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Abstract
Patients that suffer from heart failure can benefit from wearable monitoring devices that continuously
monitor the condition of the heart. One of the foremost symptoms of exacerbation of the heart is fluid
congestion in the lungs. One of the method to measure a change in biological tissue, such as the
build­up of fluids in the lungs and chest, is bioimpedance measurements. By injecting an alternating
current into the tissue, a voltage develops across the tissue that is proportional to the impedance of
the biological tissue, the bioimpedance. Conventional bioimpedance measurement techniques are not
suitable for continuous monitoring of the patients as they are power consuming and hinder patient in
their daily living.

This thesis proposes an alternative approach that is based on a pulse width modulation (PWM) in
order to convert the measured analog signals to time signals. To determine the measured bioimped­
ance, the magnitude and phase should be derived. The proposed design employs one channel to
convert the measured voltage across the bioimpedance to a PWM signal. As this PWM signal con­
tains the amplitude information of the measured voltage, the magnitude of the bioimpedance can be
derived. Furthermore, a second reference channel is employed where a known resistive reference is
converted to another PWM signal. By comparing the two PWM signals, the phase of the bioimpedance
can be determined. The proposed system requires only a comparator and triangular wave in order to
convert the measured analog signals, compared to the complex implementation of the conventionally
used analog­to­digital converter.

In order to validate the design, the circuit is simulated and implemented on a printed circuit board
(PCB). The PCB operates correctly on 3.3V and, additionally, an voltage­controlled current source
is implemented and connected externally to the PCB to provide an excitation current of 100µA and
10 kHz to the circuit. The circuit should be capable of measuring the voltage across a device under test
(𝐷𝑈𝑇) that consist of resistive and capacitive components. This is because the bioimpedance can be
modelled by the Fricke­Morse model, which consist of a resistor in parallel with a capacitor and resistor
in series. The implemented PCB can measure 𝐷𝑈𝑇 magnitudes up to 1 kΩ and is determine the phase
shift between the two PWM signals.

This work shows an important contribution towards a wearable continuous bioimpedance measure­
ments system to monitor patient that suffer from heart failure. It has been shown that the presented
design can measure the magnitude and phase that are required to determine the measured bioimped­
ance, and also reduce complexity of the measurements instrumentation.
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1
Introduction

Worldwide people suffer from chronic diseases such as diabetes, sleep apnea and congestive heart fail­
ure. Continuous monitoring of these patient can improve their quality of life. Nowadays, advancement
in technology in the field of sensor development and system integration experienced a vast growth.
Therefore, small­sized wearable health monitoring devices are now available, and these can monitor
patients remotely in their everyday life. As a result, treatments of chronic diseases are improved, and
costs for clinical healthcare is reduced. Said wearable devices are able to continuously monitor pa­
tient’s blood glucose in case of diabetes, or sleeping patterns of patient who suffer from sleep apnea.
Furthermore, patients who are diagnosed with congestive heart failure will benefit from a wearable
monitoring device that detects exacerbation of the chronic disease [1]. Fluid congestion in the lungs,
also called pulmonary edema, is a main indicator of heart deterioration. However, common procedures
to monitor fluid congestion are limited to the symptomatic phase which occurs relatively late compared
to pulmonary edema. Bioimpedance analysis is a promising technique which has been widely used
to evaluate physiological changes in, for example, fluid volume and fat mass in the human body [2].
An advantage of bioimpedance analysis is that it can be measured noninvasively which makes said
technique suitable for integration in wearable monitoring devices. Furthermore, bioimpedance mea­
surement systems are less complex than clinical monitoring systems like an X­ray or MRI machine.
Therefore, bioimpedance measurements can be performed remotely by patients without the need for
clinical assistance. For several years, bioimpedance monitoring devices are already used to evaluate
body composites like fluid volume, yet, the availability of a wearable bioimpedance fluid monitor for
continuous monitoring is greatly limited. Bioimpedance fluid monitoring systems should be capable
of observing the changes in the bioimpedance continuously [3]. In addition, the size of said systems
are to be kept minimized for the comfort of the patients and the integration in a wearable monitoring
device [4]. Conventional measurement instrumentation to evaluate the bioimpedance employ complex
readout methods which increase power consumption and size of the instrumentation. A high power
consumption puts a constraint on measuring the bioimpedance continuously. Moreover, said instru­
mentation require, in addition, signal processing methods which add to the power consumption and
size of the whole monitoring system. In this thesis, the design of a bioimpedance monitor is presented
that aims to reduce the complexity of the readout and decrease the power demand on processing by
combining the readout instrumentation with the signal processing.

1.1. Background
1.1.1. Wearable Fluid Monitor
Awearable fluidmonitor which uses the bioimpedance to keep track of the body’s fluid level continuously
requires knowledge of various concepts, such as pathology and technology. In order to understand the
full functionality of said monitor these concept are explained consecutively.

Congestive Heart Failure
Congestive heart failure (CHF) is a pathophysiologic state of the heart in which the capability to pump
blood around is reduced [5]. Acute exacerbation of the condition, also referred to as acute decom­
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2 1. Introduction

pensated heart failure (ADHF), is characterized by symptoms such as dyspnea, peripheral edema and
fatigue [6]. However, patients who are diagnosed with ADHF suffer from recurrent hospitalization and
increased mortality [7]. The reason for this is that the symptoms utilized by physicians as indicators
for ADHF become apparent at a later stage than the preceding asymptomatic phase, associated with
changes in hemodynamic and pulmonary fluid congestion [8]. For example, pulmonary edema occurs
at 18 ± 10.1 days before the patient starts to experience the initial symptoms, such as dyspnea [9].
Therefore, using said asymptomatic indicators for exacerbation of the heart can prevent ADHF.

Monitoring Fluid Congestion
Pulmonary edema is one of the initial physiological changes that leads to ADHF [10]. Conventional
methods of monitoring pulmonary edema require clinical examination, such as radiographic imaging
of the chest (i.e. X­ray) or pulmonary capillary wedge pressure [11]. Said methods involve qualified
physicians and hospitalized care which are time consuming and increase cost for healthcare [12]. There
is a need for remote monitoring of CHF patients to reduce healthcare costs and improve their quality of
life. Unfortunately, this has proven to be difficult [13]. In the last decade, telemonitoring has been used
to monitor patients remotely outside of the hospital. Major drawbacks of this method is that it requires
optimal compliance of the patients, and is mainly limited to the moment that the symptoms become
apparent [14].

Another method is to use bioimpedance analysis (BIA) to evaluate physiological changes in body
composites, such as fluid congestion. BIA employs bioimpedance measurements which are performed
by applying an alternating electrical signal to biological tissue. Consequently, the tissue produces
an alternating electrical response signal that is proportional to the bioimpedance of the tissue. Said
bioimpedance is dependent on the frequency of the applied alternating electrical signal as well as the
tissue composite.

Using BIA has several advantages over other fluid monitoring techniques. First of all, BIA employs
a noninvasive technique to characterize tissue composite, such as the body fluid level. Moreover, BIA
systems reduce complexity of the system’s instrumentation compared to, for example, the magnetic
coil of a MRI machine. Therefore, BIA systems do not demand for a qualified physician to perform the
measurements, thus, making BIA suitable for remote usage and resulting in cost­effective healthcare.
Second, advancement in technology has made it possible for techniques such as BIA to be integrated
in miniaturized devices. Consequently, BIA can be integrated in a wearable fluid monitor to provide
continuous monitoring of fluid levels. Therefore, fluid congestion in the lungs can be detected in an
early stage and hospitalization can averted [15]. For this reason, this thesis will aim to use BIA as the
technique to monitor pulmonary edema.

1.1.2. Bioimpedance
Bioimpedance, the impedance of biological tissue, can be evaluated by injecting an AC current in tissue
and measuring the produced AC voltage across the tissue. This is the conventional approach of mea­
suring the bioimpedance, also called the galvanostatic approach. Another approach, the potentiostatic
approach, would be to apply an AC voltage to the tissue and measure the AC current through the tissue.
However, this approach is less common in association with biological tissue[16]. The reason is that the
galvanostatic approach allows for limiting the applied current which should comply with the maximum
current injection allowed in the human body, according to safety regulations [17]. Accordingly, this
thesis will aim to use the galvanostatic approach to measure the bioimpedance.

Bioimpedance is defined as a complex quantity which represents the opposition of conductive ma­
terial, or a conductor, experienced by an alternating electrical current (AC). The bioimpedance 𝑍 can
be measure by 𝑍 = 𝑉

𝐼 , where 𝑉 is the voltage measured across the conductor and 𝐼 the current circulat­
ing through the conductor. As mentioned before, the bioimpedance is complex and dependent on the
tissue composite as well as the frequency of the applied current (1.1). The real part 𝑅 represents the
resistance caused by the fluids in the body, and the imaginary part is given by the reactance 𝑋𝑐 which
correlates with the capacitance of the cell membrane [18].

𝑍 = 𝑅 + 𝑗𝑋𝑐 (1.1)

In order to gain a better understanding about the bioimpedance and the influence of the composite of
the tissue, various models are established. One of the initial models, the Fricke­Morse model, state that
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biological tissue consists mostly of cells [19]. These cells are surrounded by extracellular fluids (ECF),
and they contain intracellular fluids (ICF). Due to the ions dissolved in these fluids a conductive path is
provided for an applied current and, hence, the current will experience resistance in the fluids outside
and inside of the cell (𝑅𝐸𝐶𝐹 and 𝑅𝐼𝐶𝐹, respectively). The cell membrane, which separates the ICF and
ECF, is made of two conductive outer layers with a nonconductive material between them, making the
cell membrane to resemble an capacitor (𝐶𝑚). As a result, the Fricke­Morse model for biological tissue
impedance is illustrated in Fig. 1.1.

RECF

RICF
Cm

Figure 1.1: The Fricke­Morse electrical model of the bioimpedance. The resistance 𝑅𝐸𝐶𝐹 and 𝑅𝐼𝐶𝐹 represent the resistive path
of the applied current inside and outside of the cell, respectively. The capacitance 𝐶𝑚 quantifies the capacitive behavior of the
cell membrane.

The frequency­dependent behavior of biological tissue is depicted in Fig. 1.2, which complies with
the electrical model of the bioimpedance shown previously in Fig. 1.1. At low frequencies (<1 kHz)
the applied current passes only through the ECF due to the capacitive behavior of the cell membrane.
When higher frequencies are applied (>100 kHz), the current is passing through the cell membrane as
well as the ICF [20].

(a) (b)

Figure 1.2: The frequency behavior of biological tissue. (a) At low frequencies the applied current only passes through the ECF.
(b) At high frequencies the applied current passes through the ECF, ICF and the cell membrane. Figure adapted from [21].

Therefore, the expression of the Fricke­Morse model can be simplified and expressed as in (1.2),
where 𝑅0 = 𝑅𝐸𝐶𝐹, 𝑅∞ = 𝑅𝐸𝐶𝐹 ∥ 𝑅𝐼𝐶𝐹, 𝜏 = (𝑅𝐸𝐶𝐹 + 𝑅𝐼𝐶𝐹) ⋅ 𝐶𝑚, and 𝑓 is the frequency of the applied
current.

𝑍(𝑓) = 𝑅∞ +
𝑅0 − 𝑅∞
1 + 𝑗 ⋅ 2𝜋𝑓𝜏 (1.2)

The resistance 𝑅0 represents the bioimpedance at zero frequency (𝑓 = 0), or DC, and 𝑅∞ represents
the bioimpedance at infinite frequency (𝑓 = ∞). Plotting the bioimpedance from 𝑓 = 0 to 𝑓 = ∞ in the
complex plane resembles a semicircle that moves counterclockwise with the increasing frequency, as
depicted in Fig. 1.3. Considering the characteristics of said plot, the bioimpedance can be derived with
the help of (1.2).

