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Abstract

In this research a sensor patch for newborns is proposed. This sensor patch is a device which would be
attached to the skin of a newborn in order to monitor vital health signs such as: temperature, heart rate, res-
piration rate and oxygen saturation. Furthermore, a bilirubin sensor will be included to check the newborn
for jaundice. Thereafter, the measured data should be communicated wirelessly to a base station. What hap-
pens with the data after the base station is beyond the scope of this research. One of the main challenges is
energy efficiency since the patch should be small enough to fit on a newborn which means the battery should
be small as well. Additionally the sensor patch should be able to operate for 3 days continuously.

The overall design is divided into three subsystems: the battery control system, the microcontroller and com-
munication and the sensors. This report focuses on the sensor part of the total system.

After analysis of different kind of sensors, the SI7051 is chosen for the temperature sensor since it is the most
accurate and energy efficient. In order to measure the respiration rate an acceleration sensor was chosen to
be the most suitable within the system requirements. For the acceleration sensor the IIS2DLPC was selected.
In order to measure the heart rate and oxygen saturation a PPG sensor is designed. Finally, the bilirubin sen-
sor is designed which uses PPG as well.

However, the designed sensors still need calibration by empirical experiments in order to obtain accurate
results.
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Introduction

1.1. Problem definition

Maternity care has always been a big concern in hospitals. It has also developed a lot over the course of the
years. It was long thought that for instance babies were unable to feel pain[25]. Recently there has also been
more attention for the psychological effects on newborns on neonatal intensive care[9]. It was discovered
there is a relationship between the bonding of a newborn with its mother in the first couple of days and long-
term emotional well-being of the newborn.

Due to the rising awareness of this fact, hospitals are trying to improve the amount of contact a parent can
have with their child [8]. One particular solution includes using a sensor patch with NFC. This way it is pos-
sible to remove all wires from the body of the the newborn. This allows the parents to pick up the newborn,
thereby making it easier to bond with the newborn. This is a clever solution using NFC, but it is mainly meant
for hospitals.

In order to improve the bonding between parents and newborns even further, the baby should be able to go
home as soon as possible. However, newborns that are in the risk category should still be monitored. There-
fore a wireless sensor patch is needed that can fulfill all the tasks that would have been done by nurses at
the maternal care in the hospital. This allows for better bonding with the parents, is cheaper than keeping
newborns in the hospital and could trace diseases early in newborns to prevent disease.

Scoping and bounding

The objective in this report is to provide a theoretical design of the sensor patch. The sensor patch will be
designed in such a way that it can measure, process, and deliver the data to a base station. The base station,
in short, will be a device that receives the data wireless from the sensor patch. What happens after the data
reaches the base station is beyond the scope of this research. For real implementation of this design, a sort of
IT infrastructure would be needed to handle the data but this will not be covered in this report either.

Due to current circumstances the necessary experiments could not be performed. These experiments
would be needed in order to:

e calibrate the sensors of the sensor patch

¢ provide the actual total power consumption of the designed system

e accurately analyse and compare the power consumption of different microcontrollers and communi-
cation modules

1.2. State of the art analysis

Wireless sensors are gaining territory in the a wide range of applications. This is due to their increasingly
smaller sizes, lower power consumption and increase in energy harvesting efficiencies. A wide range of wire-
less sensor nodes are developed such as office sensors[2], machine health monitoring [5] and medical sensors
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[33]. In addition, a lot of research has been done in biomedical wireless sensors field already. Wireless sen-
sors measuring heart rate, temperature, oxygen saturation and many more are already common in patches or
implants [20]. Also systems with real-time monitoring are being developed for for instance cough detection,
breathing rate [7] and electrocardiogram (ECG) measurements [8].

The main concern in such products is battery life. The battery life is determined by the battery capacity and
energy consumption. In consumption, the wireless communication often has the largest share. However,
Battery life increased a lot recently. This is due to both increases in miniature battery capacity [30] and low-
power reliable communication protocols [27].

Most designs are however not yet adapted to health care situations that give rise to very specific requirements.
Most designs are made to measure vital functions and are made for adults, while much progress can also be
made in more specific applications. An example of this is about research in wireless sensor node in neonatal
intensive care in hospitals [8]. However, hardly any research has been done toward a design that can help
monitor newborns at home.

1.3. Thesis synopsis

The thesis has the following structure. Chapter 2 will describe the requirements for the total system (the
Sensor Patch) and the design requirements for the sensor system. Furthermore the decomposition of the
total system is described here. Chapter 3 contains an elaborate study of the different methods for measur-
ing medical parameters and results in the used measuring techniques for the sensor system. Chapter 4 lists
multiple sensors utilizing the measuring methods chosen in chapter 3 and analyses their performance and
specifications to determine the best sensor for the system. Chapter 5 contains the deign process for a photo-
plethysmography (PPG) sensor capable of measuring heart rate, oxygen saturation and bilirubin. The design
is based on theoretical models as no prototype could be made and tested. Finally in chapter 22 final conclu-
sions are drawn and recommendations are made for future work.



Program of requirements

2.1. Background

Every year, a lot of babies end up in maternity care. This is a very costly environment for the baby to be in.
Next to this, the environment causes a lot of stress for the babies. In addition, there are some babies every
year that are not monitored enough in home care. The consequence of wrong monitoring at home results in
permanent handicaps due to jaundice for 10 babies each year in just the Netherlands. Therefore, the goal of
this project is to replace the maternity care with a sensor patch.

In order to outperform maternity care in hospitals, the sensor patch should at least measure all the param-
eters the nurses measure. Next to that, it should also do this at least as frequently as the nurses do. In the
Netherlands, a baby in maternity care often stays there for around 2-3 days. Nurses in maternity care check
on babies every 4 hours and check the following parameters:

1. Temperature

2. Heartrate

3. Respiration rate

4. Oxygen saturation

5. General appearance of the skin, including an assessment of jaundice.

This last point, general view at skin, means the nurse checks whether the baby looks healthy overall. This is
done to get an impression of whether the baby might have underlying conditions that are hard to monitor
with current technology. Jaundice is one of the most important examples of these conditions.

In addition, measurements performed in hospital maternity care involve multiple wired electrodes to be at-
tached to the babies. This decreases comfort for babies and can increase their stress levels. Secondly, for the
parents of the newborns this is not a pleasant sight.

2.2. Requirements of entire system

Based on the previously sketched background and consultations with J. Dudink [1] the requirements of the
entire system can be described in greater detail. J. Dudink is a specialist in neonatology and neoroscience.
From 2004 to 2016 he has worked as a neonatologist and researcher of neonatal neuroimaging at Erasmus
Medical Center. J. Dudink is presently working at the Department of Neonatology at University Medical Cen-
ter Utrecht.

During the consultations with Dr. Dudink, it was decided that the sensor patch should be located on the
baby’s chest. At this location, the sensor patch is not prominently visible, which is pleasant for the parents..
Moreover, there is more room for the sensor patch here than in other places. In addition, the doctor stated
that the size of the sensor patch may not exceed 70mm x 30mm x 10mm (L x W x H). In order to outperform
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the maternity care, as it is now the sensor patch will need to perform measurements at least once every two
hours to improve on the once every four hours in hospitals, in order to provide data significantly more fre-
quent. In addition, at least the same measurements as maternity care must be carried out to guarantee at
least the same level of care. This means that at least temperature, heart rate, oxygen saturation and bilirubin
need to be measured. Furthermore the sensor patch needs to last for 3 days without the need to perform a
recharge of the battery as this is how long babies are monitored in hospitals. In modern life, environmental
awareness plays an important role. The sensor patch can eventually be used on many newborn babies, creat-
ing a lot of electronic waste if it is not reusable. It would be irresponsible not to take this into account during
the design process. Moreover, one of the goals of the world health organization is to create less waste and
environmental impact [21]. Therefore it was decided that the sensor patch has to be reusable and preferably
usable for at least 1 year with 2 uses every week. This does mean that it must be possible to clean the sensor
patch to medical standards and preferably to make it sterile.

The previous defined requirements are divided between mandatory requirements and trade-off requirements.
Mandatory being the requirements which are absolutely essential for the system to be marked a success.
Trade-off requirements are the requirements which are pursued as much as possible but, should they not be
met, the system will still be usable to a satisfactory extent.

2.2.1. Mandatory Requirements
1. Dimensions shall not exceed 70mm x 30mm x 10mm (LxWx H) .

2. Sensor patch must be placed on the chest.

3. Must measure temperature, heart rate, oxygen saturation, bilirubin

4. The previously mentioned measurements need to be performed at least once every 2 hours.
5. Must have battery life of at least 3 days.

6. The sensor patch must be wireless.

7. Tt should be able to detect neonatal jaundice when the baby is at risk.

8. Be able to communicate these measurements to a hospital real-time.

9. Must be reusable.

10. Must be sterile as it will be medically used.

2.2.2. Trade-off Requirements

As the sensor patch will be worn continuously by babies for possibly three days, it is desirable to make it
comfortable for the baby. This can however impact the mandatory requirements negatively like size and
battery life as a smaller sensor patch would probably be more comfortable, but would limit the space for the
battery and components. Making the sensor patch waterproof would make it possible for the baby to take a
bath without damaging the sensor patch. It would make the design more complex and possibly negatively
influence sensor accuracy. On the other hand making the device waterproof will increase life. The duration of
reliable operation of the sensor is influenced by the price and availability of components and the resistance
to damage. The sensor must be reliable for at least a year as this will make the sensor reusable to a high
degree, however making it last longer can end up in a more expensive product. Therefor these are trade-off
requirements.

1. Should be waterproof
2. The patch must provide reliable operation for one year, used on two patients per week.

3. Should not bring discomfort to the baby
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2.3. Decomposition of the system

The project has been divided into three subsystems. The systems are: energy, sensors and communication
and microcontroller. The system has been divided into these subsystems since they are expected to have
equal weights. Besides this, each subsystem has a clear unique challenge that needs to be solved. The energy
group needs to simulate the energy consumption and pick an appropriate battery. The sensor group needs
to design sensors that meet a set of specific requirements. Finally, the microcontroller and communication
group needs to design an efficient smart system that controls the entire system.

Energy system

The energy group focuses on everything related to energy and power within the system. Energy storage,
power and energy management and visualising data with the aid of a MATLAB model are the topics and tasks
of this subgroup.

Sensor system

The sensor group will design a sensor system to measure temperature, heart rate and respiration rate, oxygen
saturation and bilirubin. The bilirubin sensor has to be designed since this kind of sensor is not yet available
to buy off the shelf. The other measurements can be performed using already available sensors. These sen-
sors will need to be selected based on several parameters (e.g. accuracy, energy consumption)

Microcontroller and communication system

This group will look at the implementation of a microcontroller which will act as a central processing unit for
driving all actions within the system. Additionally, this group will look at different possibilities for choices of
communication protocols by which the system will communicate wirelessly with the user. When a commu-
nication protocol has been chosen, this group will look at the most efficient implementation and integration
with the microcontroller.

2.4. Requirements for sensor group

The main purpose of the sensors is to measure the medical status of new born infants. Several parameters
which indicate the health of the infant will need to be measured. The sensors need to convert physical prop-
erties of the infant into measurable electrical signals.

Measurement data from the sensors need to be sent to the micro-controller. The timing of the measurements
of the individual sensors is regulated by the micro-controller. The sensors therefore need to understand the
command signals from the micro-controller too. The parameters need to be measured to an accuracy that is
conform to the medical regulations (e.g. temperature measurements should not deviate more than 0.1°C).

In Table 2.1 the requirements of the sensors is shown. The sensors should be affordable, therefore the price
of the individual component cannot be to high. Furthermore, the sensors should be low power due to the
limited battery power. The dimensions of the sensor patch are limited since it should be placed on the chest
of a newborn. Therefore, the sensors should be as small as possible. The accuracy of the sensors should be
high enough to be able to replace conventional medical equipment. Finally the sensors should be able to
communicate the measured data to the micro-controller.
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Table 2.1: Functional requirements Sensors

Name Description
Price complete sensor system should not exceed €40
Dimensions double sided PCB with dimensions 2 by 3 cm and a single sided PCB

with dimensions 1.5 by 1 cm.

Power Sensors and supporting electrical components should use no more
than 20] per day)

Communication Sensors should be able to communicate with the micro-processor to
receive commands to do measurements and to send measurement re-
sults

Measurements Sensors should measure temperature, respiration rate, heart rate, oxy-

gen saturation and bilirubin levels

Accuracy Sensor measurements should be sufficiently accurate for medical rele-
vance.
Non invasive The sensors need to be non invasive, meaning the skin may not be

pierced for measurements
Location The sensors have to be placed on the chest.




Measuring techniques

The medical parameters that give insight in the health of the infants are non electronic signals. They therefore
need to be converted to an electronic signal in order to be measurable. Sensor devices are able to convert
properties of the human body from a physical to an electrical domain. The conversion can be achieved in
various different ways depending upon the parameter measured. The different ways of conversion makes for
different sensing techniques. In this chapter an analysis will be done to establish which sensing technique
is most appropriate for measuring a certain medical parameters. The medical parameters that need to be
measured are: core temperature, respiration rate, heart rate, oxygen saturation and bilirubin.

The analysis will take a few design factors into account, some are: size, accuracy, energy consumption, ease
of implementation and price. The medical parameters, the sensing devices will need to measure, have been
determined in 2. Only the sensors capable of detecting these parameters will be analysed.

3.1. Temperature

Measuring the temperature at the chest will give a different result from measuring internal temperature by
using invasive measuring methods. There are correlations between chest temperature and internal core tem-
perature that are accurate enough in order for non-invasive methods to be used instead of invasive methods
[26]. This estimated core temperature is determined using external chest temperature, heart rate, body ac-
tivity and environmental variables (humidity and ambient temperature). Heart rate and body activity (chest
movements) will be measured by other sensors and can be used to estimate core temperature. Environmen-
tal variables will not be measured. Tests using a prototype without environmental variables will need to be
performed to determine the need for these.

There are several means of determining temperature. The application of each temperature measuring
technique is based on the advantages and disadvantages it possesses. Some devices might suit an industrial
better than a medical application. Devices suited for medical use will need to be identified. Devices need to
be accurate (random error deviation less than 0.1°C), small (order magnitude mm by mm), easy to implement,
energy efficient and low cost.

