate in the order of tens
of pico-Amps biasing. The proposed on-chip generation of a current reference in
the order tens of pico-Amperes is based on exploiting the effect of the output
transconductance of MOS devices operating at deep sub-threshold region. That
is, the proposed topology (Fig. 5.11a) forces the circuit in order to use the output
conductance for a role similar of the resistor R in Fig. 5.10b. That is, the equations
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Figure 5.11: Proposed self-Biased structures to generate the basing current Ibias.

of the topology implies ID1 = ID3, ID2 = ID4 but, copy-factors between mirrors
defined M1-M2 (n12=2) and M3-M4 (n34=1) impose an in-congruent restriction
for such currents. The circuit resolves such a situation by increasing the unitary
copy factor of M3-M4 by utilizing the output conductance (OC) effect.

Considering the following simple model (5.5) for the drain current of a NMOS
device at weak inversion. Diffusion current is the predominant conduction mech-
anism at such region which lead in a exponential behaviour for drain current.

ID ≈ I0 e
VGS
nUt

(
1 +

VDS
VA

)
(5.5)

Where, I0 factor embeds the characteristic current IS along with the W (width)
over L (length) factor and additional terms related to the threshold voltage. VGS
and VDS are the gate-to-source and drain-to-source voltages, respectively. VA
parameter in 5.5 models the finite output conductance effect by incorporating to
the exponential in VGS behavior, the increase in drain current with the increased
drain voltage. Eventually, the OC effect is one of the worst modeled characteristics
of MOS devices by EDA tools, and also, here it is considered a simple linear model
for the effect. Nevertheless, simulations in the used 130nm-technology showed that,
for the considered long-channel MOS devices, the increased drain current due to the
OC effect for P-channel devices roughly doubled the effect for the N-channel ones.
Thus, in the simplified model 5.5, the parameter VA was differentiated according
to the type of CMOS device (VAn for the NMOS and VAp for the PMOS), then, for
the considered long-channel devices, the technology verified VAn ≈ 2 VAp ≈ 2V .
Such relation between OC effect in N and P type devices established the wiring of
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the topology, that is, M3 (and not M4) was wired as a diode in Fig. 5.11a, in order
to exploit the OC effect at M4 and, satisfy the requirement of increased current
conduction for the M5-M4-M2 branch respect to the M3-M1 one.

Therefore, by equationing the circuit in Fig. 5.11a with the model in 5.5 as
follows.

ID1 = ID3 → I0n e
VG

nnUt

(
1 +

Vdd − V ′G
VAn

)
= I0p e

V ′
G

npUt

(
1 +

V ′G
VAp

)
(5.6)

ID2 = ID4 → 2 I0n e
VG

nnUt

(
1 +

VG
VAn

)
= I0p e

V ′
G

npUt

(
1 +

Vdd − 2 VG
VAp

)
(5.7)

where VG stands for the gate-to-source voltage (VGS) at NMOS devices, and, V ′G
for the source-to-gate voltage (VSG) at PMOS devices. By dividing the drain
currents in 5.6 and 5.7 results in 5.8,

ID1

ID2
=
ID3

ID4
→ 2

(
1 +

VG
VAn

)(
1 +

V ′G
VAp

)
=

(
1 +

Vdd − V ′G
VAn

)(
1 +

Vdd − 2 VG
VAp

)
(5.8)

Then, by considering roughly a similar drop at VGS ≈ VSG at N and P devices,
and thus, VG ≈ V ′G. The voltage VG could be approximated from 5.9.

VG ≈
Vdd

VAn//VAp
+

V 2
dd

VAnVAp
− 1

2
VAn//VAp

+ 1

VAn//
VAp
2

+ 3 Vdd
VAnVAp

≈ V ′G (5.9)

where function VAn//VAp = (VAn.VAp)/(VAn + VAp) was used in 5.9. By using
Vdd = 1.2 V, VAn ≈ 2 VAp ≈ 2V , 5.9 lead in a theoretical gate-to-source drop
of about VG = 208mV ≈ V ′G, which verifies a deep sub-threshold value for the
gate voltage overdrive (low-power devices used in the design showed a thresh-
old voltage about V thn = 560mV for NMOS and V thp = 500mV for PMOS).
By comparing biasing results with the obtained through simulation with EDA
tools, theoretical result 5.9 overestimated the simulated of VG@sim = 130mV and
V ′G@sim = 140mV . The estimation accuracy could be improved by a more accu-
rate OC theoretical modeling for devices. For instance, MOS devices simulation
showed an increased output resistance by an increased VDS which, was not consid-
ered in the modeling 5.5 (a constant VA was considered), the VG solution in 5.9
reaches a weaker inversion level with such consideration, which is consistent with
simulations. Nevertheless, for the time being, the analysis is enough to understand
the behavior of the circuit and, as follows, to predict qualitatively changes that
can be performed over the proposed circuit (see Figs 5.11a and 5.11b).

Generalization of the proposed circuit and programmable feature
The proposed circuit presents a novel point of view to be noted. An extended
version of the proposed circuit is shown in Fig. 5.11b, that is, mirror M1-M2 copy
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factor (n) and the number of stacked diodes-devices (m) like M2...Mj could be
reasonably programmed by adding transmission gates properly. Then, through a
derivation similar to the presented in 5.8 for the circuit 5.11b, it can be showed
that is possible to set the level of weak-inversion of the devices on the circuit,
by setting the VG defined by the intersection of the two programmable parabolas
y1(VG, n) and y2(VG,m) in 5.10 and 5.11, respectively. That is, equation 5.8 is a
particular case for the intersection of such parabolas when m=n=2. Figure 5.12
shows the intercept of the parabolas 5.10 and 5.11 for some values of m and n, and
also for Vdd since it would provide a variation of y2(VG,m).

y1(VG, n) = n

(
1 +

VG
VAn

)(
1 +

VG
VAp

)
(5.10)

y2(VG,m) =

(
1 +

Vdd − VG
VAn

)(
1 +

Vdd −m VG
VAp

)
(5.11)

Figure 5.12 shows 5.10 and 5.11 for some values of m and n, and also for Vdd.
Sub-figures 5.12a-5.12d titles shows the VG (≈ V ′G) defined by the intercept of
parabolas and, the simulated (absolute) gate-source voltages of NMOS (VG@sim)
and PMOS (V ′G@sim). Even thought the presented model over-estimates the
simulated VG (it could be improved by an improved OC modelling), it gives an
insight of biasing changes by different selections of m,n, and Vdd. Particularly,
tuning Ibias by the variation of Vdd would provide a continuous biasing adjustment
which is suitable for the proposed PTT-filtering application which seeks for an
accurate biasing.

Final version of the current reference circuit

Fabricated circuit (Fig. 5.11a) is a particular configuration (m=n=2) of the cir-
cuit in Fig. 5.11b. Eventually, proposed design may be affected by the process
fabrication, especially considering that such a low biasing current (Ibias =30pA)
is achieved by exploiting the output resistance effect of MOS devices which corre-
sponds with a second-order effect on the I-V characteristic of MOS devices. The
design adjusts Vdd node showed in Fig. 5.11a in order to achieve the Ibias =30pA
specification despite fluctuations due to the process fabrication. Monte Carlo sim-
ulations (N=500 runs, process and mismatch) showed that an yield of 100% can
be achieved for a programmable Vdd < 1.5V in order to achieve the Ibias=30pA
specification along process. Then, being Vdd input-node in Fig. 5.11a a node re-
sponsible for tuning the Ibias, it will be considered as a high-impedance node to be
accessed externally from a pin of the chip, such an input node is named as VddRef
from now on in order to be differentiated from the global power-supply node (Vdd)
of the chip. In the meantime, such implementation for the reference current might
be just a practical solution for providing on-chip the required current reference
easily. In the near the future the block might provide autonomously the required
referencing by adding the adequate loop for controlling VddRef node. Figure 5.13
shows the final design of the proposed current reference where an Ibias=30pA can
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(a) m=2, n=2, Vdd = 1.2V → VG = 208mV
VG@sim = 130mV V ′

G@sim = 140mV
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(b) m=3, n=2, Vdd = 1.2V → VG = 170mV
VG@sim = 110mV V ′

G@sim = 124mV
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(c) m=2, n=3, Vdd = 1.2V → VG = 60mV
VG@sim = 90mV V ′

G@sim = 110mV
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(d) m=2, n=2, Vdd = 1V → VG = 140mV
VG@sim = 110mV V ′

G@sim = 120mV

Figure 5.12: Programmed bias for the extended version of the proposed circuit 5.11b. Dashed
curve represents a y2(VG,m) and continuous one the y1(VG, n) for few values in n, m and
Vdd. Different discrete settings can be found by modifying the mirror M1-M2 copy-factor (n)
and the number of stacked diodes-devices like M4-M2 (m), affecting the curves y1(VG, n)
and y2(VG,m), respectively. Additionally, parabola y2(VG,m) is affected by modifying Vdd.
Fabricated design used the particular case of n=m=2 (Fig. 5.12a) where simulations showed an
Ibias in the order of ten of pA as needed. Sub-figures 5.12a-5.12d titles shows the VG (≈ V ′

G)
estimated by 5.9 and the simulated (absolute) gate-source voltages of NMOS (VG@sim) and
PMOS (V ′

G@sim).
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Figure 5.13: Final version of the block that implements the internal current biasing generation

be achieved along corners, and consequently, Iref= 2Ibias = 60pA is also provided
by mirroring.

5.3.2 Externally pico-ampered current biasing
Objective: Alternative generation of currents Ibias =30pA and, Iref=60pA.

In order to provide the circuit with an alternative current reference generation,
an externally induced current was included on the chip. Figure 5.14a shows a
simplified scheme of the used circuit which includes an external resistor RBEXT
and on-chip MOS devices; an external current (Iext) generated by a resistance
(RBEXT ) in series with two PMOS (wired as diodes), is scaled-down (factor 1/M)
to an output current (Idiv) by a current mirroring procedure. The circuit exploits
the parallel-series approach [79] in order to achieve a considerable attenuation
factor (M) at the current-mirroring between Iext and Idiv currents. Notably, the
block implements a cascade of two structures of 12 devices in parallel by 12 in
series as shown in Fig. 5.14b, resulting in a theoretical attenuation factor of
M = 124 = 20.74 kA/A.

Circuit simulator showed a systematic under-estimation for the current-copy
factor at nominal conditions (Mnom = 19.6 kA/A) along with Monte Carlo sim-
ulations (MMCµ = 19.9 kA/A, MMCσ = 367 A/A, MMCmin = 19.14 kA/A,
MMCmax = 22.57 kA/A ). Nominal simulations showed that biasing the circuit
with an external resistor of RBEXT = 390 kΩ (RBEXT = 120 kΩ) generated a cur-
rent flow (at the on-chip PMOS devices) of Iext = 610 nA (Iext = 1.22 nA). A copy
factor of 1/Mnom lead to the Idiv = 30pA (Idiv = 60pA), which is an alternative
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Figure 5.14: Scheme of the externally generated current biasing.

solution for the current reference of the previous section (sec. 5.3.1). Eventually,
such an alternative reference requires an external resistor, and it does not offer an
efficient solution as the previously presented one (sec. 5.3.1) since, for example, it
draws more than 614nA to generate a 30pA reference. Internal current reference in
the previous section draws 45 pA to generate 30pA, but it may require a variable
V ddref for tuning Iref as a drawback. Nevertheless, on-chip and external current
biasing circuits offer two simple solutions to obtain the required pico-Ampered
current biasing, which might be difficult of injecting directly at the chip with no
specialized equipment; and further, having an alternative circuit for generating the
required current biasing served mechanisms to characterize the proposed on-chip
current reference. The next section shows how the later was implemented in the
design.

5.3.3 Mechanisms for selection and characterization of biasing
currents

Further circuitry was included in the design in order to provide a mechanism to
select between currents Iref (sec. 5.3.1) or Idiv (sec. 5.3.2) for biasing the filter in
section (sec. 5.2) and also, in order to provide a mechanism for measuring such
small currents. Figure 5.15 summarizes the level-view of the design that includes
the biasing selection and characterization. The figure includes the blocks that im-
plement Iref and Idiv, an analog multiplexer (AMUX), the tuning module (see sec.
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5.3.4) that provides the biasing for the filter in section 5.2, and a current-controlled-
oscillator (CCO) which produces an square-wave signal (assessed externally) with
a frequency proportional to its input current.

RBEXT
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X
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Ie
x
t Idiv
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M=12
4

Vdd

Tuning

Module

CCO

IntRef
Enable

Fout
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Vtune<6:1>

VddRef

Signal Path ECG (BCG)

. . .

on chip

IBIAS<6:5> IBIAS<4:1>

IBIAS<6:1>
AMUX

Figure 5.15: Top-level of current biasing. Analog multiplexer (AMUX) selects the wiring of
Iref or Idiv currents, where, IntRefEnable=1 sets Iref into the tuning module and Idiv into the
current-controlled-oscillator (CCO), and reversely, IntRefEnable=0 sets Iref into the CCO and
Idiv into the tuning module.

Biasing currents, Iref and Ibias, are connected into the AMUX, which alterna-
tively wires such currents between the tuning module and the CCO block. That
is, digital signal IntRefEnable at AMUX (assessed externally), selects the wiring,
where, IntRefEnable=1 sets Iref into the tuning module and Idiv into the CCO,
and reversely, IntRefEnable=0 sets Iref into the CCO and Idiv into the tuning
module.

5.3.4 Tuning Module
Objective: Generation of the IBIASj currents required by the proposed filtering block
(see table 5.2).

As showed at the end of section 5.2, proposed filter should include the pos-
sibility of tuning its biasing currents (IBIASj) in order to preserve the required
frequency response by also coping with process fluctuations. One possibility for
implementing such current tuning might be given by using a circuit similar to the
shown in Fig. 5.16a. Effectively, an eventual IBIASj might be adjusted by setting
the gate voltage properly. However, one of the main drawback of such an approach
arises in the lack of control for the current to be tuned. That is, several orders of
magnitude on IBIASj could be reached through in the order of volts variations on
the gate voltage. Given that the required tuning for IBIASj remains in the order
or tens of pico-Ampere for all corners in the technology (see table 5.2), such an
approach for tuning would be difficult to implement properly.
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Figure 5.16: Generation of IBIASj current which is tuned by a voltage Vtune.

Since IBIASj currents are fractions (and, in the proximity) of Iref (or Iref/2),
the proposed approach aims to perturb current copies of Iref in a controlled way
for achieving each individual IBIASj . That is, Fig. 5.16b shows the approach
which tunes a copy of Iref by adjusting the voltage at terminal Vtunej; eventually,
IBIAS1 and IBIAS3 as a fraction of Iref/2 (see table 5.2), are achieved from a proper
mirroring, as will be shown later. The approach exploits the output conductance
(OC) effect of MOS devices, which would produce a soft modulation of its large
signal direct current by modifying its drain voltage. For instance, As was men-
tioned in section 5.3.1, the rough first-order modeling for OC effect might result
in a linear modulation for such current; which in turn, the modulation strength
depends on the channel length. The shorter the MOS device channel, the heavier
such modulation slope is.

Concerning the proposed circuit for tuning IBIASj currents by using the OC ef-
fect, increasing the modulation (or tuning capability) implies reducing the channel
length of devices M1 and M2 in Fig. 5.16b, which, eventually, it also reduces the
matching between transistors that implement the current mirror. Consequently,
it exists a tuning-matching trade-off on the length design of M1-M2 devices. An-
other drawback for the proposed tuning approach might arise in the substantial
reduction of the output impedance of the tuning module (rout: output impedance
seen at M3 drain on the circuit in Fig. 5.16b) when Vtunej voltage is sufficiently
decreased, since M2 operates in triode region for small enough Vtunej values. The
problem of biasing a circuit with a current source with relatively small output
impedance could lead to a poor common-mode-rejection-ratio, or a poor gain, if,
for instance, such current source would be directly tied to a differential-pair or
to a common-source-amplifier/class-A stage, respectively. Nevertheless, currents
IBIASj are further mirrored (in this chip) until such currents reach the biased
block; thus, the reader should note that a relatively low rout may not cause such
kind of limitations. Otherwise, the eventual triode operation at the M2 device is
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precisely the cause for IBIASj reaching small fractions of Iref (Iref/2).
In order to have a knowledge of the tuning boundaries that ensures an accept-

able rout, it is defined a reference value for the minimum Vtunej (V tunejmin) to
be considered. Tuning module output impedance could be estimated by 5.12.

rout ≈
gds3

gm3 gds2
(5.12)

Where gmj and gdsj are the gate transconductance and the output transcon-
ductance, respectively, for the j-th NMOS device on Fig. 5.16b. Then, V tunejmin
is defined as minimum value at Vtunej so that rout with M2 operating in the
triode region reaches the same output impedance of the M2 device operating at
saturation region. Equation 5.13 summarizes the definition of V tunejmin; since
gds2@M2Triode depends (strong-inversely) on Vtunej, there exist a (small) Vtunej
which satisfies the condition in 5.13.

V tunejmin = MIN(V tunej) /
gds3

gm3 gds2@M2Triode
≈ 1

gds2@M2Saturated
(5.13)

On the other hand, analogously, it is defined a reference value for the maxi-
mum allowable voltage at Vtunej for tuning. That is, the criteria was based on
allowing enough headroom for stacking two PMOS wired as diode to load the
tuning structure (as shown in Fig. 5.17). Preliminary simulations showed that
V tunejmax ≈ V dd−4Ut reasonably satisfied such headroom restrictions, since the
heavily affected by body effect M3 device (@Vtunej=V tunejmax) presented barely
a gate-source voltage drop similar to the required by the mentioned load (MP1
and MP2 diodes). Figure 5.17 summarizes the tuning procedure where the desired
IBIASj is obtained as a corrupted copy of Iref at will by setting Vtunej properly.
Then, V tunejmax and V tunejmin defines a pair of safe boundaries for the Vtunej
in order to tune a particular IBIASj .

