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Abstract

Contact-less human detection and monitoring using radar technology has been recently
applied in many areas including search-and-rescue for earthquake victims, fall detection,
gait analysis and detection of other human activities. Radars can also provide important
information about a persons state of health by monitoring the level of activities, heart
and breathing rate. Also it can be used to generate warnings if some of the monitored
parameters are outside of predefined limits. The major application of this work is for
monitoring in-mates and their activities.

This thesis deals with characterizing the performance of the radar system used for
monitoring a single person in a contained environment. This thesis is experimentally
based and during the thesis a large number of experiments were performed in order to
monitor subjects in realistic conditions. The thesis explores feasibility of using the radar
with a single radio-frequency channel input and two algorithms for breathing and heart rate
estimation when the subject is at different relative orientation towards the radar as well
as in different postures. Algorithm one is using Fast Fourier Transformation (FFT) and
algorithm two is using Empirical Mode Decomposition (EMD) with Minkowski distance.
We also detect the zones where the subject is when the subject is moving. Since this
exploratory analysis provides initial features for classifications and algorithms for breathing
and heart beat estimation, it can represent a foundation for future works on designing
systems that track subjects and their breathing in real-time.
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Chapter 1

Background and Significance

Breathing rate estimation and heart beat rate estimation provide measures of s subject’s
state of life, posture and health. Stop breathing is a dangerous condition that if it takes a
long time, can lead to death, or other health problems.

This project is based on the realistic detection of different kinds of human signals. The
goal of this project is to use adaptive filters to estimate the heart beat signal and breathing
signal in a minimal mean square error sense.

As we know, such an observation has a significant meaning in detecting human signals.
Through detecting human body signals, we can reliably gauge the status of all body parts
and determine whether they are operating normally or otherwise. For example, by detect-
ing the heart beat, we can calculate the heart rate. When the heart rate is not within
the scope of the standard range, the subject is required to go to the hospital and carry
out a detailed examination in order to be treated for cause of illness. This highlights the
importance of detecting these human signals, as they can be used to understand complex
conditions. For example, when a motivated subject is tense or nervous, their body signals
may differ from the normal. In such a situation, a machine capable of reading their vitals
could detect these anomalies, which can help shorten the medical response time. Our bod-
ies may sometimes send us some indicators to tell us there may be something (ie headaches,
dizziness, fatigue), but we often overlook these signals. However, if we examine them using
the proper equipment, we can then analyze the readings from an unbiased, rational point
of view.

In recent years, several studies have explored new approaches to estimate breathing
rate using minimal contact (non-disturbing) sensors. [1] explored the ability of a tri-axial
accelerometer worn on the torso to record breathing activity and to calculate Breathing
rate (wireless). They compared their breathing rate (BR) estimation with nasal cannula
sensor and showed a correlation of 0.870-0.928. Johnston and Mendelson [2] used a photo-
plethysmographic signal that was recorded by a reflectance pulse oximeter sensor mounted
on the subject’s forehead. Their Breathing rate analysis was subsequently processed by a
time domain filtering and frequency analysis; they showed, qualitatively, a good agreement
between their approach and respiratory belts. [3] estimated respiratory rate using a
sensitive thermal infra-red (IR) camera (thermal sensitivity of 0.025C); They measured
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airflow due to temperature difference resulting from respiratory activity. Accuracy of
Breathing rate estimation between 83% and 98% depending on the tested subjects (10
participants) was reported.

Previous work with radar tended to detect life signs, respiration rates, and heartbeat
rates, using a transmitted signal with fixed values of its frequency and power [4] [5].
Operating at 1.6 GHz and 2.4 GHz, direct-conversion Doppler radars have been integrated
in 0.25 lm CMOS and BiCMOS technologies [6]. Heart and respiration activities were
detected using a modified Wireless Local Area Network PCMCIA card and a module
combining the transmitted and reflected signals [7]. Other systems operating in the Ka-
Band were described in [8] [9] using a low-power double sideband transmission signal.

The demand for contact-less heart monitoring has increased lately, especially for long
duration monitoring and for patients with particular conditions. This research is to detect
life signs so that we can extract the breathing signal and the heartbeat signal from signals
using continue wave Radar (CW Radar) in different situations, such as normal breathing,
breathing with movement, holding breathing, breathing with fan, breathing with water
and so on. In this section, we will first introduce different systems and techniques for
monitoring breathing and heart rate. Then we will present the motivation of the thesis,
followed by the contributions and the thesis overview

1.1 Background

1.1.1 Vital Signs

Breathing rate

Breathing (which in organisms with lungs is called ventilation and includes inhalation and
exhalation) is a part of respiration. The rate at which breaths occur, usually measured
in breaths per minute, is called the ventilation rate, or, by long-standing convention, the
respiratory rate (despite that in precise usage ventilation is a hyponym, not a synonym, of
respiration).

Human respiration rate is measured when a person is at rest and involves counting the
number of breaths for one minute by counting how many times the chest rises. An optical
breath rate sensor can be used for monitoring patients during a magnetic resonance imaging
scan. [10] Respiration rates may increase with fever, illness, or other medical conditions.

The typical respiratory rate for a healthy adult at rest is 12-20 breaths per minute. [11]
Average resting respiratory rates by age are: [12] [13] [14]

• birth to 6 weeks: 30-40 breaths per minute

• 6 months: 25-40 breaths per minute

• 3 years: 20-30 breaths per minute
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• 6 years: 18-25 breaths per minute

• 10 years: 17-23 breaths per minute

• Adults: 12-18 breaths per minute

• Elderly >= 65 years old: 12-28 breaths per minute

• Elderly >= 80 years old: 10-30 breaths per minute

Heartbeat rate

Heart rate is the speed of the heartbeat measured by the number of contractions of the
heart per minute (bpm). The heart rate can vary according to the body’s physical needs,
including the need to absorb oxygen and excrete carbon dioxide. It is usually equal or
close to the pulse measured at any peripheral point. Activities that can provoke change
include physical exercise, sleep, anxiety, stress, illness, and ingestion of drugs.

Many texts cite the normal resting adult human heart rate range from 60-100 bpm [15].
Tachycardia is a fast heart rate, defined as above 100 bpm at rest. [16] Bradycardia is a slow
heart rate, defined as below 60 bpm at rest. Several studies, as well as expert consensus
indicates that the normal resting adult heart rate is probably closer to a range between
50-90 bpm. [17]

1.1.2 Radar types

Radars have been widely used for detection of vital signs such respiration and heart activ-
ity [18] [19] [20] and human activity [21] [22] [23] [24]. The two main radar technologies
used for this purpose are the pulsed radar (UWB) and continuous-wave (CW) radar. The
pulsed radar transmits short duration modulated pulses and then receives the echo from
reflecting objects, while the CW radar transmits and receives a continuous electromagnetic
wave.

Microwave doppler radar has gained popularity in wireless sensing applications, such
as volume change sensing [25], life detection [26], and cardiopulmonary monitoring [27].
Recently, much interest has been paid to the topic of non-contact vital sign detection using
a Doppler radar. The Doppler radar first captures and down converts the wireless signal
that is phase modulated by the physiological movements, and then identifies the human
heartbeat and respiration rates by processing the baseband signal. This wireless radar
detection can help us to collect the bio-signals when subjects are walking, moving their
hand, holding their breath and so on.

Using CW Radar to detect and process signal, its working frequency is generally:
450MHz, 1.8GHz, 2.4GHz, 5GHz, 24GHz, 27GHz. There is a trade-off while choosing
different frequency bands: the higher transmission frequency, the higher detection sen-
sitivity, but the detection distance and the penetration will decline; the lower emission
frequency, so the lower detection sensitivity, but the detection range and penetration will
improve.
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1.1.3 Applications

Radars for detecting vital signs

The first attempt of using continuous wave (CW) radars in medical applications for human
body monitoring was in 1970s by Lin [28]. CW radars measured the modulation of phase
of the reflected signal from the human chest displacement. In 1991, Chuang used CW
radars to detect human breathing in a high clutter environment [29]. A lot of work has
since been done in remote sensing of human breathing and stop breathing detection.

Stress level detection

Several patents discussed measuring the stress level of a human by examining and detecting
the heartbeat rate and its variability [30]. However, heartbeat detection is a challenging
problem if the subject is not settled in a specific scenario, and the signal reflected from
the heart displacement is highly attenuated. [31] In a breathing pattern classification has
been performed using the nasal pressure signal. Apneas, hypopneas, flow-limitation, and
snoring were detected. We can detect a stress level marker of a human breathing if we are
able to detect different breathing patterns using our radar system.

Suicide warning system

A suicide warning system has been developed between 2009 and 2013 [32]. It relies on a
low-cost radar from GE. The system is capable of detecting breathing and heart signals and
performing classification in order to detect stop breathing event. Relatively high specificity
and sensitivity of the system is reported after Phase II of the project. However, all the
experiments were performed without additional noise sources. This work is an excellent
starting point for our project.

Detection of falls

Detection of falls using the radar was performed in [33] where it was observed that different
parts of the human body move at different velocities during fall which can be recognized
using radars. Another method was invented to detect falls by inspecting the distance of
the torso from the floor [34].

Posture and gait estimation

Regarding posture detection, a biometric radar system was invented for identifying posi-
tional states of people using neural networks. The system requires training. Biometric
research using radars is relatively new. Gait recognition is one possible method to distin-
guish between ways people walk.
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1.1.4 Review of algorithms for estimating breathing and heart
rate using radars

The challenges of using the 24 GHz Doppler radar in human stop breathing detection are:
Narrow Band Interference (NBI), Null Detection (ND) points, target position, noise due
to the movements of human body parts, movements while sleeping, any non-stationary
targets such as water drops falling from taps, changing water level in washrooms, swinging
decorations, and small fans. All of these challenges increase the false alarm rate. The effect
of the unwanted movements becomes worse when the carrier frequency is higher. In 2007,
Park used the arctangent demodulation to solve the null detection point problem [35]. In
2008, Li used the complex signal demodulation technique to solve the ND points problem,
suppress the stationary clutter reflected from the non-moving parts in the human body
and the room, and remove the random body movements [36]. In 2009, Chioukh compared
between three radar systems operating at 5.8 GHz, 24 GHz and 35 GHz. The results
show that the highest sensitivity detection can be achieved with the system at the highest
frequency [37]. G. Sun proposed a screening method based on Amplitude Probability
(AP) distribution analysis for detecting the disordered breathing [38]. Sun studied the
amplitude distribution of the breathing signal that fall below a certain threshold level.
In 2013, Kagawa proposed a noncontact screening system with two microwave radars for
the diagnosis of sleep apnea-hypopnea syndrome. Kagawa used two inexpensive 24 GHz
microwave Doppler devices [39].

Spectral analysis using Fourier transform was applied to detect the respiration and
heart fundamental frequencies in [18] and [19]. In [40], an infant monitoring system was
designed using CW radar which was able to monitor the infant breathing rate. As in [19],
spectral analysis was performed for breathing rate estimation. In [20] [41], CW radar
was used for assessment of heart rate variability (HRV) and respiratory sinus arrhythmia
(RSA). The heart rate was estimated by searching for the local peaks of radar returns
using the autocorrelation method.

Narayanan discriminated between the movements behind the wall of the human chest
and the arm or the wrist using a Doppler radar system with Empirical Mode Decomposition
(EMD) followed by the Hilbert spectrum. Other classification methods based on EMD
are [42]. EMD has also been used to remove the noise and sensor motion artifacts before
doing breathing and heartbeat estimation [43]. However, other methods have been used
to process the signal after removing the artifacts. It was stated by the authors:“the EMD
algorithm contains a number of heuristic and ad-hoc elements which makes it hard to
guarantee its accuracy and limit its applicability”.

1.2 Motivation and Problem Statement

This thesis is a part of a large project with the goal of detecting suicide events of inmates
in prisons. The suicide events will be detected by estimating breathing rate and classifying
the activities of the inmates. If it is detected that the person is stationary and that he or
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she is not breathing then the alarm should be generated. A number of design choices and
requirements were made prior to the start of the project and they were carried throughout
the project. One of the choices were to select continuous wave radar operating at 24 GHz
since the signal at this frequency will not be able to penetrate through concrete walls and
therefore the radar will be able to monitor only a single person in a cell. In addition, this
high frequency should provide enough resolution for estimating heart rate. Other choices
that have been made are that the size of the room where experiments were performed
is limited to the size of the prison cell and that only one person is monitored over time
without any obstacles between the radar and the person.

The experiments and development of the algorithm as a part of this thesis were done
in parallel with developing the CW radar by our industrial partner K&G Spectrum Inc.,
Gatineau, Quebec, Canada. A number of experiments were performed on intermediate
versions of the radar and results from these experiments helped improving the radar and
the overall system. However, this caused problem in evaluating some of the methods since
different experiments were done with different versions of the radar.

