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1. Introduction

Radar-based remote sensing techniques are typically employed to determine the velocities
and positions of targets such as aircraft, ships, and land vehicles. In particular, X- and K-
band microwave devices, including oscillators and antennas, have been used to measure
the velocity of automobiles and other moving objects in recent years. Microwave devices
that are compact, accurate, reliable, and inexpensive are currently commercially available.
Over the past few years, there have been increasing attempts to apply such techniques to
biomedical measurements. Although some studies have applied these devices to medicine
and health care, such research is still in its infancy. This chapter focuses on the
mechanisms of and the recent research trends in microwave remote sensing techniques
that are used to detect minute vibrations on the body surface induced by heartbeat and
respiration.

1.1 Background

The increasing proportion of elderly in the population represents an appreciable problem in
developed countries due to social concerns such as increased medical and social welfare
costs and a shortage of manpower. Such concerns are expected to worsen in the future. It is
thus necessary to focus on preventing illnesses and to promote healthy lifestyles.
Consequently, simple equipment that can be used to self-monitor medical conditions and to
acquire related data is required for homes as well as medical facilities.

Vital signs are parameters of physiological functions that are used to express the physical
condition. They are used by medical professionals for making initial diagnoses. There are
four primary vital signs: heart rate, respiratory rate, body temperature, and blood pressure.
Thermometers for home use are commercially available and are generally approved by
medical bodies. In addition, heart rate and respiratory rate can be easily confirmed by visual
and palpation methods. However, there is currently still not spread to home device capable
of accurately measuring and recording vital sign data that can be used to make detailed
diagnoses. Monitoring cardiac function can be used for diagnosing arrhythmia and mental
stress (Akselrod et al., 1981, Singh et al., 1996, Carney et al., 2001). Recently, monitoring
mental condition has attracted more attention than monitoring physiological parameters.
And also obesity and aging are thought to contribute to the risk of developing sleep apnea
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syndrome (SAS). Airway obstruction due to fat deposition in the neck is one cause of SAS
and it is related to reduced alertness during the daytime (Morriset al., 2008). A simple device
that can monitor respiratory activity throughout the night is thus required. These examples
show the necessity for monitoring of the vital signs in daily life. Moreover, these sensing
technique are presently being studied in the research area on human-machine interfaces
that can be applied anywhere (for example, in a car or at the workplace) (Sirevaag et al.,
1993, Gould et al., 2009).

In addition, patients who have been exposed to toxic chemicals or infectious diseases are
often treated in isolation chambers to prevent secondary exposure to health-care workers. In
such cases, a doctor must often make a diagnosis without touching the patient, which is
difficult as the vital signs are of primary importance for emergency medical treatment. With
the exception of body temperature (which can be measured by infrared radiation), it is
difficult to measure vital sign parameters without contact. Consequently, remote sensing of
vital signs has attracted much attention.

In this way, several fields require remote sensing of vital signs and various remote sensing
methods have been proposed. However, such methods should perform biomedical
measurements described as non-invasive, non-restrictive, or non-contact means that can be
used without the user being conscious of them. The use of physically attaching sensors
should be minimized to reduce the burden on users.

1.2 Purpose and requirements of remote sensing in medicine and health care

Monitoring cardiac and respiratory parameters is useful for health-care management as
users go about their everyday lives. However, such daily monitoring needs to overcome
many problems. For example, users must have sufficient technical and medical competence
to set electrodes to themselves and they must not feel physically restricted by the electrodes
and leads. To overcome such problems, research is increasingly being conducted on
developing non-invasive and non-restrictive sensing techniques for acquiring vital signs
(Jacobs et al., 2004, Wang et al., 2006, Ciaccio et al., 2007). This kind of sensing technique
aims to detect and measure vibrations on the body surface induced by cardiac and
respiratory activity. In the case of respiratory activity, a person’s abdomen expands and
contracts during the breathing cycle and this movement can be detected by sensing
techniques. Similarly, for cardiac activity, the body surface moves in response to the
heartbeat in minute scales. Although the vibration is slight and its amplitude depends on
the individual and the part of the body, it has been observed from all parts of the body with
an average amplitude of about 0.1-0.2 mm by a high-resolution laser distance meter (Suzuki
etal., 2011).