Vtunej

Vtunej

Vtunej

max

min

Vdd
Vdd

Iref

M1 M2

M3

MP1

MP2

IBIASj

Vss

M0

Figure 5.17: Tuning procedure, the desired IBIASj is obtained as a corrupted copy of Iref at
will by setting Vtunej properly.
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Design

Regarding the design of the proposed tuning scheme (Fig. 5.16b). Current mirror
defined by M1 and M2 devices, certainly would require the shortest channel length
available in order to maximize the tuning capability. Whereas the mentioned
tuning-matching trade-off would force to set a limit for the abuse of OC effect on
shortening the device channel. The adopted criteria was to decrease the M1-M2
length but just the necessary to fulfill the required tuning specs along the corners.
In this sense, table 5.2 shows that tuning procedure must provide a 108% (11% )
of Iref (Iref/2) as a maximum (minimum) tuning boundary. Channel length was
chosen so that maximum tuning boundary (108%) was achieved in a Monte Carlo
analysis (process and missmatch, N=500) with an yield of the 100% when Vtunej
was tied to a voltage source of V dd− 4Ut (1.1V). Additionally, by defining tuning
capability of the approach as the spread reached by the IBIASj-over-Iref quantity
(expressed in percentage); the design achieved tuning capability of [7%, 120%]
for Vtunej in the range of [V tunejmin, V tunejmax] for a nominal simulation with
EDA tools. Nominal simulations also showed a V tunejmin ≈ 20mV , by using
5.13 and the operating point data from a DC simulation, as long as, by measuring
V tunejmin directly from AC simulations with EDA tools. Therefore, such result
confirmed that Vtunej range could almost cover the supply range by maintaining
acceptable values of rout and a proper operation.
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Figure 5.18: Tuning module at transistor level.

Figure 5.18 shows the expanded version of the tuning module at transistor
level; Idiv or Iref input selection (with AMUX) (as long as a portion of the signal
path) were also included to show the operation context of the tuning block. Idiv
of Iref (both intended to source 60pA) serves the input current reference (at the
Ref-in input of the block) to be tuned by the presented approach. Proposed tuning
procedure tunes each IBIASj from the current injected at Ref-in by controlling the
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respective Vtunej voltages. Filter in section 5.2 uses IBIAS < 4 : 1 > for biasing,
whereas, pre-Amplifier uses IBIAS < 6 : 5 > for bandwidth and gain tuning (not
included in this thesis). Respectively mirrors implemented by MP2j:MP3j devices
in Fig. 5.18, sets the nominal values for the IBIASj currents as follows in table 5.3:

Table 5.3: Nominal values for the bias currents (IBIASj) to be tuned and then to be sourcing
to signal path ECG filter. Extracted from table 5.2 in section 5.2

IBIAS1 IBIAS2 IBIAS3 IBIAS4

nominal (100%) 30 pA 60 pA 30 pA 60pA

Finally, just to report the role of the tuning module on this chip. Although
this document is centralized in the ECG signal path, tuning Module provides the
tuning for both signal paths. That is, twelve tuned currents are provided for this
tuning block in order to source ECG and BCG signal paths with the required
biasing.

Corollary application
Presented ideas for modulating currents through OC effect could be extended
to other types of circuits, which may require a controlled (soft) variations of a
particular biasing currents. For instance, that is the case for the Gm4 operational
transconductance amplifier block showed in Fig. 5.4b. Block Gm4 uses such
an approach to generate an additional input (DC Cont), which provides a path
for the feedback-loop responsible for the DC-attenuation feature and the setting
of the common voltage of the filter (see sec. 5.2). Figure 5.19 shows the full
implementation of the Gm4 block at transistor level.

in_pin_m

out

M1a

M1b

M2a M2b

M3a M3b

M4a M4bM5a

M6a

M7a

M8a M8b

M7b

M6b

M5b

1:nn:1

node a node bto node a

DC_Cont

to node b

Vdd Vdd Vdd

IBIAS4

Vss Vss

(copy of)

Figure 5.19: Full transistor-level implementation of mplifier Gm4 which uses the presented
approach to provide the block with an additional input at DC Cont node
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5.3.5 Voltage divider as a voltage reference
Objective: Ultra-low-power on-chip generation of a voltage divider as reference of
Vref= Vdd/2 = 600 mV to load up to 50pF-capacitance nodes

Vdd

VREF

C

Figure 5.20: Voltage
Reference Implementa-
tion at transistor level

Besides of an accurate current biasing, the proposed
filtering scheme in Fig. 5.4a, requires a voltage reference
to operate. Plus, in order to maintain consistency for the
whole design, the implementation for such voltage reference
should achieve such an ultra-low-power characteristic as the
proposed current biasing (sec. 5.3.1). Systemic top-level re-
quirements established that the block should deliver a sta-
ble voltage at the mid-range of the supply voltage, that
is, Vref=600mV for a VDD = 1.2V ; and, the voltage refer-
ence is intended to only be loaded by capacitive nodes in
the chip. Thus, top-level specifications could be reasonably
fulfilled by a voltage divider structure. Even though such
structure is not a voltage reference (mainly because of the
Vdd dependence), some abuse of notation might occur at
this point, and the presented voltage divider block in this
section will be referred to as voltage reference because of its
role of providing a (voltage) reference in the chip.

Eventually, on-chip voltage dividers utilizing stacked
resistors may lead to an inviable budget of chip area or
power consumption. That is, in order to achieve an ultra-
low-power design with power consumption similar to the
achieved by the proposed current bias (sec 5.3.1), a 30 GΩ
resistor is required, where (as previously discussed) inte-
grable resistors values are limited to tens of MΩ. Figure
5.20 shows the proposed implementation for the voltage ref-
erence, which rather than stack resistors, the design uses
stacked (low power) transistors wired as diodes. The design

leverages from stacking the threshold voltages of the devices (which opposes the
current flow) in order to cover the voltage supply range, which leads to low current
draws by using few devices. Also, the voltage divider was constructed with PMOS
devices with sources tied to the body to ensure no body bias source-bulk (and
thus avoiding threshold voltage differences between devices) in order to achieve
the same voltage drop at each device.

Design

Relatively large PMOS devices (W/L=4/20) were used in order to reduce the mis-
match between devices by maintaining the area-mismatch trade-off at reasonable
values. Monte Carlo (N=500 samples) simulations showed a solid stability for
the proposed voltage reference along process and mismatch, showing a Gaussian
behaviour with a mean value of V refµ = 600 mV and a standard deviation of
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V refσ = 0.5 mV ; whereas V ref current draw (Idd) showed a right-skewed dis-
tribution with the following parameters: µ = 108pA, σ = 120pA, and maximum
and minimum values of MaxIdd = 1.2nA and MinIdd = 7pA. Eventually, current
draw scattering seems to be the main issue of this simple approach to obtain an
on-chip ultra-low-power voltage reference. Nevertheless, it can be showed that
such an issue might not be a problem at application time, by analyzing potential
problems at the worst possible scenarios for the block. That is, a batch which volt-
age reference draws MinIdd might have problems related to starting-up/settling
time or/and dynamic recover issues caused by glitches at eventual Vref node. For
instance, when circuit starts-up with a Vref=0 at scenario, the Vref node is loaded
by the three PMOS devices wired between Vref and Vdd, which would have a
higher current capacity being at a stronger inversion region since, Vdd would drop
only over such three devices. Simulations showed that such a low current draw in
Vref MinIdd = 7pA would load (up to 99%) a 50 pF at Vref node in the order
of one second, which is an reasonable start-up time for a biomedical application.
Then, for a steady-state situation, after a small ripple at Vref node the voltage
reference would have a time-constant (τrcvry) for recovering of

τrcvry ≈
50pF

1.5
(
gm
ID

)
MinIdd

≈ 50pF nUt

1.5
(
gm
ID

)
MinIdd

≈ 175ms (5.14)

On the other hand, for a very low probable batch which voltage reference
draws the maximum estimated current from power supply (MaxIdd = 1.2nA), the
design would achieve the best recovery/settling time responses whereas it remains
a reasonably low-power design.

5.4 Silicon results
As was mentioned previously, the whole design presented in this chapter was fabri-
cated in the GlobalFoundries GFUS-8RF technology featuring a 130nm node. Pre-
vious sections showed results assessed through simulations with EDA tools for each
particular block, whereas this section aims to show some measurements over fab-
ricated chips. Five chips were encapsulated in a QFN56 package, and accordingly,
measured data is shown for such five prototypes. Regarding the measurements,
unfortunately, the design did not contemplate methods for individual character-
ization of the designed blocks (mainly due to the ambitious number of blocks
integrated on-chip in order to achieve a fully integrated characteristic and the lack
of pin-out available). This restriction constrained critically the quality/quantity
of measurements that can be done for the individual blocks characterization. For
instance, the voltage reference block Vref (sec. 5.3.5) was not available for being
assessed from outside the chip. Thus, due to the simplicity of such design, the rel-
atively secondary role at the whole system, and the high yield achieved at Monte
Carlo simulations, the voltage reference presented a low priority for spending re-
sources (time, pin-out) for characterization and thus, no results are presented here.
Also, as will be shown, neither for blocks at the signal path chain was possible to
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consider an adequate individual characterization, particularly, that includes the
proposed filter (sec. 5.2). Unfortunately, that was the outcome for seeking such
an ambitious design that integrates all the required blocks and mechanisms for the
proposed PTT acquisition.

Concerning the available silicon assessments, this section begins with measure-
ments over the current mirror that from an external current generates the required
pico-ampered (30-60 pA) current biasing (seen in section 5.3.2); then, measure-
ments on the proposed on-chip current reference (sec. 5.3.1) are presented; both
biasing currents are measured by using on-chip dedicated circuitry (CCO:current-
controlled-oscillator and AMUX:analog multiplexor) as mentioned earlier at sec-
tion 5.3.3. Finally, some measurements on the proposed signal path filter (sec.
5.2) are showed.

5.4.1 External current references

RBEXT

V
R

B
E

X
T

Iext Idiv

M:1

M=124

Vdd

+

-

on-chip

Figure 5.21: Simplified scheme for the current mirror presented in section 5.3.2. The mirror
implements two series-parallel structures in cascade in order to achieve large copy-factor (M)

As presented in section 5.3.2 the external generated current (Iext) is divided
inside-chip by a current mirror that features a series-parallel current divider. Al-
though theoretical value for the copy factor (M) is Mtheo = 20.74 kA/A (M = 124),
EDA tools showed slightly under-estimated values for the simulated copy-factor
at nominal conditions (Mnom = 19.6 kA/A) along with for Monte Carlo test
(MMCµ = 19.9 kA/A). In order to analyze possible fluctuations for the resulted
divided current (Idiv), different estimations of Idiv are constructed by using the
different M obtained. In this sense it will be distinguished Idivtheo, Idivnom,
IdivMCµ, IdivMCmin and IdivMCmax , as the considered estimations of Idiv by us-
ing the copy-factors found in section 5.3.2, these are, Mtheo (theoretical M), Mnom
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(simulated: nominal M), MMCµ (simulated: Monte Carlo mean value achieved),
MMCmin (simulated: Monte Carlo minimum M achieved) and MMCmax (simulated:
Monte Carlo maximum M achieved).

Regarding the generation of the external current, Iext was generated from a
resistor RBEXT along with the two on-chip PMOS transistor as shown in Fig.
5.21 and mentioned in sec. 5.3.2; and, Iext was assessed by measuring the voltage
V RBEXT from a known RBEXT . RBEXT = 245kΩ was chosen to produce an Idiv
in the order of 30 pico-Amperes at current mirror output. The following table
shows the measured V RBEXT and Iext along with the mentioned Idiv estimations
(from Iext) for the five propotypes.

Table 5.4: Estimation of Idiv current as a factor (M) of Iext current. Considered M val-
ues (showed at last column) lead to different Idiv results. Following Idiv estimation will be
performed using the mean M from the Monte Carlo analysis (MMCµ19.9 kA/A)

Chip # 1 2 3 4 5 Units M (kA/A)
VRBEXT 165 152.2 152.3 160 154 mV -

Iext 650 621 622 653 629 nA -
Idivtheo 31.3 30 30 31.5 30.3 pA 20.74
Idivnom 33.2 31.7 31.7 33.3 32.1 pA 19.6
IdivMCµ 32.7 31.2 31.3 32.8 31.6 pA 19.9
IdivMCmin

34.0 32.4 32.5 34.1 32.9 pA 19.14
IdivMCmax 28.8 27.5 27.6 28.9 27.9 pA 22.6

Even though circuit simulator underestimated the theoretical Idiv current, the
spread of all the considered Idiv estimations remained inside the 5% (of relative
error) from the estimated by the mean of the Monte Carlo test (if the low-probable
IdivMCmax estimation is discarded). Therefore, MMCµ will be the considered copy-
factor M used for Idiv estimation from now on; in other words, Idiv (M) and
IdivMCµ (MMCµ) magnitudes will be considered the same hereafter.

5.4.2 Measurements of on-chip currents by using the current con-
trolled oscillator

As previously mentioned in section 5.3.3, a current controlled oscillator (CCO) was
included to measure the inside-chip reference currents by performing frequency
measurements. That is, given that CCO input can be alternated between the
(apriori) known current Idiv and the un-known internal generated current Iref;
the latter was intended to be assessed from CCO responses to Iref after CCO
transference (output frequency as a function of the input controlled current) was
characterized by injecting different Idiv inputs.

Current controlled oscillator transference - Idiv driven CCO test
Table 5.5 shows the tests performed over the CCO for three values of Idiv, that
is, three RBEXT were used to produce in the order of Idiv= 30pA, 45pA, 60pA.
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CCO output frequency (Fout), RBEXT , voltage drop across RBEXT (VR) and
estimated Idiv current were included in table 5.5. Even though the described
CCO characterization procedure was intended to be performed for all the five
chip prototypes, chip# 3 showed issues with the switching between Iref and Idiv
currents (always Iref was wired to CCO no matter the IntRefEnable state), which
prevented them from being measured properly, and consequently, chip# data was
discarded.

Chip # 1 2 4 5 Units

Test 1
RBEXT

71kΩ

Fout = 146.5
VR= 84
Idiv= 59.4

Fout = 131
VR=77.8
Idiv=54.2

Fout = 156
VR=85
Idiv=60.4

Fout = 147.5
VR= 78
Idiv= 55.2

Hz
mV
pA

Test 2
RBEXT

116kΩ

Fout = 121
VR= 110
Idiv= 47

Fout = 105
VR= 104
Idiv= 45.1

Fout = 126
VR=112
Idiv=48.5

Fout = 117.5
VR = 105
Idiv=45.5

Hz
mV
pA

Test 3
RBEXT

245kΩ

Fout = 80
VR = 159
Idiv= 32.7

Fout = 69.8
VR= 152
Idiv= 31.2

Fout = 85
VR=160
Idiv=32.8

Fout = 76
VR=154
Idiv=31.6

Hz
mV
pA

Table 5.5: Measurements on the current controlled oscillator (CCO) frequency when different
Idiv currents provided the CCO input. Three tests were included which produced three different
Idiv at CCO input along chips 1,2,4,5. CCO output frequency (Fout), RBEXT , voltage drop
across RBEXT (VR) and estimated Idiv current were reported.

On-chip current reference (Iref) assessments - Iref driven CCO test

Internally generated current reference (Iref showed in sec 5.3.1) was indirectly
assessed by using data in table 5.5 and, by assuming a linear piece-wise behaviour
for the CCO frequency-current response. Particularly, since Iref value is tuned by
modifying its VddRef node, the Iref tuning range was estimated by seeking for
its boundary conditions for Iref through measurements. Consequently, Iref tuning
range was defined from two particular conditions in the assessed Iref, that is, from
a Iref min up to Iref@(V ddRef = 1.2V ).

Where:

• Iref min was defined as the Iref that CCO frequency coud not be further
decreased by lowering V ddref node.

• Iref@(V ddRef = 1.2V ) was defined as the Iref when V ddref = 1.2V .

Table 5.6 shows the defined Iref range assessed for chips 1,2,4,5. Output Fre-
quency of the current controlled oscillator (Fout) and Iref values are reported for
the mentioned boundary conditions that defines the IREF tuning range.
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Chip # 1 2 4 5 Units

Iref@(V ddref = 1.2)
Fout
Iref

110.5
41.3

54.4
24.1

114.2
42.2

93
36

Hz
pA

Iref min
Fout
Iref

53
22.3

19.1
10.5

23.7
9

21.3
12.8

Hz
pA

Table 5.6: Along fabricated chips

5.4.3 Proposed filtering - signal path frequency response
The proposed filter is responsible for limiting the bandwidth at the signal path,
then filter features, such as bandwidth and damping factor, were intended to be
assessed by measuring the frequency response of the whole signal path. That is,
by injecting signal at pre-amplifier input and measuring the whole signal-path re-
sponse at output-buffer output. However, the signal path could not be adequately
assessed due to unexpected issues at the pre-amplifier block. In effect, Monte Carlo
simulations at design time under-estimated the offset at the pre-amplifier output
and, the filter DC-attenuation feature could not cope with such offset at measuring
time. Being pre-amplifier a DC-decoupled block, there was (apriori) no chances for
solving such an issue from outside of the chip, notably by attempting to compen-
sate the offset at signal path input. Thus, chip samples showed a saturated output
at most conditions. Figure 5.22 summarizes the signal path chain, indicating the
node reported from offset issues, input and output are nodes externally accessed.

outputinput

Pre-Amp Output Buffer

offset

+

-

Proposed Filter X5-gain

X5

Figure 5.22: Identified offset issues at signal path

Nonetheless, one chip that featured a very poor signal path gain, which was
further decreased externally (up to the minimum) at pre-amplifier and filter stages
(by the proposed biasing tuning procedure showed in section 5.3.4), showed a non-
saturated output. Although such a procedure degraded the pre-amplifier and filter
basing conditions, it (barely) allowed to assess the frequency response of the signal
path for different damping ratio settings. Unfortunately, other signal path settings
could not be acquired because they lead in a saturated output.Figure 5.23 shows
the frequency response of the signal path for different damping factor settings. The
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Figure 5.23: Signal path filter - Measured frequency response on chip 4

test-bench included voltage source at Vtune3 input in order to set three particular
damping factor (ζ) at the filter, these were, ζ@min, ζ@mid, and ζ@max. Such
ζ were defined for Vtune3 settings of V tunejmin (≈ 20mV ), Vdd/2 (= 600mV ),
and V tunejmax ≈ 1.1V , respectively. Thus, ζ@max - ζ@min defines the absolute
tuning range for damping factor, since it is delimited by the damping factors
achieved for boundary conditions of Vtune3 voltage defined in 5.3.4.

