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Abstract

As devices continue the trend of becoming increasingly smaller in scale to allow
for wearability, the power supply modules driving these technologies will in turn become
reduced in size as well. This progression will call for advanced techniques to fabricate
power supplies on wearable device platforms which still permit the circuit to operate
effectively. One such crucial technique, which is discussed in this thesis, is the
implementation of power saving measures to increase battery lifespan on wearable
devices.

Equipment found in the medical field today can be quite bulky and require
inconvenient means of transportation and take up an excessive amount of space. Thus,
the medical industry is booming with a demand for wearable small scale devices to be
used as medical diagnostic equipment. This study takes a closer look at the development
of a power supply design for a wearable medical diagnostic device. This apparatus utilizes
Speckle-plethysmography to effectively analyze the cardiovascular health of the patient,
and therefore must utilize a relatively noise-free and battery operated power supply to

function properly.



Chapter 1: Introduction
1.1 Overview

Wearable technologies have drastically grown in popularity among the public and
are becoming an increasingly common occurrence in the day to day lives of the average
individual. With products ranging from fitness tracking watches to navigational eye weatr,
the appeal to many consumers lies in the innovativeness of such devices. With today’s
wearable technologies, someone wearing a smart watch can schedule a calendar event
using their voice. Equally, someone wearing smart glasses could be given navigational
assistance on their heads-up display. These are just a couple of advantages seen from
such devices and the possibilities are seemingly endless.

Furthering the development of wearables is the expansion of wearable medical
diagnostic devices. One instance where this can be seen in action can be found in modern
day smartwatches which can monitor your sleeping habits, track your fitness activity, and
even measure your heart rate. There are even developments into using these wearable
technologies to remotely monitor patients from home in between visits with their medical
team [1]. The convenience of all of your medical diagnostic data at your fingertips is an
attractive concept for many and thus grows the demand for wearable products even more
so.

Market trends also show a positive outlook for wearable technologies and have
even predicted that the market size for the industry will exceed one-hundred billion dollars

by 2023 [2]. This positive market trend both ranging from the years of 2015 to 2026 can
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be graphically depicted in Figure 1.1 [2]. With such a rapid potential for growth, the

motivation behind researching wearable technologies strengthens further.
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Figure 1.1: Global market predictions for wearable technologies from 2015 to 2026.
Reprinted from “Wearable Technology 2017-2027: Markets, Players, Forecasts” by
James Hayward, retrieved: https://www.idtechex.com/en/research-report/wearable-
technology-2017-2027-markets-players-forecasts/536 Reprinted with permission. [2]

While the potential of wearables is certainly promising, there are still challenges
which must be overcome. Many wearable technology companies are focused on
providing users with ergonomically comfortable designs and digital security in an IoT
market. Most notably however is the problem pertaining to energy consumption, which is
regarded as being, “one of the most critical challenges in wearable computing.” [3].
Making devices both wearable and power efficient can be a daunting task for a variety of
reasons. Factors such as thermal dissipation and compact layouts can force certain
design parameters to fall out of desired ranges quite easily, so the balance between

efficiency and functionality must be prioritized.
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Many designs have been proposed that attempt to address this widespread issue.
One such design includes a thermoelectric power source which can utilize the heat
produced by our bodies to power any wearable devices the consumer may have directly
positioned on their skin [4]. Other power supply designs, much more like the one to be
created in this project, use a battery as a power source and implement a creative design
to replenishing battery life. For instance, a Texas Instruments design from 2016 installed
a wireless charging module to allow for a more compact and simplified product [5]

1.2 Thesis Objective

Wearable technology has changed aspects of many of our lives in a positive way,
but its continued development efforts must tackle the problems it faces such as the lack
of power efficiency. This thesis attempts to address a host of challenges associated with
the design process such as on-board thermal management, placement of components,
and use of integrated circuit feedback systems. This thesis also guides the reader through
the development of a small-scale power supply from start to finish that is intended for
installation on a wearable device platform.

Specifically, the wearable platform this power supply design will be utilized for is a
wrist mounted apparatus devised by the researchers at Translational Optics Imaging &
Spectroscopy Lab (TROPICS) at the University of South Florida. This device will be
capable of utilizing speckleplethysmography (SPG) to shed light on the cardiovascular
health of the device user, in a similar manner to devices which utilize
photoplethysmography (PPG). SPG and PPG are both measurement methodologies that
involve using a concentrated light and photoreceptor to record reflected light from tissues

in the human body. An important reason for choosing to employ SPG rather than PPG



lies in a number of critical output waveform advantages including more favorable overall
harmonic content which produces less noisy output signals [6]. There have even been
reports demonstrating how SPG analysis results in more accurate output waveforms
when the user is under excessive physical stress, such as one might be when exercising
[7].

Consequently, it is important to note that the design for the SPG analysis circuit
falls outside the scope of this research and will not be discussed in detail. Curious readers
are encouraged to follow the publications from TROPICS, including the article which
covers this measurement methodology in more detail [8]. As far as physical design is
concerned, this thesis discusses only the portions of the SPG sensing circuit that is
directly powered by the designed power supply circuit. The end goal of the project is to
design and fabricate a wearable, space and energy efficient battery-operated circuit which
incorporates the power supply design as well as the required components to generate
signals for the analysis of SPG waveforms. A process block flow diagram depicting this
desired system can be observed in Figure 1.2 for further clarity.

