
Monitoring Breathing Using a Doppler Radar 

 

 

 
by 

 

Philip Tworzydlo 

 

 

 

 

A thesis submitted to the Faculty of Graduate and Postdoctoral 

Affairs in partial fulfillment of the requirements for the degree of 

 

Master of Applied Science 

 

in 

 

Biomedical Engineering 

 

 

 

Carleton University 

Ottawa, Ontario 

 

 

 

© 2016, Philip Tworzydlo  

 



 ii  

Abstract 

Correctional institutions are looking to adopt a non-obtrusive method for monitoring the 

vital signs of inmates in Canada. Doppler radar has been previously investigated as a 

potential method of vital signs detection and monitoring. This thesis presents an 

algorithm which uses the baseband output signal received by a Doppler radar to estimate 

the breathing rate from the detected motion associated with breathing. A reliability  

measure is provided with breathing rate estimates through the analysis of various signal 

quality indices. Results demonstrate that the algorithm is able to estimate the subjectôs 

breathing rate (with high reliability) when the subject is motionless and breathing 

normally (mean error of 6 breaths per minute). The algorithm cannot accurately estimate 

the breathing rate when the subject is moving or holding their breath (mean error of 21 

breaths per minute). During breath holds, it was found that the algorithm can likely 

estimate the subjectôs heart rate. 
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1    Chapter: Introduction  

1.1 Motivation  

In recent years, incidents of self-harm/injury and suicide in federal penitentiaries and 

correctional institutions have risen. Between 2007 and 2012, the cases of self-injury in 

Canada nearly tripled (with the most pronounced increase seen among female prisoners, 

and throughout correctional institutions in the Prairies) [1], [2], [3]. When an individual is 

sentenced to a correctional institution/prison, the institution has a legal duty of care to 

take positive measures to protect all inmates (especially those who are mentally ill or 

particularly vulnerable) from self-harm, dying or any abuse while under their custody [4]. 

The most common forms of self-injury seen in Canadian correctional institutions involve 

prisoners slashing their forearms, mouths and body cavities, burning, banging their heads 

and choking themselves behind bars [3], [4]. The most common methods of suicide 

include overdose of psychotropic drugs, antihypertensives, and pain medication, and 

hanging (suspended by a ligature) [5]. Hanging accounts for between 70 to 80 percent of 

completed suicides [5], [6]. Asphyxia is the main cause of death in hanging [5]. 

These types of incidents are a problem for correctional institutions as they bring to light 

their failures to protect inmates in custody, and their lack of comprehensive mental health 

needs assessments and treatment plans. These incidents lead to tarnished reputations, and 

place large burdens on the institutions such as increased litigation costs, and an increased 

need for continuous monitoring [7]. Current monitoring methods include security rounds, 

counts, and patrols where guards move cell to cell monitoring the conditions of inmates, 

and video surveillance. Both of these methods are not without issue. There are 

compliance issues related to the quality and frequency of security patrols, and poor guard 
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training can result in deficiencies in monitoring suicide pre-indicators, or failing to verify 

a living, breathing body [4]. Cameras have blind spots, may not be able to verify a living, 

breathing body (such as a person sleeping under a blanket), and introduce concerns 

related to privacy and over-reliance.  

An improved method of inmate monitoring is needed. This method should be capable of 

monitoring an inmateôs life or vital signs, should not impact the liberty and security of the 

inmate, and should be compliant with applicable policy and legal safeguards. This 

method should also be contactless since it will be used to monitor inmates who may be 

non-compliant (they cannot be made to wear any monitoring device and it should be kept 

away from them for safety reasons). This thesis examines the potential of a Doppler radar 

system for vital signs monitoring of inmates. The Doppler radar system is nonobtrusive 

and respects the rights of inmates. If an inmate is moving around the room, they are 

clearly alive. The Doppler radar system can potentially help to determine what activity 

the inmate is doing inside the room, but this is outside the scope of this thesis. 

Additionally, it will be difficult to estimate breathing rate when an inmate is moving, but 

given that there is a verification of liveness, a breathing estimate is not needed. Accurate 

breathing estimation during motion is also outside the scope of this thesis. 

1.2 Thesis Objectives 

The overall objective of this thesis is to investigate Doppler radar technology as a 

contactless method of vital signs monitoring for use in correctional institutions; in 

particular breathing detection. This thesis presents the following specific objectives: 

1. Implement an algorithm which estimates a subjectôs breathing rate from the 

Doppler radar output signal. 
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2. Develop and evaluate a signal quality index that can be used to quantify the 

reliability of the breathing rate estimate. 

3. Investigate and provide an objective analysis of breathing motion, and relate the 

breathing motion to the Doppler radar output signal. 

1.3 Summary of Contributions 

This thesis presents the following major contributions: 

1. Implementation and evaluation of a breathing estimation algorithm  

Doppler radar technology has been proposed as a method of vital signs monitoring for 

inmates in correctional institutions, and there is evidence of its ability to detect 

breathing motion. This thesis presents an algorithm which uses the Doppler radar 

output signal associated with a subjectôs breathing motion to estimate their breathing 

rate. To determine the accuracy of the algorithm, the breathing estimate from the 

radar output signal is compared to the signal from a RIP band. This algorithm is 

meant to serve as a baseline level of performance that future research can use to 

compare against. While this thesis focuses on the application of the radar technology 

in correctional institutions, the breathing estimation algorithm may be applicable in 

other areas requiring respiratory monitoring such as sleep apnea studies or infant care.  