As mentioned above, this thesis is a part of a larger project. The objective of this thesis
was to characterize performance of the radar and breathing and heartbeat rate estimation
algorithms in challenging real-life conditions. Majority of the research publications that
deal with breathing and heart rate estimation consider situations when the person sits
in front of the radar or deal with classifying the activities when the person is moving.
The objective was to perform the experiments and provide initial breathing and heart
rate estimation to show that current radar and these algorithms are capable of estimating
breathing and heart rate. We evaluated the following scenarios:

• Characterizing breathing in case of interferences such as water movement in the
same zone as the subject. To the best of our knowledge, the only published method
of monitoring inmates for suicide detection involves the use of pulsed radars done
by General Electric [24] [23]. Limitation of this study is that the effect of common
interferences in correctional facilities were ignored.

• Characterizing breathing and heartbeat at different posture and orientations towards
the radar. This is usually ignored in papers or only classification is performed without
extracting breathing and heart rate.

• Detection of the zone where the subject is when the subject moves.

Classical approach in estimating breathing and heart rate is to perform discrete Fourier
transform and to detect maximum peak in the frequency range of interest. The maximum
peak in the range of breathing frequency should correspond to the breathing frequency.
This naive approach has several problems especially in realistic situations such as when
estimating breathing rate at different postured including:

• The multiple breathing frequency harmonics may have a magnitude higher than the
magnitude of the first breathing frequency harmonic.
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• Any human body part displacements while breathing will generate multiple frequency
components. These frequencies overlap with the human breathing frequency range.

Therefore, we developed initial algorithm for estimating breathing and heart beat that
relies on modifying the original DFT based approach, as well as we developed algorithms
based on Empirical Mode Decomposition (EMD). EMD has been mainly used for clas-
sification of activities [44] [42] and removing noise [43]. Many Intrinsic Mode Functions
(IMFs) will have a frequency spectrum in the range of the human breathing frequency
range and it is difficult to decide which of these IMFs is related to the human breathing
activity. In this thesis, an automated detection of IMF was adapted from other research
areas and applied to specifying the IMF that corresponds to breathing.

1.3 Contributions

The major research contributions of this work are listed below:

• Modifying FFT and EMD based algorithms to detect more reliably heart and breath-
ing rate. To the best of our knowledge, this is the first reported attempt to reliably
determine breathing rate from radar signals in many different conditions including
interference in the environment (with water flow, with fan on), different postures (sit-
ting, standing, or lying down) and breathing conditions (normal breathing, holding
breath, breathing with movement).

Other contributions include:

• Performing a large number of experiments in different real-life conditions.

The results of this thesis provided features and initial algorithms used by other team
members for breathing and heartbeat rate estimation.

1.4 Thesis overview

This thesis is structured as follows.

Chapter 1 provides background information on the basic principles of radar model,
motivation and problem statement, contribution, as well as applications. Also, contains
the review of algorithms for estimating breathing rate and heartbeat rate using radar.

Chapter 2 introduce the experimental set up. In addition, it describes all the sensors
used in the experiments including the radar system and the reference sensors: ECG and
breathing belt.
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Chapter 3 outlines two basic algorithms which are used for the analysis of the radar
signals: Modified FFT, EMD with Minkowski distance. At the end of the chapter, the
algorithm for estimating the distance (zone) between the subject and the radar while the
subject is moving is presented.

Chapter 4 discusses the breathing and heart rate estimates of the two algorithms which
are applied on data obtained while the subject is sitting in front of radar with normal
breathing.

Chapter 5 compares the breathing and heart rate estimates of the two algorithms
applied on the experimental data obtained while the subject is standing, sitting and lying
down with normal breathing using two algorithms.

Chapter 6 compares the breathing and heart rate estimates of the two algorithms
applied on the experimental data obtained while subject is facing the radar and when the
subject is oriented sideways or backwards relative to the radar.

Chapter 7 discusses the results of estimating the distance while the subject is walking.

Chapter 8 provides the conclusions and future work.
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Chapter 2

Experiments set-up, reference system
and radar system

In this chapter, we will describe the Radar system, belt system, ECG sensors system and
explain experiments in different environments.

2.1 CW Radar System

We use phase-modulated continous wave (CW) radar. Microwave doppler radar has gained
popularity in wireless sensing applications, such as volume change sensing [25], life de-
tection [26], and cardiopulmonary monitoring [27]. Recently, much interest has been
paid to the topic of non-contact vital sign detection using a Doppler radar. The Doppler
radar first captures and down converts the wireless signal that is phase modulated by the
physiological movements, and then identifies the human heartbeat and respiration rates
by processing the baseband signal. This wireless radar detection can help us to collect the
bio-signals when subjects are walkIing, moving their hand, holding their breath and so on.

Using CW Radar to detect and process signal, its working frequency is generally:
450MHz, 1.8GHz, 2.4GHz, 5GHz, 24GHz, 27GHz. There is a trade-off while choosing
different frequency bands: the higher transmission frequency, the higher detection sen-
sitivity, but the detection distance and the penetration will decline. On the other side,
lower emission frequency results in lower detection sensitivity, but the detection range and
penetration improve.

This project studies the human respiratory signal detection and estimation at short
distances up to 5 m. In the experiment there are no obstacles, which means the require-
ments for the penetration are relatively low. Also, bio-signals are weak signals, therefore
the detection sensitivity needs to be high.

In our experiments, we used the SR4505 continuous wave (CW) radar produced by K&G
Spectrum Inc., Gatineau, Quebec, Canada shown in Figure 2.1. The Radar is a mono-static
millimetric wave radar in which the transmitter and the receiver antennas are at the same
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Figure 2.1: Radar System

location from the perspective of the target. The transmitter sends out a direct sequence
spread-spectrum (DSSS) waveform which is a bi-phase shift keying (BPSK) modulated
signal with a 24.125 GHz centre frequency. In order to measure the range, pseudo-random
noise codes (PN codes) are used. PN codes generated from a code generator are used to
trigger the pulse generator to shift each pulse actual transmission time. This is called a
pulse position modulation (PPM) scheme. The parameters of the radar include: centre
frequency: 24.125 GHz; frequency band: 500 MHz; transmitted power: 17 mW; and
dynamic range: 120 dB.

During the course of the project the radar has been improved and changed. Several
versions of the radar that we used include:

October 2014: Radar with noise level of +/- 20mV, single antenna, 20 x 3 degree
antenna beamwidth or 90 x 5 degree antenna beamwidth was used. The zone size was 3
m. With this radar we were only able to focus on the person chest due to very narrow
beamwidth of the antenna. In addition, narrow beamwidth provided the highest SNR
which allowed for estimating accurate heart and breathing rate. A 10x7 area was cordoned
off in room STE 3013 laboratory at the University of Ottawa. The Radar was placed at
on a tripod of approximately 3 feet in height.

Dec 2015: Radar with Quad antenna (4 pair of antennas with 70 x 20 degree antenna
beamwidth with coaxial switch) was used. Noise level was +/- 20mV. The zone size was
reduced to 0.75 m. The goal of this version of the radar was to evaluate the antennas and
the overall system for estimating breathing rate. The antennas was built and installed in
a way to cover the whole room. Manual antenna switching was possible through K&G
Spectrum software. The SNR decreased significantly in comparison to the radar from
October 2014 by 27dB. The experiments were also done at the University of Ottawa.

May 2016: Radar with Quad antenna (4 antenna with 70 x 20 degree antenna beam
width) with 1 electronic switch and one 4way power splitter was used. Noise level was
improved to +/- 4mV. The SNR improved in comparison to the version from Dec 2015
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by 10dB. The fact that there was an electronic switch allowed for possibility to automat-
ically switch between the four antennas. However this was not attempted in this thesis.
Significant improvements in processing speed and A/D conversion were achieved. The ex-
periments were done at the Carleton University in a room that has size of about 3 m x 4
m.

Oct 2016: The switch was replaced with higher quality electronic switch. In comparison
with the previous versions of the radar where only one pair of receiving and transmitting
antennas were active, in this version of the radar all four antennas are always transmitting
while there can be only one receiving antenna turning on. This made radar more sensitive
to detecting person but also to picking up noise and the clutter. The experiments with
that version of the radar were also performed at the Carleton University.

The radar shown in Figure 2.1 has four antennas (version from December 2015). Each
antenna has 50 zones with 0.75 meter in one zone. The scan area is about 70 degrees in the
vertical plane and about 20 degrees in the horizontal plane to make sure it can scan the
whole room. Even though the versions of the radar from May and October 2016 supported
high speed switching between the antennas, the software for providing the automated
switching was not provided. Therefore, in all the experiments only one antenna pair was
active except in the experiments done in October 2016 where four transmitting and one
receiving antenna were active. Again in that case, the receiving antenna was not switched
during the experiment.

There are two mode of collecting data from radar: dwell mode and scan mode. For
dwell mode, there is only one zone which is selected to detect the bio-medical signals from
human beings. For scan mode, we will turn on up to 50 zones to send and receive the
bio-medical signals which means we can also detect in which zone the subject is.

The radar was usually set in the scanning mode where it collects one sample per zone
starting from the predefined minimum zone and finishing at the predefined maximum zone.
After that, the radar starts scanning again from the minimum zone. The sampling rate
per zone is the sampling rate of the radar divided by the number of zones. For example, in
the experiments done in May and October 2016, the zones are set between 4 and 12 (the
size of the zone is 0.75 m) and the sampling rate was about 905 Hz per those nine zones.

2.2 Belt and ECG sensors System

In this project, we use the signals collected from belt as breathing reference signals and use
the signals collected from ECG sensors as the heartbeat reference signals. What we used
is the machine named BioRadio shown in Figure 2.2. The size of this device is about 10
by 15 centimeters and the device was attached to the waist of the subject. Data between
the device and the computer was transferred by Bluetooth communication. The sampling
rate of all the sensors is 256 H

In this project, we use the signals collected from belt as breathing reference signals
and use the signals collected from ECG sensors as the heartbeat reference signals. The
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device used was BioRadioT̂M from Great Lakes NeuroTechnologies, US, shown in Figure
2.2. The size of this device is about 10 by 15 centimeters and the device was attached to
the waist of the subject. Data between the device and the computer was transferred by
Bluetooth communication. The sampling rate of all the sensors is 256 Hz.

Figure 2.2: setup equipment of belt and ECG sensors

The number of the channels is eight. In this project, we use only two channels. Channel
one is used to detect the heart beat signal; channel two is used to detect breathing signal.

For the heart beat signal detection, we can use three ECG electrode based on lead one
configuration where one electrode is attached to the left arm, another to the right arm,
and the ground electrode is connected to the leg.

The breathing belt was attached around the chest of the subject to detect the chest
movement when the subject is breathing.

The Belt and ECG system is shown in Figure 2.2

2.3 Experiment setup

This research is on how to extract the breathing signal and the heartbeat signal from hu-
man beings signals while using continue wave Radar (CW Radar) in different situations,
such as normal breathing, breathing with movement, holding breathing, breathing with
fan, breathing with water and so on. The experiments were done in different places dur-
ing winter 2014 to summer 2016. Ethics approvals are shown in the Appendix for the
experiments done at the University of Ottawa and at Carleton University.
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In all the experiments, the radar described above was used to acquire the signal. There
was always only one subject in the environment where the experiments were done. The
subject always wore referecence sensors: the breathing belt and ECG electrodes. The CW
radar was always stationary and the subject was in front of the radar. The breathing belt
was placed around the chest and is used to get the breathing signal from the subject’s
chest. ECG electrodes are placed in lead 1 configuration on the right and the left arm and
the right leg and are used to extract the heart rate.

All the data is collected, tored and processed off-line. Processing was done in MATLAB.
Results obtained after processing radar signal are compared against the breathing rate
extracted from the breathing belt and heart rate extracted from the ECG signal. Mean
absolute error is commonly reported as the performance metric.

The experiments were performed in the Labs at the University of Ottawa and Carleton
University. The experiment set-up, the picture of the experiment and the overall goal of
the experiment are described next:

1. The experiment performed in the research laboratory at the University of Ottawa.
The purpose of this experiment was to extract the breathing and heart rate of a
stationary subject when the radar points directly to the subject’s chest. The radar
from October 2014 (described in Section 2.1) was used. It had only one receiving
and one transmitting antenna with 90 x 5 degree antenna beamwidth which means it
can cover 5 degrees in the horizontal plane and 90 degrees in the vertical plane. The
experimental set-up is shown in Figure 2.3. We can see the radar was placed on the
desk facing to the door in the research laboratory. Since the radar had very narrow
beam, the subject was placed at positions A, B or C always in front of the radar.