This thesis covers the design and test results of a prototype power supply circuit
for the proposed SPG analysis system. In chapter 2, the characterization of a selection
of voltage regulators will be explored to determine if frequency harmonics are problematic
in any future power supply circuit designs. Also in chapter 2, the PSpice model will be
used to reaffirm the proper operation of the current limiting feedback circuit. Both of these
sections in chapter 2 will be crucial in determining any preliminary design considerations
before fabrication of the final power supply circuit prototype. Chapter 3 will describe the

design, assembly, and testing of the final circuit schematic. Finally, chapter 4 will wrap up



the discussion with a conclusion and deliberate on a number of future design

considerations which may enhance the project overall.
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Figure 1.2: Thesis process flow block diagram



Chapter 2: Preliminary Design Considerations
2.1 Characterization of Linear and Switching Regulators

When attempting to record the output signals of a sensor device, it is important to
have a high signal to noise ratio. In other words, one must verify that there are no
interfering signals being combined with the desired signals distorting the sensing results
and giving invalid data. While shielding sensors from external noises is required, a serious
design challenge is to protect the signal from any internal interferences, particularly from
the circuit power supply. A direct effect from power supplies is a phenomenon known as
frequency harmonics. Frequency harmonics are specific frequencies located at multiples
of the fundamental frequency of the signal. These harmonics can distort the fundamental
waveform of the signal, thus giving cause to inaccurate output signal readings.

A large portion of modern day power supplies utilize some form of switching
mechanism to operate properly. These switching power supplies are more compact and
energy efficient than their relative counterparts, such as linear power supplies, and are
thus ideal for wearable technologies. As identified by Zhu et al., however, switching power
supplies are the main damaging source effecting energy quality [9]. These harmful
gualities can be pinpointed to the harmonic components produced by the switching power
supply’s internal components. With this in mind, it is even more crucial the potential
negative consequences of these frequency harmonics be analyzed to protect the

designed system.



In order to identify if these harmonics impede the path to reliable output results,
the fast Fourier transform (FFT) of two switching and one linear DC-DC converter power
supply chip were studied in this work. The FFT analysis converts a time domain waveform
into a frequency domain Fourier series signal. Through this converted waveform, signal
characteristics of any existing frequency harmonics can be identified for the two different
power supply designs [10]. Thus, this analysis can help determine which type of power
supply would be best suited for the wrist mounted device. Additionally, one could assess
the output voltage waveform of both types of power supplies and determine which type
has a more desirable signal to noise ratio for the application.

2.1.1 Characterization Experimental Setup

The experiment consisted of testing three separate DC-DC converters, two of
which were a switching power supply type and one which was a linear power supply. The
two switching power supply models utilized XL6009 and MT3608 chips, both of which are
boost converter modules. The linear power supply utilized the LM317 voltage regulator
chip. All power supplies were tested both with and without a 750 Q resistor load in order
to investigate if there were any harmonics present on the board without being connected
to any external circuit. Testing with the load resistor also further emphasizes any noise
that may be present at the output and allow us to get an estimate for what the peak to
peak voltage may be for each chip. The 750 Q load resistance was obtained by an
analysis of the total current flow found in the PSpice simulation associated with this
project. The simulation determined that the total current required by the circuit would be
17.74 mA. Therefore, an estimated load resistance can be found by dividing the maximum

voltage of 15 V by 20 mA. Figures 2.1 and 2.2 can be referenced to become oriented with
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Figure 2.1: Diagrammatic representation of voltage regulator experimental setup

Figure 2.2: In-lab experimental setup for the off-the-shelf XL6009 DC-DC converter
module under no load conditions

the experimental setup. A benchtop power supply was used to provide a potential to the
DC-DC converter under testing. The converter was then either tested under the open-
circuit mode to represent a no load condition or connected to the 750 Q resistor to
represent a loaded condition. In parallel to this connection, a voltmeter or oscilloscope
was connected to allow readings of the output voltage/waveform and perform an FFT
analysis on the output system signal. The target voltage at the output of the DC-DC

converter in this experiment was 15 V.



2.1.2 Characterization Results

The results obtained from these experiments yielded some promising results which
dictated the direction of the future power supply design. The first DC-DC converter
module tested was a MT3608 circuit that was purchased from Dorhea through Amazon.
Figures 2.3 through 2.6 depict the oscilloscope screenshots obtained for the MT3608

circuit under load and no load conditions.
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Figure 2.3: Output voltage waveform Figure 2.4: Output voltage waveform
with no load conditions for MT3608 with load conditions for MT3608
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Evaluating the captured screenshots of the oscilloscope, one noticeable change is
the difference between the load and no load conditions of the experiment. When the
MT3608 was placed under load conditions, the peak to peak voltage increased from 232
mV to 712 mV, nearly half a volt difference. Even with this notable change however, the
FFT analysis did not become altered by the introduction of the load condition. Additionally,
both FFT analyses remained largely identical irrespective of the presence of a load and
any there were no visible frequency harmonics with significant amplitudes to cause
concern.