Studies have shown more accurate, yet, more complex models to derive the bioimpedance. A
commonly used model is the Cole­Cole model [22] which generalizes the expression and takes into
account nonidealities assumed in (1.2). A couple of said nonidealities are that the capacitor does not
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behave as an ideal capacitor, and the heterogeneity of cells’ structures [23]. Nevertheless, the Cole­
Cole model is difficult to interpreted and complicates the employment of the model [24]. Therefore, for
simplicity, the Fricke­Morse model is assumed in the rest of the thesis.

Figure 1.3: The bioimpedance (𝑍) plot in the complex plane. 𝑅0 represents the bioimpedance at zero frequency (𝑓 = 0) and 𝑅∞
represents the bioimpedance at infinite frequency (𝑓 = ∞). Note that the vertical axis shows the negative imaginary part pointing
up. Figure adapted from [21].

Intrathoracic vs Transthoracic Bioimpedance
Pulmonary edema is a prominent indicator for decompensation of the heart and measuring fluid con­
gestion in the thorax by means of bioimpedance helps to observe it. Applying an AC current to the
thorax when fluid is congested in the lungs will allow for the current to conduct better. The reason
is that the accumulated intrathoracic fluid provides a better conductive path, resulting in a decreased
bioimpedance. The thoracic bioimpedance can be measured with two conventional methods: from the
inside of the body (intrathoracic) or from the outside of the body (transthoracic) [9].

Intrathoracic bioimpedance is measured by means of a implantable device, such as an implantable
cardioverter defibrillator (ICD) or cardiac resynchronisation therapy defibrillator (CRT­D) [25]. An addi­
tional lead is added to said devices and it is implanted in the heart’s right ventricle (RV). The intrathoracic
bioimpedance is measured between the lead and the device casing that is implanted in the left pectoral
region, illustrated in Fig. 1.4a. The other method, the transthoracic bioimpedance method, is executed
externally by placing surface electrodes on the thorax, depicted in Fig. 1.4b. A dedicated bioimpedance
device injects the current and measures the developed voltage, via the surface electrodes [26].

(a) (b)

Figure 1.4: Two methods to measure thoracic bioimpedance: (a) Intrathoracic bioimpedance method [26]. (b) Transthoracic
bioimpedance method [27].

An advantage of the transthoracic method is that it can be applied noninvasively and the bioimped­
ance can be measured immediately. Whereas, the intrathoracic method requires an invasive surgery,
and recovery time before measurements can be executed [25]. In addition, only a few HF patients
are in immediate need of an implant [28]. Therefore, only a small group of patients are eligible for
an implantable bioimpedance device for intrathoracic bioimpedance measurements. An considerable
drawback of the transthoracic method and the use of surface electrodes is the repeatability and relia­
bility of the measurements [29]. Commonly used adhesive electrodes have poor repeatability due to
the need for correct placement of the electrodes. In addition, they can cause skin irritation due to the
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adhesive gel [30]. Studies have been conducted to come up with a solution such as different kind of
materials for the electrodes [31], and textile­integrated electrodes [32]. Considering the above, this
thesis will focus on the transthoracic bioimpedance method.

1.1.3. Electrode Configuration
In order to measure transthoracic bioimpedance using the galvanostatic approach at least two elec­
trodes are need. Current injection is applied by a pair of electrodes, the driving electrodes. Similarly,
the measured voltage is evaluated by a pair of electrodes as well, the sensing electrodes. Bioimped­
ance measurement are performed by employing two common electrode configurations: bipolar and
tetrapolar, illustrated in Fig. 1.5. The former is implemented such that the driving and the sensing elec­
trodes share the same pair of electrodes. The advantage of this configuration is that only one pair of
electrodes is needed as well as less circuitry [33]. The tetrapolar configuration employs two separate
pairs of electrodes for driving and sensing. Generally, an instrumentation amplifier is used to measure
the voltage across the sensing electrodes. An important advantage of tetrapolar over bipolar when per­
forming BIA is the effect of the contact impedance on the measured voltage. Injecting a current into the
body creates an contact impedance at the electrode­tissue interface. Considering the bipolar configu­
ration, said contact impedance is measured in addition to the bioimpedance. The contact impedance
can be several magnitudes higher than the measured bioimpedance, hence, causing insensitivity for
measuring the bioimpedance [34]. Whereas in the tetrapolar configuration, the instrumentation ampli­
fier connected to the sensing electrodes has a high input impedance. Therefore, almost no current
will flow into the sensing electrodes and the contact impedance can be neglected. Other electrode
configurations employed in, for example, bioimpedance tomography [35], are not considered in this
thesis. Therefore, this thesis will examine transthoracic bioimpedance measurements employing the
tetrapolar configuration.

(a) (b)

Figure 1.5: Two common electrode configurations for measuring bioimpedance: (a) Two­electrode configuration (bipolar), driving
and sensing are done via the same pair of electrodes (blue). (b) Four­electrode configuration (tetrapolar), the outer electrodes
are the driving pair of electrodes (red) and the inner electrode pair are the sensing electrodes (blue). Figure adapted from [2].

1.1.4. Measurement Instrumentation
Two conventional instrumentation methods can be distinguished regarding the measurement of the
bioimpedance: the impedance bridge and quadrature demodulation. The impedance bridge method
employs the practical implementation of a self­balancing bridge structure depicted in Fig. 1.6a. The
excitation voltage 𝑉0 is applied to the tissue with unknown bioimpedance 𝑍𝑥 resulting in a current 𝐼𝑥
to flow through 𝑍𝑥. The function of the null detector connected to node G is to match the current 𝐼𝑓
with 𝐼𝑥 by adjusting the magnitude and phase of 𝑉𝑓 such that the voltage at node G is balanced to
zero. Afterwards, the bioimpedance can be derived by means of the known resistance 𝑅𝑓 according to
𝑍𝑥 = 𝑅𝑓

𝑉𝑓
𝑉0
. Generally, the impedance bridge method was considered a prominent method due to the

high accuracy and resolution of the measurements. However, the quadrature demodulation methods
has gained an advantage over the impedance bridge method regarding accuracy, speed and simplicity
[36]. The main reason is that the impedance bridge method is time­consuming due to the balancing
of the bridge impedance, which makes it less suitable for measurements where the bioimpedance
changes over time [37]. Moreover, the impedance bridge method employs a bipolar electrode config­
uration and commonly a potentiostatic approach [38]. As mentioned previously in this section, said
concepts are not suited for measuring the bioimpedance in the human body. Nowadays, quadrature
demodulation is commonly used for bioimpedance measurement and is based on the multiplication of
the measured voltage with two orthogonal signals derived from the excitation signal: in­phase (0∘) and
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quadrature (90∘), as illustrated in Fig. 1.6b Subsequently, the multiplied signals are low­pass filtered
resulting in the real (phase) component en the complex (quadrature) component of the bioimpedance.
Generally, the components of the bioimpedance are digitized and processed digitally to obtain the final
bioimpedance. Despite that quadrature demodulation is applicable for bioimpedance measurement
of the human body due to speed and accuracy, it comes at the cost of complexity and power con­
sumption. Namely, in generating the orthogonal signals mismatch should be avoided to prevent large
phase errors. Alternatively, compensation techniques could be applied, but said techniques add to the
complexity and power consumption of the system [39].

(a) (b)

Figure 1.6: Two conventional measurement instrumentation methods: (a) Self­balancing bridge based on an impedance bridge.
Figure adapted from [40]. (b) Quadrature demodulation. Figure adapted from [21].

1.2. Problem Statement
Transthoracic bioimpedance measurements provide a noninvasive method to realize remote health
monitoring of patients that suffer from CHF. However, designing said monitoring system imposes chal­
lenges on the measurement instrumentation. First of all, the system should be capable of continuous
monitoring the changes in thoracic bioimpedance of patients. When fluid accumulates in the lungs,
the associates thoracic bioimpedance will decrease. This change in bioimpedance, also called the dy­
namic bioimpedance, is a few decades smaller compared to the static bioimpedance caused by tissue
such as bone en muscles [41]. Measuring the absolute bioimpedance would mainly consist of the static
bioimpedance. Therefore, the relative bioimpedance should be measured which has to be done con­
tinuously to keep track of the changes. As a result, the power consumption of the monitoring system
should be minimized to realize long­term continuous monitoring without the need to change batteries
on a daily basis.

Second, remote monitoring of the transthoracic bioimpedance involves patient to self­manage the
measurement. In order to ensure accurate and reliable measurements, the monitoring system should
be easy­to­use and unobtrusive for patients [42]. Studies have shown methods to improve the use of
bioimpedance monitoring systems by patients [43]. Smaller­sized systems would ease the integration
of said systems in, for example, textile vests, or bioimpedance bands around the thorax. Therefore,
the size of the transthoracic bioimpedance monitoring system should be minimized.

Finally, instrumentation methods to measure bioimpedance should be low­power and have reduced
complexity to ensure small and reliable systems. Moreover, remote usage of a bioimpedance moni­
tor demands a wireless connection between the device and the physician [43]. When designing the
measurement instrumentation, methods should be considered that allow for low­power wireless com­
munication which minimizes the additional complexity of said wireless communication technique. In
light of all the above, the research question of the thesis is formulated as follows:

How can the transthoracic bioimpedance be monitored remotely to provide continuous, ac­
curate and reliable measurements in order to ensure self­management and comfort for pa­
tients with congestive heart failure?
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1.3. Report Outline
The rest of this thesis report is organized as follows: first, a literature review is conducted on the back­
ground of bioimpedance measurement systems and state­of­the­art bioimpedance measurements in­
strumentation are presented in Chapter 2. Subsequently, the design and printed circuit board (PCB)
implementation of the proposed system is discussed in Chapter 3. Then, simulations and measure­
ments on the PCB are performed to validate the system in Chapter 4. Lastly, Chapter 5 present a
discussion and conclusion of the work in this thesis and gives recommendations for future work.





2
Background

2.1. Wearable Bioimpedance Monitor
2.1.1. System Components
In Fig. 2.1, a system­level block diagram of the fundamental components in a wearable bioimpedance
monitor is depicted. Depending on the application and the associated requirements, additional blocks
could be added or removed to the system. Firstly, the power management block ensures that the
system is powered so that all the blocks are functional correctly. For a battery­powered device, this
block monitors the voltage level of the battery and regulate the voltages to the rest of the system. As
an alternative to a battery­powered system, an inductive link that is commonly employed in implantable
bioimpedance systems, which have a similar system level design, can provide power to the system.
Additionally, data telemetry can be facilitated through the same inductive link [44].

The measurement instrumentation block consists of the excitation circuit and the readout. The
excitation is applied to the human body by a pair of driving electrodes and, subsequently, the response
voltage is measured by the sensing electrodes. The excitation circuit applies a current to the human
body according to the parameters stored on the device. Commonly, the excitation current is sinusoidal
and derived from a voltage­controlled current source (VCCS) that is controlled by a driving voltage.
Generating a pure analog sinusoidal voltage to drive the VCCS requests a high power consumption.
Alternatively, the driving voltage can generated digitally and converted to the analog domain by. Studies
have also shown other types of excitation signals. A square wave signal can be generated low­power,
however, the additional harmonics causes significant errors. Furthermore, a pseudo random signal
avoids additional harmonics, although, it adds complexity to the system [45]. This thesis will assume
sinusoidal current excitation. Considering the readout block, the voltage as response to the current
injection is measured by the sensing electrodes connected to the input of an instrumentation amplifier
(INA). The INA provides a high­impedance at the input and amplifies the measured voltage in order to
increase the resolution.

