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Abstract — The objective of this project was to design and con-
struct a wearable device with an optical sensor which interfaces
with a personal device to provide cardiovascular biometrics to
a user. The system is able to provide Heart Rate, Heart Rate
Variation, Blood Oxygen Content, and Skin Temperature.
Index Terms — Photoplethysmogram, Biometrics, Wearable
Electronics, Signal Processing, Photonics.

l. Introduction

The wearable optical biometric tracking system proposed
by our group is a mobile friendly, and easy-to-use device that
enables users to monitor their cardiovascular health in their
day-to-day life. The proposed device will utilize PPG tech-
nology and interface with a user’s personal device, such as
their smartphone, to collect and store biometric data for an
extended period of time such that a user can observe their
progress with respect to their cardiovascular health with ease.
With our device, we hope to enable users to take charge of
their cardiovascular health and make improvements by pro-
viding them a method for benchmarking their cardiovascular
performance and facilitating the access to health feedback.

The basic goals that our group has for the project include
being able to measure and provide feedback on the 4 follow-
ing biometrics:

1. Heart-rate

2. Heart-rate variability

3. Blood oxygenation (SpO2)
4. Skin temperature

All of the biometrics are tied to cardiovascular health as
blood oxygen and thermoregulation issues are early indica-
tors of serious health issues. Other basic goals that our group
has include the ability to wirelessly communicate with a per-
sonal device to facilitate the system’s operation, as well as
constructing a highly efficient optical sensor that collects the
PPG signal with the least amount of noise and errors possible.

Goals and Motivation. Mindful monitoring of one’s cardio-
vascular health is a useful habit to establish in the modern day
as cardiovascular disease (CVD) is the leading cause of death
worldwide. Identifying an individual’s personal cardiovascu-
lar biometrics, such as heart rate, is a good approach towards
analyzing their risk for CVD, as well as monitoring progress

towards better cardiovascular endurance. There currently ex-
ist a few different methods to extract cardiovascular biomet-
rics, with one of the most popular being an EKG system,
in which multiple electrodes generate an electric signal with
embedded cardiovascular information. While this method is
considered the gold standard by the medical community, it
offers disadvantages with regard to personal health tracking
as using EKG systems can be cumbersome to implement in
day-to-day life due to the need for various probes for mea-
surement. Optical sensors provide a significant advantage in
this regard due their ability to be implemented in small di-
mensions that facilitate casual wearable designs. An optical
technique that is becoming increasingly used in personal bio-
metric tracking systems is the generation and processing of a
PPG signal via an optical sensor system.

A PPG sensor system obtains information about a person’s
cardiovascular system by measuring the change in volumet-
ric blood flow from blood vessels in the skin. Given that the
PPG signal is derived from a person’s blood flow, various bio-
metrics that could not be extracted from techniques like an
EKG are potentially possible given careful enough analysis
of the PPG signal. It is not unusual to derive biometrics such
as heart-rate, heart-rate variability, and blood oxygenation
from the PPG signal. In addition to the previously stated bio-
metrics, other critical health-related biometrics such as blood
pressure (diastolic and systolic), blood glucose, and arterial
stiffness can be derived from the PPG signal and are currently
the focus of various biomedical engineering researchers. Re-
search in this academic field has also focused on the reduction
of errors that affect the signal quality of PPG signal as it is a
prerequisite to accurate extraction of biometrics, although a
noticeable amount of developments done in these studies has
yet to be implemented in commercially available devices.

Due to the great potential that PPG technology offers in
the future and the advantages it currently offers in mobile
health monitoring, a large number of commercial PPG-based
devices have been developed and sold in the health device in-
dustry. A push for more fitness-oriented PPG-based health
tracking devices can be seen in the marketplace from such
companies as Fitbit and Polar via their mobile-device com-
patible products.

Our group’s motivations for this project are to develop a
biometric tracking system that is convenient to use for the
majority of people so that they can accurately know their car-
diovascular health within their day-to-day life. An additional
motivation of our group is to attempt to bridge the current gap
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between the academic developments of PPG system designs
and the marketplace-friendly designs that are commonplace
of commercial products. This second motivation is meant to
assess the feasibility of optimized PPG system designs with
consideration to cost, time and practicality.