Next up, the XL6009 converter module from DZS Electronics was tested under the
same conditions as the MT3608 module. Figures 2.7 through 2.10 depict the oscilloscope
screenshots obtained for the XL6009 under load and no load conditions. Similar to the
MT3608 converter, the XL6009 module showed a change in the peak to peak voltage
when introduced to the load resistor. However, the peak to peak voltage was lower on
average overall between the load and no load conditions. Notably, the FFT analysis

revealed similar harmonic characteristics to the MT3608.
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Figure 2.7: Output voltage waveform Figure 2.8: Output voltage waveform
with no load conditions for XL6009 with load conditions for XL6009
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With the two switching power supplies characterized, it is important to make a
distinction between both of their fixed switching frequencies. Given the nature of this
project, the most desirable switching frequency is that which allows us to create the most
compact circuit design. To meet this end, higher switching frequencies were prioritized as
this results in size reductions to the regulator integrated circuit (IC) overall [11]. It’s
important to note however that the balanced tradeoff between smaller IC size and
reductions in efficiency was closely monitored during the design phase.

In an effort to identify the most effective converter to meet the requirements of the
wearable PCB design, a closer look at the fixed switching frequency of the two converters
is required. The MT3608 utilizes a fixed switching frequency of 1.2 MHz while the XL6009
operates at a fixed switching frequency of only 400 kHz. While there is a larger difference
between the maximum and minimum voltages of the MT3608 compared to the XL6009,
the peak to peak voltage is still minimal enough that it will not likely interfere with base

operations of the design. With this in mind, a relevant design consideration was to find a

11



DC-DC converter chip that would utilize a switching frequency similar in value to 1.2 MHz
to construct a more compact circuit layout.

Moving onto the final DC-DC converter, the oscilloscope screenshots pertaining to
the linear LM317 module from Stemedu can be seen in Figures 2.11 through 2.14. One
significant difference in the linear regulator compared to the switching regulator was the
reduction in peak to peak voltage. This can likely be explained by the lack of a switching

based circuit element to provide the pulse width modulated signal controlling the
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operations of the circuit. This switching mechanism can produce a lot of noise as well as
electromagnetic interference [12], thus distorting the output waveform to a degree and
giving the switching regulator a higher peak to peak voltage.

For the linear regulator, the FFT analysis revealed frequency harmonics in a nearly
identical structure to those analyzed with the switching regulators. Taking this into
consideration, it can be hypothesized that the frequency harmonics for a switching
regulator will not cause any major complications for the design circuit. This is probable as
long as they operate within the frequencies showing little to no amplitude in the FFT
analysis depicted in this section. Thus, it can be safe to assume that a switching regulator
can be utilzed in the final design to provide the proper voltage biases for the circuit.

Table 2.1 depicts the overall findings for all three regulators in this experiment. The
crucial numerical factors worth mentioning are the peak to peak voltage and the average
voltage of each waveform. Summariliy, the LM317 regulator module produced the
smallest peak to peak voltage, the MT3608 generated the largest peak to peak voltage

and all three regulators displayed an output voltage waveform of 15V +/- 0.1 V.

Table 2.1 Summary of Regulator Characterization Results

Voltage Regulator | Peak to Peak Max | Peak to Peak Max
Average Voltage
Identification Voltage (No Load) Voltage (Load)
MT3608 232 mV 712 mV 15.05V
XL6009 424 mV 488 mV 151V
LM317 160 mV 168 mV 15.05V

13



Through the characterization of these voltage regulators, signifigant progress was
achievable in identifying key design characteristics which must be incorporated into the
final power supply design. It was uncovered that a higher switching frequency, though
slightly decreasing effeciency of the regulator and minimally increasing the output voltage
waveform peak to peak values, was still prefereable as it allowed for the chip package to
become more viable for a wearble technology platform. Furthermore, it was realized that
the switching regulator frequency harmonics were identical to that of the linear regulator.
Thus, it was concluded that a switching regulator would not negatively affect the quality
of the output waveform.

2.2 PSpice Simulation

Another aspect of this project which heeds mentioning is the development of the
PSpice simulations for the overall circuit before PCB development. The software used to
develop these simulations was OrCAD Capture with PSpice version 17.4. Through these
models, a multitude of important design considerations, such as power consumption,
were discovered and subsequently incorporated into the final circuit model. In addition to
this, the simulation acted as a reassurance that the circuit would behave as anticipated
after fabrication of the circuit.

It is worth noting that there are two PSpice simulation models and as such there
are two PCB configurations associated with these models. The reason being for two
designs lies in the desire to allow for flexibility of the operation of the circuit. The SPG
analysis utilizes an integrator chip to formulate its readings for each test. Seeing as how
it is possible to obtain the same output by integrating over the input signal in either a

positive or negative fashion, it was decided that the overall design shall have a layout
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which allows for both modes of integration. This is a useful feature for future
experimentation as the researcher may want to investigate the difference, if any, that may
exist between integrating over the input signal in the positive integration mode versus the
negative integration mode.