Table 5.7 summarizes the measured achievable damping factors by the tuning
procedure, as long the other signal-path frequency-response characteristics. The
table includes the high pass cut-off frequency (fHP ), the in-band gain (Gain),
the estimated natural frequency (fn), and the mentioned damping factor. The
signal path was biased by using the proposed on-chip internal current reference
(Iref), which, having presented a slightly reduced generation of biasing current,
consistently, it led to a slightly smaller bandwidth (fn=72Hz) than the expected
(fn=100Hz).

Table 5.7: Filtering damping factor programability

Feature fHP Gain fn ζ@min ζ@mid ζ@max
Value 1.2 Hz 12 dB 72 Hz 0.18 0.29 0.38

5.5 Discussions and conclusions
The fabricated design aims to provide a highly miniaturized solution for the low-
delay narrow-band ECG and BCG conditioning, which lead to a proper PTT ac-
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quisition. Material presented in the chapter is centralized on presenting a proposed
second-order filter which acts at the conditioning chains for the ECG acquisition
(similar filter was applied for the BCG one). Filter block is responsible for pro-
ducing a particular (under-damped) bandwidth limitation characteristic, which is
fundamental for achieving the proper PTT acquisition. Such an approach might
be challenging to implement with integrated technologies since circuits are sub-
ject to suffer significant fluctuations in the parameters of the IC building block
devices, which in turn, lead to fluctuations on the main characteristics of the de-
signed blocks. Additionally, IC designs are limited for implementing relatively
large on-chip time constants (in the order of 0.01 to 10 seconds), which would lead
in the required small filtering bandwidth for this application. The pursued ultra-
low-power (ULP) characteristic took the challenge for this design further away.
For instance, the design required the on-chip generation of pico-ampered currents
and ULP voltage references, while, efficient solutions for such particular references
might not be easily found in the literature. Additionally, a ULP solution for tuning
the filtering parameters of the proposed filter was showed within this chapter.

Measurements over the proposed internal current reference showed that the
on-chip pico-ampered current generation is feasible by the proposed circuit. Even
though the Iref value was slightly under the required spec for the tested conditions,
that is, Iref≈ 40 pA @(VddRef=1.2V) while an Iref=60pA was required; proposed
reference might approach the required nominal Iref for a higher VddRef as shown
in the simulations (the technology supports up to Vdd=1.5V). Effectively, mea-
surements for all prototypes suggests that Iref could be tuned up by conveniently
increasing the VddRef node. On the other hand, even though the Vref block was
not available for externally measurements, the voltage divider approach was used
at the linear regulator block shown in Fig. 5.2 which provided an estimation of
the performance of stacked MOS as a voltage divider. That is, being k, the volt-
age divider factor assessed; the measurements on the prototypes showed that the
stacked MOS approach achieved a mean (relative) error of µe%= (expected(k) -
mean(k))/mean(k)=1.5% along with a relative standard deviation over the mean
of σe%= std(k)/mean(k)= 0.2% for the voltage divider factor (k) spread for the
five prototypes.

The proposed ultra-low-power second-order filter was presented as the central
block of this chapter. As was mentioned, the low delay characteristic was achieved
by using an under-damped second-order (target ζ = 0.25) low-pass section plus
a very low-frequency dc-attenuation characteristic. The filter was implemented
with a modified biquad structure that features a novel feedback arrangement for
dc-attenuation, and exploits, for current consumption saving, the use of a sim-
ple common source amplifier as one of the transconductors. Simulations showed
that the total consumption of 2.1nA @ 1.2V power supply is achieved. Some is-
sues encountered on the signal path prevented the proper characterization of the
frequency response (mainly given by this proposed filter); nevertheless, available
measurements showed the correct filter operation by also using the internally gen-
erated references (Vref and Iref). That is, the measured signal path frequency
response showed that filter parameters were near (ζ = 0.18...0.38, fn=72Hz) the
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target values (ζ = 0.25, fn=100Hz) when biased with the proposed internal refer-
ences and no tuning performed because of the very constrained measurements due
to the mentioned unexpected offset.

The proposed filter features a novel tuning mechanism to cope with fabrication
process fluctuations. Simulations showed that the particular under-damped filter
characteristic could be successfully tuned for all technology corners. Preliminary
measurements also showed that such required damping ratio (ζ = 0.25) is achiev-
able from the proposed tuning procedure, whereas the narrow filtering bandwidth
could be easily approached to the target value (≈= 100Hz) by using at least two
on-chip available mechanisms (increasing Iref with VddRef and/or by tuning Gm2
or Gm1 with Vtune2 and Vtune1. The offset issues at pre-amplifier constrained
the possibility of utilizing such features for the presented results.

The presented filtering approach achieved the primary goals of the design.
Power consumption of about Idd=2.1 nA at Vdd=1.2 V satisfies the pursued ultra
low power characteristics. The design is fully integrated; that is, it included all
the required circuitry to achieve the needed functionality and, proposed auxiliary
circuitry introduced novel solutions for on-chip biasing and tuning while also fea-
tured ULP characteristics. Simulations showed that the required filter frequency
response could be achieved along the technology corners, whereas the assessments
(despite being a kind constrained) showed remarkable behavior and programma-
bility. Finally, proposed AFE provides a mechanism for the external adjustment
of several design parameters, which could be driven by an MCU in the future
application. Unfortunately, the project policy (limited individual block charac-
terization) and the unexpected issues at the signal path, limited heavily the AFE
characterization, which prevented from including more measurements at fabricated
prototypes. Eventually, some circuits may deserve to be part of a future tape-out
where more characterization mechanisms should be included.
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Chapter 6

Wearable CABP Estimation: First
Validation

Rationale

In chapter 3 was shown that central aortic blood pressure (CABP) estimation
from electrocardiogram (ECG) and ballistocardiogram (BCG) might be feasible.
Chapter 3 study was based on the acquisition through off-the-shelf equipment.
This chapter aims to test whether the proposed wearable device (chapter 4) is
capable of achieving similar feasibility results on CABP estimation. This chapter
also aims to situate the scope of this wearable method to predict CABP, that is, the
study analyzes (by utilizing data acquired along few days), the calibration interval
of the CABP estimation and the stability of calibrated parameters of the used
CABP estimation model. The study uses data from one healthy subject involving
three-days trials for CABP estimation from a wearable ECG and BCG acquisition.
The methodology was evaluated in two levels, which differ in the way that CABP
estimations are constructed. The level-1 procedure aims to evaluate the feasibility
of the proposed wearable method for estimating CABP, but also was used to
determine whether the wearable version of the method achieved similar results
that the obtained by using off-the-shelf equipment [69]. Meanwhile, the level-2
evaluation aims to test the capability to predict unseen CABP data. The two
types of method evaluations presented in this work provided relevant information
about model parameter scattering, calibration interval, accuracy, and, the strength
of agreement and association. The content presented in this chapter constitutes
the first set of validations for the CABP estimation method by using the proposed
wearable device. In the next chapter (chapter 7) the method is tested and refined
considering tests performed with ten volunteers. This chapter is organized as
follows: section 6.1 presents the methods used to acquire and process the data,
and the procedure to construct the estimation of CABP. In sections 6.2 and 6.3 the
results of the proposed method are presented and discussed. Finally, conclusions
and perspectives are drawn in section 6.4.
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6.1 Methods
6.1.1 Acquisition
Acquisition was based on simultaneous CABP assessments along with the wearable
ECG and BCG recordings.

CABP assessments

Central Aortic BP was assessed with the Atcor Medical SphygmoCor XCEL unit
by using the pulse wave analysis (PWA) feature, which is a cuff-based methodology
that provides a non-invasive central blood pressure estimation [28] [21] (see section
2.3.2). The device provides time-discrete (snapshots) BP assessments at each
attempt. The assessment includes a snapshot of the central aortic sysolic, mean
and diastlolic BP variables, along with the sysolic and diastlolic brachial-level ones.

Wearable ECG and BCG recordings

The wearable device presented in chapter 4 was used to record the ECG and BCG
waveforms. Since ECG and BCG signals provide the timing references for the
relevant feature times used in this work, phase lags between signals were carefully
considered at each design stage. Mainly, analog and digital conditioning stages
were selected to minimize the phase shift between signals [87]. Results showed
that a delay of less than 2ms between signals could be achieved by the proposed
architecture.

Figure 6.1: Custom Made Wearable Acquisition System: Block Diagram. System includes:
head-to-foot accelerometer (ADXL335), analog front-end (AFE) signals chain for conditioning
BCG and ECG signals, and a Bluetooth Low Energy (BLE) module for signal acquisition
(sampling = 250 sps) and transmission to an external computer for processing.

Fig. 6.1 summarizes the wearable device hardware in a block diagram view
as presented in chapter 4. The device contains a custom printed circuit board
(PCB) including a longitudinal, head-to-foot, accelerometer (ADXL335), analog
front-end (AFE) signal chain for BCG and ECG conditioning, and a Bluetooth
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Low Energy module for signal acquisition (sampling = 250 samples-per-second-
sps) and transmission to an external computer. The PCB is directly connected to
dry electrodes, positioned in the chest region of a training shirt. On the remote
device (computer, tablet, or smartphone), a python program receives the ECG
and BCG signals, applies digital filters, and saves the processed ECG and BCG
waveforms.

Nomenclature

Along this and the following chapters were used a particular nomenclature for
managing the acquired data. Notably, it was defined the data-set as a set of
paired data which includes a CABP snapshot (including the respective diastolic
and systolic variables), and, a continuous-time recording (fs = 250 Hz) with the
wearable device (including a segment with ECG and BCG waveforms). The criteria
used to define the simultaneity between these devices acquisitions is presented in
the following section.

Eventually, data-sets were in turn, grouped with others data-sets within a
particular trial, in order to construct a group of data-sets. Thus, the group of
data-sets acquired at the j-th trial was referred as GRj . Figure 6.3 summarizes
these concepts along the trials considered for the experimentation in this chapter.

Blood Pressure snapshots and continuous-time data sinchronization

Figure 6.2: SphygmoCor acquisition phases by using the PWA. Sketched ECG and BCG signals
from the proposed wearable device are superimposed in order to show the section of the
wearable recordings to be considered paired with particular (j-th) CABP assessment.
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In order to formalize the procedure of synchronization between an snapshot-based
measurement (by the SphygmoCor XCELL) and continuous one (by the wear-
able device), the SphygmoCor acquistion (through the PWA feature) was further
analyzed.

The SphygmoCor acquisition is performed across two phases. In the first
phase, that is, the calibration phase [21], the unit obtains the brachial BP vari-
ables (i.e., systolic and diastolic) by an automatic oscillometric procedure; such
procedure takes on the order of few minutes to compute the information (cuff in-
flation/deflation time). Then, during the second phase, that is, the sub-diastolic
recording phase [21], the SphygmoCor uses the brachial variables from the first
phase to calibrate the acquisition of a brachial waveform by using cuff at sub-
diastolic pressure [21]; and the measurement itself is finished. The user defines
the duration of the second phase. For all the trials within this document, such a
phase was set to last 20 seconds. Then, aortic BP waveform is derived by applying
digital signal processing based on transfer function approaches to derive the cen-
tral aortic BP waveform from the brachial one [21], and thus, CABP and brachial
BP variables are available. Fig. 6.2 shows a timing diagram of the phases for a
particular j-th BP assessment in a trail, along with the signals in the wearable
recording.

Since the sub-diastolic recording phase defines a period from which the Sphyg-
moCor unit extracts the information for constructing the CABP estimation, wear-
able device recordings during such a phase in a particular j-th SphygmoCor assess-
ment were considered paired with the resulted CABP variables from such acquisi-
tion. Figure 6.2 summarizes such an approach designed for pairing the assessments
within a data-set. All the performed measurements used such a systematic proce-
dure in order to maintain the data consistency.
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Figure 6.3: Acquisition procedure. Eleven groups of data-sets were acquired for three days
of intermittent observations. Each group consists of four to six data-sets, where, data-sets
included simultaneous CABP assessments and ECG and BCG recordings. Rhombus markers
indicate a data-set collection event. Hatched boxes indicate a hemodynamic maneuver ( MN
= [HB: Hold breathing, SB: Slow breathing, HG: Handgrip, VA: Valsalva])

6.1.2 Protocol
The study used eleven groups of data-sets (GR1 to GR11) from a healthy sub-
ject recorded along three days. Each GRj corresponded with a trial in which five
to seven data-sets were taken during hemodynamic maneuver (as shown in fig.
6.3). Each data-set included simultaneous CABP assessments and ECG and BCG
recordings, as was detailed previously. A healthy male of 33 years, 184 cms tall
with a weight of 86 kg volunteered the trials after the respective informed con-
sent was signed. The procedure of this study was approved and supervised by the
Medical Review Committee of the Biological Engineering Department, Universi-
dad de la República. The principles of the declaration of Helsinki were followed.
The CABP was assessed non-invasively and intermittently from the shpigmoCor
brachial cuff device using the PWA. BCG and ECG signals were recorded (with
the proposed wearable device) simultaneously with the CABP assessments, and,
as was mentioned, during the sub-diastolic recording period of each PWA assess-
ment [21]. Every measurement was performed with the subject was relaxed at
sitting up straight position.

Two group of data sets were acquired along day one, four on day two, and
five data sets were acquired on day three, as shown in fig. 6.3. Hold and slow
breathing, Hand-grip and Valsalva maneuvers were also carried out to produce BP
fluctuations along the recordings and thereby obtain multiple CABP values along
data-sets (See fig. 6.3).

6.1.3 Data processing
Ensemble averaging

Ensemble averaging technique was used to suppress the uncorrelated noise and
artifacts, but also for preserving and enhancing the signal features extracted by
signal processing. Although the data acquisition system provided a clean ECG
waveform for all trials, the intrinsic nature of the BCG signal (small head-to-
foot body accelerations were taken from a sensor) made the ensemble averaging
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0 20 40 60 80 100 120

Samples

Figure 6.4: Averaging procedure: Construction of the (representative) beat-long waveforms
from the ECG and BCG recordings on an arbitrary data-set. Acquired ECG and BCG signals
(in grey) and averaged result in black.

a required technique to help with processing. Nonetheless, both signals, ECG
and BCG, were treated with the same processing (averaging technique) to prevent
inducing any phase lag between signals. The averaging was applied to the signals
acquired during 20 s corresponding to the period used by the reference cuff-less
device to provide an assessment. ECG R-wave was used as a reference point in the
ensemble averaging; and, the variable beat length issue was not treated because
of the proximity of the BCG J-wave to the ECG R-wave (less than 10% of the
cardiac cycle). The averaging resulted in a representative waveform (for the ECG
and the BCG) that lasts one cardiac cycle. Fig. 6.4 shows the averaging result for
ECG and BCG waveforms on a particular data-set.

Feature time (FT) extraction
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Figure 6.5: Feature time extraction on averaged ECG and BCG heartbeats
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Averaged signals were used to extract the feature times (FT) that were used for
the CABP estimation (see the following about the PTTBM CABP estimation) FT
extraction was based on diverse literature findings of ECG and BCG acquisitions.
I-wave was reported to indicate the initiation of the mechanical ejection from
the heart to the aorta inlet [52]; thus, the pre-ejection period (PEP) could be
estimated through the R-I interval. Additionally, the I-J interval was reported to
be associated to a pressure pulse propagation time (PTT) at an aortic district [89],
and, the R-J interval (RJ), which can be calculated as the sum of PTT and PEP,
i.e., PAT, was published to correlate with CABP [69]. Hence, feature times (i.e., IJ,
RJ, and RI) were directly extracted from ECG and BCG averaged signals. To do
this, first, the ECG R-wave and BCG J-wave were determined using simple peak
detection algorithms. Then, the BCG I-wave was detected as the local minimum
just before the J-wave. Finally, the considered FTs were assessed by the following
expressions, both designations for each FT shall be used indistinctly hereinafter.

RI = PEP = Iwave −Rwave (6.1)

IJ = PTT = Jwave − Iwave (6.2)

RJ = PEP + PTT = PAT = Jwave −Rwave (6.3)

Where, Xwave in (6.1)-(6.3) indicates the sample position where the Xwave

takes place on the averaged ECG or BCG signals. Figure 6.5 sums up the FTs
extraction from representative signals. Finally, FT procedure upgraded each data-
set by adding a paired FT (RI, IJ, and RJ) to the CABP snap-shot assessment
and wearable recordings. Thus, each data-set is considered to include such fields
hereinafter.

