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Abstract

This research presents methods developed to extract physiological signals from subjects
using both contact and naontact devices. This research covers the tools used to extract
respiration rate (RRand applications for these tools. A waveform analydishe performed to
compare the signals recorded and discuss the physical phenomena associated with the alignment
of the signals. Three tools will be presented to exi&tta wristworn photoplethysmography
(PPG) sensor, Doppler radar, and wireless tlatesfer. A PPG sensor in a waddte formfactor
is used to detect physiological signals such as pulse and respiration at the wrist of a subject.
Doppler radar is used to detect physiological signals such as respiration from the physical rising
and fallig movement of the chesthe average maximum and minimum difference between
Doppler radar extracted RR and PPG, HRV RSA, and accelerometer extracted RR is 0.342285
b/m and 0.170964 b/m, respectivalyireless data transfer is implemented to transfer and
process Doppler radar samples in +@@e. Two applications for the methods developed will
then be presented: remote patient monitoring and smart building applications. Doppler radar
physiological sensing coupled with sensing using a w@h PPG sensonia watcHike form-
factor allows a patient to have access to comfortable contact arabntatt options that can be
used to monitor vital signs. Additionally, Doppler rati@sed occupancy sensors are currently
under development for accurate building baring systems. With wireless connectivity
implemented, Doppler radar occupancy sensor data is processedtimeeahd uploaded to a

user interface to display occupancy statistics of a given room or building over time.
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Chapter 1. Introduction

1.1.Overview

The adoption o€onnectedvearable technology is becoming increasingly popular. The
consumer market is filled with a variety of smart watches and fitness trackers that can be used to
track daily health metrics, such as step count, calories burned, or sleep duration. The increasing
use of these metrics by consumers means there is utility in the development of new techniques to
extract useful physiological data using commercially availablehef§helf hardware.

Commonly measured and useful health metrics include heart raterdiearariability
(HRV), and respiration ratgRR). Thisresearchiocuses orRR and HRV. HRV is a measure of
the variation in time between consecutive heart beats. HRV is an important metric that can be
used to study cardiovascular health and potentially diagnose a number of medical conditions,
such as cardiovascular diseask @tnal fibrillation [2], or risk of hypertension3].

The study oRRis equally important. Changes in respiratory rate can assist in diagnosing
medical conditions such as sleep aprgai chronic obstructive pulmonary disease (COPD)
exacerbation event§]. Respiratory sinus arrhythmia (RSA) is one way that respiration can
affect cardiovascular measurement. RSA is a phenomenon where heart rate varies due to
respiration. RSA affects HRV in that the timing between heart beats decreases during inspiration
andincreases during expiratiomhis study will extracRR and calculate HRV due to RSA using
data gathered from a wristorn photoplethysmography (PPG) sensor.

Additionally, noncontactDoppler radaallows for thestudy of physiological signal
waveformsDoppler radahas been popularlysedfor vehicle applications for collision
avoidance or weather and climate change research to track wesattleensandis currently
being developetbr use in occupancy sensif@y smart building applicationsnder Adnow,
LLC [6, 7]. Doppler radar can be used asos-contact methotb obtain physiological signals
such as respiratiodmomt he ri si ng and f al | i Dogplemmadarhas beero f a
previously demonstrated as an accurate and effectiveneiemeasuremef&, 9. Coupling the
use of a PPG sensor and Doppler radords a patient access to comfortable contact and non
contact options that can be used to monitor vital signs.

1.2 Contribution

This research presenthe usage of BPGsensomsed in wearable devicéssense RR at the
wrist. A PPG sensor neimvasively detects changes in blood volume in the skin tissunga
light source and a photodiode to measure reflected light. MeasurentRfiaim a wristworn
PPG sensor has & demonstrated with various techniques emplo$6difl], as well as
measurement of HRV from a wrigtorn PPG sensofp]. Furthermore, PPG has been used
previously to extract RSALB]. This work is unique in that it extradRR, HRV, and the effects
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of RSA, along with accelerometer data and Doppler rddéasimultaneously for varyin@Rs

One sleep study was performed using 10.5 GHz Doppler radar, PPG, and accelerometer sensing.
[14]. No other study found has directly compaged GHz Doppler radaBPG and

accelerometer signals.

Techniques are proposed to perform simultaneous extract®RR fstbm a single PPG
signal The proposed techniques are performed on data recorded usthgsifielf hardware.
Tests are conducted with multiple subjects and iplygical datas recordedsimultaneously
using Doppler radar and a wrsbrn PPG sensor. Filteringiimplementedor the PPG signal to
provide a clearespirationsignal waveform for comparison to Doppler radespirationsignal.
HRV RSA analysis exts RR from th@eakto-peaktiming variability in the heart signalue
to RSA.RR is also extracted from an onboard accelerometer and shows high agreeability with
RR extracted from the PPG sensor and Doppler radats are developed to timestamp Doppler
radar data and align the samples in time domain with PPGAtatmalysis is prformed on the
Doppler and PPG waveformstime domairto determinghe phase relationship betwetbese
physiological traces.

The theme of wireless connectivity underscdhescurrent researakork. Implementing
wireless connectivity for Doppler radsensors allows for wireless data collection, timestamping
of samples, and wireless data upload to a server and user interface. This adds to the utility of
using Doppler radar to wirelessly monitor patients.

The RR extracted from accelerometer data inrésgarch is unique in that no specialized
equipment is used. Within the HSP development board, a Bosch BMI160 IMU is used to record
3-axis accelerometer data. Common breakout boards for development can be readily purchased
with this low-cost sensor. Furthmore, the RR that can be extracted is measured exclusively
from the wrist while a subject is awake in a relaxed, seated position. High agreeability is shown
from the wristbased extracted RR ratempared to Doppler radavith the average maximum
and minmum difference between Doppler radar extracted RR and PPG, HRV RSA, and
accelerometer extracted RR being 0.342285 b/m and 0.170964 b/m, respectively.

1.3 Thesis organization

Chapter Ipresents@n overview of physiological monitoring using PPG and Dapple
radar.Chapter Zontainsa literature review covering existing PP@oppler radarand
accelerometer physiological sensing resedttapter 3 discusses three tools utiliredecord
physiological signals: a wristorn PPG sensor, Doppler radar, andeleéss data transfer. The
wrist-worn PPG sensor allows recording of physiological signals from the wrist of a subject.
Doppler radar allow$or recording of physiological signals through measuring chest movement.
Multiple methods are implemented to tramdd®ppler radar data wirelessly, which improves the
utility of Doppler radatbased sensor€hapter 4L overs two applications that were focused on
for the developed methods. Remote patient monitoring is possible using theawndePG
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sensor and Doppleadar. Remote building applications are also explored with Doppler radar in
the form of TruePODS and a user interface to display occupancy sensor Ehepter 5
demonstrates the methods developed to exteapirationsignalfrom the wristworn PPG

sersor and Doppler radaResults from data recorded on various subjects is analyzed and high
accuracy of the developed methods is highligh@apter 6 involves a waveform comparison of
the aligned respiration signals in time domain extracted fromwtis¢worn PPG sensor and
Doppler radarThe physical phenomena associated with the alignment of the sigeals
discussedChapter7 summarizes the contributions of the warkddiscusses future work that

can be explored using the wrisbrn PPG sensor drDoppler radar, such as blood pressure
estimationand concludes the thesis.



Chapter 2. Literature Review

2.2 PPG Sensing

A photoplethysmographf{PPG) sensor is a leaost sensor commonly used in wearable
devices. A PPG sensor nimvasively detects changes in blood volume in the skin tigsinga
light source and a photodiode to measure Jightseen in Figure 2.1

Optoelectronic sensor

nght emitting !
diodes Photodetector !

9]

(T GRS g Skin surface

Stratum
cormneum | Lightin \ /L|ght out
Epidermis

Eryth rocytes

Dermis LED PD

Capillary vessel

Figure 21 Workingprinciple of PPG sensorgeft[15]. Transmissive and reflective sensimight [16]

PPG sensararea popular sensarsedin wearable devicedue to their low costow
power consumption, anechcomplicated desigtsually, a green or red liglemitting diode

(LED) is used as a light source, and one or more photodetectors are used to measure the reflected

light. PPG sensors can measure the light from the LED in either a transmissive or reflective
manner. When measuring using the transmissiohadetight is transmitted through the
medium and detected by a photodiode on the opposite side of the medium. When measuring

using the reflection method, the photodiode and light source are on the same side of the medium,

and the photodiode measures littdt is reflected from the mediurbd].

Figure 2.2Smart watches and fitness trackers with PPG sensors. Left to right: HSP, Bangle.js2, PineTime, Fithit Inspire 2



For common wearable devices such as smart watches omwristfitness trackers, PPG
sensaostypically employ the reflection method to measure physiological signals from the wrist.
Figure 2.2contains smartwatches and fitness trackers that evaleatedor this researciSome
watches and fitness trackers use photodetector and one LED (€Timime),more than one
photodetectorNMlaxim, Fitbit Inspire 2) or more than one LED (Bangle.js2), or a combination of
multiple photodiodes and multiple LEDs.

Measurement dRR from a wristworn PPG sensor has been demonstrated with various
techniques empl®d [6, 7], as well as measurement of HRV from a wngtrn PPG sensor [8].
Furthermore, PPG has been used previously to extract RSA [9].

2.3. Doppler Radar Sensing

Doppler radatbasedsensinghas been demonstratedamultitude ofstudies forsensing
physiological signal§l7, 18, 19]. This research utilizeéd.4 GHzDoppler radar for physiological
sensing. Sensing using Doppler radar eliminates the need for ebasact solutions like
electrocardiogramy measuring thphysical movement of @st and heart displacement, seen in
Figure 2.3.

Figure 2.3 Doppler radar measured chest displacerf20it

Practical implementation of Doppler radzased physiological monitoriri§] has been
explored,with nonrcontact RR measuremerdlidated[9], or mae advance identity
authentication using Doppler radad].