Our group’s basic project goals are to design and construct
a non-invasive wrist-worn biometric monitoring device via
the processing of optical bio-signals. The optical sensor will
ideally be designed such that notable sources of errors with
respect to signal acquisition are considered and mitigated as
best as possible given present constraints. The proposed de-
vice will be able to interface wirelessly with a personal device
via a health monitoring application that will store biometrics
for an extended period. The long-term storing of biomet-
ric information enables a user to observe trends with respect
to their biometrics to assess their cardiovascular health’s im-
provements or deterioration. The principal biometrics that
are to be collected for the basic design goals are the follow-
ing: Heart rate, Heart Rate Variability (HRV), Blood oxy-
genation concentration (SpO2), and Skin temperature.

Il. High-Level Overview

The planned system will incorporate the function of a de-
signed device that uses LEDs and sensors to gather biometric
data. It will then analyze the information gathered and use
a communication protocol to push the results to another de-
vice for display and storage. The various components will be
completed by each of the members of the team. Each member
of the team will be responsible for the completion of at least
one of these components from an administrative perspective
but any or all of the team may end up working on any given
component. Responsibility for each is labeled in the figure
below
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Fig. 1. Subsystem assignment diagram.

Ill. Hardware

Device Sensor. For the on-device sensor we utilized a PPG
sensor and a optical thermal sensor to collect biometric data.

Photoplethysmography (PPG) is an opto-electronic tech-
nique that utilizes the temporally varying optical properties of
skin arising from volumetric blood flow from micro-vascular
tissues to measure cardiovascular information. PPG sensors
are comprised at a fundamental level of simply an emitter and
a photo-detector arranged in either a reflection or transmis-
sion configuration. The transmission configuration utilizes an

emitter and detector on opposite sides of a limb, typically a
finger, to generates a PPG signal from the collection of atten-
uated light as it passes through a subject’s limb. The reflec-
tion configuration utilizes the emitter and detector on a sin-
gular side and therefore relies on the collection of diffusely
reflected light from the blood vessels to generate a signal. For
this product, our team decided to design our sensor to work
in the reflective mode of operation in order to facilitate easy
of use. figure

The designed PPG sensor utilized a SFH7016 multiwave-
length LED chip and the SFH2202 photodiode which were
both manufactured from OSRAM. The SFH7016 generates
green (526 nm), red (660 nm), and near-infrared (950 nm)
light with a linewidth of less than 50 nm. The SFH2202 was
chosen due to it’s complementary responsivity spectrum for
the selected wavelengths, providing a responsivity of: 0.32
A/W for 525 nm, 0.473 A/W for 660 nm, and 0.67 A/W for
950 nm. These wavelengths were chosen due to the absorp-
tion spectra of particular chromophores present in skin that
give ways to it’s effective optical properties, as can be seen in
Figure 1. Melanin and water induce unwanted high attenua-
tion for wavelengths higher than 450 nm and lower than 1 um,
while different types of hemoglobin, our target chromophore,
has a notable response at the chosen wavelengths. Of par-
ticular interest for SpO2 measurements is the difference in
the absorption spectra of oxygenated and non-oxygenated
blood. Given that for the chosen red and NIR wavelength
there are different absorption coefficients, one could utilize
Beer-Lambert law to calculate the concentrations of oxygen
present in blood. A formula derived from this method is the
"ratio of ratios" which compares the AC and DC components
of detected red and NIR light to calculate ratio parameter for
which SpO2 values of a subject can be calculated (1). The AC
component arises from the volumetric blood flow causing an
temporally varying extended optical path length as the mi-
crovascular blood vessels are dilated and contracted. The DC
components are the result of a minimum path length when
the blood vessels are at their most contracted, giving way to
a baseline level of attenuation. The inclusion of the green
wavelength was done due to it’s ability to provide a resilience
to a common artifact present in PPG technology, the motion
artifact. Motion artifacts are the results of the sensor mod-
ules shifting it’s position relative to the area of collection,
resulting in noise that manifests as drastic DC baseline wan-
dering, as well as added peaks in the signal that complicate
the biometric extraction process. Green wavelengths have
been shown to be have resilience to these artifacts in various
products, and the origin of this resilience has recently been
proposed to be the result of the green PPG signal originating
from the muscle contracts around the blood vessels, rather
than the blood vessels themselves (2). The downside to uti-
lizing green wavelengths is that they experience much higher
attenuation, therefore higher optical power is required.