In the subsequent control block, the analog data at the output of the INA is conditioned and pro­
cessed by the processing unit. The data is processed conventionally in the digital domain. However,
this processing can also be done in the analog or time domain. Depending on the type of data pro­
cessing, the data can be conditioned by converting it to the correct domain. Moreover, analog signals
are susceptible to noise. Therefore, the analog signal is conventionally converted to the digital domain
by an analog­to­digital converter (ADC). Subsequently, the digital data can be processed directly by a
digital signal processor (DSP). Time signals provide similar robustness against noise and interference
as digital signals [46]. However, the conversion to the time domain requires less complex circuitry. Still,
time signals are commonly processed in the digital domain, but this signals can also be processed in
the time domain components such as logic gates [47]. Furthermore, the control block also provides the
system of telemetry. The processed data is forwarded to the data storage for temporal storage, or to
the wireless unit. Depending on the type of wireless data transfer (WDT), for example radio frequency
(RF) or ultra­wideband (UWB), the wireless unit provides encoding and decoding of data that is to be
transmitted or received, respectively. In addition, the wireless unit consist of a transceiver which facil­
itates data telemetry. The transceiver transmits the measured bioimpedance data from the monitor to

9
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a device that operates as a hub, such as a mobile phone or a PDA. Next, the measured data is trans­
mitted to a remote database where the physician can access the data [48]. Moreover, the transceiver
facilitates that the device to receive different parameters for the excitation circuit on the advice of the
physician. The parameters are stored in the data storage and forwarded to the excitation circuit.
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Figure 2.1: System level block diagram of a wearable bioimpedance monitor

2.2. System Level Architecture
A wearable bioimpedance monitor is an implementation of a wireless sensing system. Considering
wireless sensing systems, various system level architectures can be distinguished regarding the con­
trol block depending on the application. Each type of system level architectures employs a distinct
integration of the system level blocks and the interconnections between this block in the entire system.

Traditionally, wireless sensing systems consist of Nyquist­rate sampling by an ADC which samples
the analog data from the readout to ensure immunity from noise and interference [49], and to facilitate
digital processing. The processing of digital data can be executed by a DSP and transmitted via a radio
frequency transmitter (RF TX). Such a system level architecture approach is illustrated in Section 2.2.
An advantage of this approach is that the amount of raw digital data is reduced which decreased the
power demand of the wireless unit. However, reduction of the digital data might result in loss of useful
information [50]. In addition, implementing a DPS on­chip increases the complexity of the system.
To overcome the disadvantages, the DSP can be moved to the receiver side (off­chip). As a result,
high­resolution digital data is provides and the amount of system blocks is reduced. However, the
disadvantage is that an ADC produces a high amount of raw data to be transmitted wirelessly which in
turn increasing the load on the wireless unit [49]. Therefore, careful consideration should be made in
choosing the system level architecture approach with a trade­off between complexity and resolution.

An alternative system level architecture can be implemented by converting the measured analog
signal to a time domain signal, such as a square wave or a pulse­width modulated (PWM) signal, by
an analog­to­time converter (ATC). The advantage of this approach compared to the ADC approach is
that the complexity of the converter is reduced. Commonly, the time domain signals are still converted
by means of a time­to­digital converter (TDC) and processed in the digital domain. However, time sig­
nals can be transmitted wirelessly by the same type of WDT methods as digital signals. Therefore, the
TDC can be moved to the receiver side and time signals can be transmitted there for processing, as
illustrated in Section 2.2. Although, some applications require processing to be performed on­chip. In
that case, the ATC approach would be disadvantageous since an extra step is required to convert the
analog signal to the digital done. However, time signals are characterized by a high and low value. Con­
sequently, processing in the time domain is possible as well by simple logic gates [47]. As previously
mentioned, following a system level architecture approach involving ATC depend on the requirements
of the system, similar to the ADC approach. A trade­off should be considered between complexity and
data processing.

ATC can be perform at lower power due to the simplicity of the implementation [51]. Moreover, this
approach is be advantageous, because the TDC is moved to the receiver side which saves area and
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power [52]. However, the ATC approach is not suitable for application that require the time domain data
to be processed directly, for instance, on the receiver side. The reason for this is that the data in the
time domain should first be converted to the digital domain to be processed by a DSP or a computer.

(a)

(b)

Figure 2.2: System level architectures for wireless sensing systems. On the left side the blocks on­chip are depicted and on the
right side the blocks at the receiver side are shown (off­chip). Data communication between the two sides is provide by wireless
data transfer. (a) Analog­to­digital conversion (ADC). (b) Analog­to­time conversion (ATC). Adapted from [49].

2.3. Transthoracic Bioimpedance Measurement
2.3.1. Tissue Excitation
The most commonly used excitation current waveform is a sine wave. When the excitation current
(𝐼𝑒𝑥𝑐) is applied to biological tissue, such as the human body, a measurable voltage (𝑉𝑠𝑖𝑔) is developed
across the tissue as a result of the bioimpedance (𝑍𝑏𝑖𝑜), as depicted in Fig. 2.3. The excitation current
can be expressed as 𝐼𝑒𝑥𝑐 = 𝐼0 ⋅ sin (2𝜋𝑓𝑒𝑥𝑐𝑡), and the measured voltage can be expresses as 𝑉𝑠𝑖𝑔 =
𝑉0 ⋅ sin (2𝜋𝑓𝑒𝑥𝑐𝑡 + 𝜙𝑝𝑠), as illustrated in Fig. 2.4. The amplitude of 𝐼𝑒𝑥𝑐 and 𝑉𝑚𝑒𝑎𝑠 are represented by 𝐼0
and 𝑉0, respectively, the frequency 𝑓𝑒𝑥𝑐 of both signals is equal to the frequency of 𝐼𝑒𝑥𝑐, and the phase
shift 𝜙𝑝𝑠 in 𝑉𝑚𝑒𝑎𝑠 is caused by the 𝑍𝑏𝑖𝑜. Furthermore, 𝑍𝑏𝑖𝑜 is a complex quantity that can be represented
by a magnitude 𝑍0 =

𝑉0
𝐼0
, and a phase angle 𝜙𝑝𝑠. Therefore, the bioimpedance is given by:

𝑍𝑏𝑖𝑜 = 𝑍0 ⋅ 𝑒𝑗𝜙𝑡 (2.1)

The parameters 𝐼0 and 𝑓𝑒𝑥𝑐 determine the excitation current. First of all, the amplitude 𝐼0 should
comply with safety regulations. The amplitude should be limited to a maximum of 1 µA below 100Hz,
100µA above 10 kHz and in between 𝐼0 can be equal to 100 ⋅ fexc µA [53]. Second, studies have mostly
mentioned a frequency range of 1 kHz – 1MHz [31, 53, 54]. In the range the physiological changes such
as change in body fluids can be observed most effectively. The parameters regarding the excitation
current are summarized in Table 2.1.
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Figure 2.3: Illustration of tissue excitation. Biological tissue is excited by an current 𝐼𝑒𝑥𝑐 and the bioimpedance 𝑍𝑏𝑖𝑜 of the
biological tissue allows for a voltage 𝑉𝑠𝑖𝑔 to be measured across the tissue.

Table 2.1: Excitation current parameters used in transthoracic bioimpedance measurements.

Parameter Value

Waveform Sine
𝐼0 1µA – 100µA
𝑓𝑒𝑥𝑐 1 kHz – 1MHz
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Figure 2.4: Illustration of the excitation current 𝐼𝑒𝑥𝑐 and the measurable voltage 𝑉𝑠𝑖𝑔 with associated parameters.

2.3.2. Bioimpedance Modeling
As mentioned in Section 1.1.3, the electrode configuration used in bioimpedance measurements can
contribute to the modeling of the total bioimpedance. The electrode­tissue interface can be modelled
by an equivalent electrical circuit representation when the electrode is attached to the body [55]. In
case of a current passing through the electrode, the result will be a voltage drop across the interface.
However, a tetrapolar configuration is commonly used for bioimpedance measurement and the configu­
ration minimizes the current that passes through the sensing electrodes to <200pA [56]. Furthermore,
the assumption will be made that the impedance of the current source will be much greater than the
electrode impedance, and no mismatch is present between the electrode impedance of both the sens­
ing electrodes. Therefore, the voltage drop across the electrode­tissue interface, as a result of the
contact impedance, can be neglected.

In Fig. 1.1 the electrical model of the bioimpedance was shown. This model will be used to establish
the requirements of the system and for the initial tests. Therefore, the typical values for the thoracic
bioimpedance of a human male are assumed. Furthermore, the bioimpedance comprises a static (𝑍𝑏)
and a dynamic (Δ𝑍𝑏𝑖𝑜) bioimpedance. The latter is of interest to measure the change in the thoracic fluid
and is in the range of mΩ, whereas 𝑍𝑏 is in the range of Ω. Based on the research done employing the
electrical model of the bioimpedance [56] and measuring the change in fluid volume in the thorax [27,
57], various parameters with typical values can be established, depicted in Table 2.2. The parameters
of the excitation and the bioimpedance model will be used to set up the requirements for designing
readout of the system. The requirements are, for example, input voltage range and bandwidth.

Table 2.2: Parameters for modelling of the bioimpedance.

Parameter Typical Value

𝑅𝐸𝐶𝐹 34.8Ω
𝑅𝐼𝐶𝐹 33Ω
𝐶𝑚 33nF
𝑍𝑏 1Ω – 1 kΩ
Δ𝑍𝑏𝑖𝑜 10mΩ – 1000mΩ

2.4. State­of­the­Art
In [53], a measurement system architecture is presented which immediately digitizes the measured
signal at the readout by means of an ADC. Subsequently, the bioimpedance is extracted from the
measured digital data off­chip. In order to extract the bioimpedance, the measured data is synchronized
with the excitation signal that is, likewise, generated off­chip in the digital domain. This approach
benefits from less components on­chip which reduces size and power. However, as mentioned in
Section 2.2, integration of this approach in a wearable bioimpedance monitor would increase the load
on the wireless unit by the excessive raw ADC data.



2.4. State­of­the­Art 13

In order to reduce the raw data, a pre­processing method is employed in [58]. The conventionally
used quadrature demodulation approach is taken to pre­process the measured data in the analog
domain. As a result, only the real and imaginary part of the measured bioimpedance are converted by
the ADC. Furthermore, a sensing resistor of a known value is used in series with the bioimpedance. The
voltage across the resistor is used to generate the two orthogonal signals that are multiplied with the
measured signal. Therefore, synchronizing the measured signal with the excitation signal. Although
this approach reduces the load on the wireless unit, and therefore the power consumption, higher order
analog filters are needed in addition to a high­speed ADC [44]. The reason for this is to ensure good
signal­to­noise­ration (SNR) and adequate processing time. However, this implementation increases
the power consumption again as well as the complexity. In addition, the ADC and the transmission
of digital signals are power demanding functions for wireless transmission [59]. Therefore, the proper
format of the measured data can contribute to the employment of a low­power wireless unit. Also,
processing and filtering of themeasured data will result in loss of information. As a result, reconstruction
of the original measured signal becomes more challenging.

2.4.1. Analog­to­Time Conversion
As mentioned in Section 2.2, an alternative format of the measured signal is time domain signals. In
[51] the measured signal is converted to the time domain by a comparator. The measured signal is
compared with a reference signal that has a known phase which is derived from the excitation source,
as illustrated by comparator B in Fig. 2.5. In addition, that same reference signal is compared with
ground by comparator A. The sensing unit employs a multiplexer to select the sensing electrode pair,
and an instrumentation amplifier which output is connected to comparator B. The approach used in this
system is solely to measure the amplitude of the measured signal, and not the phase. Considering
the output signals of the comparators, the rising and falling edge of capture B represent the moment
the inputs of comparator B are equal. The edges of Capture A indicate the zero crossings of the
reference signal. Consequently, the time difference between the edges of capture A and B relates to
the amplitude of the measured signal. Accordingly, the time between a rising edge of Capture A and
one of Capture B indicates the time it takes from a zero crossing to the moment when the measured
and the reference signal are equal. As a result, the amplitude of the measured signal can be derived
from the reference signal. The presented approach has several advantages over the ADC approach.
First of all, no external clock is needed to convert the measured signal to the time domain. Instead,
conversion is triggered when the analog inputs cross a reference. Moreover, only two comparators are
needed to implement the converter which significantly reduce the complexity of the converter [60]. A
disadvantage of this approach is that the amplitude can be determined exclusively. The phase of the
measured signal is essential for deriving the bioimpedance.