24. Accelerometer Sensing

Sensing physiological signals using an accelerometer was not initially considered until
after studyingaccelerometer movemeintthe datarecorded fronthe HSP An accelerometer
measuresheacceleration of an object, typically a3-axis configuration (XY, and Z



directions).Similar studiesntroducethe use obtateof-the-art or specialize@dccelerometarto
reconstruct respiration signal fraime wrist during sleemr restingstateswith themost accurate
reconstruction during deep slefg2, 23]. Multiple studies have used accelerometers to record
physiological signalsluring sleep24, 25]. Others have studiesignalsunder relaxed and
aroused condition®2p]. When an accelerometer is placed on the chest or greemaent
between accelerometer aR®GbasedRR measurements demonstratef6).



Chapter 3. Tools Utilized

3.1.HSP Physiological Monitoring

For thisstudy,the Maxim Integrated Health Sensor Platform 2.0 (HSP) is used to detect
physiological signalsThe HSP is a wristvorn wearable development platfornationtains a
variety of sensors for heatgensing applications. The HSP integrates a PPG afralttgend
(AFE) sensor (MAX86141), a biopotential AFE (MAX30001), a human body temperature sensor
(MAX30205), a microcontroller (MAX32630), a powaranagement IC (MAX20303), and a 6
axis accelerometer/gyroscope. The complete platform includes a watch enchosarei@ametric
sensor hub with an embedded heate algorithm (MAX32664). Algorithm output and raw data
can be streamed through Bluetooth to a mobile device or connected W& tS&8computer
running Maxim DeviceStudio for evaluatio®].

Figure 3.1 Maxim HS27]

Various wristworn devices containing PPG sensors vemsessedMost deviceslid not
meet requirements for configurability, such as «@rfigurableoptions likePPG sensor
sampling rate angimple data collectiarMaxim Integraed offers a variety of development kits
to evaluate their sensoamdis an industry leading manufacturerl@k and sensors he HSP
development kit package met all the requirementsaasichosen fathe following reasons:

- Multitude of sensoréPPG, ECG, accelerometer, body temperature sensor)
- Wired or Bluetooth operation with PC application

- Highly configurable PPG options

- Timestamped data

- Quick setup

- SmartwatcHike formfactor

Maxim includesMaxim DeviceStudio as a PC application to interfadh their
development kitsFor all data recorded for this research, Maxim DeviceStudi®.5is used to
connect to the HSP PPG sensor, configure sensor options, and record data to the PC.



3.2. TruePODS

TruePODS is a Doppleadarbased occupancy senst@veloped by Adnoviv.
TruePODS is capable of recording samples to an SD card or via a UART connection. For some
tests perfaned, TruePODS data is saved to an SD card. Most other tests involve streaming
samples through a UART connection to a seodUSB converter, where a Python program
timestamps and saves the samples on a compiisrwill be discussed in the upcoming
chapters.

There are two components to TruePODS, the TruePODS board and antenna. The
TruePODS board houses the MCU and related hardwangpport operation of 2.4 GHz
Doppler radarThe antenna is connected to TruePODS via coaxial cable and can be placed in
any physical configuratiorin Figure 3.2 the left imagghows the configuration of TruePODS
set up in greybox forease of use. EnTruePODS board is in a case on the right and the
antenna is in a case on the left. A connection to the TruePODS UART pins can be seen (green
and white wires), along with a programming cable (flat grey cable).image to the right in
Figure 3.2shows did is affixed to the box while data is being recordedh antenna for
wireless data transfer moduleruePODS records data at a sampling rate of 100 Hz.

Figure 3.2 TruePODS box configuration, left. TruePODS Witk wireless module antenpaght

3.3. Wireless Connectivity

Three avenues were explored to implement wireless connectivity for TruePODS. First,
Zigbee connectivity is demonstrated with the aeWuePODSLP hardwareSecond, wireless
data streaming and retine data processing is demonstrated with TruePODS. Finally, the
previous solution for wireless connectivity and riéale data processing is improved upon with
the use ol Raspberry Pi.

3.3.1 TruePODS-LP Zigbee Connectivity
Currently, the TruePODSEP boards do not feature wireless communicatimeless
communicatiorwill be demonstratedith the TruePODS.P boards using the Zigbee protocol.

8



The Zigbee protocol is ideally suited to deeaetworks for small, loypowerloT devices such

as occupancy sensors or smart light bulbs. To implement Zigbee connectiviyopjler radar
functionality, theTl Dynamic Multiprotocol Manager (DMM) is utilized. The DMM enables a
single radio to opeta multiple wireless protocols concurrently by switching between them in
real time[28].

Application Outline

The TI SimpleLink Academy (4.40.00.00) Dynamic Mygdtiotocol Manager Integration
fiFrom Scratchlab module was followed to implement DMM using thruePODS firmware
[28]. The SimpleLink Academy module recommends starting with the more complex of the two
projects (in terms of structure) as a base line. So, the TruePODS V5 project is integrated into the
Zigbee project thawvasdeveloped because itq@res less modifications to the project.

The application functions as a Zigbee application with the TruePODS V5 project running
concurrently. As in the TruePODS V5 project, the TruepodsAlgorithmSchemeV?7 is followed to
trigger events to detect occupancgkdhereof. Then, the DMM is used to pause the Zigbee
stack and turn on the radar when needed. When the radar is finished processing or an updated
occupancy status is determined, the Zigbee stackp@used and the occupancy status is
transmitted.

Accordng to the recommended steps from TI, the Zigbee application was restructured,
TruePODS project added to the Zigbee project (under the radar folder), DMM files added, DMM
global priority table configured, DMM policy table configured in SysConfig, DMM atized
and changes to the RF drivers made in each project.

Testing Results

The Zigbee project used was previoushaluatedn the LAUNCHXL-CC1352P2, the
LaunchPad development kit for TI CC1352P. In the Zigbee project the LaunchPad is configured
as a Zigbeend device, specifically an occupancy sensor. Button 1 {B)i#larts the
commissioning process to join a Zigbee network, and Button 2 {BTtNggles an occupancy
variable to simulate detected occupancy. To verify Zigbee functionality and occupansy statu
toggling, a Raspberry Pi 4 is connected to a Zigbee USB coordinator dongle. The Zigbhee USB
coordinator dongle runs theS&tack 3.x.0 coordinator firmware, which can form a Zigbee
network andnanageall Zigbee protocol tasks for all connected devices. The Home Assistant
application runs on the Raspberry Pi, providing a user interface to interact with the Zigbee
network. Through Home Assistant, Zigbee connectivity and occupancy toggling is verified



Figure 3.3TIl LaunchPad, left. Raspberry Pi with Zigbee dongle, right

After evaluatingthe base Zigbee project on the LaunchPad, the Zigbee project device
pinout was modified to match the TruePODB pinout, and Zigbee connectivity was verified on
the TruePODS board. The TruePODS V5 project was added to the Zigbee project as previously
described, and the DMMnabled TruePODS project was built &whluatedn the TruePODS
LP board.The figure belows the TruePOD%.P board test setup.

Figure 3.4 TruePODS P setup

When the DMMenabled TruePODS project launches, it attempts to join a Zigbee
network. If there was a previous network connection, TruePODS will rejoin the network. Below,
thefigure on the left shows network commissioning (joining new network) via Homestags.
The middlefigure shows the TruePODS device model is identified properly and joins the
network as an end device. Thgure on the right shows serial output from TruePODS when the
DMM-enabled project ilashedand the device is powered on. ThelZige code prints 7
networko to indicate successf ul net wor k c¢commi
determines thenoccupiedstate ST _UNOCCUPIEand due to eimeout,the radar is started.
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As indicated by theedarrowin the rightmost figureRF canmanddo start the radaare
scheduled, and radar output is printedfolibwing the command

Searching for ZHA Zigbee devices...

Adnoviv TruePODS

TrucPODS
by Adnoviv

[0x3152] Extending timeout
[0x3152:8:0x0406] ZCL Ci ol

disable_default_response=True>

nmand.Read_Attributes_rsp>

ol
disable_default_response=True>

Device info
.

Zigbee Coordinator

Zigbee info

IEEE: 00:12:4b:00:21:5a:e3:4C
Nwk: 0x3152

Device Type: EndDevice

LQl: 81

RSSI: Unknown

Last Seen: 2021-03-16T15:43:18
Power Source: Battery or Unknown

Figure 3.5 Zigbee network commissioning, IBftvice identification, middle. Radar operation, right.

Figure 3.6shows TruePODS updating the occupancgtss to unoccupied. The figure to
the right displays serial output indicating radar stopping and determining the new state as
unoccupied. When a new state is determined, either O (unoccupied) or 1 (occupied), a Zigbee
function is called to process the neacupancy state and report to the Zigbee coordinator. The
top left figure displays the Home Assistant user interface updated with the new occupancy status

Cl earo

i
nDetted, 0 as

Entities

Adnoviv TruePODS 4ce35a21 occupancy

Adnoviv TruePODS 4ce35a21 occupancy

Detected

(unoccupied) . I f the
di splayed in the

new
bottom | eft f

Figure 3.6 TruePODS occupancy status, left. TruePODS serial output, right.
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3.3.2 TruePODS Wireless Realtime Data Streaming andProcessing

This section involves usage of the original TruePODS hardware. There are three main
components needed for the implementation of thetne&l data system that évaluated
TruePODS, a WFi module, and reaime processing code. The assembledRiinodulefirst
reads data from a UART connection with TruePODS. Then, the samples are streamed to a TCP
server where a client can connect and process the samplestasialgcode. A detailed
overview of these three system components is below.

WeMos ESP8266 W4Fi Module and Connections

An ESP8266levelopment boardhe WeMos D1 Mini PrgWeMos), is used to connect
to TruePODS UART and establish a-¥iconnection. The ESP8266 microcontroller was
chosen for its buitn Wi-Fi 802.11 b/g/rconnectivity low cost ard popularity for loT
applications The WeMos development board has the added benefit of connecting an external
antenna to increase WWi reception.