2. Development and evaluation of a signal quality index as a reliability  measure of 

the breathing rate estimate  

Various SQIs (signal-to-noise ratio, magnitude squared coherence, and variance) are 

investigated to provide a reliability measure for each estimate. This reliability 

measure can be applied to an alarm system, sounding the alarm when the reliability is 
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high and the breathing estimate is outside a specified threshold, and preventing false 

alarms by ignoring estimates when reliability is low.  

3. Analysis of breathing motion using Vicon motion tracking/capture system 

Despite there being evidence that Doppler radar technology is capable of detecting 

breathing motion, very little is known about how different areas of the upper body 

move during breathing, and how this affects the radar output signal. To investigate 

the source of the radar breathing signal, an objective analysis of breathing motion was 

conducted using the Vicon motion tracking system. The effect of position was 

investigated as well as the effect of the subjectôs orientation relative to the radar. 

Results showed that position determines how much different areas of the upper body 

move during breathing, and that all recordings should be taken with the subject facing 

the radar unit. 

A portion of this research was disseminated in the following paper: 

Tworzydlo P, Chan ADC, "Spectral Analysis of Respiratory and Cardiac Signals Using 

Doppler Radar", World Congress on Medical Physics and Biomedical Engineering, 

Toronto, Canada, IFMBE Proceedings vol. 51, pp. 1034-1038, 2015. 

1.4 Thesis Outline 

The remainder of this thesis is structured as follows. Chapter 2 provides background 

information on the basic principles of radar technology, as well as biosignal data from the 

cardiovascular and respiratory systems. Additionally, Chapter 2 contains a literature 

review of the analysis of breathing motion and breathing patterns, and the application of 

radar technology in vital signs monitoring, specifically, contactless breathing detection 

and heartbeat monitoring. Chapter 3 outlines the methodology used throughout the course 
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of this thesis; providing specific information on the equipment and software used to 

perform the research. Chapter 4 discusses the I/Q effect of radar systems and investigates 

the need for I/Q demodulation in radar units for vital signs monitoring. Chapter 5 

presents the breathing estimation algorithm. Chapter 6 discusses the validation of the 

algorithmôs breathing estimates using various SQI. Chapter 7 provides an analysis of 

breathing motion and relates it to the radar output signal. Chapter 8 presents preliminary 

work with a repeatable motion system using a linear actuator. Finally, Chapter 9 

summarizes the contents of this thesis and proposes future work to further the research 

presented herein. 
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2    Chapter: Background 

This thesis investigates the use of a Doppler radar system for vital/life signs monitoring 

of inmates in correctional institutions. The aim of this thesis is to determine if Doppler 

radar can monitor breathing motion, and whether it can detect the small movements of 

the chest associated with the heartbeat, for the purposes of life signs monitoring. This 

chapter begins with a discussion on the lungs, heart, and data collection of respiratory and 

cardiac signals. Later sections provide an overview of radar principles, and discuss 

existing literature on the use of radar systems for detection and monitoring of life signs, 

and breathing motion. This chapter aims to provide a context which will help the reader 

understand the contributions presented in this thesis and the reasoning behind the 

approach that was used. 

2.1  Cardiopulmonary Signals 

2.1.1 Respiration 

2.1.1.1 The Lungs 

The lungs (Figure 2.1) are the principle organs of the respiratory system where the net 

diffusion of oxygen from air to blood, and the net diffusion of carbon dioxide from blood 

to air occur. The lungs are separated into two zones: 1) the conducting zone, through 

which fresh air is channeled for ventilation, and 2) the respiratory zone, the region where 

gas exchange with the blood occurs [8]. The conducting zone consists of the trachea, or 

windpipe, which branches to form smaller bronchi and even smaller bronchioles [8]. At 

the terminal bronchioles, air is channeled into the respiratory zone where gas exchange 

occurs across the walls of alveoli (small sac-like dilations) [8]. The upper body can be 

separated into a lower abdominopelvic cavity and an upper thoracic cavity (or thorax) 
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and during inspiration (inhalation) or expiration (exhalation), the volume of both the 

lungs and thorax change during breathing, increasing during inspiration and decreasing 

during expiration. Changes in thoracic volume are caused by the contraction and 

relaxation of skeletal muscles, the chief of these being the diaphragm, a dome-shaped 

sheet of striated muscle which curves upward into the thoracic cavity while at rest [8]. 

 

Figure 2.1 The lungs with key parts indicated [9]. 

2.1.1.2 Respiratory Signals and Motion 

Pulmonary function is often tested using a spirometer, a device which measures the 

amount of air inhaled or exhaled during breathing [8], [10]. Respiration can also be 

measured using a respiratory inductance plethysmograph (RIP) band around a personôs 

thorax, which is used in this thesis. Research has been done to analyse the motion of the 

upper body associated with breathing [11]-[21]. 

An optical reflectance system combining image processing and parallel computing were 

investigated as alternate methods for breathing analysis in [11] and [12]. A computer 

vision system (ELITE) paired with a television-image processor was proposed in [11] to 
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provide a kinematic analysis of chest wall and lung volume during breathing. Subjects 

had passive reflective markers placed at specific body landmarks, and were observed 

using four specially designed television cameras which recognized the markers and 

computed their two-dimensional coordinates [11]. Post-signal processing and analysis 

confirmed the methodôs ability to monitor the motion of the chest wall, and estimate the 

change in volume of the chest. Researchers in [12] assessed the previous optical 

reflectance system by comparing the systemôs estimates of the changes in chest wall and 

lung volume to values estimated using spirometry. There was good correlation between 

the two estimates which showed the systemôs viability for chest wall and lung volume 

analysis [12]. 