2.2.1 Design of Current Limiting Feedback Circuit

A critical component that the final design circuit must implement is the current
limiting feedback circuit, which will be identified as the feedback circuit for the remainder
of this thesis. This circuit utilizes a closed loop architecture which describes a system
where the operational amplifier output is fed back into its own input [13]. This feedback
circuit is capable of setting and maintaining a voltage bias across a set resistance in order
to draw the required amount of current away or to the SPG analysis circuit. This reduction
or addition of current is crucial to the operation of the analysis circuit, as the photodiode
used in the SPG analysis has a varying amount of generated current. Thus, the feedback
circuit compensates for this fluctuation of current and ensures that the output results
remain desirable.

Figures 2.15 and 2.16 can be used as a reference for closer inspection of the
PSpice simulation models in both of its respective integration mode configurations. The
overall layout of both circuits is more or less the same save for a few minor adjustments.
For instance, the polarity of the LM336 and the photodiode are flipped depending on the
desired integration method. Additionally, the MOSFET tied to the output off the LM324
amplifier changes from the 2N7002 N-channel transistor for the negative integration to

the BS250 P-channel transistor for the positive integration. Therefore, when explaining
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Figure 2.16: Circuit diagram for positive integration layout scheme

the operation of these designs in further detail, the components on-board can be
generalized. It is important to note, that the LM324 chip will not be placed on the future

PCB design but rather the LM321. This version of OrCAD Capture did not possess the
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LM321 model which is simply the single operational amplifier version of the quad
operational amplifier IC package known as LM324.

As briefly mentioned previously, the design utilizes the resistor Rs to act as the
resistor that has a controlled potential on either side of it to dictate the amount of current
flowing into or out of the integrator. The side of Rs not connected to the operational
amplifier is connected to the LM336 voltage reference diode. Also connected to this node
is either a positive or negative 15 V provided by the power supply circuit via a 3.6 kQ
resistor. This reference voltage can then be adjusted by the LM336 voltage reference
diode with its associated 10 kQ potentiometer R12 to set a stable +/- 2.5 volt reference

With this voltage set, the other side of the resistor Rs must be inspected in order
to set the current that will flow through it. This voltage is set through the inverting pin of
the LM324 amplifier. This voltage is identical to the voltage applied at the non-inverting
pin of the LM324 as dictated by the electrical characteristics of an ideal operational
amplifier. There are two ways that the researcher can apply a control voltage to the non-
inverting pin. The first method involves using the potentiometer R13 set in parallel to the
2.5 V reference diode. By adjusting R13 the user can set a voltage slightly varied from
2.5V, thus creating a small potential difference across Rs and initiating a current flow.
Alternatively, this control voltage can be controlled by a data acquisition system (DAQ)
via an SMA cable connection.

Moving onto the MOSFET component, the gate of the transistor is connected to
the output pin of the amplifier while the inverting pin of the amplifier is connected to either
the source pin of the N-channel transistor or the drain pin of the P-channel transistor.

These two connections constitute the feedback loop of the system and enable the
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amplifier to adjust its output to keep the voltage potentials accurate. Finally, the
drain/source is connected to the same node as the photodiode and integrator to provide
a path for the current through Rs to flow.

Crucially, the combination of all these design elements provides the researcher
with the means to control the slope of the integration before reaching its maximum charge
capacity. This can be a useful feature as the feedback circuit can be setup to allow the
integrator to reach its peak just before the integration cycle resets the accumulated

charge. Figures 2.17 and 2.18 depict these ideal output integration waveforms.
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Figure 2.17: Negative integration mode output waveform plot
These models also served a useful purpose in estimating what the approximate

current draw the overall design would utilize. By running a transient simulation on the
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circuit, PSpice automatically runs a bias point analysis to meet this end. As stated by
Fitzpatrick, “In PSpice, the bias point analysis calculates the node voltages and currents
through the devices in the circuit” [14]. By observing the currents leaving the +/- 15V DC
power supply block, the overall circuit design can be predicted to require that amount of
current to operate properly. As such in these designs, the current draw for the positive
integration circuit was 17.74 mA and for the negative integration circuit the current draw
was also 17.74 mA.

There is important clarification to make when discussing the power supply used in
these simulations. Preferably, using the actual IC that will later be incorporated into the

final design would give a more accurate reading with regards to the power consumption
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Figure 2.18: Positive integration mode output waveform plot
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of the overall circuit. However, this version of OrCAD Capture did notinclude inits libraries
the TPS65130RGET DC-DC converter chip which was selected for this project. Other
software packages such as PSpice for Tl were also investigated for the availability of this
product but still did not yield a model for it. Therefore, it was decided that the power supply
would only be composed of two DC voltage sources and a ground for the simulation
aspect of the project.

Overall, the PSpice simulation models depicted in this section were instrumental
in determining the design which would work best for this project’s application. The
simulations also helped bolster the idea that once fully assembled physically, these circuit
designs would work as intended. In addition to this, they also helped identify an estimate
to the design’s power consumption which is a critical factor given that the design is

powered through a battery.
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Chapter 3: Assembly and Testing
3.1 PCB Design

With the initial design considerations accounted for, the actual PCB designing
stage of the project can be discussed. For this project, the PCB design software used
was EasyEDA as that was the most familiar software platform for the author. Considering
that this device is meant to be wearable, there are a number of factors to consider in its
design including but not limited to power supply chip implementation and component
placement. Specifically for this project, the PCB also needs to implement a unique design
which allows for the user to choose which integration mode they would like to utilize or to
provide a voltage potential via an SMA connection if desired.