Given that for reflection mode the collected light is dif-
fused light, a cross polarization configuration was imple-
mented to reduce the collection of specularly reflected light
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Fig. 2. Absorption Spectra of chromophores typically found in skin. Retrieved from

®)

that might be incident on the photo-diode contributing to an
unnecessary DC offset. The polarizer used for this implemen-
tation was Thorlab’s LPVISE2X2 linear polarizers which of-
fer a 38% transmission for unpolarized light, and a cross po-
larization transmission of less than 1%. This implementation
comes with the caveat of lower optical power emitted from
the LED, therefore the forward current applied must be in-
creased in order to compensate for the losses. In addition to
the increases launching losses, the polarizer is not designed
to operate for NIR wavelengths, therefore the SpO2 measure-
ments must be calibrated in order to compensate for the re-
duced offset of values for the red wavelength.

To optimize light launching into the skin and subsequent
collection, refractive index matching of the sensor to the skin
was considered and implemented in order to reduce Fres-
nel reflections at sensor-skin interface. Fresnel losses can be
modelled by the change in refractive index from one medium
to another given the following equation.

(n1—ng)?
(n1 +n2)?

where n; is the initial medium of propagation and ns is the
final medium of propagation.

T =

We utilized clear optical cast plastic windows from Ed-
mund Optics as the skin contact structure to provide an index
matching function as well as mechanical support. The cho-
sen window offers a refractive index of around M.indow =
1.501 and a transmission of over 90% for the wavelengths
of operation. To adhere the optical windows to our sensor’s
components and structure barrier structures without introduc-
ing additional losses, Norland optical adhesive 84 was used.
Norland optical adhesive 84 provides a refractive index of
around Ngghesive = 1.46 with a transmission of over 95% at
the wavelength of operation. The refractive index of the ad-
hesive also matches that of the silicone encasing of the LEDs
and Photo-diode, N, pp/photo—diode = 1.46. Figure shows
the layout of the medium interfaces for the device and skin.
Given the stated refractive indices, the total losses attributed
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Fig. 3. Fresnel Losses from sensor
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Fig. 4. Layout of sensor structure and components

to Fresnel losses 0.12%, which is a notable improvement
compared to the non-index matched arrangement, which pro-
vides a loss of 6.39%.

Opto-mechanical considerations were implemented to re-
duce DC noise resulting from optical cross talk of the emitter-
to-detector without interacting with skin tissue. This was ac-
complished by introducing a barrier between the LED and
photo-diode via the hand frame housing. The material used
for the frame and the overall device enclosure was a PETG
filament which provides less than 1 percent transmission of
light at the operating wavelengths. The thickness of the bar-
rier used was 1.5 mm (4). The arrangement of the optical
components with opto-mechanical barriers can be seen in
Figure 3.

The optical thermal sensor used on the device is
MLX90632 by Melexis which offers medical grade accu-
racy of 0.01 degree Celsius. For the implementation of the
MLX90632, an unobstructed viewing angle of 40° is required
to achieve adequate sensitivity. This was implemented by in-
troducing a spacing 1.68 mm between the thermal sensor and
the hand frame.



AFE.

For our device, we have implemented six LEDs and two
photodiodes divided into two separate sensing modules each
composed of three LEDs of differing wavelengths and a pho-
todiode. With each sensing unit configured in a parallel ar-
rangement we will be able to achieve multi-directional light
sensing. The implementation of two photo diodes receiving
input from a total of 6 LEDs in a round robin fashion is be-
yond the capabilities of a low-profile microcontroller on its
own. Compact Micro-controllers on their own do not fea-
ture very high-resolution analog to digital conversion, and are
limited in their ability to sample from two different photodi-
odes accurately. To facilitate the integration of all the LEDs
and photodiodes we employ an Analog Front End integrated
circuit to manage the sensing units on their own and deliver
the conditioned digital signal to the Microcontroller.