Figure 2.5: System block diagram of an analog­to­time converter for measuring solely the amplitude of the signal at the sensing
electrodes. Figure adapted from [51].

In [44], a third comparator is added to a similar system design to extract the phase of the measured
signal as well. A block diagram of the system and the associated signals are depicted in Fig. 2.6. The
third additional comparator is represented by the top comparator in Fig. 2.6a with output 𝑉𝑃1. The
excitation current through electrodes 𝐸1 and 𝐸2 is generated by a VCCS from a reference voltage
source 𝑉𝑟𝑒𝑓. Electrodes 𝐸3 and 𝐸4 are the sensing electrode which measure the response voltage
𝑉𝑚 through an instrumentation amplifier (IA). In Fig. 2.6b the pulses shown represent the rising edge
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of the output signal of the comparators. Firstly, the phase difference 𝜙 between the 𝑉𝑟𝑒𝑓 and 𝑉𝑚 are
indicated by time 𝑇1 and 𝑇2, and can be calculated by: 𝜙 = 2𝜋 ⋅ 𝑇1−𝑇2

(1/𝑓𝑒𝑥𝑐)
, where 𝑓𝑒𝑥𝑐 is the frequency

of 𝑉𝑟𝑒𝑓. Furthermore, the amplitude of 𝑉𝑚 can be determined by means of signal 𝑉𝑃3. For 𝑉𝑟𝑒𝑓 =
𝐴𝑟𝑒𝑓 ⋅sin (2𝜋𝑓𝑒𝑥𝑐 ⋅ 𝑡) and 𝑉𝑚 = 𝐴𝑚 ⋅sin (2𝜋𝑓𝑒𝑥𝑐 ⋅ 𝑡 + 𝜙), where 𝐴𝑚 is the unknown amplitude. At 𝑡 = 𝑇3,
the measured voltage 𝑉𝑚 = 𝑉𝑟𝑒𝑓, and as a result, 𝑉𝑚,𝑇3 = 𝐴𝑟𝑒𝑓 ⋅ sin [2𝜋𝑓𝑒𝑥𝑐 ⋅ (𝑇3 − 𝑇1)]. Subsequently,
the amplitude 𝐴𝑚 can be calculated by 𝐴𝑚 = 𝑉𝑚,𝑇3

sin [2𝜋𝑓𝑒𝑥𝑐⋅(𝑇3−𝑇2)]
. This method shows the advantage

of measuring the amplitude as well as the phase difference of the measured voltage. Accordingly, the
magnitude and phase of the bioimpedance can be derived. Furthermore, the time signals generated as
an output by this method contribute to the employment of low­power transmission techniques, such as
passive phase­shift keying (PPSK) [44]. Although, the presented ATC methods lack the preservation
of the original measured signal which result in the loss of information.

(a) (b)

Figure 2.6: Analog­to­time conversion method that measures amplitude and phase: (a) System block diagram using three
comparators. (b) Signal waveforms and pulses in the time domain. Figures adapted from [44].

The aforementioned ATC methods modulate the measured analog signal to square wave time sig­
nals. Consequently, at least two comparators are required to determine the amplitude of the signal
measured at the sensing electrode. Alternatively, pulse modulation techniques can be used to modu­
late the voltage of the measured signal into the time signal. A pulse width modulation (PWM) approach
is presented in [46] which uses the variable width of a time signal to represent the voltage of the mea­
sured analog signal. In Fig. 2.7, a system block diagram of a PWM signal generator circuit is shown, as
well as the input and output signals. The triangular wave signal 𝑇𝑊 is used as an carrier signal which
modulates the voltage 𝑉𝑖𝑛 into the pulse width, by varying the duty­cycle, of the PWM output provides
by the comparator. When 𝑇𝑊 < 𝑉𝑖𝑛 the output is high. Conversely, when 𝑇𝑊 > 𝑉𝑠𝑖𝑔 the PWM output
is low. The frequency of the PWM output is equal to that of the triangular wave. To demodulate the
original analog voltage from the PWM signal, for example, the PWM signal can be low­pass filtered [61].
Alternatively, a TDC can be employed and reconstruction can be done in de digital domain. Lastly, the
PWM signal is transmitted via frequency shift keying (FSK) and processed on the receiver side. The
main advantage of the PWM approach is that the complete measured analog voltage is modulated in
the PWM time signal. In order to reconstruct the original voltage, the sampling carrier triangular wave
should provide Nyquist­rate sampling [62]. Moreover, the presented approach employs a reference
signal that is also converted to a PWM signal and transmitted in order to mark the start and end of
a measurement. Lastly, the triangular wave generator (TWG) should be designed with care, since it
directly affects the noise, accuracy and resolution of the system [63].

The time signals generated by an ATC do not directly represent the parameters associated with
the measured bioimpedance, such as magnitude and phase. Generally, this time signals should be
demodulated for additional processing to derive the parameters of the bioimpedance. First of all, the
most conventional method to process time signals on the receiver side would be in the digital domain.
Therefore, the received time signals are demodulated by a TDC. The pulse width of the time pulses are
counted and digitized for processing in the digital domain [46, 47, 60]. Digital signal processing benefits
from fast and accurate data processing. Alternatively, time signals can be pre­processed by simple
low­power logic blocks [64]. This approach could be implemented on­chip to, for example, reduce the
amount of data that is transmitted. However, again data will be lost as explained in Section 2.2.
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Figure 2.7: A PWM­base analog­to­time conversion method. The measured voltage 𝑉𝑖𝑛 is sampled by a triangular wave 𝑇𝑊
and converted to a PWM signal by a comparator. Figures adapted from [46]

In this state­of­the­art section, various measurement instrumentation methods were discussed and
a comparison between them is presented in Table 2.3. Power consumption in this table takes into
account the power requires for the instrumentation method as well as the the load on the wireless unit.
Furthermore, size represents the complexity of the method. The accuracy considers the amount of
information of the original analog signal that can be extracted from the converted output signal. Lastly,
the data format relates to the easy of transmission of the converted data which affects the type of
transmission that can be implemented.

Table 2.3: Comparison of measurement instrumentation methods considering size, accuracy and easy of transmission

Instrumentation Method* Power Consumption Size Accuracy Data Format Implemented in

ADC DC ­ + ++ ­ [53]
ADC IC ­ ­ + + [58]
ATC SW ++ ++ ­ ++ [44, 51]
ATC PWM + + ++ ++ [46]

*ADC = analog­to­digital conversion, ATC = analog­to­time conversion, DC = direct conversion, IC = indirect con­
version, SW = square wave, PWM = pulse width modulation.

2.5. Thesis Objectives and Approach
The literature review presented in this chapter leads to the following hypothesis: the use of analog­
to­time conversion employing pulse width modulation could lead to continuous, accurate and reliable
measurements of the transthoracic bioimpedance. This approach is promising on basis of the subse­
quent reasons:

• Analog­to­time conversion allows for time signals that have the same robustness as digital signals
against noise and interference.

• Analog­to­time conversion employs a clockless approach, accordingly, no high frequency clock
is required on­chip.

• Pulse width modulation preserves the measured analog signal in the variable pulse width of the
time signal.

• Time signals can be transmitted more effectively than digital signals.

• Time­to­digital conversion on the receiver side can be performed with ease by measuring the
pulse width of the received time signal.
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The objective of this thesis is to design a system that employs ATC in combination with PWM.
Furthermore, a reference signal should be generated by the system as well and converted to a PWM
signal in order to derive the magnitude and phase of the measured bioimpedance.



3
System Design

This chapter describes the design process of the proposed bioimpedance measurement instrumenta­
tion. First, system level design considerations for the wearable bioimpedance monitor are covered.
Based on these considerations, a bioimpedance readout is designed capable of converting measured
analog signals to a pulse widthmodulated (PWM) signal while additionally generating a reference signal.
Finally, the circuit is simulated and implemented on a printed circuit board (PCB) for validation.

3.1. Transthoracic Bioimpedance Monitor Design
3.1.1. Proposed System
Based on the literature presented in Chapter 2, the approach that is chosen for the measurement in­
strumentation of a wearable transthoracic bioimpedance monitor employs PWM­based analog­to­time
conversion (ATC) [46]. The approach converts the voltage of the measured analog signal to a PWM
time­based signal from which the magnitude of the analog voltage can be derived. However, this ap­
proach lacks the capability of acquiring the phase information of the measured signal. As mentioned in
Chapter 1, the magnitude and phase of the measured signal are required to determine the bioimped­
ance. Although, the approach also employs a reference signal that is converted to a PWM signal to
provide synchronization. This reference signal is transmitted to the receiver side along with the mea­
sured signals. In the proposed design, a similar method can be used in order to additionally obtain
phase information of the measured signal. A reference signal can be employed to synchronize the
measured signal and the excitation signal. The reference signal can be generated by a resistor with
a known value in series with the bioimpedance, similar to [58]. Subsequently, the reference signal is
also converted to a PWM signal, as was implemented in [46]. In the following sections, the design and
operation of the proposed circuit design will be explained.

In order to demonstrate the efficacy of the proposed system, an excitation source based on a voltage­
controlled voltage source is implemented as well, as will be discussed in Section 3.4.2. Furthermore,
the PWM­based ATC approach requires a time­to­digital converter (TDC) in order to process the mea­
sured information. The proposed system considers the TDC to be on the receiver side rather than
part of the transthoracic bioimpedance monitor. First of all, the reason is that this approach reduces
complexity of the proposed system and, therefore, saves area. Second, the raw PWM output signals
of the proposed system can be used according to the application of a system without the loss of infor­
mation due to preprocessing. Therefore, a modular system level architecture approach is taken which
provides flexibility for the application of the proposed system, as was explained in Section 2.2.

3.1.2. Requirements for Proposed Design
The following set of requirements have been established, according to the information presented in
Chapters 1 and 2:

• The excitation source should be able of generating a sinusoidal excitation current which ampli­
tude and frequency can be adjusted. Moreover, the excitation source at least complies to the
parameter values listed in Table 2.1.

17
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• At least two input channels are required to measure the bioimpedance and the reference signal.

• The proposed system should be able to measure the resistive as well as the capacitive compo­
nents of the bioimpedance.

• The PWMgenerator should have a configurable sampling frequency that at least satisfies Nyquist­
rate sampling.

• The loss of information should be prevented by avoiding a duty cycle of 0% and 100% of the
PWM output signals [63].

3.2. Circuit Design
A circuit diagram of the proposed design of the PWM­based bioimpedance measurement instrumenta­
tion is depicted in Fig. 3.1. The following circuit components can be characterized:

• Excitation Source
The excitation current 𝐼𝑒𝑥𝑐 is generated by a VCCS, and the driving voltage can be supplied by
an voltage generator module or by a local oscillator of the system.

• Biological Tissue and Reference
A device under test (DUT) represent the bioimpedance that is to be measured. The DUT can a
resistor, a capacitor or a combination of both. The reference is implemented by a resistor 𝑅𝑟𝑒𝑓
with a fixed known value.

