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Abstract

Contactless methods for measurement of physiological functions are highly
sought after in industry and medicine. Electromagnetic based monitoring
systems have shown to be a promising contactless technique for measurements
of physiological functions and diagnostics.

The purpose of this thesis is fourfold, first to review recent research
into the use of IR-UWB (impulse radio ultra-wideband) radar technology
for contactless measurements of heart rate. Second, clarification of
some technicalities related to the use of IR-UWB radar for heart rate
measurements. Third to document the signal-processing algorithm used for
heart rate measurements, and fourth to perform heart rate measurements
and to measure short term (1-2 hours) heart rate variability(HRV).

The signal-processing algorithm for heartrate measurements suggested is
fundamentally based on the use of the statistical technique; kernel principal
component analysis.
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Chapter 1

Introduction

Heart rate is, for the vast majority of evolved animals, the most critical
function for life. Technology for measuring heart rate with high accuracy
and ease of use is highly sought-after in medicine, industry, sport and leisure.
Recent years have seen a growing market and demand for contactless sensors,
and heart rate sensors are no exception — particularly Heart Rate Variability
(HRV) capable sensors, which is a long-term analysis of heart rate.

Since ancient time, the pulse of a human being has been recognized as
the most significant sign of life. Greek physicians and scientists were the first
humans to measure pulse rate systematically. The first person to measure the
heart rate was Herophilus of Alexandria, Egypt (c. 335–280 BC) he designed
a water clock to time the pulse. Nowadays, the pulse has become a vital
indicator in more than human medicine; it has also become an important
indicator of general health, fitness, wellbeing and performance in sports.
Both in ancient and more recent time, the most critical matter has been to
measure pulse reliably and accurately.

A considerable amount of measurement methods have been developed
over the centuries, and some, such as the electrocardiography procedure has
been incrementally advanced over that period of time; and is the most widely
used heart rate monitoring procedure in medicine today. Electrocardiography
is a method based on electrodes measuring electrical changes in cardiac
muscle tissue. Electrocardiography (ECG), as a heart rate measuring
method, was invented in 1895, and Willem Einthoven published the first
electrocardiogram, recorded on a string galvanometer, in 1902 [1].

The most common method for measuring heart rate in sport and leisure
is through pulse oximetry. Pulse oximetry is an optical measurement
of a persons blood oxygen saturation. Pulse Oximetry, as a heart rate
measurement method, was developed in 1972 and commercialized alongside
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the development of the light-emitting diode. Today, this technology is found
in most compact fitness monitors, watches, and in other wearables and items
such as clothes and phones. As well as being the most widely used in hospitals
besides electrocardiogram, often in the form of a probe applied on a finger.

Both ECG and pulse oximetry methods measure heartrate accurately,
but one major drawback of these two methods is that they both require
direct skin contact. Skin contact can increase the risk of infections or may
require continuous replacement of expendables. Therefore, development of
a method for valid contactless measurement of heart rate and HRV would
represent valuable progress, especially in human medicine [2], but also in,
e.g. veterinary medicine when measuring animals too small for conventional
equipment [3].

Contactless measurement of heart rate has been scientifically studied
for several years and has resulted in various innovative and promising new
methods. There are two main techniques commonly explored for measuring
heart rate in a contactless way. One method being imaging-based systems
such as thermal imaging and standard camera imaging, both looking for
subtle mechanical head movement as a result of a cardiac cycle. The
other is via time-of-flight (ToF) based systems. The primary ToF systems
being studied as a viable alternative to traditional measurement techniques
are laser-based systems such as optical-vibrocardiography and radar-based
systems such as pulsed or continuous-wave radar. Both these systems rely
upon transmitting a signal and then having a high-speed sampler measure the
time-of-flight of the backscattered signal. Compared to alternative methods
of contactless measurement of heart rate, UWB-radar provides signals with
high accuracy, satisfactory signal to noise ratio and high spatial resolution
when properly executed [4], [2].

However, a significant challenge within this research field has been to
distinguish heart rate from respiration, since both respiration and cardiac
activity produces chest movement [5]. Research has revealed that the
respiration process moves the chest 4 to 12 mm with frequencies between
0.1 Hz and 0.3 Hz, while the cardiac activity moves the chest 0.2 to 0.5 mm
[6] with frequencies between 0.7Hz and 3 Hz for an adult. Some exceptionally
fit people, and athletes may be outside this range.

One common way to eliminate movement due to the respiration process
is to let the subject hold their breath while measuring heart rate. A large
and growing body of literature [2], [5], [7], [8] has investigated this problem,
and several studies have been successful in measuring heart rate with radar
while the subject is holding their breath. Lee et al. [2] demonstrated that it
was possible to measure heart rate both in healthy subjects and subjects with
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atrial fibrillation when the subject was holding their breath. On the contrary
much of the current literature [9], [10], [11], [12], [13] on contactless heart rate
measurement using radar pays particular attention to and were successful in
measuring heart rate, with radar, while the subject was breathing normally.

Research on contactless heart rate measurement with UWB-radar can
be categorized into two groups. The first group is the research that seek
to present or validate a signal-processing algorithm for extracting and
monitoring pulses caused by cardiac motion in human subjects (e.g. [5],
[14]). The second group is the research that focuses primarily on heart rate
measurement and behavioral differences, e.g. different sinus rhythm between
subjects [2].

Much of the research to date, has tended to focus heavily on the signal-
processing algorithm and failed to specify in detail how the measurements
have been carried out. For instance, was the measurements carried out in an
anechoic chamber or in a regular room (i.e. a real-world setting)? In what
angles and distance where the measurement performed? Are the subjects
standing, sitting, or laying on the floor? Are the subjects relaxed or tense,
and so on? Another shortcoming in some of the studies is that they can
be relatively short in their description of the signal-processing algorithms
used for extracting the heart rate signals. This, in turn, can give the
reader a “rabbit-out-of-a-hat” experience when reading the research (i.e. they
unexpectedly produced the desired result, with little to no indication of how
they achieved it).

The goal for this thesis is to improve the understanding of contactless
heart rate measurements, through a literature review and a description of
IR-UWB pulse-Doppler radar. We also develop a signal-processing algorithm
for measuring hart rate, and collect data measuring short-term heart rate
variability. However, due to practical constraints, we cannot provide a
comprehensive literature review or overview of all the new and exciting
ways of contactless heart rate measurements. Rather, we have selected
and reviewed a few new and important studies and aim to contribute
to further development and testing of impulse-radio ultra-wideband pulse-
doppler radar, often abbreviated as IR-UWB pulse-Doppler radar or simply
IR-UWB radar.
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• First, this thesis intends to presentation a literature review of
recent scientific research on the use of IR-UWB radar technology for
contactless measurements of heart rate.

• Secondly, a clarification of some of the technicalities of using an IR-
UWB pulse-Doppler radar for heart rate measurements.

• Thirdly, documentation of a signal-processing algorithm used for
extracting heart rate measurements using an IR-UWB pulse-Doppler
radar.

• And finally, this thesis will briefly examine the way in which to measure
short term heart rate variability (HRV).

The theory part of the thesis is two folded. In section 2.1 on page 6 and
2.2 on page 9 we start with a presentation of facts about the physiological
functions of the heart. These chapters is written mostly for readers with a
background in electronics or similar technical fields. Further in section 2.3
on page 14 and 2.4 on page 24, we presents an overview of radiofrequency
electromagnetic radiation, radar and how radar can be used for contactless
heart rate measurements.

In chapter 3 on page 25, we give an overview of the recent literature on the
subject, focusing on how the researchers have performed the measurements,
and what hardware and software they have used. The “Systematic Literature
Reviewed Method” developed by Kitchenham and Carter (2007) structures
this work.

In chapter 4 on page 37, we presents hardware and hardware setups used
for the heart rate measuring experiment, conducted in this study. In chapter
5 on page 41, we go into details about the signal-processing algorithm used,
and how and why it was apprehended the way it was. In chapter 6 on
page 53, we focus on how the heart rate measurements in the experiment
performs, compared to a baseline ECG machine and a short-term HRV
analysis. Finally, in chapter 7 on page 61, we discuss the work carried out
and presents the conclusions and results of the thesis.
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Chapter 2

Background

The objective of this chapter is first to give a summary of the hearts functions,
broadly targeted at someone with a background in the field of electronics
and informatics, to whom this may be completely unfamiliar. As an element
of this introduction, there is given an outline of the history of heart rate
measuring, and an overview of what heart rate variability consists of.

Then we proceed to an introduction of contactless measurement techno-
logies, what is being explored as options for contactless heart rate measure-
ments, and after that some details concerning the most commonly explored
methods in modern science. This leads into an overview of electromagnetic
radiation and radio waves which are fundamental for the understanding of
radar.

At the end of this chapter, we will focus on the radar and its history,
which leads into an explanation of ultra-wideband, coherent radar, sampling,
signal to noise and eventually an introduction into how to measure heart-
rate using ultra-wideband radar. The intent is, therefore, to clarify some
of the technicalities of using an IR-UWB pulse-Doppler radar for heart rate
measurements.
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2.1 An introduction to human heart and
heart rate 1

The heart

The human heart is a muscular organ whose primary role is to function as
a pump in the circulatory system, its muscular walls contract, and ensures
a steady flow of blood throughout the human body. The blood that gets
pumped by the heart provides the human body with oxygen, nutrients and
removes metabolic waste. The human heart resides in the mediastinum, the
central compartment of the thoracic cavity. That is to say; the heart is
situated posterior of the ribcage in the centre of the human chest. The size
of a heart can vary from person to person, but generally, a normal healthy
heart is about the size of a clenched adult fist.

Since the heart functions as a pump, there is a cycle associated with the
operation of pumping. This pumping cycle is termed as a "cardiac cycle".
When organs and tissue in the body utilize oxygen carried in the blood, the
deoxygenated blood continuously flow back to the heart. Deoxygenated blood
flows in the two largest veins in the body, the superior and inferior vena cava.
The superior vena cava carries deoxygenated blood from the upper parts of
the body to the heart. The inferior vena cava carries deoxygenated blood
from the lower parts of the body to the heart.

The human heart is often categorized as being two-sided or consisting
of a right side and a left side when being described. The right side of the
heart consists of two chambers, the right atrium and the right ventricle. The
deoxygenated blood from the vena cavae flows into the heart’s right atrium,
called ventricular diastole. The right atrium works mainly to receive blood
as a buffer. The atrial then contracts, i.e. referred to as atrial systole; this
pushes the blood through the tricuspid valve and into the right ventricle.
All the valves can be thought of as one-way valves for simplicities sake, as
in they only allow the blood to flow through in one direction (in a healthy
heart). Once the right ventricle gets filled with blood, the right ventricle
begins contracting, i.e. referred to as the ventricular systole. The blood flows
past the pulmonary valve, and towards the lungs. Once in the lungs, the
blood flows through tiny blood vessels called capillaries, where the blood
exchanges carbon dioxide for oxygen. The now oxygen-rich blood flows back
towards the heart in the pulmonary veins.

1This section is based on the works by U.S. Department of Health and Human Services,
National Institutes of Health, National Heart, Lung, and Blood Institute [15]
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Figure 2.1: A cross section of a human heart.

Oxygen-rich blood flows from the pulmonary veins, into the left atrium,
through the mitral valve and into the left ventricle. From there, the left
ventricle contracts and the blood flows through the aortic valve and into
the aorta (the largest artery in the body, which it carries oxygenated blood
throughout the body). That is a description of a complete cardiac cycle.
However, it is worth noting that both the right and the left side of the heart
work synchronously, both atriums contract simultaneously and the ventricles
contract nearly simultaneously.

The movements caused by the cardiac cycle propagates through the chest,
causing a displacement of the chest between 0.2 to 0.5 mm [6] anterior to the
heart.
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Heart rate

Heart rate refers to the rate of cardiac cycles per minute, often called heart-
beats per minute (bpm). The rate at which the heart beats; is dictated by
the current needs of the body — needs such as more oxygen and excretion
of carbon dioxide. Activities that can cause a change in heart-beats include
but are not limited to: exercise, drowsiness, emotions/anxiety, stress, illness,
medication, body temperature and surrounding temperature, dehydration
and more.

The part within the body that regulates and control the heart and heart
rate under normal conditions is called the cardiac conduction system. The
cardiac conduction system is made up of three parts, the sinoatrial (SA)
node located in the right atrium of the heart, the atrioventricular (AV) node
located close to the tricuspid valve and lastly the His-Purkinje system located
along the walls of the hearts ventricles. This system is, for the most part, an
electrical system, often referred to as the electrical conduction system.