A similar system was presented in [13] which used image and signal processing 

techniques to extract chest and abdominal movement information. The only difference 

with this system was that it extracted the movement information from a sequence of 

video images recorded using a single camera. Subjects were recorded (different shirt 

colours and patterns were worn to determine if there was any effect on the accuracy) 

producing sequential images which were stacked, and a specially designed algorithm was 

developed to perform image subtraction between the current and previous images [13]. 

Movement information was extracted and a plot of the breathing signal was generated 

along with an estimate of breathing rate. When compared to more conventional methods 

of measuring pulmonary function, the proposed method generated accurate breathing rate 

results, confirming its effectiveness. No information was provided regarding the range of 

motion of the chest or abdomen during breathing. 
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In recent years, new instruments/devices have been proposed for measuring 

respiratory/breathing movement. Researchers in Sweden developed a Respiratory 

Movement Measuring Instrument (RMMI) [14], while researchers in Japan developed a 

Breathing Movement Measuring Device (BMMD) [15], [16]. These handheld devices 

make contact with subjects and have reported success and reliability in measuring 

breathing movement. The RMMI consists of six laser distance sensors held on two rods 

secured to a pole [14]. The rods and four of the sensors are moveable to account for 

differences in chest width and length. The BMMD comprises a syringe with a millimeter 

scale, angle gauge, a tension spring, a metal rod, a coupling part with a mark, and a 

discoid contact part with a ball joint [16]. Breathing movement is estimated from the 

position of the mark which moves on the scale through the discoid contact. 

Measurements were taken at specific observation points which included the third rib, and 

eighth rib. Different observation points were used in this thesis. 

Investigations into how different physical factors including gender, posture, and age 

affect breathing movement have been conducted using previously mentioned methods 

[14]-[17]. Results have shown that breathing movements do not change significantly with 

increasing age, and that men and women have similar breathing movements (though men 

experience greater abdominal movements during deep breathing) [17], [18], [19].  

Additionally, the contributions of the pulmonary and abdominal rib-cage, and abdomen, 

to the compartmental chest wall volume, change between standing, supine, and prone 

positions [20], [21]. The volume of the abdomen increases more when the subject is in a 

supine position compared to a prone position. 
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2.1.2 Heartbeat 

2.1.2.1 The Heart 

The heart (Figure 2.2) is the primary organ of the circulatory system responsible for 

pumping blood around the body. 

 

Figure 2.2 Basic anatomy of the heart [22]. 

The human heart has four chambers: the left and right atriums which receive blood from 

veins, and the left and right ventricles which pump blood into the arteries [8]. The right 

ventricle pumps blood into the lungs for pulmonary circulation, while the left ventricle 

pumps blood to tissues everywhere else around the body [8]. The heart also has two pairs 

of one-way valves: 1) the atrioventricular (tricuspid and mitral) valves, which separate 

the atria from the ventricles and only allow blood to move from the atria to the ventricles, 

and 2) the semilunar valves (aortic and pulmonary), which prevent blood from backing 

up into the ventricles from the arteries [8]. 
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2.1.2.2 The Electrocardiogram (ECG) 

The electrocardiogram is the electrical signal associated with the activation 

(depolarization and repolarization) of various locations across the heart [10]. Figure 2.3 

shows how the waveforms of action potentials in the different specialized cardiac tissue 

combine to form the ECG [22]. ECGs are recorded by attaching a minimum of two 

electrodes on either side of the heart (one on the left side of the body and one on the right 

side of the body) [10]. 

 

Figure 2.3 Electrophysiology of the heart and the resultant generation of ECG signal waveform [22]. 

The main components of an ECG are the P wave, QRS complex, and T wave [10]. Each 

of these components is associated with a specific electrical event in the heart. The P wave 

is produced by the depolarization of the atria, causing them to contract [10]. The QRS 

complex is produced when action potentials arrive at the ventricles, causing them to 

depolarize and the T wave is produced when the ventricles become repolarized [10]. 

2.2 Basic Radar Principles 

2.2.1 The Simple Radar 

Radar is an acronym for Radio Detection and Ranging. The principles of a primitive 

pulsed radar system (shown in Figure 2.4) are transmission, propagation, and reflection. 
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Figure 2.4 Radar block diagram. Adapted from [23]. 

The transmitter generates a pulse of electromagnetic energy, which oscillates at a 

predetermined frequency and duration. The pulse is then routed through the transmit-

receive switch to the antenna which then radiates the pulse out into free space. The pulse 

propagates at the speed of light, scattering from objects it encounters along the way [23].  

Parts of the scattered signal that return are collected by the antenna and routed through 

the transmit-receive switch to the receiver. The presence of the received signal can be 

discerned by the radar because the frequency and duration of the signal are the same as 

for the transmitted pulse [23]. Signal processing of the received signal involves 

enhancing the received signal, and removing or attenuating interfering signals [23]. The 

processed receive signal is presented to an operator on displays. 

Estimating the distance from the radar to an object is a primary goal of radar. This 

distance can be calculated using basic physics. The elapsed time from when a pulse is 

transmitted to when the received signal is detected is measured. The distance to an object 

can be calculated, given that distance is equal to half the product of the elapsed time and 

speed (speed of light).  
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Time delay can also be measured using range bins, or range zones [23]. A range bin is 

equal to approximately half the product of the pulse duration and the speed of light [23]. 

A received signal will arrive in a specific range bin based on its associated time delay. 