• Bioimpedance Readout and Reference Signal Generator
These blocks employ an instrumentation amplifier (INA) in each channel in order to amplify and
bias the input voltages 𝑉𝑠𝑖𝑔 and 𝑉𝑟𝑒𝑓 into the input range of the PWM generator block.

• PWM Generator
The comparators 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑠 and 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑟 generate two PWM output voltages 𝑉𝑃𝑊𝑀,𝑠 and
𝑉𝑃𝑊𝑀,𝑟 using a triangular carrier wave.

• Triangular Wave Generator (TWG)
The triangular carrier wave 𝑉𝑡𝑟𝑖 is generated by a local oscillator of the system.

The excitation source generates an AC current 𝐼𝑒𝑥𝑐 which is applied to the 𝐷𝑈𝑇 and the reference.
Consequently, the voltage 𝑉𝑠𝑖𝑔 can be measured across the 𝐷𝑈𝑇 in response to the excitation current.
Furthermore, the voltage 𝑉𝑟𝑒𝑓 across the reference resistor 𝑅𝑟𝑒𝑓 is in­phase with the excitation current
and equal to 𝑉𝑟𝑒𝑓 = 𝐼𝑒𝑥𝑐 ⋅ 𝑅𝑟𝑒𝑓. Therefore, the magnitude and phase of 𝑉𝑟𝑒𝑓 are known and the voltage
can be used as reference. Subsequently, the bioimpedance readout and the reference signal generator
both employ an instrumentation amplifier (INA) and signal conditioning. The input voltages 𝑉𝑠𝑖𝑔 and
𝑉𝑟𝑒𝑓 to these blocks are each filtered by a high­pass filter (HPF) to eliminate any DC signal, such as
electrode offset and DC currents. Furthermore, the INAs amplify the input voltages into the input range
of the PWM generator in order to increase the resolution of the PWM signals, as will be explained in
Section 3.3. Lastly, the signals 𝑉′𝑠𝑖𝑔 and 𝑉′𝑟𝑒𝑓 are forwarded to the PWM generator. The PWM generator
consist of two comparators for each channel and a triangular wave generator. The output 𝑉𝑃𝑊𝑀,𝑠 of
comparator 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑠 contains themagnitude information of 𝑉𝑠𝑖𝑔. Similarly, themagnitude information
of 𝑉𝑟𝑒𝑓 in modulated in the PWM output 𝑉𝑃𝑊𝑀,𝑟 of comparator 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑟. Therefore, 𝑉𝑃𝑊𝑀,𝑠 resembles
the measured signal at channel 1 with a phase shift caused by the 𝐷𝑈𝑇 and the PWM signal 𝑉𝑃𝑊𝑀,𝑟
represents the reference voltage at channel 2 in­phase with excitation current.
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Figure 3.1: Circuit diagram of the proposed PWM­based bioimpedance measurement instrumentation for a wearable bioimped­
ance monitor. The measured voltage 𝑉𝑠𝑖𝑔 and the reference voltage 𝑉𝑟𝑒𝑓 are converted to PWM signals 𝑉𝑃𝑊𝑀,𝑠 and 𝑉𝑃𝑊𝑀,𝑟,
respectively.

3.3. PWM Generator
The analog­to­time conversion is employed by the PWM generator. The analog voltages 𝑉𝑠𝑖𝑔 and 𝑉𝑟𝑒𝑓
are modulated into two separate PWM output signals 𝑉𝑃𝑊𝑀,𝑠 and 𝑉𝑃𝑊𝑀,𝑟, respectively. Moreover, a
TWG is part of the PWM generator and samples the input analog signals in order to produce the PWM
signals at the output. This approach in generating PWM signals is illustrated in Fig. 3.2, where 𝑉𝑠𝑖𝑛𝑒
represents an analog signal that is converted to a PWM signal 𝑉𝑃𝑊𝑀. A triangular wave is an periodic
signal that alternates between ramping up to a higher limit 𝑉𝑇𝐻 and down to a lower limit 𝑉𝑇𝐿. The time
periods 𝑇𝑢 and 𝑇𝑑 represents the time that 𝑉𝑡𝑟𝑖(𝑡) ramps up and down, respectively. Furthermore, the
amplitude is given by |𝑉𝑡𝑟𝑖| =

1
2 (𝑉𝑇𝐻 − 𝑉𝑇𝐿). The period of the triangular wave is given by 𝑇𝑡𝑤 = 𝑇𝑢+𝑇𝑑,

and, therefore, the frequency of the triangular wave is 𝑓𝑡𝑤 = 1/𝑇𝑡𝑤. In case of a triangular wave the
time periods 𝑇𝑢 and 𝑇𝑑 are equal. Alternatively, if 𝑇𝑢 ≠ 𝑇𝑑 the waveform is a sawtooth wave.

The PWM output signals represent the voltage levels of 𝑉𝑠𝑖𝑛𝑒 by means of a variable duty cycle 𝛿.
The duty cycle 𝛿 is defined as the ratio between the ON­time or OFF­time, and the period of the PWM
signal, as illustrated in Fig. 3.2. The ON­time is defined as the time that the PWM signal is equal to
positive supply 𝑉𝑠+. Conversely, the time that the PWM signal is equal to the negative supply 𝑉𝑠− is
named the OFF­time. The period of the PWM signals is equal to the period 𝑇𝑡𝑤 of the triangular wave.
Therefore, the 𝛿 is given by:

𝛿 = 𝑇𝑜𝑛
𝑇𝑡𝑤

= 1 −
𝑇𝑜𝑓𝑓
𝑇𝑡𝑤

(×100%) (3.1)

Since the ON­time and OFF­time vary depending on the voltage level of 𝑉𝑠𝑖𝑛𝑒, the average of 𝑉𝑃𝑊𝑀
changes as well. The average value 𝑉𝑃𝑊𝑀 in one period 𝑇𝑡𝑤 is given by:

𝑉𝑃𝑊𝑀 = 𝛿 ⋅ 𝑉+ + (1 − 𝛿) ⋅ 𝑉− (3.2)

Ideally, the voltage levels at the input of the PWM generator can range from 𝑉𝑠− to 𝑉𝑠+. Therefore,
in order to ensure efficacy of the PWM generator 𝑉𝑠− ≤ 𝑉𝑇𝐿 and 𝑉𝑠+ ≥ 𝑉𝑇𝐻. A duty cycle of 𝛿 = 0% is
therefore equal to an input voltage of 𝑉𝑠−. Conversely, a input voltage of 𝑉𝑠+ is represented by 𝛿 = 100%.
However, setting the input range equal to the supply could deteriorate the efficacy of PWM generator
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which results in the loss of information. Therefore, a margin on the input voltage range from the supply
levels ensures preservation of the voltage information at the cost of a smaller input voltage range of
the PWM generator. This precaution translates to 𝛿 never being 0% or 100%, and the voltage range of
𝑉𝑡𝑟𝑖 should be greater than the input voltage range.

The resolution of the PWM signal is set by the input voltages range of PWM generator, and the
upper and lower limits of 𝑉𝑡𝑟𝑖. Namely, setting the limits of 𝑉𝑡𝑟𝑖 slightly above the input voltage range
maximizes the resolution of the PWM generator. In practice, the limits of 𝑉𝑡𝑟𝑖 are fixed and the resolution
of 𝑉𝑃𝑊𝑀,𝑠 varies with the 𝐷𝑈𝑇. However, the reference resistor 𝑅𝑟𝑒𝑓 can be chosen and fixed in such a
way that the range of 𝑉𝑟𝑒𝑓′ very close to the limits of 𝑉𝑡𝑟𝑖. Therefore, increasing the resolution for 𝑉𝑃𝑊𝑀,𝑟
would increase the accuracy of the system regarding the determination of the phase shift caused by
the 𝐷𝑈𝑇. Another method to improve the accuracy of the system is to increase the sampling frequency.
First of all, this approach reduces the error introduced by natural sampling. By increasing the sampling
frequency, the two level crossings in one period move closer to the same voltage level and therefore
increasing the accuracy of the PWM generator. Secondly, increasing the sampling frequency also
increases the pulses generated by the PWM generator. Therefore, increasing the sampling frequency
proportionally increases the accuracy of the system.
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Figure 3.2: Signals of the PWM generator. The input signals to the comparators 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑠 and 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑟 are sinusoidal
signals represented by 𝑉𝑠𝑖𝑛𝑒 and the triangular wave signal 𝑉𝑡𝑟𝑖. The PWM output signal of the comparators are illustrated by
𝑉𝑃𝑊𝑀.

3.3.1. Triangular Wave Generator Design
In the proposed system design, a practical triangular wave generator (TWG) is designed and imple­
mented as a local oscillator in the measurement instrumentation. The operation of the TWG can be
described by an first­order oscillator, depicted in Fig. 3.3. A oscillator is capable of producing a periodic
signal out of a constant, and needs to perform four function: integration, comparison, switching the sign
of the integration constant, and memorization [65]. First of all, a time­variant signal 𝐸0(𝑡) is produced
from a integration constant 𝛼 by an integrator. Consequently, to prevent 𝐸0(𝑡) to grow out of bounds, 𝛼
should be changed. The most convenient way is to inverse the sign of 𝛼. In order to determine when to
inverse the sign of 𝛼, 𝐸0(𝑡) should be compared with constant reference levels. In case 𝐸0(𝑡) reaches
the high reference level 𝐸ℎ, the sign of 𝛼 becomes negative. Conversely, when 𝐸0(𝑡) reaches the low
reference level 𝐸𝑙, the sign of 𝛼 becomes positive. Lastly, the polarity of the sign needs to be stored in a
memory, and changed. Only two states of 𝛼 needs to be stored, therefore, a binary memory will suffice.
In Fig. 3.3a, a block diagram of the above described first­order oscillator is shown. Each function of the
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oscillator is represented by a separate block. A simplified block diagram is depicted in Fig. 3.3b, where
the Schmitt trigger integrate three functions in one block. Although, the simplicity of this configuration
comes at the cost of the easy to optimize each separate function.
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Integrator
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Comparator

Comparator
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Figure 3.3: Block diagram of a first­order oscillator. (a) A basic first­order oscillator with each of the function represented by
separate blocks. (b) A simplified representation with three of the functions, except for integration, combined in the Schmitt
Trigger. Figure adapted from [65].

Practical implementations of a first­order oscillator conventionally implement the integrator by an
capacitor 𝐶𝑖𝑛𝑡. Therefore, the output of the integrator is a voltage, and the integration constant is
proportional to a constant current and, moreover, equal to 𝛼 = 𝐼𝑖𝑛𝑡/𝐶𝑖𝑛𝑡. The periodic integrator output
𝐸0 is a triangular wave characterized by the charging and discharging of 𝐶𝑖𝑛𝑡. The voltage 𝐸0 can be
illustrated similarly by 𝑉𝑡𝑟𝑖 in Fig. 3.2. Therefore, the bound of 𝐸0 are given by 𝐸ℎ = 𝑉𝑇𝐻 and 𝐸𝑙 = 𝑉𝑇𝐿.
The integration constant 𝛼 is represented by the slope of 𝑉𝑡𝑟𝑖, and, lastly, 𝑇𝑡𝑤 is the period of 𝑉𝑡𝑟𝑖.

