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Noncontact detection and monitoring of human cardiopulmonary activity is one of
the most promising solutions for sleep monitoring, postsurgery monitoring, home
health care, and search and rescue applications. Without contact or subject prepa-
ration (special clothing, attachments, etc.), this could facilitate health monitoring to
the chronically ill, enable sleep monitoring outside of sleep laboratories, detect sur-
vivors under rubble, and deliver warnings of emergencies or changes in conditions of
patients. Doppler radar remote sensing of physiological signatures has shown promise
to this end. The development of Doppler radar for remote sensing of vital signs,
with proof of concept demonstrated for various applications [Li et al., 2013], could
offer a platform for unobtrusive, noncontact, yet continuous physiological monitoring
systems.

Cardiopulmonary monitoring is typically carried out with contact sensors such
as electrocardiogram (ECG) electrodes. The use of contact sensors is neither
possible nor desirable in many situations, due to, for example, skin irritation, or
simply lack of access for direct contact. The long-term, continuous use of contact
sensors is also limited by degradation in contact quality over time. Some examples
of long-term health-care monitoring that would benefit from noncontact sensing
include monitoring postsurgery patients, chronic and elderly patients, and patients
with sleep disorders. Premature infants and burn victims will also clearly benefit
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2 INTRODUCTION

from noncontact sensing due to compromised skin integrity. A failure to respond to
patient deterioration promptly and appropriately can lead to increased morbidity and
mortality, increased requirement for intensive care, and elevated costs [Tarassenko
et al., 2006]. Early identification of patient deterioration is important, as it can
prevent subsequent cardiopulmonary arrest and reduce mortality. Early recognition
of physiological abnormalities coupled with the rapid intervention of suitably
trained staff may result in an improvement in the functional outcome or mortality
rate. Early recognition relies on the physiological observations being measured
accurately and at intervals appropriate to the condition of the patient. However,
many patients are not monitored regularly, and some vital signs such as respiratory
rate are measured significantly less frequently than other vital signs. There is a need
for straightforward, automated, continuous physiological monitoring technology.

Noncontact physiological monitoring may make a significant impact beyond
health-care applications, especially in situations where direct access to the subject
is not available. Such situations include, for example, occupancy sensors for energy
efficiency [Yavari et al., 2014], search and rescue operations for survivor detection
under rubble [Chuang et al., 1990], and detection of adversaries through walls
[Lubecke et al., 2007].

1.1 CURRENT METHODS OF PHYSIOLOGICAL MONITORING

Assessment of cardiopulmonary functions is most often performed with contact sen-
sors when direct access to the subject is available. ECG is the gold standard for heart
monitoring that is often used in hospital and ambulatory settings, whereas there is
no equivalent gold standard for respiratory monitoring. There are many different
approaches used for respiratory monitoring; however, none of them are easily applied.
Even though respiratory rate is a key early indicator of physiological instability that
may lead to a critical event, respiratory rate is measured significantly less frequently
than other vital signs, such as blood pressure, pulse rate, and arterial oxygen satura-
tion. Among the vital signs, respiratory rate is the only sign that is typically measured
manually, via visual assessment, with a nurse counting chest excursions.

The current practices to measure respiration are divided into three categories:
measurement of oxygen saturation, measurement of airflow, and measurement of
respiratory effort/movement [Webster, 2010]. Pulse oximetry measures the percent-
age of hemoglobin (Hb) that is saturated with oxygen. A source of light originates
from the probe at two wavelengths (650 and 805 nm). The light is partly absorbed by
hemoglobin, at amounts which differ depending on whether it is saturated or desatu-
rated with oxygen. Direct measurement of airflow typically uses a spirometer with a
mouth piece or a face mask. It contains a precision differential pressure transducer for
the measurements of respiration flow rates. The spirometer records the volume and
rate of air that is breathed in and out over a specified time. These spirometers are rarely
used continuously because they have large dead volumes and high resistance, which
make them unpleasant to use. Indirect measurement of airflow, such as with a ther-
mocouple or capnograph, has less adverse effects, but still requires the placement of
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sensors in front of the nose and/or mouth. Respiratory effort/movement measurement
can be monitored by measuring body volume changes; transthoracic inductance and
impedance plethysmographs, strain gauge measurement of thoracic circumference,
pneumatic respiration transducers, and whole-body plethysmographs are examples
of indirect techniques. Each respiratory measurement method has unique advantages
and disadvantages. Pulse oximetry measurements indicate that a respiratory distur-
bance has occurred, but do not provide respiratory rate. Airflow measurements are the
most accurate, but interfere with normal respiration. The whole-body plethysmograph
can be highly accurate and does not interfere with respiration, but requires immobi-
lization of the patient. The performance of commonly used transducers (belts or elec-
trodes) for ambulatory respiration monitoring significantly degrades over time with
wear and tear. Impedance plethysmography, performed through ECG electrodes, is
the most common method of continuously measuring respiratory rate in the hospital.