2. The experiment performed in the anechoic chamber at the University of Ottawa.

Figure 2.4 shows the setup where the radar was placed on the paper pillar in the
anechoic chamber at the University of Ottawa. The reason of placing the radar on the
paper pillar is to make sure that the radar is as the same hight as the subject’s chest.
The radar is also implemented using only one receiving and one transmitting antenna.
The beamwidth of the antenna is 70 x 20 degrees. The goal of this experiment is to
determine the quality of the extracted breathing signal when more realistic antenna
is used than in the previous experiment because the use of the antenna with the
beamwidth of 70 x 20 degrees resulted in having the signal with much lower SNR as
described in Section 2.1.

3. The experiment performed in the research laboratory at the University of Ottawa
with the radar placed in the upper corner of the laboratory.

The goal of this experiment was to evaluate the quality of the received signal when
the radar is placed high to emulate placement an upper corner of the room. This
placement of the radar would correspond to the realistic placement for the application
of monitoring in-mates in prisons. Figure 2.5 shows the radar that is the same as
the one in Figure 2.4. Because the hight of radar is no longer as the same hight as
subject’s chest, we have to calculate the distance and the angle. Because the radar
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Figure 2.3: Experiment setup in the lab at the University of Ottawa
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Figure 2.4: Experiment setup in the anechoic chamber at the University of Ottawa
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Figure 2.5: Experiment setup in the research lab at the University of Ottawa
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is same as in Figure 2.4, there is still only one antenna with the beamwidth of 70 x
20 degrees.

4. The experiment performed in the research laboratory at Carleton University with
the radar placed in the upper corner of the laboratory.

Figure 2.6: Mock-up prison cell at Carleton University

The goal of this experimental setup is to make a mock-up prison cell. The radar is
placed in the upper corner in the room in the same way as it would be placed in the
prison cell. The room is of similar dimensions as the prison cell and it has concrete
walls, similar type of bed and the metal toilet that is obtained from Correctional
Services Canada. Figure 2.6 shows the setup with the CW radar placed on the top
right corner facing the room. This setup is used for the experiments performed with
the versions of the radar from May and October 2016. The radar has four pairs of
antennas. For majority of the experiments we use the antenna two, which is the
second from the left. The beamwidth of each antenna is 70 x 20 degrees.
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Chapter 3

Algorithms for processing the radar
signal

In this chapter, we will discuss the algorithms that are applied to estimate breathing
heartbeat rate.

3.1 The model of the radar signal

In this section, we will introduce a mathematical model of the received radar signal.

Figure 3.1: Radar System in empty room

Based on Doppler theory, any target that moves periodically reflects the transmitted
signal with its phase modulated by the time varying position of the target [45].
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One of our environmental setups of the non-contact Doppler radar used for the detection
of vital signs is illustrated in Figure 3.1. A CW Radar is placed at the corner of the room.
A radio-frequency continuous-wave quadrature signal T(t) is transmitted and reflected by
the human body: [46].

T (t) = cos(ωt+ φt) (3.1)

where ω=2πf denotes the angular frequency of the carrier, and φ(t) represents the
time-varying phase noise of the transmitted signal.

The reflected signal from the subject’s chest contains information about the chest dis-
placement including movements due to heartbeat and respiration. From the theory of
Fourier series, any time-varying periodic displacement x(t) can be viewed as the combina-
tion of a series of single-tone signals. Therefore, for the ease of analysis and without loss
of generality, x(t) is assumed to be single tone,

x(t) = xh(t) + xr(t) = mhsin(wht) +mrsin(wrt) (3.2)

where xr(t) and xh(t) represent, respectively, the body movements caused by respiration
and heartbeat, which in turn can be approximated as sinusoids with amplitudes mh and
mr and frequencies wh and wr, respectively. The chest displacement variation caused by
respiration is between 1mm and 12mm [47]. The chest displacement due to heartbeat
alone ranges between 0.1mm and 0.5mm [48]. This displacement is the concern of this
work. Moreover, at rest, the frequency that corresponds to the respiration rate varies
between 0.1 Hz and 0.3 Hz, whereas the frequency that corresponds to the heartbeat rate
changes between 1 Hz and 3 Hz.

Assuming that the subject is located at a nominal distance d0. The total distance that
the signal travels between the transmitter and receiver is 2d(t), where d(t)=d0+x(t).

If the signal T(t) is reflected by the subject, then the received signal R(t) is approxi-
mated as:

R(t) = cos[ωt− 4πd0

λ
− 4πx(t)

λ
+ φ(t− 2d0

c
)] (3.3)

where R(t) is the received signal at the radar, ω is the frequency of the radar system,
c represents the signal propagation speed (i.e., the speed of light) and λ = c/f is the
wavelength.

The baseband signal B(t) after the down-conversion is approximated as: [46]

B(t) = cos[
4πxh(t)

λ
+

4πxr(t)

λ
+ Φ] (3.4)

where Φ includes the phase noise as well as the component 4πd0
λ

. By combining 3.4
and 3.2 we get:
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B(t) = cos[
4πmhsin(wht)

λ
+

4πmrsin(wrt)

λ
+ Φ] (3.5)

This signal is non-linear. Having quadrature receiver would help us extracting just the
phase of the signal which is then linearly related to the sinusoidal components of breathing
and heartbeat. However, our radar has only one receiver input and therefore the receiver
signal is similar to the signalB(t) shown in 3.5. However, the signal appears to be sinusoidal

if the components 4πmhsin(wht)
λ

and 4πmrsin(wrt)
λ

are small and in these cases Fourier analysis
is a reasonable approach. In case the displacement is relatively large, there will be a large
number of spectral peaks in the frequency domain due to non-linearity of the signal. Even
though we apply Fourier analysis in these cases as well, some other methods such as EMD
might perform better.

3.2 Algorithm One: Modified FFT

In this section we explain our processing steps that rely of finding the maximum peak
of the spectrum after applying discrete Fourier transform in the range of breathing and
heartbeat frequencies. The discrete Fourier transform is implemented using Fast Fourier
Transform (FFT). Windowing is applied before the Fourier transform resulting in much
clearer peaks in the frequency spectrum. Different window functions are used to crop the
signal in time domain and we found that the effects of different windows on the signal
spectrum are not the same. The rectangular window has a narrow main lobe and large
side lobes and has the highest accuracy of frequency identification and the lowest accuracy
of amplitude identification; the Blackman window has wide main lobe, small side lobes and
has the lowest accuracy of frequency identification and the highest accuracy of amplitude
recognition. After trying the rectangle window, triangular window, Hamming window and
Blackman window, we decided to use Hamming window and Blackman window. We show
below examples of frequency spectrum after applying rectangular and Hamming windows.

• Rectangular Window

”Each window is described by its functional form in the continuous time-domain,
f(t), and its Continuous-time Fourier transform (CTFT), F(jω). In the following dis-
cussion, τ represents the one-sided duration of the window in the time-domain.” [49]
Figures 3.2 through Figure 3.5 present the plots of window functions in the time-
domain and their CTFTs.

The rectangular window, which is also called a uniform window or a box car window
due to its shape, is defined as follows: [49]

f(t) =

{
1 | t |≤ τ

0 elsewhere
(3.6)
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and its CTFT is:

F (jω) =
2τsin(Ωτ)

Ωτ
, − ∝< Ω <∝ (3.7)

Therefore, the CTFT of a rectangular window function represents a sinc function.
Plots of a rectangular window are given in Figure 3.2 [49]

Figure 3.2: Rectangular Window

The normalized half main-lobe width (NHMLW) of the rectangular window is 0.5.
The maximum side lobe level (MSLL) of this window, which is also the same as
the first side-lobe level (FSLL), is about 13 dB [49]. Application of the window on
radar signal shown in Figure 3.4. In this case, the subject is sitting in front of radar
with normal breathing for 3 minutes. Figure 3.3 shows the radar signal in frequency
domain and Figure 3.4 shows that the radar signal after applying rectangular window
in frequency domain. We can find that the rectangular window helps in reducing
noise.

• Hamming window

This window can be thought of as an optimized form of the Hann window and was
proposed by Hamming. The coefficients of this window are optimized so as to obtain
the minimum FSLL. Its functional form is represented by [49]:

f(t) =

{
0.54 + 0.46cos(πt

τ
) | t |≤ τ

0 elsewhere
(3.8)
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Figure 3.3: Radar signal in frequency domainFigure 3.4: Radar signal after rectangular
window in frequency domain

Figure 3.5: Hamming Window Figure 3.6: Radar signal after hamming win-
dow in frequency domain

whose Fourier transform can be written as follows: [49]

F (jω) = 1.08[
sin(Ωτ)

Ω
] + 0.46[

sin((Ω + π
τ
)τ)

Ω + π
τ

+
sin((Ω− π

τ
)τ)

Ω− π
τ

], − ∝< Ω <∝ (3.9)

The time domain and Fourier domain plots are shown in Figure 3.5. From these
plots, we can see that the maximum side lobe level (MSLL) is about 42 dB and the
side lobes fall at the rate of 1

Ω
. This slow fall-off rate is due to the small discontinuity

(0.08) at the edges of the window. However, the first side lobe level (FSLL) of this
window is about 44 dB [49].

After applying hamming window on radar signal with normal breathing, radar signal
in frequency is shown in Figure 3.6.

Figure 3.3 shows the radar signal in frequency domain and Figure 3.6 shows that
the radar signal after applying Hamming window in frequency domain. We can see
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that the Hamming window helps in reducing noise. Comparing with Figure 3.4 and
Figure 3.6, we can find that in this case for radar signal analysis, hamming window
works better than rectangular window.

3.2.1 Steps of the modified FFT algorithm

Figure 3.7: Algorithm one: Modified FFT

Figure 3.7 shows the basic steps of the algorithm including:
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• Data collection: In this program data is processed off-line and it is entered from the
file. The zone where the subject is is entered if known or it is estimated if it is not
known in advance.

• Processing breathing signal

– Bandpass filter: Applying IIR butterworth bandpass filter with the cut-off fre-
quencies of 0.1 Hz and 2 Hz.

– Removing DC component of the signal because sometimes signals have shift in
time domain.

– Hamming window: the window is applied on the whole input signal.

– Breathing rate estimation: Applying FFT to present the filtered and windowed
signal.

After applying FFT, the frequency at which the magnitude of the spectrum is
the largest is selected as the breathing frequency.

• Processing heartbeat signal

– Notch filter is used to remove estimated breathing signal and its harmonics from
original signal before the heart rate is estimated in the next steps.

The reason why we have to remove breathing signal first to be able to extract
heartbeat signal is because the ratio of the magnitude of breathing signal to the
magnitude of heartbeat signal is very high. Therefore, we have to first remove
breathing signal from the original signal, and then use the steps shown below
to estimate heartbeat rate.

– Bandpass filter IIR butterworth filter in the range of 0.8 to 2 Hz.

– Hamming window is applied on the signal without breathing components.

– Maximum of the spectrum (FFT) in the range of interest is used to estimate
the heartbeat rate.

3.3 Algorithm Two: EMD with Minkowski distance

Empirical Mode Decomposition (EMD) is a method of signal decomposition that allows for
separating the observed signal into a set of intrinsic mode functions (IMFs) and a residual
function. Each IMF represents an oscillatory mode with one instantaneous frequency.

An IMF is a function that must satisfy two basic conditions [50]:

• The number of extrema and the number of zero crossings must be either equal or
different by no more than one in the entire data set.

• The mean value of the envelope defined by the local maximums and the envelope
defined by local minima is zero. Thus, an IMF represents a simple oscillatory mode
embedded in the signal.
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EMD algorithm is composed of the following step in order to obtain a set of IMFs: [50]

• Identify the extrema (local maximum and minimum).

• Interpolate the local extrema using cubic spline to obtain the upper and the lower
envelopes.

• Calculate the local mean value of upper and lower envelopes

• Subtract m1(t) from original signal obtaining the first component

h1(t) = x(t)−m1(t) (3.10)

• Examine if h1(t) satisfies the two basic requirements as described above to be an
IMF.

• If not, the sifting process is repeated treating h1(t) as a new original signal.

The process continue until h1(t) is an IMF designated as C1(t). So we obtain the residue
by the formula:

r1(t) = x(t)− C1(t) (3.11)

The sifting process continues using r1(t) as our new signal and applies the steps de-
scribed above. At the end of the algorithm, we obtain a set of IMFs and a residue. The
first IMF contains the highest frequency oscillation that exists in the signal. Then, each
IMF contains lower frequency of oscillations than the one extracted just before. Finally,
the original signal may be written as:

x(t) =
n∑
i=1

Ci(t) + rn(t) (3.12)

3.3.1 Minkowski distance

The Minkowski distance is a metric in a normed vector space which can be considered as a
generalization of both the Euclidean distance and the Manhattan distance. In this thesis,
the Minkowski Distance (dmink) computes the Euclidian distance between two vectors X
and Y and is defined as: (from chapter 2.3.6 in [51])

dmink = (
n∑
i=1

| xi − yi |2)1/2 (3.13)

Where xi and yi are the ith respective samples of the observed Radar signal and the
extracted IMF.
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The redundant IMFs have shape and frequency content different than those of the
original signal. So the value of dmink will be minimal when the distance between the
original signal and the IMF is minimum. When IMFs is not appropriate, the value of dmink
present a maximum value.