In Figure 3.7below, the image on the left shows the WeMos board seated in a
removabletop 3D printed enckure With thetop removedthe U.FL to SMA antenna connector
can be seen in theper leff connected to an external antenna. The WeMos board can be seen in
the right half of the cas&ith wiresconnected to 3.3V, GND, TX and RKART) through a
cable fom TruePODSThe image on the right shows the 3D printedRMmodule enclosure
and antenna sitting outside the TruePODS box, connected with a cable.-Fienddule can
be placed up teighteennches away from the TruePODS box if needed.

Figure 3.7 WeMos board in 3D printed enclosure, leftRiinodule cable connected to TruePODS, right.

Inside the TruePODS box, the cable running to thé=ivhodule is connected &3V,
GND, RX andTX (UART) on the TruePODS board. The TruePODS antenmoisted on the
left side of the box while the TruePODS board is mounted to the right side of the box.

Wi-Fi Module Program
12



The WeMos board was programmed in Arduino IDE. There aretwaal functions
called to configure the board and run the main pragsetup() and loop(). In the setup()
function, a WiFi connection is first established withugaer configurabl&SID and password
Once connected to a Vi network, a connection is established with a Network Time Protocol
(NTP) server, with GMT and daght savings offsets configured. Connecting to an NTP server
ensures that samples are accurately timestamped. Finally, the TCP server is started for clients on
the network to connect to.

The loop() function is the main loop running on the WeMos. The listgnk for a client
connection to the TCP server that was previously configured. If a client is connected, print a
timestamp every second, and continuously write data to the TCP server that is read from the
TruePODS UART connection.

Matlab RealTime Processing Program

The realtime Matlab programfor sample processin@realTimePlotCircularV7yvas
modified to create a TCP/IP connectigsingtheIP address of th€CP server configured on the
WeMos TheMatlabprogramis running on a computer connected te same network as the
WeMos WiFi module.The program reads each new line that is written to the TCP server and
parses the line as input for ré¢ahe processing. Then, tidatlab program can be further
modified to upload to the processed samples to apitfarm. The system overview can be
seen inFigure 3.8

TruePODs UAHT%%—*

MATLAB

—} . I'l- }’
=
Data
Platform

Figure 3.8 Reatime processing system overview

After extensive testing, error catching was implemented while reading data from the TCP
connection. For example, a common error tdwaurred wasgindex exceeding number of array
elementé when reading lines from the TCP serwehich usually means sample wasorrupted
during transmissiarA solution is toskip this samplandcheck the length of theeadin arrayto
ensure there amot any other errors in incoming samples. If theRNMtonnection is
strong/uninterrupted, this error does not usually occur.

Another common error was timestangitachng to incomplete/corrupted sampléthe
solution to this is t@heckandsee if the coupted line containa timestamp (denoted by a
colon)andfix the stringthat is reado get the timstamp. During testing, the corrupted sample
was alwaysattached to the beginning of the timestasthis is fixed byheckingthelengthof
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the stringard slicing the string appropriately to retain the timesta8imilarly, if the WiFi
connection is strong this error does not regularly occur. After passing checks, the string is

processed, and samples saved to their respective variables for processing.

It is important to note that there can be interference with TruePODS aRdiitthe
TruePODS frequency is programmed too closely to the operating channel dgfiasighal.
When this occurs, devices in the immediate vicinity (smartphones, computersjletc.) w

experience a loss of Wi connection. Th&Vi-Fi channeise f f e ¢ blowaautbby A

~

TruePODSA solution is to reprogram the frequency of TruePODS so it is further from the Wi
Fi channel used for wireless connectivity, or thefNoperating chanhean be changedhis

was discovered after data transmission errors occurred with the WeMos bdsdlVéMosis

too close physically ahe WiFi channels too close there will be data transmission errbings
problem can also be attributed to the af the WiFi router. With appropriate channel spacing,
oldergeneration Wi routers consistently exhibited connection issMéisen tested with new

or commercial routers, connection issues were not present with proper channel gglacing.
issues notedkmve weraemediedhrough the implementation of rei@ine processing on a
Raspberry Pi, which will be discussed in the following seqt#8.3)

Figures of the Mtlabprogram with WiFi-connected TruePODS running can be seen
below. The graphs are figures generated from thetiraal processed data. The figure on the left
shows data from no subjects sitting in front of TruePODS. The figure on the right shows data
captued when a subject moves their hand in front of TruePODS. While moving their hand back
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Figure 3.9 Matlab reatime processing program output

The previousectiondetailed wireless data transfer using iieMos D1 Mini Proconnected
to TruePOIB UART andWi-Fi. Testing using the WeMos lead to the discovery of issues,
mainly dropped packets and interference WithFi using oldergenerationVi-Fi routers. This
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was solved by using a Raspberry Pi Zero 2 W, an updated version of the Raspberry Pi Zero. The
main advatages of the Raspberry Pi over the WeMos are as follows:

- Can implement o-board reatime signal processing

- More memory available for buffer/file storage (up to 1 TB microSD card supported)
- BetterWi-Fi connectivity

- Similarly small form factor (65mm x 30mm)

- Similarly inexpensive (WeMos $10, Raspberry Pi Zero 2 W $15)

The main advantage of using a Raspberry Pi is the ability to implemetitmeadignal
processing without the need for an additional computer, as the Raspberry Pi is-baangle
computercommonlyconfigured to run with &inux operating systenkigure 3.1(elow shows
the installation of the Raspberry Pi in a case within the TruePODS heXUART cable was
routed through the lid of the TrueP@SIBase and connected to the appropriate GPhOqm the
Raspberry Riand powers routed through an existing hole in the box.

Figure 3.10Raspberry Pi TruePODS box installation

Previously, the WeMos would transmit UART data read from TruePODS via a TCP
connection to be processed on a computer. The transmission process was vulnerable to
interference and interruption, resulting in lost packets. The WeMos has 16 MB of flash memory
available, which limits the ability to buffer or store samples in the evewtigfi signal
interruption. The Raspberry Pi solves these problems, directly interfacing with TruePODS
UART output and providing the ability to process the signal intresd without the need for a
secondary computer connected to the network. This eliminates the possibility of packets being
dropped due to Wi connectivity issues and ample storage space can be allocated (upto 1 TB
microSD card supported) to store samples irethent of connectivity issues. Furthermore, the
Raspberry Pi is similarly priced and comes in a similarly small form factor to the WeMos.

Testing was performed with the TruePODs, WeMos, and computers in various environments
with a variety ofWi-Fi routers.As previously mentioned, it was determined that elder
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generationVi-Fi routers interfered when TruePODs was powered on and affa6té&d
connectivity. Newer routers and commergiahde routers did not exhibit any interference issues
with TruePODs, WeMosand generalVi-Fi connectivity. Using a Raspberry Pi allows saving of
samples indefinitely untWi-Fi connectivity is reestablished.

To support reatime signal processing onboard the Raspberry PiViditéabreattime
processing code was converted tydhon program Python is selected as the main language for
Raspberry Pi, and Python has the benefits of portability, legibility, andsmpene and library
availability. SeeAppendix Dfor the converted Python program and converted functions. Initial
tests show realime processing functioningell. The codeaequiresfurther threshold adjustments
to provide accurate state outptds different environments
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Chapter 4. Applications Explored

4.1 RemotePatient Monitoring Application
While clinical patient monitoring was not formalgvaluatediuring this study, the
methods developed can ineplemented irpatient monitoring applications.

PPG sensors are commonly used in hospitals in the form of fivger pulse oximeters.
These pulse oximeters can be wired or wireless. The use ofwanistPPG sensors in clinical
settings is not widely adopted but can offer benefits over common fivayearpulse oximeters.
For patients who wear smart watches, the methods developed to extract physiological signals for
the wristworn PPG sensor can be applied to monitor vital signs on these more common
wearable devices. For patients who do not wear smaches, wearing a smart watthmonitor
vital signs allowsncreased dexterity over fingarorn pulse oximeters as there would be no
device mounted to the patientods fingertips.

Doppler radar has been used in clinical settings to monitor patient withioosdike
Obstructive Sleep Apnea, among numerous other condi@ShdJoppler radar provides
accurate noftontact vital signs monitoring that is unobtrusive to the user; the Doppler radar
based sensor can be mounted on the ceiling above a patiera bedside tabléCoupled with
physiological signal measurement using a waistn PPG sensor in a wattike form-factor, a
patientnow has access to comfortable contact andecmntact options that can be used to
monitor vital signs.

The implementation afireless connectivity for Doppler radaased sensors can be
applied to remote patient monitoring applications. Thissefulfor either athome monitoring or
clinical monitoring. Inbothscenaris, wireless connectivity increases the utility of the cartad
technologies by allowing medical professionals-teak remote access to patient data in a
secure mannef.his comes at a substantial equipment cost decrease compared to typically
expensiveclinical bedside vital signs monitors.

4.2 Smart Building Application

As previously mentioned, data from TruePODS can be uploadedder interface to
display occupancy statistics over time for a specific building. Data from the TruePODS user
interface will be shown for Sakamaki Hall. This is currently unésetbpment with Adnoviv.

Figure 4.2belowdisplays the Comparative view that was developed to display
occupancy data for the fourth floor of Sakamaki Hetle Comparative viewllows the user to
compare graphs from all installed sensors in one giphview displays events and the times
that they occur. The default view displays the data from 12 AM to 12aMeday period. The
data is combined from over the course of the data (8/1/2@280/2021) and all days of the
week.
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Over the course of theuwsty, the average busiest times occur when more events are
triggered, resulting in a peak in the graph. Figure 4.2 it can be determined that over the
course of the studgeak occupanclgegins at around 7 AMpeaking from 10 11 AM, and starts
declining around 11 AM to 12/1 PNMAnother peak occurs at 2 PM, steadily declining until 7/8
PM. This may mean that the building was more active in the morning and early afternoon hours
Occupants may have left for lunch around11lPM, and a smaller number of opants returned
in the afternoon, with occupancy tapering off as occupants gradually left for the evening.