The electrocardiograph (ECG) is traditionally considered the standard way to mea-
sure the cardiac activity. It records the electrical activity of the heart over time. Elec-
trical waves cause the heart muscle to contract. These waves pass through the body
and can be measured at electrodes attached to the skin. Electrodes on different sides
of the heart measure the activity of different parts of the heart muscle. An ECG dis-
plays the voltage between pairs of these electrodes, and the muscle activity that they
measure, from different directions. This display indicates the overall rhythm of the
heart, and weaknesses in different parts of the heart muscle. The other approach is
pulse measurement of changes in blood volume in the skin. Pulse measurements, such
as a photoplethysmograph (PPG) or piezoresistance, use optical or pressure sensors
to identify pulses of blood driven by heartbeats. These are less invasive and simpler
than ECG, yet both of these methods require patients to be tethered to the sensing
devices.

1.2 NEED FOR NONCONTACT PHYSIOLOGICAL MONITORING

The ability to remotely detect vital signs such as heart beat and respiration is partic-
ularly useful in situations where direct contact with the subject is either impossible
or unwanted. Avoidance of problems such as skin irritation, restriction of breathing,
and electrode contacts is desirable in a number of health-care applications, includ-
ing monitoring of patients with compromised skin, and sleep monitoring. Beyond
health care, the potential applications that could benefit from remote sensing of phys-
iological signals include fatigue monitoring, border crossing monitoring, occupancy
sensors, sense through the wall, and search and rescue operations.

1.2.1 Patients with Compromised Skin

Development of reliable noninvasive physiological monitoring is an important goal
in modern health-care research. Knowledge of routinely monitored heart and respi-
ratory patterns would be clinically useful in many situations. In neonatal intensive
care units, infants often suffer skin damage from adhesive tape, electrocardiogram
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electrodes, electroencephalogram electrodes, and transcutaneous probes, with some
lesions leaving scars [Colditz et al., 1999]. Monitoring the cardiac state of burn vic-
tims can be challenging because it is sometimes difficult to find enough skin on which
to apply an ECG electrode. Sometimes the electrode is stapled to the skin, or to an
undebrided burn area [Loo et al., 2004]. Often an esophageal ECG must be used
because adequate skin area cannot be located. A wireless heart and respiration rate
monitor could fill the needs for both neonates and burn victims, by enabling the mon-
itoring of these vital signs without contacting the skin with electrodes.

1.2.2 Sleep Monitoring

Cardiopulmonary activity is the main parameter used in the study of sleep disorders.
Sleep is widely understood to play a key role in physical and mental health. The
quality and quantity of sleep that an individual gets can have a significant impact on
learning and memory, metabolism and weight, safety, mood, cardiovascular health,
disease, and immune system function. Obstructive sleep apnea (OSA) is the most
common sleep disorder with an estimated 12 million Americans suffering from it.
Risk factors include gender, weight and age (being male, overweight, and over the
age of 40), but sleep apnea can strike anyone at any age, even children. One of every
five adults has at least mild OSA, and one of fifteen has at least moderate OSA [Young
et al., 2002]. OSA has many negative effects, including excessive daytime sleepi-
ness, increased risk of motor vehicle accidents, hypertension, psychological distress,
and cognitive impairment. Apnea is the cessation of airflow for 10s or longer, and
OSA is apnea that occurs in spite of respiratory effort. To differentiate between cen-
tral and obstructive apneic events, measurements of respiratory movement must be
made in addition to measurements of airflow [Phillips et al., 1998]. Current laboratory
polysomnography (PSG) is cumbersome, inconvenient, and expensive, causing con-
siderable interest in portable monitoring of the condition. A Doppler radar monitoring
system could identify respiratory movement, without the difficulties that accompany
a full polysomnographic recording [Singh et al., 2013].