3.3.2 Steps of the EMD with Minkowski distance algorithm

Figure 3.8 shows main steps of the algorithm. These steps are further explained below:

• Data collection: In this program data is processed off-line and it is entered from the
file. The zone where the subject is is entered if known or it is estimated if it is not
known in advance.

• Processing breathing signal

– EMD: The algorithm that was discussed in Section 3.3.

– Hamming window: We apply Hamming window on each IMF before applying
FFT.

– Apply FFT and find maximum peak of each IMF. This maximum peak corre-
sponds to the estimated rate of each IMF.

– Minkowski distance: Using Minkowski distance we find the right IMF of breath-
ing signal. Then, the rate of that IMF is the estimated breathing rate of the
radar signal.

• Processing heartbeat signal

– Notch filter is applied to remove estimated breathing rate and its harmonics
from original signal.

– EMD: applying EMD on the signal with removed breathing components to get
new IMFs.

– Hamming window

– Apply FFT and find the frequency of the maximum peak of the spectrum which
represents estimated rate of IMFs.

– Minkowski distance: using Minkowski distance select the right IMF. The rate
of that IMF is the estimate of the heart rate.

3.4 Algorithm for walking position detection

In this section, our goal is to detect the position of a subject that moves relative to the
radar. The idea is that the zone where the subject is will have the largest energy. As
explained before, the radar scans pre-defined number of zones where each zone is 0.75 m.
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Figure 3.8: Algorithm Two: EMD with Minkowski distance
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The subject is first walking towards the radar and then away from the radar, as shown
in Figure 2.3. From the algorithm shown in Figure 3.9, we can see that after collecting
the data, we will select one zone (assume that zone number i is from 1 to n) and divide
data into 5 second segments (assume total segment number is j); apply filters and window
on each segment; calculate energy of each segment E(i,j). Finally, finding the maximal
energy E(:,j) of each segment j gives us the zone where the subject is. Results are shown
in Chapter 7.

Figure 3.9: Algorithm Three: Algorithm for walking detection

Figure 3.9 shows the steps for algorithm that are also explained below:

• Data collection: Using radar system for data collection.

• Select zone: n is the total number of the zones. Here in a loop we calculate energy
of the signal in each zone.

• The signal is divided in 5 second segments.

• Applying filter to remove DC component in each segment.

• Hamming window: Applying Hamming window on each segment.

• Calculate energy: Energy E(i,j) represents the energy of the signal during five seconds
for zone i and segment number j.

• Repeat the loop to fine all energy components E(i,j).
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• Find max energy in each time segment: maximum energy represents the right zone
where the subject is.
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Chapter 4

Breathing and heart rate estimation
of stationary subjects using modified
FFT and EMD

The goal of this chapter is to estimate the heart and breathing rate when the subject is
not moving and is oriented towards the radar. Two algorithms were compared: modified
FFT algorithm and EMD with Minkowski distance.

The experiments set up in lab at Carleton University are shown in Figure 2.6. These
experiments allow us to detect bio-signals when the subject is breathing normally in a
room that corresponds to a ”prison cell”. The radar was placed on the wall in the corner
of the room, facing the center of the room at an angle. There are three marks on the floor:
mark A, B and C. The distance to the radar from points A, B and C are 4.7 meters, 3.2
meters and 2.5 meters, respectively.

The experiments were conducted on October 21st, Nov 3rd, and Nov 17th, 2016. In
these experiments, subjects sit down at mark A shown in Figure 2.6 for normal breathing
experiments. The radar has a beamwidth of 20 degrees in the horizontal plane and 70
degrees in the vertical plane.

The reference signals are described in Section 4.1. The results from the radar signals
are shown in Section 4.2. The comparison of all the estimate breathing rates and heartbeat
rates, as well as their respective reference breathing rates and heartbeat rates are shown
in Section 4.3.

We will first show the signals from the radar and reference sensors in both time and
frequency domain before and after processing for one subject and for a window of 30
seconds. The purpose of this section is to show what the signals look like and what
estimates can be obtained from 30 second samples of these relatively clean signals. At
the end of this chapter, we compared estimates from the radar signal against the values
estimated from the reference signals for 3 subjects and for 3 minute signals.
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Figure 4.1: Breathing signal from the belt
sensor from the subject with normal breath-
ing

Figure 4.2: Breathing signal from the belt
sensor in frequency domain after applying
Blackman window from the subject with nor-
mal breathing

4.1 Reference signals from belt and ECG

The data in time-domain collected from the belt and ECG sensors is shown in figures 4.1
and 4.3 for the duration of 18 seconds.

After applying FFT on the reference breathing signal, we can find the maximum of the
spectrum that corresponds to the fundamental breathing rate. The reference breathing
rate is approximately 0.2632 Hz, as shown in Figure 4.2.

After applying FFT on the reference heartbeat signal, we can calculate the reference
heartbeat rate to be approximately 1.421 per second, as shown in Figure 4.4.

After finding the reference breathing rate and reference heartbeat rate, we will estimate
the breathing rate and heartbeat rate from the radar system. Then, we compare them to
find the error between the estimated and the reference values.

The results are shown in Section 4.2, while the findings are explained in Section4.3.

4.2 Breathing and heart rate estimated from the radar

signal

4.2.1 Breathing Rate estimation using modified FFT

This section is about breathing rate estimation using modified FFT for the subject with
normal breathing when the subject is sitting.

The 30 seconds data in Figure 4.5 is from zone 8 and is collected from the radar system
when the subject is sitting and breathing normally. After using modified FFT, we can find

31



Figure 4.3: ECG signal from the subject with
normal breathing

Figure 4.4: ECG signal from the subject with
normal breathing in frequency domain after
applying Blackman window

that the estimated breathing rate is about 0.2414 Hz, as shown in Figure 4.6. Comparing
it with the reference breathing rate from the belt which is 0.2632, we can calculate that
the error is 0.0218 per second, which is 8.28% off from the reference breathing rate.

4.2.2 Breathing Rate estimation using EMD

The same 30 seconds of data as in Section 4.2.1 is shown in Figure 4.5 and is processed
using the EMD method. We extract thirteen (13) IMFs shown in Figure 4.7.

The next step of the algorithm includes applying FFT and finding the frequency that
corresponds to the highest peak of the spectrum of each IMF. The obtained estimates in
Hz for all 13 IMFs are:

breathing rate of imf 1 = [393.4705];

breathing rate of imf 2 = [121.0997];

breathing rate of imf 3 = [121.0997];

breathing rate of imf 4 = [30.2749] ;

breathing rate of imf 5 = [30.2749];

breathing rate of imf 6 = [6.8619] ;

breathing rate of imf 7 = [1.5862] ;

breathing rate of imf 8 = [1.1034];

breathing rate of imf 9 = [0.2759];

breathing rate of imf 10 = [0.1724] ;
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Figure 4.5: Breathing signal from the radar
sensor from the subject with normal breath-
ing

Figure 4.6: Breathing signal from the radar
in frequency domain after applying Blackman
window from the subject with normal breath-
ing

Figure 4.7: IMFs of the breathing signal from the radar with the subject breathing normally
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breathing rate of imf 11 = [0.0690];

breathing rate of imf 12 = [0.0690] ;

breathing rate of imf 13 = [0.0345];

To determine which IMF corresponds to our breathing signal, we use the Minkowski
distance which was explained in Chapter 3.3.1. The results obtained after applying the
Minkowski distance on each IMF are shown in Figure 4.8. The minimum corresponds to
IMF 9 and therefore the estimated breathing rate is equal to the estimated rate of IMF
9 which is 0.2759 Hz. Comparing this value with the reference breathing rate 0.2632 Hz
from the belt, we find the error to be 0.0127 Hz, which is 4.82% off from the reference
breathing rate in this case.

Figure 4.8: Minkowski distance for the IMFs shown in Figure 4.7

Obtained results in Section 4.2.1 and Section 4.2.2 show us that both modified FFT
and EMD provide good results in this 30 second segment.

4.2.3 Heart rate estimation using Modified FFT

This subsection deals with the estimation of the heart rate from the radar system using
modified FFT with the same 30 second data. After applying the breathing estimation
algorithm, we estimated the breathing rate from the radar system to be 0.2414 Hz. Because
the energy of the breathing signal is much higher than the energy of heartbeat signal, it
is necessary to remove the breathing signal from the collected radar signal so that we can
estimate the heart rate more accurately.

In this case, we used a notch filter to remove the estimated breathing signal at 0.2414 Hz
in the frequency domain together with its second, third, fourth and fifth harmonics. The
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reason for removing them from the breathing signal is that some of these harmonics might
appear in the range of frequencies of the heart rate and it is possible that the energy of the
breathing signal’s harmonics are still larger than the energy of the heartbeat signal. The
comparison of the radar signal before and after removing the breathing signal is shown
in Figure 4.9. From Figure 4.9, we can clearly see that the power of the radar signal
changes significantly. After removing the estimated breathing signal, the radar’s signal
power reduces.

Figure 4.9: The comparison of the original radar signal before and after removing the
breathing signal

The use of modified FFT to estimate the heart rate is shown in Figure 4.10.

From Figure 4.10, we can gather that the estimated heartbeat rate is about 1.552 Hz.
Comparing it with the reference heart rate of 1.421 which we get from ECG sensors, the
error is 0.131 Hz, which is 9.22% off from the reference heart rate.

Also from Figure 4.10, we note that there are two peaks at x= 0.931 Hz and x = 1.552
Hz. One possible reason for the peak at 0.931 Hz is the intermodulation product between
the breathing and heartbeat signals. The peak 0.931 Hz is very close to the frequency that
corresponds to (heart rate - 2 x breathing rate).

4.2.4 Heart rate estimation with using EMD
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Figure 4.10: Heart rate of Subject D with normal breathing after applying Blackman
window and notch filter in the frequency domain

This subsection deals with the estimation of the heart rate from the radar system using
EMD with the same 30 sec data.

After applying the EMD method on the radar signal without the breathing signal, we
can estimate the heart rate. In this case, we find that there are eight IMFs shown in
Figure 4.11.

After applying FFT on each IMF and finding the frequency that corresponds to the
maximum peak we obtain the following rates for each IMF:

Heartbeat rate of imf 1 = [1.5862];

Heartbeat rate of imf 2 = [0.8965];

Heartbeat rate of imf 3 = [0.3448];

Heartbeat rate of imf 4 = [0.2069];

Heartbeat rate of imf 5 = [0.0690];

Heartbeat rate of imf 6 = [0.1034];

Heartbeat rate of imf 7 = [0.0690];

Heartbeat rate of imf 7 = [0.0345];

To figure out which IMF is our estimate heartbeat signal, we use the Minkowski distance
as it is explained in Chapter 3.3.1. After applying the Minkowski distance on each IMF,
we get the results shown in Figure 4.12. We see that the minimum of Minkowski distance
is IMF 1, which allow us to estimate the heart rate to be 1.5862 Hz. Comparing with the
reference heartbeat rate 1.421 which we get from ECG, the error margin is 0.1652, which
is 11.62% off from the reference heartbeat rate.
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Figure 4.11: IMFs of radar signal after removing breathing signal when subject is sitting
while breathing normally

Figure 4.12: Minkowski distance for the IMFs shown in Figure 4.11
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Section 4.2.1 to Section 4.2.4 covers one segment, which represents 30 seconds. In total,
we have 18 segments of data, each spanning 30 seconds. The results and comparisons of
these 18 segments are shown in Section 4.3.

4.3 Discussion

In Section 4.2.1 to Section 4.2.4 above, one segment of 30 seconds worth of data was
analysed. In order to better show the result, in this subsection we present results of the
same experiment for three subjects sitting with breathing normally. The data is collected
from the radar and reference sensors for three minutes for each subject. This means we
have six 30 second segments for one subject and a total of 18 segments for this experiment.

In this section, we will analyse the difference between breathing rate estimation and
heartbeat rate estimation using modified FFT and EMD. The comparison of modified
FFT and EMD with the reference belt signals are shown in Figure 4.13, Figure 4.14, and
Figure 4.15. The detailed results and statistics of the estimates of all the 18 segments are
compared in Figures 4.16, Figures 4.17, and Figures 4.18.