Radio waves occupy a section of the electromagnetic spectrum ranging from a few 

kilohertz to a few million megahertz, and the radar spectrum is subdivided into different 

subranges [23], [24]. The higher the transmitted frequency of the pulsed radar system, the 

better the range resolution; but higher frequency signals also experience greater 

atmospheric attenuation [25]. 

2.2.2 The Doppler Radar 

Doppler radars make use of the Doppler effect (Doppler frequency shift) to measure the 

radial velocity of a moving object. The Doppler effect is the perceived change in 

frequency or pitch of an electromagnetic wave such as sound due to the relative motion 

between the source and the receiver [24]. 

When an object is moving towards a radar with a certain velocity (time rate of change of 

range), its radial velocity equates to the velocity component in the direction of the radarôs 

line of sight (LOS) [23], [26]. The movement of the wave can be broken down into two 

segments, each producing a Doppler shift. As the wave travels from the transmitter to the 

object, the object will produce a Doppler frequency shift relative to its radial velocity, 

since the object will intercept more waves as it moves towards the radar [23], [26]. The 

second Doppler shift occurs as the wave travels from the object back to the receiver, 

since each wave that is reradiated from the moving object is reradiated at a point closer to 

the radar than the previous one [23], [26]. 
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Doppler radar systems typically use Continuous Wave (CW) radar devices which 

transmit continuous and unmodulated waves with a constant frequency and amplitude 

(can be considered as pure sine waves) [24]. The echoes or received signals from CW 

radars will have the same frequency (stationary targets) or frequencies shifted by a 

Doppler frequency (moving targets). Because of the continuous nature of CW emission, 

range information can only be extracted by modulating the transmit wave. The most 

commonly used technique is Linear Frequency Modulation (LMF) which implements 

timing marks in the transmit and receive waves [27]. By comparing the timing marks in 

the transmit and receive waves, Frequency Modulated Continuous Wave (FMCW) radars 

can measure target range. 

2.3 CW and UWB Radars 

2.3.1 General Overview 

With the advancement of microwave sensor technologies, a great deal of work in the 

research community has focused on using CW radars and Ultra-Wideband (UWB) radars 

for vital signs detection [28]-[51]. UWB radars transmit short pulses, with pulse duration 

on the order of nanoseconds, while CW radars transmit continuous waves [28]. Despite 

these differences, both types of radars can detect the movement of an object by 

measuring the Doppler shift from the received signal. CW radars without LMF 

capabilities, are considered more simple systems but, UWB radars have, by default, better 

range resolution [28]. In applications or clinical environments where multiple people or 

objects are moving in the same field of view as the target under observation, the range 

resolution of UWB radars means that measurements of the targetôs range and motion will 

not be degraded so long as the target can be discriminated from the other people/objects. 
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Spread spectrum systems have a transmitted baseband signal that is modulated with a 

wideband encoding signal, spreading the baseband signal over a larger bandwidth; much 

wider than the minimum bandwidth required to transmit the information being sent [29]. 

UWB radars operate as spread spectrum systems; UWB is simply a modulation technique 

which serves to spread the baseband signal over a larger bandwidth [29]. UWB systems 

differ from general spread spectrum systems because their fractional bandwidth is well 

above 25% [29]. 

Figure 2.5 shows a simple block diagram of the Pseudorandom Spread Spectrum CW 

Doppler radars (provided by K&G Spectrum) used in this thesis.  

 

Figure 2.5 Block diagram of the Pseudorandom Spread Spectrum CW Doppler radar used in this 

thesis. 

The radar produces the spread spectrum using a 10-bit Pseudorandom Number (PN) 

generator. The radar transmits a 24.125 GHz continuous wave out into free space which 

reflects off a target and is then received at the antenna. The received signal is mixed with 

a signal from the Local Oscillator (LO) to produce an intermediate frequency, and is then 

processed (i.e. passed through attenuators, filters, amplifiers, and a 16-bit analog-to-

digital converter). The digitized data are sent to the micro controller which sends the 
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demodulated baseband output signal to the communication interface. Throughout this 

thesis, the demodulated baseband signal is referred to as the (Doppler) radar output signal 

for brevity. 

2.3.2 Safety Concerns Related to Electromagnetic Radiation 

The increased use of microwave radiation in radar technologies warranted in-depth 

studies of the dielectric properties of various human tissues for safety analysis, and the 

evaluation of potential hazards to humans resulting from exposure to microwave 

radiation [30], [31], [32]. 

In [30], the then current state of knowledge of dielectric properties of tissues, based on 

data from the previous half century, was assessed, and gaps in knowledge were exposed 

in response to the need for such information in electromagnetic dosimetry. In [31], 

researchers measured the dielectric properties of human skin in the frequency range of 20 

ï 38 GHz. In [32], a novel database for biological tissues and organs was developed and 

comprehensive measurements systems were introduced. 

Because the electromagnetic waves/pulses emitted by CW and UWB radars are able to 

probe a human body, research was conducted in [33] to understand what is measured 

when a UWB radar is aimed at the thorax. As part of this research, a model was studied 

which considered the thickness, impedance, linear attenuation, and wave speed of six 

superimposed living tissues to be found by the UWB pulse while travelling through the 

human thorax from the skin to the heart [33]. Table 2.1 lists the electromagnetic and 

anatomical properties of tissue layers in the thorax. 
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Table 2.1 Electromagnetic and anatomical properties of tissue layers in the thorax. Adapted from 

[33]. 