3.1.1. Thermocouples

In a thermocouple two conductors or semiconductors with dissimilar electronical properties make contact
to form an electronical junction. A voltage is induced between two contact points of different temperature.
The voltage is temperature dependent due to the thermoelectric effect, therefore it is possible to measure
temperature based on the voltage reading. As thermocouples induce a voltage they can be considered self
powered. Thermocouples can be made out of various materials, the choice of materials give the thermo-
couple its properties. The main drawback of thermocouples is the lack of accuracy, accurate measurements
within one degree Celsius are hard to obtain with thermocouples. A number of pros and cons have been
established to determine the usability of thermocouples, see table 3.1.
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Table 3.1: Pros and cons of thermocouples

Pros Cons

Wide temperature range (-200°C to 2300°C) Lack of accuracy (error larger than 1°C)
Self-powered Expensive (approx. €10)

Fast response Non linear

Suitable for high vibration and shock environments Low voltage output (10-70 uV/°C)

Tip sensitive Reference temperature required

Extra hardware needed, increases footprint and energy
use

The main reasons why thermocouples are not suitable for the purpose of this sensor system are the lack of ac-
curacy and the need for a reference temperature. For medical reasons the error in temperature measurements
should be around 0.1°C, this is not feasible using thermocouples. Furthermore, it will be hard to implement
a steady known reference temperature within the small sensor system as temperatures can be influenced by
surrounding temperature changes. A technique of reference-junction compensation can be implemented
to overcome the problem. The reference temperature will be measured by another temperature sensing de-
vice and the thermocouple voltage reading can be adjusted using the measured reference temperature. By
using another temperature sensing device the system only becomes larger, more energy use intensive and
complicated, all undesired consequences. For these reasons thermocouples will not be used.

3.1.2. Resistance temperature detectors

Resistance temperature detectors (RTDs) use a well known accurate relationship between resistance and tem-
perature of a material. The materials used are often pure forms of platinum, nickel or copper. The relation-
ship can be used to give an accurate measure of ambient temperature. The accuracy of the temperature
measurement is not only based on the predictability of the relationship between temperature and resistance
but also on the accurate measurement of the resistance of the resistive element. Resistances of the leads
connecting the RTD element have impact on the measurements. There are wire configurations to limit the
negative effects of the lead resistances.

Thin-film, wire-wound, and coiled elements are the three most used types of resistance temperature detector
sensors. These have slightly different properties making one type more suitable in a particular application
than another. Thin-film detectors are composed of a ceramic substrate with an extremely thin layer of metal
on top of it. The thin layer of metal is the resistive element. The stability of the thin-film is less than the sta-
bility of the other types. Wire-wound elements are composed of a thin metal wire wrapped around a core of
insulating material. Wire-wound elements provide better accuracy compared to thin-film elements. Finally
coiled elements are comprised of wire coils held in place by a ceramic support structure surrounding it. The
coils can expand freely as temperatures increase, therefore they can be used at higher temperatures (up to
850°C). When not able to expand freely the elements may get damaged at higher temperatures. Coiled ele-
ments are widely used for industrial purposes. Thin-film elements are most suitable for wearable sensors as
they can be extremely thin.

A number of pros and cons have been established to determine the usability of RTDs, see table 3.2. These
pros and cons have been generalised for the different RTD types for simplicity purposes.
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Table 3.2: Pros and cons of resistance temperature detectors

Pros Cons

Accuracy up to 0.05°C Expensive for high accuracy (approx. €10)

Long term stability Constant current source required (approx. 1 mA)

Repeatable Self-heating error

Wide temperature range (-200 to 850) Slow response

Small variation between detectors Not suitable for high vibration and shock environ-
ments

Relative small size (order magnitude: mm x mm) Extra hardware needed, increases footprint and energy
use

RTDs could potentially be used as the accuracy is sufficient, but it would have some practical drawbacks. To
work properly RTDs need a constant current source of between 0.1 and 1 mA at the low end of the spectrum.
Deviations in the output of the current source influences the accuracy of RTDs. The achievable accuracy of
0.1°C maximum deviation is under ideal circumstances. Besides being dependent upon the constant current
source the accuracy is also influenced by the quality of the connection to an ADC and the quality of the ADC
and complementary circuit itself. Meaning an accuracy of 0.1°C is hard to achieve. Due to the extra hardware
surrounding the RTD itself the total footprint may end up coming close to 1 cm? making it less ideal to use.
Furthermore the temperature sensor will be rather expensive at €10.

3.1.3. Thermistors

Thermistors work in a similar way to RTDs as both are resistance thermometers, the resistance is dependent
on the temperature of the device. By measuring the resistance of the device the temperature can be derived
using a predetermined relationship between resistance and temperature. The relationship is harder to model
as opposed to RTDs it is not linear but rather exponential for thermistors. Instead of using pure forms of
metal like in RTDs, thermistors are produced using metal oxides or polymers. The use of metal oxides gives
thermistors a larger internal resistance and a larger change of resistance due to a change in temperature
compared to RTDs. A more accurate measure of temperature can therefore be achieved as the elements
are more sensitive to a change in temperature. Furthermore the overall larger resistance has as an added
effect that the resistance of the connecting leads has little impact on the measurements of resistance of the
thermistor as they are comparably small. This all makes thermistors highly accurate (0.05°C accurate element
can be found, 0.1°C more typical) provided the relationship between resistance and temperature is properly
defined. Table 3.3 provides a summary of the advantages and disadvantages.

Table 3.3: Pros and cons of thermistors

Pros Cons

Fast response Non linear characteristics

Inexpensive (1 or 2 euros) Self heating error

Small size (SMD packages) Unstable long-term due to drift and decalibration

High accuracy (0.1°C) Extra hardware needed, increases footprint and energy
use

High sensitivity

Thermistors can be excellent devices to measure temperature in a wearable sensor system as they are small,
inexpensive, highly sensitive and accurate. The latter is under assumption that the non linearity and self
heating errors are accounted for. The negative effects of these can be minimised by accurately mapping the
temperature resistance relationship and calibrating the device properly. The self heating error becomes a
problem when the constant excitation current source needed to induce a measurable voltage across the ther-
mistor is large. Smaller excitation currents decrease the dissipation power to limit the self heating effects.
This has as added bonus a lower power consumption, which is important criteria to the design of the wear-
able sensor system. There is however also a downside to decreasing excitation current as the sensitivity will
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decrease, the induced voltage is of smaller magnitude when the excitation current is smaller. These factors
need to be taken into account when a complete temperature sensing device is designed.

3.1.4. Infrared sensors

Temperature sensors using infrared (IR) to measure surface temperature of objects detect thermal radiation
in the form of IR light to determine the temperature. All objects with energy emit thermal radiation, also
known as black-body radiation. The thermal radiation from an object is focused using a lens on to a detector.
The detector produces an electrical signal dependent upon the amount of radiation power that strikes the
detector. Inside the infrared sensor there are compensation algorithms to compensate for ambient tempera-
ture variations. Without these compensation algorithms measurements lack accuracy. IR sensors can detect
the temperature of an object without making direct contact as thermal radiation can travel through air. IR
sensors work within ranges of a couple of meters.

Table 3.4: Pros and cons of infrared sensors

Pros Cons

Small size (smd packages) Expensive (more than €10)

Medical accuracy (0.2°C) Not designed for close ranges (few mm separa-
tion)

Measurements without direct contact Covering device even transparent influences
measurements

Fast response Affected by humidity

Affected by radio frequencies

Infrared sensors are not suitable for measuring temperature with a system attached to the skin. Infrared sen-
sors are designed for use at ranges of tens of centimeters. Furthermore the sensors will need to be protected
from sweat by a water resistive material. Even when this material is transparent the measurements performed
by the IR sensor will be negatively affected by it. Lastly the sensors are rather expensive compared to the other
techniques available for measuring temperature.

3.1.5. Semiconductors

Semiconductor temperature sensors are a type of integrated circuit i.e. IC. Like many of electronic semicon-
ductor devices produced nowadays (e.g. microprocessors) IC temperature sensors are produced in a similar
way. The semiconductors diodes used in these ICs have a voltage current relationship dependent upon the
temperature of the device. If this relationship is well known for a particular semiconductor diode the tem-
perature of the device can be determined using measurements of voltage and current of the diode. Often a
very constant excitation current source is needed for this as then the voltage across the diode provides the
information needed to determine the temperature. The diode is often housed together with the needed am-
plifiers, ADCs, signal processing hardware, compensation hardware, digital communication logic (e.g. 12C
or SPI), etc. to form an all-in-one device. This makes the device rather easy to use. The output of the entire
device is a digital representation of the measured temperature, no external signal processing software needed
to derive the temperature.
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Table 3.5: Pros and cons of semiconductor devices

Pros Cons

Cheap Temperature sensitive element covered by hous-
ing

small size (smd packages) Accuracy best around calibration point

High accuracy (up to 0.05°C) May contain unnecessary design options

Easy to use (internal ADC and 12C interface)
Linear behaviour
Output needs no data processing

Low power use

Semiconductor temperature sensing devices are well suited in a wearable sensor system as they are small, low
power, accurate, cheap and can directly communicate with a microprocessor without needing any additional
hardware. The only issue with these type of devices is that the diode, the temperature sensitive element, is
enclosed in a housing and cannot make direct contact with the surface of the object that is of interest for tem-
perature measurements. The error will be small as the entire device is small and has a low thermal mass and
can be compensated by a microprocessor, if present. The devices are most accurate around the calibration
point, moving further form these point the accuracy decreases. For a lot of applications the narrow temper-
ature range where the device is accurate is a drawback. However as the device will measure body surface
temperature ranging between 33 and 37 °C an IC temperature sensor with a calibration point around this
range will experience no problems with lack of accuracy. The devices contain all the necessary hardware and
software to make the temperature measurements possible. The manufacturer has left some design choices
regarding for example sample rate, sensitivity, modes of operation, etc. to the user. Changing the value of
internal registers alters the behaviour of the sensor. This also leaves unnecessary functionality (e.g. making
an interrupt pin high when a threshold temperature has been achieved) to use energy. Even with the added
hardware the energy usage is very low, around 100uA for active conversion time and 200nA for standby/shut-
down time.

3.1.6. Conclusion

When considering the application of being used in a wearable sensing device there are two techniques that
are best suited for this purpose, these are the thermistors and the semiconductor temperature sensors. As
they are the most accurate, cheapest and smallest compared to the other techniques and experience hardly
any major draw backs. Both do have slight systematic measurement errors. Thermistors can be affected by
self heating phenomena and semiconductor temperature sensors are not in direct contact with the measured
object. these slight problems can be minimised or compensated for and should not be of major concern.

When comparing thermistors with semiconductor devices, thermistors require surrounding supporting hard-
ware while semiconductor devices come in in all-in-one package. the supporting hardware requires a longer
design process and uses more space. Thermistors can however be better optimised for a certain purpose,
while the all-in-one packages might need to make trade-offs to make them useful in a broad application
spectrum and may contain superfluous hardware only needed in certain applications.

With semiconductor devices fulfilling all requirements there is no need to make a more optimised design us-
ing thermistors. Furthermore the ease of use of semiconductor temperature sensors is a major advantage for
this particular sensor system as more time and PCB space can be utilised in designing the other sensors. Fur-
thermore being able to communicate directly with a microprocessor using I12C or SPI makes semiconductor
devices very attractive. So to conclude semiconductor devices will be used in the sensor system to measure
temperature.

3.2. Respiration rate

There are many contact-based methods for measuring respiration rate, these are all noninvasive. These
methods are all performed in either the region of the mouth or the chest [13]. As the sensor patch will be
placed in the chest area, these methods will be explored further.
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3.2.1. Acoustic measurements

Microphones can be used to measure the sound produced by air passing through the throat and airways of
the patient. Microphones are transducers that can produce electrical signals from acoustic pressure varia-
tions. There are various different typologies for enabling the conversion. microphones can use capacitors,
electrets, moving-coils, piezoelectric elements or even fiber optics to detect differences in acoustic pressures.
The most common method employs capacitors. The output of the sensing device needs to be amplified, fil-
tered and eventually digitalized using an ADC.

The major drawback of a microphone based approach is the high influence of noise from either the environ-
ment or the subject itself. In the case of the sensor patch the sounds of parents, toys and crying can make
accurately measuring the respiration rate almost impossible. It can partially be overcome by implementing
noise-robust algorithms. However they require large amounts of signal processing techniques and are there-
fore often not used when compared to other methods. Microphones should only be used in extremely low
noise and structured environments (e.g.,Intensive care departments of hospitals).

3.2.2. Chest wall movements

Breathing causing contraction (breathing out) and expansion (breathing in) the chest wall. Measuring chest
wall movements is for this reason a good method for determining respiration rate. The movements of the
chest can be measured using various techniques. There are three main approaches: measuring chest wall
strain caused by respiratory activity, measuring transthoracic impedance changes and measuring the move-
ments of the thorax in three dimensions.

Strain measurements

Strain sensors measure the deformation of the the chest to determine the respiratory activity. the sensors
work on several methods, but all have the aim to measure the cyclic expansion and contraction of the chest.
Some of these methods are: resistive sensors, capacitive sensors and inductive sensors

Resistive sensors use piezo-resistive sensing elements. the resistance of these elements changes with the
shape of the element. The resistance is related to the strain and thus cyclic chest movements. Often piezore-
sistive elements are implemented in a textile-based products. There are two main drawbacks: The durability
of the sensing elements is low and thus not ideal when aiming for repeatability and the sensors are affected
by all movements not only respiratory induced movements.

Capacitive sensors are comprised of two electrodes placed on either side of the chest. The electrodes
measure the change in capacitance of the chest during breathing. When breathing both the distance between
electrodes and the permittivity changes. These factors influence the capacitance of the chest. The permit-
tivity changes as air with a lower permittivity enters the body during breathing. Capacitive sensors produce
accurate and reliable results when multiple electrodes are used. The major down side of this method is the
large size. The components are not of large size, but the electrodes need to be placed on either sides of the
chest. This makes the sensor large and requires wires.

Inductive sensor systems measure the change in self-inductance and oscillating frequency of coils placed
around the rib cage and abdomen during breathing. The inductive sensing method has been widely used in
commercial products as these sensors achieve good levels of accuracy and repeatability. However the method
requires coils around the upper body making it large and potentially uncomfortable.

Transthoracic impedance measurements

The conductivity of the chest changes during breathing. Breathing air in lowers the overall conductivity as air
is a poor conductor when compared to body fluids. Furthermore, the conductance paths increase in length
as the chest expands. These influences on the conductivity can be measured using electrodes. There are
two pairs of electrodes, one pair induces a low-amplitude current (< 1 mA) with a high frequency ( 50 kHz).
The other pair measures voltage differences between the two electrodes giving a measure of impedance. The
number of electrodes and the requirement of placing the electrodes evenly distributed around the chest area
gives this method a large footprint and the need for wires. This can be considered the largest drawback.
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Movement measurements

The three dimensional movements of the chest can be measured to determine the respiration rate. The move-
ments of the chest change acceleration forces, angular velocities and magnetic field. These three parameters
can be measured using accelerometers, gyroscopes and magnetometers respectively.