Each beat of a human heart is set in motion by this electrical conduction
system, in a normal healthy heart, it begins in the SA node. The SA node
causes an electrical impulse spreading across the cells known as myocytes
of the right and left atria, causing them to contract. The impulse travels
to the AV node near the ventricles; there it slows for an instant to allow
the ventricles to fill with blood. Once the ventricles are filled, the impulse
is released and travels along a pathway called the bundle of His. From the
bundle of His the signal divide into the left and right Purkinje fibres. The
Purkinje fibres connect directly to the cells in the walls of both ventricles,
causing them both to contract almost simultaneously (i.e. the left ventricle
contracts an instant before the right ventricle).

At rest, the SA nodal myocytes depolarise at a regular rate of 60 to 100
beats per minute, which is considered normal for an average adult.
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2.2 Heart Rate Measurement
The history of heart rate measurement

The first written description of heart rate is found as fragmentary writing by
the Greek physician Herophilus (c. 335–280 BC) who spent the majority of
his life in Alexandria, Egypt [16]. Although the majority of his work is now
lost, he has been quoted in the works of other authors. These fragmentary
quotations suggest that Herophilus was the first person to measure heart
rate by timing the pulse using a water clock or clepsydra [17] [18]. The
first person to understand that contractions of the heart cause the pulse is
believed to be the Greek physician Rufus of Ephesus (c. 70–110 AD) [16].
However, it is believed that the most influential pioneer in the measuring of
heart-beats is Galen of Pergamon (c. 131-200 AD) [16]. His works on pulse
ruled medical practice and study for close to sixteen centuries through the
middle ages and renaissance. In the early eighteen century, the advent of
more advanced time measuring instruments made it possible for physicians
to get quantitative evaluations of heart rate. By the late nineteenth and early
twentieth century Willem Einthoven (1860–1927) made the most significant
discovery in heart measuring technology. Einthoven measured accurate
variations in electrical current using a string galvanometer, also known as
the Einthoven galvanometer. This galvanometer became the first practical
electrocardiography (ECG). Einthoven was awarded the 1924 Nobel prize
in Physiology or Medicine for his work [1] [19] and electrocardiography is
still the primary heart rate monitoring procedure in medical applications,
although with vast technological improvements over the decades.

In general modern medical instruments often sacrifice size and practicality
for precision and reliability. Usually by measuring the electrical activity of
the heart with electrodes placed strategically all over the body (ECG) or
optically at places like fingertips and earlobes while being tethered to a
machine (pulse-oximetry/photo-reflectance). ECG machines in a medical
setting have to withstand Defibrillation being performed on a patient,
Electrostatic discharge (ESD) protection for tens of thousands of volts and
common-mode interference, to name a few. Medical instruments can also be
quite sensitive to body movements like walking or running because of the
small voltages measured across the body and the very sensitive low noise
circuits utilized. They are, therefore, frequently not suitable outside of a
hospital environment or unless qualified health professionals are operating
them.

In recent years fitness tracking platforms have become available for
consumers, many with built-in sensors for measuring heart rate with a
reasonable level of accuracy. Their downside is that they often have minimal
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battery life when set to track heart rate and require regular recharging for
that reason. Some variants use straps around the chest, which could lead to
discomfort for the user and are not suitable for everyday wear or during
sleep. Other trackers use technology such as pulse-oximetry by shining
powerful light-emitting diodes(LEDs) in combination with photodiodes. The
LEDs transilluminates the tissue, and the backscattered light is detected by
the photodiode to determine pulse. This is what is most commonly used
in fitness watches, and it can also be found on some smartphones. The
downside is that devices such as fitness watches usually only have space for a
tiny battery so it can fit the other electronics. Pulse Oximeters also require
specific placement on the body to get correct measurements, ordinarily the
wrist, fingertips or earlobes. Because of limited energy density in modern
mass-produced batteries, it is only possible to measure pulse for a couple of
hours continuously. The way this is usually solved is by only measuring pulse
snapshots to save energy and calculate the heart rate variability.

With this growing trend of heart rate measuring technologies becoming
more accessible there is also a growing interest in improving and advancing
today’s technology, and to develop new technology. A key aspect of modern
heart rate measuring is being able to calculate the heart rate variability as this
solves some of the aforementioned problems. Such as power consumption,
long term analysis and problems regarding statistical outliers.

Heart rate variability

Heart rate variability (HRV) is the physiological variation in the time between
heart-beats. It is often visualized as the time between two heart-beat peaks
on an ECG measurement (QRS complex which looks like a spike in the
electrocardiogram).

There are generally two commonly used approaches to measure heart
rate variability in a clinical setting, a time-domain and a frequency-domain
approach. Time-domain approaches rely on a beat-to-beat interval, meaning
the time between each cardiac cycle of the heart. Otherwise known as the R-
R interval or beat-to-beat interval, this is the time in milliseconds or seconds
between each QRS complex. This approach makes it possible to look at the
standard deviation of the beat-to-beat interval over a specific time period,
such as 24 hours or shorter periods of time, usually more than 5 minutes.

The frequency-domain methods assign bands of frequency to the beat-to-
beat intervals. When using the frequency-domain methods HRV is usually
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grouped into very-low-frequency (VLF: 0.003–0.04 Hz), low-frequency (LF:
0.04–0.15 Hz) and high frequency (HF: 0.15–0.4 Hz). The most common way
to transform HRV from the time domain to the frequency domain is with a
discrete Fourier transform. Transforming the signal to the frequency domain
makes it possible to map HRV values to a frequency spectrum, showing the
power spectral density(PSD) of HRV.

A healthy hearts beat-to-beat fluctuations should be chaotic by math-
ematical definitions [20]. The reason for this is because the heart needs to
be able to rapidly re-adjust with changes in the environment and physical
activity. HRV can be used as an indicator of the response to the autonomic
nervous system(ANS), which in turn can indicate stress, drowsiness, and re-
lated factors. The autonomic nervous system(ANS) is made up of two subdi-
visions, the sympathetic nervous system(SNS) and parasympathetic nervous
system (PSNS). There is also a strong relation between LF/HF HRV ratio
and a persons fatigue level [21], meaning HRV could be used to determine
drowsiness.

However, finding stress biomarkers is more challenging as there is no
consensus on what defines stress. A general definition characterizes stress
as a maladaptive state in which the sympathetic nervous system(SNS)
is overactivated, causing acute or chronic physical, psychological, and
behavioural impairment [22]. Still, there is no universally sanctioned
definition of stress. Regardless, HRV seems to be a sensible choice.
Contemporary neurobiological evidence suggests that HRV is influenced by
stress, supporting its use for the objective assessment of stress [23]. It is
therefore entirely likely that HRV in combination with respiration can be
used as a good foundation for measuring and estimating stress.

Contactless heart rate measurement

Contactless measurements of heart rate and HRV could be a valuable tool
in a clinical or home care setting where it is a need for measurements with
clothing on, or with subjects where it might be impractical or impossible
to attach electrodes. Some easily imaginable examples of this might include
a newborn child, severe burn victims, people with rare and sensitive skin
conditions or even small animals in a veterinarian setting.

As previously described in section 1, there are principally two ways
commonly explored in science today for measuring heart rate in a contactless
way.
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• Imaging-based systems

– RGB imaging-based monitoring systems

– Thermal imaging-based monitoring systems

• Time-of-flight (ToF) based systems

– Laser-based monitoring systems

– Electromagnetic-based monitoring systems

• In addition to these two, there are also more uncommon methods (i.e.
not explored in this thesis)2

– Magnetic induction-based monitoring systems

– Ultrasonic-based monitoring systems

– HR from human speech

– Capacitively coupled electrocardiography 3

Even though they are numerous different ways to measure heart rate in a
contactless way, they share a common characteristic. All aim to measure the
displacement or movement of the body as a result of a cardiac cycle. Some
do it directly by measuring the natural movement of the chest as a result of a
cardiac cycle. The other way is more indirect by measuring various separate
actions associated with the movement of blood in large veins around the
body as a product of a cardiac cycle. These actions include actions such as
head movement and changes in skin tone amongst others. It should also be
noted that all of these contactless ways of measuring heart rate are directly
influenced by the subjects healthy condition and measuring-position (sitting,
supine, prone or sideways to the sensor). We believe other factors such as
gender, age, body shape and weight will most likely also play a critical role.

Image-based systems primarily work by looking for head movement
related to cardiac activity. Head movements as a result of cardiac activity are
small and combined with a variation of other involuntary related movements4.
When a heart beats, blood gets pumped up to the head. The blood passes
through the carotid arteries on either side of the neck. When blood passes
through the carotid arteries, there is an acceleration of involuntary vertical
head movement that is determined to be around 5mm [23]. The measurement

2It is possible to read more about these measurement methods in the review by Kranjec
et al. [4].

3Used in conjunction with CW Radar in a recent paper by Castro et al. [24], for
contactless heart rate measurement.

4This has also been used in conjunction with radar for measuring heart rate in a recent
paper by Sakamoto et al. [25].
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of this movement is often combined with the colour change of the skin on
the face as blood passes through with standard imaging-based solutions or
thermal changes in thermal cameras. Downsides to image-based solutions
are the requirement for a well-lit environment and the subject being in focus
for the imaging to work (i.e. with thermal cameras being the exception).
Moreover, the negative connotations some may experience by having a
camera pointing at them, especially in a clinical setting. The pros being
that cameras are readily available, affordable and exist in many suitable
form factors.

Laser-based systems mostly rely on optical vibrocardiography and laser
Doppler vibrometry. Much like electromagnetic systems, laser-based systems
work on the principle that there is a detectable movement of the chest during
a cardiac cycle. The pros of a laser-based system are that they can be precise.
With only a laser dot pointing at a specific location, there is no need to
consider what is in the background. One of the downsides to a laser-based
system is its inability to work through clothing. The penetration depth of a
laser beam is minimal. In some experiments, they work around this clothing
problem by pointing the laser at the carotid arteries on the neck. However,
laser near the face of a patient carries with it its own set of risks associated
with eye damage.

The last being electromagnetic-based monitoring systems. Specifically,
the use of radar for measuring heart rate. The operating principles for
radar get explained in the next chapters, so it will not be summarised
here. Nonetheless, some pros of using radar are the potential to easily
measure more than one subject at a time with a single radar. Its increased
penetration depth for measure through materials such as clothing or walls.
Privacy concerns some might have with imaging systems are reduced. Lastly,
there are fewer safety concerns associated with other systems (especially laser
systems). Some cons of radar, they are susceptible to unwanted movements
and directionality of the subject to get accurate measurements.
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2.3 An introduction to radio waves and
radiowave technology

Radio waves and radiowave technology

In the beginning, scientists used a variety of names for radio waves (e.g.
"Hertzian waves" and "ether waves"). Around 1888, Heinrich Rudolf Hertz
demonstrated that electromagnetic waves radiated across the "ether" at the
speed of light. Today we measure the frequency of electromagnetic waves
in the unit bearing his name. However, at the time of its discovery, Hertz
declared the findings to be "of no use whatsoever" [26].

Radar is a system using radiowave and microwave signals often abbrevi-
ated as radio-frequency radiation (RFR) or just RF (Radio Frequency). RF
signals typically range in wavelengths of one metre to one millimetre. Mi-
crowaves are categorized as being in the range of 300 GHz (1 mm) to 300
MHz (1 m) and Radio waves as 300MHz to 3kHz (100 km)[27].

Radio waves are a type of nonionizing electromagnetic radiation, meaning
they do not have enough energy to separate electrons from atoms or
molecules, ionizing the molecules. There is not enough energy to break
chemical bonds which would cause chemical reactions and DNA damage.
Since radio waves are not harmful, it makes them ideal for many types
of communication applications, wireless networks, broadcasting, radar and
potentially the use of radar for contactless measurement of heart rate and
other vital signs.The main effect on materials that absorb radio waves is
to be heated, similarly to the infrared waves radiated by sources of heat,
except radio waves and microwaves penetrate deeper than infrared waves.
This property of microwaves and radio waves makes it excellent in the field
of medical therapy and some inventions like microwave ovens.

Radio waves are generated artificially by a transmitter (abbreviated as
TX) and receivers pick up radio waves (abbreviated as RX). There are also
naturally occurring radio waves, most notably from astronomical objects
which are explored in the field of radio astronomy.Radio waves move at the
speed of light in a vacuum and close to this in the air [28], they also possess
the ability to partially pass through many types of materials making them
ideal for transmitting information without a wire. Historically the main
application has been Radio transmission.