 Impedance (Ý) Attenuation (dB/m) Speed (m/s) Thickness (mm) 

Air  376.7 0 2.998 x 108 10 

Fat 112.6 8.96 8.958 x 107 9.6 

Muscle 49.99 31.67 3.978 x 107 13.5 

Cartilage 58.16 31.93 4.628 x 107 11.6 

Lung 52.86 29.62 4.206 x 107 5.78 

Heart 49.17 38.71 3.912 x 107 - 

2.4 Applications of Doppler Radar Technologies 

Although the primary applications of Doppler radar technologies have been storm 

tracking, perimeter detection, and vehicle speed measurement (police speed guns), the 

same principle of detecting a frequency shift in a reflected/received radar signal can be 

used to detect small physiological movements non-obtrusively. This has many 

applications in both clinical and non-clinical environments including: 

¶ Search and rescue operations where people are people are trapped under snow 

(avalanches), earth, soil, and debris (earthquakes and other natural disasters) [34], 

[35], [36]. 

¶ In pediatric clinics to monitor Sudden Infant Death Syndrome (SIDS) [35]. 

¶ In sleep studies as a cost-effective solution for long-term monitoring of sleep 

apnea which does not affect or alter the daily/nightly rhythms of patients [34], 

[35].  

¶ Assessment of key parameters relating to cardiopulmonary activity, and as a 

potential substitute to conventional respiratory monitors in hospitals [34] , [35]. 

The remainder of this section reviews work done on the application of Doppler radar to 

vital-signs monitoring and also discusses advancements in technology and signal 

processing for the purposes of this application [37] ï [51]. 
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2.4.1 Vital Signs Monitoring with Doppler Radar  

2.4.1.1 Continuous Wave Radars 

A primary goal of sleep studies is to monitor the breathing rate and heart rate of a patient 

in order to detect potential sleep disorders. Ideally, these data should be monitored using 

nonobtrusive, contactless methods. Researchers in [37] sought to improve the monitoring 

of these vital signs and developed a 24 GHz medical CW radar. This novel method 

applied optical interferometry to a six-port receiver providing accurate detection and 

minimized hardware complexity [37]. Subjects were monitored lying down with the radar 

positioned on a table above them (the height was not specified). Following signal 

processing, the radar output signal was converted into the frequency domain using the 

Fast Fourier Transform (FFT). Results showed that the radar could accurately detect the 

breathing and heartbeat of a person, even at a distance of several meters. 

In [38], researchers performed similar experiments using dual 24 GHz radars installed 

between the bed bases and mattresses of elderly patients (with and without breathing 

disorders) to screen for Sleep Apnea-Hypopnoea Syndrome (SAHS). Their method was 

based on estimating the amplitude probability distribution of the microwave radar 

respiration signals. Results showed that the estimated amplitude probability can be used 

to screen for SAHS. Patients with breathing disorders were found to have a higher 

probability of apnea/hypopnoea occurrence than patients without breathing disorders, as 

expected. 

A 2.4 GHz CW wireless bio-radar sensor was designed and implemented in [39]. 

Because of its prevalence in wireless communication systems, researchers used signal-to-

noise ratio (SNR) analysis as a key design parameter and also took into consideration 
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signal power attenuation in the human body. To verify the performance of the bio-radar 

sensor, the output signal was compared to reference ECG and reference respiration 

signals (via chest strap) which were collected simultaneously from subjects asked to 

breathe normally while sitting down. The extracted respiration signals were similar to the 

reference signals, both having the same respiration rate but being slightly out of phase 

with each other. The heartbeat signals from the sensor and the ECG differed in terms of 

peak-to-peak interval but overall, it was concluded that the bio-radar sensor could detect 

and measure breathing and heartbeat accurately. 

CW radars have also been tested for monitoring the elderly, and those with less mobility, 

or long term health conditions, in their households. In [40], [41], a pervasive health care 

system was presented in which non-contact vital signs sensors were embedded in 

wheelchairs, beds, and walls, and the system was evaluated using several antenna types. 

Test were conducted on healthy volunteers who were seated and asked to breathe 

normally. The ability of the system to continuously monitor breathing and heart rates 

showed the viability of using such sensors for pervasive health care monitoring. 

2.4.1.2 Ultra -Wideband Radars 

Preliminary work was conducted in [42] using short-distance UWB radars for the medical 

application of measuring a patientôs heart activity and breathing. Advantages of using 

UWB radars as a measurement method compared to CW radars were listed and included: 

smaller device size, decreased electromagnetic radiation level, and increased resolution, 

which permits the measurement of heart and thorax motion separately. Tests in which 

subjects were standing still compared the radar output signal with ECG signal data as 

well as a medical cardiograph to quantify the accuracy of the radar measurements. The 
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correlation coefficient was calculated to be approximately 0.91 with an average error of 

less than 3%.  

Testing was also conducted to validate the radarôs ability to detect a live person 

concealed behind a non-transparent barrier. Subjects on the opposite side of a brick wall 

0.45 meters thick were asked to alternate between standing still and moving around the 

room [42]. A person moving and remaining stationary could be clearly seen from the 

time domain signals (large amplitude signals during motion and smaller periodic 

breathing signals while person was standing) and a breathing rate was evident in the 

frequency domain analysis [42]. 

Previous work with UWB radars focused on detecting cardiorespiratory signals and 

monitoring the movement of a single subject in a room, but because UWB radars have 

better spatial resolution than CW radars, they should be able to track multiple subjects in 

an environment. A low cost UWB radar sensor which could simultaneously localize and 

detect breathing of a human subject was presented in [43]. Three separate tests were 

conducted: detecting a single human subject, detecting two human subjects at different 

distances (approximately 1.5 meters down range of one another and 0.7 meters off to the 

side), and detecting two human at the same distance (both 2.5 metres down range of the 

radar and separated by 0.8 meters) [43]. In all the tests, the radar was able to accurately 

locate the position of the subjects and measure their breathing, which shows the viability 

of this method for vital signs detection in hospital monitoring and especially, in rescue 

operations. 