Comparative

Account Building Floor

Adnoviv v Sakamaki Hall v F - Fourth Floor v
= Evenls < Sensors T Filters

—— MEF
—— MEN
SEF
SEN
SiniF
— SN

Date Range

ne of Day Day of We
8/1/2020 - 4/30/2021 12:00 AM - 12:00 MIDNIGHT All

Figure 4.2 Comparative graph view for Sakamaki Hall fourth floor

More detailed data that can be useful for determining building use abtdired using
the filtering option. Clicking on AFil,terso
seen in Figure 4.3A range of dates can be selected, like the date range week of 03/21/2021 to
03/27/2021. By default, the time will be $eam 12 AMi 12 AM, and bin size is set to one
hour. The bin size is the size of the time markings on the horizontal axis. For example, a bin size
of 30 minutes will display data in 3@inute intervals over tim&he time filter can be used to
i z 0 0 modata on the graph to obtain a more detailed picture of the data for the week in
guestionFinally, deselecting certain days can further filter the data. For example, to see only
events that occurred during weekdays, Saturday and Sunday can be deselected.
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Figure 4.3 Comparative view filtering options

Sensor events can be used to view all events from a single sensor on a given date. For
exampleseen in Figure 4.4electing the date 03/22/2021 and the sensor NEF graphs the events
from that sensor and giikys a table showing the start time, end time, and duration of the event.

Account Building Floor 3/22/2021 - NEF
Adnoviv v Sakamaki Hall v F - Fourth Floor v Start End Duration
8:02 AM 8:04 AM 00:02:00
Sensor Events 11:20 AM 11:22 AM 00:02:00
03/22/2021 m) NEF M VTl © Close 3:00 PM 3:03 PM 00:03:00
—— NEF
1
\
A \
f ‘\
| [ |
| [\
[ [ | \
| | \ \
i A

Date Range

0 of Day Day of W
3/22/2021 - 3/22/2021 12:00 AM - 12:00 MIDNIGHT Mon

Figure 4.4 Comparative view sensor events

These examples of thEomparativeview provide an accessible visualization of building
occupancy data. Coupled with TruePODS wirelesa ttahsfer, a completeirelessbuilding
occupancy system can be realizZédrther developmerdan leverage this system and TruePODS
to seng physiological signals of occupants to deternsioeupant wellness.
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Chapter 5. Methods

5.1 HSP Setup

All subjects gave consent using the form in AppendiXtke subject is seated in a chair
with arms resting on the arms of the chair to minimize body movertet the subject is
seated comfortably, the HSP is affixed to the wrist just behind the wrist Be shown ifigure
5.1The HSP is plugged in via USB to a computer running Maxim DeviceStudio.

Figure 5.1 HSP wrist setup

For the tests performed, the PPG EV Kit tool is used to control the PPG sensor and log
data to diskOperation mode is changed to Raw, accelerometer data is displayed, and Log
Management is set to Log to FilEnen, within Raw Settings the Sample Rate is set to 400
samples per second and Sample Averaging is set to 4. With the sampling rate set tq#30 sam
per second and averaging set to 4 samples, the effective sampling rate is 400/4 = 100 samples per
second, or 100 HSettings can be seenkigure 5.2

Operation Algorithm Management AFE Management Raw Settings
* Raw Operation Mode AFE Contro
Algorithm 2:Continuous HRM AEC Sample Rate | 400 - Sps PA (mA) Range (mA)
Power Saving »| SCD Sample Averaging 4 |. R 1240 124 |~
Display Log Management
+ Accelerometer Pulse Width = 213 + usec Red 1240: 124~
Algorithm Data ! Log to File Watch Flash HR Log (1Hz)
_— . i ADC 1 Range 32768 - nA Green 200 * 124 |~
HRM Graph « Write Header v Write Settings
SpO2 Graph C\MaximLogs\PPG_2022-04-25 17-13-04.csv | - ADC 2Range | 32768 - nA
Start Monitoring Browse Select Data Default

Figure 5.2 HSP PPG settings

The app Pro Metronome by EUMLab is installed on a smartphone &b aghi
maintaining a consiste®R. The tempo is set wouble the desireRR. For example, a test
conducted at &R of 15 breaths per minute (b/m) is set with a temp8®@lbeats per minutat
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1/1-time signatureAn inhale occurs with the first audibiek of the metronome, then an exhale
with the next tick, and so oithe subject is instructed to practice breathing at thRRétefore
beginning data collection.

During data collection, the subject sits still and breathes with tHeRs&t the best of
their ability. The data collection period can be ended at any time. For this study, data was
collected for a duration dbur to fiveminutes for differenRRs The PPG signal from the HSP
is recorded to a CSV file on the connected compliee CSV file saves data recorded from the
HSP and sensors, such as a timestamp and ADC counts of green light recorded by the PPG
sensorThe timestamp is recorded from the time of the comptitez.timestampADC counts
and accelerometer dadee the oly data points used fdhis analysis.

5.2 TruePODS Setup and Post Processing

Figure 5.3shows the general setup of TruePOd&¥fdl the HSkh relation to the subject.
The TruePODS box is set up roughly three to five feet amaythe antenna is aimatithe chest
of the subject, outlined in red.

TruePODS

Figure 5.3 TruePOD&nd HSPsetup

The TruePODS UART pins are connected to a s&blSB converter, which is
connected to a laptop running the Python program TruePOD&&paéndix A). This program
saveghe incoming serial data directly to a text file and inserts a timestamp every second.

After data collection is complete and TruePODSerial is terminated, individual samples
the data filecan be timestamped using the Python program TruePODSPostPrg¢Aggiendix
B). This post processing program firelschtimestamp in the text file, calculates the timing of
the samples in between each timestamp, and inserts a timestasamfiles so that every
sample in between timestamps is timestamBedilarly tothe HSP, he timestampecorded is
from the time of theomputerso the signals have the same clock source.

The program associates the timestamp with the sample on the followingdioee
running the program, the data file must be modified so that the first line of the file is a timestamp
and the last two lines must be a timestamp and sample, respecotbigt timestamps are
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appropriately alignedl’he data is exported in CSV format for easy importing into Mddab
processingSee thd-igure 5.4below for the data file before and after post processing.

24-Mar-2022 13:39:31.847781 Time,Sample

980 -16 @ 2022-03-24 13:39:31.847781,980
985 -19 @ 2022-03-24 13:39:31.857811,985
987 -21 @ 2022-03-24 13:39:31.867841,987
983 -23 @ 2022-03-24 13:39:31.877871,983
980 -26 @ 2022-03-24 13:39:31.887901,980
985 -28 @ 2022-03-24 13:39:31.897931,985
990 -30 @ 2022-03-24 13:39:31.907961,990
987 -31 @ 2022-03-24 13:39:31.917991,987
989 -33 @ 2022-03-24 13:39:31.928021,989
992 -35 @ 2022-03-24 13:39:31.938051,992
991 -36 @ 2022-03-24 13:39:31.948081,991
992 -39 @ 2022-03-24 13:39:31.958111,992
992 -42 @ 2022-03-24 13:39:31.968141,992
994 -45 @ 2022-03-24 13:39:31.978171,994
993 -50 @ 2022-03-24 13:39:31.988201,993
995 -54 @ 2022-03-24 13:39:31.998231,995
994 -59 @ 2022-03-24 13:39:32.008261,994
993 -63 @ 2022-03-24 13:39:32.018291,993
996 -67 @ 2022-03-24 13:39:32.028322,996

Figure 5.4 Before and after post processing PO®S data

5.3 Processing andResults

All data was processed using Matlab R2021a Updatel@axis, export_fig, and
ghostscript were installed as plugins for Matlab to generate and exporivildtiple subjects in
different environments are evaluated RiRsof 13 b/m (0.2 Hz), 15 b/m (0.25 HA3 b/m (0.3
Hz), and one trial at0b/m (0.166& Hz).

Respiration rates are extracted from six datasets comprising of five different individuals
in varying physical environment§.he datasets corresponding to different individuals are
labelledSubjects AB, C, D, andE, respectivelyWith different respiration rates, twenty trials
total were recordedrourdatasetsvith three respiration rates each will be usadvaveform
comparisonA fifth dataset was recorded before timestamping Doppler radar samples was
implemented. A final datas was recorded with the PPG sensor operating in Algorithm mode
and sampling at 25 HRoppler radar data is recorded at a sampling rate of 100 Hz for all trials.

Appendix C contains the Matlab code, PPGTruePODSProcessing.m, developed to extract
respiration rate from the recorded data. Names of Doppler radar and PPG data files are first
entered, and proper start and end cutoff times are established to eliminate noise.

5.3.1 PPG Signal Modulations andFiltering for Respiration

Figure 5.5shows thehree malulations present in a PPG sigf0]. Amplitude
modulation, or AM, frequency modulation, or FM (RSA), and baseline modulati®Mpexist
in a PPG signal. When filtering the PPG signal for B&seline modulation is extractatfhen
filtering the PPG gjnal for HRV RSA, frequency modulatios éxtractedor labelled as RSA in
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Figure 5.5. Baseline modulation in the PPG signfxbim the change in blood volume measured
by the PPG sens¢81].

Change in pulse period
<— indicative of RSA

Inhale

1 &

AM

N—
BM Exhale

Figure 5.5 PPG signal modulatiori30]

Doppler radar datss filtered for respiration using the Matlab bandpass filter with the
passband frequency range set from 0.1 to 0.5 Hz, and a FFT is computed to determine the
dominant frequencies in the signal. PPG data undergoes filtering and FFT computation is
performedo extract the low frequency respiration component from the raw PPG signal.

5.3.2 HRV RSA RR Extraction

To determine respiration rate frafRV RSA a10" orderlIR Bandpass Butterworth
filter is designed to filter the PPG heart signsing Matlab Filte Designer, seen iRigure 56
An IIR Butterworthfilter is selectedlue to low implementation coahdflat frequency response
in the passbandhe passband is set from 0.8 to 5 Hz.
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Figure 56 Matlab Filter Designer
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The Matlab function filtfilt isused to filter the PPG data using the matrix and scale values

generated by the Filter Designer. The filtfilt function performs pdrase filtering by processing
the input data in both the forward and reverse directions.