For materials that are non-magnetic, including body tissue and air, the
magnetic permeability is approximately equal to that of free space

µ0 = 4π ∗ 10−7H/m (2.1)

The dielectric constant of most materials is expressed as ε = ε′ − jε′′
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Figure 2.2: Showing the relative permittivity of tissue as opposed to air.

where ε′ expresses the propagation and the complex part jε′′ expresses the
dissipation of energy in the given material. The dielectric constant of a
vacuum (commonly called vacuum permittivity) is equal to

ε0 ≈ 8.8541878128 ∗ 10−12F/m (2.2)

Most materials are described relative to a vacuum as

ε = εrε0 = (ε′r − jε′′r )ε0 (2.3)

This can be used to calculate the different relative permittivity of body
tissues [29] as seen in figure 2.2. The fact that different biological tissue
has different dielectric properties also implies that radar could be used for
medical imaging in the future, also known as impedance imaging or electrical
impedance imaging [30].

This shows the difference between the dielectric constant of body tissue
and air and thus why the body should be a pretty good reflector or RF
signals. It is also possible to calculate the skin depth δ. Skin Depth is a
measure of how closely electric current flows along the surface of a material
(i.e. in this context the depth an electromagnetic wave propagates within a

human body) and is defined as δ =
√

ρ

πfµ
, ρ is the resistivity of the material

in ohms/metres and f the frequency of the current. However, it is possible
to rewrite the equation for skin depth as δ = 1/

(
σ

2

√
µ

ε

)
(2.3) where σ

denotes the conductivity of human body tissue. Using the calculations found
in [31] for conductivity, permeability and permittivity at around 6.8GHz it
is possible to find the skin depth of human skin to be 4.9mm, muscle to be
3.5mm and bone to be 0.8mm. Using equation 2.3, we can calculate that the
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power is only 0.25% of its initial value at a depth of 3δ. If an RF wave passes
through skin thinner than 3δ and assume that there is no backscattering at
the boundaries between skin, muscle or bones the majority of RF-power is
absorbed by muscle and bones [10]. Meaning it is quite possible the lungs
and heart are exposed to little or no energy using UWB radar, even though
RF waves are a form of non-ionizing electromagnetic radiation this is an
important consideration in a biomedical setting.

Radar principles and the history of radar

The name Radar is a shortened form of "Radio Detecting And Ranging" and
as the name implies radar is used to detect the presence of objects and to
determine their location in terms of range (modern radar also detect angle).

In principle, radar operates very similarly to sound wave reflection. A
radar transmits an electromagnetic wave (RF signal), and listen for echos
reflected (backscattered) inside the aim of the radar. Much like sound waves
would reflect in an echoey hall. Since we know the speed at which RF signals
propagates through the air, we can estimate range based on the time it takes
for the RF signal to travel to and from an object.

No person or nation singlehandedly invented radar and can claim they
did it; instead, it is more relevant to list a couple of milestones of radar
technology when looking at it from a historical perspective.

• 1865: James Clerk Maxwell (1831 - 1879) published "A Dynamical
Theory of the Electromagnetic Field" demonstrating that electric and
magnetic fields travel through space as waves moving at the speed of
light (Maxwell James Clerk, 1865)[32].

• 1886: Heinrich Rudolf Hertz (1857 - 1894) conclusively proved the
existence of the electromagnetic waves theorized by James Clerk
Maxwell [28].

• 1904: Christian Hülsmeyer (1881 - 1957) use an early form of pulse
radar to detect metal ships in dense fog and applies for a patent in
Germany and the United Kingdom (Germany Patent No. DE169154C,
1906) [33].

• 1922: Albert H. Taylor (1879 - 1961) and Leo C. Young (1891 - 1981)
of the Naval Research Laboratory manage to locate a wooden ship with
the use of radio waves [28].

16 CHAPTER 2. BACKGROUND



Øystein Magnus Sørebø

• 1930: Lawrence A. Hyland (1897 - 1989) of the Naval Research
Laboratory locate an aircraft for the first time with the use of radio
waves [28].

• Pre and Post WW2: Researchers in the UK, France, Germany, Italy,
Japan, the Netherlands, The soviet Union and the United States all
recognised the potential of Radar technology and worked in secrecy to
develop the technology that would ultimately lead to the modern radar
[34].

Historically the earliest applications for radar was ship and aeroplane
detection. In modern times these are still some of the main applications
for radar, although in recent years there have emerged some new uses.
Examples of these new applications for radar include ground and snow
penetrating radars, radar for automotive applications, geological surveying,
radar for weather forecasting and other meteorology applications, satellite
radar systems, synthetic aperture radar (SAR) for 2D and 3D imaging and
radar astronomy to mention some.

Most historical uses of radar have required large transmitters and
receivers, often so big they have to be mounted to truck if movable or the size
of a house if stationary. Most of the recent advancements of radar have come
as a result of the increasing portability and computational power of modern
microelectronics, and because of these advancements, it has been possible to
make radars with a much smaller footprint than conventional radar systems.
Small enough to fit as a sensor in a car or small enough to fit in the palm
of one’s hand. This is where medical radars are often situated, on the small
form factor end of the scale. Frequently in the form of "miniature radars",
with a few metres range instead of kilometres and transmission power of a
few milliwatts instead of kilowatts.

The two primary radar systems most often described in textbooks or
radar-courses are pulsed radar and continuous-wave radar (CW radar). In
short, pulsed radars send out an RF pulse or impulse, and measure time
to calculate distance. CW radars transmit an RF signal continuously. CW
radars are mostly used by measure speed if the signal is backscattered from
a moving object the speed can be calculated by measuring the difference
between the observed frequency and the emitted frequency (i.e. the Doppler
shift).

There are two commonly used forms of radar technology for heart rate
monitoring, frequency-modulated continuous-wave radar (FMCW radar) and
pulse-doppler radar (A combination of CW radar and pulse radar). CW
radars transmit a signal which is constant in amplitude and frequency. The
result of this is that CW radars have no resolution in range. Instead, FMCW
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Figure 2.3: Showing the most common frequency band designations.

radars are used when measuring heart rate. The continuous signal of an
FMCW radar is modulated, often in the style of a triangular wave. When
ranging with FMCW radars distance is calculated using R =

c0∆t

2 where R
is the distance to an object, ∆t is the time difference of the sent and received
modulated signal.

Pulse-doppler radar, on the other hand, measures range conventionally,
but also velocity by utilising the phase shift of the received signal. The
Doppler processing is done by coherently measuring the phase shifts across
many pulses, and the range is estimated by binning the returns of the
individual pulses by their time of arrival, which is proportional to the range.

Another detail that is important to keep in mind whenever there is a
discussion of radar is the terminology used when talking about the radio
spectrum. Currently, there are 3 standards for radio bands, the IEEE
designations, ITU designations, and the EU/NATO/US-ECM designations.
These frequency band designations and their name are best shown with a
figure such as 2.3.

Ultra-Wideband and some background

Ultra-wideband (UWB) impulse radar systems transmit signals across a
vast frequency range for commercial devices, much wider than conven-
tional narrow-band radar systems and carrier wave transmissions in the
same frequency band. 3.1 GHz - 4.8 GHz & 6 - 8.5 GHz in the EU and
3.1 - 10.6 GHz in the U.S.

This wide range offers a high spatial resolution and makes it easy to
perform time gating on the signals. The tradeoff is that the signals are
also much weaker than conventional systems, hence more challenging to
detect. The emission levels of UWB radars are kept lower than the allowed
unintentional radiated emission for electronics which is −41.3dBm/MHz

EIRP (75nW/MHz) such as televisions, and computer monitors might
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radiate. Effective Isotropic Radiated Power (EIRP) is the power in watts
that would have to be radiated by a hypothetical isotropic antenna to give
the same radio intensity as the source at a distance within the main lobe of
the antenna. In other words, it takes into consideration a antennas ability
to direct its power, and not just the total power.

Most pulse-based UWB systems use a pulse that is very short in time.
Like most books taking on any time-frequency analysis explains, there is a
relationship between a signal in time and its bandwidth. Out of curiosity,
this can quickly be shown with a Fourier transform of a unit impulse (A unit
impulse is an idealized impulse that is zero everywhere except at the origin,
where it is infinite). If we look at the shifted impulse f(t) = δ(t− τ ) and do
a Fourier transform we get G(f) = ={δ(t− τ )} ⇒

∫∞
−∞ δ(t− τ )e−j2πftdt =

e−j2πτf which is nonzero for all f , −∞ < f <∞, that is δ(t− τ ) "contains
all frequencies". An impulse like this is theoretical, but it is interesting to
note that a pulse that is short in time contains a wide array of frequencies.
In other words, it has a broad frequency content.

The way these short spikes are often made in impulse UWB radars are
with Gaussian pulses, specifically a Gaussian derivative. The specific impulse
would be tailor-made for a radar application such as what bandwidth the
radar is constrained by and where on the frequency spectrum the bandwidth
should be centred, this also affects different factors such as the antenna size,
the higher the frequency, the smaller the antenna can be, but the tradeoff is
that signals lose penetration depth and range as the frequency increases.

There are two fundamental principals that are key to understanding
how we can use UWB Impulse Radar for measuring heart rate. That is
understanding the challenge of sampling a weak signal and how to sample a
signal moving at close to the speed of light at very short distances.

For an impulse-based UWB radar to transmit and receive a signal
at levels below -41.3 dBm, some considerations have to be taken into
effect. The received signal at target from a radar can be expressed as:

received signal at target =
PtGtGrλ

2

(4πR)2 . When a signal hits a target, the

target intercepts a portion of the power and reradiates (backscatter) a portion
in the direction of the radar. The amount reflected is given by the Radar
Cross Section (RCS), which is a consideration of many factors such as size,
shape, material, orientation, frequency and more. The effective captured
area at the receiving end of the radar is equal to RCS(σ). For the reflected
signal from the target we can express it as: reflected signal from the target =
PtGtλ

24πσ
(4πR)2λ2 . Knowing this we can describe the peak power at the radar
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receiver input as a combination of these equations as

Pr =
PtGtGrλ

2σRCS
(4π)3R4 (2.4)

This gives the received power Pr as a function of the transmitted power Pt.
G is the antenna gain in the direction of the target. λ the wavelength, and
σRCS being the radar cross-section of the reflected target and R the range.

Coherent Radar and space-time processing

As mentioned, UWB offers a high spatial resolution. Spatial resolution is the
measure of the smallest object that can be resolved by a sensor. In terms
of radar, it is the radar’s ability to distinguish between two targets in range
or bearing. When an RF signal hits a target, the scattering wavelength is
one half the transmitted wavelength, meaning that backscatter occurs when
objects have a size of approximately half the RF wavelength (constructive
interference). The wavelength is equal to λ =

c

f
→ 299792458m/s

7.5GHz ≈ 4cm
then half would be 2cm meaning that at 7.5GHz, there is backscatter when
objects are in the size of 2cm (where 7.5GHz is ≈ the centre frequency of
the lower bandwidth to the radar used in this thesis). Pulse-doppler radars
with a large bandwidth also posess the inherant strength of time gating to
distinguish objects in space, where time gating means the ability to distinuish
between backscattered pulses in time to seperate objects in distance.

Now, this is fine in a conventional radar where one may want to
distinguish between two large aeroplanes. Moreover, it is fine in the sense that
the radar is able to distinguish between two people in the same space, but
we have already established that the chest only moves 0.2-0.5mm. Nowhere
close to the radars spatial resolution, the radar would have to operate at
> 600Ghz to achieve sufficient spatial resolution (i.e. into the far-infrared).
This is where one of the many difficulties lie. To explain further, we first have
to establish some space-time processing concepts and go over what "coherent
radar" is.

A convenient way of conceptually representing space-time signal pro-
cessing for radar is with a "radar data cube". The data from the radar is
arranged in a three-dimensional matrix of size K by N by L where K defines
the length of the "Fast Time" dimension, N defines the length of the "Spatial"
dimension, and L defines the length of the "Slow Time" dimension. The data
in this thesis consists of a lower-dimensional subset of the radar data cube,
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a two-dimensional submatrix consisting of Fast time and Slow time. The
subvector fast time consists of K elements sampled at the rate of FS . This
is the quickest sampling rate of the system and thus leads to the designation
fast time. The fast time dimension is also referred to as the range dimension,
and when converted to distance, the samples are often referred to as range
bins or range gates. The slow time submatrix consists of L elements of K
size giving a K-by-L matrix, the sampling interval for the slow time domain
would be equal to the radars "frame rate" in most cases. An example of fast
time and slow time is shown in figure 2.4.