Accelerometers measure the acceleration the device experiences in three directions (x,y,z). depending on
the placement of the chest one of the axis will show more dominantly than the other axis the forward move-
ment of the chest.

Gyroscpes measure rotation of the device around either 1,2 or 3 axis. They may produce a divergent out-
put due to sensor drift [17]. Usually a accelerometer is used in combination with the gyroscope to overcome
this.

Magnetometers record the changes in magnetic fields due to movement of the device. A magnet is used
as a source of the magnetic field. Magnetometers are highly sensitive devices and can potentially accurately
detect chest movements, however they also are highly sensitive to other body movements and to external
alterations of the magnetic field, present in unsuitable environments.

All three sensing methods are highly sensitive and small (MEMS technology), however they are all sus-
ceptible to body movement, not just related to breathing. Filtering algorithms can be used to remove other
bodily movements [24].

3.2.3. Modulation cardiac activity

From data containing cardiac activity a modulation scheme can be used to extract information regarding
respiration activity. There are two heart monitoring sensors methods that can support the modulation algo-
rithms: Electrocardiography (ECG) and photoplethysmographic (PPG) sensors.

ECG, described in greater detail in section 3.3.2, uses electrodes to measure the electrical activity of the
heart muscles. ECG system can be expensive and are influenced by body movement and environmental
changes, but less sensitive than devices that measure chest movements. As ECG uses electrodes there is
again a problem regarding the presence of wires and the large space between electrodes.

PPG, described in greater detail in section 22, uses different wavelength light emitted from LEDs to esti-
mate concentration of blood components in pulsatile blood as the light travels through the skin. The reflected
light from the skin is measured by a photo diode and the output signal contains information regarding blood
properties and heart rate. PPG sensors are cheap and small sized. PPG is sensitive to body movements and
these can impact the accuracy of the measured heart rate obtained from modulating the PPG sensor data.

Both these methods can work presuming the data from the ECG and PPG sensors are accurate. When
the data from the ECG and PPG sensors contains errors the extracted respiration rate due to modulation also
contains errors.

3.2.4. Conclusion

Table 3.6 summarizes all the sensors mentioned. Accelerometers, gyroscopes and microphones can be con-
sidered best suited for the use in the sensor system to measure respiration rate, but they all have a major
drawbacks which need consideration. The measurements of the microphone are easily influenced by all
sounds not originating from the respiration activity. These are hard to filter out using noise reducing algo-
rithms as for instances voices or crying are far louder than the feint noise of respiration. Accelerometers and
gyroscopes are very sensitive to body movements and measurements can be disrupted easily. However in
contrary to noise reduction algorithms, filtering other body movements from chest movements is more eas-
ily achieved. This is especially true for the accelerometer as chest movements are predominantly present in
one axis, while body movements will affect all axis and thus the possibility of differentiating between chest
movements and body movements can be made. The accelerometer will be used in the sensor system to mea-
sure chest respiration.
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Table 3.6: List of sensors able to measure respiration rate with scores for some properties and characteristics

Sensor Size Wires Cost Sensitivity to body Influenced by envi-
movements ronment
Microphones + + + + -

Strain Sensors

Resistive -

Capacitive - - - +

Inductive - +
Transthoracic - - - +
impedance
Movement

Accelerometers ++ + + - +

Gyroscopes ++ + + - +

Magnetometers ++ + + - -
Modulation

ECG - - -

PPG + + - +

3.3. Heart rate

There are many different methods to detect the heart rate. The requirements of the heart rate sensor is that
it has to be accurate, low noise, low power and small. In this section some noninvasive methods will be
explained and their advantages and disadvantages will be discussed. .

3.3.1. Dielectric plethysmography

DPG measures the change in permittivity of the tissue caused by the expansion and contraction of the ar-
teries. This change in permittivity can be sensed in multiple ways. Chien [6] uses the changes in the tissue
dielectric property is measured by using gigahertz-frequency fringing electric fields. The gigahertz-frequency
is chosen to take advantage of the dielectric contrast between the pulsing blood flow and the surrounding tis-
sue in the gigahertz frequency band. Another method for heart rate measurements using dielectric plethys-
mography is using is used by Jovanov [15]. Here the change in permittivity is measured using a capacitive
sensor. The advantages of these methods are that the signal obtained from this signal is not sensitive to skin
tones. Furthermore, these methods are more power efficient than optical measurements since no power is
lost due to light absorption or scattering in the tissue. However, these methods are more sensitive to motion
and the proposed sensors are not yet available for purchase.

3.3.2. ECG

ECG stands for electrocardiography and this method is based on detecting the electrical signals of the heart.
During the contraction or relaxation of the heart cells, electrical depolarization and re-polarization occurs.
This process generates surface potentials which can be detected by electrodes. The delay between the depo-
larization and re-polarization of different regions in the heart results in the typical ECG graph which is shown
in the top half of Figure 3.1 from [18].

Typically the timing between two consecutive heartbeats is the distance between two R-wave peaks. The
advantage of this technique is that it can be very low power. However, since reducing inter electrode distance
will decrease signal strength [23], the ecg sensor would have to be relatively large in order to get an accurate
measurement.
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Figure 3.1: ECG and PPG graph

3.3.3. PPG

PPG stands for Photoplethysmography. It uses a light source which emits light at the tissue’s surface. There-
after a photodiode measures the intensity of the reflected non absorbed light. With these measurements the
volumetric variation in the blood can be obtained. In the bottom of Figure 3.1 a typical PPG signal is shown.
The advantages of using this method are that it is relatively simple in operation and the technology is inexpen-
sive. However, the accuracy of this method decreases when the patient moves or is exercising. Furthermore,
PPG has a relatively higher power consumption due to the light scattering in the tissue.

3.3.4. Phonocardiography

Heart rate can also be detected with the help of microphones by listening to the sounds of the heart and
recording acoustic signals produced by the human cardiovascular and bronchopulmonary systems but also
conducting a mathematical analysis of these sounds in order to compose an objective conclusion on patients’
state of health. In [34] various possible types of devices are discussed:

* Dynamic Microphone: This is the most common type of microphone. It consists of a membrane at-
tached to a copper coil. This coil is placed in an electric field. Therefore, when the membrane vibrates
due to sound pressure,the coil will move around in the electric field which will result in induction. The
sensitivity of this microphone is from 1 mV/Pa. Furthermore, the frequency range is from 10-50Hz to
10-15kHz. The advantage of a dynamic micro-phone is that it has a very low noise level. However, the
sensitivity is relatively low and the construction is quite large

* Condenser microphone: This microphone consists of a metallized polymer film. This film carries a
voltage. When the film vibrates due to sound it creates low frequency signals. Another type of this
microphone is called an electret microphone. The advantage of this microphone is that no external
voltage source is needed since at the creation of the electret a electrostatic charge is formed. This kind
has a sensitivity of 1.5 mV/Pa. However, the output impedance of this kind of microphones is quite
large.

* Piezoelectric microphone: This kind of microphone consists of a piezoelectric material which potential
changes as a result of sound pressure. This kind of microphones have an extremely high sensitivity up
to 50 mV/Pa. However, in order to operate correctly a good contact with the skin is needed. According
to Zhdanov et al, these kind of sensors are the most preferable for detecting heart rate sounds.

¢ Mems microphone: MEMS microphones are microphones which are built using the MEMS technology.
Therefore, these microphones can be really small. They have less noise than the other microphones dis-
cussed earlier. In the comparison performed in [34] this type had the best quality of bronchopulmonary
sounds.

3.3.5. Conclusion

In this section several heart rate measurement methods were discussed. The DPG method has a low power
consumption and is not sensitive for different skin tones. However, the design of this kind of sensor is more
complex than for the other methods mentioned in this section The ECG method is still the golden standard
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in the medical field. However, an ECG sensor needs at least two electrodes and these electrodes need to be
placed at a significant distance from each other, which would make the sensor relatively large. Detecting the
heart rate using phonography is another option discussed in this section. The disadvantage of these kind of
sensor is that it is quite sensitive to moist and temperature. The final method is PPG which has the advantage
of being a simple and inexpensive technology. Furthermore, by using this technology the oxygen saturation
can be detected at the same time which removes the need for another separate sensor. For these reasons the
PPG technology has been chosen for the sensor patch.

3.4. Oxygen saturation

Oxygen saturation is another vital health parameter that needs to be measured. Oxygen saturation is the ratio
of the total hemoglobin concentration and the concentration of hemoglobin with bound oxygen atoms, see
Equation 3.1.

O»Hb

S=—2——
0,Hb+ RHD

(3.1

The most common noninvasive way of measuring oxygen saturation is by using pulse oximetry. Pulse
oximetry is based on PPG, see Section 3.3.3, and uses the difference in light absorption between hemoglobin
and oxyhemoglobin. A typical pulse oximeter uses two leds. One red led with a wavelength around 645
nm and one infrared led with a wavelength of 940 nm, since the absorption of light differs significantly at
these wavelength between hemoglobin and oxyhemoglobin. The reflected light is thereafter collected by a
photodiode. The amplitude of the PPG wave signal is commonly denoted as AC and the baseline is denoted
as DC. For Pulse oximetry the only relevant information is in relative change of amplitude of the PPG waves.
Therefore, the ratio between the absorbance of red and infra led is shown in 3.2.

_ ACreq/DCreq

— (3.2)
ACir/DCyr

In order to determine the oxygen saturation from the obtained ratio, a calibration curve should be empir-
ically generated by measuring the ratio in healthy patients with different levels of oxygen saturation. There-
after, the microprocessor can link the ratio calculated in 3.2 to a level of oxygen saturation.

3.5. Bilirubin

Jaundice is a common illness for neonates. Jaundice is caused by an increased level of a substance called
bilirubin, which causes a yellow discoloration of the skin . This substance is made when red blood cells are
broken down. Normally the liver will remove bilirubin but the liver of a neonate is often too immature to per-
form this task. This condition is common for neonates in their first week. However, severe neonatal jaundice
can occur if the neonates are not monitored and treated in a timely fashion. Severe neonatal jaundice can
result in deafness and brain damage.

Normally the severity of neonatal jaundice is assessed by visual examination by doctors. However, due
to the subjective nature of this kind of assessment the reliability is questionable. In order to quantify the
bilirubin concentration serological tests are usually performed. These tests are performed by taking blood
samples from the neonates which is an invasive procedure which should be avoided when possible.

The principle behind the detection of bilirubin in the blood is the difference in light absorption between
bilirubin and the other blood components. In Figure 3.2 the absorption coefficients of bilirubin, hemoglobin
and oxyhemoglobin are plotted against wavelength.

As can be seen from the Figure, at wavelengths between 460 nm and 480 nm the molar attenuation coeffi-
cient of bilirubin is significantly higher than that of hemoglobin. Therefore, the same principle as used in PPG
(see Section 3.3.3) can be applied for the bilirubin sensor. In [16] the diffuse reflectance of the neonates skin
was simulated using Monte Carlo simulations. With these simulations absorption, reflection and transmis-
sion can be simulated. These simulations result in a different reflectance spectra for different values of biliru-
bin, melanin and blood concentrations. From these simulations is concluded that between the wavelengths
of 400 and 520 nm the bilirubin concentration variance has the most influence on the diffuse reflectance.
This is inline with what is shown in Figure 3.2. Hemoglobin does not have much influence on the diffuse
reflectance between these wavelength. However, melanin has a major influence on the reflectance over the
whole spectrum therefore it is important that the effect of melanin is eliminated. This is achieved by noticing
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Figure 3.2: Absorption spectrum blood

that there is a band between 600 and 700 nm where the reflectance varies highly with the melanin concen-
tration. This means that from the obtained measurements the melanin components can easily be subtracted.

In order to obtain an accurate bilirubin concentration, calibration is needed. This calibration would have
to be performed by measuring the bilirubin concentration with a clinical certified device and thereafter com-
paring the results with the results of the designed device and find correlation between the two measurements.
The design of the bilirubin sensor is discussed in Chapter 5.

3.6. conclusion

At the start of the chapter it was stated that the following medical parameters have to be measured by the
system: core temperature, respiration rate, heart rate, oxygen saturation and bilirubin. In this chapter several
methods for obtaining these were explored. Eventually some methods were selected that will be used for
further design processes. Core temperature will be measured using semiconductor devices. Acceleration
sensors will be used to measure respiration rate. Finally the decision was made to design one PPG sensor
capable of measuring the remaining medical parameters.






Choice of sensors

In this chapter sensing devices will be chosen based on the previous chapter, chapter 3, exploring the different
ways in which temperature, respiration rate, heart rate, oxygen saturation and bilirubin can be measured. It
will take into account the restriction and requirements made in chapter 2 (e.g. accuracy, energy consumption,
size, price).

4.1. Temperature sensor

In section 3.1 different methods for determining the temperature were explored in order to understand which
technique was best suited for temperature monitoring at a medical level using a small sensor system. Leading
to the conclusion that semiconductor temperature sensing devices were best suited. In the following section
the requirements for the temperature sensor will be clearly defined. Using these requirements, analyses re-
garding these parameter will be performed to obtain understanding of the best performing sensor.

4.1.1. Design requirements

Previously some factors (e.g.,accuracy, size, energy efficiency) have been mentioned in section 3.1, which give
insight in the quality of sensors and if they are an appropriate choice for the project. These design require-
ments need to be specified more precisely in order to determine if a particular sensor fulfills the requirements.
There are six important design requirements, given in table 4.1, that need to be considered. The requirements
are in order of importance.

Table 4.1: Design requirements for selecting a temperature sensor

Design requirement Requirement specification

Accuracy The measured surface temperature and actual surface temperature may not
differ more than 0.1°C. Systematic errors are not considered as these can be

removed using calibration.

Temperature range The sensor accuracy needs to hold for the temperature range of 30 to 40°C.
Surface temperature of the skin will have a value within this range.

Energy consumption Sensors may not use more than 0.3] of energy per day.

Measure frequency The temperature needs to be measured at a minimum of once per two hours.

This may be increased to improve accuracy (using averaging) as long as the

energy consumption requirement is not violated.

Size Sensors need to be as small as possible without sacrificing accuracy and en-
ergy consumption, Temperature sensor may not be larger than 5 by 5 mm.

Price Temperature sensors may not exceed a price of €3.