The Analog Front End used in this device is the AFE4404,
shown in figure x below, from Texas Instruments, and it is the
driver for three LEDs of different wavelengths and receive the
corresponding current signal from a photodiode. It is pro-
grammable with an LED current of up to SOmA by default,
but the current sinking limit can increase to 100mA per LED
by configuring the registers, at the cost of accuracy in the
exact current going through the LED. When the photo-diode
captures light and translates it into a current signal, the cur-
rent signal is a composite of three signals: an AC component
that correlates to changes in blood volume, a DC component
that is generated by the light reflected from the body’s time
invariant systems, and ambient light.

The current signal from the photo-diode is then converted
to a voltage level through the means of a transimpedance am-
plifier. The signal is then conditioned through the use of a
digital-to-analog converter which attenuates the signal from
the transimpedance amplifier according to the level of am-
bient light, with the aim of amplifying a voltage signal with
less interference. Once the voltage has been amplified, ca-
pacitors store the LED reflected light value and ambient light
values separately, where they are then sequentially converted
to a digital signal.
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Fig. 5. AFE4404, diagram courtesy of Tl

The resulting output from the AFE4404 is a composite
light signal, ambient light, and the isolated voltage signal

which is composite signal minus the ambient light. The de-
vice has an Analog to Digital Converter with a resolution of
22 bits and works in a range of -1 to 1 Volt. For accurate
SPO2 measurements, the device must operate at a dc level of
approximately 50 percent the positive voltage threshold. The
output from the ADC is then captured in four 24-bit registers
which store the resulting LED1, LED2, LED3, and Ambient
voltage values in two’s complement format. These registers
are then read through I2C by our microcontroller.

Micro-controller.

Our device will be using a microcontroller that hosts an
ARM Cortex-M4 32-bit processor, which boasts a 64 MHz
clock speed, IMB flash memory, and 256kB of RAM. This
processor is integrated into the nRF52840 microcontroller
which itself is on a NINAB306 module. The NINA mod-
ule combines the nRF52840 microcontroller with an antenna
to enable Bluetooth connectivity, which will be the main
method of delivering our biometric data. Our microcon-
troller is tasked with receiving the PPG data over 12C from
the AFE4404, checking that the data is valid, and then trans-
mitting it over Bluetooth where it will be interpreted by our
mobile application.

Power.

The battery we have chosen is the Lithium-Ion Polymer
500 mAh from PKCELL. It has a nominal voltage of 3.7V
and an outstanding energy density providing 500mAh in a
29mm x 36mm x 4.75mm form factor. The Wearable Opti-
cal Biometric Tracking System will never exceed one Amp
in current draw and is unlikely to ever get close. In terms
of peak current draw, each AFE and LED combination con-
sumes approximately 1 to 3 mA, the thermal sensor con-
sumes 2mA, and the NINA can draw up to 40mA. A con-
servative estimate of current consumption places it at under
55 mA at peak load, suggesting the device is likely to have
approximately 10 hours battery life if heavily used with the
LEDs pulsing at high currents.
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Fig. 6. LTC3340 Buck-Boost Converter schematic

The entire system will be powered by the lone battery,
which will supply its nominal voltage to the SFH7016 LED
units, and have its voltage converted to 3.3V to supply our mi-
crocontroller and provide the 3.3V logic level necessary for
the system to function. The voltage conversion will be han-
dled by a buck-boost DC/DC converter, the LTC3340, setup
in a configuration that outputs 3.3V as seen above in figure 6.



IV. Signal Processing

Our device’s primary goal as a biometric sensor is to accu-
rately and consistently map a vector of input parameters to
a set of predictions. This is pretty straight forward however
it’s worth understanding the reasoning of why we think this
is possible. That is why this chapter is dedicated to detail-
ing the logic driven processing algorithms our device will be
using.