Figure 4.13: Comparison of breathing and heart rate estimation using modified FFT and
EMD with reference belt and ECG signals of subject 1

Table 4.16 shows four results: one is the estimated breathing rate from the modified
FFT, a second is the estimated breathing rate from the ECG, a third is the estimated
heartbeat rate from the modified FFT, and a fourth is the estimated heartbeat rate from
the ECG. The estimated breathing rate and heartbeat rate must be compared with the
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Figure 4.14: Comparison of breathing and heart rate estimation using modified FFT and
EMD with reference belt and ECG signals of subject 2

Figure 4.15: Comparison of breathing and heart rate estimation using modified FFT and
EMD with reference belt and ECG signals of subject 3
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Figure 4.16: Comparison of breathing and heart rate estimation using modified FFT and
EMD with reference belt and ECG signals
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Figure 4.17: Comparison of breathing and heart rate estimation using modified FFT and
EMD with reference belt and ECG signals
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Figure 4.18: Comparison of breathing and heart rate estimation using modified FFT and
EMD with reference belt and ECG signals

reference signals from the belt and ECG. Because the reference breathing and heartbeat
signal are periodic, using FFT is enough to get the reference breathing rate and reference
heart rate. Errors are measured using the absolute error between the estimate rate and
the reference rate. Percentages are calculated by simply dividing the error by the reference
rate.

In conclusion, both modified FFT and EMD with the Minkowski distance work for
radar signal processing. The average error and median error between the two algorithms
are small.

For the estimation of breathing rates of three subjects, the average error between the
estimate breathing rate and reference breathing rate when using modified FFT is about
9.71% off from the reference breathing rate. The average error between the estimate
breathing rate and reference breathing rate when using EMD is about 12.91% off from the
reference breathing rate; The median error using modified FFT is about 11.10% off from
the reference breathing rate. The median error using EMD is about 13.40% off from the
reference breathing rate. With this data, we can conclude that to estimate the breathing
rate, both of these algorithms produce good results.

For the estimation of the heartbeat rates of three subjects, the average error between
the estimate heartbeat rate and the reference heartbeat rate when using modified FFT is
about 12.40% off from the reference heartbeat rate. The average error between the estimate
heartbeat rate and the reference heartbeat rate when using EMD is about 11.19% off from
the reference heartbeat rate; The median error using modified FFT is about 9.88% off from
the reference heartbeat rate. The median error using EMD is about 9.75% off from the
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reference heartbeat rate. With this data, we can conclude that to estimate heartbeat rate,
both of these two algorithms produce good results.
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Chapter 5

Breathing rate and heart rate
estimation of stationary subjects in
standing, sitting and lying postures

The objective of this chapter is to analyze how different postures affect breathing and
heart rate estimation. The data was collected from three subjects breathing normally in
standing, sitting and right lateral recumbent (RLR) posture facing the radar. RLR posture
means that the subject is lying on their right side. The experiments were set up in the
lab at Carleton University as shown in Figure 2.6. These experiments allow us to detect
bio-signals when the subject is in a mock-up ”prison cell”. Same as in Chapter 4, the radar
was placed on the wall in the corner of the room, and the radar is facing the room at an
angle. The room is closed with windows on one wall. There are three marks on the floor:
mark A, B and C. These experiments were done on October 21st, Nov 3rd, and Nov 17th,
2016.

In these experiments, subjects are standing, sitting, and lying down at mark A shown
in Figure 2.6.

We also used modified FFT and EMD algorithms to extract breathing and heart rate.
The signal was divided into segments where each segment is 30 seconds and each experiment
of one subject lasts approximately three minutes. This means that there are 18 segments
for one subject, and 54 segments in total. Because an example of reference signals as well
as raw and processed radar data in sitting posture were explained in chapter four, here
we will show only examples of a 30 second data segment for a subject in lying down and
standing postures.

5.1 Breathing and heart rate estimation when the

subject is lying

In this section, we will discuss data collected when the subject is lying down on the bed
in front of radar shown in Figure 2.6.
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Figure 5.1: Signal from the belt when the sub-
ject is lying down and is breathing normally

Figure 5.2: Signal from the belt in fre-
quency domain after applying Blackman win-
dow when the subject is lying down and is
breathing normally

5.1.1 Reference signals from belt and ECG

The reference breathing signal from the belt is shown in Figure 5.1 and its spectrum
is shown in Figure 5.2. The reference heartbeat signal from ECG sensors are shown in
Figure 5.3 and its spectrum in Figure 5.4.

From Figure 5.2, we can see that the reference breathing rate estimated from the belt
is 0.2069 Hz. In addition, we can find its second harmonic which is at 0.4138 Hz. From
Figure 5.4, we can find the reference heart rate from ECG sensors, which is 1.138 Hz.

5.1.2 Radar signals for breathing rate estimation

This subsection deals with breathing rate estimation using modified FFT as well as EMD
when the subject is lying down on the bed in front of radar and breathing normally. The
30 seconds data in Figure 5.5 is from zone number 9.

After using modified FFT and finding the frequency of the maximum peak in the
spectrum, we can clearly find that the estimated breathing rate is about 0.2069 Hz, as
shown in Figure 5.6. Comparing with the reference breathing rate obtained from the belt
which is 0.2069 Hz, we can calculate that the error is 0 Hz.

Next, we applied EMD on the same data collected from radar system. The IMFs is
shown in Figure 5.7.

After finding the frequency of the maximum peak of the FFT of each IMF, the rate of
each IMF is:

breathing rate of imf 1 = [312.6500];

breathing rate of imf 2 = [125.0669];
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Figure 5.3: Signal from the ECG when the
subject is lying down and is breathing nor-
mally

Figure 5.4: Signal from the ECG in fre-
quency domain after applying Blackman win-
dow when the subject is lying down and is
breathing normally

Figure 5.5: Signal from the radar in time do-
main when the subject is lying down and is
breathing normally

Figure 5.6: Signal from zone 9 of the radar
in frequency domain after applying Blackman
window when the subject is lying down and
is breathing normally
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Figure 5.7: The IMFs of radar signal

47



breathing rate of imf 3 = [57.4473];

breathing rate of imf 4 = [30.6891];

breathing rate of imf 5 = [19.0342];

breathing rate of imf 6 = [5.1723];

breathing rate of imf 7 = [2.6551];

breathing rate of imf 8 = [0.4138];

breathing rate of imf 9 = [0.6552];

breathing rate of imf 10 = [0.2414];

breathing rate of imf 11 = [0.1379];

breathing rate of imf 12 = [0.0690];

breathing rate of imf 13 = [0.0690];

breathing rate of imf 14 = [0.0345];

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 5.8, and find the IMF that contains the breathing components. In this case, it is IMF
10 and the estimated breathing rate is 0.2414 Hz. Comparing with the reference breathing
rate 0.2069 Hz which we get from belt, the error is 0.0345 per second, which is 16.67% off
from the reference breathing rate while lying down.

Figure 5.8: The Minkowski distance for the IMFs shown in Figure 5.7

The summary of the results is shown in Table 5.9. Comparing with reference breathing
rate, the error between the reference breathing rate and the estimate breathing rate from
the radar signal while using modified FFT is 0. Also, the error between reference breathing
rate and the estimate breathing rate while using EMD is 0.0345. It shows us that in this
30 second segment case method, modified FFT is better than EMD while the subject is
lying down on the bed in front of the radar system.
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Figure 5.9: The comparison of Modified FFT and EMD applied on the radar signal while
the subject is lying down

5.1.3 Radar signals for heartbeat rate estimation

This subsection addresses heart rate estimation when the subject is lying down on the bed
facing the radar. The 30 second segment data to be analyzed is the same as in Section 5.1.2.

Figure 5.10 shows 30 seconds of data collected from the radar system when the subject
is lying down facing the radar and breathing normally. From section 5.1.2, we already
know the estimated breathing rate. Here we can use a notch filter obtain a radar signal
that does not include breathing, as shown in Figure 5.10.

After applying the modified FFT, we found that the estimate heartbeat rate is approx-
imately 0.8621 Hz, as shown in Figure 5.11. When Compared with the reference heart rate
from the ECG which is 1.138 Hz, we can calculate that the error is 0.2759 Hz, which is
24.24% off from the reference heartbeat rate.

Next, we apply the EMD on the same signal after removing the breathing components.
The IMFs are shown in Figure 5.12.

The rate of each IMF is computed after finding the frequency of the maximum peak in
the spectrum of that IMF. The rates are:

breathing rate of imf 1 = [1.5862];

breathing rate of imf 2 = [1.5517];

breathing rate of imf 3 = [0.8965];

breathing rate of imf 4 = [0.6207];

breathing rate of imf 5 = [0.2414];

breathing rate of imf 6 = [0.1379];

breathing rate of imf 7 = [0.0690];

49



Figure 5.10: The comparison of the raw radar signal and the signal with removed breathing
signal from the subject in RLR posture
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Figure 5.11: Signal after removing breathing components in the frequency domain and
applying the Blackman window when the subject is lying down and is breathing normally
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Figure 5.12: The IMFs of the radar signal after removing breathing components
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breathing rate of imf 8 = [0.0690];

breathing rate of imf 9 = [0.0345];

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 5.13, so that we can find that the estimate of heartbeat signal is in IMF 2 which is
1.5517 Hz. When compared with the reference heartbeat rate of 1.138 Hz obtained from
ECG, the error is 0.4137 Hz, which is 36.35% off from the reference heartbeat rate.

Figure 5.13: The Minkowski distance for the IMFs shown in Figure 5.12

A summary of the results is shown in Table 5.14. Compared with the reference heartbeat
rate, the error between the reference heartbeat rate and the estimate heartbeat rate from
the radar while using modified FFT is 0.2759. Also, the error between reference heartbeat
rate and the estimate heartbeat rate from the radar while using EMD is 0.4137. It shows
us that in this 30 second segment case modified FFT is better than the EMD method.

Figure 5.14: The comparison of heart rate errors using Modified FFT and EMD applied
on the radar signal from the subject in lying posture
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Figure 5.15: Signal from the belt when the
subject is standing and is breathing normally

Figure 5.16: Signal from the belt in frequency
domain after applying the Blackman window
when the subject is standing and is breathing
normally

5.2 Breathing and heart rate estimation when the

subject is standing

In this section, we will discuss the data collected when the subject is standing in front of
the radar.

5.2.1 Reference signals from belt and ECG

The reference breathing signal from the belt is shown in Figure 5.15 and its spectrum
is shown in Figure 5.16. The reference heartbeat signal from ECG sensors is shown in
Figure 5.17 and its spectrum in Figure 5.18.

From Figure 5.16, we can see that the reference breathing rate estimated from the belt
is 0.3103 Hz. In addition, we can find its second harmonic which is at 0.6207 Hz. From
Figure 5.18, we can find the reference heartbeat rate from ECG sensors, which is 1.448 Hz.

5.2.2 Radar signals for breathing rate estimation

This subsection deals with the breathing rate estimation using modified FFT as well as
EMD when the subject is standing in front of the radar and breathing normally. The 30
second data in Figure 5.19 is from zone number 8.

After using modified FFT and finding the frequency of the maximum peak in the
spectrum, we can clearly find that the estimated breathing rate is about 0.2069 Hz, as
shown in Figure 5.20. Compared with the reference breathing rate obtained from the belt
which is 0.3103 Hz, we can calculate that the error is 0.1034 per second, which is 33.32%
off from the reference breathing rate.
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Figure 5.17: Signal from the ECG when the
subject is standing and is breathing normally

Figure 5.18: Signal from the ECG in fre-
quency domain after applying Blackman win-
dow when the subject is standing and is
breathing normally

Figure 5.19: Signal from the radar in time
domain when the subject is standing and is
breathing normally

Figure 5.20: Signal from zone 8 of the radar
in frequency domain after applying the Black-
man window when the subject is standing and
is breathing normally
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Next, we applied EMD on the same data collected from the radar system. The IMFs
is shown in Figure 5.21.

Figure 5.21: The IMFs of radar signal

After finding the frequency of the maximum peak of the FFT of each IMF, the rate of
each IMF is:

breathing rate of imf 1 = [415.0882];

breathing rate of imf 2 = [124.5127];

breathing rate of imf 3 = [42.3778];

breathing rate of imf 4 = [41.7226];

breathing rate of imf 5 = [1.0344];

breathing rate of imf 6 = [1.1379];

breathing rate of imf 7 = [0.4483];

breathing rate of imf 8 = [0.2414];

breathing rate of imf 9 = [0.1379];
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breathing rate of imf 10 = [0.0690];

breathing rate of imf 11 = [0.0690];

breathing rate of imf 12 = [0.0345];

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 5.22, so that we find the IMF that contains the breathing components. In this case,
it happens to be IMF 8 and the estimated breathing rate is 0.2414 Hz. Compared with
the reference breathing rate 0.3103 which we get from belt, the error is 0.0689 per second,
which is 22.20% off from the reference breathing rate, in this case while standing.