The gold standard for the clinical diagnosis of obstructive sleep apnea syndrome
(OSAS) is PSG, consisting of simultaneous recordings of electrophysiological and
respiratory signals, and overnight monitoring of the patient in a specially equipped
sleep laboratory [Kryger et al., 2000]. However, the scarcity of sleep clinics and the
expense associated with standard PSG allows treatment of small numbers of OSAS
cases. The lack of awareness among the public and health-care professionals results
in the vast majority of sufferers remaining undiagnosed and untreated, despite the fact
that this serious disorder can have significant consequences. Untreated sleep apnea
can cause high blood pressure and other cardiovascular disease, memory problems,
depression, weight gain, and headaches. Moreover, untreated sleep apnea may be
responsible for job impairment and motor vehicle collisions. A simple, less costly,
noninvasive, reliable and ambulatory screening method for OSAS is desirable.
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Sudden infant death syndrome (SIDS) is believed to be attributable to sleep apnea.
Although rates of SIDS have declined sharply in the past 15 years, SIDS is still the
third leading cause of infant mortality and the leading cause of postneonatal infant
mortality [Arias et al., 2003; Hunt and Hauck, 2004]. In 2001, 8.1% of all infant
deaths were caused by SIDS, affecting 55.5 of every 100,000 live births. Appar-
ent life-threatening events (ALTEs), defined as an episode that is characterized by
some combination of apnea, color change, marked change in muscle tone, chok-
ing, or gagging, are experienced by 2.46 of every 1000 infants [Kiechl-Kohlendorfer
et al., 2005]. Although home electronic surveillance does not reduce the risk of SIDS
at this time, this may be due to limits of current home-monitoring devices, or high
false-negative rates. If obstructed breathing, central apnea, bradycardia, or oxygen
saturation could be reliably detected, intervention could save infants’ lives [Hunt and
Hauck, 2004]. A Doppler radar device could detect central apneic events, where there
is no respiratory motion, and bradycardia, where the heart rate slows. Doppler radar
could be an integral part of a combination of sensors that could provide reliable home
SIDS monitoring.

1.2.3 Elderly Monitoring

The population share of the elderly around the globe has been steadily increasing,
due to improvements in health care and decrease in birth rates. The global percentage
of people aged 60years or above increased from 9.2% in 1990 to 11.7% in 2013
and will continue to grow as a proportion of the world population, projected to reach
21.1% by 2050 [United Nations, 2013]. This has resulted in an increasing need for
health-care equipment specialized for routine in home monitoring of the elderly. With
the reduced mobility, elderly adults may be at high risk of gait or balance disorders,
which are the major causes of fall in this population and risk factors for increasing
morbidity and mortality. Therefore, more specialized health-care equipment is needed
for long-term monitoring of gait for the elderly.

The Doppler radar has demonstrated potential for human gait monitoring [Wang
and Fathy, 2011]. A Doppler radar-based approach for gait monitoring and fall detec-
tion was proposed, with good accuracy in distinguishing common fall events from
normal movements [Mercuri et al., 2013]. Such a system could be potentially linked
to medical monitoring personnel to provide a prompt alert in the event of emergencies.

1.3 DOPPLER RADAR POTENTIAL FOR PHYSIOLOGICAL
MONITORING

The development of Doppler radar for sensing of cardiopulmonary sensing, with
proof of concept demonstrated for various applications [Li et al., 2013], could offer
a platform to establish noncontact, continuous, physiological monitoring systems.
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Doppler radar systems can perform noncontact sensing of respiratory and cardiac
signatures at a distance, through clothing, walls, or debris. A particular advantage of
Doppler radar is its ability to detect both heart and respiratory signals simultaneously,
but independently, and without contact with the subject. This may be particularly
useful in chronic disease management, sleep studies, heart rate variability (HRV)
and energy balance studies, and for obtaining biometric signatures for security
applications.

1.3.1 Principle of Operation and Power Budget

Radar, an acronym for RAdio Detection And Ranging, describes a system that
transmits an electromagnetic signal and senses the echo from reflecting objects,
thereby gaining information about those objects. The time delay between the
transmitted and received signals indicates the distance to the target; the frequency
shift of the received signal due to Doppler effect enables calculation of the target’s
velocity; and the strength of the signal gives information about the target’s radar
cross section, which provides information about its size, geometry, and composition.
A major advantage of radio and microwave frequency radar systems is that these
waves can penetrate through some objects that light cannot penetrate, allowing
detection of objects that cannot be seen. However, radar systems developed for
different applications may operate at many different frequencies, varying from a few
megahertz to optical frequencies.