Possibly the most important aspect of the overall PCB design lies with the power
supply chip implementation. This project makes use of the TPS65130RGET DC-DC
converter by Texas Instruments. The chip is housed in a space conservative QFN
package which is only 4 mm in length and width [15], thus making this chip ideal for a
wearable technology application. This supply chip was selected for a host of additional
reasons including its switching frequency, power efficiency, and ability to be powered by
a compact battery cell.

The switching frequency of this chip can vary from a minimum of 1250 kHz to a
maximum of 1500 kHz. The typical frequency of the converter lies at approximately 1380
kHz [15]. Compared to the switching frequencies discussed in section 2.1.2, this range of

frequencies is acceptable for the final design. This effort to match the switching
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frequencies ideally decreases the overall construction size of the PCB at a small cost to
the efficiency of the regulator.

With regards to power efficiency, this IC also boasts many unique advantages. The
chip accommodates the user with a power-save mode which allows for the efficiency of
the regulator to increase for low current applications [15]. Figure 3.1 can be used as a
reference to observe this design consideration. Notably, the PCB design utilizes a positive
voltage of 15 V rather than 12 V, but this chart depicts a relatively consistent trend for

both setups.
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Figure 3.1: TPS65130 Efficiency vs. Output Current with red vertical line indicating
estimated output current. Reprinted from “TPS6513x Positive and Negative Output DC-
DC Converter” by Texas Instruments, retrieved:
https://www.ti.com/lit/ds/symlink/tps65130.pdf?ts=1635189017122 Reprinted with
permission. [15]

Based on the PSpice simulation estimate of 17.74 mA current draw, one can follow
the red vertical line at to see the drastic difference in efficiency the power saving mode

can provide. At 17.74 mA the forced pulse width modulation (PWM) mode rests at an
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efficiency of about 50% to 54% depending on the input voltage. In contrast though, the
same chip with the power-save mode enabled can attain even higher efficiencies ranging
from 68% to 74%. This dramatic upgrade in efficiency of the regulator has positive effects
on the battery life of the wearable device and ensure longer usage times before charging
is required.

Another significant factor which led to this voltage regulator to act as a power
supply was its input voltage range. The preferred input terminal voltage, as recommended
by the product datasheet, lies in a range from 2.7 V to 4.2 V [15]. Furthermore, Texas
Instruments intended for this chip to be powered by a single-cell lithium-ion battery. This
makes the TPS65130RGET an even more attractive option for this project, as it was by
design intended for battery operated systems such as those found in wearable
technologies.

Moving on from the voltage regulator, the rest of the PCB design incorporated
many specific advantages pertaining to this project scope. One such advantage is a
design which allows for flexibility of testing the circuit in multiple configurations. These
multiple configurations can be identified as the unconnected pins in the overall circuit
schematic in Figure 3.2. Another beneficial design perk is easy access to the required
SMA cable connections while maintaining a relatively small PCB board design. Both of
these qualities can be linked back to smart placement of on-board components.

To create a design which can incorporate a multi-configuration PCB layout, a
standard must be used to keep consistency throughout the board. For any connections

which required modification beyond the PCB fabrication process, 0.5 mm by 0.5 mm
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Figure 3.2: Snapshot of final circuit design in EasyEDA

contact pads were placed to allow for hand soldered connections between pads. For

further clarification on this, Figure 3.3 can be used as a reference. In this way, each PCB
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has the potential to integrate in either the positive or negative integration modes with a

few pieces of well-placed solder.

Figure 3.3: Snapshot of final PCB design layout in EasyEDA

The SMA connections on the board are crucial to the project’s scope of work as
they are needed to communicate with the analysis software located separately from the
PCB. To make sure these SMA connections were easily accessible, the footprints for
these components were placed towards the outer edges of the PCB. These connectors
in particular also need clearance above them as they are not to be connected parallel to
the board but rather vertically. Thus, care must be taken to ensure that a prototype casing

design does not interfere with accessibility to these critical connections
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An additional design consideration worth noting is the physical location of the
components on this PCB design. All components, save for the photodiode and a few
copper traces, are located on one side of the board. This is to ensure that the photodiode
can be placed firmly and safely on the skin of the subject to allow for accurate readings
and thus producing useful results at the output of the system. Furthermore, to safeguard
the subject from the potential of an electric shock, a 3D printed case was designed to
cradle the PCB within it and provide a layer of insulation between the PCB and the
subject’s skin. The 3D printed case was constructed using PLA as it is an inexpensive
material and allows for and potential revisions to be incorporated and printed with ease
[16].

Attention should also be drawn to the small black circles depicted inside the “U1”
footprint outline. These small symbols represent 0.3mm diameter vias which lie
underneath the QFN packaged TPS65130RGET converter. These PCB vias directly
enhance the heat transfer from the converter package and increase the overall thermal
conductivity of the design [17]. This increase in thermal conductivity can decrease IC
temperatures during operation and allow for extended running times, which is a critical
factor in this analysis application.