19
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4.1.2. Analysis of a selection of sensors

A selection of sensors were selected for the comparison between them to find the sensors that fit the design
requirements the best. All these sensors claimed to be accurate, low power and small in size. Furthermore, all
had an I2C interface for ease of implementation and communication with a microcontroller. The selection
is comprised of the following eight temperature sensors: TMP117, TMP102, STTS751, MCP9808, MAX30208,
MAX30205, AS6212 and Si7051. The sensors will first receive an analysis to determine their potential accuracy
as it has to fulfill this requirement.

Accuracy

In the design requirements it was established accuracy is a very important criteria and measured temperature
needs to be within 0.1°C degree maximum deviation from the actual skin temperature. The level of accuracy
needs to be reached in the temperature range of 30 tot 40°C. Information regarding the accuracy of the se-
lection of sensors was extracted from their datasheets. These gave information about the minimum, typical
and maximum deviations in temperature reading at a given temperature range. Some of these temperature
ranges are very large and the datasheets do not give information on the accuracy from 30 to 40°C, which may
have a better accuracy within this range as it could be closer to a calibration point. But assumptions about
the accuracy within the temperature range, of interest for this application, cannot be made. Table 4.2 shows
the quality of measurements for the various sensors.

Table 4.2: Accuracy analysis of temperature sensors

Accuracy (deviation in °C)

Sensor Temperature range (°C)
MIN TYP MAX
TMP117 -0.1 0.05 0.1 -20<T<55
TMP102 -2 +0.5 2 -25<T<85
STTS751 -1.5 +0.5 1.5 0<T<85
MCP9808 -0.5 +0.25 0.5 -20<T <100
MAX30208 -0.1 +0.1 0.1 30<T<50
-0.1 10.1 0.1 37<T<39
MAX30205 -0.2 +0.2 0.2 35.8<T<41
-0.3 +0.3 0.3 15<T<45
AS6212 -0.2 +0.2 0.2 -10<T<65
Si7051 -0.1 +0.1 0.1 35.8<T<41
-0.13 +0.13 0.13 20<T<70

From the table it is clear that the TMP117, MAX30208, AS6212, Si7051 are usable sensors when considering
accuracy. The AS6212 sensor is actually not accurate enough when performing single measurements. How-
ever, by taking multiple measurements and averaging the results, the accuracy can be improved to meet the
design requirements. This only holds if the error between measured temperature and actual temperature is a
random error and not a systematic error. Averaging may consume more energy as more measurements need
to be performed. In the analysis regarding energy consumption of the sensors, the effect of increasing the
number of measurement on the energy consumed will be determined.

Energy consumption

As only the TMP117, MAX30208, AS6212, Si7051 are usable sensors when considering accuracy only these
will be analysed regarding their energy consumption. The sensors usually have two modes off operation. The
first is the active conversion mode, also known as the measuring mode. The second mode is the standby or
shutdown, depending on the sensor. In standby or shutdown mode only the 12C interface is active and thus
only communication with a microcontroller is possible, the rest of the hardware inside the sensor is powered
down.
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Using the datasheets the power use of these modes is determined, these values will be used in the energy
analysis. The voltage specified by the datasheet - used to determine the electrical characteristics by the man-
ufacturer - was used as the voltage to determine power consumption. The power consumption in the two
modes are shown in table 4.3. To calculate energy consumption, the time that the sensor spends in each
mode is needed. The datasheets give the time that the sensor spends in measuring mode, this is known as
the active conversion time. These times are also given in table 4.3.

Table 4.3: Energy analysis of temperature sensors.

Power (uW) . .
Sensor - Conversion time (ms)
Measuring Standby/shutdown
TMP117 445.5 0.5 15.5
MAX30208 120.6 0.9 15
AS6212 120 0.3 36
Si7051 252 0.17 7

Using the conversion times and power usage, an estimation of the energy usage can be made. A simple
Matlab script was used to make figure 4.1. The figure shows the energy consumption per hour as a function of
the amount of single temperature measurements done per hour. Doing multiple measurements per hour and
taking the average of these to obtain one more accurate measurement can be useful as energy consumption
hardly increases with an increasing number of samples taken per hour. Averaging can improve the effect of
random errors by using a series of measurements. However, systematic errors can not be removed and can
only be overcome using calibration methods.

Temperature sensor Si7051 is the most energy efficient of the four tested sensors. Taking 20 measurements
per hour using the Si7051 is more efficient than taking a single measurement using the other sensors. As the
Si7051 can take so many measurements using little energy, it is ideal for making a single measurement per
hour. Furthermore, it is more accurate than the other sensors when utilizing averaging of multiple individual
measurements. When taking 20 measurements per hour the Si7051 uses around 15m] per day, less than the
design requirement of 0.3] per day.
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Figure 4.1: Energy consumption in joules per hour of a number of temperature sensors for different amounts of measurements per hour.
Size

All sensors in table 4.2 range in size between 1.6 x 1.6 mm and 3 x 3 mm. When taking a margin for supporting
hardware (e.g. decoupling capacitors), all sensors should be 5 x 5 mm or smaller. Therefor, all sensors fulfill
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the size requirement stated in table 4.1. Size will for this reason not play an as important role as accuracy and
energy consumption.

Price

Of all sensors in table 4.2, the TMP117 is the most expensive at €3,38 and the least expensive is the STTS751
at €0,81. The other sensors are somewhere in the middle. Adding components like decoupling capacitors
and pull-up resistors for the I2C bus, may increase the price by no more than €1, when buying top off the line
components. The Si7051, which outperformed the other sensors on accuracy and energy consumption, has
a price tag of €1,76. Making it sit in the middle of all temperature sensors regarding price. Together with the
costs of supporting architecture the price does not exceed €3, meaning the price requirement is met.

Conclusion temperature sensor

The temperature sensor Si7051, designed and produced by Silicon Labs, fulfills all the design requirements.
It outperforms all sensors on energy use by a long run. Furthermore, by measuring 9 individual times and
taking the average also makes it the most accurate of the sensors, as the accuracy improves by the square of
the amount of averaged samples. In this case an improvement by a factor 3 is made. This gives the Si7051 a
theoretical maximum deviation between measured skin temperature and actual skin temperature of less than
0.05 °C. Being within the temperature range of 30 to 40 °C, as required. The other sensors can only manage
0.1 °C. The other sensors can also use averaging to improve their temperature deviations. However, this will
increase the energy consumption to a level higher than was set in the requirements (table 4.1. Therefor, they
are unable to use this method, making the Si7051 the most accurate and energy efficient.

Adding the dimensions of the supporting architecture to the footprint of the Si7051 gives it a surface area of
around 5 x 3 mm and a height of 0.8 mm, within spec. Furthermore, the price of all the components for a
working sensor is around €2,80, also within the set requirements.

The Si7051 uses 12C to communicate with a microprocessor. The measured temperature is represented by a
series of 14 bits with a resolution of 0.01 °C. There is a correlation between skin temperature at the chest and
internal core temperature [26]. Heart rate and chest movements are used for the correlation model and enable
noninvasive methods to replace invasive methods to monitor patient core temperature. Implementing such
an algorithm can give accurate temperature measurements.

4.2. Respiration rate sensor

In chapter 3 the choice was made to use an acceleration sensor to measure respiration rate. Based on the
design requirements for the entire system the best suited sensor will be selected.

4.2.1. Design requirements

Table 4.4: Design requirements for selecting an acceleration sensor

Design requirement Requirement specification

Sensitivity Sensor needs to be able to detect chest movements associated with breath-
ing

Energy consumption Sensor may not use more than 1J of energy per day.

Measure frequency Sensor needs to be measured at a minimum of once per two hours.

Size Sensor needs to be as small as possible without sacrificing accuracy and en-

ergy consumption, may not be larger than 5 by 5 mm.
Price Sensors may not exceed a price of €5.

4.2.2. Analysis selection of sensors

Several sensors were found and will be compared to find the best suited for this application. The follow-
ing sensors all claimed to be accurate and low power: LIS3SDH, MMA8491Q, ADXL363, ADXL362, ADXL345,
BMA423, BMA456, BMA280, LIS2DS12 and IIS2DLPC. All these sensors are able to sample at 400 Hz or more,
this is more than enough to do accurate measurements of acceleration to determine respiration rates. This is
because breathing is a slow movement and happens at a frequency of less than 1 Hz.
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Accuracy

Breathing by adults induces an acceleration of around 10 mg [14]. For newborns this will be lower. No papers
could be found giving an exact acceleration number for newborn breathing. As an assumption an accelera-
tion of 2 mg was taken. An acceleration sensor with a resolution high enough to detect the low acceleration
values is needed. Studies using an acceleration sensor to measure respiration rate obtained accurate mea-
surements using an accelerometer with a acceleration resolution of 0.2mg or less [24] [3].

Of the selection of sensors made at the start of this section, the following sensors have a resolution of ap-
proximately 0.2 mg or less: BMA456, BMA280, LIS2DS12 and IIS2DLPC. Coincidentally, these have the lowest
output noise (110 - 120 ugv/Hz). The output of the sensor will be filtered, rejecting all frequencies above 1 Hz
as respiration rate is typically less than 60 times per minute. Total output noise will therefor be between 110
and 120 ug using the four sensors mentioned above. The IIS2DLPC has the lowest output noise of 110 ug.

Energy consumption

As only the sensors BMA456, BMA280, LIS2DS12 and IIS2DLPC are theoretically accurate enough to measure
respiration rate only these sensors will receive a energy consumption analyses. Table 4.5 shows the informa-
tion regarding current draw in measurement mode and standby/shutdown mode from the datasheets of the
components. Furthermore the operating voltage used to perform the current measurements can be found in
the table.

Table 4.5: current analysis of accelerometers

Average current (uA)

Sensor Measuring (@400 Hz) Standby/shutdown Typical operating voltage (V)
BMAA456 80 3.5 1.8
BMA280 130 2.1 2.4
LIS2DS12 150 0.7 1.8
11S2DLPC 90 0.05 1.8

Accelerometer BMA456 and IIS2DLPC have the lowest current draw during measurements compared to
the other two. However, the BMA456 consumes a lot more current when in standby compared to the BMA456.
The LIS2DS12 also has a lower standby current draw than the BMA456 and BMA280, but is still far greater than
that of the IIS2DLPC. The IIS2DLPC will have the lowest energy consumption of the four sensors analysed.

Each respiration rate measurement lasts 15 seconds as in this period multiple breaths can be observed,
improving accuracy. The energy consumption for these 15 seconds for the II2S2DLPC will be 2.43 m]. For the
time the sensor spends in standby mode the energy consumption is 0.33 mJ per hour. Totalling 67 m]J per day,
when performing a respiration rate measurement every hour. For comparison the BMA456 uses 580 m]J/day;,
the BMA280 uses 544 mJ/day and the LIS2DS12 uses 206 mJ/day the per day. All sensors use less than 1J per
day and fulfill the energy consumption design requirements stated in table 4.4.

Size

All the acceleration sensors mentioned at the start of the section range in size between 3 x5 mm and 2 x2 mm.
The sensors BMA456, BMA280, LIS2DS12 and IIS2DLPC which are theoretically accurate enough to measure
respiration rate and fulfill the energy consumption requirements are all 2 x 2 mm and are thus the smallest
of all the acceleration sensors. When taking a margin for supporting hardware (e.g., decoupling capacitors)
these sensors should be 4 x 5 mm or smaller. Therefor, these sensors fulfill the size requirement stated in table
4.4.

Price
The prices of the BMA456, BMA280, LIS2DS12 and IIS2DLPC are €2,44, €2,19, €1,40 and €2,03 respectively.
When considering that the supporting hardware (i.e., decoupling capacitors) will cost somewhere around €1,
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the price of the entire acceleration sensor does not exceed €3,44 for the sensors. Therefor, these sensors fulfill
the price requirement stated in table 4.4.

Conclusion respiration rate sensor

The acceleration sensors BMA456, BMA280, LIS2DS12 and IIS2DLPC all fulfill the design requirements in ta-
ble 4.4. The only slight differences between the sensors are that the IIS2DLPC has a lower noise output and
uses less energy. Furthermore the LIS2DS12 is the cheapest. The IIS2DLPC will be used for the sensor system
for the reasons mentioned above and accuracy and energy use are deemed more important than costs.

The data from the IIS2DLPC is a real time measure of movement of the sensors. Algorithms to distinguish
between chest movements and other body movements due to respiration have to be implemented. These
algorithms exist and have been proven to be accurate to within a couple beats per minute [12]. To improve
accuracy if needed a combination of accelerometers, gyroscopes and magnetometers can be used.

4.3. PPG

As mentioned in chapter 3 both the heart rate sensor and the oxygen saturation sensor will use PPG. In [19]
it is shown that a PPG sensor can measure the heart rate and oxygen saturation can a be accurately when
attached to the chest. The heart rate sensor only needs one LED and a photodiode. The oxygen saturation
uses two LEDs, one red and one infra red, and a photodiode. Therefore, these two sensor can be combined
into one sensor consisting of 2 LEDs and one photodiode. By combining the two sensors the area needed
is significantly reduced. Furthermore, the bilirubin sensor will be using PPG as well since the sensor will be
using the difference in light absorption between bilirubin and the rest of the blood components. The design
of this sensor is discussed in Chapter 5.

4.4. Conclusion

For the temperature sensor the Si7051 has been chosen to do the temperature measurements. The IIS2DLPC
acceleration sensor will perform measurements to determine respiration rate. Both these sensors have ful-
filled the design requirements for the temperature and respiration rate sensors.

For the heart rate, oxygen saturation and bilirubin measurements a PPG sensor will be designed to mea-
sure them all at once. This will potentially save space and energy doing it all in one sensor.
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As mentioned in section 4.3 the choice has been made to perform heart rate, oxygen saturation and bilirubin
measurements using one PPG sensor. This chapter will describe the design process that was done to obtain a
theoretical working PPG sensor. No measurements could be performed as no prototype could be made due
to the situation regarding COVID-19. The design is based on theoretical models.

5.1. Design Requirements

The PPG sensor has to be able to measure the heart rate, oxygen saturation and bilirubin concentration when
attached to the chest. As discussed in chapter 3, the sensor has to emit light at three different wavelengths,
645nm and 940nm for the heart rate and oxygen saturation and 470nm for the bilirubin concentration. The
sensor needs to operate with a maximal voltage of 5V and a peak current of 50 mA, as small batteries for
wearable devices have low output ratings. The price requirement for the entire sensor system was €40, the
temperature and respiration sensor cost around €10, therefor no more than €30 may be spent on components.
Similar approach was taken for determining maximum energy consumption for PPG sensor. A total energy
budget of 20] was available, approximately 1.5] is used by the temperature and acceleration sensor. 18.5] can
be used for PPG measurements. All design requirements for the PPG sensor can be found in table 5.1.