The Doppler effect can be observed as the change of frequency or pitch when
a wave source moves either toward or away from the observer. This principle was
discovered by the Austrian physicist Christian Doppler in 1842, and it applies to all
wave motion. Doppler radar uses this principle to measure target velocity from the
frequency shift between the transmitted electromagnetic wave and the wave reflected
from the moving object.

Radar systems were originally developed for military applications including
surveillance and weapon control. Radar now has many civil applications, including
navigation of aircraft, ships, and spacecraft, remote sensing of the environment
(including weather), and law enforcement. Depending on the radar system hardware
and the type of signal sent, it may be possible to detect the range and/or angle to the
target, the size and shape of the target, and the linear and/or rotational velocity of the
target [Skolnik, 1990]. Depending on which of these parameters is most important to
sense, as well as the range to and the nature of the target, different radar topologies
may be used. A pure continuous-wave (CW) system can readily detect moving
targets via the Doppler shift of the received signal, although it cannot detect the
range. Frequency-modulated continuous-wave (FMCW) radar systems can detect
both the range to and the velocity of the target. Altimeters and Doppler navigation
devices use FMCW radar systems [Saunders, 1990]. Pulsed radar allows transmitting
and receiving to occur at different times, and it is used when the return signal is much
smaller than the transmitted signal and, therefore, difficult to sense the received
signal in the presence of the transmitted signal [Skolnik, 1990]. Different types of
Doppler radar and their applications are discussed in more detail in Chapter 2.
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A low-power Doppler radar system can be used to sense physiological movement,
enabling the monitoring of vital signs parameters without contact, and through
clothing and bedding [Li et al., 2013]. A low-power radio frequency (RF) signal
is transmitted, and as it reflects from the patient’s body, the echo is modulated by
physiological motion. The Doppler shift theory states that a reflected signal from
an object with periodic movement but zero net velocity is phase modulated. This
phase is proportional to the displacement of the subject. If the subject is the human
body, the reflected signal will contain information on the positional variations on the
surface due to cardiopulmonary activity. A combination of hardware and software
compares the echo signal with the transmitted signal, and extracts a physiological
motion signal.

CW, FMWC, and pulsed Doppler radar can be used to sense physiological move-
ment. A CW radar topology is the simplest radar topology for two reasons: a single
oscillator can be used for both the transmitter and the receiver, and the extremely nar-
row signal bandwidth avoids interference and rejects stationary clutter. A pure CW
radar system can measure targets at any range (subject to the signal-to-noise ratio
(SNR)) that are moving at any velocity (subject to the receiver bandwidth) without
ambiguity, unlike pulsed or modulated systems that have limited velocity resolution.
However, CW radar systems cannot detect range without modulation, and when mod-
ulated, the same range ambiguities found in pulsed radar systems are present.

When the goal of the measurement is target motion rather than distance to the
target, a pure CW radar system is very effective. When the CW signal is directed at
a target, it is reflected and frequency-modulated by the target motion. According to
Doppler theory, a target with a time-varying position but no net velocity will reflect
the signal, modulating its phase in proportion to the time-varying position of the tar-
get. A stationary person’s chest has a periodic movement with no net velocity, and
a CW radar with the chest as the target will, therefore, receive a signal similar to
the transmitted signal, with its phase modulated by the time-varying chest position.
Demodulating the phase will then provide a signal directly proportional to the chest
position, which contains information about movement due to heartbeat and respira-
tion, from which heart and respiration rates can be determined. Noncontact heart and
respiration monitors have been developed based on this principle [Lin, 1992].

The most significant issues with CW radar are linked to its nature of constantly
transmitting and receiving, which results in the inability to separate reflections tem-
porally. A portion of the transmitted signal leaks from the transmitter to the receiver,
either through coupling between the transmit and receive circuitry, or directly through
the antenna(s). In addition, clutter reflects some of the signal and its noise sidebands
back to the receiver, adding to the signal power at the transmit frequency due to leak-
age. These unwanted signals result in a DC offset and low-frequency noise if they are
not eliminated before the signal is detected.

1.3.1.1 Frequency and Power Considerations The peak-to-peak chest motion
due to respiration in adults ranges from 4 to 12 mm [DeGroote et al., 1997; Kondo
et al, 1997], while the peak-to-peak motion due to the heartbeat is about 0.5 mm
[Ramachandran and Singh, 1989]. The amount of phase modulation due to chest
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motion will be proportional to displacement and the operating frequency. At 2.4 GHz,
1 cm of displacement corresponds to about 1rad of phase change, and the phase
change increases proportionally to increasing frequency. The ability of the system
to discern changes in phase will depend on the overall SNR that is determined by the
size of the moving surface, displacement amplitude, range to target, and electrical
properties of the radar system.