Another potential application of UWB radars is lung cancer radiotherapy as presented in 

[44]. In lung cancer radiotherapy, respiratory gating and tumour tracking help to deliver 



 21 

radiation doses straight to a tumour and minimize the irradiation of surrounding tissues. 

Since lung tumour motion is induced by respiratory motion (which is closely related to 

the external chest wall motion and abdominal surface motion), two miniature 2.4 GHz 

UWB radars were used to simultaneously monitor and measure the thorax and abdominal 

motions of subjects who were lying down. These demodulated signals were processed 

and combined to generate gating signals (amplitude and phase gating) to track tumour 

motion. Experimental analysis proved the reliability of using UWB radar for respiratory 

gating and accurate tumour tracking. 

2.4.2 Advances in Technology and Signal Processing 

Unwanted body movements can impact the signal reflected off a person and the detection 

accuracy. Mathematical modelling of the Doppler breathing signal can help develop and 

improve vital sign monitoring algorithms, such that they can predict a vital sign (radar 

output) signal being collected in real time, and reduce noise [45]. A mathematical model 

of the breathing signal was created in [45], comprised of three essential signals: 1) the 

displacement of the chest due to breathing (represented by four partial functions), 2) the 

displacement of the chest due to heart motion (considered as a sinusoidal wave), and 3) 

additive noise (white Gaussian noise). The results from the model were compared to 

reference data obtained from a 24 GHz CW Doppler radar and a respiratory transducer 

belt, and showed good agreement in both the time and frequency domains [45]. 

One element missing from above-mentioned model is the presence of random body 

movement. When a person is awake and lying down, they can remain still however, when 

that person is asleep, sitting, or standing, they are more likely to move randomly or sway 

from side to side. In [46], complex signal demodulation was studied with the goal of 
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eliminating false alarms due to random body movement in monitoring systems. 

Simulated results matched up with experimental results obtained from 7 GHz portable 

radars demonstrating that signal demodulation can be used for random body movement 

cancellation [46]. 

Researchers in [47] considered applications where moving radar systems may be used for 

mobile non-contact vital sign monitoring (e.g. unmanned vehicles as first responders). 

The movement of the radar as opposed to the subject under observation presents different 

and unfamiliar challenges with regards to vital sign detection. It was speculated that if the 

radar motion could be accurately tracked then the accuracy of vital sign measurements 

should improve [47]. Researchers tracked the movement of a 2.4 GHz radar unit using 

infrared tracking, and applied both Butterworth IIR and adaptive filters for movement 

cancellation [47]. The filtered signals were compared to breathing signals using a 

respiratory band and were found to match up well. 

Additional research has investigated alternative signal processing techniques to remove 

noise as well as improve sensitivity [48], [49], [50]. Wavelet transform (now often used 

in data compression, image processing, and electrocardiogram analysis) has been applied 

to CW radars to accurately detect heart rate without the need for filtering [49]. Efforts 

have also been made to develop more cost efficient and power efficient radar sensors 

using System-On-Chip RF transceivers, which can accurately detect motion under 

different modes of operation (CW, FMCW, and packet) [51]. 

2.5 Summary 

Doppler radar technology is capable of measuring the radial velocity of a moving object. 

Although Doppler radar has been primarily used for weather tracking and speed 
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detection, numerous studies have shown the viability of using continuous wave and ultra-

wideband Doppler radars to detect and monitor breathing and heartbeat in clinical and 

non-clinical environments. The accuracy of these methods have been confirmed using 

more conventional methods of breathing and heartbeat measurement (RIP bands and 

ECG respectively). Additionally, the low power output of these radars means that 

electromagnetic emissions can meet safety guidelines and have no adverse effect on 

people under observation. 
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3    Chapter: Experimental Setup and Equipment 

This chapter provides information regarding the experimental setup and equipment used 

for data collection and testing. 

3.1 Equipment 

3.1.1 Doppler Radar System 

The radar units in this thesis are pseudorandom spread spectrum CW Doppler radars. The 

use of these radars was a matter of convenience in that the choice of the radar was not 

optimized, but rather, it was supplied by K&G Spectrum. The main advantage of the 

K&G radars is that they use a 24.125 GHz operational frequency, which is consistent 

with previous investigations. Additionally, this operational frequency is an Instrument 

Scientific and Measurement (ISM) approved FCC band. The bandwidth of the radar is 

±200 MHz, which is wide enough to prevent the occurrence of dead RF spots within a 

cell, but narrow enough to be attenuated by a wall. Three different Doppler radar units 

(provided by K&G Spectrum) were used during the different rounds of testing. Different 

radar units were used based on their availability (the radar units were shared between 

Carleton University, the University of Ottawa, and K&G Spectrum) and because K&G 

Spectrum occasionally updated the software and firmware. 

The radars have a range up to 200 meters. Each radarôs range is split into smaller 

ñzonesò; their size based on the radarôs range resolution. The radars have two operating 

modes: 1) Scan, and 2) Dwell mode. In Scan mode, the radar collects data for all the 

channels (zones) it can collect from (10 for the case of the SR12003 radar unit) and 

samples the radar output signal at a rate of 147 Hz. In Dwell mode, the radar collects data 
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from one channel/zone and the radar output signal is sampled at a higher rate of 1471 Hz. 

The specifications of the K&G radars are listed in Table 3.1. 