The coherence of a pulsed radar depends on whether or not the pulses
transmitted by the radar are in phase or not. For a radar system to maintain
a stable phase for the transmitted pulses, a highly stable oscillator is required.
If, for the sake of an example, say we were to have a sinusoidal signal that we
pulse at entirely random points of the wavelength, it would work perfectly
well for range finding, after all, we are only interested in measuring the
difference among the pulsed signal and the backscatter. Instead, if the signal
were to be pulsed at the same point at the wavelength every time we get
a constant phase relationship. The property of the signal being completely
coherent can be exploited with spatial signal processing techniques by looking
for patterns of slight phaseshifts between received pulses in slow time. A
visual example is provided in figure 2.5 on the next page.

There is a myriad of different circumstances that could cause a slights
phase shift of the signals, so extracting only the heart rate (i.e. the pattern
recognition signal processing) is where the rubber meets the road. With a
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Figure 2.5: The phase shift between two signals in slow time.

signal being coherent there is also the advantage of being able to perform
coherent integration (also known as coherent averaging or time-domain
averaging) is a critically important method for extracting the backscattered
signal which is embedded in random noise (white noise) and which will be
further detailed in subsection 2.3

Sampling and Signal to Noise

2.4 on page 20 is a fundamental equation for radar systems which is why it is
specified often, one of the notable aspects to keep in mind from this equation
is that the power reflected and received back is inversely proportional to R4,
which means there is a significant transmission loss of power to and from a
target or person. The obvious way to solve this problem is transmitting a
considerable amount of power to get a strong signal back. However, several
factors such as government regulations, size considerations and radiation
safety (crucial for biomedical applications) limit the transmission power
allowed.

For UWB applications the power spectral density emissions are already
regulated to −41.3dBm. Meaning there must be alternative ways of
measuring the signal, even when the signal is very weak. The way that is
achieved is by transmitting at the allowed power output and then using signal
averaging to detecting the backscattered signal even though it is buried in
background noise. This is especially important when measuring body tissue,
as it absorbs a considerable amount of the radiated power and is nowhere
near as good a reflector as materials such as metal.

Just trying to sample the signal without any processing would result in a
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signal buried in noise and an unusable signal to noise ratio (SNR) of less than
0dB. To overcome this noise problem oversampling of the signal is applied,
and specifically signal averaging. However, to explain this, we first need
to explain what sampling is. In signal processing, sampling refers to the
reduction of a continuous-time signal to a discrete-time signal. i.e. a sample
is a value or usually a set of values measured at a point in time.

Oversampling is the process of sampling a signal at a sampling frequency
significantly higher than the Nyquist criterion (Nyquist rate). The Nyquist
criterion being fs > 2B, meaning the fs =

samples

second
must be higher than 2

times the bandwidth B in order to get an alias-free signal. This is also the
key to sampling a signal moving at close to the speed of light at very short
distances. Just to put it in perspective, it would take just shy of 66 ns for an
RF signal to travel back and forth from a 10-metre target or 3ns for a target
at 0.5 metres (moving at nearly the speed of light). To sample these signals,
the hardware used in this thesis utilizes a sampler with an incredibly high
sampling rate of 23.328GS/s.

Now that we have sampled the noisy signal, the assumption being made is
that the noise consists of "White noise". White noise is a stochastic signal that
in discrete-time is a discrete signal whose samples are regarded as a sequence
of serially uncorrelated random variables with zero mean. In practice this
means that if enough samples are averaged over some time (signal averaging)
the white noise will average out to be zero.

The specific sampling technology used by the radar in this thesis is called
swept threshold sampling. In short, a Gaussian pulse is transmitted, and
after a short period in time a high speed sampler is triggered. The input
signal is compared to a threshold, resulting in a 1-bit quantized value. This
quantized value is used to incrementally build a multi-bit frame (frame being
a range profile in fast time). For those who wish to read further about this
subject it can be done here [35].

CHAPTER 2. BACKGROUND 23



Øystein Magnus Sørebø

2.4 Heart rate measuring using ultra wide-
band radar

To date, various methods have been developed and introduced to monitor
heart rate using a UWB Impulse Radar. Some of whom are outlined in the
review chapter 3 on the facing page. One of the possible ways to measuring
heart rate is in a supine or upright sleeping position, with the radar positioned
above the subject aiming at the chest. Another is to have the radar mounted
inside an object such as a bed or a chair. The bed or chair is then in contact
with the back of the person being measured. Lastly, the one being explored
in this thesis is measuring a seated target with the radar aimed at the chest.

The distance between the subject’s chest and the radar is a critical factor,
as mentioned in section 2.3 on page 18 the power reflected and received
back is inversely proportional to R4. Therefore it is essential to minimize
the distance to get a strong signal. It is also essential to keep in mind
that the human body consists of very complex geometry, and as a result,
the reflections can be both constructive or destructive, as in they amplify
or cancel each other out. It is therefore vital to minimize any unwanted
variance in the heart rate measurement by positioning the chest directly in
front of the transmitter and receiver. There is also research that suggests
breathing causes harmonic frequencies, which can interfere with heart rate
measurements. i.e. Intermodulation between breathing and heartbeats may
hide or obscure the detections of heartbeats.

It is also necessary to separate the heart rate from clutter and other
unwanted noise. Additionally, small movements caused involuntarily by any
person being measured on will be visible to any radar with high enough
resolution to measure heart rate.

There is also a necessity for a reference measurement of the heart rate.
This can be achieved with an instrument that is known for being able to
measure heart rate accurately. Examples of this that are often used in
scientific research include the aforementioned ECG machine and or a pulse
oximeter, both outlined in section 2.2 on page 9.
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Chapter 3

Review

The objective of this section is to present a literature review and a review-
based analysis on the use of radar, predominantly ultra-wideband radar for
measurement of heart rate. The systematic literature review method (SLR),
developed by Kitchenham and Charters [36], is utilized to identify relevant
research articles. In a recent review of gamification solutions, Darejeh and
Salwah [37] describe SLR as one of the most complete and suitable methods
for reviewing studies in computer science.

Section 3.1 on the next page presents the systematic literature review
method and the choices taken to identify relevant research articles. Section
3.3 on page 34 presents the findings, or the research articles identified, from
the use of the systematic literature review method.
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3.1 The review method
The SLR method can be used as a tool to identify, evaluate and interpret
available research that is relevant to a given research topic or a set of research
questions. One of the main objectives is to utilize a set of including- and
excluding criteria (boolean operators) to filter out relevant research articles.

The framework by Kitchenham and Charters [36] describes three stages;
these three stages consist of separate "sub-stages" or objectives.

• Stage one deals with preparations for the review, such as identifying and
specifying the need for a review and cataloguing relevant bibliographic
databases.

• Stage two consist of defining criteria/keywords and using them to find
relevant papers in the bibliographic databases. It is also the stage at
which the filtering process for relevant papers takes place.

• Stage three is defined as reporting of the analysis, or in other words,
the review itself. In this thesis, this is done throughout section 3.2
on page 29 for the relevant papers, and section 3.3 on page 34 for the
results.

Stage one:

The first objective of stage one is to specify the need for a review and
identifying the gap of time since the last time a review was presented related
to the research topic at hand. In this case, the need for a review is based
on the premise that the last literature review within this field was by Li
et al. [38] in 2013. In other words, there is a gap in the present research,
specifically in the sense that the field is scarce on bibliographic studies or
reviews that summarize recent research on the use of UWB radar for heart
rate measurements.

The secondary objective of stage one should be to identify the scope of the
review. As already stated in this thesis, the study aims to contribute with
an overview of the development and testing of impulse-radio ultra-wideband
pulse-doppler radar for heart rate measurements.

The third objective of stage one is to specify a set of research questions
that can act as guidelines for the review process. In this case, the following
three research questions where used as a guideline:
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• Which research directions exists within the field of development and
testing of impulse-radio ultra-wideband pulse-doppler radar for heart
rate measurements?

• How important is classic research methods, such as design research and
experiments, within this research field?

• How practical is the application of ultra-wideband radar to evaluate
heart rate in a non-contact fashion, especially outside a controlled
research environment?

The reason for the first research question is to examine the possibility
of more than one research direction within the present field of development
and testing of impulse-radio ultra-wideband pulse-doppler radar. Is there a
culture for research based on the less theoretical and more practical use of
UWB radar, or the other way around. And if so, how would the research
focus differ within a separate research branch?

The purpose of the second question is to look at the importance of
different research methods, and study which research methods are currently
in use.

The purpose of the third research question is to reveal how practical the
application of UWB-radar is today, or consequently how unpractical it is if
that happens to be the case.

The fourth and last objective of stage one is to make a table of relevant
bibliographic databases that cover scholarly literature and research within
the field of impulse-radio ultra-wideband pulse-doppler radar for heart rate
measurements. In this thesis, for this review, the choice fell on:

• IEEE Xplore, the leading academic database in the field of electronic
engineering and computer science.

• Scopus, an academic search engine that covers scholarly literature from
all disciplines.

• Web of Science, also known as Web of Knowledge, a bibliographic
database that covers scholarly literature from almost any discipline.
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Stage two:

The first objective of stage two is to identify satisfactory keywords, directly
or indirectly based on the research questions presented in stage one. Four
keywords were chosen for this purpose, impulse-radio ultra-wideband radar,
UWB radar, heart rate measurement and heart rate monitoring.

Variations of the keywords were formulated into a set of search strings
by using logical/boolean operands (e.g. OR ∨, AND ∧). Keywords
representing radar technology and heartbeat measurement were linked using
these operators to provide a wide variety of results that were relevant to the
specified research questions. An example of such a string would be:

impulse-radio ultra-wideband radar technology ∨ UWB radar ∧
heart rate measurement ∨ heart rate monitoring

With the use of the aforementioned keywords, or slight variations of
them, several relevant articles and papers were identified in the different
bibliographic databases. An important criterion for the relevant papers and
articles was that they where peer-reviewed scientific articles from the past five
years. In addition, redundant and unrelated articles that slipped through the
filtering process were removed based on the articles/papers abstract.
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3.2 Reviews

The chosen articles and papers are presented in chronological order, and
the focus is on purpose, method and results. The review will provide a
relevant literature source for anyone interested in research on the use of
ultra-wideband radar for heart rate measurement and help stimulate further
research in this area. In the next section, section 3.3 on page 34, there is a
presentation of the similarities and differences between the articles/papers.
In addition, the three research questions presented in section 3.1 on page 26
(cf. stage one) will be answered.

3.2.1 A novel non-contact heart rate monitor using
impulse-radio ultra-wideband radar technology

Article: "A novel non-contact heart rate monitor using impulse-radio ultra-
wideband radar technology" (Lee, Y. et al. 2018) [2]

Purpose of the study: To investigate if an IR-UWB radar could be used to
measure cardiac motions in a "non-contact" / contactless manner. Thereafter
evaluating the validity and reliability of the measurements compared to an
ECG source on participants with regular sinus rhythm and participants with
atrial fibrillation.

Method: A trial with 22 participants, that consisted of 6 healthy
individuals with regular sinus rhythm and 16 participants with atrial
fibrillation. The participants laid on the ground in a relaxed resting position.
Face up with the radar pointing at their chest from 1-metre above them, and
then held their breath for 20 seconds. The measurements from the radar
were compared with the results from ECG measurements.

Results: In the subjects with regular sinus rhythm, there was a
high degree of similarity between the radar results and the ECG results.
Concerning the subjects with atrial fibrillation, the similarity between the
radar results and ECG was somewhat inferior. They concluded that IR-
UWB radars are precise enough to measure heart rate in a contactless and
accurate manner.
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3.2.2 Respiration and heartbeat rates measurement
based on autocorrelation using IR-UWB radar

Article: "Respiration and heartbeat rates measurement based on autocorrel-
ation using IR-UWB radar" (Shen, H. et al. 2018) [39]

Purpose of the study: To describe a new technique based on autocorrel-
ation to measure heart rate using IR-UWB radar in a contactless manner.

Method: The paper describes a method based on autocorrelation to
measure the respiration rate and heartbeat rate using an IR-UWB radar.
Producing a correlation coefficient waveform that includes the vital sign
signals, to help downplay the effect of noise and clutter. They apply a fast
Fourier transform to acquire the respiration frequency. A method based
on autocorrelation is proposed to locate the subject, and variational mode
decomposition is used to differentiate respiration and heartbeat signals.

Results: They concluded that the autocorrelation method that is utilized
in the study is both simple and effective. Respiration frequency and subject
location can be acquired accurately from the autocorrelation waveform.
Heartbeat frequency can be derived from the variational mode decomposition
algorithm. The proposed algorithm is also supposedly well suited for
embedded systems because of its low complexity.