The electrical properties of biological tissue affect the amount of signal that is
reflected and transmitted, both at the skin—air interface and at interfaces between dif-
ferent tissues within the body. The electric properties of biological tissue depend on
frequency of operation, and are largely governed by the percentage of water content.
Tissues with high water content, such as skin, muscle, and blood, are more lossy and
more readily absorb electromagnetic waves. As the frequency of operation increases,
the losses increase, whereas tissues with low water content, such as bone and fat, are
largely transparent to electromagnetic waves. The tissue contrast based on different
absorption and propagation characteristics has been used for microwave imaging.

Doppler radar detects all motion in the radar field of view. If the antenna is placed
in contact with the skin, internal organ motion may be measured, assuming that there
is enough penetration for the electromagnetic wave to reach the internal organs, and
propagate back to the receiver after the reflection. If the Doppler radar is placed at
some standoff distance from a subject, at frequencies of 2.4 GHz and above, about
50% of the incident power will be reflected at the air—skin interface, and more than
90% of the reflected power will come from the surface reflection. Thus, in this case,
for all practical purposes, we can assume that noncontact Doppler radar physiological
measurements are measurements of skin surface motion.

1.3.2 History of Doppler Radar in Physiological Monitoring

Physiological motion detection with CW Doppler radar has been known since the
1970s [Lin, 1975], and with FMCW [Sharpe, 1990] and ultra-wideband (UWB)
[Staderini, 2002] Doppler radar since the 1980s. Understanding of microwave
noninvasive physiological sensing has advanced tremendously in the past few
decades, and recent advances in wireless technology have enabled further progress
in medical radar, culminating with recent FDA approvals. Widespread use of
microwave technology and digital processors in common household communica-
tions devices has driven down costs, making it possible to develop practical radar
monitors that cost significantly less than conventional cardiopulmonary assessment
instruments.

Microwave Doppler radar monitoring of respiratory and cardiac movements was
first demonstrated in the late 1970s, when respiration [Lin, 1975; Lin et al., 1977] and
heart beats [Lin et al., 1979] were measured separately, with a breath-hold required
for the heart measurement [Lin et al., 1979]. X-band sweep oscillators were used,
with horn antennas directing the microwave energy toward the upper torso of the sub-
jects. A nonanesthetized rabbit’s respiration was measured from a distance of 30 cm
[Lin, 1975]. In [Lin et al., 1977], the same system was used with an apnea-detector
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circuit, and was tested on a rabbit and two cats, all of which were anesthetized and
intubated. Both hyperventilation and apnea were induced in the animals, and both
states were clearly detected by the microwave monitor. Microwave apexcardiography
was demonstrated by using a continuous-wave 2-GHz microwave signal with an
antenna placed 3 cm above the apex, and the precordial motions were easily detected
[Lin et al., 1979].

From the mid-1980s through the late 1990s, radar transceivers were developed that
incorporated analog and digital signal processing to separate the small heart signal
from the much larger respiration signal, so the subject did not need to hold his/her
breath for the heart rate to be measured, and heart and respiration could be mea-
sured simultaneously [Chan and Lin, 1987; Chen et al., 2000; Chuang et al., 1990;
Greneker, 1997; Seals et al., 1986]. These transceivers were used for the detection of
heart and respiration rates of persons in rubble, persons behind walls, and Olympic
athletes. An analog amplification and filtering for separation of heart and respiration
signatures was combined with 8-bit digitization and digital signal processing to detect
heart and respiration rates [Chan and Lin, 1987]. An automatic clutter-cancellation
circuit was developed to facilitate measurement of the heart and respiration signa-
tures through seven layers of brick [Chuang et al., 1990] and through 10 ft of rubble
[Chen et al., 2000]. Heart and respiration rates of athletes were successfully detected
at ranges exceeding 10 m [Greneker, 1997]. At 100 m standoff distance, the limit was
moving background clutter, not the system sensitivity. A quadrature receiver was used
to avoid phase-demodulation null points [Seals et al., 1986].