In the proposed system, the circuit implementation of the TWG follows the Schmitt trigger approach
of a first­order oscillator presented in Fig. 3.3b. The reason for the implementation of this approach is
that the Schmitt trigger can be implemented by a single comparator with added hysteresis, as depicted
in the circuit diagram of the oscillator design in Fig. 3.4. The waveform diagram of the oscillator circuit
is illustrated in Fig. 3.5. As a result of the Schmitt trigger approach, the number of required components
is reduced compared to the approach of Fig. 3.3a. Hysteresis is provided by the resistors 𝑅𝑠𝑡1 and 𝑅𝑠𝑡2
by means of positive feedback. Therefore, when 𝑉𝑡𝑟𝑖 exceeds one of the two reference levels the output
𝑉𝑜𝑢𝑡,𝑠𝑡 is forced to the positive 𝑉𝑠+ or negative 𝑉𝑠− supply. The reference levels 𝑉𝑇𝐻 and 𝑉𝑇𝐿, illustrated in
Fig. 3.5a, and are defined as 𝑉𝑇𝐻 = −𝑉𝑠−⋅(𝑅𝑠𝑡1/𝑅𝑠𝑡2) and 𝑉𝑇𝐿 = −𝑉𝑠+⋅(𝑅𝑠𝑡1/𝑅𝑠𝑡2). Assuming that 𝑉𝑡𝑟𝑖 will
be a periodic triangular wave signal, the output 𝑉𝑜𝑢𝑡,𝑠𝑡 is a square wave that alternates between 𝑉𝑠+ and
𝑉𝑠−. Moreover, the time periods shown are determined by the periodic triangular wave input as well. As
mentioned previously, the Schmitt trigger implement three functions of a first­order oscillator. However,
the implementation in Fig. 3.3b yet provides the possibility to optimize certain functions separately
according to its application, such as the reference levels or the oscillation frequency.

Conventionally, the constant current required at the input of the integrator is implemented by an
resistor. Therefore, the integrator block can be represented by the integrator circuit depicted in Fig. 3.4.
The input square wave signal generates a constant current 𝐼𝑖𝑛𝑡 = 𝑉𝑜𝑢𝑡,𝑠𝑡/𝑅𝑖𝑛𝑡. Subsequently, the
capacitor 𝐶𝑖𝑛𝑡 is charged or discharged by 𝐼𝑖𝑛𝑡 depending on the voltage at 𝑉𝑜𝑢𝑡,𝑠𝑡. As a result, the
output voltage 𝑉𝑡𝑟𝑖 = ∫−𝐼𝑖𝑛𝑡/𝐶𝑖𝑛𝑡 𝑑𝑡, as illustrated in Fig. 3.5b. During time duration 𝑇𝑢, the integrator
input 𝑉𝑜𝑢𝑡,𝑠𝑡 = 𝑉𝑠− and the slope of 𝑉𝑡𝑟𝑖 is 𝑠1 = −𝑉𝑠−/ (𝑅𝑖𝑛𝑡 ⋅ 𝐶𝑖𝑛𝑡), and 𝐶𝑖𝑛𝑡 is charged. Subsequently,
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𝐶𝑖𝑛𝑡 is discharged during time duration 𝑇𝑑, where 𝑉𝑜𝑢𝑡,𝑠𝑡 = 𝑉𝑠+ and slope 𝑠2 = −𝑉𝑠+/ (𝑅𝑖𝑛𝑡 ⋅ 𝐶𝑖𝑛𝑡). As a
result of 𝑉𝑡𝑟𝑖 being periodic, the period 𝑇𝑡𝑤 = 𝑇𝑢+𝑇𝑑 where 𝑇𝑢 = 𝑇𝑑 and the slopes 𝑠1 = −𝑠2. Therefore,
the amplitude |𝑉𝑡𝑟𝑖| and the frequency 𝑓𝑡𝑤 of the 𝑉𝑡𝑟𝑖 are given by:

|𝑉𝑡𝑟𝑖| = |𝑉𝑜𝑢𝑡,𝑠𝑡|
𝑅1
𝑅2

(3.3)

𝑓𝑡𝑤 =
1
𝑇𝑡𝑤

= 𝑅2
4𝑅1𝑅𝑖𝑛𝑡𝐶𝑖𝑛𝑡

(3.4)

Integrator

Schmitt Trigger

   CompST

   Opampint

Figure 3.4: Local oscillator design of the implemented triangular wave generator. The Schmitt trigger circuit produces a square
wave signal at the output 𝑉𝑜𝑢𝑡,𝑠𝑡. The square wave is then integrated into a triangular wave 𝑉𝑡𝑟𝑖 and fed back to the Schmitt
trigger.

Vs+

Vs-

Vout,st

t

Ttw

TdTu

(a)
t

Ttw

TdTu

s1 s2

VTH

VTL

Vtri

(b)

Figure 3.5: Timing diagram of the triangular wave generator. (a) The output voltage 𝑉𝑜𝑢𝑡,𝑠𝑡 of the Schmitt trigger. (b) The output
triangular wave signal 𝑉𝑡𝑟𝑖 of the integrator circuit.

3.3.2. Non­ideal Circuit Operation
The employment of real components in the system introduces inaccuracies to the measured signals.
Therefore, these sources of inaccuracy should be determined and, accordingly, the effect on the system
performance analyzed.

First of all, the INAs introduces a delay at the output. Moreover, increasing the gain of the INAs
results in a decreasing bandwidth and, therefore, a larger phase shift is produced at the output. In
order to minimize the effect of the phase error, the gain of the INAs in both channels should be set
equally. Subsequently, this error can be characterized and eliminated by calibration.
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Secondly, the comparators 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑠 and 𝐶𝑜𝑚𝑝𝑃𝑊𝑀,𝑟 have a propagation delay that affects the
PWM outputs. Although, when the propagation delay is kept much smaller than the period of the
triangular wave the effect is minimized. Furthermore, the two channels are set up identically which
reduces any delay error introduced by the comparators.

Lastly, the TWG also employs a comparator that has a propagation delay as previously described.
The same measures apply to this comparator as well. Moreover, the operational amplifier (opamp) that
implements the integrator in the TWG has a limited slew rate and bandwidth which can affect the perfor­
mance of the TWG. The slew rate of the opamp should at least be greater than 4 ⋅ |𝑉𝑡𝑟𝑖| ⋅ 𝑓𝑡𝑤 in order to
ensure linearity of the triangular wave. Furthermore, the triangular wave with a fundamental frequency
of 𝑓𝑡𝑤 is an infinite summation of sinusoids at the odd harmonic. Therefore, the gain­bandwidth of the
opamp should accommodate harmonics at least until the 10th harmonic in order to prevent distortion
of the triangular wave [61].

3.4. PCB Prototype
The proposed system design is validation by a PCB prototype. The circuit diagram of the implemented
PCB is depicted in Fig. 3.6. The figure is derived from Fig. 3.1 with additional components to ensure
the efficacy of the implemented circuit. In the following section the operation of the implemented PCB
will be discussed. The voltage 𝑉𝑠𝑖𝑔 across the 𝐷𝑈𝑇 at channel 1 is measured by inputs 𝐼𝑛1 and 𝐼𝑛2.
Furthermore, the inputs 𝐼𝑛3 and 𝐼𝑛4 of channel 2 measure the voltage 𝑉𝑟𝑒𝑓 across the reference resistor
𝑅𝑟𝑒𝑓. As can be observed form Fig. 3.1, inputs 𝐼𝑛2 and 𝐼𝑛3 will commonly be connected together. The
output channels 𝑂𝑢𝑡1 and 𝑂𝑢𝑡2 are equivalent to the PWM outputs 𝑉𝑃𝑊𝑀,𝑠 and 𝑉𝑃𝑊𝑀,𝑟, respectively.
The excitation current is applied to the 𝐷𝑈𝑇 and 𝑅𝑟𝑒𝑓, as depicted in Fig. 3.1. The excitation circuit is
implemented by an voltage­controlled current source, which will be explained in Section 3.4.2.

IA1       

LDO 3.3V

Buffer

CompPWM2       

Compst       

   Opampint

IA2       

CompPWM1       

Figure 3.6: Circuit diagram of the implemented PCB.
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3.4.1. PCB Implementation
The PCB is provided with power at 𝑉𝐷𝐶 from an external single supply. A low­dropout (LDO) regulator on
the PCB is used to generate a stable 3.3V which, subsequently, is employed to power the entire PCB
and all the associated integrated circuits (ICs). Therefore, the previously mentioned supply voltage are
equal to 𝑉𝑠+ = 3.3𝑉 and 𝑉𝑠− = 0𝑉. The LDO regulator from Microchip Technology that is used requires
only a dropout voltage of 350mV when fully loaded. Therefore, the power consumption for generating
a 3.3V supply for the overall PCB can be kept low compared to other types of voltage regulators.
Additionally, a mid­supply reference voltage 𝑉𝑚𝑖𝑑 of 1.65V is generated from a voltage divider followed
by a buffer. The voltage reference 𝑉𝑚𝑖𝑑 is employed in order to bias several signals above 0V and,
therefore, no additional negative supply is required to the PCB.

In Section 3.3.1 the design of the TWG was discussed, and the frequency and amplitude of the tri­
angular wave 𝑉𝑡𝑟𝑖 are essential design parameters. First of all, the integrator and the comparator of the
TWG are biased at 𝑉𝑚𝑖𝑑. Therefore, raising all the associated signals above 0V. Secondly, the upper
𝑉𝑇𝐻 and lower 𝑉𝑇𝐿 limit of triangular wave are set to 𝑉𝑠+ − 0.1𝑉 and 𝑉𝑠− + 0.1𝑉, respectively. There­
fore, a wide swing rage of 𝑉𝑡𝑟𝑖 of 3.1𝑉𝑝𝑝 is provide while ensuring the supply rails are not exceeded.
Furthermore, the frequency 𝑓𝑡𝑤 of the triangular wave is chosen to be 400 kHz based on [46]. More­
over, potentiometers are employed for 𝑅𝑠𝑡1 and 𝑅𝑖𝑛𝑡 to adjust the frequency and analyze the effect
on the performance of the system. A comparator of Texas Instruments is chosen with a propagation
delay 𝑡𝑝𝑑 = 4.5ns for all the comparators on the PCB. For 𝑇𝑡𝑤 ≫ 𝑡𝑝𝑑 ensures the efficacy of the cir­
cuit. Lastly, an opamp from also Texas Instruments is implemented in the TWG. The slew rate of the
opamp is 25V/µs ≫ 4 ⋅ 1.55V ⋅ 400 kHz = 2.48V/µs and, therefore, linearity of the triangular wave is
ensured. Furthermore, the GBW of the opamp is 50MHz which is enough to accommodate until the
10th harmonics with a fundamental frequency equal to 400 kHz.

The signal path of both input channels are identical to reduce any mismatch between the inputs. To
begin with, high­pass filtering and biasing are provided by 𝐶𝑏𝑖𝑎𝑠 and 𝑅𝑏𝑖𝑎𝑠. The HPF rejects the any
DC signals and the voltage 𝑉𝑚𝑖𝑑 connected to the resistors ensure that the input signals are raised
above the negative supply. The output of the IAs is biased by 𝑉𝑚𝑖𝑑 as well. Furthermore, the gain of
the INAs are determined by the resistor 𝑅𝑔. As mentioned before, by setting the gain of both the INAs
equally the error between the channels is minimized. A instrumentation amplifier of Analog Devices
has been implemented for the INAs. Subsequently the gain is configured to 12.27V/V by fixing 𝑅𝑔1 =
𝑅𝑔2 = 11 kΩ. Therefore, setting a maximum magnitude range of the 𝐷𝑈𝑇 to approximately 1 kΩ which
complies with the typical values of Table 2.2.

The input range to the PWM generator is determined by the constraints on the PWM output signals
and, therefore, also setting the maximum range of the 𝐷𝑈𝑇 mentioned before. A duty cycle range of
10% – 90% is chosen to guarantee the efficacy of the PWM generator. Therefore, the input range of
the PWM generator is 0.33V – 2.97V.