3.2.3 Approach for Heartbeat Monitoring with Body
Movement Compensation by IR-UWB Radar

Article: "Approach for Heartbeat Monitoring with Body Movement Com-
pensation by IR-UWB Radar" (Yin, W. et al. 2018) [40]

Purpose of the study: The purpose of the study is to extract vital signals
such as heartbeats from a moving target. The paper proposes a Heartbeat
Estimation And Recovery approach to extract an instantaneous heartbeat
from a moving target.

Method: The Heartbeat Estimation And Recovery approach acquire
a vital signal by mapping maximum echo amplitudes to fast time delay
and compensating for large body movements. Then variational nonlinear
chirp mode decomposition is used for extracting instantaneous frequencies
of heartbeats. Lastly, they use a clutter removal method based on the
wavelet decomposition with a two-parameter exponential threshold. This
is compared to an ECG signal to verify the results.

Results: Compared to heart rates simultaneously collected by ECG, the
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Heartbeat Estimation And Recovery approach achieve a minimum error rate
of 4.6% in moving subjects and 2.25% in resting subjects. Indicating its
potential for offering clinical diagnoses of heart rate variability in a mobile
monitoring setup.

3.2.4 Detection of Heart Rate through a Wall Using
UWB Impulse Radar

Article: "Detection of Heart Rate through aWall Using UWB Impulse Radar"
(Cho, H. et al. 2018) [9]

Purpose of the study: The purpose of this study is to measure heartbeats
through a clay brick wall using a UWB impulse radar which could be useful
for security and surveillance purposes.

Method: Data is gathered with a UWB Impulse radar which sends and
receives signals through a clay brick wall. The signal is extracted in the time
domain and not the frequency domain using a principal component analysis
(PCA) of the time series data to indicate phase variations that are caused by
heartbeats. The results are compared to reference data fra an ECG machine.

Results: For subjects located within 1 metre of the antenna with a wall
in between, the average error rate was 1.05%. This is because of the method
used in this paper which is based on processing data in the time domain
instead of the frequency domain and is supposedly able to achieve much
higher accuracy.

3.2.5 Novel Design for Heart Rate Detection Using
UWB Impulse Radar on Android Platform

Article: "Novel Design for Heart Rate Detection Using UWB Impulse Radar
on Android Platform" (Cho, H. et al. 2017) [10]

Purpose of the study: The purpose of this study is to measure heart rate
in real time on an Android-based platform such as an Android development
board. Thus proving the possibility for future use in android based mobile
phones.

Method: A commercial impulse based radar transceiver was used for
measurements. The reflected radar signal was collected and converted into
Fourier transform samples using a fast Fourier transform algorithm(FFT). A
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bandpass filter was used on the spectrum to single out frequencies from 1 to
3 Hz to single out heartbeat frequencies. The signal was then multiplied by
a Hamming window to minimize spectral leakage and run through an FFT
algorithm again to get the heartbeat.

Results: They measured five subjects and compared the results with a
patient monitoring system, the mean error rate for all subjects was 1.85%,
which confirms they where able to closely followed the real heart rate on
subjects sitting closer than 1 metre to the sensor in a relaxed resting position
and breathing normally.

3.2.6 High-Accuracy Heart Rate Variability Monitor-
ing Using Doppler Radar Based on Gaussian
Pulse Train Modeling and FTPR Algorithm

Article: "High-Accuracy Heart Rate Variability Monitoring Using Doppler
Radar Based on Gaussian Pulse Train Modeling and FTPR Algorithm"
(Nosrati, M. et al. 2017) [8]

Purpose of the study: To present a noncontact heart-beat signal
modelling and estimation algorithm using a Doppler radar which can
accurately reconstruct the heartbeat signal and heart rate variability at a
distance of approximately 1.5 metres from a human chest. The results are
then compared with a vital sign monitoring system.

Method: A 2.4Ghz Doppler radar is used to gather measurements from
eight human test subjects and comparing it with a photoplethysmography
(PPG) which is a type of pulse oximeter used as a pulse reference. A Gaussian
pulse train model is used for the heartbeat signal along with a modified
autocorrelation and frequency time phase regression technique for detecting
the heartbeat rate.

Results: They concluded that on average between the eight test subjects
there was a 90% accuracy when detecting pulse with the radar compared to
the reference signal. For the heart rate variability measurements the average
beat to beat time intervals had less than 2% error for all test subjects. They,
therefore, conclude that the proposed signal processing technique can provide
an accurate evaluation of human cardiovascular activities.
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3.2.7 Noncontact Multiple Heartbeats Detection and
Subject Localization Using UWB Impulse Dop-
pler Radar

Article: "Noncontact Multiple Heartbeats Detection and Subject Localiza-
tion Using UWB Impulse Doppler Radar" (Ren, L. et al. 2015) [5]

Purpose of the study: The purpose of the study is to propose a phase-
based algorithm based on a logarithmic approach, applicable to UWB
radars and suitable for real-time monitoring of reflection pulses caused
by cardiac motion in human subjects. The method is not based on the
traditional fast Fourier transform (FFT) which have certain advantages like
reduced respiration harmonics and intermodulation between respiration and
heartbeat signals.

Method: The acquisition of data was made with a UWB impulse doppler
radar. For reference, there was attached a commercial pulse sensor and a
respiration sensor to the subjects, the subjects where located 40cm from
the radar, facing the radar. The data is then processed by the phase-based
algorithm.

Results: Conventional FFT based approaches had an error rate of 3.7%
while the proposed method had an error rate of 1.21% when the subjects held
their breath. When the subjects were breathing normal, the conventional
approach had difficulty detecting heart rate and the proposed method had
an error rate of 1.29%.

3.2.8 High-Accuracy Real-Time Monitoring of Heart
Rate Variability Using 24 GHz Continuous-Wave
Doppler Radar

Article: "High-Accuracy Real-Time Monitoring of Heart Rate Variability
Using 24 GHz Continuous-Wave Doppler Radar" (PETROVIĆ et al. 2019)
[41]

Purpose of the study: To present an algorithm for computing and
estimating heart rate variability using a CW Doppler radar with quadrature
architecture. The measurements were performed in a contactless manner.
The validity and reliability of the measured beat-to-beat intervals are
compared with an ECG source.

Method: The algorithm used combines frequency domain and time
domain processing to achieve an estimation of beat-to-beat intervals. For
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frequency-domain calculations, the use of chirp Z-transform is used, and for
time-domain processing, the signal is filtered with a moving average filter and
bandpass filter. The measurements were performed on ten human subjects.

Results: They got a mean relative error of 5.21% for frequency-domain
analysis compared to ECG, but when this data was combined with time-
domain analysis the mean relative error became lower than 2.07% for all
10 test subjects. They concluded that the method is capable of real-time
measurements, and high-accuracy beat-to-beat-extraction.

3.3 Review Results
A total of eight articles and papers, nearly exclusively regarding research
on the use of ultra-wideband radar for heart rate measurement has been
presented in this section. As we can see from the review, neither the purpose,
method and results are identical if we compare the articles. Some of the
most critical differences will be presented in the following text, and finally,
the results will be discussed.

The design of some of the studies is to investigate technical issues, e.g.
developing algorithms for monitoring pulses caused by cardiac motion in
human subjects (e.g. [5]) or perform heartbeat measurements through an
obstacle such as a brick wall [9]. Other studies were focused on behavioural
differences, e.g. heart rate measurements with the human body in motion
[40] or different sinus rhythms between subjects [2]. In other words, some of
the studies are aimed at purely technical issues, while others are involved
in different aspects of human behaviour in conjunction with heart rate
monitoring by a radar.

The method described in the respective articles is primarily determined by
the purpose of the study. Studies that were mainly concerned with aspects of
human behaviour in conjunction with heart rate monitoring by radar describe
their choices regarding, e.g. the sample and participants in different sub-
groups. The more technical studies were more focused on the description of
measurements and analysis issues such as the location of subjects versus the
location of the radar and the algorithm used to process the data. None of the
studies has a particular emphasis on research method, i.e. in the meaning of
discussing the choice of research design (e.g. design research versus classical
experiment) and setting (e.g. experimental setting or real-life setting), sample
(e.g. what is a valid number of participants).
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The main conclusion from these studies is that it is possible to utilise
ultra-wideband radar to assess the heart rate in a contactless fashion
accurately in a rigorously controlled environment. Results from the studies
show that the error rate of the measurement compared to conventional
methods of measurement (e.g. ECG or pulse oximetry) are very dependant on
factors such as the signal detection algorithm, respiration causing respiration
harmonics versus non-respiration, subject movement, background movement,
subject angle to the radar and distance of measurement to the subject.
The error rate in most of the studies is below approximately 5% and this
demonstrates that ultra-wideband radar is a valid method for heart rate
measurement when controlling for all of these variables or more in an
experimental setting.

However, as most of the research shows, there are some hindrances to
measuring heart rate in a real-life setting. By real-life setting, we are referring
to a setting where a subject is not constrained by strict body positions,
holding their breath, no background movements which might disturb the
signal or a multitude of other variables which will be an important factor
outside a laboratory.
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Chapter 4

Set-up

The objective of this chapter is to present the hardware (e.g. the radar, the
ECG machine, microcontroller platforms), outline how the hardware was set-
up and used for experiments. As well as the software side of things, what
software was used, and why was it used. There are 3D printed models used for
an early test-set-up that would simulate chest movements and as a housing
for the radar unit that will be presented.

At the end of this chapter, there is a presentation of the physical
measurement set-up, and the subjects for the measurements.
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4.1 Hardware and Software
The Impulse-Radio Ultra-Wideband radar used in this thesis is commercially
available under the name XeThru-X4M200. The X4M200 sensor is developed
by Novelda and advertises itself as a low cost, low power, and safe to use
sensor with a small footprint. As mentioned earlier in section 2.3 on page 18
the radar is operating with a sampling rate equal to or exceeding 23.328GS/s
that can sample up to 1536 samples, which they equate to mean "continuous
time sampling". The signals itself is transmitted below the −41.3dBm
threshold. The backscatter, which would be below the ambient noise floor, is
sampled using signal averaging. It has two built-in antennas (TX and RX),
all located on one printed circuit boards with the X4 system on chip radar.
The X4 chip is implemented in CMOS as opposed to discrete components.

The radar supports two different bands (6−8.5GHz and 7.25−10.2GHz)
meaning it can adapt to what local governing bodies has considered being
ultra-wideband. To interface with the X4M200 sensor, there is an open-
source module written in C that is called X4Driver. This driver handles all
communication with the radar. For a host computer to communicate with
the X4Driver, there is a library called Module Connector that works with
Python, MATLAB and C++.

Throughout the work in this thesis, we have primarily used Python and
its data processing/signal processing libraries such as NumPy, SciPy and
Matplotlib. Between the three available programming languages for Module
Connector it was decided that Python would be the ideal compromise. Some
of the reasons for choosing Python instead of MATLAB is that the algorithms
are proprietary, as a result of this no one can see the code of the algorithms
used, and we would have to trust that the algorithms are implemented
correctly. MATLAB is a commercial product which is therefore not easily
portable, which is unsuitable for a highly portable radar, such as the one used
in this thesis. It is also expensive, unlike Python, which is free and open. The
reasoning for not using C++ is that it is, again, less portable than Python.
It is also prone to memory leaks, and it does not provide garbage collection,
unlike Python, which satisfies all of these criteria in this specific use case.

For heart rate reference measurements, the Olimex EKG/EMG-Shield
was used, which is a open-source hardware electrocardiograph. This shield
interfaces with an Olimexino-328 which is a open-source hardware industrial-
grade Arduino-like development board. The Olimex ECG board utilizes a
three-lead ECG setup (i.e. One lead connects to the left foot, one to the
right arm and the last one to the left arm). There is also a Python package
called Olimex-EKG-EMG which provides an interface between the Olimex
EKG/EMG-Shield and Python.
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(a) The enclosure. (b) The testbench.

Figure 4.1: 3D CAD models rendered.

Additionally, the use of an Arduino Leonardo board has been used for
interfacing with two OLED displays (SSD1306) and a ToF laser-ranging
sensor (ST VL53L1X) to facilitate a quick and Arduino compatible ranging
option to help subjects position themselves the correct distance from the IR-
UWB radar. The IR-UWB radar could have been used to measure distance
in much the same way, but this would not have interfaced well with the
Arduino and the OLED displays. There was also an Arduino Leonardo used
in a test bench that simulated the chests reciprocating motion caused by a
cardiac cycle. The Arduino’s were programming in C; the code can be found
with this link1.

The IR-UWB radar itself was held in a 3D printed enclosure shown in
figure 4.1a, made to facilitate easier measurements of subjects. With it
being 3D printed in PLA plastic and held together with nylon screws, it
has a minimal impact on the performance of the radar itself. The Arduino
module in the enclosure is used for controlling the VL53L1X sensor and
OLED displays, facilitating more natural range adjustments than using a
tape measure or using software connected to the radar that has to run on
the computer.