More recently, Doppler radar vital signs monitoring was explored to detect hypov-
olemic states and shock in persons under rubble or in biochemical hazard conditions
that could pose danger to health-care providers [Matsui et al., 2004a, 2004b]. Hypo-
volemic rabbits and rabbits in shock could be reliably distinguished from the control
rabbits based on the Doppler radar information by using linear discriminant analy-
sis on the heart and respiration rates. The hypovolemic rabbits have higher heart and
respiration rates. Doppler radar was also used to estimate arterial blood pH without
contact using heart and respiration rate monitoring coupled with an infrared thermo-
graphic temperature measurement and an exhaled gas (CO and CO,) analyzer [Matsui
et al., 2006]. This measurement was successful at estimating blood pH using linear
regression analysis on hypovolemic rabbits.

The connection of this technology to the existing wireless communications infras-
tructure was also investigated [Boric-Lubecke and Lubecke, 2002; Lubecke et al.,
2002; Boric-Lubecke et al., 2003]. A modified wireless LAN PCMCIA card was
used to detect heart and respiration [Boric-Lubecke et al., 2003], and a module that
combines the transmitted and reflected signals from any wireless communication
device, such as a cordless telephone, was used to detect heart and respiration [Lubecke
etal., 2002]. Using this technology to directly connect Doppler measurement of heart
and respiration rate to health-care providers has been proposed [Boric-Lubecke and
Lubecke, 2002].

In addition, UWB radar has been used for the measurement of heart and respi-
ration rates. Using 0.4-W pulses and a 1-GHz central frequency, heart rates were
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detected through 1 m of air and a 0.4-m brick wall [Immoreev and Samkov, 2005]
and respiration was measured at up to 5 m [Ossberger et al., 2004].

Research efforts in the last decade have been moving the technology development
toward lower power, lighter weight, smaller form factor, better accuracy, longer
detection range, and more robust operation for practical portable and handheld
applications. Among many possible applications this technology can be used for,
health care seems to be drawing the most interest. As an example, a baby monitor
using this technology was demonstrated to monitor SIDS [Hafner et al., 2007; Li
et al., 2009]. The Doppler radar embedded into the baby monitor detects tiny baby
movements induced by breathing. If no movement is detected within 20 s, an alarm
goes off to warn the parents. Operating in similar ways, biomedical Doppler radar is
also being investigated as a cost-effective solution for long-term monitoring of sleep
apnea [Singh et al., 2013]. Human studies in clinical environment have validated this
technology as a potential substitute for conventional respiratory monitors [Droitcour
et al., 2009; Massagram et al., 2009] and a useful tool for precise assessment of key
parameters relating to cardiopulmonary activity including body orientation [Kiriazi
et al., 2012]. Furthermore, recent studies have demonstrated that Doppler radar
could help a medical linear accelerator to track the location of a mobile tumor during
radiotherapy with the help of advanced signal-processing algorithms [Li et al., 2011;
Gu et al., 2012]. Doppler radar has also been applied to monitor the health and
behavior of land and sea animals including lizards and fish [Singh et al., 2012b,
2012a; Hafner et al., 2012].

With growing interests in health and life sciences in the engineering commu-
nity, many researchers have been contributing to the technology advancement in
this field. This has led to various radar front-end architectures including the con-
ventional homodyne/heterodyne [Xiao et al., 2006], self-/mutual-injection locking
[Wang et al., 2011], and coherent low-IF [Mostafanezhad and Boric-Lubecke, 2014].
Each of these architectures shows its specific advantage in certain environments. Sig-
nal conditioning and processing methods such as adaptive DC calibration [Vergara
et al., 2008b; Gu and Li, 2012], arctangent demodulation [Park et al., 2007], and
noise cancellation [Li and Lin, 2008; Oum et al., 2008; Fletcher and Jing, 2009;
Wiesner, 2009] have been proposed to enable practical applications of the biomedical
radar. Various techniques, including blind source separation (BSS) and the use of pas-
sive RF tags, have been applied to isolate multiple targets and clutter noise [Vergara
et al., 2008a; Singh and Lubecke, 2013]. Hardware implementations from benchtop
fast prototyping using fundamental RF/microwave instruments [Gu et al., 2010] to
radar-on-chip application-specific integrated circuits (ASICs) [Droitcour et al., 2002,
2004; Lietal., 2008, 2010] have been demonstrated to make this technology available
to both researchers and general users.

The selection of published works outlining Doppler radar physiological moni-
toring history from 1975 to date are described briefly in Table 1.1 with the year of
publication, reference, description, and results.
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