Table 3.1 Doppler radar units used in this research. 

Radar 

Model 

Beam 

Width  

Range 

Resolution (m) 

Operating 

Frequency (GHz) 

Number of 

Zones 

SR12005 120 o x 5 o 3.00 24.125 50 

SR12003 120 o x 5 o 0.75 or 3.00 24.125 10 

SR2003 20 o x 3 o 0.75 24.125 10 

Figure 3.1 shows the SR12003 radar in its vertical and horizontal orientations. In the 

vertical orientation, the beam spreads more in the horizontal direction, as opposed to the 

horizontal orientation of the radar, where the beam spreads more in the vertical direction. 

 

Figure 3.1 The SR12003 radar unit in its vertical orientation (left) and horizontal orientation (right) . 

The Doppler radar units were all configured as shown in Figure 3.2. 
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Figure 3.2 Doppler radar system setup. 

KGScope software (version 2.52) was used to control the radar unit and record data. The 

KGScope software configuration for the data collection differed for the different rounds 

of testing. The specific configurations parameters for each round of testing will be 

explained in later sections. Figure 3.3 shows the configuration setup screen. For signal 

analysis, data collected using the KGScope software was converted to Comma-

Separated-Values (CSV) format using the GUI-based KGtoCSV tool (version 1.00) and 

then imported into Matlab. It should be noted that the time scale in the KGScope software 

was incorrect but since the data were converted and analysed in Matlab, this had no effect 

on the results. K&G Spectrum plans to resolve this time scale issue in a future release of 

the software. 
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Figure 3.3 KGScope radar configuration setup screen. 

3.1.2 Respiratory Inductance Plethysmography (RIP) Band 

In some tests, subjects wore a Respiration Inductance Plethysmography (RIP) band 

(model 0528 Piezo Respiratory Effort Sensor; Braebon Medical Corporation; Kanata, 

ON, Canada) which was used as a gold standard for respiration activity that the Doppler 

radar could be compared against. The RIP band (Figure 3.4) was placed mid-chest around 

the subject slightly below the armpits. 

 

Figure 3.4 RIP band for respiration data collection. 
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3.1.3 Electrocardiogram (ECG) Electrodes 

Some tests acquired the ECG from subjects, which was used as a gold standard for 

heartbeat activity that the Doppler radar could be compared against. In these tests, 

conventional Ag/AgCl surface electrodes (model MVAP-II; MVAP Medical Supplies; 

Newbury Park, CA, USA; Figure 3.5) were used. A Lead I ECG was acquired. Subjects 

had the electrodes placed on each wrist on the ventral side of the arm, and a ground 

electrode on the left ankle. Typically, in a standard Lead I ECG, the ground is the right 

leg, so the placement used in this thesis is not a standard Lead I ECG. 

 

Figure 3.5 Ag/AgCl electrodes for ECG data collection. 

3.1.4 Bioinstrumentation Amplifier and Data Acquisition Unit (DAQ)  

The ECG electrodes and RIP band were connected to an electrode connector box (Model 

F-15EB/B2; Grass Telefactor; Warwick, RI, USA). The connector box was connected to 

the Grass Telefactor M15LT amplifier system, which housed programmable quad 

amplifiers (model 15A54; Grass Telefactor; Warwick, RI, USA). The ECG signal was 

amplified with a gain of 2000 and a bandwidth of 1 Hz to 100 Hz. The RIP band signal 

was amplified with a gain of 200 and a bandwidth of 0.1 Hz to 30 Hz. The signals were 
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sampled at 1000 Hz, using a 16-bit analog-to-digital converter (model USB-6216; 

National Instruments; Austin, TX, USA) set to a ±5V input range. 

3.1.5 Vicon Motion Capture System 

The Vicon motion capture system at Carleton Universityôs Motion Capture Lab (Azrieli 

Pavilion Room 236) was used to collect data on the breathing motion of the upper body. 

The system is comprised of three main components: 1) the cameras, 2) the room, and 3) 

the markers. 

The six cameras in the Motion Capture Lab were Vicon MX40 cameras. Each camera has 

red LED lights that circle the front of the camera. These lights make up the cameraôs 

strobe, which emits infrared light to illuminate the reflective markers. Additionally, each 

camera has an onboard processor, which collects information from the sensor, processes 

it, and sends it in the form of compressed 2D data (containing only the grayscale 

reflections of the markers) to the network which links the cameras together, and then onto 

a program called Tarsus [52]. 

The floorplan of the Motion Capture Lab is shown in Figure 3.6. The dimensions of the 

room are 27ô x 38ô [52]. Since at least 3 cameras are required to accurately track a 

reflective marker, the subject must be located within the Field-of-View (FOV) of at least 

3 cameras. All reflective surfaces in the room have been removed or covered, such that 

the cameras should only pick up the reflective markers within their FOV. Additionally, 

blackout curtains have been used on the windows in order to block out any infra-red light 

from the sun. 
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Figure 3.6 Floorplan of the Motion Capture Lab at Carleton University (modified from [52]). 

The reflective markers (pictured in Figure 3.7) used were spheres (14 mm in diameter) 

with retroreflective tape on them. These markers had removable bases which were 

attached to subjects using two-sided tape. 

 

Figure 3.7 14mm reflective marker used in Vicon motion capture. 