3.4.2. Excitation Circuit Implementation
A voltage­controlled current source is designed in order to implement the excitation current to the sys­
tem, according to the parameters specified in Table 2.1. First of all, a dual supply of ±5V powers the
opamp in order to facilitate differential signals. Secondly, the VCCS circuit is connected externally to
the PCB prototype and the circuit diagram is depicted in Fig. 3.7. The signal generator 𝑉𝑒𝑥𝑐,𝑖𝑛 delivers
an AC voltage to the circuit, and sets the amplitude and frequency of the excitation current 𝐼𝑒𝑥𝑐. Input
resistor 𝑅𝑒𝑥𝑐 has a fixed value of 10 kΩ and, consequently, sets the input voltage range of 𝑉𝑒𝑥𝑐,𝑖𝑛 to
0.01Vpp – 1Vpp in order to implement an excitation current between 1µA – 100µA. Furthermore, the
load comprise the bioimpedance and the reference resistor connected in series, and 𝑅𝑒𝑥𝑐 determines
the range of the load well within the limits established in Table 2.2. In Fig. 3.8 the PCB prototype is
shown and the associated list of components is specified in Table 3.1.
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OpampVCCS

Figure 3.7: Circuit diagram of the implemented excitation current source.

Figure 3.8: The prototype PCB

Table 3.1: List of selected components for PCB implementation.

Function Selected Component

LDO 3.3V TC1262­33 CMOS Low­dropout Regulator
Buffer LMV831 Operational Amplifier
Compst, CompPWM,s, CompPWM,r TLV3501 High­Speed Comparator
Opampint OPA365 Operational Amplifier
INA1, INA2 AD8227 Instrumentation Amplifier
OpammpVCCS A822 Operational Amplifier





4
Results

The designed system is validated by means of two methods. First, simulations are executed employing
the designed circuit using the circuit simulation program LTspice®. Second, the PCB prototype is tested
and the behavior of employing real components in the designed system is evaluated.

4.1. System Simulations
The spicemodels of the components in Table 3.1 are implemented in LTspice® and the proposed circuits
presented in Figs. 3.6 and 3.7 are simulated. The 𝐷𝑈𝑇 is connected to channel 1 and the reference
resistor 𝑅𝑟𝑒𝑓 is connected to channel 2. Additionally, the outputs 𝐼𝑜𝑢𝑡1 and 𝐼𝑜𝑢𝑡2 of the excitation circuit
are connected to the inputs 𝐼𝑛1 and 𝐼𝑛4 of the proposed system, respectively.

Firstly, the correct operation of the circuit is validated and, therefore, it is set up in the following
manner. An excitation current 𝐼𝑒𝑥𝑐 with an amplitude of 100µA and a frequency of 10 kHz is employed.
Furthermore, the frequency of the triangular wave 𝑉𝑡𝑟𝑖 is set to 400 kHz. The 𝐷𝑈𝑇 is equal to 1 kΩ
and purely resistive, and the 𝑅𝑟𝑒𝑓 = 500Ω in order to demonstrate two distinct PWM signals at the
output. Also, 𝑅𝑔1 = 𝑅𝑔2 = 11 kΩ which sets the gain of the INAs to 12.27V/V. The resulting signals in
one period of 𝐼𝑒𝑥𝑐 are presented in Fig. 4.1. It can be observed that an excitation current of 100 µA is
implemented and the output signals 𝑉𝑠𝑖𝑔′ and 𝑉𝑟𝑒𝑓′ of the INAs stay within the bounds of the triangular
wave. Furthermore, the duty cycle range of 𝑉𝑃𝑊𝑀,𝑠 is greater than the duty cycle range of 𝑉𝑃𝑊𝑀,𝑟. The
described characteristic is to be expect since the amplitude of 𝑉𝑠𝑖𝑔′ is greater than the amplitude of
𝑉𝑟𝑒𝑓′ . Despite the efficacy of the proposed, an time delay at the output of the INAs can be observed
compared to the excitation current, as depicted in Fig. 4.2. The time delay is identical for both the
output signals and equal to 1.32µs. As explained in Section 3.3.2, the limited performance of the INAs
introduces the time delay at their output. However, the gain of the INAs are set equally and the rest
of the input channel are also implemented identical. Therefore, the mismatch between the channel is
minimized, resulting in a equal time delay which can be eliminated by calibration.

4.2. System Accuracy
Next, the accuracy of the system is evaluated by means of simulations in LTspice® and by measure­
ments on the PCB. The assessment is performed under the same conditions as the previous set­up.
However, 𝑅𝑟𝑒𝑓 is set to 1 kΩ so that the resolution of the 𝑉𝑃𝑊𝑀,𝑟 is increased. In order to evaluate
the accuracy of the system, the magnitude and phase are derived from the output PWM signals and
compared with the actual 𝐷𝑈𝑇, with the use of the numerical computing program Matlab®. Considering
deriving the magnitude, the duty cycle of 𝑉𝑃𝑊𝑀,𝑠 is determined per sampling period 𝑇𝑡𝑤. Subsequently,
the minimum and maximum duty cycle is used to derive the peak­to­peak voltage of the measured 𝑉𝑠𝑖𝑔′ .
Finally, since the gain of the INA and the amplitude of 𝐼𝑒𝑥𝑐 are known, the magnitude of the measured
𝐷𝑈𝑇 can be determined. Regarding the phase shift of the 𝐷𝑈𝑇, the 50% duty cycle crossings of both
𝑉𝑃𝑊𝑀,𝑠 and 𝑉𝑃𝑊𝑀,𝑟 are used. The time difference between these two time instances form the time delay
between the signals. Subsequently, the phase shift can be derived and a negative phase shift indicated
that 𝑉𝑃𝑊𝑀,𝑠 lags behind 𝑉𝑃𝑊𝑀,𝑟. To begin with, a purely resistive 𝐷𝑈𝑇 is varied and, subsequently, the

27



28 4. Results

Time [ s]

-100

-50

0

50

100

A
m

pl
itu

de
 [

A
]

I
exc

0

1

2

3 V
sig'

V
ref'

V
tri

0

1

2

3

A
m

pl
itu

de
 [V

]

V
PWM,s

0 10 20 30 40 50 60 70 80 90 100
0

1

2

3 V
PWM,r

Figure 4.1: LTspice® simulation: the resulting signals in a single period 𝑡𝑒𝑥𝑐 = 100µs of the excitation current 𝐼𝑒𝑥𝑐 are shown.
The load consist of a 𝐷𝑈𝑇 = 1 kΩ and 𝑅𝑟𝑒𝑓 = 500Ω.
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Figure 4.2: LTspice® simulation: the output𝑉𝑠𝑖𝑔′ and𝑉𝑟𝑒𝑓′ of the INAs present a time delay of approximately 1.33µs in comparison
to the excitation current 𝐼𝑒𝑥𝑐.

magnitude and phase are extracted from the PWM signals. Afterwards, the same tests are performed
on a purely capacitive 𝐷𝑈𝑇 and, lastly, on a 𝐷𝑈𝑇 consisting of a 𝑅𝐶­combination. This procedure is
followed as a result of the electrical bioimpedance model presented in Fig. 1.1, where the model consist
of resistive and capacitive elements.

4.2.1. Resistive DUT
The figures Figs. 4.3 and 4.4 show the validation results of the magnitude and phase, respectively, of
a purely resistive 𝐷𝑈𝑇 which is varied between 0Ω – 1 kΩ. It is to be expected that the magnitude of
the 𝐷𝑈𝑇 is equal to the resistor value and the phase shift caused by the 𝐷𝑈𝑇 is zero. In Fig. 4.3, the
results regarding the magnitude of the 𝐷𝑈𝑇 are depicted. The magnitude of 𝑉𝑃𝑊𝑀,𝑠 is compared with
the actual magnitude of the 𝐷𝑈𝑇. Furthermore, the amplitude of 𝑉𝑠𝑖𝑔′ is considered as well in order
to characterize the errors before 𝑉𝑃𝑊𝑀,𝑠 is generated. The measured 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) and 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠)
at the output of the PCB are performed by taking 𝑁 = 10 samples for each measured 𝐷𝑈𝑇. In A of
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Fig. 4.3, the absolute magnitudes of the evaluated signals are depicted, where the black line indicates
the actual magnitude of the 𝐷𝑈𝑇. Subsequently, in B of Fig. 4.3 the absolute magnitude error between
the evaluated signals and the actual 𝐷𝑈𝑇 is displayed. Lastly, the relative magnitude error between the
evaluated signals and the actual 𝐷𝑈𝑇 can be observed in C of Fig. 4.3. From the fitting curves in B it
can be observed that 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) show a large offset error compared to the simulated results. This
observation can be explained by the additional noise introduced in the PCB implementation. The offset
of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is equal to 30.33Ω and indicates the error causes by the noise floor being reached.
This produces the increasing relative errors for lower magnitude values of the 𝐷𝑈𝑇. Furthermore, the
slopes of 𝑉𝑃𝑊𝑀,𝑠 and 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) are 61mΩ/Ω and 76mΩ/Ω, respectively, and represent the gain
error. Although, the difference between this slopes is small. Therefore, calibrating the system for the
offset decreases the error between the simulated and measured results. Also, the slope of 𝑉𝑠𝑖𝑔′ is
6mΩ/Ω and a large difference between the other slopes can be observed. This difference can be
explained by the accuracy of the PWM generator and it can be reduced, for instance, by increasing the
sampling frequency, as explained in Section 3.3.
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Figure 4.3: Magnitude measurements on a pure resistive 𝐷𝑈𝑇: (A) the magnitude of 𝑉𝑃𝑊𝑀,𝑠, 𝑉𝑠𝑖𝑔′ and 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) are
evaluated and compared with the actual magnitude of the 𝐷𝑈𝑇. (B) The absolute magnitude error of the evaluated signals
compared to the 𝐷𝑈𝑇. (C) The relative magnitude error of the evaluated signals compared to the 𝐷𝑈𝑇.

The results regarding the phase of the 𝐷𝑈𝑇 are depicted in Fig. 4.4. In A and B of Fig. 4.4, the abso­
lute and relative phase shift of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) with respect to the reference PWM output 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠),
respectively. These figures show an increase in the phase shift, which is equal to the phase error
presented in A of Fig. 4.4, can be observed for lower values of the 𝐷𝑈𝑇. Similarly to the magnitude
results, this can be explained by the decreasing SNR at the input of 𝐼𝑁𝐴𝑠. This results in time jitter, as
explained in Section 3.3.2.

4.2.2. Capacitive DUT
Next, a purely capacitive 𝐷𝑈𝑇 is evaluated and 𝑅𝑟𝑒𝑓 is kept as a pure resistor. The capacitor values
are chosen so the magnitude range of the 𝐷𝑈𝑇 is 0Ω – 1 kΩ in order to avoid saturation of 𝐼𝑁𝐴1.
The expectation is that the magnitude will show comparable behavior as was observed for the purely
resistive 𝐷𝑈𝑇. Contrarily, the phase shift is expected to be equal to −90°. In Fig. 4.5, the magnitude
derived from 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is compared with the magnitude of the actual 𝐷𝑈𝑇, where the latter is
depicted by the black line. The linear curve shown in B of Fig. 4.5 fits approximately all the data points
of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) and the offset equal to 21.35Ω. Furthermore, the slope of the curve is 94mΩ/Ω.
Similar to the magnitude of the resistive 𝐷𝑈𝑇, it can be observed that the relative magnitude error in C
of Fig. 4.5 increases with decreasing magnitude values of the 𝐷𝑈𝑇 due to noise.
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Figure 4.4: Phase measurements on a pure resistive 𝐷𝑈𝑇: (A) The absolute phase shift of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is evaluated with
respect to 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠). (B) The relative phase shift of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is evaluated with respect to 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠).
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Figure 4.5: Magnitudemeasurements on a pure capacitive𝐷𝑈𝑇: (A) themagnitude of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is evaluated and compared
with the actual magnitude of the𝐷𝑈𝑇. (B) The absolute magnitude error of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) compared to the𝐷𝑈𝑇. (C) The relative
magnitude error of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) compared to the 𝐷𝑈𝑇.