Pusle transit time based model (PTTBM) for the CABP estimation

In chapter 3 RJ-interval was proposed to estimate CABP. Strong correlations
between CABP estimations and measurements were achieved by using the PTTBM
in 6.4 and 6.5 [39] [69].

BPSFT
=
ASFT

FT
+BSFT

(6.4)

BPDFT
=
ADFT

FT
+BDFT

(6.5)

The PTTBM was extended here to be evaluated for CABP estimation by using
not only with RJ (as input FT) but also with RI and IJ. Equations 6.4 and 6.5
were the PTTBM used to estimate systolic (BPSFT

) and diastolic CABP (BPDFT
)

from a particular FT. ASFT
, BSFT

, ADFT
and BDFT

are constants tailored by curve
fitting procedures over the different groups of data-sets(GRj).
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6.1.4 CABP Estimation: evaluation levels
The methodology was evaluated in two levels, which are based on how PTTBM
parameters (in 6.4 and 6.5) were found and then used to estimate CABP over
different groups of data-sets. The two levels are summarized in Figs. 6.6 and 6.7.

Figure 6.6: Evaluation Level-1 procedure to find the CABP estimations (BPe). Measured
CABPs (BPm) from cuff-based device and FTs from wearable device, are part of each group
of data-sets. The BP estimation model (PTTBM) is constructed/calibrated (parameters are
resolved) and tested (calibrated PTTBM is evaluated to find BPe) using the same data-sets

Evaluation level-1, when the model-parameters in the PTTBM were resolved
using a particular group of data-sets (GRj), then were used to find BPe by testing
the same data-setsgroup (GRj) (Fig. 6.6). Such a simple approach might evaluate
the feasibility of the method for the CABP prediction (i.e., PTTBM is constructed
and tested using the same data-sets).

A moderate-hard evaluation for the proposed method was carried out by eval-
uating the capability of the calibrated PTTBM to accurately predict unseen CABP
data. Thus, in this level-2 procedure, the evaluation of the CABP prediction/examination
capability was based on the accuracy of the CABP estimations BPe constructed
by testing FTs in GRi through the PTTBM being calibrated with data included in
GRj with j 6= i. In this study, parameters were resolved (calibrated) from the first
group of data-sets GR1 (which constituted a group of baseline-state data-sets) and
then tested with the FTs on the other ten groups of data-sets. Figure 6.7 sum-
marizes such Level-2 procedure adopted for constructing the CABP estimations
(BPe) in this work.

6.1.5 Data Analysis
The strength of association between cuff-based device and wearable device were
assessed by Pearson correlation. Linear regression was also used to gauge the
agreement of estimated CABP (BPe) and measured CABP (BPm) variables. The
two-sample Kolmogorov-Smirnov test was used to evaluate if data in vectors BPe
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Figure 6.7: Evaluation Level-2 procedure to find the CABP estimations (BPe). Measured
CABPs (BPm) from cuff-based device and FTs from wearable device, are part of each group
of data-sets. The BP estimation model (PTTBM) is constructed/calibrated (parameters are
resolved) with data in GR1 and tested (calibrated PTTBM is evaluated to find BPe) by using
data in GRj with j=2..11

and BPm are from the same statistical distribution functions [90]. P-value (p) was
taken two-tailed and p<0.05 was considered statistically significant. Agreement
between devices was considered with a mean difference of BPm and BPe to be less
than 5mmHg (|µe| < 5mmHg), which is the current pass criteria for the bias error
of the cuff-based BP estimation according to the Association for the Advancement
of Medical Instrumentation (AAMI) [44].

6.2 Results
Sixty-seven data-sets (N=67) were acquired during the three days of study to eval-
uate the performance of the proposed method by the two degrees of rigorousness
(sec. 6.1.4). The first evaluation (Level-1) provides an insight into the feasibil-
ity of the method for estimating CABP. Level-2 evaluation procedure features a
more rigorous metric by evaluating the capability for predicting CABP from an
initial calibration. Tables 6.1 and 6.2 summarize the performance of the pre-
sented method considering this two-level evaluation. The common figure of merits
(FOMs) on the tables are: Correlation (r), slope (m) and intercept (y) from lin-
ear regression plots (Measurements vs. Estimation), and root-mean-square error
(RMSE).

6.2.1 Method results: Level-1 evaluation
Level-1 procedure (PTTBM is calibrated and then CABP is estimated with the
same group of data-sets) was used to construct CABP estimations (BPe). Each
calibration generates a pair of AXFT

and BXFT
parameters (see Fig. 6.6). Besides
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Table 6.1: Performance table of the BP Models (eqs. 6.5 and 6.4) on the estimation of
Central Aortic Blood Pressure through the different Featured Times (FT). Model constants
are estimated through curve fitting routines using the discussed Level-1 evaluation method

Mode Evaluation Level-1
FT RJ-interval RI-interval IJ-interval

CABP S D S D S D Units
r 0.89 0.88 0.88 0.87 0.90 0.88 -
m 0.79 0.77 0.78 0.75 0.80 0.77 -
y 23.2 18 25 19 22 18.0 mmHg

RMSE 2.25 2.35 2.2 2.4 2.1 2.38 mmHg
σ
µ
(AXFT

) 758 450 887 430 944 735 %
σ
µ
(BXFT

) 119 524 64 187 80 104 %

including common FOMs (r, m, y, RMSE), table 6.1 summarizes the the PTTBM
parameter scattering resulting from calibrations performed at each group of data-
sets. σ

µ(AXFT
) and σ

µ(BXFT
) represent standard deviation of the parameter over

the mean value of the parameter along the eleven trials. If the method had absolute
time stability over the three days, σµ(AXFT

) and σ
µ(BXFT

) would be zero. Fig. 6.8
shows the evolution of the PTTBM parameters along different groups of data-sets.
Scatter on parameters is written as a relative scatter (error) from the parameters
resolved from the first group of data-sets. For instance, εr1(ASFT j) in 6.6 shows
the parameter ASFT

resolved at a particular GRj and written as a relative error
to the value of such parameter being resolved at GR1.

εr1(ASFT j) =
ASFT j −ASFT 1

ASFT 1
(6.6)

Then, black dots in Fig. 6.8 are thus constructed by evaluating εr1(ASFT j)
along the eleven groups of data sets; similarly was proceeded for describing the
relative scattering of the other parameters in 6.4 and 6.5. Accordingly, defined
relative scatter is zero at GR1 for all the parameters on the considered PTTBM.

6.2.2 Method results: Level-2 evaluation
Central aortic blood pressure estimations (BPe) were constructed by testing the
groups of data-sets with the PTTBM being calibrated with the first-acquired group
(see fig. 6.7 ). Table 6.2 includes the calibration parameters. Fig. 6.9 shows the
mean of the estimation error segmented in days from its calibration.

6.3 Discussion
Evaluation level-1 procedure shows that the central CABP estimation might be
feasible by the proposed methodology. Findings showed that always it is possible to
find a pair of parameters to be used with PTTBM and the FT, to estimate a group
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(a) CABP estimation from RJ
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(c) CABP estimation from IJ
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Figure 6.8: Scattering of parameters of the used in CABP-PTTBM: evolution along the eleven
groups of data-sets acquired during three days of intermittent assessment. Parameter variability
is written as a relative scatter (error) from the parameters resolved from the first group of data-
sets

of CABP values accurately. Additionally, evaluation level-1 showed that similar
feasibility on CABP estimation could be achieved by considering all three FT alter-
natives (RJ, RI and IJ). CABP-PTTBM level-1 evaluation presents performances
of r ≈ 0.9 (p < 0.05), m ≈ 0.8 and y ≈ 20mmHg and RMSE ≈ 2.3mmHg.
Similar results were reported in chapter 3 when RJ interval was used as input
FT. Thus, the proposed wearable device was capable of achieving similar results
that the ones obtained in the chapter 3 where acquisition was mainly based on
using off-the-shelf equipment. This validation of the proposed wearable device
represents one of the main findings in the study presented in this chapter. Fur-
thermore, this work showed that more FT alternatives could be used for the CABP
estimation from the proposed wearable device. When BPe was constructed with
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Figure 6.9: Estimation error evolution along days

Table 6.2: Performance table of the BP Models (eqs. 6.5 and 6.4) as estimators of Central
Aortic Blood Pressure through the different Featured Times (FT). Model parameters were
estimated through curve fitting routines using the discussed Level-2 evaluation method.

Mode Evaluation Level-2
FT RJ-interval RI-interval IJ-interval

CABP S D S D S D Units
r 0.14 0.04 0.3 -0.14 0.16 -0.27 -
m 0.04 0.01 0.09 -0.02 0.06 -0.02 -
y 113 80 106 83 103 84.6 mmHg

RMSE 9.6 6.2 7.1 5.9 5.0 8.2 mmHg
AXFT

6.15 -0.51 4.27 -0.18 -1.75 0.02 mmHg sp

BXFT
8.4 10.8 8.4 9.6 14.2 7.9 mmHg

the level-1 procedure, there was no statistical difference between BPe and BPm
distributions functions for any of the studied BP variables, systolic (p > 0.6) and
diastolic (p > 0.3), when different FT were considered (RI,RJ and IJ intervals).
Nevertheless, although table 6.1 presents feasibility for the CABP estimation, and
also for the three presented FT, calibrated constants ASFT

, BSFT
, ADFT

and BDFT

vary significantly along groups of data-sets. Parameter scattering of the PTTBM,
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measured in terms of sigma-over-mean (rows σ
µ(AXFT

) and σ
µ(BXFT

) in table 6.1),
varies from 450 to 944 % for all over the AXFT

parameters, while from 64 to 524
% for the respective BXFT

counterpart. Scattering in parameters of the PTTBM
can also be observed in fig. 6.8. Since parameters are resolved from curve fitting
procedures over several grouped data-sets, with no additional constraints for the
convergent solution, it is reasonable to expect some scatter on such best solutions
for parameters. A more physical-assisted calibration approach might help reduce
the scattering along with groups of data-sets.

On the other hand, when PTTBM was calibrated with the first group of data-
sets, and then PTTBM attempted to estimate CABP along three days from cal-
ibration, CABP prediction presented poor performance. Negative and less than
r = 0.3 Pearson correlations were obtained; almost zero slopes (m ≈ 0) and in-
tercepts larger than y = 80mmHg resulted from linear regression analyses. Also,
the two-sample Kolmogorov-Smirnov test rejected the null hypothesis of BPe and
BPm being of the same distribution functions (p < 0.001) for the three considered
FT cases. Last two rows on table 6.2 provides the calibration parameters (ASFT

,
BSFT

, ADFT
and BDFT

) used by the PTTBM to perform the CABP estimation.
Aim to estimate CABP by the proposed method with a three-day calibration
interval can not be achieved in the light of evidence found here. Nevertheless,
fig. 6.9 shows that CABP estimations compliant with the AAMI bias require-
ments (|µe| < 5mmHg) could be achieved by the proposed method by considering
within-day calibration intervals.

6.4 Conclusion

The possibilities for estimating CABP from a proposed wearable device were inves-
tigated in this chapter. CABP estimation performance was assessed by using two
levels of validation; that is, feasibility (Level-1) and prediction/examination capa-
bility (Level-2) on CABP estimation were reported. Investigation carried out in
chapter 3 showed that CABP estimation from ECG and BCG is feasible, whereas
findings in this chapter confirmed such results by using the proposed wearable
device. The study used groups of data-sets (defined by CABP measurements and
wearable acquisitions of ECG and BCG) from a healthy subject recorded along
three days; favorable results were obtained when the method was calibrated and
tested over the same group of data-sets (level-1 evaluation). In this context, ex-
tracted feature times from wearable acquired signals (intervals: RI, RJ, and IJ)
might lead to three alternatives for estimating CABP from this proposed PTT-
based methodology. The ability of the trained PTTBM to predict unseen CABP
data was also evaluated (level-2 evaluation). CABP prediction from the proposed
method showed poor performance when a three-day calibration interval was con-
sidered. Nevertheless, findings showed that CABP could be acceptably predicted
employing daily calibrations.
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6.4.1 Perspectives launched from this investigation
The findings presented in this chapter meant a first set of validations for the
proposed methodology to estimate CABP from a wearable device. Validations
within the chapter showed that CABP estimation might be feasible based on the
level-1 type validation, but level-2 type validations showed that CABP estimations
by using a beyond-day calibration interval are unfeasible. Therefore, next chapter
validations are centered on such level-2 type evaluations but considering a shorter
calibration interval, and also in a study involving more volunteers.

On the other side, the level-1 evaluation showed that the PTTBM calibrations
based on tailoring the PTTBM through regression procedures might lead to pa-
rameters that fluctuate along with groups of data (even when data from the same
subject was considered). Reducing the degree of freedom by including physical
constraints in the curve fitting procedures might reduce the scatter of parame-
ters in the PTTBM. Providing the PTTBM with the most physical considerations
as possible would give more robustness to the method, and might provide better
insights into the assessments of cardiovascular health. Development carried out
in chapter 8 is centered on these concerns, where a novel PTTBM is proposed.
Proposed PTTBM aims for estimating CABP from a fresh perspective based on
central circulatory system modeling and, by using the proposed wearable acquisi-
tion conveniently since PTTBM leverages that wearable device was designed for
capturing cardiovascular timing events with low delays.
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Chapter 7

Wearable CABP Estimation: Final
Validation

Rationale

Validations on the wearable version of the proposed method for estimating CABP
(chapter 6) showed that the wearable approach could replicate the results that
were achieved with off-the-shelf equipment, and thus, the method can be further
validated by using the wearable device. In this chapter, the method validation is
centered on the CABP estimation capability. The wearable acquisition of electro-
cardiogram (ECG) and ballistocardiogram (BCG) (chapter 4) was used to extract
the three studied FTs (RI, RJ, and IJ intervals). Nine PTT based models (PT-
TBMs) proposed in the literature were applied to each FT as CABP estimating
functions, and accordingly, the results were analyzed to check the suitability of
these models (throughout the considered FTs) in order to predict CABP. PT-
TBMs were calibrated with data-sets acquired at baseline state, which were not
considered for testing the PTTBM estimation performance, similar to the previ-
ously defined level-2 type procedure. Results showed that four of the nine tested
models presented a proper agreement in estimating CABP through the acquired
signals when considered (in the order of) an hour calibration interval after cali-
brated with baseline-state data. The PTTBM previously used (chapters 3 and 6)
confirmed the fitting once again. Notwithstanding this, the present study revealed
that a particular FT might lead to better CABP estimation from the proposed
wearable device. The results were based on a trial with ten young, healthy volun-
teers who underwent different hemodynamic interventions, and, to our knowledge,
this is the first time that CABP has been successfully estimated (predicted) from a
wearable device. The chapter is organized as follows: trial procedures, acquisition
details, and signal processing are summarized in section 7.1. Evaluated PTTBM
and used FT are presented in section 7.2. Results and discussion are presented in
sections 7.3 and 7.4, respectively; and, conclusions in section 7.5.
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Figure 7.1: Acquisition procedure. Data-sets, as defined in 6.1.1, included simultaneous CABP
snaptshot assessments and wearable ECG and BCG recordings. Dot and rhombus markers
indicate a data-set collection event. Hatched boxes indicate a hemodynamic manoeuvre (BH:
Breath Holding, VA: Valsalva, CP: Cold pressor)

7.1 Methods
7.1.1 Subjects
Ten young healthy volunteers (five females and five males) between 24 and 40
years old (mean 26 years, SD 7 years) were enrolled to participate in the study.
The procedure was approved and supervised by the Medical Review Committee
of the Biological Engineering Department. All individual participants included in
the study provided written consent before experimentation, and the principles of
the declaration of Helsinki were followed. During the measurements (unless stated
otherwise), the room temperature was controlled at 24 oC.

7.1.2 Acquisition
Acquisition were performed by using SphygmoCor XCELL device and the custom
wearable device (chapter 4) as presented in section 6.1.1

7.1.3 Protocol
Figure 7.1 summarises the whole protocol experienced by volunteers. A particular
data-set, denoted with a marker (rhombus or dots in Fig. 7.1), includes pairs of
ECG and BCG waveforms acquired by the wearable device and a CABP snapshot
assessment with the SphygmoCor XCEL, as was defined in section 6.1.1 where
considered ECG and BCG segments corresponded to the heartbeats during the
sub-diastolic recording of a SphygmoCor assessment. For all assessments, data
were acquired at the same sitting up straight position in order to lessen spurious
responses induced by motion artifacts.

Participants were initially asked to rest at sitting up straight position to avoid
corrupted BP readings by increased sympathetic activity. Then, around four to six
data-sets were assessed after five minutes of that resting position to create a group
of data-sets in basal-state. Such assessments are indicated with rhombus-shaped
markers in Fig. 7.1. Then data was collected for three different hemodynamic
maneuvers (indicated in Fig. 7.1 with hatched boxes). Each intervention was
preceded by an initial baseline recording in which two assessments were acquired.
Additionally, interventions were chosen to perturb BP by affecting cardiovascular
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parameters (stroke volume, total peripheral resistance, and heart rate) differently
[42] [91]. In the first intervention, the subject underwent voluntary breath-holding
(BH) until failure, BH was reported to cause BP perturbations [92] by affecting
the heart rate, the cardiac output, and peripheral resistance [93] . The second
intervention was carried out with a Valsalva maneuver (VA). Finally, each subject
was asked to stay in a low-temperature room (14oC) for five minutes and returned
to the controlled temperature room (24oC) to resume the acquisition, a procedure
referred as cold pressor (CP) hereinafter.