3.1.6 Signal Processing 

Data were processed offline using Matlab (version R2014b; Mathworks; Natick, MA, 

USA). 
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4    Chapter: In-Phase Quadrature (I/Q) Testing 

4.1 Introduction  

Doppler radars transmit signals which are reflected off a target and are then demodulated 

in the receiver [53], [54]. According to Doppler theory, a target with a time-varying 

position but a net zero velocity (e.g. a stationary human body), will reflect the signal with 

its phase modulated proportionally to the time-varying target position [53], [55]. The 

breathing and cardiac activity in a stationary human body represent two sources of 

independent time-varying sources of motion with zero net velocity [54]. The largest 

reflection of incident radio frequency power occurs at the body surface (chest). 

Demodulating the phase information will provide information on the position of the chest 

from which, data on the movement and rate due to breathing and heart beat can be 

extracted [53], [55]. 

Problems arise when the same source in the radar is used for transmitting and receiving, 

relating to the periodic phase relationship between the received signal and the local 

oscillator (a clock responsible for timing of all radar operations) [23], [53], [54]. The 

received signal is mixed with the local oscillator signal, and the resulting baseband signal 

(see equation 4.1) is a function of residual phase noise and a constant phase shift, which 

is dependent on the nominal distance to the target [53], [55]. 

ὄὸ ÃÏÓ—   Ўɲ ὸ  (4.1) 

 ὼὸ ὸὥὶὫὩὸ ὨὭίὴὰὥὧὩάὩὲὸ         ɲ ὸ ὴὬὥίὩ ὲέὭίὩ         — ὴὬὥίὩ ίὬὭὪὸ 

When the phase shift is an odd multiple of ˊ/2, the optimum phase-demodulation 

sensitivity is achieved and the baseband is linearly proportional to the periodic chest 

displacement summed with the residual phase noise (see equation 4.2) [53], [55]. 
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ὄὸ  Ўɲ ὸ (4.2) 

When the phase shift is an integer multiple of ˊ, the null-demodulation sensitivity is 

decreased and the baseband output (see equation 4.3) is no longer proportional to the 

time-varying displacement [53], [55]. 

ὄὸ ρ  Ўɲ ὸ  (4.3) 

When the LO and received signals are either in-phase or 180 degrees out-of-phase, 

ñoptimumò and ñnullò points occur periodically with a target distance every quarter 

wavelength (ɚ/4) from the radar [53], [54].  The wavelength is calculated as follows: 

‗ ὧ
Ὢ  (4.4) 

ὧ ίὴὩὩὨ έὪ ὰὭὫὬὸ σὼρπ      ὥὲὨ   Ὢ ὶὥὨὥὶ ὧὥὶὶὭὩὶ ὪὶὩήόὩὲὧώ Ὄᾀ   [54] 

At null points, the signal power is low. Quadrature (or phase) detectors have two receiver 

channels which separate the received signal into in-phase (I) and quadrature (Q) channels 

which are 90 degrees out-of-phase from each other [23], [53], [55]. Quadrature detectors 

ensure that the signals will never be zero in both channels (at least one channel signal is 

not in the null point) [23], [53]. 

Ὅ ὃὧέί ɲ (4.5)   ὗ ὃίὭὲ ɲ  (4.6) 

Using the above equations, when the phase shift is an odd multiple of 90 degrees, the 

baseband signal of the I channel will be at an optimum, while the Q channel will be at a 

null point. Conversely, when the phase shift is an integer multiple of 180 degrees, the 

baseband signal of the Q channel will be at an optimum, and the I channel will be at a 

null point [54]. 
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Testing was done to investigate if there was a noticeable I/Q effect during data collection. 

The radars supplied by K&G spectrum do not currently have quadrature detectors, 

making them susceptible to these nulls. This is only a concern if the motion of interest is 

also small, since a large motion would move the detector in and out of the null point. The 

radar unit has a carrier frequency of 24.125 GHz, and therefore, has a wavelength of 

approximately 12.4 mm. This means that the distance between an optimum point and a 

null point is expected to be 3.1 mm (a quarter wavelength of the 12.4 mm wavelength). It 

is unclear whether the breathing motion would be large enough to move the detector in 

and out of the null point. Results from this testing can inform the need to include 

quadrature detectors in future radar units. The addition of quadrature detectors will 

increase the cost and complexity of design and implementation of the radar units; unless 

it is necessary, it should be avoided. 

4.2 Methodology 

The SR12005 radar unit was used for the testing described in this chapter. The radarôs 

operating frequency of 24.125 GHz implies a signal wavelength of approximately 12.4 

mm. 

4.2.1 Experimental Setup 

The testing was conducted in a Carleton University classroom (University Centre Room 

280), approximately 28ò by 47,ò where all the chairs and tables were moved to the sides 

of the classroom to minimize any potential interference and sources of reflection (see 

Figure 4.1). The subject was seated in a chair with a backrest 7 feet (measured from the 

front legs of the chair) from the SR12005 radar unit, optimizing recording in Zone 2; 

optimized by shifting the radar unit a few centimetres towards and away from the seated 
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subject until the signal amplitude appeared to be at its maximum. The radar was set to 

Dwell mode and oriented vertically so that the beam was spread across the width of the 

classroom (see Figure 4.2). 

 

Figure 4.1 Picture of measurement environment facing away from the SR12005 radar unit. 

 

Figure 4.2 Subject position and experimental setup of radar unit. 

4.2.2 Experimental Procedure 

A wooden board with millimeter markings was placed beneath the radar to accurately 

move the radar by small increments. For the first recording (i.e., the optimized position), 

the radar was placed on a marking which was deemed position 0 mm, and the subjectôs 

breathing was recorded for 30 seconds (zones 1-5 were monitored in scan mode). 

Subsequent recordings were conducted moving the radar in 1 mm increments, with the 




























































































































