3.2 PCB Assembly Techniques

In order to effectively assemble the PCB, a host of tools and equipment is required
to complete this process. To begin, the assembly utilizes a soldering iron and hot air
rework station, rosin core solder, a wet or bronze sponge, a syringe of solder paste, a
syringe of no clean flux, and a multimeter. One tool that is optional but exceptionally useful

for assembly is a pair of solder helping hands. These instruments can help the assembler
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in positioning the PCB at the correct orientation to allow for a clean soldering connection.
The role of the multimeter in this assembly grants the fabricator the ability to verify that
all connections are properly connected via a continuity check. All the equipment applied

to this assembly procedure can be seen in Figure 3.4.

Figure 3.4: Image depicting equipment utilized in assembly procedure

The PCB design was intended for most components to be soldered by hand using
a standard soldering iron. One must take care when pursuing this avenue of fabrication
however, as the design of the PCB plays a crucial role in how simple the procedure is.
Bulky copper areas, such as the ground plane found in this design, can very effectively
dissipate heat away from any connection pad you may be attempting to solder. This can

lead to a number of soldering problems including dry joints [18]. Therefore, one must
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compensate for this increased heat dissipation by setting the soldering gun temperature
approximately 20° to 30°C above the melting point of the solder in use.

One component which cannot be hand soldered to the PCB is theTPS65130RGET
DC-DC converter IC. This chip has a QFN package which utilizes 24 single pin contact
pads and a larger ground power pad on the underside of the chip. Seeing as how these
connection points are on the bottom of the package, a conventional soldering iron cannot
be used to ensure a reliable connection. Therefore, for these connections, the most
effective method to be employed is a solder paste heated up with a hot air reflow tool. To
properly perform this method, one must first analyze the solder paste to be utilized in this
procedure. The solder paste used is an industry standard type 4 with a 63Sn and 37Pb
alloy composition. Crucially, it must be noted that the standard melting point temperature
for this specific alloy composition is 183°C [19]. This temperature is an important detail in
the reflow soldering process, which involves slowly raising the temperature of the PCB to
effectively heat up, reflow, and then harden the solder paste per its explicit thermal
characteristics [20]. An important resource to use when characterizing these
temperatures is a solder paste’s reflow profile. This graph depicts the relationship
between the varying stages the solder undergoes over time as it corresponds to the
temperature it is being exposed to. Figure 3.5 depicts the reflow profile of a 63Sn/37Pb
solder, just as is used in this project [21]. As can be seen in the figure, the time window
for reflow is relatively small as temperatures exceeding the reflow region of the chart can

cause damage to the solder paste or PCB if left on for an extended period of time.
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After a small amount of solder paste is applied to all the contact pads of the QFN
package, the TPS65130RGET is located as closely as possible to the outline of the PCB
silk screen of the component. Once this chip has been properly oriented, the hot air reflow
applicator is slowly lowered towards the IC in order to gently ramp the temperature of the
solder paste until the point of melting, thus entering the reflow stage. As the solder paste
enters a molten state, the solder distributes itself across the contact pads of the PCB.
After remaining in this state for approximately 15 seconds, the hot air reflow pencil is then
slowly distanced from the IC to allow the solder to solidify and form a solid connection

between the contact pad and the chip pins.
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Figure 3.5: Reflow profile of 63Sn/37Pb solder paste. Reprinted from “Power Electronic
Modules: Design and Manufacture” by W. Sheng & R. Colino Reprinted with permission.
[21]

One common issue that can occur after this procedure is known as a solder bridge,

which has been referred to as a “major soldering defect in the reflow process” by Zhang

[22]. This issue can be remedied by a useful technique which only requires the use of a
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soldering iron and flux applied at the solder joint. By taking a soldering iron with a fine tip
which has been tinned with a small amount of solder, one can simply drag the iron across
the pins and break any existing bridges that may have formed during the reflow process
[23].

3.3 PCB Testing Setup

Once the PCB assembly was complete, the next step was to investigate whether
the power supply design works as intended. The first thing to examine is the voltage
outputs from the voltage regulator IC. For the second phase of testing, it must be verified
that the integrator chip is performing within expected parameters. By confirming the
operation of these two aspects of the power supply design, this simultaneously
guarantees the ability of the power supply to provide the signals required for the SPG
process.

For the first portion of my testing procedure, the proper potentials needed to be
identified at their respective nodes on the circuit. To do this, the benchtop power supply
would be powered up and then the multi-meter probes set to record potential could be
applied to the nodes of interest. The points of circuit which require an external power
connection are the Vin and analog ground pins of the voltage regulator and the Vin pin
on the inverter chip. For testing purposes, these connections are made by some jumper
cables soldered into place.

The next part of testing involves identifying if the circuit properly incorporates the
integration chip with the current limiting feedback circuit. In order to do this, an external
GUI using the SMA connectors provides the paths for the inputs and outputs of the circuit.

The connector identified as RF1 provides the integrator chip with the digital input signal
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needed to reset the integration for each 50 ms cycle. Circuit component RF2 is utilized to
output the final integration signal which is later needed in the SPG watch signal analysis.
Finally, RF3 is essential to control the voltage held at the inverting side of the LM321
operational amplifier.