Figure 5.22: The Minkowski distance for the IMFs shown in Figure 5.21

The summary of the results is shown in Table 5.23. Compared with the reference
breathing rate, the error between the reference breathing rate and the estimate breathing
rate from the radar while using modified FFT is 0.1034. Also, the error between the
reference breathing rate and the estimate breathing rate from radar while using EMD is
0.0689. It shows us that in this 30 second segment case method, EMD is better than
modified FFT while the subject is standing in front of radar.

5.2.3 Radar signals for heartbeat rate estimation

This subsection addresses heart rate estimation when the subject is standing and facing
the radar. The 30 second segment data to be analyzed is the same as in Section 5.2.2.

Figure 5.19 shows 30 seconds of data collected from the radar system when the subject
is standing and facing the radar while breathing normally. From section 5.2.2, we already
know the estimated breathing rate. Here we can use notch filter to remove the breathing
signal, so that we can get the radar signal without breathing signals as shown in Figure 5.24.
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Figure 5.23: The comparison of Modified FFT and EMD applied on the radar signal while
the subject is standing

Figure 5.24: The comparison of the raw radar signal and the signal with removed breathing
signal from the subject while standing
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After applying the modified FFT, we found that the estimate heartbeat rate is approx-
imately 1.241 Hz, as shown in Figure 5.25. Compared with the reference heart rate from
the ECG which is 1.448 Hz, we can calculate that the error is 0.207 Hz, which is 14.30%
off from the reference heartbeat rate.

Figure 5.25: Signal after removing the breathing components in the frequency domain and
applying Blackman window, while the subject is standing and is breathing normally

Next, we will applied EMD on the same signal after removing breathing components.
The IMFs are shown in Figure 5.26.

The rate of each IMF is computed after finding the frequency of the maximum peak in
the spectrum of that IMF. The rates are:

breathing rate of imf 1 = [1.1379];

breathing rate of imf 2 = [0.5172];

breathing rate of imf 3 = [0.2414];

breathing rate of imf 4 = [0.1379];
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Figure 5.26: The IMFs of the radar signal after removing breathing components
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breathing rate of imf 5 = [0.0690];

breathing rate of imf 6 = [0.0690];

breathing rate of imf 7 = [0.0345];

After applying the Minkowski distance from each IMF, we get the results shown in
Figure 5.27, so that we can find that the estimate of the heartbeat signal is in IMF 1 which
is 1.1379 Hz. Compared with the reference heartbeat rate of 1.448 Hz obtained from ECG,
the error is 0.3103 Hz, which is 21.42% off from the reference heartbeat rate.

Figure 5.27: The Minkowski distance for the IMFs shown in Figure 5.26

Figure 5.28: The comparison of heart rate errors using Modified FFT and EMD applied
on the radar signal from the subject in standing posture

A summary of the results is shown in Table 5.28. Compared with the reference heartbeat
rate, the error between the reference heartbeat rate and the estimate heartbeat rate from
radar while using modified FFT is 0.207. Also, the error between the reference heartbeat
rate and the estimate heartbeat rate from the radar while using EMD is 0.3103. It shows
us that in this 30 second segment case method modified FFT is better than EMD while
standing.
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5.3 Discussion

In this section, we compare the results of 18 segments for each posture (standing, sitting,
and lying down). The comparisons of breathing rate estimation and heartbeat rate esti-
mation using two methods for the three postures (sitting, standing and lying down) are
shown in Figure 5.29, Figure 5.30, Figure 5.31 and Figure 5.32. The details for each seg-
ment are shown for sitting (Figure 4.16, Figure 4.17, Figure 4.18), lying down (Figure 5.33,
Figure 5.34, Figure 5.35), and standing (Figure 5.36, Figure 5.37 and Figure 5.38).

Figure 5.29: Comparing breathing rate error using modified FFT when subject is standing,
sitting or lying down

From Figure 5.29 and Figure 5.30, we can find that for the breathing rate estimation,
the error is lowest when the subject is lying down on the bed facing the radar; the error is
highest when the subject is standing facing the radar.

From Figure 5.31 and Figure 5.32, we can find that for heart rate estimation, the error
is lowest when the subject is lying down on the bed facing the radar; the error is highest
when the subject is standing facing the radar, too. The reason is that when the subject is
standing, their body will be swinging back and forth subconsciously, which increases the
error. However, when the subject is sitting or lying down, the chair or bed can support
their body, preventing it from swinging back and forth.

The table above shows estimated breathing and heart rates while the subject is standing
and lying down. The estimated breathing rate and heart rate are compared with the
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Figure 5.30: Comparing breathing rate error using EMD when subject is standing, sitting
or lying down

Figure 5.31: Comparing heart rate error using modified FFT when subject is standing,
sitting or lying down
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Figure 5.32: Comparing heart rate error using EMD when subject is standing, sitting or
lying down

reference signals from the belt and ECG. Error is computed as the absolute error between
the estimated rate and the reference rate. Percentages are obtained as a result of dividing
the error by the reference breathing or heart rates.

From Figure 5.38, we can find that when the subject is standing, the average breathing
rate error is approximately 42.55% when using modified FFT, and 49.36% when using
EMD. The average heart rate error is approximately 18.54% when using modified FFT,
and 15.66% when using EMD;

From Figure 5.35, we can find that when the subject is lying down, the average breathing
rate error is approximately 1.74% when using modified FFT, and 34.43% when using EMD.
The average heart rate error is approximately 13.67% when using modified FFT, and
17.05% when using EMD;

From Figure 4.18, we can find that when the subject is lying down, the average breathing
rate error is approximately 9.71% when using modified FFT, and 12.91% when using EMD.
The average heartbeat rate error is approximately 12.40% when using modified FFT, and
11.19% when using EMD.

In conclusion, for the breathing rate estimation, the error when the subject is lying
down is lesser than when the subject is sitting, which in turn is lesser than when the
subject is standing. For the heart rate estimation, the error when the subject is sitting is
lesser than the error when the subject is lying down, which in turn is lesser than the error
when the subject is standing.
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Figure 5.33: Estimation of breathing rate and heartbeat rate from radar system while lying
down-1
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Figure 5.34: Estimation of breathing rate and heartbeat rate from radar system while lying
down-2
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Figure 5.35: Estimation of breathing rate and heartbeat rate from radar system while lying
down-3
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Figure 5.36: Estimation of breathing rate and heartbeat rate from radar system while
standing-1
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Figure 5.37: Estimation of breathing rate and heartbeat rate from radar system while
standing-2
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Figure 5.38: Estimation of breathing rate and heartbeat rate from radar system while
standing-3
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Chapter 6

Breathing and heart rate estimation
of subjects oriented at different
angles relative to the radar

The goal of this chapter is to estimate the heartbeat and breathing rates when the subject
is not moving and is oriented towards the radar at different angles. Two algorithms were
compared: modified FFT algorithm and EMD with Minkowski distance.

These experiments were performed on Dec 17th, 2015 at the University of Ottawa,
SITE building, room 3013. Figure 2.3 shows that the radar is placed on the edge of a desk,
facing the door, and that the room is closed with no windows. There are three marks on
the floor: mark A, B and C. The approximate distances to the radar from points A, B and
C are 7 meters, 4.5 meters, and 2 meters, respectively. In these experiments, the subject
is sitting at mark B, shown in Figure 2.3. Each experiment lasts one minute and includes:

1. Subject is oriented away from the radar and breathes normally - this is described in
Section 6.1.

2. Subject is oriented 90 degrees relative to the radar and breathes normally - this is
described in Section 6.2.

3. Subject is facing the radar and breathes normally.

In this chapter, we divide the data into 10 second segments so that we get 6 segments
of data per experiment. Because we already analyzed the signal when the subject is facing
the radar, here we will only present one segment of each experiment when the radar is
behind the subject and when the radar is on the left of the subject.
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Figure 6.1: Signal from the belt when the
subject is oriented 180 degrees relative to the
radar with normal breathing.

Figure 6.2: Signal from the belt in frequency
domain after applying the Blackman window
when the subject is oriented 180 degrees rel-
ative to the radar with normal breathing.

6.1 Breathing and heart rate estimation when the

subject is oriented 180 degrees relative to the

radar

6.1.1 Reference data from belt and ECG sensors

Figure 6.1 shows 10 seconds of the reference breathing signal from the belt. After applying
FFT on it, we can see from Figure 6.2 the reference breathing rate which is 0.2222 Hz.

Figure 6.3 shows 10 seconds of the reference heartbeat signal from ECG sensors. After
applying FFT on it, we can see from Figure 6.4 the reference heartbeat rate which is 1.222
Hz.

6.1.2 Breathing rate estimation from the radar signal

Figure 6.5 shows one segment of the radar signal when the subject is sitting in front of
the radar and is turned away from it. Based on our analysis, a signal from zone four was
chosen to extract the breathing signal.

After applying modified FFT (Section 3.2) on it, we estimate the breathing rate to be
0.2222 Hz as shown in Figure 6.6. Compared with the reference breathing rate of 0.2222
Hz obtained from belt, the error is 0 Hz.

Next, we applied EMD on the same 10 seconds of data from the radar system. The
IMFs are shown in Figure 6.7.

After applying FFT on each IMF and finding the frequency of maximum peaks, the
rate of each IMF is in Hz:
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Figure 6.3: Signal from the ECG when the
subject is oriented 180 degrees relative to the
radar with normal breathing.

Figure 6.4: Signal from the ECG in frequency
domain after applying the Blackman window
when the subject is oriented 180 degrees rel-
ative to the radar with normal breathing.

Figure 6.5: Signal from the radar when the
subject is oriented 180 degrees relative to the
radar with normal breathing.

Figure 6.6: Signal from the radar in frequency
domain after applying the Blackman window
when the subject is oriented 180 degrees rel-
ative to the radar with normal breathing.
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Figure 6.7: IMFs of 10 seconds of radar signals when the subject is oriented 180 degrees
relative to the radar while breathing normally.

breathing rate of imf 1 = [108.4371];

breathing rate of imf 2 = [68.1065];

breathing rate of imf 3 = [6.7773];

breathing rate of imf 4 = [2.2221];

breathing rate of imf 5 = [0.2222];

breathing rate of imf 6 = [0.3333];

breathing rate of imf 7 = [0.3333];

breathing rate of imf 8 = [0.2222];

breathing rate of imf 9 = [0.2222];

breathing rate of imf 10 = [0.1111];

To figure out which IMF corresponds to the estimated breathing signal, we use the
Minkowski distance which is explained in Chapter 3.3.1.

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 6.8. The minimum is IMF 7 which has breathing rate of 0.3333 Hz. Compared with
the reference breathing rate of 0.2222 Hz obtained from the belt, the error is 0.1111 Hz,
which is 50.00% off from the reference breathing rate.

6.1.3 Heart rate estimation from the radar signal

Figure 6.9 above shows a 10 seconds signal collected from the radar system. The bottom
figure shows the radar signal after removing breathing signal. Since we already found the
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Figure 6.8: Minkowski distance of each IMF from Figure 6.7 when the subject is oriented
180 degrees relative to the radar while breathing normally.

Figure 6.9: Signal from the radar before and
after removing the breathing signal from it
when the subject is oriented 180 degrees rel-
ative to the radar and breathing normally

Figure 6.10: Signal from the radar after re-
moving breathing in frequency domain after
applying the Blackman window when the sub-
ject is oriented 180 degrees relative to the
radar
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breathing rate from Section 6.1.2, we can use a notch filter to remove our breathing signal
and use the remaining signal to estimate the heart rate.

After applying modified FFT (Section 3.2) on the signal and finding the frequency of
the maximum peak in the spectrum, the estimated heart rate is 1.222 beat per second as
shown in Figure 6.10. Compared with the reference heartbeat rate 1.222 Hz from ECG
sensors, we obtain the error of 0 Hz.

Next, we applied EMD on the same 10 seconds of data from the radar system. The
IMFs are shown in Figure 6.11.

Figure 6.11: IMFs of 10 seconds of radar signals with removed breathing component when
the subject is oriented 180 degrees relative to the radar while breathing normally

After applying FFT on each IMF and finding the frequency of the maximum peak of
each IMF, we obtain the following:

breathing rate of imf 1 = [1.3332];

breathing rate of imf 2 = [0.7777];

breathing rate of imf 3 = [0.5555];

breathing rate of imf 4 = [0.2222];

breathing rate of imf 5 = [0.2222];

breathing rate of imf 6 = [0.1111];

To figure out which IMF is our estimate heartbeat signal, we use the Minkowski distance
which is shown in Chapter 3.3.1.