In Fig. 4.6, the phase shift of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is evaluated with respect to 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠) and the
relative error compared to the expected−90° phase shift. In A of Fig. 4.6, a phase shift of approximately
−90° can be observed for higher 𝐷𝑈𝑇 magnitudes. For lower magnitude values of the 𝐷𝑈𝑇 the relative
error, as illustrated in B of Fig. 4.6, increases due to time jitter.

4.2.3. Resistive and Capacitive DUT
Lastly, a 𝐷𝑈𝑇 consisting of a parallel combination of a resistor and a capacitor (RC­combination). A
upper limit for the 𝐷𝑈𝑇 magnitude of 1 kΩ is still uphold in order to prevent 𝐼𝑁𝐴1 from saturating. The
following RC­combinations are used: 1 kΩ ∥ 1nF, 750Ω ∥ 1nF, 500Ω ∥ 1nF and 250Ω ∥ 10nF. In
Figs. 4.7 and 4.8, the magnitude and the phase shift as a result of the 𝐷𝑈𝑇 are evaluated, respectively.
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Figure 4.6: Phase measurements on a pure capacitive 𝐷𝑈𝑇: (A) The phase shift of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is evaluated with respect to
𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠). (B) The relative phase error of 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) is evaluated with respect to the expected phase shift of −90°.

Moreover, the expected values for the magnitude and phase shift are depicted in both the figures,
where it is to be expected that the magnitude of the 𝐷𝑈𝑇 follows the black line in A of Fig. 4.7. Fur­
thermore, the black crossed markers in A of Fig. 4.8 indicates the calculated phase of the 𝐷𝑈𝑇. Also,
𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) is identical to 𝑉𝑃𝑊𝑀,𝑠(𝑚𝑒𝑎𝑠) in the previous measurements. Regarding the magnitude of
the 𝐷𝑈𝑇, a similar behavior can be observed as was seen for the purely resistive and purely capacitive
measurements. The relative error increases with a decreasing 𝐷𝑈𝑇 magnitude. However, the abso­
lute error in B of Fig. 4.7 do not fit on a linear fitting curve which makes calibration more difficult, as
explained in Section 3.3.2.
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Figure 4.7: Magnitude measurements on a RC parallel combination as 𝐷𝑈𝑇: (A) the magnitude of 𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) is evaluated
and compared with the actual magnitude of the 𝐷𝑈𝑇. (B) The absolute magnitude error of 𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) compared to the 𝐷𝑈𝑇.
(C) The relative magnitude error of 𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) compared to the 𝐷𝑈𝑇.
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In A of Fig. 4.8, 𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) indicates the phase shift of 𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠)with respect to𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠).
Furthermore, the absolute phase error with the expected phase shift, indicated by the black crossed
markers, can be observed. The relative error of the measured phase shift with respect to the calculated
phase shift is depicted in B of Fig. 4.8. The phase measurements show a relatively low error, except
for the 250Ω ∥ 10nF as the 𝐷𝑈𝑇, which was expected from the previous measurement with a purely
resistive 𝐷𝑈𝑇 and purely capacitive 𝐷𝑈𝑇.
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Figure 4.8: Phase measurements on a RC parallel combination as 𝐷𝑈𝑇: (A) The absolute phase error of 𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) is
evaluated with respect to 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠), and compared to the calculated phase of the 𝐷𝑈𝑇. (B) The relative phase error of
𝑉𝑃𝑊𝑀1(𝑚𝑒𝑎𝑠) is evaluated with respect to 𝑉𝑃𝑊𝑀,𝑟(𝑚𝑒𝑎𝑠), and compared to the calculated phase of the 𝐷𝑈𝑇.
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5.1. Discussion
This thesis presents a new measurement instrumentation system for a wearable bioimpedance moni­
tor in order to answer the main research question: ”How can the transthoracic bioimpedance be mon­
itored remotely to provide continuous, accurate and reliable measurements in order to ensure self­
management and comfort for patients with congestive heart failure?”. Existing literature has shown
conventional approaches to measure bioimpedance. In particular, analog­to­time based measurement
approaches showed to be a feasible solution due to the simplicity and robustness. Research has pre­
sented that analog­to­time conversion methods can extract the magnitude and phase of a measured
bioimpedance by employing only three comparators. Two comparators are required for one measure­
ments channel and one comparator is employed to create a reference in order to acquire the phase
information. Said approach reduces the amount of components needed compared to an analog­to­
digital based approach, while ensuring similar stability against noise. However, the three comparator
analog­to­time based suffers from the loss of information regarding the complete measured bioimped­
ance signal. Said approach solely provide the magnitude and phase at the output. Alternatively, an
analog­to­time PWM­based approach modulates the entire measured bioimpedance signal into a PWM
signal. Furthermore, PWM­based measurement approaches only requires one comparator per mea­
surement channel. Therefore, it was hypothesized that the use of analog­to­time conversion employing
PWM could lead to continuous, accurate and reliable measurements of the transthoracic bioimpedance.

5.1.1. Proposed PWM­based Measurement System
The proposed measurement instrumentation design employs a PWM­based analog­to­time conversion
approach. Validation of said design was performed by means of simulations in LTspice® and measure­
ment on the PCB prototype. Despite the correct efficacy of the designed system, the results show
some limitations.

First of all, the 𝐷𝑈𝑇 had a fixed upper limit of approximately 1 kΩ due to the fixed gain of the in­
strumentation amplifier. In practice, the gain is nonadjustable and, therefore upper limit of the 𝐷𝑈𝑇 will
always depend on the gain of the instrumentation amplifier. Second, the accuracy of the system clearly
demonstrated limitation at low values of the 𝐷𝑈𝑇. At these condition, the resolution of the PWM output
is low as well which causes the errors when measuring the magnitude and phase. In addition, the SNR
of the instrumentation amplifier is decreased. Therefore, the noise the has more significance in the
measured signal and causes the errors at low 𝐷𝑈𝑇 values. Last, the gain and offset errors appear to
be rather constant at high values of the 𝐷𝑈𝑇. Therefore, calibration can improve the accuracy of the
system.

Improvements to the designed system would involve the choice of the instrumentation amplifiers.
The instrumentation amplifier 𝐴𝐷8227 of Texas Instruments has an bipolar input stage. Therefore, an
input bias current is required for the efficacy of the INA. For instance, an INA that employs a CMOS input
stage would not require an input bias current. Also, to measure low magnitude 𝐷𝑈𝑇 values the noise
at the input of the INA is dominant. Therefore, the considering this in the design of the measurement
channel can improve the accuracy.

33
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5.1.2. System Level Architecture
The designed system followed the approach of a system level architecture to provide raw data without
preprocessing at the output. Consequently, the time­to­digital conversion and the processing is moved
to the receiver side. As presented in Section 2.2, said approach requires the transmission of a big
amount of data compared to the method shown in [44]. However, the designed system provides a sys­
tem level architecture which can be used in a modular approach depending on the application. Namely,
in [53] in addition to bioimpedance measurements, ECG is measured simultaneously. Providing only
the magnitude and phase information at the output of the system would eliminate the possibility to mea­
sure the ECG signal. Moreover, if no additional information is needed except for the magnitude and
phase of the measured bioimpedance signal, preprocessing can be implemented with the use of sim­
ple additional logic components [47]. Lastly, in [46] a PWM­based measurement system is followed
by a transmitter based on FSK. Instead, the designed system allow for other types of transmission
techniques depending on the application, such as UWB [49].

5.2. Conclusion and Contributions
A transthoracic bioimpedance monitor requires a measurement instrumentation design which provides
continuous, accurate and reliable measurements. It is important that the magnitude and phase can be
extracted from themeasured signal in order to determine themeasured bioimpedance. The approaches
taken in conventional implement power­hungry components such as an ADC or suffer from information
loss.

This thesis proposed a PWM­based ATC method in order to convert the measured signal to time
rather then directly to the digital domain. Therefore, the additional components are moved outside of
the system to the receiver side, such as the TDC and the processing unit. Consequently, reducing
the area and power consumption of the system. In addition to the measured data that is converted
to a PWM signal, a reference PWM signal is employed as well. Therefore, the phase shift caused
by the bioimpedance can be derived. Simulations and a PCB prototype implementation are used to
validate the proposed design. First of all, the efficacy of the implemented system was validated. It was
shown that the measured analog signal and the reference were converted correctly to a PWM signal. In
addition, initial sources of error could be characterized, such as the delay caused by the instrumentation
amplifiers. Subsequently, the validation was performed by employing a 𝐷𝑈𝑇 that varied between being
resistive, capacitive, and a resistor and capacitor in parallel. The magnitude and phase were derived
from the PWM output signals and the errors between the expected values were assessed. The results
showed an increase in the error for low values of the 𝐷𝑈𝑇. This can be explained by noise that became
more apparent under those conditions. Second, a sensitivity validation of the system was performed.
The sampling frequency was increased for a fixed resistive 𝐷𝑈𝑇. The accuracy is directly proportional
to the sampling frequency of the triangular wave..

In conclusion, the proposed design is able to accurately measure resistive and capacitive compo­
sitions of the 𝐷𝑈𝑇. Therefore, this work contributes to a wearable transthoracic bioimpedance monitor
for continuous, accurate and reliable measurements.

5.3. Recommendations for Future Work
• Excitation source
In this work, an external voltage source 𝑉𝑒𝑐𝑥,𝑖𝑛 provide an AC voltage to the VCCS in order to
generate the excitation current. This work didn’t include design of the excitation source as part
of the system. In the future, it would be required for the complete excitation source to be de­
signed within the system in order to realize a wearable bioimpedance monitor. Therefore, future
work should research design approaches, such as an analog implementation, or a digital imple­
mentation like a current digital­to­analog (I­DAC) implementation. Furthermore, this work has
focused on single­frequency bioimpedance measurements. In order to perform a more complete
bioimpedance measurement, future work should consider bioimpedance spectroscopy.

• Electrodes
The electrodes were not considered in the presented work. Therefore, future work should re­
search what type of electrodes could be implemented along with the proposed system. Other re­
search has shown gel­based adhesive electrode and textile­integrated electrodes. Furthermore,
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the placement om the electrodes should also be investigated in the future since it determines the
efficacy of the measurements. Last, this work solely included bipolar and tetrapolar electrode
configuration. In future designs, multi­polar electrode configuration could be employed, such as
in electrical impedance tomography.

• Static and dynamic bioimpedance
This work validated the proposed system using a variable 𝐷𝑈𝑇. The goal of said approach was
to test if the system was able to measure a resistive, a capacitive or a RC­combination as 𝐷𝑈𝑇.
As explained in Section 2.3.2, the thoracic bioimpedance consists of a high­magnitude static
bioimpedance and a small­magnitude dynamic bioimpedance. Future work should research the
ability of the system to detect a small varying signal on top of a large static signal.

• Receiver side
The transmission of the PWM signals to the receiver side was not part of this thesis. In the future,
transmitting the PWM signals should be research, similar as presented in [46], in order to inves­
tigate the effect on the accuracy of the received PWM signals. Furthermore, the implementation
of a time­to­digital converter (TDC) should also be considered in order to process the data in the
digital domain at the receiver side.

• PCB improvements and circuit integration
The PCB prototype developed in this work had the goal of validating the proposed design. Future
prototypes could reduce the size of the PCB using smaller components, optimize the positioning
of the components and utilize both top and bottom of the PCB. These improvements might help
with the initial wearable prototype. However, the ultimate goal would be to for the system to be
integrated in a integrated circuit (IC). On the IC, the proposed system should be combined with
the other blocks of a wearable bioimpedance monitor presented in Fig. 3.1. Additionally, such a
IC should be integrated along with the electrodes in the complete wearable device.
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