Once the proper SMA connections have been made, one must then analyze how
the circuit is powered. Based on what the TPS65130RGET datasheet recommends as an
input power source, this project utilizes a Samsung 3.7 V 800 mAh lithium-ion battery.
The batteries three pins are distributed to the circuit through the series connection of a
right angle 3-pinned connector and the previously mentioned jumper wires utilized when
testing the circuit with the benchtop power supply.

In an effort to stress test the overall final design as well, the negative integration
configuration PCB was turned on continuously until the battery became fully discharged
in order to identify the actual estimated battery life of the prototype. During this
discharging period, the device will be periodically inspected with a multimeter to ensure
that the 30V output range is maintained throughout the test. Additionally, both
configurations will be tested for variance over a span of at least 10 minutes to ensure that
the output signal from the circuit remains desirable. This variance test will also be
performed using two separate integration, reset, and sampling times. The high frequency
test utilized a 200 ms integration time, a 10 ms reset time, and a 10 ms sampling time.
The low frequency test utilized a 500 ms integration time, a 100 ms reset time, and a 50
ms sampling time. These tests guaranteed the stability of the output signal over a typical

period of time needed to analyze the SPG output waveform.
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3.4 PCB Testing Results

With regards to the verification of the crucial voltages found throughout the circuit,
Table 3.1 depicts the voltages recorded for both the positive integration and negative
integration circuit designs. As one can summarize from this table, the TPS65130RGET
voltage regulator operates almost exactly as designed. With an input of 3.7 V, the total
output voltage range of both configurations is approximately 30V which is utilized to power
the integrator IC and LM321 operational amplifier. It is also worth noting that during this
testing, the current draw recorded on the power supply for both integration schemes were
approximately 56 mA as opposed to the 17.74 mA estimated by the PSpice simulation.
This is the current measured from the battery terminals however, not the output of the
voltage regulator which is where the PSpice simulation estimated current was obtained
from. Therefore, the 56 mA reading can be used to estimate the battery life of the design.
With an 800 mAh battery as a source, the battery life span is approximately 14 hours,
which is still quite impressive given that the wearable device will likely be charged on a
daily basis.

After stress testing the design however, we were able to confirm if the hypothesis
of a 14 hour battery life was accurate or not. It was discovered that while the output of the
voltage regulator did indeed maintain the 30 V output range the entire time the battery
was providing charge, it only lasted about 8.5 hours as opposed to the 14 hour prediction.
The output battery voltage was recorded at 2.9 V moments before the voltage regulators
failed to output any voltage whatsoever. Given that the battery’s stable output voltage is
3.7 V at full charge, this recorded 2.9 V was likely the minimum voltage the battery could

maintain before fully discharging and providing 0 V at the output battery pins. It should be
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noted that only the negative integration circuit was tested but given that the positive
integration circuit also consumed nearly the exact same amount of current, it should yield
a similar battery life to that of the negative integration circuit. This reduced time of battery
life can likely be attributed to the voltage regulator efficiency or the battery itself, as it may
not be able to effectively hold a charge for the full 800 mAh due to excessive use in the

past.

Table 3.1 Summary of PCB Testing Results

Circuit Integration

TPS65130RGET

Positive Output

TPS65130RGET

Negative Output

LM336 Output

Type Voltage
Voltage Voltage

Positive 15.04V -14.97V 2501V

Negative 15.02V -14.99V -2.496 V

Moving onto the results obtained from testing the integrator, it is important to note
that the current fed into the integrator to test its operation was provided via the current
limiting feedback circuit. The output integrator circuit signal is the crucial factor in properly
analyzing an SPG waveform for this device. Additionally, the current limiting circuit
provides the user with the flexibility to control the amount of current entering or leaving
the integrator IC. Therefore, verifying the proper operation of this integrator IC and the
current adjusting circuit proves that the power supply design circuit would also be

compatible fully incorporated into the SPG analysis hardware.
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Following that clarification, one can then look at Figures 3.6 and 3.7 to observe the
final output waveforms produced by the design’s integrator chip. Figure 3.6 depicts the
positive integration output waveform while Figure 3.7 shows us the negative integration
output waveform. These results are operating as expected and both have voltages set
through RF3 to reset the integration just before saturation. If the user desired to adjust
the RF3 input voltage, this would in turn then alter the slope of the integration causing it
to either saturate before resetting or reset the integration well before saturation is

reached.
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Figure 3.6: Positive integration PCB output waveform
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Figure 3.7: Negative integration PCB output waveform
The results produced were essentially noiseless which can likely be attributed to the
design considerations implemented into the specific integrator IC such as grounding non-
connected pins. Guarding the input pins with the circuit analog ground also likely
contributed to the noiseless output signal. Another factor to consider in obtaining these
desired output waveforms is the resistors R8 and R9 placed in series with the feedforward
capacitors C9 and C10. These resistors help with coupling noise from the DC-DC
converter and help give us a lower noise output from the voltage regulator.

It is also critical to note that the two integration schemes essentially produce the
same waveform flipped over the x-axis of the oscilloscope. With this being said, the user

can utilize either the negative or positive integration waveforms to perform an SPG signal
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analysis. In this instance, the preferred integration scheme by the tester was the negative
integration waveform as it produced the least amount of variance as observed in the
external GUI controlling certain aspects of the circuit. The lower the amount of variance
in the output integration waveform, the more reliable the results will become after
performing a full SPG signal analysis.