7.1.4 Signal processing
Data-sets were grouped according to the maneuvers they came from (including the
two basal previous-maneuver data-sets); thus, four groups of data-sets were created
for each volunteer, these groups were, basal (GRBS), breath-holding (GRBH),
Valsalva (GRV A) and cold pressor (GRCP ). Then, the same signal processing
as presented in the previous chapter was performed for each individual data-set
at mentioned groups GRBS , GRBH , GRV A and GRCP . The signal processing is
briefly reviewed.

Ensemble Averaging

Averaging technique was applied on the considered ECG and BCG signals seg-
ments (the 20s recorded segment within a data-set). Both signals, ECG and BCG,
underwent the same averaging procedure, thus preventing a phase lag between
them. This resulted in a representative waveform (for the ECG and the BCG)
that lasts one cardiac cycle. Fig. 7.2a shows the averaging result for ECG and
BCG waveforms on a particular data-set. FT extraction were performed on the
averaged signals.

0 20 40 60 80 100 120

Samples

(a) Ensemble averaging

30 40 50 60 70 80 90
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(b) Feature time extraction

Figure 7.2: Signal processing over the physiological signals. (a) Example of ensemble averaging
results. Acquired ECG and BCG signals (in grey) and averaged result in black. (b) Feature
time extraction on averaged ECG and BCG heartbeats.
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Feature Time Extraction
Averaged signals were used to extract the feature times (FT) that were used for
the CABP estimation. The FTs considered in this chapter (as was for the previous
chapter) were the intervals defined by the R-wave (ECG), J-wave (BCG) and I-
wave (BCG) taken in pairs, i.e., R-I, R-J, and I-J intervals (RI, RJ, IJ from now
on). Fig. 7.2b summarizes the FT extraction procedure over the averaged ECG
and BCG waveforms included in a data-set. The procedure generated paired FTs
and data-sets data, which were treated as an extended data-sets of paired data.
Extended data-set included: the CABP snapshot assessment[systolic, diastolic],
20-sec of wearable signals recorded [ECG, BGC], and the respective FT extraction
[RI, RJ, IJ].

7.1.5 Calibration of PTTBM parameters
A total of nine PTTBMs were considered to evaluate their ability to predict CABP
readings after being calibrated. In section 7.2, the PTTBMs analyzed in this work
are listed, which are expressed as a function of FT and model parameters. Ac-
cordingly, calibrated PTTBMs were obtained by adjusting such model parameters
with regression procedures over the group of data-sets acquired at baseline state
(see rhombus-shaped markers in Fig. 7.1), that were, data-sets on GRBS . The
CABP estimation capability of each calibrated model was evaluated on unseen
CABP assessments (dot markers in Fig. 7.1), thats were, groups GRBH , GRV A
and GRCP . Additionally, the calibration data-sets (GRBS) were not considered
for testing the PTTBM estimation performance (see section 7.3).

7.1.6 Data analysis
Statistical Analysis
Agreement and association between the cuff-based assessment and the cuff-less,
wearable, estimation were assessed by Bland–Altman (BA) analysis and Pearson
correlation (r), respectively. Agreement analysis was performed, including the
95% confidence interval (CI) [94]. Association for the Advancement of Medical
Instrumentation (AAMI) requirements was considered for the mean estimation
error (µ) to be lower than 5 mmHg with a standard deviation of the error (σ)
below 8 mmHg. Linear regression was used to gauge the association between
estimated and measured BP readings.

7.2 PTT based models (PTTBM) for BP estimation
PTT-based models presented in this section are mainly based on the previously
introduced Moens-Kortweg equation, eq. 7.1, which establishes that in an elastic
tube (vessel) with laminar fluid (blood) flow, pulse wave propagation velocity
(PWV) along the tube wall depends on fluid properties (ρ: density), and, tube
geometry (h: thickness, r: radius) and elasticity modulus (E). Being the latter in
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turn, a BP-dependent quantity, which could be approximated by 7.2 at central
elastic arteries [38].

PWV =
D

PTT
=

√
Eh

2ρr
(7.1)

E(P ) = E0e
αP (7.2)

where α = 0.017 mmHg−1 and E0, positive quantities, model the arterial stiffening
depence with BP (referred as P in 7.2). The equations give the insight that BP
and the propagation time (PTT) for a pressure pulse to travel along a predefined
distance (D) on the arterial tree are inversely related. Several proposed models for
this inverse relation are described.

PTTBM1: BP logarithmic in PTT
The first PTT-based model analysed is directly derived from by combining 7.1 and
7.2 as seen in [95].

BP = A log(PTT ) +B (7.3)

Despite being popular and directly derived from main equations, low suitability
for BP estimation it has been reported [96].

PTTBM2: BP Linear in PTT
By linearising the model in 7.3 a linear dependence is found.

BP = A.PTT +B (7.4)

The model was reported to be applicable to several manoeuvres and under
drug administration [97], and provided accurate BP estimations in [95] [97]

PTTBM3: BP Linear in PTT-1

The linear PTT-based model in 7.5 explicitly states the expected inverse depen-
dence between BP and PTT.

BP =
A

PTT
+B (7.5)

The model was already introduced and used previously, and a derivation of this
PTTBM could be found in [39], which is recommended for the BP estimation due
to the trade-off between complexity (only two parameters needed) and accuracy
(potential errors at low PTT). PTTBM3 was used in chapters 3 and 6 and, in [69]
for the CABP estimation, and in [98] for the peripheral BP (PBP) estimation,
proving the feasibility of the method in acquisitions during physical exercise.
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PTTBM4: BP quadratic in PTT-1

A quadratic model in PTT-1 7.6 is proposed in [67] which is derived from energy
balance considerations for the blood flow.

BP =
A

PTT 2
+B (7.6)

PTTBM5: BP logarithmic and quadratic in PTT-1

In [53] a novel PTTBM was proposed, which resulted in a nonlinear, two-term,
PTT-dependence 7.7, 7.8. It is noteworthy that, PTTBM5 admits reasonably
dispense with subject-dependent coefficients as used in [99]. Thus, calibration can
be carried out with only one assessment/data-set (calibration provides the terms
with zero-subscripts in 7.7 and 7.8).

DBP = MBP0 +
2

α
log(

PTT0

PTT
)− (PP0/3)(

PTT0

PTT
)2 (7.7)

SBP = DBP + PP0(
PTT0

PTT
)2 (7.8)

where, SBP, DBP and PP refers to systolic BP, diastolic BP and pusle pressure
(PP= SBP - DBP), respectively

PTTBM6: BP logarithmic and quadratic in PTT-1

This PTTBM keeps the dependence of PTTBM5, while considering parameters to
be mathematically fitted instead of based on physiological considerations (as was
the case in PTTBM5).

DBP = CD +BD log(
1

PTT
)− AD

PTT 2
(7.9)

SBP = DBP +
AS

PTT 2
(7.10)

PTT-based models Featuring Heart Rate
Since it is known that BP is strongly associated with heart rate (HR), and it is
reported [100] that the inclusion of HR in PTTBMs may improve the accuracy of
the BP estimation, some of the aforementioned PTTBMs are extended by including
a HR dependency [101].

PTTBM7: PTTBM1 featuring HR
In [100] several PTTBMs with embedded HR are tested for the S-BP estimation,
and 7.11 showed the best performance.

BP = A log(PTT ) +B log(HR) + C (7.11)
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PTTBM8: PTTBM2 featuring HR
In [101] is proposed to include an HR term from 7.4, and results showed that a
precision inside AAMI requirements was achieved when a calibration interval of
one hour was considered.

BP = APTT +BHR+ C (7.12)

PTTBM9: PTTBM4 featuring HR
Finally, PTTBM4 was also embedded with HR.

BP =
A

PTT 2
+

B

HR2
+ C (7.13)

PTT-based models Coefficients and FT-Inputs
Parameters A, B, C at PTTBMs are all subject-specific coefficients that are tai-
lored from calibration procedures. The sign of the parameters resolved from the
calibration must be consistent with the inverse relationship between PTT and BP.

Regarding the FT (noted as PTT in the previous model descriptions), although
PTTBMs were derived from arterial pulse propagation time principles, some works
have reported the convenience of including PEP in the cuff-less BP estimation.
Thus, all PTTBMs were evaluated not only using PTT (IJ) as an input FT but
also using the RJ-interval (i.e., PTT + PEP) and using the PEP (RI) as input
FT. Therefore, PTTBM performance on CABP estimation is evaluated along the
presented nine models with three FTs in the role of PTT: IJ, RJ, and RI, as defined
in sec. 7.1.4, totaling 27 modeling alternatives to be evaluated.

7.3 Results
A total of ten subjects underwent the three mentioned hemodynamic interventions,
generating N=185 data-sets to evaluate (along groups of data-sets GRBH , GRV A
and GRCP ) the PTTBMs performance to predict CABP. Data-sets in GRBS , used
for calibration, were not included in the following evaluation in order to mimic
the actual monitoring system application (evaluation level-2 procedure). Table 7.1
summarises the performance of the above discussed PTTBMs to track systolic and
diastolic CABP varibles (S-CABP and D-CABP). The most promising PTTBMs
were identified based on the following key figures of merit: mean (µ) and standard
deviation (σ) of the estimation error and Pearson correlation (r).

The first four PTTBMs (PTTBM1 to PTTBM4, corresponding to 7.3-7.6,
with RI as input FT, presented the best performances for S-CABP and D-CABP
estimation, especially from a precision and association perspective. Such best
performances are further analyzed on table 7.2 for S-CABP and D-CABP estima-
tions, respectively. The following characteristics are evaluated: linear Regression
(LR) parameters (slope (m) and intercept (y)), 95% confidence interval (CI) of
the mean error, percentage of data-base with error within limits of agreement
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Table 7.1: Estimation performance for Systolic CABP (S-CABP) and Diastolic CABP (D-
CABP) along PTTBMs and FTs

S-CABP Estimation D-CABP Estimation
PTTBM FT µ σ r µ σ r

1
IJ -2.5 9.2 0.70** -2.6 11.4 0.64**
RJ -0.2 7.7 0.60** 1.0 8.2 0.62**
RI 0.8 5.5 0.82** 1.3 6.8 0.77**

2
IJ -2.7 10.9 0.68** -2.8 12.8 0.61**
RJ 0.1 7.4 0.63** 1.3 8.3 0.61**
RI 0.9 5.5 0.82** 1.3 6.6 0.78**

3
IJ -2.5 9.2 0.70** -2.4 10.3 0.66**
RJ -0.7 8.4 0.56** 0.8 8.1 0.63**
RI 0.7 5.5 0.81** 1.3 7.0 0.77**

4
IJ -2.5 8.9 0.69** -2.4 9.4 0.67**
RJ -1.1 9.5 0.49** 0.6 8.1 0.64**
RI 0.5 5.7 0.81** 1.3 7.3 0.61**

5
IJ -2.8 27.6 -0.2* 0.3 15.1 0.12NS

RJ -0.2 15.7 0.22* 1.0 8.9 0.54**
RI 0.7 15.6 0.44** 1.6 9.4 0.62**

6
IJ 9.9 64.1 0.09NS 12.6 62.5 0.12NS

RJ 2.7 13.0 0.41** 3.7 9.9 0.57**
RI 14.3 73.1 0.21* 14.8 79.1 0.25**

7
IJ -1.5 6.8 0.76** -3.5 12.0 0.64**
RJ 1.1 8.1 0.59** 0.0 8.1 0.63**
RI 3.8 9.6 0.64** 1.4 8.4 0.74**

8
IJ -1.6 7.1 0.76** -4.0 13.6 0.61**
RJ 1.4 8.2 0.58** 0.2 8.1 0.62**
RI 3.8 9.3 0.65** 1.4 8.3 0.75**

9
IJ -1.7 7.0 0.71** -2.9 10.0 0.67**
RJ 0.3 8.7 0.55** -0.5 8.2 0.62**
RI 0.3 8.7 0.55** 1.6 9.1 0.72**

UNITS mmHg – mmHg –

NS Not Significant * p < 0.01 ** p < 0.001**

(LOA) (defined as µ ± 1.96 σ), root mean square error (RSME) and mean abso-
lute difference (MAD) [17]. Finally, the strength of association between the axes
of Bland-Altman (BA) plots (Pearson correlation on BA rBA) was also evaluated
to check for systematic error.
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Table 7.2: Estimation performance for Systolic CABP (S-CABP) and Diastolic CABP (D-
CABP) for the first four PTT-based models (PTTBM1 to PTTBM4) when RI interval is used
as input feature time

PTTBM m y
Confidence

Interval µ LOA
Error

r
BA

CI- CI+ MAD RMSE

S
-C

A
B

P 1 0.81 19 0 1.5 96 4.4 5.5 0.02
2 0.81 19 0 1.7 96 4.4 5.6 0.01
3 0.80 20 -0.1 1.5 95 4.5 5.6 0.02
4 0.80 21 -0.3 1.4 95 4.5 5.7 0.01

D
-C

A
B

P 1 1 -1 0.3 2.3 93 5.2 6.9 -0.37
2 1 -1 0.4 2.3 92 5.2 6.7 -0.36
3 1 -1 0.3 2.3 93 5.3 7.1 -0.38
4 1 -2 0.3 2.4 93 5.4 7.4 -0.41

UNITS – mmHg % mmHg –

7.4 Discussion
The central investigation on this chapter was the validation and exploration of
the proposed approach to estimate CABP from the presented wearable device;
the findings, in turn, lead to the development of a feature time-based method-
ology to predict aortic BP variables from the proposed wearable device, which
provided accurate CABP estimations after a simple calibration procedure with
baseline-state data-sets. Noteworthy, this work tested the performance of some
(previously reported and tested mostly for PBP estimation) PTT-based models
to evaluate here their suitability for the CABP estimation. This approach might
be more suitable since the main equations of the PTTBM derivations assumes an
elastic artery district to be evaluated [8] [38], and this hypothesis might not be
completely fulfilled as the considered arterial segments reach the periphery. This
final validation, even though involved only a few volunteers, provides the relevant
intermediary results for the development of the proposed approach for estimating
CABP, which undoubtedly serves as an orientation for future efforts in order to
achieve an improved wearable CABP monitoring device.

Even though most of the prior works have used the PTT-based method to es-
timate systolic BP [39], findings showed that a D-CABP estimation within AAMI
requirements could be achieved by using this methodology. Nevertheless, consis-
tent with these prior works, results showed better suitability of the methodology
for S-CABP than for D-CABP estimation, especially from the accuracy and as-
sociation perspectives. Accordingly, in many situations, uncorrelated systolic and
diastolic behavior is expected, which would prevent systolic and diastolic vari-
ables from being estimated from the same FT [42]. Regarding PTTBMs and FTs,
S-CABP and D-CABP estimations from PTTBM1 to PTTBM4 using RI as FT
showed agreement, strong correlation, and a small mean difference between cuff-
based and wearable devices. Otherwise, opposed to what has been reported in the
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literature [100] for the case of PBP, the inclusion of the HR term in PTTBM1,
PTTBM2, and PTTBM4, with RI as FT, degraded the CABP prediction capabil-
ity. The HR inclusion was beneficial only for the S-CABP estimation when using
IJ (which corresponds to PTT in the aortic domain) as input FT. However, it
should be noted that the calibration procedure plays a fundamental role in the
estimations achieved and discussed here. This work aims to present results when a
simple systematic calibration is performed by using only a few data-sets acquired
at baseline state. Such kind of calibration is suitable for a final wearable prod-
uct where calibrations could be periodically performed based on a few reference
measurements.

Our findings show the beneficial contribution of RI for aortic BP estimation.
Published evidence [52] reports that RI corresponds approximately with PEP.
PEP, and thus RI, is an FT lacking any pulse transit time assessment. Therefore,
this suggests that such estimations are based on principles that are not the ones
that support the PTT-based method. We argue that it might be due to a significant
dependence of the BP on the myocardial contractility at the aortic inlet region.
This conjecture stems from the fact that such a region is directly exposed to
forces exercised by the myocardium, and PEP has been reported to be a surrogate
measure of myocardial contractility [102] [103]. This deserves further analysis,
which is out of the scope of the study presented, however it will be revisited in
chapter 8 .

In order to illustrate the performance of the four PTTBMs that showed better
suitability for the CABP estimation, PTTBM2 (with RI as FT) was selected to be
further analyzed. Figs. 7.3a-7.4b present LR and BA plots for CABP variables.
The suitability of this method can be observed from the figures mentioned above.
In Figs. 7.3a and 7.3b, the LR lines (continuous) are very close to the ideal identity
lines (dashed). Moreover, only few data-sets are outside standard margins of error
( µ ± 1.96σ) on BA analyses (Figs. 7.4a and 7.4b). Additionally, associations
between BA axis magnitudes are shown with a continuous line at both BA analyses.
The BA correlation shows a defined trend in the case of D-CABP, suggesting a
slight, systematic, method error, which is consistent with the worse performance
achieved in D-CABP estimation concerning the S-CABP estimation.