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 6.12. The minimum Minkowski distance is for IMF 1, so the heart rate is 1.3332 Hz.
Compared with the reference heartbeat rate of 1.222 Hz which we get from ECG sensors,
the error is 0.1112 Hz, which is 9.10% off from the reference heart rate.
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Figure 6.12: Minkowski distance of each IMF from Figure 6.11 when Subject is oriented
180 degrees relative to the radar with normal breathing

6.2 Breathing and heart rate estimation when the

subject is oriented 90 degrees relative to the radar

6.2.1 Reference data from belt and ECG sensors

From Figure 6.13, we can find the 10 seconds reference breathing signal from belt. Af-
ter applying FFT on it, we can find the reference breathing rate, which is 0.2222 from
Figure 6.14.

From Figure 6.15, we can find the 10 seconds reference heartbeat signal from ECG
sensors. After applying FFT on it, we can find the reference heartbeat rate, which is 1.111
from Figure 6.16.

6.2.2 Radar signal to estimate breathing rate

Figure 6.17 shows us 10 seconds signal collected from the radar system.

After applying modified FFT (Section 3.2) on it, we can get our estimated breathing
rate which is 0.1111 beat per second, as shown in Figure 6.18. Compared with the reference
breathing rate 0.2222 which we get from the belt, the error is 0.1111, which is 50% off.

Comparing with EMD: after applying EMD on the same 10 seconds data from the radar
system, the IMFs is shown in Figure 6.19

After applying FFT on each IMF and finding the frequency of maximum peaks, the
rate of each IMF is in Hz:

breathing rate of imf 1 = [175.4371];

breathing rate of imf 2 = [57.5531];
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Figure 6.13: Subject is oriented 90 degrees
relative to the radar with normal breathing
from belt

Figure 6.14: Subject is oriented 90 degrees
relative to the radar with normal breathing
from the belt in frequency domain after the
Blackman window

Figure 6.15: Subject is oriented 90 degrees
relative to the radar with normal breathing
from ECG sensors

Figure 6.16: Subject is oriented 90 degrees
relative to the radar with normal breathing
from ECG sensors in frequency domain after
the Blackman window
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Figure 6.17: Subject is oriented 90 degrees
relative to the radar with normal breathing
from the radar system

Figure 6.18: Subject is oriented 90 degrees
relative to the radar with normal breathing
from the radar system in frequency domain
after the Blackman window

Figure 6.19: IMFs of 10 seconds radar signals when the subject is oriented 90 degrees
relative to the radar with normal breathing
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breathing rate of imf 3 = [30.8876];

breathing rate of imf 4 = [7.8886];

breathing rate of imf 5 = [1.3333];

breathing rate of imf 6 = [0.5555];

breathing rate of imf 7 = [0.3333];

breathing rate of imf 8 = [0.2222];

breathing rate of imf 9 = [0.2222];

breathing rate of imf 10 = [0.1111];

To figure out which IMF is our estimate breathing signal, we use the Minkowski distance
shown in Chapter 3.3.1.

Figure 6.20: Minkowski distance of each IMF from Figure 6.19 when the subject is oriented
90 degrees relative to the radar with normal breathing

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 6.20, to fins that the estimate breathing signal is in IMF 9 which is 0.2222 per second.
Compared with the reference breathing rate 0.2222 which we get from belt, the error is 0
per second in this case while the subject is oriented 90 degrees relative to the radar.

6.2.3 Radar signal to estimate heartbeat rate

Figure 6.21 shows two figures: the top one shows a 10 seconds signal collected from the
radar system, while the bottom one shows us the radar signal after removing the breathing
signal. Because we already found the breathing rate from section 6.2.2, we can use a notch
filter to remove our breathing signal and use the remaining signal to estimate the heartbeat
rate.

After applying modified FFT (Section 3.2) on it, we can get our estimated heartbeat
rate which is 1.333 beat per second shown in Figure 6.22. Comparing with the reference
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Figure 6.21: Subject is oriented 90 degrees
relative to the radar with normal breathing
from the radar system

Figure 6.22: Subject is oriented 90 degrees
relative to the radar with normal breathing
from the radar system in the frequency do-
main after the Blackman window

heartbeat rate 1.111 which we get from ECG sensors, the error is 0.222, which is 19.98% of
reference heartbeat rate from ECG sensors in this case when Subject is oriented 90 degrees
relative to the radar.

Comparing with EMD: after applying EMD on the same 10 second data from the radar
system, the IMFs is shown in Figure 6.23

Figure 6.23: IMFs of 10 second radar signals when the subject is oriented 90 degrees
relative to the radar with normal breathing

After applying FFT on each IMF and finding the frequency of maximum peaks, the
rate of each IMF is in Hz:
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breathing rate of imf 1 = [1.4444];

breathing rate of imf 2 = [0.8889];

breathing rate of imf 3 = [0.3333];

breathing rate of imf 4 = [0.2222];

breathing rate of imf 5 = [0.2222];

breathing rate of imf 6 = [0.1111];

To figure out which IMF is our estimate heartbeat signal, we use the Minkowski distance
as seen in Chapter 3.3.1.

Figure 6.24: Minkowski distance of each IMF from Figure 6.23 when the subject is oriented
90 degrees relative to the radar with normal breathing

After applying the Minkowski distance on each IMF, we get the results shown in Fig-
ure 6.24 and find that the estimated heartbeat signal is in IMF 1, which is 1.4444 per
second. Compared with the reference heartbeat rate 1.111 obtained from ECG sensors,
the error is 0.3334 per second, which is 30.01% 0ff from reference heartbeat rate when the
subject is oriented 90 degrees relative to the radar.

6.3 Discussion

Figure 6.25 shows the breathing rate errors using modified FFT, which is relative to the
reference breathing rate estimated from the belt when the subject is at different orientations
relative to the radar. Figure 6.26 shows the breathing rate errors using EMD method for
the same experiment. Similarly, Figure 6.27 and Figure 6.28 show the heart rate errors for
FFT-based and for EMD-based methods for the same experiment.

Tables 6.29 and 6.30 show estimated breathing rate and heart rate. Errors are the ab-
solute errors between the estimated rate and the reference rate. Percentages are calculated
by: error divide by reference rate. So, to summarize:

82



Figure 6.25: Comparison of breathing rate er-
rors when the subject is sitting oriented at 0,
90 and 180 degrees relative to the radar using
modified FFT

Figure 6.26: Comparison of breathing rate er-
rors when the subject is sitting oriented at 0,
90 and 180 degrees relative to the radar using
EMD

Figure 6.27: Comparison of heart rate errors
when the subject is sitting oriented at 0, 90
and 180 degrees relative to the radar using
modified FFT

Figure 6.28: Comparison of heart rate errors
when the subject is sitting oriented at 0, 90
and 180 degrees relative to the radar using
EMD
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Figure 6.29: Comparing breathing rate errors per 10-sec segment when the subject is sitting
oriented at 0, 90 and 180 degrees relative to the radar
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Figure 6.30: Comparing heart rate errors per 10-sec segment when the subject is sitting
oriented at 0, 90 and 180 degrees relative to the radar
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1. For breathing rate estimation, the average estimated error when the subject is facing
the radar is about 0.2222 Hz using modified FFT, and is 0.1481 Hz using EMD. The
average error between the estimated breathing rate and the reference breathing rate
when the subject is oriented 180 degrees relative to the radar is about 0.0925 Hz
using modified FFT and 0.1296 using EMD. The errors when facing the radar are
larger because in those cases, the radar picks up not only the chest movements, but
also the movements of the abdomen, facial movement and so on. When the subject
is facing away from the radar, most of the movements are related to the expansion of
the chest. This might be a potential reason why the result of the estimated breathing
rate when facing away from the radar is more accurate than that when facing the
radar directly. In addition, we can still find the breathing rate when the subject is
turned 90 degrees away from the radar.

2. For heart rate estimation, the average error between the estimated heart rate and
the reference heart rate when the subject is facing the radar is about 0.2776 Hz
using modified FFT, and about 0.4072 Hz using EMD. The average error is smaller
again when the subject is oriented 180 degrees relative to the radar and it is about
0.2223 Hz using modified FFT and is 0.3329 Hz using EMD. We believe these reasons
explain the difference in errors, and that the estimated heart rate from the subject’s
side is less accurate than in the two other cases.
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Chapter 7

Non-stationary analysis in walking
experiments

The goal of this chapter is to show that we are able to track a subject as the subject moves
in the room. The algorithm for detecting the zone where the subject occupies is described
in Section 3.4. The experiment is shown in Figure 2.3. Here we choose 11 zones shown in
figure 7.1.

7.1 Results

For this experiment, the subject is in front of the radar. The subject started to slowly
walk from mark A shown in Figure 2.3 towards the radar to mark C and then back to
mark A.

In figure 7.1, the radar signal on the left is from KG application and it shows the signal
in the time domain in all 11 zones. The estimated position is shown in the right figure.
The time instants and the zones that are detected are colored in red. Each time segment of
estimated signal is 5 seconds long. As for processing, we first divide the radar signal into 5
second segments in each zone. Secondly, we find the maximum energy in each segment for
each zone and then select the zone for a particular segment with maximum energy. The
zone, where the maximal energy is, is determined as the current estimated position. Then,
we repeat the algorithm for each segment to estimate the positions as shown in the right
of the Figure 7.1.

7.2 Discussion
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Figure 7.1: Figure on the left shows raw radar data per zone over time while the figure
on the right shows zones divided into time segments. Red rectangles show estimates of
current zone and time segment.

From Figure 7.1, we can see that there are errors in segment number 9, 43, 49, and
50. The total number of segments is 78 and, therefore, the error of estimating the walking
position is about 4

78
= 5.13%. This means that the method of estimating the correct

position during the walk is about 1 − 5.13% = 94.87% in this case. We did five more
experiments and found that the correct estimate of the position during the walk was about
1− 4

48
= 91.67%, 1− 9

61
= 85.25%, 1− 7

73
= 90.41%, 1− 6

32
= 81.25%, and 1− 11

74
= 85.16%.

So the average of all correct estimate of the position during the walk was approximately
88.1017%.
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Chapter 8

Conclusion and future work

8.1 Conclusion

This project was based on the realistic detection of radar signals from subjects under
different conditions and in different environments. It was part of a large project with the
goal of detecting behavioral patterns of prison inmates in order to prevent any harm to
their physical well-being.

In this study, we have developed two algorithms that allowed us to estimate the breath-
ing rate of a subject without the need of physical contact. We developed algorithms called
Modified Fast Fourier Transformation (FFT) and Minkowski distance after EMD which
include a number of steps and sub-algorithms.

The work began by performing a large number of experiments in different real-life con-
ditions using the radar system. Then, we used modified FFT and EMD based algorithms
to detect more reliably the heartbeat and the breathing rates, which allowed us to eval-
uate the algorithms. This was done to find the algorithm that produced the lowest error
between the estimated breathing rate and the reference breathing rate. We then extracted
the breathing signal using the estimate breathing rate and filtering it out from the radar
signal. Finally, we used the algorithm that produced the lowest error margin between the
estimated heartbeat rate and the reference heart rate to extract a reliable estimates of the
heart rate. In this case, modified FFT and EMD both worked well when the subject was
sitting with a normal breathing pattern, as shown in section 4.3. At this point, we could
tell that the average error and median error between these two algorithms were small. We
also found that the breathing rate estimation when the subject was lying down was the
most accurate, followed by the sitting down position. The estimation when the subject was
in the standing position was the least accurate. These results are shown in section 6.3. We
were also able to find the breathing signal and heartbeat signal when the subject looked
to the opposite side to the radar or when the subject was oriented at 90 degrees relative to
the radar as shown in section 5.3. We have noted that the former position yields slightly
better data than when the subject was facing the radar. However, we were unable to detect
a good heartbeat signal when the subject was oriented at 90 degrees relative to the radar
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and therefore could not estimate a heart rate. Moreover, using so-called walking algorithm,
we were able to detect the subject’s position accurately as shown in section 7.2.

8.2 Future work

The radar signal collection was done using a radar device with four antennas. In the future,
we would like to use all four antennas to scan the room to collect data, alternating from
one antenna to the other automatically, each covering different angles. However, for the
purpose of this project, only a single antenna was used to collect the data.

Another future direction includes monitoring more than one subject at a time.

In the future, we will not need to record the data and process it later. Instead, we will
estimate the breathing rate and heartbeat rate in real-time.

Also, in the future, we will focus on extracting different features from the radar signal
in order to classify the activities of the subject.