Summarizing the results from the variance tests at both the high and low frequency
settings, it was discovered that as the frequency of integration and reset increased, so
did the variance of the output signal. This means that the frequency with the 200 ms
integration time, 10 ms reset time, and the 10 ms sampling time produced the least
desirable output signals. It's also worth mentioning that again, the variance for both the
positive and negative integration schemes did not change over the ten minute testing time
period, thus proving the device could indeed output consistent results for a testing period

for SPG analysis.
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Chapter 4: Conclusion and Future Considerations
4.1 Conclusion

The objective of this research investigation was to develop a wearable, space
efficient PCB design powered by a battery source which incorporated the power supply
converter as well as the SPG analysis IC’s. Through the development of this project, the
power efficiency and compact dimensioning of the final power supply design were
prioritized over most other factors. Unique design considerations were also implemented
which gave this power supply design an advantage in terms of its relatively noise free
output signals and gave the final device longer battery life overall.

Critically, the final selection of the DC-DC converter chip allows the designer to
utilize a single cell lithium-ion battery to power the IC This chip boasts an efficiency of
68% to 74% by taking advantage of the power saving feature incorporated into its design.
This power saving mode reduces the overall power consumption of the circuit and
improves the battery life of the design. Both of these features are critical to obtaining an
effective final product when designing a wearable device.

With this final design, it can be shown that the proper output voltages needed to
power the various on-board chips for the design have been met. The positive and negative
15 V biases are used to power both the integrator chip as well as the LM321 operational
amplifier. Then, the LM336 is supplied a voltage of either positive or negative 15 V and
converts that voltage to bias the current controlling resistor in such a way to properly

setup the current limiting feedback circuit for use.
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From the stress testing of the device, it was discovered that the approximate
battery life of both circuit configurations is 8.5 hours before the voltage regulator no longer
creates the 30 V potential bias for the circuit. Additionally, the negative integration
configuration produced less variance at the output than the positive integration
configuration. This could also be seen through the ten minute testing period for the
differing frequencies, which depicted a system that could reliably produce stable output
signals over this time period.

Perhaps most importantly, the final design also correctly incorporates the
relationship found between the current limiting circuit and the integrator chip. This gives
the experimenter flexibility in adjusting the current leaving or entering integrator and
compensate for any current generated or sunk by the photodiode. With the ability to
control this current flow, the final integration curve slope and reset time can be optimized
to give a future SPG watch analysis the most effective output integration waveform for
the application.

4.2 Future Considerations

Wearable technologies are in a booming industry providing many attractive options
for the average consumer. However, there remains many design hurdles which must be
overcome to provide the person wearing the technology all the advantages it has to offer.
This thesis attempts to address these more critical issues such as the issue of power
consumption but there are further still improvements which could be made to this design
which will prolong battery life and increase time periods between charges. This section
attempts to highlight the more significant enhancements that will give the technology the

edge it would need to perform well in today’s modern industry.
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For this specific project, there are additional measures one must verify before fully
incorporating the power supply design into a wearable device utilizing SPG waveforms.
One such step is to determine that the noise levels at the output of the integrator are
sufficiently low enough to not interfere with desired waveform readings. An additional
aspect which needs to be developed and implemented is the laser and photodiode probe
which will be used to more effectively quantify the amount of light reflected off the skin of
the participant. This probe must be designed to allow for reflected light to be measured in
a standardized manner. This will allow for an accurate recording of SPG waveforms
between trials.

One potential improvement upon this design would be a mechanism to disable the
circuit when not in use. Currently, the circuit is drawing a small amount of current to
operate once the battery is connected. By introducing a method which allows the user to
suspend this current flow, one could theoretically prolong the battery life of this device.
Long battery life for wearables is a crucial factor when creating a practical design that can
be used by the consumer on a day to day basis.

At its current state, the device overall is larger than most typical wearable devices
found today, such as smart watches. Therefore, in an effort to shrink down the device
size, the PCB dimensions need to be reduced. One reason for the increased PCB size
was overcompensating for the size of the ground plane needed to dissipate heat. Given
the devices low current draw, the ground plane size could be decreased therefore saving
a significant portion of the space utilized on the PCB currently.

Another way in which the PCB dimensions could be reduced would be to determine

the optimal integration scheme and only implement that component configuration into
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future PCB builds. This would save space on the board as the leftover contact pads used
to provide the fabricators with the flexibility of integration modes could then be removed
from the design. With this extra space, crucial components which need to remain in the
final design could be spaced closer together without the concern for solder joint
connections which normally require extra space between contacts.

An additional facet worth exploring for this design would be to develop the on-
board circuitry on a flexible PCB. A flexible circuit board such as this would allow for a
more space efficient and form fitting design if for instance the measurement was being
taken on the forearm. Rigid circuit boards can cause an issue with readings obtained from
the photodiode and laser probe. If the circuit board were flexible however, this would allow
for the measurement probe to be more effectively integrated as one could make more

consistent contact with the skin of the participant.
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