Table 5.1: Design requirements for PPG sensor

Design requirement Requirement specification

Measurements Measure the heart rate, oxygen saturation and bilirubin concentration
Accuracy Measured values may not deviate more than 5% of the actual value.
Energy consumption Sensor may not use more than 18.5] of energy per day.

Measure frequency

Measurements need to be performed at a minimum of once per two hours.

Size Sensor may not be larger than 2 by 3 cm.

Price Sensors may not exceed a price of €30.

Current Sensor may not draw more than 50 mA over a period of 10 seconds, peak
currents may be higher

Voltage Sensor may not operate at a voltage higher than 5V

Location Measurements need to be performed on the chest area.

Compatibility Sensor must be compatible with the microprocessor (MSP430FR5994) used

to control the entire system

5.2. Sensor Design

5.2.1. Black box model

The photoplethysmography sensor has several inputs and outputs and is connected to a power supply and a
microcontroller (MCU). The in- and outputs are visualized in figure 5.1. The GPIO pins of the MCU are used
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as inputs to control the light emitting elements of the PPG sensor. The PPG sensor radiates light into the skin
of the patient. A part of the light is reflected and is collected by the sensor and transformed into an electrical
signal. The output of the sensor will be fed into the MCU for signal processing and data transmission.

Radiated light T l Received light

GPIO high/low signals MCU Analog IR & red light levels
—_—
Power supply battery Analog blue light level
—_—

Figure 5.1: Black box model photoplethysmography sensor

The GPIO pins can have either a high of low voltage as its output, to control the PPG sensor. The voltage
levels are dependent upon the supply voltage of the MCU. The MCU used is the MSP430FR5994. The MCU
will be powered with a V. = 2.0V, this will mean according to the datasheet [] the high voltage Vo of the
digital outputs will range between V. —0.25V and V.. On the other hand the low voltage Vo will range
between Vi,V and Vg +0.25V. Vi, is the ground connection and thus 0V. The digital outputs can deliver a
maximum current of 1mA.

Furthermore, the MCU has 16 12 bit ADCs which can be used to convert the analog signals from the PPG
sensor into digital signals. Digital signals are better suited for reliable wireless transmission. The maximum
voltage range of the input of the ADC is between 0V and V., V.. = 2.0V. The sample rate of the ADCs is
determined by the internal clocks and the two clock dividers. 10kHz, 40kHz and 5MHz are the three internal
clock frequencies. The first clock divider can divide by 1, 4, 32 and 64. The second clock divider can divide by
any number between 1 and 8. Using these dividers and internal clocks there is a lot of choice for a suitable
ADC sample frequency.

5.2.2. Basic schematic
In Figure 5.2 a basic schematic of the internal structure of the PPG sensor is shown. It consists of 3 LEDs, LED
drivers, photosensitive devices and amplifiers.

The PPG sensor needs to radiate three wavelengths of light into the tissue of the patient to perform mea-
surements: blue, red and infra-red (IR). LEDs are most suited to radiate light as they are small and efficient
compared to other light sources. More elaborate design choices for the LEDs are given in section 5.2.3. The
MCU is not able to power the LEDs as it can only deliver 1m A of current using the GPIO pins, while the LEDs
use more than ten times as much to produce enough light. The LEDs will be powered using LED drivers, these
can connect the LEDs to the battery which is able to deliver the necessary current based on the state (high-
/low) of the GPIO pins. The internal architecture and component choices for the LED drivers are elaborated
in more detail in section 5.2.4.

The light that is transmitted into the skin of the patient is mostly attenuated, only a small fraction is
reflected back. Two photo sensitive device will produce a small analog output signal with a magnitude pro-
portional to the light intensity of the reflected light. Two devices are needed as the devices sensitive to blue
light are not as sensitive to IR and red light and vice versa. More details regarding the photo sensitive device
can be found in section 5.2.6. The small output signal is not suitable as an input to the ADC, therefor it needs
to be amplified. The amplification ensures for a signal that is more robust against errors that might occur in
the ADC. The amplifier should have a high signal to noise ratio to preserve measurement accuracy, In depth
analyses and design choices for the amplification step can be obtained in section 5.2.7.

The sensor will operate on two different voltages as it will enable for a better efficiency, this will be ex-
plained in more detail in section 5.2.4.
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Figure 5.2: Basic schematic of photoplethysmography sensor

5.2.3. LEDs

As small (order of magnitude in millimeters) and efficient (approx. 20%) light sources go LEDs are consid-
ered to be the best. The PPG sensor has to remain compact and low power, therefor it will use SMD LEDs
for the light source. In this section suitable LEDs are chosen for the PPG sensor. Furthermore, the useful-
ness of the radiated power is estimated based on the desired light wavelength and angles of radiation. The
current needed to power the LEDs will be determined based on the amount of useful radiated power needed
for measurements. Finally, LTspice models of the LEDs will be made, these will be used in section 5.2.4 for
simulating the effectiveness of the LED drivers. As a reference for determining LED specifications other PPG
sensors were used as reference as these are tested and have been proven to work. One of these is the SFH7050
by Osram Opto Semiconductors [31].

Wavelength

As mentioned in section 5.1 the wavelengths 470, 645 and 940 nm of light are needed to measure heart rate,
oxygen saturation and bilirubin levels. These are respectively blue, red and infra-red. The LEDs should
emit most of the power around these wavelengths, this means a narrow spectral emission peak. From the
datasheet of the SFH7050 by Osram Opto Semiconductors [31], mentioned at the start of the section, it can
be concluded that the spectral bandwidth with 50% of the maximum intensity should be around 20 nm for
the blue and red LED and 40nm for the IR LED for accurate measurements.

Angle of radiation

Another property of LEDs is the majority of power is radiated at zero degrees to the normal of the light emit-
ting surface. As the angle increases less power is radiated. The angle at which only half of the peak radiation
intensity is present is called the half angle given in degrees. The LEDs inside available oxygen saturation sen-
sors have a half angle of 60 degrees. With a half angle of 60 degrees the PPG sensor is able to make accurate
measurements [31].

Suitable LEDs

The LEDs of Ushio Opto Semiconductors have been selected for the PPG sensor, these fulfill the wavelength
and angle of radiation requirements mentioned in the previous two paragraphs. The SMT470, SMT645 and
SMT940D are respectively the blue (470 nm), red (645 nm) and IR (940 nm) LEDs used.

To keep the power consumption low, the current use of the LEDs should not be higher than 50mA. At
40mA forward current the LEDs produce 42.32 mW (blue), 23.65 mW (red) and 24.00 mW (IR) of total radi-
ated power. The LEDs in the SFH7050 by Osram produce approximately 4.9 mW (green), 12.8 mW (red) 10.6
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mW (IR) at 40mA forward current according to the datasheet. The LEDs by Ushio have a higher light produc-
tion and are thus well suited for the low power requirements of the PPG sensor.

Useful radiated power

Not all radiated power can be considered useful radiated power for two reasons. Firstly, due to the large angle
of light dispersion some light will never reach the photo sensitive element as it is radiated away in opposite
direction of the photo sensitive element. It is however, impossible to say without elaborate testing with the
used LEDs to predict at which angles the light can be considered not useful. This is mainly due to the close
proximity of the sensor to the skin and the high diffusion rate of the skin. It can be said that most radiated
power traveling in opposite direction to the light sensitive element will not reach the light sensitive element
[28].

Placing the LEDs at an angle could potentially increase the amount of effective light reaching the sensor,
however this needs to be experimentally tested and cannot be proven at this time. An assumption based on
the high diffusion rate of the skin was made about the useful radiation angles. To calculate the useful radia-
tion power an angle between -40 and 40 degrees was taken as an indication for the loss of useful power.

Secondly some of the radiated power has an undesired wavelength, deviating more than 10 nm for the
blue and red LED and 20nm for the IR LED from the dominant wavelength. This radiated power will not be
considered useful for the purpose of the PPG sensor.

The LEDs were modelled in Matlab, see appendix A.1, to understand the influence of angle and wave-
length on the useful output power. Taking into account the above assumptions only around 40% of the radi-
ated power can be considered useful at a forward current of 40mA for the three different LEDs.

Forward current

Using the above previously mentioned Matlab script the forward current can be determined to produce a
particular useful power output for all three LEDs. When more power is radiated into the skin more light will
reach the photo sensitive device. When more power reaches the photo sensitive device a larger electrical sig-
nal will be produced, which will be less susceptible to noise when amplified. Therefor, the radiated power is
maximized while staying within the energy budget. As the IR and red light will be received by the same photo
sensitive device the radiated power at the photo sensitive device needs to be of similar magnitude for red and
IR light. The absorption of IR and red light may be different and thus the radiated power levels of red and IR
light into the skin need to compensate for this.

To achieve the above, the effects of the absorption of melanin for the different wavelengths should be
known to compensate for this. As melanin has the highest absorption coefficient of commonly found sub-
stances in human skin [4], taking melanin into account gives a good indication. The absorption coefficient is
around five times higher for blue (470 nm ) than red (645 nm) light and around 10 times higher for blue (470
nm) than IR (940 nm) [10]. The blue LED must radiate a greater amount of power than red and IR to obtain
the same radiation intensity at the photo sensitive element. This is extra reason to try to maximize the output
power of the blue LED. Furthermore, the output power of the red LED should be twice as large as that of the
IR LED.

With 50 mA being the maximum forward current for the blue LED at 25 °C, 45 mA will be considered as the
maximum allowed to provide a margin to prevent failure. At 45 mA the useful radiated output power is 17.54
mW of the 46,23 mW total radiated power. The red LED also has a maximum forward current of 50 mA and at
45 mA radiates 11.95 mW useful power of the 26,52 mW total radiated power. The IR LED needs to produce
half as much power as the red LED. At 26 mA forward current the IR LED produces 6.06 mW of useful radiated
power of the 13.26 mW total radiated power. This is approximately half of the radiated power produced by
the red LED.

The useful radiation powers were calculated using an angle between -40°and 40°and a deviating from the
dominant wavelength of no more than 10 nm for the blue and red LED and 20nm for the IR LED.
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LTspice LED model

In section 5.2.4 simulations will be made in LTspice to design and test LED drivers to deliver the forward cur-
rents mentioned in the previous section. To make accurate simulations LTspice models of the LEDs need to
be made based on the datasheets. The LTspice model for a LED have 5 parameters: saturation current (Is),
emmission coefficient (N), ohmic resistance (Rs), junction capacitance (Cjo) and saturation current temper-
ature exponential (Xti). These parameters are however not given or directly related to values given in the
datasheets. To obtain the values for the parameters the Shokley diode equation and the graphs from the
datasheet relating forward voltage with forward current and ambient temperature need to be used to emu-
late the behaviour of the LEDs in a LTspice model.

Table 5.2 shows the parameters and values for each LED for the LTspice model. The method for deter-
mining and testing these can be found in appendix A.2. These values have been used to create diodes in the
LTspice library for future use.

Table 5.2: The parameters of the LTspice models and their values for the three different LEDs

Parameter SMT470 SMT645 SMT940D
Saturation current (Is) (in A) 2.45E-19 9.25E-15 1.80E-19
Emmission coefficient (N) 2.7 2.8 1.3
Ohmic resistance (Rs) (in Q) 8.8 12.3 0.8
Junction capacitance (Cjo) (in pF) 50 50 50
Saturation current temperature exponen- 90 90 20
tial (Xti)

5.2.4. LEDs Driver

As described in section 5.2.1 the GPIO pins of the microcontroller cannot supply high enough currents to
drive the LEDs. Therefor, a LED driver is designed, which uses the GPIO to connect and disconnect the LEDs
with a battery for power. There are two frequently used designs, the first uses an bipolar junction transistor
(BJT) and the other a MOSFET, which act as a switch controlled by a control signal. In this case the control
signal is the output of the GPIO pin of the microcontroller.

The BJT is a current amplifier, the current leaving the emitter of the transistor is equal to the current go-
ing into the base magnified by a component specific factor. The current leaving the emitter of a MOSFET
is dependent upon the voltage at the gate of the MOSFET. As BJTs are current driven devices they require a
small but constant current supplied to the gate for current to flow through the collector. This is not the case
for the MOSFET as it is voltage driven. Furthermore, the collector current from the BJT is more influenced by
temperature swings than MOSFETs.

BJTs are used more often to drive LEDs. However as MOSFETs are generally more efficient than BJTs,
MOSFETs are used more often in battery supplied loads. Figure 5.3 shows how the MOSFETs are used to
power and control the LEDs. Appendix A.3 describes in greater detail how the MOSFET based LED driver is
designed and simulated. It will also provide the results of the simulations in greater detail.

The RUM001L02 MOSFET by Rohm Semiconductors will be used for the LED driver circuit as it is designed
to drive low currents (max 100mA) using a low gate threshold voltage of 1V. Furthermore, it has a relative low
static drain-source on-state resistance of a couple of Q’s, depending on the Vs and Ip, compared to the re-
sistors used to limit the current through the LEDs. Finally a built-in gate-source protection diode is used to
promote reliability of the components.

The blue and red LEDs require a larger forward voltage to turn on and will be powered by a 3.7V power
supply. The IR LED requires lower voltages and will be powered by the 2.0V secondary power supply also
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Figure 5.3: Schematic of LED drivers with the three different LEDs, three GPIO pins and the two different power supplies.

used for the temperature sensor, acceleration sensor, microprocessor and BLE module. Being powered also
decreases power consumption in resistors in the LED driver circuit.

The simulations further also show the temperature influence on the current through the LEDs, see figure
A.10. At 30 °C the LED drivers deliver 45 mA to the blue and red LEDs and 26 mA to the IR LED. The current
through the IR LED is 0.2 mA less at 20 °C and 0.2 mA more at 40 °C. The current through the blue and red
LEDs is around 1 mA less at 20 °C and around 1 mA more at 40 °C. The changes in current should not influ-
ence the measurements greatly.

Regarding power consumption, the LEDs use 142 mW, 120 mW and 35 mW of for respectively blue, red and
IR. Efficiency wise, the power delivered to the blue LED is 85.5% of the total power delivered to the Driver. The
red LED receives 71.9% of the total power delivered to the driver and the IR LED receives 67.3% of the power.
The power not delivered to the LEDs ends up in the resistors that limit the currents through the LEDs and in
the MOSFETs, see table A.1 in the appendix the efficiencies are rather poor, especially for the red and IR LEDs,
as the supply voltages are not completely ideal to drive the LEDs without using current limiting resistors.