The Matlab findpeaks algorithm ¢®nfiguredwith a minimum peak distance and
minimum peak heighb accuratelyfind the peaks in the filtered PPG heart sigkat. eachtrial,

thesignal is manually studied to verify proper peak finding performadeefigure 57 for
filtered signal withheart peaks accurately selected.
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Figure 57 Heart peaks in PPG signal selected

After the peak locations and time at which they occusaved the timing between
neighboring peaks is calculated to extract the fieadeak timing variabilityover time. See
Appendices K for graphs of the peato-peak variability over timeAfter using the Matlab

bandpass filter from 0.1 to 0.4 Hz, the low frequency component corresponding to RR from
HRV RSA can be extracted by computing a FFT of the signal.

5.3.3 Accelerometer RR Extraction
A FFT of the raw accelerometer data is performed to plot dominant frequencies in the
signal and identify the lovirequency respiration component. The accelerometer axis that is

selected is dependent on each trial. B@ngple, the Z axishowsa clear respiration signal,

howevercertaintrials exhibit clearer respiration signal from the Y axis. This is noted in the
following tables.

5.3.4 Extracted RR Results

The extracted RR for individual trials across the datasetntained in the following
tables.The graphs associated with these tables can be seen in Appen#icBaitasets are
differentiatedby individual subjectsSubjects A, B, C, D, E Breathing rate ishe target RRn
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b/m. Doppler FFT, PPG FFT, and HRV R84lls contain RR in b/m and the frequency
associated with the extracted RR from FFT in parenthesis. Accelerometer cells contain RR in
b/m, the axis used in parenthesis, and the frequency associated with the extracted RR in
parenthesis. Where applicabliee tutoff times used are marked in the column labelled Time.
most trials the RR extracted from accelerometer data matches the RR extractdRPiGrFT

Across all datasetdhe averageninimum andmaximum difference between Doppler
radar extracted RBnd PPG, HRV RSA, and accelerometathodsRRis calculatedo
determine accuracy of PPG, HRV RSA, and accelerometer mefhizelgverage maximum
differenceis 0.342285 b/mThe average minimum difference between Doppler radar extracted
RR and PPG, HRV RS and accelerometer extracted RR is 0.170964 b/m.

For Table 1 belowthe smallestmaximumdifferencebetween Doppler RR and PPG,
HRV RSA, and accelerometer methad€.09984b/m occursat 13b/m, andthelargest
maximumdifferenceof 0.31854b/m occursat 15 b/m. The smallest minimum differencé
0.04236b/m occursat 13 b/m, andthelargest minimum differencef 0.13884b/m at 18 b/m. It
is notable that thelRV RSARR s closer to DoppleRR in two of threetrials

Breathing Doppler FFT | PPGFFT HRV RSA Accelerometer| Time

rate (axis)

13 13.047 13.14684 13.08936 13.14684 (Z) | 13:40:07-
(0.217454 Hz) | (0.219114 Hz)| (0.218156 Hz) (0.219114 Hz) 13:44:43

15 14.95338 15.06552 15.03432 15.27192 (Z) | 13:54:08
(0.249223 Hz) | (0.251092 Hz) | (0.250572 Hz)| (0.254532 Hz) | 13:59:01

18 18.0723 18.21114 18.38484 18.21114 (Y) | 14:12:56-
(0.301205 Hz) | (0.303519 Hz) (0.306414 Hz) (0.303519 Hz) | 14:17:25

Tablel Subject A03/24/2022

For Table 2 below, the smallest maximum difference between Doppler RR and PPG,
HRV RSA, and accelerometer method€9df996b/m occursat 13 b/m, andthelargest
maximumdifferenceof 0.56424b/m occursat 18 b/m. The smallest minimum difference of
0.08784occurs at 13 b/m, and the largest minimum differend®%#89b/m occurs at 18 b/m. It
is notable that thelRV RSARR iscloser to DoppleRRin all trials

At 18 b/m, studying the raw PPG data and oI did not produce a clear low
frequency respiration componeftie subject noted that she was fidgeting during this period, so
it may help explain the lack of respiration component in the PPG signal. Thisrfgida not
affect other methods, asspiration rate was extracted from HRV RSA and accelerometer.
Therefore if one method does not produce clear results, another method can be selected
extract RR.
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Breathing Doppler FFT | PPGFFT HRV RSA Accelerometer | Time

rate (axis)

13 13.02906 13.12866 13.1169 13.12866 (Z) |12:43:19
(0.217151 Hz) | (0.218811 Hz) (0.218615 Hz) (0.218811 Hz) | 12:48:00

15 14.95212 15.49128 14.80116 15.49128 (Z) |13:05:00-
(0.249202 Hz) | (0.258188 Hz)| (0.246686 Hz) (0.258188 Hz) H 13:09:45

18 18.09354 Not clear 17.5293 17.56464 (Z) | 13:20:20-
(0.301559 Hz) (0.292155 Hz) (0.292744 Hz) | 13:24:52

Table2 Subject B)3/24/2022

For Table 3 below, themallestmaximumdifferenceof 0.33192b/m occursat 18 b/m,
and largesmaximumdifferenceof 0.70092b/m occursat 15 b/m. The smallest minimum
difference 0f0.11202occurs at 15 b/m, and the largest maximum differen€@5&896b/m
occurs at 13 b/m. In all trials, tlRPG andiccelerometeRRs arecloser to DoppleRRs

Breathing Doppler FFT | PPGFFT HRV RSA Accelerometer| Time

rate (axis)

13 13.63038 13.07142 13.0239 13.07142 13:32:35
(0.227173 Hz) | (0.217857 Hz) | (0.217065 Hz) | (Y)(0.217857 |13:37:08

Hz)

15 14.94888 15.0609 15.6498 15.0609 (Y) |[13:47:40
(0.249148 Hz) | (0.251015 Hz) | (0.26083 Hz) |(0.251015 Hz)|13:52:13

18 18.02604 18.16428 17.69412 18.16428 (Y) |14:02:07-

(0.300434 Hz) | (0.302738 Hz) | (0.294902 Hz) (0.302738 Hz) | 14:07:00
Table3 Subject 03/24/2022

For Table 4 below, themallestmaximumdifferenceof 0.1131b/m occursat 15 b/m, and
thelargestmaximumdifferenceof 0.372b/m occursat 13 b/m. The smallest minimum
difference 0f0.07632b/m occurs at 15 b/m, and the largest minimum differen€e3a%2b/m
occurs at 13 b/m. THePG andccelerometemethods produce RR$oser to DoppleRRsin
two of three trials.
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Breathing | Doppler FFT |PPGFFT HRV RSA Accelerometer| Time
rate (axis)

13 13.416 13.044 13.02312 13.044 (z) | 12:34:04
(0.2236 Hz) | (0.2174 Hz) | (0.217052 Hz)| (0.2174 Hz) | 12:38:19

15 14.8191 14.9322 14.89542 14.9322 (Z) | 12:54:56-
(0.246985 Hz)| (0.24887 Hz) | (0.248257 Hz)| (0.24887 Hz) |12:58:59

18 17.98716 18.12354 18.25572 18.12354 (Z) | 13:12:18
(0.299786 Hz) | (0.302059 Hz) | (0.304262 Hz) | (0.302059 Hz)| 13:17:45

Table4 Subject D03/24/2022

Table 5, below, contains data from two different subjects taken on the sanmeulbjeet
E andSubject Care differentiated in their trials lByandC, respectively. Themallestmaximum
differenceof 0.13686b/m occursatE 18 b/m, andhelargestmaximumdifferenceof 0.78084
b/m occursat E 13 b/m. The smallest minimum difference @00594b/m occurs aE 15 b/m,
and the largest minimum difference@50496b/m occurs ak 13 b/m.

TrialsE 18 andC 18 were noted as producing noBSyT graphs. While there is a peak at
thefrequency of theorresponding RR, the amplitude of the peak is not necessarily larger than
the amplitude of other surrounding peakisese FFT graphs can be seen in Appendix I.

Breathing | Doppler FFT | PPGFFT HRV RSA Accelerometer| Time
rate (axis)
E13 13.44186 12.9369 12.66102 12.9369 (2) |14:42:10-

(0.224031 Hz) | (0.215615 Hz) | (0.211017 Hz)| (0.215615 Hz) 14:45:31

E 15 14.75328 15.3222 14.75922 15.3222 (Z) | 14:34:38
(0.245888 Hz) | (0.25537 Hz) | (0.245987 Hz) | (0.25537 Hz) | 14:38:19

E 18 18.0318 18.16866 Noisy, 18.16866 (Z) | 14:25:57-
(0.30053 Hz) | (0.302811 Hz) | 18.14508 (0.302811 Hz) | 14:29:40
(0.302418 Hz)

c18 18.0318 18.14058 Noisy, 18.14058 (Z) | 12:46:22-
(0.30053 Hz) | (0.302343 Hz) |18.56964 (0.302343 Hz) | 12:50:22
(0.309494 Hz)

Table5 Additional Data Subject E, Subject)Csamples from 520R3500,03/03/2022

For Table 6 below with PPG sensor sampling at 2iHdgorithm mode the smallest
maximum difference dd.06156b/m occurs at 10 b/m, and the largest maximum difference of
0.1878b/m occurs at 15 b/m. The smallest minimum differend@ @f872b/m occurs at 13 b/m,
and the largest minimum difference@®1502b/m occursat 18 b/m.
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Accelerometer data for the trial at 15 b/m is noted as not u3éfellaccelerometer data
for this trial did not produce any signal related to respiration, and the FFT graph can be seen in
Appendix Q. It is possible that this data was corrupeglibration error occurred, or an error
with the recording software occurred. This was the only accelerometer data that exhibited this
issue.