The test bench seen in figure 4.1b that simulated chest motion caused by
a cardiac cycle was also 3D printed in PLA, and parts coated in EMI/RFI
shielding spray to facilitate better reflection of RF-EMR. The testbench was
made to simulate a movement of 0.5mm using an offset cylinder pushing
on the EMI/RFI coated plate. The testbench was primarily used in the

1https://gitlab.com/oysteims/miscellaneous/tree/master/Arduino
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Figure 4.2: Showing the measurement setup.

beginning phase of the project as a validation setup.

All 3D printed parts were designed in Autodesk Fusion360 and are
available with this link2.

4.2 Measurement set-up
The setup for measuring contactless heart rate is as shown in figure 4.2,
the subject is seated in front of the IR-UWB radar at a distance of about
0.35-0.6 metres. The IR-UWB radar was directed at the subject’s chest,
and for most of the measurements, it was placed directly opposite the chest.
The majority of measurements were performed with the subject breathing
regularly, additional measurements were conducted with the subject holding
their breath. Measurements were conducted with an ECG monitor attached
to subjects for pulse reference. All measurements were performed in normal
rooms with background clutter and background noise such as 5Ghz WiFi,
not in RF-anechoic chamber as this was deemed too much of a "controlled
laboratory setting" and not a "real-life" setting.

Unless explicitly stated otherwise, all measurements were performed with
the subject seated 35 cm from the radar, seated, breathing, with the IR-UWB
radar directed at the subject’s chest, in a standard room and with the subject
in a regular/relaxed state. Also, unless explicitly stated, all measurements
where performed at a healthy male and fit subject at the age of 24-years-old.

2https://gitlab.com/oysteims/miscellaneous/tree/master/CAD
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Chapter 5

Signal Processing

Based on the literature, previously reviewed and presented in chapter 3, on
heart rate monitoring using UWB radar, it is apparent that the majority
of challenges lie in extraction of the heart rate signal. The objective of this
chapter is, therefore, to present and give an overview of the approach used for
heart rate signal extraction, in this thesis. Furthermore, to give an overview
of the similarities and dissimilarities to other methods.

The way this will be presented is, therefore, to firstly give an overview
of the signal processing, how the data is gathered and processed, and
explain the X4M200 radar data acquisition settings. Secondly, to present
the signal preprocessing, the heart rate feature extraction using first a
principal component transform (similar to Karhunen–Loève transform), then
an expanded version of this transform, called a kernel principal component
transform. There will then be a short comparison of these transforms, and
an overview of the postprocessing of the data.

There will be a brief discussion as to why the statistical counterpart
to a fast-Fourier transform was used, i.e. the kernel principal component
transform. And lastly how the processing of the ECG data was handled to
conclude the chapter.
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5.1 Signal Processing Introduction
In this chapter, we discuss the methodology used for processing the data
received from the IR-UWB radar. The setup used for measurements is shown
in figure 4.2 on page 40. The data that is transmitted by the radar and
subsequently by the "module connector" framework is received as "frames".
A frame consists of 1536 "bins" or samples. Each bin corresponds to a distance
from the radar, bin-1 being at the closes to the radar and bin-1536 being at
approximately 9.9metres. The distance can be calculated as

d =
c ∗ (1/2)

fs
∗ (b− 1) (5.1)

where fs is the sampling rate and b is equal to a bin. So for

c ∗ (1/2)
23.328GS/s

∗ (1536− 1) = 9.863m (5.2)

meaning each bin correspond to approximately 6.42mm of distance.

The frame-rate of the radar is configurable, and the frame-rate (FPS)
directly influences whether or not we are able to measure chest movement
associated with a cardiac cycle. We are primarily looking for the slight shifts
of backscattered signals in space, i.e. the variation in distance of each frame
to the next as illustrated by figure 2.5 on page 22.

As we have previously discussed in section 2.3 on page 18, the Nyquist-
Shannon sampling theorem states we need a minimum sampling rate (FPS in
this case) of 2B to avoid aliasing of the signal. From section 2.1 on page 8 we
know a normal healthy human heart beats 60 to 100 beats per minute, which
would equate to 1− 1.66Hz, meaning we need an FPS of ≥ 2 to achieve
the Nyquist rate. To improve the resolution and the signal-to-noise ratio, we
oversample at a factor of 30 (i.e. 60 FPS), increasing the dynamic range by
roughly 15dB and SNR by 7.3dB.

Why not choose an oversampling factor that is significantly higher? Well,
the frame rate of the radar is directly associated with sampling. The FPS
is based on several factors such as the pulse repetition frequency (PRF) of
the radar, the digital-to-analogue converter (DAC), pulses per DAC step and
iterations of DAC sweep. The maximum number of frames per second which
can be achieved can be estimated as

(FPS) =
(PRF )

k ∗ p ∗ (dMin − dMax + 1) ∗D (5.3)

where k denotes iterations, p pulses per DAC step, dMin and dMax denotes
the DAC upper and lower threshold, and D denotes the radars Duty Cycle.
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The DAC controls the sampler quantization threshold with the dMin and
dMax.

The pulse repetition frequency is the quantity of pulses of a recurring
signal in a specific time unit, ordinarily measured in pulses per second. In
the case of the X4M200 the PRF is a product of the common Phase-locked
loop (PLL) which is configured to generate a 243MHz clock signal. The
PLL is divided by a number n, configured in the software to set the PRF
(i.e. (PRF ) = 243MHz/n). In normal operation this number n would be
16, meaning (243MHz/16 = 15.1875MHz) (The maximum possible PRF
value is 40.5MHz). Increasing the PRF above the standard value could
lead to RF-signal power levels which exeed UWB regulations. There is also
the inherent possibility of transmitting a pulse while the previous is being
sampled when increasing the PRF. Therefore it is advised to not increase the
PRF above 15.1875MHz.

Instead, we have to concentrate on the DAC range, Pulses per DAC
step and iterations to calculate the appropriate FPS. The Iterators variable
configure how many times the radar repeat the DAC sweep while the DAC
range controls the DAC sweep-range.

The DAC range is defined as [0, 2047] steps. The narrowest recommended
range is dmin = 949 and dmax = 1100, a narrow range like this allows for
maximum on-chip integration, however for targets close to the radar (e.g.
someone sitting in front of the radar to measure puls) a wider DAC range
is needed, or we risk losing amplitude information. In other words, close
targets reflect more energy back resulting in a higher amplitude, a small
sweep-range result in faster sweeps but we risk losing parts of the higher
amplitude signal, so a higher sweep-range is set for close targets. Therefore
dmin and dmax where set to dmin = 900 and dmax = 1150.

The iterator variable k, DAC sweep-range dmin & dmax, and pulses per
step p are all factors in affecting on-chip integration which reduce white noise
and improves SNR. The two primary variables to control for not already
addressed is pulses per step p and iterations k. Valid values for k are
[1, 255]/4. Nevertheless, it is recommended by the X4M200 documentation
not to change the default iterations value (64/4) and instead adjust pulses
per step to obtain the desired FPS. As a result k was set to k = (64/4).

Pulses per step p control how many pulses to send per DAC step,
increasing this will improve SNR but also increase the time it takes to
construct frames, consequently decreasing FPS. Pulses per step can be values
between [1, 165535]. Using equation 5.3 on the preceding page and setting
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(a) A reflector 40cm from the radar.

(b) A reflector 96cm from the radar.

Figure 5.1: Radar frames from metal reflectors at different distances.

p = 15 we get a good match for a 60 fps system:

15.1875MHz

(64/4) ∗ 15 ∗ (1150− 900) ∗ 0.95 = 60.117 ≈ 60 (5.4)

It is also possible to limit the frame area which was set to a lower limit of
0.3 metres and upper limit of 1 metre for most of the measurements in this
thesis (With a radar offset of 0.18 metres per the X4M200 documentation).
There is also a downconversion to baseband-data setting, which was turned
off as we desire to process the raw frame data output.

Here is a visualisation of what a received radar frame looks like 5.1, the
first bins in every frame contains "transmit signal leakage" (i.e. signals which
move directly from the transmitter to the receiver without reflecting off any
target) and can, therefore, be effectively removed as such by adjusting the
radars frame limit area. The figure 5.1a is measured pointing at a metal
reflector at a distance of 40cm; the second envelope shows the backscattered
signal has quite a high amplitude. Figure 5.1b is showing the same metal
reflector with the radar moved back to a distance of 96 cm, the second
envelope now has a much smaller amplitude (showing the power reflected
being inversely proportional to the target range as in subsection 2.3).
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5.2 Preprocessing and Signal Filtering
An important consideration in many radar systems is clutter removal.
Clutter in radar terms would be unwanted backscattered signals, for
conventional radars it could be buildings, sea, animals or atmospheric effects.
The radar setup used in this thesis does not have to account for fluctuating
atmospheric clutter such as wind or other types which might be relevant for
bigger radars. Instead, we are primarily concerned about static clutter such
as walls, windows, chairs, computers and other household items, Gaussian
noise, and non-static clutter such as a pet moving in and out of the radars
view.

In order to isolate the heart rate even further from clutter such as
stationary objects, high-frequency noise and low-frequency components, each
sample/bin vector (up to ca 1200 points at a time) in slow time was passed
through a bandpass filter (BPF). More specifically, a Butterworth filter.
Chebyshev filters produce sharper edges in the frequency domain and Bessel
filters are smoother (less ringing) in the time domain, while Butterworth
kind of splits the difference which is a good tradeoff in this application. A
Butterworth filter is a filter used to produce maximally flat filter magnitude
response with no consideration of phase linearity. Filter designs based on
Butterworth have no amplitude ripple in either the passband or stopband.

A fourth-order digital Infinite impulse response (IIR) Butterworth filter
implemented using the direct II transposed structure was used with an
fL = 0.7Hz and fH = 3Hz. An IIR filter gives us a nonlinear phase in the
output, but we do not necessarily care about the phase in this application.
As we already discussed in section 2.1, a range of 0.7Hz to 3Hz should
encompass a healthy individual’s heart rate of 60 to 100 beats per minute.
We also know from [42] that an average healthy adult has a respiration rate
of 12-18 breaths per minute which is below fL and should, therefore, be
effectively negated by the bandpass filter.

The raw data radar signals are represented as a L×K matrix, this matrix
will be referred to as the "radar matrix" or by the notation X throughout
the thesis. What we mean by this is that each fast time vector x is given as
follows,

x = [x1 x2 . . . xK ] (5.5)

and the entire ensemble is represented by the K ×L radar matrix,

XT = [x1 x2 . . . xL] (5.6)

For the bandpass filtering, we want to filter each column vector, as each
column contains the same fast time samples in slow time. This is done such
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that we get,

xT0 = [x0,0 x1,0 . . . xL,0]

xT1 = [x0,1 x1,1 . . . xL,1]

...

xTK = [x0,K x1,K . . . xL,K ]

(5.7)

with each x being a column.

The filter function is implemented as a direct II transposed structure [43].
This means that the filter implements as 5.8 and we apply it for each x, along
with the appropriate numerator coefficients b and denominator coefficients
a. The IIR filter equation is as follows,

a0yn = b0xn + b1xn−1+ · · ·+ bMxn−M

−a1yn−1− · · · − aNyn−N (5.8)

where M is the degree of the numerator, N is the degree of the
denominator, and n is the sample number number. The filter values used
are given in the Appendix A.1 on page 65. The rational transfer function
describing this filter in the z-transform domain is shown as 5.9

Y (z) =
(−1/(b0 + b1z + · · ·+ bMz))

−M

(−1/(a0 + a1z + · · ·+ aNz))−N
X(z) (5.9)

After performing the filtering on the radar matrix, we should be left with
data distilled down to the heart rate signal (possibly clutter/noise in the
same frequency band as a regular humans heart rate too, which would be
very challenging to distinguish from each other). In some of the data, we can
clearly see a pattern just by plotting the radar matrix as a heat map, such
as what is shown in image 5.2 on the next page, however it is essential to
emphasise that this particular image has been cherry-picked as it turned out
to be a particularly useful image for illustration purposes. Usually, the post-
bandpass result would look much more chaotic and less uniform. Another
example is shown in figure 5.3 on the facing page.

5.3 Feature extraction and Postprocessing
Now left with this data, which appears to shows the periodic movement of
the heart, we would like to extract the features making up the heart rate. To
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(b) Filtered.