One of the critical aspects of the FT-based approaches is the calibration in-
terval of the PTT-based models, i.e., the period after a calibration procedure in
which the method is capable of accurately tracking BP (CABP in this work). A
theoretical study [5] indicates that PTT-based methods might achieve a maximum
calibration period of about one year; despite the PTT-based method might achieve
seemingly high measurement errors due to random error components which intrin-
sically affect the method [5]. Such fluctuations are responsible for much smaller
calibration intervals (in the order of seconds to minutes according to [5]), espe-
cially when accuracy is tested by using AAMI protocol. In [104] a method to
evaluate the calibration interval of the (PTT-based) BP estimation accuracy is
proposed. However, such method is not directly applicable to this study, because
it relies on processing the information on a very frequent (beat-to-beat or similar)
basis. In this case, a measure of calibration interval for the CABP measurement
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Figure 7.3: CABP: Linear regressions (LR) plots for PTTBM2 with RI as a input FT
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Figure 7.4: Bland-Altman (BA) analysis for PTTBM2 with RI as a input FT

accuracy can be derived as follows. Unseen data-sets, acquired during 74 ± 20
minutes during all maneuvers, were estimated accurately within the scope of the
AAMI requirements. Therefore, it can be considered that the proposed methodol-
ogy, guarantees at least a mean calibration interval of about 74 min. Furthermore,
by extrapolating the estimation error trend up to the acceptable accuracy limit
(AAMI limits, 5 mmHg), a rough estimation for the calibration interval can be
constructed, which, on average, may ensure accurate CABP estimations within
two hours from a calibration. Further, such calibration interval may be conser-
vative since accuracy assessed through AAMI protocol could be rigorous (for the
PTT-based methods) in order to screen hypertension [5].
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7.5 Conclusion
The presented investigation explored 27 alternatives (nine PTTBMs along three
FTs) for the CABP estimation from the proposed wearable, ECG and BCG based
methodology. Data were obtained from ten volunteers during three different hemo-
dynamic interventions. The R-I interval emerged as the best surrogate for CABP
estimation. Prior works establish that the R-I interval coincides approximately
with the pre-ejection period. This suggests that a principle different from the
traditional PTT-based method might be advantageous for central aortic BP as-
sessment. Four PTTBMs proved to be suitable for CABP monitoring after a
simple calibration procedure with baseline state data. These are: PTTBM1 (loga-
rithmic in RI), PTTBM2 (linear in RI), PTTBM3 (linear in 1/RI) and PTTBM4
(quadratic in 1/RI). The calibration interval admitted at least one hour of accurate
estimations compliant with AAMI requirements, which may be useful for applica-
tions requiring short term, continuous BP monitoring at central aortic domains.
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Chapter 8

The Beginning.... at Last

Rationale
Results obtained in the validation chapters (6 and 7) showed that the proposed
method might be capable of estimating central aortic blood pressure (CABP) by
using the wearable device presented in chapter 4. Nonetheless, new questionings
aroused during such validation stages.

• Chapter 7 showed that RI-interval, an FT lacking any pulse transit time
assessment, served as the best surrogate for CABP. Thus, the CABP es-
timation is not based, in this case, on the PTT principle (as was initially
intended).

– Could it be that the principle used (CABP estimated through RI) can
be leveraged by the PTT-method to obtain better CABP estimation?

• Results in chapter 7 showed better suitability of the methodology for systolic
than for diastolic estimation. It is known that eventual systolic and diastolic
miscorrelations may exist (see Fig. 8.1), which would prevent such both
variables from being estimated from the same FT [42].

– Is it possible to address such a miscorrelation issue (between aortic
diastolic and systolic BP) and construct a better estimation for both
variables?

• Regarding the parameter scattering (of PTT-based models, PTTBM) through-
out calibrations observed in chapter 6, then:

– How could the parameter scattering be reduced?

– Could the used method be beneficiated by including more physical
constraints on its implementation?

– How could be incorporated more physical considerations to the pro-
posed methodology to estimate CABP?
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The concerns mentioned above were the inspiration for the creation of the ma-
terial presented in this chapter, in-which, a novel PTTBM suitable for the CABP
estimation is presented. This chapter presents some novel ideas to estimate CABP
in this proof of concept material in-which the preliminary validations showed the
novel PTTBM is promising to resolve some of the questions mentioned above. The
beginning of the development of a novel PTTBM for the CABP estimation, based
on the physical modeling of the central circulatory system, arouses in this thesis...
at last.
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Figure 8.1: Correlated and miscorrelated evolutions of aortic systolic (sCBP: white circles) and
diastolic (dCBP: black circles ) blood pressures on the same subject
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8.1 Introduction
Figure 8.2 shows the left ventricle (LV) pressure-volume loop diagrams (PV-Loops)
as can be found in literature [105] [106]. PV-Loops fig. 8.2 include some quanti-
ties typically used to study the LV-function [105] [6] and LV-aorta coupling [107],
such as end-systolic pressure-volume relationship (ESPVR), end-diastolic pressure-
volume relationship (EDPVR), afterload, and aortic elastance (Ea). Notably,
changes on the slope of curves of ESPVR and Ea are associated with changes
in ventricular contractility [107] and aortic distensibility, respectively. PV-Loop
on the left represents a baseline situation for the LV-aorta system from which
such a system will be perturbed (to illustrate potential changes of CABP). The
PV-Loop on the upper right shows the baseline system state after being suffering
an increase in myocardial contractility. Baseline PV-Loop (light-gray trace) along
with contractility-increased PV-Loop (dark-gray black trace) were superimposed
in order to show the changes due to the perturbation. The increased contractility
resulted in an increased afterload, which, in turn, lead to an increased CABP.

Figure 8.2: Left ventricle (LV) pressure-volume loop (PV-Loops) diagrams showing the effects
that an increased myocardial contractility and aortic compliance lead to an increased afterload

On the other side, a similar analysis could be performed to the PV-Loop on
the lower right, which shows the response of the system at a basal state (light-
gray PV-Loop) against an increment on the aortic elastance. Perturbed system
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(dark-gray black PV-Loop) shows an increased afterload, which again, lead in an
increased CABP.

Therefore, both, contractility and elastance, considered effects acting to the
LV-Aorta system, affected directly the aortic blood pressure. On the other hand,
the classical PTT-based methods based on exploiting the elastance-BP relation-
ship, aim to estimate BP by using PTT as a surrogate which a prioiri would
assess BP by screening only elastance changes. PTT estimation could lead to an
insufficient mechanism to estimate BP.

The proposed PPTBM aims to exploit the two discussed effects to create a
estimation of the CABP, by using information provided by indirect assessments
of contractility and elastance. The contractility could be indirectly assessed by
using the RI-interval (RI) since, RI coincides approximately with the pre-ejection
period (PEP) [52] which has been reported of being a biomaker of the myocardial
contractility. The elastance, on the other hand, could be assessed via PTT, like-
wise classical PTT methods, since, as was mentioned, such methods are based on
exploiting the PTT-(arterial)Compliance-BP relationship.

The indirect blood pressure estimation
Figure 8.3 shows a scheme of the typical BP estimation by using PTT based
models. Classic PTT-based approach is shown on the left, whereas the proposed
approach on right.

Figure 8.3: Scheme of an BP estimation through PTT-Method (left) and by the proposed
method (right).

Classical PTT-based approaches for estimating BP have been based on using
a particular featured time (FT such as PTT, PAT, PEP) and a function F (of
such FT) in order to construct a BP estimation. Function F represents a PTT
based model, which includes few parameters that are resolved through calibrations
by fitting the PTTBM with BP data. Notably, the methods used in chapters 6
and 7 of this document have followed such an approach for estimating CABP.
Furthermore, some methods have used PAT for estimating BP, such FT includes
the PEP along with a PTT counterpart, and have received mixed reviews regarding
the suitability of using such type of FT for estimating BP, even being a topic of
controversy on the state-of-the-art [67] [59]. By collating such PAT-approaches
against the ideas presented in this chapter, it seems to be feasible that such PAT-
based BP estimation has shown accurate results since such BP estimation might
be contractility-based rather than PTT-based as it is widely presumed [59]. In
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effect, results in chapter 7 showed that the best CABP estimations were achieved
by a contractility-based (that is, RI-based) approach when compared against the
results obtained by PTT-based along with PAT-based estimations. Nonetheless,
when the PAT-based approach is used, both discussed mechanisms are merged into
the FT, which may not be the best way to treat such FT as a PTTBM input in
order to achieve accurate BP estimations.

As will be detailed later, the proposed PTT based model for estimating CABP
aims to contemplate the two mentioned effects (that are, the BP dependence on
contractility and elastance) in order to improve the CABP estimation. As will
be shown, the required FTs (PTT and RI) will be served separately in different
sections of the proposed PTTBM (into the functions G and H, respectively, at Fig.
8.3) in order to construct the BP estimation. Eventually, the proposed PTTBM
requires being calibrated, which, similarly to the classic PTTBM calibrations, is
also based on resolving internal parameters by fitting BP data. The development
of the proposed PTTBM is presented in the next section.

8.2 Proposed CABP estimation model

8.2.1 Windkessel theory as development substrate
The framework for developing the proposed PTTBM is based on the Windkessel
theory, which is a lumped modelling approach for describing the hemodynamics
on the arterial system [108]. The formulation of the model described the heart
and the systemic arterial system similarly to a hydraulic circuit. In this analogy
(Fig. 8.4a), a water source (blood) is pumped through a pulsatile pumping (heart)
to a chamber which is filled with water except for an air region. The pulsatile
pumping compresses the air in the chamber, which serves as a cushioning reservoir
or windkessel [6] and then, it pushes the water out of the chamber. Thus, a
steady water flow is obtained at the back-end despite a pulsate water pumping at
the front-end. This analogy resembles to the arterial-heart bio-mechanics, since
the arterial tree acts as the mentioned windkessel in which pressure increases as
blood is pumped into it, but the pumping in turn is damped by the elastic arteries
(mainly the aorta) which stores blood during systole and expels it during diastole,
thus resulting in a rather constant (steady) flow at very distal arteries.

Windkessel models are commonly used to relate the blood pressure and blood
flow in the aorta (shown in fig 8.4b), by characterizing parameters that defines the
hemodynamics. Particularly, the two-element windkessel model uses the following
parameters:

• Arterial Compliance (Ca): refers to the compliant or extensible character-
istic of the arteries. Even though the compliance of all individual arteries
are lumped in this parameter, the largest arteries are responsible for this
characteristic. The arterial compliance seen from the aortic root could be
roughly estimated from the following equation
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Ca ≈
SV

sCBP − dCBP
(8.1)

where, SV refers to the stroke volume and, sCBP (dCBP) refers to the
systolic (diastolic) central aortic blood pressure.

• Total vascular systemic resistance (Ra): Represents the resistance that op-
poses to the flow of blood along the arterial tree. Even though the smaller
arteries at peripheral offers the largest resistances, this lumped parameter
aim to condense all the individual resistances found along the arterial three.

The total vascular systemic resistance seen from the aortic root could be
roughly estimated from the following equation.

Ra ≈
mCBP

CO
(8.2)

where, CO refers to the cardiac output, mCBP refers to the mean aortic
blood pressure, and, venous pressure was neglected to achieve 8.2.

(a) Graphical interpretation (b) Typical blood flow and
pressure at ascending aorta

Figure 8.4: The Windkessel model. (a): Hemodynamics through windkessel theory and its
hydraulic circuit analogy. The hydraulic circuit contains a water pump connected to a chamber
filled with water except for a pocket of air. As it is pumped, the water compresses the air,
which serves as a cushioning reservoir or ”windkessel” and then pushes the water out of the
chamber. Windkessel models the distensibility of the arteries, whereas the fire hose nozzle
models the peripheral resistance. The circuit achieves steady-state water flow from a pulsatile
pumped system. Constant flow is required by the fire-man end of the hydraulic chain. (b):
Shows typical hemodynamics at the aorta root. Figures extracted from [6]
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8.2.2 Electrical equivalent

The described hydraulic analogy for the windkessel effect, showed that the effect
implements a low-pass-filtering between front-end pumped input and the steady
flow at the back-end. Eventually, such analogy also admits an electrical circuit rep-
resentation [108], which is constructed by using electric quantities and components
in the role of the principal hemodynamic actors. That is, the electrical equiva-
lent for the two-element windkessel model uses voltages and currents to represent
blood pressures (in mmHg) and blood flows (in cm3/s or mL/s), and, a capacitor
(Ca) and a resistor (Ra) in the role of the arterial compliance (Ca in cm3/mmHg)
and total vascular systemic resistance (Ra in mmHgs/cm3). The circuit shown
in Fig. 8.5 is used in this chapter to study the hemodynamic near the aorta root,
where a current driven two-element windkessel network is considered. That is, it
uses a current source (i(t)) as input which mimics the blood flow ejected from the
left ventricle into the aorta, and will be referred as central aortic blood flow (or
Flow) in the next section. Thus, the time-varying voltage at the output node va(t)
mimics the central aortic BP waveform which will be the target quantity.

Ra Ca

i(t)

+

-

cabp(t)

Figure 8.5: Windkessel electric equivalent model. Current source (i(t)) mimics the blood flow
from the left ventricle ejection, the capacitor mimics the arterial compliance (Ca = 1/Ea),
and, the resistance (Ra), the total vascular systemic resistance.

The proposed PTTBM developed in this chapter aims to find the electric com-
ponents previously described, these are, Ra, Ca and i(t), by processing the ECG
and BCG signals acquired with the wearable device (chapter 3). Given that such
three elements, along with the Windkessel substrate theory, establish an environ-
ment full of physiological meaning for the development of this proposed PTTBM,
it is worth to mention that, it may be crucial that the FT acquisition (from ECG
and BCG signals) preserves the physical meaning of such represented quantities.
In effect, such concern was contemplated from the conception of the proposed
wearable device, as presented in chapter 3, remaining so the consistency of the
whole development presented within this thesis. Finally, the presented i(t), Ca
and Ra elements are proposed to be estimated as follows.
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8.2.3 Estimation of the current source element (i(t))

(a) Echo-Doppler ultrasound (General Electric, Vi-vidIq), and wearable ECG
and BCG acquisitions.

(b) Analysis of synchronized events acquired with the echo-Doppler and wear-
able ballisto-cardiogram. Blood jet velocity is approximated by a triangle [109]

Figure 8.6: Pulse wave Doppler signal at the left ventricle in a volunteer. Wearable electro-
cardiogram and ballistocardiogarm waveforms are superimposed in the figure
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The central aortic blood flow profile was previously approximated by a triangular-
shaped profile leading to accurate pulse wave velocity estimations [109]. Such
approximation was used to estimate the profile of the current source element (rep-
resenting, central aortic blood flow), which drives the two-element Windkessel
model (fig. 8.5). Thus, the problem of finding an adequate current source element
was reduced to find a proper base (b = LVET: LV ejection time ) and height
(h=i(t)peak) of the mentioned triangle-shaped profile.

The base of the triangle-shaped blood flow was determined by leveraging
from the parasitic coupling of the Seismo-cardiogram (SCG, considered as the
dorso–ventral thoracic accelerations during the cardiac cycle) signal over the BCG
waveform [110]. In effect, some SCG coupling on the proposed wearable BCG ac-
quisition was detected, which was exploited by this method. The slight component
of the SCG coupled on BCG allowed to estimate the aortic closure time (AC) [111],
and thus the LVET was estimated as the time elapsed between the BCG I-wave
and the AC (LVET ≈ AC - I-wave ) [111] [52]. Figure 8.6a shows the simultaneous
acquisition of the signals ECG and BCG by using the proposed wearable device
presented in chapter 4, along with, a Doppler echo-cardiograph (General Electric,
VividIq) sensing the LV blood flow activity. In effect, the expelled blood flow from
LV into the aorta confirmed on a healthy volunteer, the expected triangle-shaped
profile for the aortic blood flow given by the echo-Doppler image. Figure 8.6b
summarizes the mentioned estimation for the base of the triangle-shaped blood
flow (LVET), which was obtained by further processing the BCG signal [111] [52].
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Figure 8.7: Wiggers diagram. Image extracted from [112] .
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In order to find the peak of the triangle-shaped aortic flow (Flowpeak on fig.
8.6b, or equivalently as a current element, i(t)peak), the blood flow generation is
further investigated/modeled. Figure 8.7 shows a typical Wiggers diagram [112]
which compiles the time series of some physiological magnitudes during the cardiac
cycle. Particularly, the aortic pressure and ventricular pressure are relevant for this
work since such pressures are related the LV ejection. That is, when LV pressure
exceeds aortic BP, aortic valve opens up and blood flow is established into the
aorta from LV. The time variation of the LV pressure is given by the LV elastance
variation (E(t)) for a constant (blood-filling) volume (iso-volumetric contraction
stage).

Myocardium contraction is responsible for the elastance variation of the LV.
In general, E(t) curve preserves a basic shape where each peak occurs near the
end of the ejection phase regardless of the cardiovascular (CV) variability [113].
Accordingly, the E(t) peak value (Emax) refers to the previously introduced quan-
tity end-systolic pressure-volume relationship (ESPVR) which, as mentioned is the
conventional index to assess the heart contractility [107]. In [114] is proposed a
periodic “double-Hill” function to give an analytical expression for the E(t) (8.3).

E(t) = αEmax


(

t
α1T

)m1(
1 + t

α1T

)m1

 1(
1 + t

α2T

)m2

+ Emin (8.3)

E(t) is written in terms of the cardiac period (T), a scaling factor (α) to ensure
Emax happening, and, some dimensionless factors to model the contraction (α1,m1)
and relaxation shapes (α2,m2) [115]; typical values for such values could be found
in [114]. In this work is proposed to linearize the E(t) shape near the ejection
onset, in which the LV pressure change rate could be estimated by ∂PLV /∂t ≈
(dCBP − Preload)/PEP , therefore E(t) leads in eq. 8.4. Where, Preload is
considered as the end-diastolic LV pressure, EDV stands for the LV end-diastolic
volume and, q0 stands for the EDV by discounting the LV unstressed volume
(Vuns), that is q0 = EDV −Vuns. More generally, q(t) is defined as the left ventricle
blood filling volume but discounting the unstressed volume, q(t) = LVvol(t)−Vuns.