Breathing Doppler FFT PPGFFT HRV RSA Accelerometer

rate (axis)

10 9.99954 10.05588 10.0611 10.05588 (Y)
(0.166659) (0.167598) (0.167685) (0.167598)

13 12.10476 12.1434 12.12348 12.22242 (2)
(0.201746) (0.20239) (0.202058) (0.203707 Hz)

15 14.99934 15.18714 14.92686 Data not useful
(0.249989) (0.253119) (0.248781)

18 17.89398 18.06882 17.77896 18.02442 (Y)
(0.298233) (0.301147) (0.296316) (0.300407 Hz)

Table6 Subject A25 Hz PPG, samples fro6200-28000, 01/14/2022
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Chapter 6. Waveform Comparison

A waveform comparison of tHdtered Dopplerfiltered PPG, and filtered ped&-peak
timing signals is performed to analyze how physical phenomena can affect the timing of these
signals relative to each other. Four datasetsisedfor this comparison because Doppler radar
was recoded with timestamps for these datasets. The timestamp for Doppler radar and PPG data
comes from the computer that is recording the data. These signdte aligned in time domain
because themestampsrefrom the same clock source. Thatlabaddaxidibrary is usedo
plot these three signalegether Zoomed ingraphsare used taliscuss the findings from
studying the waveforms.

6.1 Subject AWaveform Comparison

SeeFigure 61 for the waveform comparisonsoiF13 b/mthe peakto-peak timing signal
is slightly out of phasdrom the filtered Doppler signalhese signals areotcompletely out of
phaseand usually closer tm phasdahan not The fltered PPGsignal ancpeakpeak timing
signal showstrong RSAwith close to 180 phase differencerlhe filtered PPGandfiltered
Dopplersignals shovexactly180° phase difference

For 15 b/mthe peakto-peak timing signal is similarly slightlgut of phasdrom the
filtered Doppler signal. Thegakpeak timingsignalphases closerto thefiltered PPGsignal
across the trial. Theltered PPGandpeakto-peaktiming signalRSA correlation is present but
not as strong as 13 b/mhe fltered PPGsignal isagain180° out of phaseompared to the
filtered Dopplersignal.

For 18 b/mthe peakio-peak timing signal is similarlglightly out of phasérom the
Doppler signal to the 15 b/m trial. The difference is that gakpo-peak and filtered PP&gnal
phase is almost alignedemonstrating a very weak, if nonexistergARcorrelation. The gak
to-peak and filtered PP&ignalarealmost 180 out of phase relative to ttidtered Doppler
signal.
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Figure 6.1Waveform Comparison f@ubject AL3, 15, 18 b/m

6.2 Subject BWaveform Comparison

SeeFigure 6.2for the waveform comparisonsor 13 b/m the peato-peak timing signal
is aligned with the filtered Doppler radar signal. The filtered PPG andtpgaak timing signal
phase alignmerghowsweak RSA, as sometimes tbet of phasd&RSA correlaibn is good buat
other pointghesignals are alignedhe filtered PPGandDopplersignal show similar
characteristics to thidtered PPGandpeakto-peaktiming signalsbecause Doppler and peak
timing are aligned

Results are similaiof both 15 and 8 b/mtrials. The peakto-peak timing signal is
aligned with the Doppler signdlike 13 b/m, thdiltered PPGsignal andpeakto-peaktiming
signal shows weaRSA correlation asthe signals drift betweesut of phase and phase
alignment The filtered PPG and filtered Doppler signals exhibit similar drifihasealignment.
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Figure 6.2Waveform Comparison f@ubject BL3, 15, 18 b/m

6.3. Subject CWaveform Comparison

SeeFigure 6.3for the waveform comparisonBor 13 b/m, the @akto-peaksignal and
filtered PPG showgoodRSA correlationThe peakto-peaksignal andiltered Dopplersignal
arenearlyin alignment, with only a slighthaseoffsetlengtheningor shortening over the
durationof the trial. The filtered PPG and filtet®oppler signalexhibit 180° phase alignment.

For 15 b/m, the gakto-peaksignal andDopplersignal issimilarto 13 b/m slightly out
of phasewith occasional alignment occurring. Thikered PPGsignal andpeakto-peaksignal
phasealignment displaysveak RSAas there is not eonsistentorrelation throughout the trial.
The filtered PPG and Doppler signals remE#@ out of phase

For 18 b/mthe peakto-peak signal and Doppler signaiiasealignment is similar to 13
b/m with a slght phaseoffset. This trial shows a strong@SA correlation with peakeak and
filtered PPGsignalsthan previous trials. Finally, thdtéred PPGand Doppler signals remain
180 out of phase.
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Figure 6.3Waveform Comparison f@ubject CL3, 15, B b/m

6.4. Subject D Waveform Comparison

SeeFigure 6.4for the waveform comparisons. For 13 b/m, gn@phsrequired more
careful study as theghasecharacteristics are not as apparent as previous trials. Thegppalik
timing signalis in alignmenwith the Doppler radar signdab an extentWeak RSA exists
between the filtered PPG signal and peakeak timing signal. The filtered Doppler radar signal
alignment is generall$80C out of phase compared tloe peakto-peak signal.

For 15 b/m, thelearestorrelation is th@hasealignment between the filtered PPG and
Doppler signal, with the signals remainib8C” out of phaseThe peako-peak timing isoffset
betweerthefiltered PPG and Doppleignals with no clear bia®f phasealignmenttowards
either signalWeak RSA correlation exists between the filtered PPG andtpgadak timing
signals.

For 18b/m, the characteristics exhibited are similar to 13 and 15 b/m trials. Theégseak
peak signal and Doppler radar signal shows clpkasealignment han previous trials. The
filtered PPG and Doppler radar signals have the strodg&sbut of phase relationship of these
trials.
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Figure 6.4Waveform Comparison f@ubject D13, 15, 18 b/m
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6.5. Waveform Comparison Summary

Each subject exhibitesimilar characteristics in the waveforms across all triddsvever,
thoughcertaincharacteristics are shared across subjeotsyas u b | wavefoendooked
exactlysimilar, and more similarity exists within individual subjects rather than astdgscts.

The strongest relationship exists between the filtered PPG signal and filtered Doppler
radar signal over all trials. Thadtéred PPGsignalis generallyl8C° out of phase with thiltered
Dopplersignal. The subject inhales, resulting in arréase in amplitude in the Doppler radar
signal and a decrease in amplitude in the filtered PPG sifmalagrees with previous studies,
demonstrating blood volume change is consistently affected by resp[i@i]jpand inspiration
causng lower skin blad flow [32, 33]. As previously mentioned in Chapter 3L3in most trials
the RR extracted from acceleromatastiondata matches the Ritom blood volume change
extracted from the filtered PPG signal

Hypothesesvere formedhat may help explain the pleaselationship between the
filtered PPG signal and filtered Doppler sigrtst, not allsubjectdbreathe exclusively from
their chest. During normal respiratory activity, the abdomen movement is in phase with the chest
movement Abdominal movement carebome out of phase with chest movement from a few
degrees to 180n apnea patients. This is called paradoxical breathuhich may help explain
differences in phase alignment between different subjdd}s

Additionally, subjects may exhibgtronger RSA correlations than others. Strong RSA
correlation is present when the filtered PPG signal i$ @800of phase with the ped&-peak
timing signal.The closer to irphase the signals becoinéicatesveak RSA correlationt has
been shown thatecreased inhalation volume and increased respiration frequency can attenuate
RSAwhile in arestingstate [5(8, 1416)]. This canexplain RSA correlation weakenirfor a
subject as the target breathing rate is increémeslbsequent trials; subjecttakesshallower
breaths to keepacewith the increase in target breathing rae can be seen with SubjectThe
strength of RSA is an important health metric to consider because age, cardiac health, or even
effective regulation of stress and emotioan affect HRV and the strengthRSA [36-39].
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Chapter 7. Conclusion

7.1. Summary

Three tools are used to monitor physiological signals and extract respiration rate from
subjects: a wristvorn PPG sensor in the form of the HSP, TrueP@BSpler radar sensor, and
wireless connectivity. Additionally, accelerometer data is used to extract respiratiohwrate.
applications are then discussed for the tools used: remote patieitoring, and smart building
applications. A wristvorn PPG sers and wireless communication with Doppler radar can
enable comfortable, accurate, and inexpensive remote patient monitoring. Wireless
communication paired with Doppler radar can also enable a complete wireless building
occupancy detection systemith thepossibility of utilizing TruePODS to sense occupant
physiological signals to determine occupant wellness.