It is our hope that this original process of using the radar system may be used in the
future to inexpensively and accurately detect and record the respiratory and cardiovascular
activity of a human subject present in a closed room.
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Appendix A

MATLAB Code samples

A.1 Modified FFT and EMD for breathing rate esti-

mation

clear all;

close all;

clc;

%%% modified FFT method for berathing rate estimation

%%% read radar data

x = csvread(’C:\Users\Susie\Desktop\data\USE\thesis\New Radar

Data\November 3\XZ_NB_LY_F_A02_FR.csv’,1);

%%% set sampling rate of raday system

fs=905.4333;

%%% select zone (where the subject is)

zone=9;

Ts= 1/fs;

%%% choose data in selected zone

L = (x(:,zone))’;

%%% choose 30 sec data to analyze

signal1 = L(31*fs:60*fs);

%%% remove DC shift from radar signal

signal1 = signal1-mean(signal1);

t1 = 0:1/fs:(length(signal1)-1)/fs;

%%% plot radar signal in time domain

figure;

plot(t1(1:length(signal1)),signal1);

xlabel(’t(s)’);

ylabel(’Amplitude’);

title(’Subject with normal breathing in time domain’);
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grid on;

%%%Apply IIR Butterworth bandpass filter

%%%using BPF applied for every range bin

nn=3;

s1=(0.2)/fs;

%normalized pass frequency

s2=(4)/fs;

%normalized pass frequency

[b11,a11] = butter(nn,[s1 s2],’bandpass’);

signal1 = filter(b11,a11,(signal1));

%%% apply blackman window/hamming window

nfft = length(signal1);

% window = hamming(length(s));

window = blackman(length(signal1));

[p1,f1] = periodogram(signal1,window,nfft,fs);

%%% plot radar signal in frequency domain

figure;

plot(f1,abs(p1))

xlim([0 2]);

xlabel(’f(Hz)’);

ylabel(’PSD’);

title(’Subject with normal breathing after blackman window in frequency domain’);

grid on;

%%%%%%

%%% EMD method for breathing rate estimation

xx = signal1;

t = t1;

%%% find IMFs of radar signal

imf=emd(xx);

for k = 1:length(imf)

b(k)=sum(imf{k}.*imf{k});

th=angle(hilbert(imf{k}));

d{k}=diff(th)/Ts/(2*pi);

end

[u,v]=sort(-b);

b=1-b/max(b);

%%% set time-frequency plots

N=length(xx);

c=linspace(0,(N-2)*Ts,N-1);

figure;

for k = v(1:2)

plot(c,d{k},’k.’,’Color’,b([k k k]),’MarkerSize’,3);

hold on;

grid on;
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set(gca,’FontSize’,8,’XLim’,[0 c(end)],’YLim’,[0 50]);

xlabel(’Time’),

ylabel(’Frequency’);

title(’Subject with normal breathing in fast time domain’);

end

%%% set IMF plots

M = length(imf)

N = length(xx)

c = linspace(0,(N-1)*Ts,N);

figure;

for k = 1:M

subplot(4,3,k);

plot(c,imf{k});

ylabel(’EMD’);

title(sprintf(’IMF %d’,k));

grid on;

%%% apply hamming window on each IMF

nfft = length(imf{k});

window = hamming(length(imf{k}));

[p1,f1] = periodogram(imf{k},window,nfft,fs);

%%% find rate of each IMF

[value y1] = max(p1);

value

breathing_rate_of_imf{k}= y1*fs/length(t);

set(gca,’FontSize’,8,’XLim’,[0 c(end)]);

%%% Minkowski distance to find the right IMF

d_mink_sum = 0;

for k1 = 1:N;

d_mink(k1) = (abs(xx(k1)-imf{k}(k1))).^2;

d_mink_sum = d_mink_sum + d_mink(k1);

end

d_m(k) = d_mink_sum^(0.5);

end

q4 = length(d_mink);

%%% plot the Minkowski distance figure

figure;

%%% set the length of M1 equals to the number of IMFs

M1 = [1 2 3 4 5 6 7 8 9 10 11];

plot(M1,d_m,’r-’);

grid on;

xlabel(’IMFs’),

ylabel(’Minkowski distance’);

title(’Minkowski distance in EMD when subject is with normal breathing’);
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A.2 Modified FFT and EMD for heartbeat rate esti-

mation

clear all;

close all;

clc;

%%% read radar data in csv

x = csvread(’C:\Users\Susie\Desktop\data\USE\thesis\New Radar

Data\November 3\XZ_NB_LY_F_A02_FR.csv’,1);

%%% set sampling frequency of radar system

fs=905.4333;

%%% select zone (where the subject is)

zone=9;

Ts= 1/fs;

%%% choose data in selected zone

L = (x(:,zone))’;

%%% divide data into 30 sec segments and select one segment

signal1 = L(31*fs:60*fs);

%%% remove DC shift from radar signal

signal1 = signal1-mean(signal1);

t1 = 0:1/fs:(length(signal1)-1)/fs;

%%% plot radar signal in time domain

figure;

plot(t1(1:length(signal1)),signal1);

xlabel(’t(s)’);

ylabel(’Amplitude’);

title(’Subject with normal breathing in time domain’);

grid on;

s=signal1;

t=t1;

%%% pre-processing

s_fft=abs(fft(s));

k=fs*[0:1/length(t):1-1/length(t)];

nfft = length(s);

%%%Apply IIR Butterworth bandpass filter

%%%using BPF applied for every range bin

nn=3;

%normalized pass frequency

s11=(0.2)/fs;

s22=(4)/fs;

[b111,a111] = butter(nn,[s11 s22],’bandpass’);

s = filter(b111,a111,(s));
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%%% apply hamming window/blackman window

% window = hamming(length(s));

window = blackman(length(s));

[p1,f1] = periodogram(s,window,nfft,fs);

%%% get estimated breathing rate

[value_b y_b] = max(p1);

Fs=fs;

%%%Apply IIR Butterworth bandpass filter

%%%using BPF applied for every range bin

nn=3;

%normalized pass frequency

s11=(1.6)/fs;

s22=(4)/fs;

[b111,a111] = butter(nn,[s11 s22],’bandpass’);

s = filter(b111,a111,(s));

%%% apply notch filter to remove breathing rate and its harmonics

Breathing_rate_notch= value_b;

Fc = [Breathing_rate_notch, 2*Breathing_rate_notch,

3*Breathing_rate_notch, 4*Breathing_rate_notch];

Wc = Fc/(Fs/2);

BW = Wc/10;

mycomb = zeros(4,6);

[b1,a1] = iirnotch(Wc(1),BW(1));

mycomb(1,:) = [b1,a1];

[b2,a2] = iirnotch(Wc(2),BW(2));

mycomb(2,:) = [b2,a2];

[b3,a3] = iirnotch(Wc(3),BW(3));

mycomb(3,:) = [b3,a3];

[b4,a4] = iirnotch(Wc(4),BW(4));

mycomb(4,:) = [b4,a4];

%%% remove the breathing signal from radar signal

Y = sosfilt(mycomb,s);

figure;

%%% plot the radar signal comparing signal withour breathing signal

subplot(2,1,1);

plot(t1(1:length(signal1)),signal1);

xlabel(’t(s)’);

ylabel(’Amplitude’);

title(’Radar signal in time domain’);

grid on;

%%% plot the signal without breathing signal to find heartbeat rate

subplot(2,1,2);

plot(t1(1:length(Y)),Y);

xlabel(’t(s)’);

ylabel(’Amplitude’);
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title(’Radar signal after removing breahing signal’);

grid on;

%%% remove DC from signal Y

Y = Y-mean(Y);

t1 = 0:1/fs:(length(Y)-1)/fs;

t = t1;

nfftY = length(Y);

%%% apply blackman window on new radar signal without breathing signal, which is

%%% signal Y

% window = hamming(length(s));

windowY = blackman(length(Y));

[p1Y,f1Y] = periodogram(Y,windowY,nfftY,fs);

%%% plot signal Y in frequency domain

figure;

plot(f1Y,abs(p1Y))

xlim([0 3]);

xlabel(’f(Hz)’);

ylabel(’PSD’);

title(’Radar signal after removing breahing signal after blackman window

in frequency domain’);

grid on;

xx = Y;

%%%%%%

%%% use EMD method to find the heartbeat rate

%%% apply EMD on signal Y to get IMFs

imf=emd(xx);

for k = 1:length(imf)

b(k)=sum(imf{k}.*imf{k});

th=angle(hilbert(imf{k}));

d{k}=diff(th)/Ts/(2*pi);

end

[u,v]=sort(-b);

b=1-b/max(b);

%%% set time-frequency plots

N=length(xx);

c=linspace(0,(N-2)*Ts,N-1);

figure;

for k = v(1:2)

plot(c,d{k},’k.’,’Color’,b([k k k]),’MarkerSize’,3);

hold on;

grid on;

set(gca,’FontSize’,8,’XLim’,[0 c(end)],’YLim’,[0 50]);

xlabel(’Time’),

ylabel(’Frequency’);
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title(’signal s in fast time domain’);

end

%%% set IMF plots

M = length(imf)

N = length(xx)

c = linspace(0,(N-1)*Ts,N);

figure;

for k = 1:M

subplot(2,3,k);

plot(c,imf{k});

xlabel(’t(s)’);

ylabel(’Amplitude’);

title(sprintf(’IMF %d’,k));

grid on;

%%% apply hamming window on each IMF

nfft = length(imf{k});

window = hamming(length(imf{k}));

[p1,f1] = periodogram(imf{k},window,nfft,fs);

%%% find max value in frequeny domain of each IMF

[value y1] = max(p1);

Heartbeat_rate_of_imf{k} = y1*fs/length(t)

set(gca,’FontSize’,8,’XLim’,[0 c(end)]);

%%% Minkowski distance to find the right IMF, which is the estimated

%%% heartbeat rate

d_mink_sum = 0;

for k1 = 1:N;

d_mink(k1) = (abs(xx(k1)-imf{k}(k1))).^2;

d_mink_sum = d_mink_sum + d_mink(k1);

end

d_m(k) = d_mink_sum^(0.5);

end

q4 = length(d_mink);

figure;

M1 = [1 2 3 4 5];

plot(M1,d_m,’r-’);

grid on;

xlabel(’IMFs’),

ylabel(’Minkowski distance’);

title(’Minkowski distance of Heartbeat signal in EMD’);
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A.3 Walking algorithm

clear all;

close all;

clc;

%%% read walking data from radar system

x = csvread(’C:\Users\Susie\Desktop\data\USE\walk\XZ_WALK_Z6Z10_5MIN.csv’,1);

%%% set sampling frequency

fs = 1368.22; %ZB_WALK_3MIN:912.2944 XZ_WALK_Z6Z10_5MIN: 1368.22

T = 1/fs;

%%% set total number of zones where the subject is walking

zz = 5;

%%% set total number of segments (60 * 5 sec = 300 sec)

nn = 60;

%%% loop for zone: from zone one to five

for i = 1:zz;

zone = i;

%%% select data in one zone

xx = x(:,zone);

t = 0:1/fs:length(xx)/fs;

%%% plot selected data

figure(1);

subplot(zz,1,i);

plot(t(1:length(xx)),xx);

ylabel(’Amplitude (v)’);

if (i==1)

title(’Time domain signal in different zones: ’);

end

grid on;

end

xlabel(’Time(s)’);

p = zeros(zz,nn);

f = zeros(zz,nn);

for i = 1:zz

zone = i;

xx = x(:,zone);

%%% loop for segments: from 1 to nn

for j = 1:nn

xxx = xx((1+(length(xx)/nn)*(j-1)):((length(xx)/nn)*j),1);

%%% remove DC shift for each segment

xxx = xxx-mean(xxx);

nfft = length(xxx);

%%% apply hamming window on each segment
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window = hamming(length(xxx));

[p1,f1] = periodogram(xxx,window,nfft,fs);

figure(j+1);

subplot(zz,1,(i));

plot(f1,p1);

axis([0.1 2 0 1e5]);

grid on;

if (i==zz)

xlabel(’f(Hz)’);

ylabel(’PSD’);

end

%%% calculate energy of each segment in every zone

E = sum(p1.^2);

%%% set enery into matrix p(i,j)

p(i,j) = E;

end

end

zone = zeros(1,nn);

%%% find the max energy in each segment as the subject’s position

for j = 1:nn

[w q] = max(p(:,j));

zone(1,j) = q

end
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Appendix B

GUI interface

To graphically present the results of processing of different algorithms for various situations,
we developed graphical user interface (GUI) in Matlab.

Figure B.1: GUI presenting breathing rate and hear rate in different situations

This GUI has the following functions:

• Select the experiment and the subject from the list of pre-recorded data files

• Select different situations (normal breathing, holding breath, breathing with move-
ment, breathing with fan on, breathing with water flow)

• Select data (data from radar system, data from belt, and data from ECG sensors)
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• Select window (rectangular window, Hamming window, Blackman window and so
on)

• Select shown panel:

– panel that compare with different situations (shown in Figure B.1)

– panel that compare the estimated rate with reference rate

– panel that compare data from different subjects

• select method to estimate breathing rate and heartbeat rate
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Appendix C

Approvals
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Figure C.1: Approvals-1
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Figure C.2: Approvals-2
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Figure C.3: Approvals-3
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