E(t) ≈ Preload

EDV − Vuns
+

(
dCBP − Preload
PEP (EDV − Vuns)

)
t =

Preload

q0
+

(
P0

q0 PEP

)
t

(8.4)
On the other hand, a pressure gradient is established across the aortic valve at

the ejection onset, which induces the blood flow. The effective valve area, smaller
than the cross-sectional areas of the LV or aortic root, represents a bottleneck for
the blood flow (fig. 8.8a), and a pressure drop results across the valve, mainly at
rapid ejection phase (as can be seen in fig.8.7 where aortic pressure during ejection
is a bit lower than the ventricular pressure.). Therefore, by putting together
the above mentioned effects, left ventricle and aortic valve will be electrically
modelled with a time-variable capacitor [115] and a diode with a series resistance,
respectively. Figure 8.8b shows the electrical equivalent circuit considered for the
left ventricle and the systemic arterial system seen from the aortic root (Ra and
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Ca); electrical voltages vLV (t) and va(t) represent respectively the pressures at LV
and aortic root (Volts as mmHg), and, the current i(t) indicates the blood flow
at aorta (Amps as mL/s). Appendix A shows the creation of this current driven
Windkessel network system in order to simulate the BPs and Flows (as voltages
and currents respectively) behaviour in an Electronic Design Automation (EDA)
tool.

(a) Flow through aortic valve - Sketch

R

E(t) Ea Raq0

vlv(t)

i(t)

va(t)

(b) Blood flow modeled at aortic root

Figure 8.8: Physical interpretation of the aortic valve resistance (R). The small valve area
generates a bottleneck for the blood flow (fig. 8.8a), which is modeled by an ideal diode with
a series resistance (fig. 8.8b). The flow depends on the resistance to the flow (R) along with
the applied pressure gradient [116]. A variable capacitor models the left ventricle contraction.
Pressures and blood flow are represented by voltage and currents (respectively) in the electrical
representation. Where, vLV (t) and va(t) refer to the left ventricle and the central aortic blood
pressure, respectively, i(t) refers to the aortic blood flow and, q0 is the end-diastolic volume
by discounting the LV unstressed volume. Elements in the dashed box are responsible for the
blood flow into the vascular system. Aortic compliance (1/Ea) and total vascular systemic
resistance (Ra) are represented by a capacitor and resistor, respectively.

The equations of the presented CV system at the onset of the ejection are:

vLV = E(t)

(
q0 −

∫ t

0
i(t)dt

)
(8.5)

i(t) =
va
Ra

+
1

Ea

∂va
∂t

(8.6)

vLV − va = Ri(t) (8.7)

Where, 8.5, 8.6 and 8.7 constitutes a set coupled ordinary differential equations.
In order to identify the maximum relative value for i(t), 8.7 is differentiated and
equaled to zero (8.8).

R
∂i

∂t
=
∂vLV
∂t
− ∂va

∂t
= 0 (8.8)

−→ ∂i

∂t
=
∂vLV
∂t
− ∂va

∂t
= 0 (8.9)

119



Chapter 8. The Beginning.... at Last

Despite being considered a linearized expression for E(t) (eq. 8.4), it still can
not achieve a compact closed-form expression for the solution of the differential
equation in 8.9, which is the goal of this section. In order to come by with a com-
pact solution for the problem of 8.8, some approximations were further considered.
For instance, since systemic arterial impedance comprise a capacitive-resistive
bank, the maximum of blood flow (current) advances the maximum of blood pres-
sure (voltage). Therefore, near the slope-zero region for i(t) (that is, the region
of interest), it was considered that capacitors nodes are being charged/discharged
at approximately at constant current, and thus implies voltages variations with
an almost constant slope. Additionally, the current across resistive components
was neglected during such transient. Thus, by trying an approximately constant
solution for i(t)≈ (It) in the system defined by 8.5- 8.7, results in 8.10.

RIt ≈
[
Preload

q0
+

(
P0

PEPq0

)
t

]
[q0 − Itt]− [dCBP + ItEat] (8.10)

the system returned an approximated expression 8.11 for i(t) (by solving 8.10
for It).

i(t) ≈ It =

(
P0
PEP

)
t

R+ (Ea + E0)t+ P0
PEPq0

t2
(8.11)

Then, by using It (approximation of i(t)) on 8.5 and 8.7, an approximation1 for
vLV (t) and va(t) could be also constructed as showed in the following expressions:

vLV (t) ≈ VLV t =

[
Preload

q0
+

(
P0

PEPq0

)
t

]
[q0 − Itt] (8.12)

va(t) ≈ Vat = [dCBP + ItEat] (8.13)

Then, the problem 8.8 was evaluated by differentiating 8.12 and 8.13, and, by
considering an approximately constant value for It as was previously used (that is,
near enough the sought i(t)peak region, where i(t) presents the slope zero condition,
it would be valid to try a constant solution It as rough approximation of i(t))

∂vLV
∂t
− ∂va

∂t
= 0 −→ P0

PEP
= (E0 + Ea)It + 2

P0

PEPq0
Itt (8.14)

Also, by considering a dominant denominator root (DDR: τ1 >> τ2) structure
for It, and then linearizing (LIN) it in the region of interest (REG) nearby to the
maximum extreme.

1Electrical magnitudes in capital letters with t-subscript stand for an approximation of
such magnitude written in lowercase. For instance, It represents an approximation of i(t)
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It =
q0t

t2 + (τ1 + τ2)t+ τ2 τ1

DDR
≈ q0t

t2 + τ1t+ τ2 τ1

REG
≈ q0

(t+ τ1)

LIN
≈ q0

τ1

(
1− t

τ1

)
(8.15)

τ1 = PEP (E0 + Ea)q0/P0 (8.16)

τ2 = R/(Ea + E0) (8.17)

∂vLV
∂t
− ∂va

∂t
= 0 −→

{
tpeak ≈ τ1/2

Ipeak ≈ 2(E0+Ea)q0P0

4P0R+3q0PEP (E0+Ea)2
(8.18)

As shown in fig. 8.9b, the approximation obtained for i(t) (It) underestimated
the blood flow peak (i(t)peak) by an 18%. Eventually, an underestimation on
i(t)peak was expected since va(t) was overestimated by its respective approximation
Vat which led to an underestimated i(t), see Figs. 8.9. Then, a parametric analysis
in PEP, performed by the EDA tool (used as a differential-equation solver), showed
that this under-estimation (in the blood flow peak) remained approximately con-
stant by sweeping PEP around 50 % its nominal value (fig. 8.10a), considered
sweep has a physiological sense according to the expected fluctuations of PEP in
a human CV system. Figure 8.10b shows the i(t)peak swept in PEP variable, su-
perimposed with the approximated solution for blood flow peak increased in an
18 % (1.18 ∗ It). The relative error of this latter estimation was also included in
fig. 8.10b, showing that a bounded relative error ( 6 % ) could be archived by the
proposed approximation along the considered swept range of PEP.

Finally, regarding the construction of a triangle-shaped aortic blood flow. Flow
peak, that is, Flowpeak or i(t)peak, was used to estimate the height of such flow
through the equation 8.19. That is, 8.19 includes the maximum of the approxi-
mated expression for i(t) (It in eq. 8.18) and the following factors: the adjustment
factor (kadj = 1.18), and, kej which represents a dimensionless factor with a nom-
inal value of one. kej will be one of the parameters to be tailored through calibra-
tion procedures on the proposed PTT-based estimation model. On the other hand,
tpeak in 8.20 was used as an estimation for the time where blood flow peak occurs
(relative to the onset of the aortic flow, where Flowonset ≈ BCG I-wave [52]).

i(t)peak = 1.18 kej
2(E0 + Ea)q0P0

4P0R+ 3q0PEP (E0 + Ea)2
(8.19)

tpeak ≈ τ1/2 = 1/2 PEP (E0 + Ea)q0/P0 (8.20)

8.2.4 Estimations of the two-elements Windkessel parameters
Aortic Compliance
Aortic compliance (Ca) element at the Windkessel network was derived from the
Bramwell-Hill equation [9] that was introduced in chapter 2. The Bramwell-Hill
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Figure 8.9: Transient simulations for the hemodynamics near the aortic valve. The current
source driven two-element Windkessel network was simulated from the electronic dual circuit
by using CADENCE EDA tools. The proposed simulated electronic circuit can be found in
appendix A, where node voltages and currents represent blood pressures and flows, respectively.
Continuous traces represent the result from the EDA transient simulation, while dashed lines
are the estimations from the math presented in this section. Estimation traces start at the
onset of the aortic valve opening.
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Figure 8.10: Parametric analysis performed in the transient simulation described in 8.9. Peak
of the blood flow (Flowpeak or i(t)peak) was swept in the Pre-ejection period (PEP) variable.
Both, simulation (i(t)peak in black) and estimation (Ipeak) through the presented math (gray)
curves showed approximately the same shape, excepting an gain error of about 18% (fig.
8.10a). Systematic gain error is compensated in fig. 8.10b, by multiplying Flowpeak estimation
by kadj (=1.18). The relative error in the (gain) corrected Flowpeak estimation (dashed line)
is less than 5%.

equation in 8.21 determines the propagation speed (PWV) of a pressure pulse
travelling along an artery by using the cross sectional arterial compliance along
with other cardiovascular parameters.
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8.2. Proposed CABP estimation model

PWV =

√
A

ρCas
(8.21)

where, (if an aortic segment is considered).

A : Aortic cross-sectional area (8.22)

Cas =
∂A

∂P
: Aortic cross-sectional compliance (8.23)

ρ : Blood density (8.24)

PWV : Pulse wave velocity at aorta (8.25)

Moreover, if PWV were assessed by measuring the pulse transit time (PTT)
throughout an aortic distance L. Then, the Bramwell-Hill equation in 8.21 leads
to 8.26.

−→ Cas =
A

ρ( L
PTT )2

(8.26)

Equation 8.26 links the cross-sectional compliance (Cas) with the PTT, which
would determine Cas from a PTT assessment if CV parameters ρ, L, and A were
available. Eventually, some limitations exist on this approach for estimating aortic
compliance (Ca) that should be noted. Firstly, parameters ρ, L, and A are un-
knowns, which should be found some-how in order to use 8.26. Then, parameters
Ca and Cas refers to different quantities to characterize the aortic distensibility,
since they differently refer to volumetric and cross-sectional quantities, respec-
tively. This work considered that the sectional compliance (Cas) was proportional
to the required aortic compliance (Ca) by an adequate subject-specific longitude
factor (l0) as shown in 8.27.

Ca = l0Cas =
l0A

ρ( L
PTT )2

(8.27)

Then, the aortic compliance was estimated by the following equation.

−→ Ca = kc

(
l0
Ai+Aa

2

ρL2

)
PTT 2 (8.28)

As was considered for the current source element, kc represents a dimension-
less parameter to be tailored from the calibrations procedures. The parameter is
intended to provide an aortic compliance (Ca) estimation from the wearable as-
sessed PTT. Regarding the unknowns ρ, L, and A (the latter considered as the
average of sectional areas of the aorta at the root (Ai) and the arch (Aa)); typical
cardiovascular magnitudes will be used for resolving such unknowns in 8.28. Even
though the unknowns are subject-dependant parameters, the eventual errors pro-
duced by this approximation are intended to be masked out inside the adjustment
parameter kc. Further, all subject-dependant unknowns on the other considered
elements (current source i(t) and systemic arterial resistance Ra) were treated in
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the same way, that is, being resolved by using typical quantities, in order to pro-
vide a biasing point for the Ca, Ra and i(t) elements being estimated by only using
the acquired FT. Equation 8.29 shows the biasing magnitudes considered for the
compliance element, where, the average ascending aorta cross-section (Ai + Aa),
aortic root-to-arch distance (L), and typical blood density were extracted from
table (8.3). As considered for the kej , the seed/nominal value for tailoring kc (eq.
8.29) was set as one.

l0
Ai+Aa

2

ρL2
≈ (100cm)(6.8cm2 + 5.07cm2)/2

(1060kg/m3)(12cm)2
= 5.18k

cm3

mmHgs2
(8.29)

Arterial Resistance

Blood pressure regulation mechanism is provided by the baroreflex activity, which
gives feedback to the central nervous system about the hemodynamic status. By
manipulating the cardiac output and, mainly, the vascular resistance, the BP is
maintained inside the target values [8]. Total systemic arterial resistance is the
only hemodynamic parameter unavailable by any measurement of the proposed
approach. Nevertheless, given that arterial resistance is responsible for fast regu-
lation of BP, Ra was considered proportional to the cardiac period (T) because of
a T enlargement might decrease BP; and empirically, Ra presented better adjust-
ments when considered inversely-related with PEP.

R = kr

(
PEPnom
Tnom

)
T

PEP
(8.30)

As was considered for the other parameters, kr represents a dimensionless quan-
tity, manually adjusted to fit in equation 8.30 with a unitary value. Parameters
with nom subscripts stands for nominal values, which can be found in table 8.3.

8.3 Methods
Methods to evaluate the proposed PTTBM were based on the ones presented in
chapter 6; for instance, the data and its manipulation procedure was as described
in section 6.1, with a difference in the feature extraction. Figure 8.11a shows the
feature extraction (over the averaged ECG and BCG signals) used in this chapter.
The most significant peak on BCG waveform during the recoil of ECG T-wave
was considered as an estimation of the aortic valve closure event (AC), and, the
time elapsed between I-wave and AC (on BCG waveform) was included as one of
the extracted FTs (as long as, RI, IJ and RJ intervals); such FT was used as a
surrogate of the left ventricle ejection time (LVET) (fig. 8.11a).

An estimation of the blood flow jet velocity at the aorta was constructed from
the extracted FTs by using the proposed methodology (8.2.2); systemic arterial
resistance (Ra), and aortic compliance (Ca) were also estimated. Then, the CABP
waveform was constructed from blood flow, Ra, and Ca by using the Euler method
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Figure 8.11: Feature extraction over the averaged ECG and BCG signals measured in a vol-
unteer. Hemodynamics estimated from the extracted feature times and the proposed pulse
transit time based model (PTTBM).

(see Fig. 8.11b). This procedure was used for both; for tailoring the model con-
stants kc, kej and kr from CABP and FTs; and, for estimating CABP from FTs.
Noteworthy, the latter estimation added a further step since the model uses dias-
tolic CABP ( P0 = dCBP − Preload) as an input parameter, being the diastolic
CABP the output solution. This issue was resolved by iterating the output solu-
tion on the PTTBM, way back to the input, until the error on subsequent dCBP
estimations was neglectable (norm2 [εdCBP ] < 1mmHg)

8.4 Results

8.4.1 Qualitative results
One of the main features of the proposed CABP estimation model is the dealing
with the reported problem [42] of the eventual systolic and diastolic un-correlations
(see Fig. 8.1) through minimal fluctuations on model parameters. For instance,
Fig. 8.12 shows level-1 evaluations for the proposed estimation model when differ-
ent hemodynamic maneuvers are carried out. Figure 8.12a shows a constant pulse
pressure during the acquisition, and thus, diastolic and systolic CABP maintain
a direct correlation. Then, during an acquisition by increasing the room temper-
ature, systolic BP kept almost constant while diastolic CABP decreased slowly
(Fig. 8.12b). Valsalva maneuver (Fig. 8.12c) showed an almost constant diastolic
BP, while systolic BP abruptly increased at the third data-set. Finally, during the
cold pressor maneuver (Fig. 8.12d), pulse pressure gently increased, and diastolic
CABP fluctuated following an almost sine curve. The proposed CABP estima-
tion model reasonably tracked different hemodynamic behaviors while parameter
scattering remained within the 10 % from parameters tailored at baseline.

125



Chapter 8. The Beginning.... at Last

1 1.5 2 2.5 3 3.5 4

Data-sets (#)

65

70

75

80

85

90

95

100

105

110

A
o

rt
ic

 P
re

s
s
u

re
 (

m
m

H
g

)

CABP Mesurement
CABP Estimation

(a) Basal

1 2 3 4

Data-sets (#)

75

80

85

90

95

100

105

110

115

120

A
o

rt
ic

 P
re

s
s
u

re
 (

m
m

H
g

)

CABP Estimation

CABP Mesurement

(b) Increasing Temperature

1 2 3 4 5

Data-sets (#)

70

80

90

100

110

120

130

A
o

e
ti
c
 P

re
s
s
u

re
 (

m
m

H
g

)

CABP Estimation

CABP Measurement

(c) Valsalva

1 2 3 4 5 6

Data-sets (#)

60

70

80

90

100

110

120

A
o

rt
ic

 P
re

s
s
u

re
 (

m
m

H
g

)

CABP Estimation

CABP Measurement

(d) Cold Pressor

Figure 8.12: Central aortic (systolic and diastolic) blood pressure fluctuations due to different
types of acquisitions (baseline, Hot-room, Valsalva, cold pressor) experienced by a volunteer.
White dots are the cuff-device CABP assessments whiles black dots are the wearable CABP
estimation by using the PTTBM presented in this chapter.

8.4.2 Level-1 validation
The level-1 evaluation of the proposed method was assessed to study the spread of
the tailored parameters across different groups of data-sets. Table 8.1 shows the
parameters tailored along the eleven groups of data-sets presented in section 6.1,
which were assessed during three days of observations over one subject, and, by
involving hemodynamic maneuvers.