Next, the setup and processing methods for the HSP and Doppler radar data is discussed.
RRsare extracted from six datasets comprising of five differndividuals in varying physical
environments, witiRRsof 13 b/m (0.2 Hz), 15 b/m (0.25 Hz), 18 b/m (0.3 Hz), and one trial at
10b/m (0.16667Hz). High agreeability is shown from the wrisased extracted RR rate
compared to Doppler radawjth the aerage maximum and minimum difference between
Doppler radar extracted RR and PPG, HRV RSA, and accelerometer extracted RR being
0.342285 b/m and 0.170964 b/m, respectivalywaveform comparison is performed on four
datasets and the phase alignment of ineass is analyzeddypothesis are formulated which
may explain the varying phase alignment of the signals: paradoxical breatminghalation
volume and increased respiration frequeattgnuatindRSA while in arestingstate

7.2. Future Work

Futurework can include estimating blood pressure using Doppler radar and -averst
PPG sensor. Using the timing in the heart peaks from each signal, the differences in timing can
be extracted to calculate the blood velocity as it is pumped down the arngckithah can be
developed to calculate the blood pressure intiea and the calculation can be compared to
measurements taken using a continuous blood pressure monitor. Additional work can be
performed with smart watch sensors and Doppler radar, sugenauthenticatioar building
occupant wellness monitoring.
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Appendices

Appendix A TruePODSerial.py

import  serial
from datetime import datetime

def main ():
try
# For Windows port use COMX (COM6, COM4, etc.)
# Unix  systems use /dev/ttyUSBX, etc.
ser = serial . Serial (port = 'COM6', baudrate = 115200)

fleName = datetime .now(). strftime ('%d- %b %Y¥ %H %M%S') + "ixt'

# Open file for writing in binary format
with open(fileName , 'wb' ) as file
lastTime = datetime . now()

# Loop to continuously read from serial device until interrupted
while  True :

sample = ser .readline ()

print ( sample )

file . write (sample)

# Format date: Day - Month - Year H:M:S.ms
if (datetime .now() - lastTime ). seconds ==
lastTime = datetime . now()

print (lastTime . stritime  ('%d- %b %Y %H:%M:%S.%f"))
file . write (bytes (( lastTime . stritime ('%d - %b %Y
%H:%M:%S.%f') + '\n'), ‘'utf -8"))

except KeyboardInterrupt . # Ctrl + C to exit program
print ('Program ended by user' )
if _name__ == "_ main_"
main ()
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Appendix B TruePODSPostProcessing.py

import  csv
from datetime import datetime , timedelta

# Change file names here, dataFile input, csvFileName output

dataFile = ' D 18breaths - 24- Mar- 2022- 13- 11- 49.txt'
csvFileName = ' D 18breaths -24- Mar-2022-13-11-49.csV'
# Variables for storing samples

sampleLine = []

sampleLineAll =1

# Open data file and get timestamps
# Add sample to the timestamp that comes before it
# Add other samples to own line, timestamps calculated later
with open(dataFile , ' ) as file
for line in file
if len (line ) > 15: # Lines containing timestamp
line = datetime . strptime (line .strip ('\n'), '%d-%b %Y
%H:%M:%S.%f")
sampleLine . append (line )
else : # Sample lines
sample = line .split ()] 0] # Firstelem of sample is ADC output
if (len (sampleLine ) == 1):
sampleLine . append ( sample )
sampleLineAll . append ( sampleLine [])
sampleLine . clear ()
else :
sampleLine . append ( sample )
sampleLineAll . append ( sampleLine [:])
sampleLine . clear ()

# Get indices of samples that have time attached
timelndices =]
for elem in sampleLineAll
if (len (elem) > 1):
timelndices . append ( sampleLineAll . index (elem))

print ('Indices gathered' )

# Now knowing indices of times, get time and next time

# Subtract time from next time to find time difference

# Subtract indices to find num of items between

# Divide time difference by index difference to get timing of each sample
for index , indexNum in enumerate (timelndices ):

if (index != (len (timelndices ) - 1)): # Atend of timelndices list
# indexNum is timelndices[index]
nextindex = timelndices [index + 1]

time = sampleLineAll [indexNum ][ 0] # Get the time
timeNext = sampleLineAll [ nextindex ][ 0] # Getthe nexttime
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# Get difference between indices to find num of samples in between
# Subtract times to get time difference
# Divide time difference by index difference for increment of

time/sample

indexDiff = nextindex - indexNum

timeDiffFloat = (timeNext - time ). total_seconds () # Converttimedelta
to float for precision

timeFloat = time . timestamp ()

sampleTimeDiffFloat = timeDiffFloat /- indexDiff

# Between time and next time, add sampleTimeDiff to time
#Indices1 - 99, skip first entry because it already has time
# Fill in indices between times
for indexElem in range (indexNum , nextindex ):
if (indexElem + 1 < nextlndex ):
timeFloat += sampleTimeDiffFloat
sampleLineAll [ indexElem + 1]. insert (O,
datetime . fromtimestamp (timeFloat ))

print  ('All samples timestamped' )

# Write out to new file

with  open( csvFileName , 'w' , newline =" ) as csvOut :
writer = csv . writer (csvOut )
writer . writerow ([ 'Time' , 'Sample' )

writer . writerows ( sampleLineAll )

print ('CSV written out as %s, program completed.’ % csvFileName )
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Appendix C PPGTruePODSProcessing.m

clc;
close all ;

% Files to read
file = " A- 13breaths - 24- Mar- 2022 - 13- 39- 30.csv' ;
ppgFile = " A- 13breaths - PPG_2022- 03-24 13- 38-04' ;

% Sampling frequency for Doppler and PPG
fs = 100;

%% Adjust cutoff times
startTime = datetime( '2022 - 03- 24 13:40:07" ),
endTime = datetime( '2022 - 03-2413:44:43" ),

%% Import Doppler data

opts = detectimportOptions(file);
opts.VariableNamesLine = 1,

T = readtable(file, opts);

% Import PPG data

ppgOpts = detectimportOptions(ppgFile);
ppgOpts.Datalines = 5;
ppgOpts.VariableNamesLine = 4;
ppgTable = readtable(ppgFile, ppgOpts);

%{

%% Plot unprocess  ed data first to find cutoff times
% Cut off beginning at 13:12:18

% Cut off end at 13:17:45

tempX = T.Time;

tempY = T.Sample;

figure;

plot(tempX, tempY);

tempPpgX = ppgTable.Time;
tempPpgY = ppgTable.GreenCount;
figure;

plot(tempPpgX, tempPpgY);

%}

%% Select sample with cutoff times

selected = T(isbetween(T.Time, startTime, endTime), :);
x = selected.Time;

y = selected.Sample;

selectedPpg = ppgTable(isbetween(ppgTable.Time, startTime, endTime), 3);
ppgX = selectedPpg.Time;

ppgY = selectedPpg.GreenC ount;

ppgAccel = selectedPpg.ZAxisAcceleration_g_;

%% Filter and FFT for Doppler data for respiration
filteredDoppler = bandpass(y,[0.1 0.5],fs);

figure;

plot(x, filteredDoppler);
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%ylim([ - 100 120])

xlabel( 'Time' )

ylabel( 'Relative Amplitude’

titte(  'Filte  red Doppler Signal (fpass = [0.1 0.5] Hz)' );

% FFT of filtered data

%Window length

%Retain Magnitude

%Discard Half of Points

%Prepare freq data for plot

nSampsDoppler = length(filteredDoppler);
fitFilteredDoppler = abs(fft(filteredDoppler));
fftFilteredDoppler = fftFilteredDoppler(1:nSampsDoppler/2);

freqFilteredDoppler = fs*(0:nSampsDoppler/2 - 1)/nSampsDoppler;

% Plotting for respiration rate

figure;

plot(fregFilteredDoppler, fftFilteredDoppler, ', 'LineWidth' 1)
xlim([0.1 2])

xlabel( 'Freque ncy (Hz)' , 'FontSize' , 10)

ylabel( 'Magnitude’ , 'FontSize' , 10)

title(append( 'FFT Filtered ' , file), 'Interpreter’ , 'none’ );

%% Filter and FFT for raw PPG data for respiration

filteredPpg = bandpass(ppgY,[0.1 0.5],fs);

figure;

plot(ppgX, filteredPpg);

xlabe (' "Time' )

ylabel( 'Relative Amplitude’

titte(  'Filtered PPG Signal (fpass = [0.1 0.5] Hz)' );

% FFT for filtered data
nSampskFilteredPpg = length(filteredPpQ);
fftFilteredPpg = abs(fft(filteredPpQ));

fftFilteredPpg = fftFilteredPpg (1:nSampskFilteredPpg/2);
fregFilteredPpg = fs*(0:nSampskFilteredPpg/2 - 1)/nSampsFilteredPpg;
% Plotting FFT for respiration rate

figure;

plot(fregFilteredPpg, fftFilteredPpg, ', 'LineWidth' 1)

xlim([0.1 2])

xlabel( 'Frequency (Hz)' , 'FontSize' ,10)

ylabel( 'Magnitude’ , ‘'FontSize' , 10)

title(append( 'FFT Filtered' , ppgFile), 'Interpreter’ , 'none' );

%% Filter PPG signal, find peaks, get timestamp of peaks

filteredSampsSelected = filtfilt(SOS, G, ppgY);

[pks,locs] = findpeaks(filteredSampsSelected, 'MinP eakDistance' , 40,
'MinPeakHeight' , 0);

%x_peaks = duration(locs); % For seconds labels

X_peaks = ppgX(locs); % For timestamp labels

% Plot to verify selected peaks
figure;
plot(ppgX, filteredSampsSelected);

findpeaks( filteredSampsSelected, '‘MinPeakDistance' , 40,  'MinPeakHeight'

xlabel( 'Sample Number' );
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ylabel( 'Relative Amplitude’ );
title(  'Peak Finding' );

% Calculate distances between neighboring peaks

diffPeaks = diff(x_peaks);

diffPeaks.Format = 's'

diffPeaks = seconds(diffPeaks); % Convert duration object to double

%% Plot peak to peak timing over time
figure;

x_peaks(end) = [];

plot(x_peaks, diffPeaks);

xlabel( 'Time' );

ylabel( 'Peak -to - Peak Timing (sec)' );

titte(  'Peak -to - Peak Variability Over Time' );

%%FFT RSA

% Find total time start - finish of samples, then calculate sampling freq
totalTime = x_peaks(end) - X_peaks(1);

totalTimeSec = seconds(totalTime);
fs2 = length(diffPeaks) / totalTimeSec;
filteredRsa = bandpass(diffPeaks ,[0.1 0.4],fs2); % Filter for 9 -21 b/m

% FFT for peaks

nSampsDiffPeaks = length(diffPeaks);
fitPeaks = abs(fft(diffPeaks));

fitPeaks = fftPeaks(1:nSampsDiffPeaks/2);

freqPeaks = fs2*(0:nSampsDiffPeaks/2 - 1)/nSampsDiffPeaks;
% Plotting for respiration ra te

figure;

plot(freqPeaks, fftPeaks, r', 'LineWidth' 1)

xlim([0.1 0.5])

xlabel(  'Frequency (Hz)' , 'FontSize' ,10)

ylabel( 'Magnitude’ , 'FontSize' , 10)

title( 'FFT of HRV' );