Figure 5.2: The figure is showing raw data and post-filtering of the data.
The subject was holding their breath; the subject was a 56-year-old, fit and
healthy male.
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(a) Raw data.
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(b) Filtered.

Figure 5.3: Showing raw data and post filtering of the data. This
measurement was of the author, taken at a distance of 40cm.

CHAPTER 5. SIGNAL PROCESSING 47



Øystein Magnus Sørebø

do this, we apply a dimensionality reducing feature extraction technique (i.e.
a technique that reduces a higher-dimensional space into a lower-dimensional
space). There exists a host of a different technique with different strengths
and weaknesses in specific applications.

For dimensionality reduction in this thesis, the use of Gaussian radial
basis function (RBF) kernel principal component transform (KPCA) [44]
was used. This technique builds upon the use of the principal component
transform (PCA) [45], [46], also referred to by some as the Karhunen-loève
transformation (KLT). Although it is worth noting that they are not the
same transform, but very closely related (e.g. PCA analyses the spectrum
of the covariance matrix while KLT analyses the spectrum of the correlation
matrix). It is, therefore, beneficial to first go into detail about how the
principal component transform works.

But before that, a quick overview of the difference between PCA and
RBF-KPCA. PCA is a linear transformation, and RBF-KPCA is a non-linear
transformation. The principal component transform uses an orthogonal
linear transformation to convert a set of possibly correlated variables into
a set of linearly uncorrelated variables; which are known as the principal
components. So it is a way of classifying patterns in data, such as the heart
rate in the radar matrix.

Since patterns in higher dimensions can be hard to express; especially in
a sensible way for a human, PCA becomes a powerful tool that can help us
better represent the data; and extract what we deem useful. Moreover, when
we have extracted the useful patterns, we can compress or dimensionally
reduce the data to a lower dimension; without much loss of information.
The RBF-KPCA performs much like a standard PCA transform, except the
initially linear operations of PCA are performed in a reproducing kernel
Hilbert space (i.e. we map the data from a given dimension to a higher
dimension where we can perform a linear PCA and then reduce it down to a
lower dimension again). RBF PCA is good at re-encoding the data when it
lies along a non-linear trajectory.
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Figure 5.4: The output after PCA of figure 5.2b on page 47.

The first step to a principal component transform is to subtract the mean
from each of the data dimensions. All the x values have x̂ subtracted, to
produce a data set whose mean is zero. We then compute the covariance
matrix of the dataset, but before that, we subtract the mean m̂ from the
vector x.

Since the covariance matrix Ĉ is square, we are able to calculate the unit
eigenvectors and unit eigenvalues for Ĉ, where the eigenvectors correspond
to (v1 v2 . . . vL) and eigenvalues (λ1 λ2 . . . λL). We then sort the
eigenvalues by decreasing order and choose the k eigenvectors that correspond
to the k largest eigenvalues where k is our target dimension for the new
subspace.

The eigenvectors with the highest eigenvalues are the principal compon-
ents for the data set and are sorted such that we get W with a length of k.
We can now perform a dimensional reduction transform, i.e. transform the
data into a new subspace via y =W T · (X − m̂).

The way we implemented this principal component transform for the
signal processing algorithm used in this thesis is found in Appendix A.2 on
page 66.

The classical PCA transform is linear in nature and is, therefore, a
technique that is best suited for data that is linearly separable, and to an
extent, the heart rate data is linearly separable as can be seen in some of
the examples. However, as is often the case, data measured from the real
world is non-linear in nature. Therefore non-linear methods are required for
analysing and discovering patterns in data; this is referred to as non-linear
dimensionality reduction and abbreviated as (NLDR). Non-linear feature
extraction could prove to be especially useful for more robust extraction
of heart rate patterns outside of a laboratory environment.

As previously mentioned, this will be performed with the Gaussian radial
basis function (RBF) kernel PCA transform in this thesis. In the standard
linear PCA transform, we find the principal components that maximise the
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variance in the data by extracting eigenvectors corresponding to the largest
eigenvalues based on the covariance matrix. However, in kernel PCA we map
the data into a higher dimension, and the covariance matrix in the higher
dimensional space is not calculated explicitly (i.e. the RBF Kernal PCA does
not calculate a principal component axis). Instead, the received eigenvectors
can be thought of as a projection of the data onto the principal components.

The way the Gaussian radial basis function Kernal PCA is implemented
is with two steps as follows:

First, we calculate the kernel matrix, also known as a similarity matrix.
We calculate

κ (xi,xj) = exp
(
−γ||xi −xj ||22

)
(5.10)

for every pair of points, resulting in a symmetrical kernel matrix. Now we
have obtained the eigenvectors of the kernel matrix that corresponds to the
largest eigenvalues (Where γ = 1

2σ2 can be optimized via hyperparameter
tuning techniques). Then the kernel matrix is centred

K ′ =K − 1NK −K1N + 1NK1N (5.11)

Where 1N is a N ×N matrix with all values equal to 1/N . Now we need
to get the eigenvectors of the centred kernel matrix that correspond to the
largest eigenvalues. These eigenvectors are the features already projected
onto the respective principal components. The way we implemented it in
Python can be seen in the Appendix at A.3 on page 66.

From that data, we find all local maxima by a simple comparison
of neighbouring values above a threshold value and demanding a certain
distance between each local maxima. This gives a reliable indicator of each
heartbeat from the RBF-KPCA.

An example of how the data from the ECG, PCA transform and KPCA
transform looks is shown in figure 5.5. The data shown is a 20-second
snippet with the estimated beats per minute displayed alongside the name
and γ = 15.
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(a) ECG. BPM ≈ 66.

(b) KPCA. BPM ≈ 68.

(c) PCA. BPM ≈ 67.

Figure 5.5: This figure shows the Kernal PCA and PCA compared to the
referance ECG measurement.
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5.4 Why not FFT
Fast Fourier Transform (FFT) is a form of signal analysis in the frequency
domain. This form of signal processing reveals signal properties that are
not local in time to the data being processed; rather, it is spread over
an interval. When processing radar data necessary for the detection of
heart rate or ECG data, the interval between peaks or periodic signals is
a fundamental component in the detection and distinction of each heartbeat.
There are many different alternatives to Fourier, which are better at retaining
the transient information in the data. However, for this application, it was
decided to forgo some of these, e.g. wavelets, shapelets, curvelets, beamlets,
etc. This decision was based on practical constraints such as implementation
and to build upon the majority of previous research in this field.

5.5 ECG Data Processing
The data from the ECG module is read from a USB serial, then it is stored
in a one-dimensional array. From that array, we find all local maxima by
a simple comparison of neighbouring values above a threshold value and
demanding a certain distance between each local maxima. This gives a very
reliable indicator of each QRS complex. Then the time between each segment
(QRS complex) is calculated in milliseconds, this can then be summed and
divided to get beats per minute. By varying the length of segments being
averaged we can get more or less resolution. For more information (i.e. the
code snippet) see Appendix B.3 on page 69. An image showing the ECG
output is shown in figure 5.5a on the preceding page.
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Chapter 6

Short term Heart Rate
Variabillity

In this section, we will present and discuss a short to medium-term HRV
measurement made using the X4M200 IR-UWB radar and compare it with
measurements from an Analog Devices AD8232 ECG.

6.1 HRV Measurements
A short-term HRV measurement is usually 5 minutes long, and sometimes
10-20 minutes while long-term HRV measurements are usually between 12-24
hours. The HRV measurement will be constrained to somewhere in between
these ends of the scale. At approximately 1 hour, it is best described as a
medium-term HRV measurement. The measurements were performed with
the subject sitting approximately 40cm from the Novelda X4M200 radar
and connected to the AD8232 ECG using a three-lead setup with Covidien
Kendall 24mm disposable Ag/AgCI electrodes.

Measurements were quantized utilizing several short HRV measurements,
extracting the relevant data and interpolating between these data points.
The reason we performed the test for approximately 1 hour and not longer
or shorter is twofold. First is the limitation of human subjects, how long they
are willing to sit moderately still in a chair connected to ECG leads. Second
is the computer limitations such as processing power and memory. Moreover,
to keep the measurements safe, the computer has to run on battery power
while gathering data, as it is powering the ECG and reading serial data
through the USB. If the computer was connected to mains-electricity, there
would be a shock hazard for the subjects while measurements take place.
Electrical isolation is essential for all biomedical applications, and without
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a medical-isolation transformer or USB-isolator, this was the most sensible
option.

During these measurements, the subject was sitting in a resting position
watching a movie of their choice. This resting position could be described as
being similar to how one might sit when using a computer, or when driving
a car. The reasoning for this was to make the test less "controlled" and to
simulate some of the possible future applications of HRV IR-UWB Radar
measurements (e.g. for the detection of driver vigilance or as a computer
gaming peripheral amongst many others).

For the initial verification of the setup, we first several one-hour
measurements where we measured the beats per minute. The average
BPM for 30-second periods was then stored. This resulted in one hour of
measurements condensed into 120 BPM samples from the radar and ECG.
Thus we could use the ECG as a reference and calculate some initial values
related to the accuracy for measuring heart rate over more extended periods.

Measurement 1, a male subject, total difference between the ECG and
Radar was 0.99% over one hour (120 samples). The Average difference was
8.66%, and the Median difference was 7.46%.

Measurement 2, a male subject, total difference between the ECG and
Radar was 3.77% over one hour (120 samples). The Average difference was
12.69%, and the Median difference was 7.39%.

Measurement 3, a female subject, total difference between the ECG and
Radar was 21.88% over one hour (120 samples). The Average difference was
33.84%, and the Median difference was 30.61%. There was a higher degree of
movement with this subject. Resulting in some uncertainty to both the ECG
and Radar measurements due to movement, but the significant difference
could also be the result of anatomical differences between men and women.

These preliminary long-term tests gave valuable insight. A lesson learned
was that adding additional "logic" post-signal-processing could help filter
out false-positives if there was some. In practice, this meant looking at
the R-R time in milliseconds and disregarding impossibly long or short
intervals relative to human physiology. The previous and preceding R-R
intervals were also used to remove extreme outliers. This last step could quite
possibly remove information that would be important in a clinical setting;
however, this was of no consequence for a long term heart-rate-variability
measurement.
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Radar ECG DIFF
67 64 4.48%
71 65 8.45%
63 65 3.17%
84 71 15.48%
65 64 1.54%
66 66 0.00%
54 64 18.52%
58 64 10.34%
63 64 1.59%
69 60 13.04%
60 62 3.33%
64 62 3.13%
66 63 4.55%
62 62 0.00%
65 63 3.08%
65 63 3.08%
71 68 4.23%
68 66 2.94%
62 66 6.45%
71 65 8.45%
71 61 14.08%
70 64 8.57%
64 65 1.56%
64 64 0.00%
55 64 16.36%
56 66 17.86%
62 63 1.61%
60 65 8.33%
65 68 4.62%
63 66 4.76%

Table 6.1: Samples of the measurements in BPM (30 second sampling rate).
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(c) Radar HRV Male - Lomb-Scargle Periodogram

Figure 6.1: This figure shows Radar HRV in the frequency domain for a male
subject.
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(c) ECG HRV Male - Lomb-Scargle Periodogram

Figure 6.2: This figure shows ECG HRV in the frequency domain for a male
subject.
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(c) Radar HRV Female - Lomb-Scargle Periodogram

Figure 6.3: This figure shows Radar HRV in the frequency domain for a
female subject.
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(c) ECG HRV Female - Lomb-Scargle Periodogram

Figure 6.4: This figure shows ECG HRV in the frequency domain for a female
subject.

CHAPTER 6. SHORT TERM HEART RATE VARIABILLITY 59



Øystein Magnus Sørebø

Ideally, measurements would be performed on a large group of subjects
from both genders. The intension of this thesis was to perform measurements
on students; however, due to the 2020-pandemic, this was not feasible to
accomplish safely.

However, with the measurements taken before the outbreak, it is still
possible to analyse and generate HRV data. In total, three different frequency
domain plots where calculated, all based on various power spectral density
(PSD) models. They were made using the open-source Python toolbox
pyhrv, the code is found in appendix C on page 71

When looking at the total spectral power of the Welch plot between the
ECG and Radar, the difference is much more notable than for the other
methods. A possible reason for these differences might be that HRV analysis
methods are based on ECG, which might have a higher accuracy time interval
between each heartbeat, measuring from the R peak in the QRS complex.
Whilst the radar is accurate when measuring the general heartbeat; it lacks
the detailed nuances of the hearts different movement in a cardiac cycle, thus
making it challenging to get millisecond accurate R-R intervals. In other
words, the diffuse physiological movements measured by the radar such as
chest movements, head movements, whole-body movement and others, can
be a result of any stages in a cardiac cycle from beginning to end, indeed
also before and after a cardiac cycle.