Table 8.2 summarizes the performance of the presented method considering
the level-1 evaluation scheme; additionally, a previous evaluated BP estimation
(linear on PEP−1) was also included to contrast the performances. The figure
of merit (FOMs) on the tables are: Correlation (r), slope (m), and intercept (y)
from linear regression plots (Measurements vs. Estimation), and root-mean-square
error (RMSE). Additionally, in order to show a compact measure for assessing to
the parameter scattering, σ

µ(paramater) is used as the standard deviation of the
parameter over the mean value of the parameter along the eleven trials, as was
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Group of

Data-sets
kc kej kr

1 0.83 1.00 1.00
2 0.87 1.00 0.99
3 0.91 0.97 0.97
4 0.83 0.97 0.96
5 0.85 0.99 0.99
6 0.87 1.01 1.01
7 0.88 0.98 0.97
8 0.90 1.05 1.05
9 0.82 1.02 1.02
10 0.74 1.03 1.03
11 0.64 1.10 1.11

Table 8.1: Parameters of the pro-
posed model tailored along eleven
groups of data-sets which were as-
sessed during three days of obser-
vations, and, involved hemodynamic
maneuvers (see sec. 6.1).

Mode Evaluation Level-1
FT RI-interval Proposed

CABP S D S D Units
r 0.88* 0.87* 0.99* 0.5* -
m 0.78 0.75 0.76 0.75 -
y 25 19 25 19 mmHg

RMSE 2.2 2.4 8 7 mmHg
σ
µ
(AXFT

) 887 430 - %
σ
µ
(BXFT

) 64 187 - %
σ
µ
(kc) - 9.6 %

σ
µ
(kej) - 3.9 %
σ
µ
(kr) - 4.3 %

Table 8.2: Performance table on the estimation
of Central Aortic Blood Pressure from the previ-
ously studied CABP estimation model (inverse-on-
RI model) and the proposed in this chapter. Model
constants are estimated through curve fitting rou-
tines using the discussed Level-1 evaluation method
(6.1.4)

introduced in chapter 6, where, if the method had absolute time stability over the
three days, such introduced FOM would be zero. Fig. 8.13 shows the evolution of
PTTBM parameters along different groups of data-sets for the PEP-based estima-
tion model (table 8.13a) and the proposed in this chapter (table 8.13b). Scatter
on parameters is written as a relative scatter (error) from the parameters resolved
from the first group of data-sets; thus, defined scatter at GR1 is zero.
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Figure 8.13: Scattering of parameters of the used in CABP-PTTBM: evolution along groups
of data-sets acquired during three days of intermittent assessment on one volunteer
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8.5 Discussion
This chapter aims to present an original method to estimate CABP from ECG
and BCG acquisitions. The main contribution of the presented CABP estimation
method was the stability of the involved parameter across groups of data-sets since
considered data-sets were acquired several days apart from each other. Scatter on
kc remained inside 20 % from initial calibration whilst scatter remained within
the 10% for parameters kej and kr. Furthermore, stability on tailored parameters
occurred near the unity for all parameters (kc = 0.83 ± 0.08, kej = 1.01 ± 0.039
and kr = 1.01 ± 0.043), which was their expected values from the theoretical
considerations employed. This fact acknowledges the compliance of the methods
coexisting in the conception of this idea; for example, the instrumentation section
took care of the phase lags on acquired waveforms, which would lead to inaccuracies
in the estimation of myocardial contraction.

Nevertheless, regarding the CABP estimation, the method suffers from inaccu-
racies, which currently induces an out of AAMI specification performance, specif-
ically, when the variance of the estimation error variance is considered. CABP
estimation inaccuracies were noted during the preparation of the methodology,
mainly due to the intrinsic difficulty that the method involves. For instance, in
order to mention few of them:

• Aortic closure (AC): given that AC estimation was provided from a parasitic
coupling of SCG on the BCG signal, it was expected and noticed a poor
quality of the AC event to be captured on the BCG signal. Additionally,
since the AC event is relatively far away from the R-wave, it was noticed
that in several cases, the average ensemble procedure (which in turn was
needed for the BCG) smashed the wave used as AC event indicator. It
was pretty easy to pick a wrong BCG-wave for the AC estimation in such
cases, which leads directly to a CABP inaccuracy. Capturing an accurate
AC timing reference means a quite challenging signal processing problem
which exceeded the scope of this thesis.

• Systemic aortic resistance (Ra): Such a parameter represents the bottle-
neck of the method. As previously mentioned, Ra is the only hemodynamic
parameter unavailable by any measurement performed by the designed hard-
ware. In some cases 8.30 might provide a reasonable estimation of Ra, spe-
cially when baroreflex loop controls Ra, but in many others, 8.30 might be
not enough, for example if Ra is settled chemically [8] or fluctuates due the
temperature.

• Bias quantities: Several unavailable CV quantities were used to estimate
the elements of the model; mainly, peak blood flow estimation required
several of such quantities. The approach used typical CV magnitudes (table
8.3) in order to provide a biasing point for the element to be estimated
from the available quantities (PEP in this case). Nevertheless, it is widely
acknowledged that such biasing parameters fluctuate on a beat-to-beat basis,
which results in an unpredictable CABP fluctuation.
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• Compliance estimation: PTT estimation from the BCG signal was based on
reported evidence signaling that aortic PTT could be assessed by measuring
head-to-foot acceleration recoils due to aortic blood flow [52]. Nevertheless,
SCG coupling on the BCG signal might corrupt the PTT acquisition, which,
once again, leads directly to inaccuracies on CABP estimations. Accordingly,
kc was the parameter that suffered the most substantial scattering across
data-sets.

The presence of errors on the CABP estimation was responsible for the poor
RMSE (≈ 7− 8 mmHg) achieved, where some of them showed inaccuracies in the
order of 20 mmHg. Nevertheless, a near to zero mean of the estimation requirement
was achieved by the method; further work should be center in reducing the variance
of the error. Finally, despite the presence of such energy for the estimation error,
the curve fitting routines lead to stable tailored parameters along the time. This
might mean the conception of a novel method to estimate CABP, which features
a robust convergence of its parameters.

8.6 Conclusions
This chapter aims to present novel ideas to estimate CABP, which is promis-
ing to resolve the (previously reported) parameter-stability problem (Chapter 6),
that is, the significant scattering observed on PTTBM parameter along different
calibrations, which may affect the classic PTT-based method. Nevertheless, the
proposed methodology suffers from inaccuracies that prevent it from estimating
CABP accurately and continuously in the meantime. Some of the accuracy is-
sues were identified and reported, and its mitigation is part of future work. The
method is entirely based on CV physiological modeling, and results showed a ro-
bust convergence of the involved parameters, even carrying inaccuracies on the
CABP estimation, and proposed parameters besides presenting robust, and stable
convergence, they were compliant with the proposed physiological considerations.
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Chapter 8. The Beginning.... at Last

8.7 Typical cardiovascular magnitudes

Table 8.3: Typical cardiovascular magnitudes expressed according to their type group (Type), full
name (Magnitude), abbreviation used in the text (Abb) and, minimum (Min), typical (Typ), and

maximum (Max) reference values, with their respective units (Units). There is also a column with
the corresponding references indicating where each magnitude was from (Ref).

Type Magnitude Abb Min Typ Max Units Ref

Cardiac Heart Rate HR 60 220 bpm [8]
Timing Pre-Ejection Period PEP 50 ms

Left Ventricular Ejection LVET 300 ms
Pulse transit [root–arch] PTT 20 ms

Velocities pulse wave velocity 6.5 m/s

Areas Aortic Valve AVA 0.7 3 4 cm² [117]
Aortic Root Ai 6.8 cm² [52]
Aortic Arch Aa 5.07 cm² [52]
Thoracic Aorta At 3.94 cm² [52]
Abdominal Aorta Ab 1.25 cm² [52]
Capillary cross-sect. Acap 1000 cm² [8]
Vena cava cross-sect. Acav 7 cm² [8]

Distance Aortic: root-arch L 12 cm [52]

Pressures Central BP systolic sCBP 115 mmHg
Central BP diastolic dCBP 70 mmHg
Preload Preload 12.5 mmHg &

Volumes Stroke volume 75 120 cm³ [8]
LV Volume @ ED EDV 125 cm³
LV Volume @ ES ESV 50
Unstressed vol. Vuns 20 cm³ [114]

Blood Blood Density ρ 1060 kg/m3

Properties Blood Viscosity 2.76 mPa s

Resistances Aortic Valve AVR 38m 45m 0.225 mmHg s /cm3 [117]
Systemic vascular R 1.2 mmHg s/ cm3 [8]

Compliances Aortic (cross-sect.) Cas 0.018 cm²/mmHg 8.26
Aortic Ca 1.82 cm3/mmHg PP/SV

Elastance LV end-diastolic PVR EDPVR 0.1 Preload/EDV
LV end-systolic PVR ESPVR 3.46 P0/ESV
Aortic (cross-sect.) Eas 56.6 mmHg/cm2 C−1

as

Aortic Ea 0.55 mmHg /cm3 C−1
a
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Chapter 9

Conclusions

Figure 9.1: Conceptual map of the presented thesis divided in zones. Zone-1: Foundations of
the proposed method for the wearable estimation of aortic blood pressure (CABP). Zone-2:
Conception of a wearable device for electrocardiogram (ECG) and ballistocardiogram (BCG)
recording and visualization. Zone-3: Integration of the proposed method for the analog con-
ditioning of ECG and BCG signals. Zone-4: Validations on the wearable CABP estimation
by using available in-the-literature estimation models (PTTBM). Zone-5: Proposition of a
novel PTTBM for estimating CABP that exploits the information extracted from the proposed
wearable device.



Chapter 9. Conclusions

Conception of working zones
Figure 9.1 shows the conceptual map of the presented thesis in-which the investi-
gation was divided in working-zones.

• Zone-1: Started by seeking a method for the wearable blood pressure es-
timation and the pulse transit time (PTT) method aroused as one of the
most prominent due to the cuff-less and continuous characteristics. Since the
method foundations indicate that it is mainly exploitable at elastic arteries,
it was procured the nearby of the aortic root as the vascular zone for devel-
oping a proposed approach for estimating BP based on PTT-method. An
aortic PTT could be estimated from electrocardiogram (ECG) and ballisto-
cardiogram (BCG) signals, which accordingly is used for estimating aortic
blood pressure (CABP).

• Zone-2: Denotes the instrumentation section of the presented thesis and
the design of the wearable device used for monitoring and recording ECG
and BCG waveforms wirelessly. The design features a novel approach for
conditioning the physiological signals suitable for the PTT assessment.

• Zone-3: Migration of the wearable device into the integrated circuit (IC)
technology. Ultra-low-power IC implementation of the core block for the
analog filtering of the ECG and BCG signals.

• Zone-4: Chapters 6 and 7 are grouped up in this zone that showed the valida-
tions on the wearable CABP estimation. BP estimation models (PTTBM)
available in the literature were used for constructing CABP variables from
feature times (FT) extracted from wearable signals.

• Zone-5: A PTTBM for estimating CABP is proposed at the end of the
thesis. Such development provides this thesis with an entirely original path
from the ECG and the BCG acquisition up to the CABP estimation.

Conclusions and contribution throughout working zones
Working Zone-1

The first main contribution of this thesis was the reaffirmation of the PTT-method
to be used for estimating CABP by proposing a methodology based on the assess-
ment of an aortic PTT. Investigation on chapter 3 showed that continuous CABP
estimation might be feasible through the proposed ECG-BCG-based PTT. Even
though the conception of the PTT was refining throughout the thesis, chapter
3 foundations remained until the end of the document. State-of-the-art results
support that an aortic PTT can be estimated by measuring longitudinal (head-to-
foot) body accelerations as timing references, and, the work proposed such PTT
for collating against central BP, rather than peripheral BP (PBP) as typically
found in the literature. In effect, chapter 3 results showed that a better associ-
ation with CABP (regarding PBP) could be achieved by the method; which in
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turn, is consistent with the PTT theory since it is developed mainly for elastic
arteries, and also, both, PTT and CABP are referred to the same aortic district.
Additionally, it is convenient since CABP might be a better variable for assessing
cardiovascular health. That is, it has been reported that CABP might offer an
incremental prediction capability of cardiovascular risk over peripheral BP.

Working Zone-2

The development of an adequate acquisition methodology for the PTT computa-
tion meant another significant contribution of the thesis. Before the conception
of the ideas to threaten the phase lags on PTT acquisition, it was noticed that
different amounts of PTT were reported from different research groups (even when
the same arterial path to compute PTT was considered). It was understood that
there was a need for improvement in this sense for the PTT computation. Original
hardware and software methodologies were developed to minimize the phase lag
problem, and further, the proposed solution can be exploited by other developers
for the PTT acquisition no matter the nature of the PTT considered. On the ana-
log side, the proposed approach aims to exploit the under-damped filtering in order
to maximize the region with a small phase shift over the narrow filter bandwidth;
whereas, on the digital side, a low-order (N=16) finite impulse response filter de-
sign was proposed. Simulations and measurements show that a negligible spurious
timing error of less than 2 ms can be achieved. Furthermore, a wearable device
was conceived on the frame of this thesis; such design implied the integration of
the proposed analog hardware with the Bluetooth technology in a compact device
to be attached to a training shirt to provide unnoticed monitoring. Measurements
on the wearable device showed the effectiveness of the proposed methodology on
a real application.

Working Zone-3

Another significant contribution of this thesis remained on the miniaturization
of the hardware section of the proposed PTT-acquisition methodology. Notably,
the fabricated design aims to provide a highly miniaturized solution for the low-
delay narrow-band ECG and BCG conditioning, as presented in chapter 4 (work-
ing Zone-2) for the proper PTT acquisition. Material presented was centralized
on presenting a proposed second-order filter that produces the required (under-
damped) bandwidth limitation characteristic. Such an approach might be chal-
lenging to implement with IC technologies due to the process variability, the large
time-constant required for filtering, and the ultra-low-power (ULP) characteristic
required for autonomy. The design of the proposed filter required efficient solutions
for the on-chip generation of pico-ampered currents, voltage dividers, and tuning
methodologies for setting correctly the filtering parameters, which were shown as
corollary contributions of the thesis.
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Chapter 9. Conclusions

Working Zone-4
This work zone studied the interactions between the different state-of-the-art phys-
iological modeling and proposed hardware/method. In this context, it was shown
that results achieved with off-the-shelf equipment could be replicated by using the
proposed wearable device. Additionally, experimentally explored twenty-seven al-
ternatives, nine PTTBM along three FT (intervals, R-I, R-J, and I-J), for the
CABP estimation from the proposed wearable ECG-BCG-based methodology.
Data were evaluated from ten volunteers during three different hemodynamic in-
terventions. We found that aortic BP could be accurately estimated through the
presented methodology by using four of the explored alternatives, whereas the
R-I interval emerged as the best surrogate for the aortic BP estimation. Further-
more, a principle different from the traditional PTT-based method arose as a more
advantageous method for central aortic BP assessment in the light of evidence re-
ported in this work zone, and, to our knowledge, this is the first time that CABP
has been successfully estimated from a wearable device.

Working Zone-5
The final significant contribution of this thesis meant the last chain-link in the pro-
cess to come by an utterly original method to estimate CABP. A novel PTTBM
to estimate CABP was proposed by using a current-driven two-element Windke-
sel network constructed from features extracted of the proposed hardware. The
initial validations of the PTTBM were presented, showing that it is promising to
resolve some issues observed during the CABP estimation when classic PTTBMs
were used (physiological disconnection at calibration stages, parameter-instability
across calibrated PTTBMs). The proposed methodology still suffers from inac-
curacies that prevent it from estimating CABP in the meantime, but despite the
inaccuracies, the method could be exploited to screen hypertension in the short-
term. Some of the accuracy issues were identified and reported, and its mitigation
is part of future work. The method is entirely based on cardiovascular physiological
modeling, and results showed a robust convergence of the defined parameters.
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Appendix A

- Proposed PTT-Based model in
CADENCE

Figure A.1: Adaptation of the proposed PTT-based model to run in CADENCE EDA simulator

Figure A.1 shows the schematic constructed in the CADENCE EDA tool en-
vironment to perform transient simulations on the proposed CABP estimation
model based on a current driven two-element Windkessel network. Left ventricle
is modeled by a voltage controlled capacitor (VCCap) element where; Vp − Vn is
the input voltage that controls the capacitance seen between nodes Cp −Cn. The
Left Ventricle Volume can be assessed in node V ol. The changes of VCCap ca-
pacitance (or elastance (E(t))) are driven by the heart-shaped-block, which acts
as voltage waveform source where elastance is read as a voltage in node out. The
block also provides the synchronization signal to fill the LV when relaxed. Such
blocks, along with ideal switch and diode, were programmed in velilogA language,
as shown in Fig. A.2. Analoglib provided the resistances and capacitance to model
Aortic valve resistance (Rvalve), total systemic vascular resistance seen from aorta
(R0), and aortic compliance (C0, c = 1/Ea, Ea: Aortic Elastance).



Appendix A. - Proposed PTT-Based model in CADENCE

Figure A.2: Proposed PTT-based model in CADENCE simulator with VerilogA modules

136



Bibliography

[1] Katherine T Mills, Joshua D Bundy, Tanika N Kelly, Jennifer E Reed, Pa-
tricia M Kearney, Kristi Reynolds, Jing Chen, and Jiang He. Abstract 32:
Global burden and control of hypertension in 2010: Analysis of population-
based studies from 89 countries. Circulation, 131(suppl 1):A32–A32, 2015.

[2] Christodoulos Stefanadis, Katerina Baou, Konstantinos Aznaouridis, Char-
alambos Vlachopoulos, Michael F. O’Rourke, and Michel E. Safar. Predic-
tion of cardiovascular events and all-cause mortality with central haemody-
namics: a systematic review and meta-analysis. European Heart Journal,
31(15):1865–1871, 03 2010.

[3] J. E. Sharman and S. Laurent. Central blood pressure in the management
of hypertension: soon reaching the goal? Journal Of Human Hypertension,
27:405 EP –, Mar 2013. Review.

[4] Riccardo Pini, M. Chiara Cavallini, Vittorio Palmieri, Niccolò Marchionni,
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