%% Waveform comparison plots

% Filtered Doppler vs peak - to - peak variability

% Tighter passband frequency range to clean signals for comparison

newFilteredPpg = bandpass(ppgY,[0.15 0.4],fs); % 9- 24 b/m
newFilteredDoppler = bandpass(y,[0.15 0.4],fs);

figure;

plot(x, newFilteredDoppler, 'Color' , '#FFDB58' , 'LineWidth' ,1.2); % Yellow
ylabel( 'Relative Amplitude’ );

addaxis(ppgX, newFilteredPpg, ', 'LineWidth' , 1.2); % Red
addaxis(x_peaks, filteredRsa, 'v" , 'LineWidth' , 1.2); % Blue

xlabel( 'Time' );

legend( 'Filtered Doppler' , 'Filtered PPG' , 'Peak -to - Peak Timin ¢');
title(append( '‘Waveform Comparison ' , file), 'Interpreter’ , 'none’ );

%% FFT accelerometer data to extract respiration
%filteredAccel = bandpass(yAxisAccel,[0.1 0.5],fs);
nSampsAccel = length(ppgAccel);

fftAccel = abs(fft(ppgAccel));

fftAccel = fftAccel (1:nSampsAccel/2);
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freqAccel = fs*(0:nSampsAccel/2 - 1)/nSampsAccel;

figure;

plot(freqAccel, fftAccel, ", 'LineWidth' ,1);

xlim([0.1 2])

xlabel( 'Frequency (Hz)' , 'FontSize' ,10)

ylabel( 'Magnitude’ , ‘'FontSize' , 10)

title(append( 'FFT Z Axis Accelerometer ' , PpgFile), 'Interpreter’

9%{

%% Export figs to PDF

fn=" Al13Figs’

fighandles = findall(groot, 'Type', 'figure’);

for i = L:numel(fighandles)

export_fig(fn, ' - pdf', fighandles(i), ' - append’);
end
%}
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Appendix D RealTimePlotCircularV7_PythonV1.py
import  serial
from datetime import datetime
import numpy as np
import  shutil
from ftplib import FTP
#from scipy import signal

ser = serial . Serial (port = ‘/dev/serial0’ , baudrate = 115200)

# Persistent variables for functions
acc = None

hist x = None

hist y = None

mn = None

mx = None

mxpos = None

lookformax = None

startRlI = None

reStartRI = None
stopRestart = None
maxFounded = None

total = None # Replaced sum
nEIRI = None

def main ():
# Set upload interval in min, track uploads per day and reset every day
uploadinterval =1

uploadNum = 0

# Variables
sampleADC = 0
sampleDSP = 0
sampleDSPMat = 0
sampleStartRlI =0
time ="
serialln ="
uploadNum = 1
sen = 0

j =1

s =

0
riLen =

2000

N = 13500 # N is the number of samples
winLength = 1000

circADC = np.full ([ 1, winLength ], np.nan) # Ornotas numpy array [None]
* winLength

circDSP = np.full ([ 1, winLength ], np.nan)

circDSPMat = np. full ([ 1, winLength ], np.nan)

ri = np.full ([ 1, winLength ], np.nan)

riArr - = np.full ([ 1, riLen ], 1) # Ornotasnumpy array [1] * riLen

#x = np.arange(winLength).reshape(1, winLength) # Fill with

values
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# Define arrays for saving

#sampleADCAr = np.full([1, N], np.nan) # Or not as numpy array [None] * N
#sampleDSPAr = np.full([1, N], np.nan)

#riSAr = np.full([1, N], np.nan)

#stateRIAr = np.full([1, N], np.nan)

riPeak = 0
thresholdPD = 50
state =0

thresholdRILow = 800 # Can resetthese
thresholdRIHigh = 1200

stateRI =0

firstState = True

prevStateRl =0

# FIR filter init

fc 10 # Corner frequency

fs 100 # Sampling rate

fcn = (fc * 2) / fs # Normalized frequency

fl = 100 # Filter order

#B = signal.firwin(fl, fc_n, window="hamming', pass_zero='"lowpass') #
Filter with an order of fl and corner ferquency fc, 100 and 0.2

#BFi =B * 16384

#BF = [int(x) for x in BFi]

# Can use filter from SciPy or following generated from matlab firl

BF = np.array (( 0, -5, -9, -9, -6, 0, 8, 14, 16, 11, 0, -15, -27, -30,
-21, 0, 27, 48, 53, 37, 0, -45, -81, -89, -60, 0, 73, 129,

141, 96, 0, -115, -203, -223, -151, O, 183, 327, 362, 250,

0, -317, -586, -679, -495, 0, 756, 1642, 2475, 3067, 3282,

3067, 2475, 1642, 756, 0, -495, -679, -586, -317, 0, 250,

362, 327, 183, 0, -151, -223, -203, -115, 0O, 96, 141, 129,

73, 0, -60, -89, -81, -45, 0, 37, 53, 48, 27, 0, -21, -30,

-27, -15, 0, 11, 16, 14, 8, 0O, -6, -9, -9, -5 0]

hisL = 101
his = np.full ([ hisL , 1], 0)

#fid = open('test.txt','a+")

#fid.write('DateTime, Radar_Output, Ambient_Light \ n'% ())

# BEFORE WHILE LOOP

fileOut = open ( 'test.txt' ;W)

fileOut . write ('DateTime, Radar_Output, Ambient_Light \'n') # Write header
lastUploadTime = datetime . now()

# Uncomment to record the ADC output from TruePODs

#adcOut = open(‘adcOut.txt', 'w")

# Test while true, j <N
while (True ):
try
serialln
serialln

ser . readline ()
serialln . decode ('utf -8'"). strip ()

# Split input and convert to int
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inSplit = serialln . split ()
sampleADC = int (inSplit [0])
sampleDSP int (inSplit [ 1])
sampleStartRI = int (inSplit [2])
#adcOut.write(sampleADC)

# Format time as Day - Month - Year Hours:Min:Sec

time = datetime .now(). strftime ('%d- %b %Y %H:%M:%S)
except Exception as e:

print (e)
finally

pass

# DC Removing, DSP FIR filtering
#if (j < 150):
# pole = 0.9
# sampleDSPMat = dcremFixlISingle(sampleADC, 3277)
#else:
# pole = 0.999
# sampleDSPMat = dcremFixlISingle(sampleADC, 33)

# pole = 0.999
sampleDSPMat = dcremFixlISingle (sampleADC, 33)

# FIR filtering
his [ - 1][ 0] = sampleDSPMat
sampleDSPMat = mCfirConvSingleFix (BF, his )

# his moving
for Kin range (hisL - 1):
his [K][ 0] = his [K + 1] 0]

# circular buffers
#x = np.append(x[0][1:], ((winLength - 1) +])).reshape(1, winLength)

circADC = np. append (circADC [ 0][ 1:], sampleADC). reshape (1, winLength )

circDSP = np. append (circDSP [O0][ 1:], sampleDSP). reshape (1, winLength )

circDSPMat = np. append ( circDSPMat [0][ 1:], sampleDSPMat). reshape (1,
winLength )

#RI
rnS = riS + abs(sampleDSP)

if ( sampleStartRI == 1)
r = np.insert (np. multiply (riArr , 1S ), 0, ri [O][ -1], axis = 1)

if (riS > thresholdRIHigh ):
stateRI =1

elif (riS < thresholdRILow ):
stateRI = 0

#print('Time %s riS = %d stateRI = %d \ n' % (time,riS,stateRl))
# Write state on first iteration to ensure there is a beginning
# May result in a duplicate first event

if (firstState ):
print ('First state!" )
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#fileOut.write(time + ', ' + stateRI + ', 0 \n')
fileOut . write ('%s,%d,0 \n' 9% (time , stateRl ))
firstState = False

# Only write update if state has changed
if (stateRlI != prevStateRl ):
fileOut . write ('%s, %d,0 \n' % (time , stateRl ))
print (stateRl )
print ('Time %s riS = %d stateRI = %d \n' %
(time , riS , stateRIl ))

prevStateRl = stateRI

# To upload to FTP server

if (( datetime .now() - lastUploadTime ). total seconds () / 60 >
uploadinterval ):

# Reset upload number on new day
if (datetime .now(). weekday () !'= lastUploadTime . weekday ()):
uploadNum = 0

fileOut . close ()

lastUploadTime = datetime . now()
uploadTime = datetime . now(). strftime ('%y%m%d)
fileUpload = 'FTP - TEST_NEF _%s_%d.txt' % (uploadTime ,
uploadNum )

uploadNum += 1

# Copy temp file to new file for upload
shutil . copyfile ('test.txt' , fileUpload )

# After copy, open new instance to overwrite existing data

fileOut = open ( 'test.txt' ;W)

fileOut . write ('DateTime, Radar_Output, Ambient_Light \n') #
Write header

# Login only when uploading file
ftp = FTP(‘ *kkkkkkkkk ' )

ftp . Iogln (user =1 kkkkkkkkk ' , passwd =1 kkkkkkkkk ' )
with  open(fileUpload , 'rb' ) as file : # Uploadto FTP server
ftp . storbinary (f'STOR {fileUpload} , file )
print ('File uploaded to data platform successfully' )
ftp . quit ()
ns =20

#=]+1

def dcremFixlISingle (x, A:

global acc
global  hist _x
global  hist_y
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if (acc is None):
acc =0
hist_x

0
hist_y 0

acc
hist

acc - hist_x

= X << 15 # Left shift x by 15 bits

acc acc + hist_x

acc acc - (A * histy )

hist y = acc >> 15 # Right shift acc by 15 bits

X

return  hist_y

def mCfirConvSingleFix (coef , hist ):
Nc = len ( coef )
summed = 0 # Replaced sum
pom = 0
#n=0

for k in range ( Nc):
pom = hist [Nc - (k + 1)][ 0] * coef [K]
summed = summed + pom

summed = summed >> 14

return  summed

if _ name__ ==
main ()

' _main__
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Filtered Doppler Signal (fpass = [0.1 0.5] Hz)
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Subject A 18 Figs
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Appendix G Subject C13 Figs
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