The total energy usages per LED for a measurement of 5 seconds are 166m]J for blue, 167m] for red and
52m] for IR. When a measurement is performed once per hour the total power used by the LEDs per day is
9.24].

5.2.5. Control signals LED drivers

The microcontroller GPIO outputs are used to supply the required voltage to the gate of the MOSFETs to
control the state of the MOSFETs. The LEDs need to be turned on one by one to ensure two LEDs are never on
simultaneously. Figure 5.4 shows the wave forms of the three GPIO signals. In 100us all three LEDs have been
on once for 20us, resulting in a frequency of 10kHz. Only one LED can be on at the same time as otherwise
multiple wavelengths of light will hit the same photo sensitive element, leading to the inability to distinguish
between the intensity levels of two different light sources. Furthermore, due to current restrictions of 50 mA
of the battery only one LED can be powered at a time. The LEDs will turn on and off with a frequency of
10kHz, with only 10 us between when one type of LED turn off and another turns on. This will make it seem
as if all the LEDs are on simultaneously, making comparisons between light intensities possible for the three
different LEDs. The measuring duration will be five seconds as this will ensure multiple blood pulses have
occurred during the measurement process to ensure accurate measurements.
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Figure 5.4: Microcontroller GPIO output signals used to control the state of the MOSFETs, which turn on and off the LEDs.

5.2.6. Photo diode

In order to measure the reflected light of the LEDs, photodiodes are used. A photodiode is a semiconductor
device which turns light energy into current. In [29] it is stated that the skin will reflect around 0.01% of the ra-
diated power from the LEDs. Therefore, the photodiodes should have a high sensitivity, low noise and a large
surface area in order to capture as much light power as possible. In order to detect the red and infrared light
for the heart rate and oxygen saturation measurement, a photodiode is chosen which is particularly sensitive
for the red and infrared wavelengths. Another photodiode is chosen for the bilirubin sensor. Since bilirubin
has a relatively high absorption coefficient in the blue light spectrum, a photodiode which is especially sen-
sitive in the blue light spectrum is chosen.

There are several types of photodiodes available: the PN photodiode, PIN photodiode, the avalanche pho-
todiode and the schottky photodiode.

The PN diode was the first kind of photodiode to be developed. However, nowadays its performance is not as
advanced as the more modern types. The depletion zone is were the photo detection occurs and since this
zone is relatively small for the PN diode its sensitivity is also smaller than other types of photodiodes.

The PIN photodiode is another version of the PN photodiode. The main difference is that the PIN photo-
diode has an intrinsic layer between the P and N region. This causes a wider depletion region which results
in a larger sensitivity.

The avalanche photodiode is in structure similar to PN and PIN photodiodes. However, opposed to the PN
and PIN photodiodes, an avalanche photodiode operates with a large reverse bias voltage. Due to this large
bias voltage a strong electric field is generated which accelerates the electrons. When the bias voltage is high
enough these electrons will be accelerated enough to create ionization in the lattice. Therefore, more free
charge carriers will be created and this will lead to even more ionization. This results in a large current. An
avalanche diode is therefore highly sensitive but not linear in its output due to this avalanche process.

The schottky photodiode has the same working principle as the schottky diode. As opposed to the earlier
discussed photodiodes the schottky photodiode utilizes a metal-semiconductor junction instead of a p-n
junction. The operation and structure is similar to the PIN photodiode except for the lack of p-type region.
However, due to the reflection and absorption in the metal layer this type op photodiode tends to be less ef-
ficient.
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For the designed circuit PIN photodiodes are chosen due to their high sensitivity and efficiency. The
avalanche photodiode is not chosen since the circuit will not operate on a high enough voltage.

5.2.7. Amplifier
Since the reflected light which will be collected by the photodiode will be of very low power, the photodiode
will generate a small current. In order to be useful the incoming signal needs to be amplified. This is achieved
by using a transimpedance amplifier. This type of amplifier converts the signal current into a voltage. In the
designed circuit the photodiode will operate in photovoltaic mode. This means there is no bias voltage across
the diode which means the dark current of the photodiode is at a minimum.

The first design step for the transimpedance amplifier is calculation the value for the feedback resistor.
This value depends on the diode output current and the supply voltage, see Equation 5.1.

= Vee

R
f Ipn

(5.1)
However, the maximum voltage the micro controller can receive is 2V. Therefore, assuming a maximal
input current signal of 15.6uA, the value for the feedback resistor will be 128kQ.

In order to stabilize the circuit a feedback capacitor is added. This capacitors value is dependent on the
input capacitance of the amplifier, the feedback resistor and the desired bandwidth, see Equation 5.2.

_ Cin
Cr=y/ RS, (5.2)

Cin in Equation 5.2 is the sum of the junction capacitance of the photodiode (Cj), the differential input
capacitance of the amplifier (C;) and the common-mode input capacitance (C,,). In the designed circuit
the input capacitance would result in a value of 78 pE The measurements will be performed with a sample
frequency of 10 kHz which means that according to Equation 5.2 the value of the feedback resistor will be 98

pE

In order to keep the amplifier from being saturated when the input current is zero, a reference voltage of
0.1V is applied to the positive terminal of the amplifier, see Equation 5.3.
Rr= Yee T Vrel pg (5.3)
Vref

Since the supply voltage is 3.7V this will result in the following resistor ratio: R7 = 36- R8. In the designed
circuit for R8 = 10kQ2 which means R7 = 360kQ2.

The designed circuit used in the simulation program LTspice is shown in Figure 5.5. The photodiode is
modelled as a current source with a capacitor and a resistor in parallel. These components represent the
diode current, the junction capacitance and the shunt resistance of the photodiode. During the simulations,
the calculated value for the feedback capacitor did not result in a clean output signal. Therefore, a lower value
was used, determined by making further simulations.

The simulation is shown in Figure 5.6.

As can be seen from the simulation the designed sensor has a linear output voltage as a function of the
input signal current.

The same procedure is performed for the bilirubin circuit. The resulting design is similar as is shown in
5.5. The only difference is that the values for the equivalent circuit of the photodiode are slightly different, see
Figure A.11. In Figure A.12 one period of a bilirubin measurement is shown. In the figure the output voltage is
shown for three different temperatures: 20°C, 30 °C and 40 °C. As can be seen from the figure the temperature
does not have a significant influence in the output signal.

5.2.8. Placing of LEDs and photo collector

In order to obtain the optimal measurement result the correct placing of the LEDs and the photodiodes is
very important. In order to save space only the LEDs and the photodiodes are placed at the skin side of the
PCB. The amplifiers and drivers are place on the other side. In [13] the optimal distance between the LED and
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Figure 5.5: Design Heart rate and oxygen saturation sensor

Figure 5.6: Design Heart rate and oxygen saturation sensor simulation

the photodiodes is determined. It is shown that a distance between 3-6 mm yielded the best results. In [29]
it is concluded that the distance at which the LED and the photodiodes need to be placed depends on the
depth at which the pulsating blood vessels are located. The deeper the blood vessels are located the larger
the distance needs to be. Since the sensor patch will be attached to the chest where the pulsating blood vessel
lay relatively deep in under the skin as opposed to for example a finger or an earlobe, a distance of 6 mm is
chosen.

5.3. Conclusion

The designed PPG sensor is theoretically able to perform measurements of heart rate, oxygen saturation and
bilirubin while being placed on the chest.

The LEDs use 9.24] of energy per day when a measurements last for 5 seconds and are performed once
per hour. The peak power consumption of the amplifiers is 3.68 mW per amplifier. Therefore, when measure-
ments are performed once per hour and take 5s per measurement the total energy consumption per day by
the amplifiers is 0.88]. The total energy consumption of the PPG sensor is 10.12] per day. The design require-
ment was that 18] per day was allocated for use by the PPG sensor, therefor the PPG sensor fulfills the energy
design requirements.

Using Table B, an estimate of the surface area covered by the PPG sensor can be made. The photodiodes
and LEDs require the most space as the LEDs must be placed at around 0.6 cm from the photodiodes. The
bottom side of the 2 x 3 cm will mostly have to be used for this. The top side will contain the LED drivers and
amplifiers, these will require no more than an area of 2 x 1.5 cm. Leaving enough room for the placement of
the temperature and acceleration sensors.

Using Table B again an estimate can be made of the component costs of the PPG sensor. Adding up all the
prices of the individual components results in a total price of €22 for the PPG sensor. This is less than the 30
that was set as a maximum price in the requirements and thus the price requirement has been met.
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The sensor is powered by two voltage supplies, 2V and 3.7V, these are both lower than the voltage require-
ment of 5V, Furthermore, the total current draw from the PPG sensor is less than 50 mA as was required.

As can be seen in Section 5.2.6, the skin reflects around 0.01% of the radiated power by the LEDs. Since
the 46mW is radiated by the blue LED, 26mW by the red LED and 13mW infrared LED, the received power by
the photodiodes will be in the order of 1uW. This is thereafter transformed into a current by the photodiode
which is finally amplified to a maximum voltage by the amplifiers.
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This chapter discusses what the prototype should look and perform like. First, the physical characteristics
will be discussed. Then a section will be devoted to how the system should be used.

6.1. Physical characteristics prototype

Figure 6.1, 6.2 and 6.3 show the top view, side view and bottom view respectively of the design of the sensor
patch. The total size should be 3x7cm since this was recommended by Dr. Dudink [1]. The orange parts
are flexible wires that interconnect the different parts. These flexible wires allow the prototype to be closer
to the skin of the patient. Since the device needs to be reusable, it should be possible to clean the device.
Therefore the device should be water- and alcohol proof. To this end, a silicon layer will be applied over the
entire device. This will result in a flexible reusable device.

Additionally there will be 2 contact points on the silicon casing through which the battery can be charged.

Top view
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Figure 6.1: Top view of physical prototype

6.2. Results of final design

The photoplethysmography (PPG) sensor measuring heart rate, oxygen saturation and bilirubin levels has
been designed to make accurate measurements theoretically possible. This was based on the following: sen-
sor properties form papers describing similar PPG sensors, LED radiated power, attenuation and diffusion
factors of the skin, photo-diode sensitivity and output currents and noise due to the amplification of the
photo-diode output. However as no physical prototype has been made, no measurements could be per-
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Figure 6.3: Bottom view of physical prototype

formed to proof the accuracy and measurement capabilities when performing measurements on patients.

The temperature sensor (Si7051) is able to perform accurate measurements within 0.1 degrees Celsius
deviation between measured skin temperature and actual skin temperature. There is a correlation between
skin temperature at the chest and internal core temperature [26]. Heart rate and chest movements are used
for the correlation model and enable noninvasive methods to replace invasive methods to monitor patient
core temperature.

The acceleration sensor (IIS2DLPC) produces 3 dimensional acceleration data with a acceleration resolu-
tion of 0.224mg. Using algorithms that remove large body movement components a method for estimating
respiration rate can be used to measure respiration rate [12]. Studies have shown accurate respiration rates
can be measured when using a 3D acceleration sensor with a sensitivity of 0.2mg and the appropriate signal
processing techniques [24].

The total system consumes an estimated 52J in 3 days when it is attached to a newborn while measuring
once every hour. This energy consumption is the sum of deep sleep, wake up, measurement, processing and
transmission stages of every device separately. A visualisation can be seen in Figure 6.4. The sensor patch can
last an estimated 3 weeks on one battery cycle.

The system is able to communicate its measurements wirelessly to a Bluetooth receiving device. This can
either be a mobile phone, or some sort of base station which should be developed further.

6.3. Conceptual use case

6.3.1. Data access

In terms of usability, there are a few factors which should be considered. Firstly, this system will measure
and transmit sensitive medical data. Only doctors or nurses, who would otherwise work in the maternity
ward of the hospital shall be allowed insight into this information. Parents should not be able to view the



6.4. Sterilisation methods 37

Bargraph of energy consumed per component
T T T T

60 [l Deep Sleep
Il Wake Up
[CMeasurement
50 - - [l Processing
I Transmission
[Miosses
40t .
=
>
230 B
[}
c
i
20 - N
10 - N
0 : ‘ e |
o 3¢ O ok \N @
a9 N s oD ) <0
S \\%@0 oW bfbg??\ (\?\(,6
W
Components

Figure 6.4: Energy usage per component divided per stage in the full system simulation.

measurements from the patch since they are not trained to interpret this medical information and the risk
of unnecessary panic would be great. The purpose of this project is to replace maternity care and offer the
possibility of medical monitoring from home, but this monitoring shall still only be interpreted by medical
professionals.

6.3.2. Application of patch on skin

The first time the sensor patch is attached will be in maternity care. This will be done by a nurse. This
way it is ensured that the sensor patch will be applied properly the first time, before the baby goes home.
As described in further detail in Section 6.6, the patch will have an indicator which indicates if it is applied
properly. Because of this indicator, parents at home could also reapply the patch properly in case this is
needed.

6.3.3. Charging

The charging of the sensor patch will be done by trained individuals, to avoid accidental overcharging or
damage to the system. This charging shall be done at the same location as the sterilisation of the devices as
described in Section 6.4.

6.4. Sterilisation methods

The sensor patch can be categorised as a Semi-critical instrumentation, which means that it needs to be
cleaned and disinfected [11]. Sterilisation often happens with alcohol and/or steam. The device will have
a silicon layer around it as mentioned earlier. For this application, alcohol can be used to sterilise because
silicone has good chemical resistance for alcohol [22].

6.5. Conclusion

As can be seen in Figure 6.1 the final design of the sensor patch does not exceeds the required dimensions
mentioned in 2. Furthermore, the designed sensor patch is able to measure the heart rate, temperature,
oxygen saturation, respiration and bilirubin. The battery is able to supply enough power to perform mea-
surements every 2 hours for 3 days. Moreover, the sensor patch is able to communicate wirelessly with an
external device in order to send the measured data to a hospital where a doctor can access this data.
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6.6. Future work
Some aspects of the design have not yet been addressed in this paper. In order to implement the sensor patch
successfully, some aspects still need to be researched. They will be discussed in this chapter section.

6.6.1. Patch contact indicator

In order to receive accurate measurements from the sensor patch, it needs to be attached properly. Otherwise,
the sensors might might be too far away from the skin for accurate measurements. For this purpose, further
work needs to be done into the development of some sort of indicator which will inform the user whether the
patch is applied properly to the skin, so that the user can expect correct measurements.

6.6.2. PCB

A concept for the construction of a PCB and component placement has been made, however a design and
testing procedure must take place in the future to realise a PCB with the correct placement and operation
of components. The PCB design has to take into account aspects of comfort and durability to fulfil design
requirements. Flexible PCBs or flexible cables need to be explored to see if the sensor patch can be somewhat
flexible to make it fit better to the skin of the patient.