Peak Detection. One of the most important features we will
be looking for is the signal’s peaks. By taking a look at the
sample PPG signal you will see there are two local maxi-
mums per heart rate period. We specify that we want to locate
the highest valued maximum to maintain consistency
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Fig. 7. Peak detection algorithm applied to sample PPG data.

Average Heart Rate. By detecting multiple instantaneous
heart rates in series we are able to make an estimation for the
average heart rate. This is important to note since not only
will this parameter be reported to the user, but will also be
used to estimate heart rate variation.
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Fig. 8. Average Heart Rate over time using example PPG data.

Heart Rate Variation. Though there are many different
ways to calculate heart rate variation, the most suitable for
our application would be using Root Mean Square of Suc-
cessive differences. RMSSD simply requires the interval be-
tween each of the peaks we capture. This is appropriate since
we already have this data to compute the average Heart Rate.
Below is the formula for RMSSD as well as a plot across time
using sample data.

HRV — \/((Tn—Tn—1)2+(Tn—1—Tn—2)2—|—...)
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Fig. 9. Heart Rate Variation plotted across time.

AC and DC Component

The DC component is the average value across the period of
the signal. The dominant AC component on the other hand is
just the highest magnitude non zero frequency component.
By taking advantage of the fast Fourier transform we can
quickly identify both of these parameters. One thing to note
is that the FFT can give you a better result the longer the sig-
nal you pass it. This also means that it will consume more
computing power. Therefore it is unlikely this will be able
to be calculated real-time. The discrete Fourier transform is
defined below.

1 Nl N
:Nije—”’“?”/N, k=0,....N—1. (2

The Fourier transform will map a time domain signal to the
frequency domain. The image below is a plot of the fre-
quency components of sample IR and Red PPG signals.

Blood Oxygenation. The proper technique for predicting
blood oxygenation is a debated topic. As of now we will be
using the simplest approach, which is a ratio of ratios. AC;.¢q4
and AC;, refers to the dominant(global maximum outside of
DC component) non DC component of the signal.
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Fig. 10. Plot of Fourier Transform operating on a Red and IR PPG signal.
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SpOs = C — B(R),where C and  are constants  (4)

Though this technique is very simple it requires that the de-
vice be calibrated to find the constants. This implies that we
can create a system of equations using a trustworthy device.

Signal Conditioning

Given that the human body operates at a relatively low fre-
quency, most of our interest lies within the low frequency
band(1Hz-5Hz). By sampling at a high frequency and ap-
plying a low pass filter we can remove any of the higher fre-
quency components that would cause our heart rate predic-
tion algorithm to fail.

Though a basic moving average would work fine here as
a low pass filter, we decided to take this as an opportunity to
be a bit clever. By using a Cascaded integrator-comb filter,
we were able to build the exact same low pass filter, which
not only uses a fraction of the hardware to implement, but
also reduces our sample rate without the loss of information
in the pass band. This is commonly called an integrate and
dump filter due to its use of a single register and single adder.

According to the described structure the output of the ac-
cumulator appears to be a saw tooth wave. By sampling at
each peak in the saw tooth wave we effectively create a digi-
tal low pass filter. With the following transfer function.

H(f)= —2 Fol07 ®)
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Fig. 11. Filter Transfer function and Example PPG signal frequency domain plot.

IV. Application Interface

Convenience is paramount when attempting to develop a sys-
tem to be used as a fitness tracker. Someone utilizing this de-
vice may not be able to hook up a computer where ever they
are to mark down information during exercise or research.
Further a small screen on a wearable device may not provide
sufficient viewing space to review progress or historical data
for comparison. When considering how to interface with a
device like the one developed here it has to be considered
that computational power or storage space may be required
and it must not be inconvenient for the user.

This desire for convenience of the intended application has
informed nearly every aspect of the application interface de-
sign. In the interest of not wanting users to need much addi-
tional hardware and to allow a measure of freedom this de-
sign will leverage a mobile device.

On this same vein, although connectivity is getting bet-
ter, not all locations afford network or internet connectivity.
Implementing a local storage solution allows users to inter-
act with the system even if they are in an area with spotty
coverage or lacking in internet or mobile connectivity.