The most intriguing data is ostensibly from the Lomb–Scargle periodo-
gram, as it is a Fourier-like power spectrum. For the male subject, the radar
and ECG spectrum is quite similar. However, for the female subject, there
is a significant peak in the power spectral density at 0.114 Hz. Otherwise,
the HRV measurements are quite similar for both the Radar and ECG, for
both genders.

60 CHAPTER 6. SHORT TERM HEART RATE VARIABILLITY



Chapter 7

Discussion and Conclusion

Four fundamental objectives have laid out the groundwork for the present
report. The first objective was to perform an up to date review of
research literature on the use of IR-UWB radar technology for contactless
measurement of heart rate. This status report for the present and ongoing
research within the field was fulfilled through chapter 3 on page 25. The
second and third objective was to clarify technicalities, document the process
for measuring heart rate with UWB-Radar, to give an overview of the
signal processing, how the data is gathered and processed, and explaining
the X4M200 radar data acquisition settings for use in gathering heart rate
measurements. The clarifications of these issues were fulfilled through
chapter 4 on page 37, and 5 on page 41. The final objective was to use
an IR-UWB pulse-Doppler radar for heart rate measurement and compare
the results with an ECG measurement, fulfilled through chapter 6 on page 53.

A literature review of eight articles and review-based analysis using the
systematic literature review method (SLR), developed by Kitchenham and
Charters [36] from the present field of research revealed that there are two
main pathways within this domain. There is a technologically oriented
direction (e.g. the development of cutting edge signal-processing algorithms
for extraction of heart rate data) and one behavioural oriented direction
(e.g. applying the present research for UWB-radar heart rate measurements
and performing practical measurements based on this research). These two
different approaches are in many ways, two sides of the same coin, in that
they are closely related to each other. Progress in the technical orientation
will typically make it possible to test new and novel solutions on humans or
animals furthering the applied research type of papers.

The review shows that measurement of heart rate in a non-contact manner
with radar technology, given rigorously controlled environments, such as
having subjects sit completely still, or holding their breath for short periods
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of time produce relatively precise measurements for heart rate (i.e. error
rate < 5%). However, there are some limitations when using this approach
that needs to be considered before real-world practical applications can be
performed successfully, such as having the correct angle to the radar and
more accurately attenuate the effect of movement.

It is safe to say that the long term objective of the ongoing research
effort is to move UWB radar technology for pulse and respiration out of
the laboratories, and into a real-life setting, i.e. everyday use. The main
impediment for doing this with the present level of technology is that the
current measurement methods are too susceptible to unwanted movements
adding interference to the signal. So far, the standard solution for this,
beyond the use of a controlled measurement environment, has been the
utilization of traditional signal processing techniques as a pre-processing
step in combination with statistical pattern recognition for extracting desired
features.

Signal processing techniques, as indicated above, are aimed at removing
the interference, clutter and noise from the signal. If a too aggressive
technique is used, it becomes a negative feedback loop in which you end
up with having to use a controlled measurement environment to acquire
any relevant data at all. On the flip side, if the signal is processed too
little, it becomes quite susceptible to unwanted movements, thus making
it challenging to get accurate measurements. There seem to be too many
variables in place to get a good middle ground. In this masters thesis, there
was an avid effort to keep the measuring environment realistic, in other
words, the measurements took place in low to medium traffic areas such as
a university lab/writing room or on a typical kitchen table.

As a result of this, there where many variables in play that could affect
measurements. As such, we had to compromise and base the signal processing
technique on such a middle ground. The outcome gave better results than
was expected, while not as good as indicated by research in which subjects
and the measuring environment tailored for good results. Overall, it was
shown that radar is capable of measuring heart rate, as in beats per minute,
accurately and adequately compared to electrocardiography. This also held
true even over more extended periods of time, such as one to two hours.
There was nothing to indicate that it would not work for even longer periods
of time; as measurements where repeated one after another with similarly
good results.

When it comes to heart rate variability measurements using radar, there
are indications both for and against its viability; the results compared to
electrocardiography are similar in some aspects, yet entirely different in
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others looking at the spectrum data. Given the way, heart rate variability
is measured, measuring the time between two R-R intervals. The way in
which heart rate variability is calculated may not be very well adjusted for
the measurements produced by radar. The foremost reason for this is that it
is difficult, if not impossible, to pinpoint precisely what movement the radar
is measuring on the human body. With electrocardiography, it is trivial to
measure the time between heart contractions with very high accuracy. Whilst
an event that is classified as a heart contraction can be very accurate in the
"beats per minute" timescale it may not have an adequate resolution down
to the one to tens of milliseconds. However, further research may make the
necessary resolution possible.

However, an up-and-coming technique that may mitigate some of
the weaknesses associated with standard radar measurement and filtering
techniques is unsupervised and supervised machine learning algorithms. A
recent study by Saluja, Casanova and Lin [47] demonstrates that a supervised
machine learning algorithm, using a gamma filter, can provide an efficient
solution for extracting heart rates from radar signals in real-time, in a
computationally resource-efficient way.

A step further would be to explore the use of unsupervised machine
learning; this would entail gathering massive amounts of data from radars, in
combination with a known reference source, such as ECGs or pulse oximeters,
that way it would be possible to train a neural network without manually
labelling any data needed to train a neural network. Another approach would
be making a computer model to simulate the data received from the radar;
that way, an unsupervised network can train for what would amount to
thousands of years of real data gathering in a relatively short time span. In
other words, it would be similar to how neural networks such as Deepmind
AlphaStar, OpenAI Five.
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Appendix A

Feature Extraction and Filters

A.1 Bandpass

The values for the digital bandpass filter:

Denominators Numerators
-7.286209278788339461e+00 0.000000000000000000e+00
2.332063459639068270e+01 -6.256533277107270393e-04
-4.282824381601995611e+01 0.000000000000000000e+00
4.936438096445802870e+01 9.384799915660906131e-04
-3.656872288849768182e+01 0.000000000000000000e+00
1.700333184440890832e+01 -6.256533277107270393e-04
-4.537135914219548205e+00 0.000000000000000000e+00
5.319646998244221825e-01 1.564133319276817598e-04

def butter_bandpass(lowcut, highcut, fs, order=4):
nyq = 0.5 * fs
low = lowcut / nyq
high = highcut / nyq
b, a = butter(order, [low, high], btype=’bandpass’)
return b, a

def butter_bandpass_filter(data, lowcut, highcut, fs, order=4):
b, a = butter_bandpass(lowcut, highcut, fs, order=order)
y = lfilter(b, a, data)
return y
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A.2 PCA
The 2-D to 1-D PCA function implemented for the signal processing
algorithm.

def PCA(data):
mean = data.mean(0)
Cov = np.cov(data - mean, rowvar=False)
eigenVals, eigenVecs = np.linalg.eig(Cov)
maxEigenVecs = np.where(eigenVecs == np.amax(eigenVecs))
PCAvec = eigenVecs[maxEigenVecs[0]]
PCA = np.dot(data - mean, PCAvec.T)
return PCA

A.3 RBF Kernel PCA
The 2-D to 1-D KPCA function implemented for the signal processing
algorithm.

def kpca(data, gamma, x):
sq_dists = pdist(data, ’sqeuclidean’)
mat_sq_dists = squareform(sq_dists)

kernel = exp(-gamma * mat_sq_dists)
N = kernel.shape[0]
n = np.ones((N,N)) / N
kernel = kernel - n.dot(K) - kernel.dot(n) + n.dot(kernel).

↪→ dot(n)
eigvals, eigvecs = eigh(kernel)

data_pc = np.column_stack((eigvecs[:,-i] for i in range(1,x
↪→ +1)))

return data_pc
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Appendix B

ECG, Pulse Oximeter and
RangeFinder

B.1 ECG and Pulse Oximeter Python up-
dater

def _update(samples):
"""
Continiously reads and updates ECG/Pulse Oximeter data

Parameters
----------
samples : int

The number of samples to store at any given time.

"""
ser = serial.Serial("/dev/ttyUSB0", 9600)
data = np.zeros(samples)
num = ser.readline().decode(’utf-8’, errors=’replace’).

↪→ rstrip()
num = re.sub("[^0-9]", "", num)
data[samples-1] = num
data[:] = shift(data, -1)

def shift(xs, n):
e = np.empty_like(xs)
if n >= 0:

e[:n] = np.nan
e[n:] = xs[:-n]
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else:
e[n:] = np.nan
e[:n] = xs[-n:]

return e

B.2 Range Finder
#include <Wire.h>
#include <SFE_MicroOLED.h>
#include "SparkFun_VL53L1X.h"

#define PIN_RESET 9
#define DC_JUMPER 1
#define SHUTDOWN_PIN 2
#define INTERRUPT_PIN 3

MicroOLED oled(PIN_RESET, DC_JUMPER);
SFEVL53L1X distanceSensor;

void setup()
{
delay(100); // Delay 100 ms
Wire.begin();
oled.begin(); // Initialize the OLED-screen
oled.clear(ALL); // Clear the OLED’s internal memory
oled.display(); // Display what’s in the buffer
delay(1000); // Delay 1000 ms
oled.clear(PAGE); // Clear the buffer

randomSeed(analogRead(A0) + analogRead(A1));

distanceSensor.begin();
}

void loop()
{

// Write configuration bytes to initiate measurement
distanceSensor.startRanging();
// Get the result of the measurement from the sensor
int distance = distanceSensor.getDistance();
distanceSensor.stopRanging();
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Serial.print(distance);

char mm[5];
char cm[5];
char m[5];
itoa(distance, mm, 10);
itoa(distance/10, cm, 10);
itoa(distance/1000, m, 10);

oled.setFontType(0); // Set font to type 1
oled.clear(PAGE); // Clear the page
oled.setCursor(0, 0); // Set cursor to top-left
// Displays mm, cm and meters when applicable
oled.print("Distance:");
oled.print("\n\n␣mm:␣");
oled.print(mm);
oled.print("\n␣cm:␣");
oled.print(cm);
if((distance/1000)>=1){

oled.print("\n␣m␣:␣");
oled.print(m);

}
oled.flipVertical(1); // Orients the display correctly
oled.flipHorizontal(1);
oled.display();

}

B.3 ECG measurements
def pulse():

sek = 30
baudRate = 9600
samples = sek*200
ser = serial.Serial(

"/dev/ttyACM3",
timeout=None,
baudrate=baudRate,
parity=serial.PARITY_NONE,
stopbits=serial.STOPBITS_ONE,
bytesize=serial.EIGHTBITS

)
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ecgData = np.zeros(samples)
stop = 0
start = time.time()
end = 0
for bit in range(samples):

ecgNum = ser.readline().decode(’utf-8’, errors=’replace
↪→ ’).rstrip()

try:
ecgNum = int(re.sub("[^0-9]", "", ecgNum))

except:
ecgNum = 300

if(ecgNum > 1000 ):
ecgData[bit] = ecgData[bit-1]

else:
ecgData[bit] = ecgNum

end = time.time()
if((end - start) >= sek):

stop = bit
break

ecgData = ecgData[:stop]
peaks, _ = find_peaks(ecgData[:stop], distance=100)
samplesPerSec = stop/sek
interval = np.zeros(len(peaks)-1)
for eachRR in range(len(peaks)-1):

interval[eachRR] = (peaks[eachRR+1] - peaks[eachRR])/
↪→ samplesPerSec

average = np.sum(interval)/len(interval)
bpm = int(60/average)
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Appendix C

HRV with PyHRV

def plotAndSave(name, path):
data = []
with open(path+name) as csvDataFile:

csvReader = csv.reader(csvDataFile)
for row in csvReader:

data.append(row)
data = data[0]
data = np.asarray(data, dtype=np.float32)

ar = pyhrv.frequency_domain.ar_psd(data)
welch = pyhrv.frequency_domain.welch_psd(data)
lomb = pyhrv.frequency_domain.lomb_psd(data)
poin = pyhrv.nonlinear.poincare(data)
detrended = pyhrv.nonlinear.dfa(data)

fig = ar[’ar_plot’]
fig.savefig(path+name+"ar.pdf", dpi=fig.dpi)
fig = welch[’fft_plot’]
fig.savefig(path+name+"welch.pdf", dpi=fig.dpi)
fig = lomb[’lomb_plot’]
fig.savefig(path+name+"lomb.pdf", dpi=fig.dpi)
fig = poin[’poincare_plot’]
fig.savefig(path+name+"poin.pdf", dpi=fig.dpi)
fig = detrended[’dfa_plot’]
fig.savefig(path+name+"dfa.pdf", dpi=fig.dpi)
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