6.6.3. PCB housing

In order to protect the sensor patch from external influences, the patch needs a casing. This case must be
completely closed and non transparent in order to block the ambient light which could influence the PPG
sensors. However, this casing should not interfere with the Bluetooth communication. Furthermore, the
casing should protect the electronics of the sensor patch from moisture like sweat. In order to increase user
comfort the casing should be flexible. Also, charging points will need to be integrated in the PCB housing.

6.6.4. Method of attachment

No testing has been performed on how to apply the sensor patch to the patient. Some solutions have been
conceived such as: using an adhesive material or tape to secure the sensor patch. These methods need to
be explored and tested in the future to determine their capabilities of attaching the sensor patch for a period
of three days. Water resistance can be a useful property for the method of attachment as this would enable
the patient to take a bath while wearing the sensor patch and would prevent the patch from losing grip if the
patient sweats.

6.6.5. Clinical trials

In order to calibrate the designed sensors, clinical trials on patients should be performed. The trials can be
used to remove systematic errors in the measurements. Furthermore trials would also verify the performance
of the sensors, for example the accuracy and repeat-ability of measurements. The trials will reveal potential
issues in the design and may lead to the need of design alterations.
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7.1. Conclusion

As can be read in previous chapters, the required sensors, which are stated in 2, are chosen or designed. The
total price of these sensor would be approximately 28 euros (see Appendix B which is less than the required
40 euros. The dimensions of the chosen and designed sensors are all small enough to fit on the designated
area on the sensor patch. Furthermore, the total energy consumption is 10.2] per day which is well under the
required 20J per day. In the design of the sensor the communication with the microcontroller is taken into
account.

7.2. Future work
The sensors have been chosen or designed based on theoretical models, simulations and other articles using
similar techniques. There have been no trials performed on patients to prove the sensor system works. Sev-
eral steps regarding the different sensors need to be taken to enable the testing of a prototype of the complete
Sensor system:

Temperature sensor

1. Design and implement algorithms to correlate chest skin temperature to internal core temperature
2. Calibrate the sensors using a number of test subjects

3. Perform temperature tests on a large group of babies to determine the accuracy of the temperature
sensor and the algorithms surrounding it.

4. Determine the effects of heat production by surrounding components in the ‘Sensor Patch’ (i.e., micro-
processor, LEDs) on the accuracy of the sensor

Respiration rate sensor

1. Design and implement algorithms to convert raw sensor data from 3-axis acceleration sensor into a
value for the respiration rate.

2. Calibrate the sensors using a number of test subjects

3. Perform respiration rate tests on a large group of babies to determine the accuracy of the sensor and
the algorithms surrounding it.

4. explore the use of combining sensors to improve the accuracy of estimating respiration rate (i.e., gyro-
scopes, magnetometers).

PPG

1. Measure accurately the amount of reflected light received by a photodiode for the three different wave-
lengths at different separation distances between LED and photodiode.
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. Determine based on the previous point if the radiated power by the LEDs is sufficient for the given

photodiodes to make accurate measurements of the pulsatile volume of blood.

. Determine the proper ratios of radiated power between the different wavelengths of light.

. Determine based on the above if the design of the amplifier stage is still appropriate and perform phys-

ical test to prove this.

. Design and implement algorithms to accurately estimate heart rate, oxygen saturation and bilirubin

levels based on the output data from the photodiodes.

. Calibrate the sensors using a number of test subjects.
. Perform tests on a large group of babies to determine the accuracy of the sensor and the algorithms.

. Study the effect of a housing designed to protect the sensors against water on the accuracy of the sensor.
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A.1. MATLAB scripts and plots calculating useful output power LEDs
A.1.1. Blue LED SMT470
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Figure A.1: Plots created by matlab script (listing A.1) illustrating how the useful radiated power is calculated for the SMT470 blue LED.
For the top two plots the area under the curve and between the vertical lines is taken to determine the fraction of useful power

Listing A.1: MATLAB script calculating the useful output power of the blue SMT470 LED

close all
clear all

% Matlab script can be used to calculate the amount of useful power radiated by the blue LED

in the form of light. This is dependent upon the forward current through the LED, the max

and min radiation angle and the min and max wavelength that belong to the useful part of
the radiated output light.

%% Specifications BLUE LED

Power_If 20 = 23; %Total power output at forard current If = 20mA (in ni\)

%% Variables influencing total useful output power

45
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angle_min = —40;
angle_max = 40;
wavelength_min = 460;
wavelength_max = 480;
If LED = 40;

%If LED = 34;

%% normalized output power angle

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.
al = 0.9885;

bl = 0.01757;

cl = 1.571;

a2 = 0.01146;

b2 = 0.0653;

c2 = 1.571;

BLUE_angle_fit = -90:0.1:90;

x = BLUE_angle_fit;
BLUE_RRI_angle_fit = al.*sin(bl.*x+cl) + a2.xsin(b2.xx+c2);

fun = @(x) al.xsin(bl.xx+cl) + a2.xsin(b2.xx+c2);

xmin = angle_min;

xmax = angle_max;

Useful_output_power = integral (fun,xmin,xmax) ;

Total_output_power = integral (fun,-90,90);

norm_output_power_angle = Useful_output_power/Total_output_power; %Fraction of useful power
based on radiation angle limits

%% normalized output power wavelength

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.
al = 0.6665;

bl = 469.7;
cl = 10.76;
a2 = 0.3605;
b2 = 477;

c2 = 24.88;

BLUE_wavelength_fit = 400:1:550;
x = BLUE_wavelength_fit;
BLUE_RRI_wavelength_fit = alxexp(—((x-bl)./cl).”r2) + a2xexp(—((x-b2)./c2)./r2);

fun = @(x) al+exp(—((x-bl)./cl).72) + a2+exp(—((x-b2)./c2).72);

xmin = wavelength_min;

xmax = wavelength_max;

Useful_output_power = integral (fun,xmin,xmax) ;

Total_output_power = integral (fun,350,550);

norm_output_power_wavelength = Useful_output_power/Total_output_power; %Fraction of useful
power based on wavelength limits

%% normalized output power forward current

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.

a = 2.703;
b = 0.004098;
c = —2.706;
d = -0.01745;

BLUE_If_fit = 0:0.1:100;
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x = BLUE_If_fit;
BLUE_RRI_If fit = a.*exp(b.*x) + c.xexp(d.*X);

norm_output_power_If = a.+exp(b.*If LED) + c.+xexp(d.+If LED); %Fraction of output power
based on forward current through LED.

%% Total output power

Total_useful_output_power = norm_output_power_If * norm_output_power_wavelength =
norm_output_power_angle * Power_If 20;

%% Plots

% Visualization of the selected values for the variables influencing total useful output power
subplot(2,2,1)

plot (BLUE_angle_fit, BLUE_RRI_angle_fit)

ylim ([0 1]);

xline (angle_min) ;

xline (angle_max) ;

title ('Radiation_Characteristics’)

xlabel (’Angle_ (deg)’)

ylabel (’Relative_radiant_intensity_(A.U.) ")

subplot(2,2,2)

plot (BLUE_wavelength_fit, BLUE_RRI_wavelength_fit)
xline (wavelength_min) ;

xline (wavelength_max) ;

title ('Relative_Spectral_Emission’)

xlabel (’Wavelenght_ (nm) ")

ylabel (’Relative_radiant_intensity_(A.U.) ")

subplot(2,2,3)

plot (BLUE_If_fit, BLUE_RRI_If_fit,If LED,norm_output_power_If, ")
title ('Relative_Radiant_Intensity - Forward_Current’)

xlabel (’Forward_current_If_ (mA)’)

ylabel (’Relative_radiant_intensity_(A.U.) ")

A.1.2. Red LED SMT645
Listing A.2: MATLAB script calculating the useful output power of the red SMT645 LED

close all
clear all

% Matlab script can be used to calculate the amount of useful power radiated by the red LED
in the form of light. This is dependent upon the forward current through the LED, the max
and min radiation angle and the min and max wavelength that belong to the useful part of
the radiated output light.

%% Specifications RED LED

Power_If 20 = 11; %Total power output at forward current If = 20mA (in niN)
%% Variables influencing total useful output power

angle_min = —40;

angle_max = 40;

wavelength_min = 635;

wavelength_max = 655;
If LED = 40;
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Figure A.2: Plots created by matlab script (listing A.2) illustrating how the useful radiated power is calculated for the SMT645 red LED.
For the top two plots the area under the curve and between the vertical lines is taken to determine the fraction of useful power

%If LED = 42;

%% normalized output power angle

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.

al = 1.034;

bl = 0.01709;

cl = 1.571;

a2 = 0.03421;

b2 = 0.07174;

c2 = —-1.571;

RED_angle_fit = —90:0.1:90;

x = RED_angle_fit;
RED_RRI_angle_fit = al.*sin(bl.*x+cl) + a2.xsin(b2.xx+c2); %Fraction
radiation angle limits

fun = @(x) al.*xsin(bl.xx+cl) + a2.xsin(b2.*x+c2);

xmin = angle_min;

xmax = angle_max;

Useful_output_power = integral (fun,xmin,xmax) ;
Total_output_power = integral (fun,-90,90);
norm_output_power_angle = Useful_output_power/Total_output_power;

%% normalized output power wavelength

of useful power based on

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.

al = 0.4621;
bl = 644.9;
cl = 5.846;
a2 = 0.5796;
b2 = 640.8;
c2 = 14.59;

RED_wavelength_fit = 550:1:750;
x = RED_wavelength_fit;

RED_RRI_wavelength_fit = al.xexp(—((x—bl)./cl).A2) + a2.xexp(—((x-b2)./c2).72); %Fraction of
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useful power based on wavelength limits

fun = @(x) al.xexp(—((x-bl)./cl).Ar2) + a2.xexp(—((x—b2)./c2).A2);

xmin = wavelength_min;

xmax = wavelength_max;

Useful_output_power = integral (fun,xmin,xmax) ;

Total_output_power = integral (fun,550,750);
norm_output_power_wavelength = Useful_output_power/Total_output_power;

%% normalized output power forward current

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.
a = 4.293e+04;
b = —-0.000909;
c = —4.293e+04;
d = -0.0009103;

RED_If_fit = 0:0.1:100;
x = RED_If_fit;
RED_RRI_If fit = a.xexp(b.*x) + c.xexp(d.*x);

norm_output_power_If = a.xexp(b.xIf LED) + c.xexp(d.=If LED); %Fraction of output power
based on forward current through LED

%% Total output power

Total_useful_output_power = norm_output_power_If * norm_output_power_wavelength =
norm_output_power_angle * Power_If_20;

%% Plots

% Visualization of the selected values for the variables influencing total useful output power
subplot(2,2,1)

plot (RED_angle_fit, RED_RRI_angle_fit)

ylim ([0 11);

xline (angle_min) ;

xline (angle_max) ;

title ('Radiation_Characteristics’)

xlabel (’Angle_ (deg) ')

ylabel (' Relative,_radiant _intensity _(A.U.) ")

subplot(2,2,2)

plot (RED_wavelength_fit, RED_RRI_wavelength_fit)
xline (wavelength_min) ;

xline (wavelength_max) ;

title ('Relative_Spectral Emission’)

xlabel (’Wavelenght_ (nm) ")

ylabel (’Relative_radiant_intensity_(A.U.) ")

subplot(2,2,3)

plot (RED_If fit, RED_RRI_If_fit,If LED,norm_output_power_If, '+’)
title ('Relative_Radiant_Intensity - Forward Current’)

xlabel (’Forward_current_If_ (mA)’)

ylabel (’Relative_radiant_intensity_(A.U.) ")

A.1.3. IRLED SMT940D

Listing A.3: MATLAB script calculating the useful output power of the IR SMT940D LED

close all
clear all
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Figure A.3: Plots created by matlab script (listing A.3) illustrating how the useful radiated power is calculated for the SMT940D IR LED.
For the top two plots the area under the curve and between the vertical lines is taken to determine the fraction of useful power

% Matlab script can be used to calculate the amount of useful power radiated by the IR LED in
the form of light. This is dependent upon the forward current through the LED, the max
and min radiation angle and the min and max wavelength that belong to the useful part of
the radiated output light.

%% Specifications IR LED
Power_If 50 = 30; %Total power output at forard current If = 50mA (in niA)

%% Variables influencing total useful output power
angle_min = —40;

angle_max = 40;

wavelength_min = 920;

wavelength_max = 960;

If LED = 40;

%If LED = 37.5;

%% Normalized output power angle

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.
al = 1.034;

bl = 0.01709;

cl = 1.571;

a2 = 0.03421;

b2 = 0.07174;

c2 = —-1.571;

IR_angle_fit = —90:0.1:90;

x = IR_angle_fit;
IR_RRI_angle_fit = al.#sin(bl.*x+cl) + a2.xsin(b2.xx+c2);

fun = @(x) al.xsin(bl.xx+cl) + a2.xsin(b2.xx+c2);

xmin = angle_min;

xmax = angle_max;

Useful_output_power = integral (fun,xmin,xmax) ;

Total_output_power = integral (fun,-90,90);

norm_output_power_angle = Useful_output_power/Total_output_power;  %Fraction of useful power
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based on radiation angle limits
%% Normalized output power wavelength

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.
al = 0.4657;

bl = 943.3;
cl = 14.08;
a2 = 0.4924;
b2 = 931.2;
c2 = 25.24;
a3 = 0.2022;
b3 = 908.5;
c3 = 46.33;

IR_wavelength_fit = 800:1:1000;

x = IR_wavelength_fit;

IR_RRI_wavelength_fit = al.*exp(—((x-bl)./cl).A2) + a2.xexp(—((x-b2)./c2).7A2) + a3.+exp(—((x—
b3)./c3).72);

fun = @(x) al.xexp(—((x-bl)./cl).A2) + a2.xexp(—((x-b2)./c2).A2) + a3.xexp(—((x-b3)./c3).7r2);

xmin = wavelength_min;

xmax = wavelength_max;

Useful_output_power = integral (fun,xmin,xmax) ;

Total_output_power = integral (fun,800,1000);

norm_output_power_wavelength = Useful_output_power/Total_output_power; %Fraction of useful
power based on wavelength limits

%% Normalized output power forward current

% Equation and values for a,b,c determined using the datasheets and the curve fitting tool.

a = 6.271;

b = 0.00146;

c = —6.279;

d = -0.001777;

IR_If_fit = 0:0.1:100;
x = IR_If_fit;
IR_RRI_If_fit = a.*exp(b.*x) + c.xexp(d.*Xx);

norm_output_power_If = a.xexp(b.*If LED) + c.xexp(d.xIf LED); %Fraction of output power
based on forward current through LED

%% Total useful output power

Total_useful_output_power = norm_output_power_If * norm_output_power_wavelength =
norm_output_power_angle * Power_If _50;

%% Plots

%Visualization of the selected values for the variables influencing total useful output power
subplot(2,2,1)

plot(IR_angle_fit,IR_RRI_angle_fit)

ylim ([0 11);

xline (angle_min) ;

xline (angle_max) ;

title ('Radiation_Characteristics’)

xlabel (’Angle_ (deg)’)

ylabel (’Relative_radiant_intensity_(A.U.) ")

subplot(2,2,2)
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plot (IR_wavelength_fit,IR_RRI_wavelength_fit)
xline (wavelength_min) ;

xline (wavelength_max) ;

title ('Relative_Spectral_Emission’)

xlabel (’Wavelenght_ (nm) ")

ylabel (’Relative_radiant,_intensity_(A.U.) ")

subplot(2,2,3)

plot (IR_If_fit ,IR_RRI_If_fit,If LED,norm_output_power_If, "= ’)
title ('Relative_Radiant_Intensity_—_ Forward_Current’)

xlabel (’Forward_current_If_ (mA)’)

ylabel (’Relative_radiant,_intensity_(A.U.) ")

A.2. Method for creating LED LTspice models

At the end of section 5.2.3 the parameters and values for a LTspice model were given for three LEDs. In this
part of the appendix the methods for finding these values and a measure of the accuracy of the LTspice model
to the datasheets is given.