Mobile Phone Application. The compliment to this system
is going to be a mobile application hosted on an Android de-
vice. A mobile computer with built in security features as
well as viewing frame larger than could be expected to put on
a wearable device that people are already carrying around is
an obvious choice. Although either Android or IPhone could
have been the launching point, the decision was made to start
on Android for this prototype due to many factors includ-
ing initial cost, availability of development tools, and market
share. The sensor device will leverage the mobile proces-
sor in the mobile platform in order to process sensor data.
This will allow the device to be lighter and smaller since it
will leverage the mobile CPU with the signal processing al-
gorithms the storage capacity and database support to capture
and store new readings. This also affords users a familiar in-
terface with built in security to review historical data. The



signal processing algorithms will be incorporated as part of
a custom application built that will connect over Bluetooth
Low Energy to our device which is capturing the data.

Connectivity. In the interest of compatibility the applica-
tion is designed to communicate over the Bluetooth Low En-
ergy standard. This is a protocol supported by many mo-
bile platforms and is an improvement over the original Blue-
tooth standards due to its nature of frugal energy consump-
tion. This means less battery changes or charging for users
on their sensing device or mobile phone. Using the Bluetooth
Low Energy protocol data will be provided by the device as
Characteristics presented by a custom service provided by the
custom sensing device. From there the data will be consumed
by the application. The application at this point utilizes the
Signal Processing algorithms described above in order to ex-
tract the biometric data which is stored.

Application Flow. The application is designed to support
multiple users access to the system utilizing a Login and pass-
code combination. This login will allow the system to be seg-
regated by user account, either separating data for specific
events or allowing multiple users of the application. Once
logged in the user will have the option of either reviewing
stored data or capturing new data to analyze.

If the user decides to capture new data it interfaces with
the custom appliance to receive this information to inform the
biometric measurements. This is where the bulk of the signal
processing comes in, calculating biometrics from the shaped
sensor data. If instead they decide to review historical data it
will lead to another area of the mobile application where data
can be retrieved.
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Biometric Selection Page

Application Login Screen ]
- Waiting
- Wait for user selection
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Fig. 12. State diagram of the logical flow of the mobile application.

Data Storage. Once the data is processed into the biomet-
rics it is then captured by the local instance of our database
system. The database system employed here is SQLite. The

structure of SQLite makes provides a local interface to store
the data without the need for any external devices or a net-
work connection. It also lends to the security of the data, as it
can only be accessed by one with access to the mobile device.

If a user decides to view historical data instead, they will
be presented with a list of previously captured events and pro-
vided the stored boimetrics which relate to those events. The
database structured into 6 tables holding own unique data.
Being a SQL structure, the data must be uniform to be easily
accessed through structured queries.

Users 1 Sensor_Function 2
[blueToothClassCode | Description
Integer String [string Integer [integer [string

Primary key, Inc [unique |

id* Jusername |password id*

Primary key, Inc [Unique |

Biometric_IDs 3 Recording_Session 2
id* Tunits [Description id* [UseriD [start_time [End_time
Integer |string | string Integer [integer | string | string

[Foreign key (1) | |

Primary key, Inc Primary key, Inc

Sensor_Readings_Raw 5
id* Juseri [sensor 1D [TimeStamp _ [Reading

Integer |integer [integer Date_time | Real

Primary key, Inc |Foreign key (1) |Foreign key (2) | |

Derived_Biometrics 6
id* Juserip [Biometric_ID_[sessioniD [value

Integer |integer [integer Integer |Real

Primary key |Foreign Key (1) |Foreign Key (3) |Foreign Key (4) |

Fig. 13. Table Structure of the storage database implemented in SQLite

Conclusions

The theory discussed in this conference paper was the basis
of our final device, but a fraction of the effort. The sensitive
nature of this application made the implementation a much
more challenging endeavor. If more time was allocated to
this project, more time would have been spent researching
ideal locations to measure on the wrist as well as develop-
ing models to predict ideal transcendence amplifier feedback
settings given component placement and housing parameters.
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