A.2.1. Saturation current and emission coefficient
An ideal diode can be modelled using the Shokley diode equation, this will give the voltage current relation-
ship of an ideal diode. Equation A.1 gives the Shokley diode equation.

VD

I=1Ig(e™T —1) (A.1)

where:
I is the current through the diode in A
I is the saturation current in A
Vp is the voltage across the diode in V
n is the emission coefficient also know as the quality factor
Vr is the thermal voltage

The thermal Voltage is given by equation A.2. For T = 303K(30°C) the thermal voltage is approximately
26.12mV.

kT
Vr="—
q

The forward voltage and forward current relationship of the LEDs were plotted in Excel using the figures
found in the datasheets. The Shokley diode equation was also plotted in the same Excel plots. The plots were
given a logarithmic scale for the y-axis. The I-V curve of the LED should represent an almost linear line at low
forward voltages. The Shokley diode equation also gives a linear line when a logarithmic scale is used. The
values for Is and n should be given such values that the Shokley diode line matches the I-V curve of the LED
for low forward voltages. The emission coefficient n determines the angle with the x-axis and the saturation
current Is determines the vertical offset of the Shokley diode line. Figures A.4, A.5 and A.6 show how well the
Shokley diode equation fits the datasheets in the linear part with a logarithmic y-axis.

(A.2)

Using the values for Is and n a very basic LTspice for the LEDs can be made. Adding .model ledtest D
(Is=‘value for Is’ N=‘value for N’ Rs=10) to the diode library of LTspice will enable to determine the other
three parameters in LTspice. The ohmic resistance Rg is set to an arbitrary resistance of 10Q, this will be
changed later to fit the model to the datasheet.

A.2.2. Ohmic resistance

In LTspice the LTspice LED model was connected to a voltage source. Performing a simulation using a DC
sweep from 0 to 4 V and measuring the current through the LED will result in a I-V curve. This curve needs
to be matched to the curve of the datasheet for all forward voltages. This can be done by altering the value of
Rs. Rg influences the roll off effect due to ohmic resistance. Increasing Rg increases the roll off effect and will
decrease the forward current for the forward voltage in the higher voltage range. A good fit to the datasheet
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can be made by choosing the appropriate values for Is, N and Rg. Figures A.4, A.5 and A.6 show how well the
LTspice models fit the datasheets for the SMT470, SMT645 and SMT490D LEDs respectively.
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Figure A.4: Excel plot showing the forward current forward voltage relationship of the blue SMT470 LED based on the datasheet,
Shokley diode equation and LTspice model.

Forward current vs. forward voltage SMT645 LED
1000 -~

100 -
//
= Datasheet
10 -
Schokley equation
Ltspice model
1 T T T T T T T T )

17 181920212223 242526272829303132333435

Forward current (mA)

0.1 -
Forward voltage (V)

Figure A.5: Excel plot showing the forward current forward voltage relationship of the red SMT645 LED based on the datasheet, Shokley
diode equation and LTspice model.

A.2.3. Junction capacitance

The junction capacitance will determine the rise and fall time of the forward current through the LED in a
transient event. The junction capacitance was not stated in the datasheets and thus need to be estimated.
The other LEDs in the diode library of LTspice have a capacitance of 50pE This value was also taken for the
LTspice models of the SMT470, SMT645 and SMT940D LEDs.

A.2.4. Saturation current temperature exponential

The IV relationship of the LEDs is influenced by the ambient temperature. The forward voltage decreases as
the temperature increases for a given forward current. The saturation current temperature exponential de-
termines how much the forward voltage is influenced by changing ambient temperature.

The LTspice library entry for the LED model needs to be changed to .model ledtest D (Is=‘value for Is’ N=‘value
for N’ Rs=10 Cjo=50p Xti=100). The value for Xti is set at 100 for now, this value will need to be changed to fit
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Figure A.6: Excel plot showing the forward current forward voltage relationship of the IR SMT940D LED based on the datasheet, Shokley
diode equation and LTspice model.

the datasheet.

To determine the final value for Xti the LTspice model for the LED needs to be connected to a constant current
source set at 20mA for the blue and red LED and 50mA for the IR LED, this are the currents used to illustrate
the influence of temperature on the forward voltage in the datasheets. A simulation using a temperature
sweep is performed and the voltage across the LED is measured. The Xti value needs to be given such a value
that the LTspice plot matches that found in the datasheet.

After the value for Xti is found all five parameters for the LTspice models have been acquired. These LED
models can be used for future LTspice simulations for designing a LED driver.

A.3. In depth design and simulation of MOSFET based LED Driver

The following part of the appendix describes in greater detail the MOSFET based LED driver design featured
in section 5.2.4. It will furthermore give proof of proper operation using LTspice simulations.

The MOSFET based LED driver circuit is conceptually simple and uses just two resistors and a MOSFET to
drive the LED. Figure A.7 shows the circuit. The LTspice model for the SMT470 made as described at the end
of section 5.2.3 and appendix A.2 was used. The LTspice model for the RUM001L02 MOSFET was obtained
from the manufacturer Rohm Semiconductors [32] and is used to make a customized component in LTspice
using the code shown in A.4.
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Figure A.7: LED driver schematic for blue SMT470 LED. Forward current LED is 45 mA at 1.75V MOSFET gate-source voltage.

Listing A.4: LTspice model for RUM001L02 obtained from the manufacturer Rohm Semiconductors

skxkxkxxxxxxxxxxxxD G S
.SUBCKT RUMO0011.02 1 2 3
M1 11 22 3 3 MOSN

D1 3 1 DDS

R1 1 11 RTH 2.01
D2 22 11 DDG

R2 2 22 326
.MODEL MOS_ N NMOS

+ LEVEL=3

+ L=2.0000E-6

+ W=0.1

+ KP=1.0399E-5
+ RS=10.000E-3
+ RD=0

+ VIO=.69971

+ RDS=20.000E6
+ TOX=2.0000E—6
+ CGSO=41p

+ OGDO=10p

+ CBD=0

+ RG=0

+ N=2

+ RB=1.0000E-3
+ GAMMA=0.3

+ ETA=0.0001

+ KAPPA=0

+ NFS=8G
.MODEL DDS D

+ 1S=1.2632E-12
+ N=1.2237

+ RS=.1162

+ IKF=53.751E-3
+ CJO=3.9172E-12
+ M=.338

+ V]=.76101

+ BV=20

+ TT=21n

.MODEL DDG D

+ CJO=4.0345E-12
+ M=.66305
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+ V]=.76707

+ N=10000

+ FC=0.5

.MODEL RTH RES

+ TC1=0.0055

+ TC2=0.000005

.ENDS RUMO001L02

MOSFETs have a small gate capacitance that is charged when voltage is applied to the gate. When the voltage
supply tot the gate is removed the gate capacitance remains high for a brief period. To overcome this a large
resistance is connected between gate and ground to discharge the capacitor. It furthermore ensures the gate
is never floating, which could cause unwanted behaviour. The value is not very import, somewhere between
10kQ and 100kQ2. A value of 50kQ was chosen.

Resistor R2 is placed in series with the LED to limit the current through the LED when the MOSFET is operat-
ing in the saturation region. For the blue SMT470 LED requiring 45 mA of forward current a resistance of 8Q
is needed. This is proven by the simulations, see figure A.8. For the red SMT645 LED also requiring 45 mA of
forward current 19Q of resistance is added in series. Finally for the IR SMT940D LED 21Q) is used to obtain a
forward current of 26 mA. These values were also obtained using simulations.

Figure A.8: LTspice DC sweep simulation illustrating the effect of an increasing MOSFET gate-source voltage on the forward current
through the LED.

The simulation shown in figure A.8 also proves the MOSFETs changes between operation modes at the proper
gate voltages. At a gate voltage between 0 and 0.25V, the low state output voltage of the MCU GPIO pin, the
MOSEFET prevents current from flowing through the LED. With a gate voltage ranging from 1.75 to 2V, the high
state output voltage, The MOSFET is in active saturation mode and passes the desired current. The same type
of simualtion was performed for the other two LEDs and gave the same desired MOSFET states for the poten-
tial gate voltages.

In section 5.2.4 figure 5.3 shows the schematic containing the three LEDs and their drivers. The circuit is
simulated in time using three pulsating voltage sources with a period of 100us and an on time of 20us. The
three sources are delayed with %us in relationship to one an other. This ensures no more than one LED is
on at a given time. Similar control signals will be used when the PPG sensor is in operation. The result of the

simulation is given in figure A.9.

The simulation shows the desired forward currents through the LEDs at the wanted times. There is however
a small delay when the LEDs switch states most probably caused by capacitance’s within the components.
As there is a clear separation between when two individual LEDs are in the on-state there is no reason for
concern.

The influence of ambient temperature on the LEDs and drivers is also an important factor to explore and take
in to account. Figure A.10 is the same simulation as shown in figure A.9, however now it has been performed
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1(Smt470)

-5mA
Ops 20us 40us 60us 80us 100us 120us

Figure A.9: LTspice simulation of the three LEDs and their drivers using a pulsing voltage sources connected to the gates of the
MOSEFETs.

under 20, 30 and 40 °C. At higher temperatures more forward current is experienced by the LEDs than at lower
temperatures. The influence of temperature is most dominant in the blue and red LED as these have a higher
saturation current temperature exponential (Xti) compared to the IR LED, experiencing hardly any influence
of temperature. Between 20 and 40 °C, there is a difference of less than 2 mA of forward current for the blue
and red LEDs. The influence of temperature on the light output of the LED is not large enough to be of con-
cern.

I(Smt470)

SR
20ps 40ps 60us 80us 100ps 120ps

Figure A.10: LTspice simulation at 20, 30 and 40 °C of the three LEDs and their drivers using a pulsing voltage sources connected to the
gates of the MOSFETs.

A final power simulation is required to obtain a better understanding of the energy consumption and effi-
ciency. The simulation performed in A.9 was used to obtain the power consumption of all components, see
table A.1.
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Table A.1: Power consumption of LEDs and LED driver components

Component Power consumption (mW) Fraction of delivered power
3.7V power supply (blue LED ON) -166 (Delivered) 1
blue SMT470 LED 142 0.855
8Q) resistor 16 0.096
MOSFET 8 0.048
3.7V power supply (red LED ON) -167 (Delivered) 1
blue SMT470 LED 120 0.719
19Q resistor 39 0.234
MOSFET 8 0.048
2.0V power supply (IR LED ON) -52 (Delivered) 1
blue SMT470 LED 35 0.673
21Q resistor 14 0.269
MOSFET 3 0.058

HR/SpO2 36p

27.6p

.dcI2027u 1u

Figure A.11: Bilirubin sensor model

A.4. Photodiode and transimpedance amplifier
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V(n002)

Figure A.12: Heart rate and oxygen saturation sensor temperature dependence
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B. List of Components

Table B.1: The list of components needed to construct all sensors

Component Amount Size (Lx Wx H in mm) Price p.p.
Temperature Sensor
Si7051 SMD 1 3x3x0.75 1,76
10kQ resistor SMD 0.1% APC0201 2 0.58x0.29x0.23 0,39
0.1 uF capacitor SMD 10% KEMET 0603 1 1.6x0.8x0.8 0,24
Acceleration Sensor
1IS2DLPC SMD 1 2x2x0.7 2,03
0.1 uF capacitor SMD 10% KEMET 0603 1 1.6x0.8x0.8 0,24
10 uF capacitor SMD 10% Taiyo Yuden 0603 1 1.6x0.8x0.45 0,27
10k resistor SMD 0.1% APC0201 2 0.58x0.29x0.23 0,39
PPG Sensor - LEDs
Ushio SMT470 blue LED 1 3.5x2.7x1.8 0,73
Ushio SMT645 red LED 1 3.5x2.7x1.8 0,73
Ushio SMT940D infra-red LED 1 3.5x2.7x1.8 0,73
PPG Sensor - LED Drivers
ROHM RUMO001L02 MOSFET 3 1.2x1.2x0.5 0,30
50kQ resistor SMD 0.1% Yageo 3 1.6x0.8x0.45 0,34
8.2 Q resistor SMD 0.1% Yageo 1 1.6x0.8x0.45 0,31
19.1 Q resistor SMD 0.1% TE Connectivity 1 1.0x0.5x0.3 0,38
21 Q resistor SMD 0.1% TE Connectivity 1 1.0x0.5x0.3 0,41
PPG Sensor - Photodiodes
VEMDS5510C blue photodiode 1 5x4x0.9 1,84
PDB-C160SM red/ir photodiode 1 4.39x3.84x1.14 4,71
PPG Sensor - Amplifiers
OP284 operational amplifier 1 9.27x6.35x3.3 3.82
10pF capacitor Kemet 2 1x0.5x0.5 0.11
70 kQ resistor Vishay 1 6.1x2.26x2.26 0,19
120 kQ resistor KOA Speer 1 23x2.3x6.1
1.5 pF capacitor Murata 2 1x0.5x0.55 0,21
320 kQ resistor Yageo 2 1.6x0.8x0.45 0,18
10 kQ resistor Yageo 2 2x1.25%x0.5 0,10
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