Some studies have measured heart rate by placing a pressure sensor (Jacobs et al., 2004) or
polyvinylidene fluoride piezoelectric sensors (Wang et al., 2006) between the user and the
mattress on which they sleep. This kind of measurement method measures responses to
pressure changes. Other trials have used strain gauges to measure the heart rate (Ciaccio
et al.,, 2007). The size of minute changes due to pressure changes on the body surface
induced by the heartbeat and information relating to heartbeat and respiration were
obtained. A similar procedure was employed in studies using air mattresses (Watanabe et
al., 2005).
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Such sensing techniques have the advantages of being inexpensive because of their simple
structure and of enabling stable relatively stable data acquisition because they employ direct
contact with the body. Some of these sensors are already commercially available. However,
they suffer from one drawback: measurement is not possible when the sensor is separated
from the body by moving their bodies. This raises the question: “Is a remote sensing method
available?”

1.3 Biomedical measurement using microwaves

Radio-frequency sensing techniques were originally developed for military applications and
they were used to determine the location and velocity of aircraft and ships. The same
technology was then applied to search and rescue; for example, they have been used to
locate survivors buried under earthquake rubble (Chen et al., 1986, 2000, Lin et al., 1992).
Radar can remotely acquire information on the motion of targets. Additionally, depending
on the frequency of the electromagnetic wave used, radar can penetrate barriers. These
characteristics of radar have been employed to detect body motion of survivors under
earthquake rubble. Such devices initially had very limited effectiveness because of their
poor resolution by using low-frequency waves to penetrate rubble; they could only detect
relatively large body motion (at best, the abdominal motion due to breathing). However, the
permeability is not a problem for everyday applications since microwaves can readily
penetrate materials such as clothing, bedding, and mattresses.

A cheap, small unit that is stable and can oscillate at high frequencies has recently been
developed and ongoing development is being conducted to produce safer, more flexible
devices. As a consequence, higher frequency electromagnetic waves were contributed to
enhance the resolution of measurement. At the same time, the output power was reduced to
reduce its effect on humans, allowing microwaves to be used in everyday applications.
Gradual progress, therfore, has made it possible to detect even human heartbeat.

2. Theory and methods

Here, we describe a system that employs microwaves to remotely measure vital signs by
detecting vibrations on the body surface induced by cardiac and respiratory activity.
Vibrations induced by heartbeat are particularly small with amplitudes of about 0.1-0.2 mm
on average. This section discusses approaches using continuous-wave (CW) Doppler radar
and ultra-wideband (UWB) pulse radar, which are generally used for measuring vital signs,
and their mechanisms.

2.1 Mechanisms of measurement

While frequency-modulated continuous wave (FMCW) radar is used to identify the exact
location of a subject in some reports, UWB or CW Doppler radar are generally used for
monitoring vital signs. (Saunders, 1990, Immoreev & Tao, 2008, Li & Lin, 2010)

In a UWB pulse radar, the transmitter sends very short electromagnetic pulses toward the
target. A pulse duration of about 200-300 ps and a pulse repetition frequency in the range of
1-10 MHz are typically used for vital sign detection. When the transmitted pulse reaches the
chest wall, some of the energy is reflected and captured by the receiver. The nominal round-
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trip travel time of the pulse is defined as t =2d/C , where d is the nominal detection distance
and C is the speed of the electromagnetic wave. If a local replica of the transmitted pulse
with a delay close to the nominal round-trip travel time correlates with the received echo,
the output correlation function will have the same frequency as the physiological
movement.

On the other hand, the CW Doppler radar mechanism is based on following (1);

T(t)=cos[ 27 ft+(t)] 1)

where an unmodulated signal T(t) with a carrier frequency f and a residual phase ¢(t), is
transmitted toward a human body where it is phase-modulated by the physiological
movement x(t). The reflected signal R(t) detected by the radar receiver is given by following

2);

R(t)zcos{Z;rft—Mfo—zmz(t) +(p(t_250ﬂ @)

where 47zd,/A is a constant phase shift due to the nominal detection distance dy and the
@(t—2dy/c) is phase noise. Using the same transmitted signal T(t) as the local oscillator
signal, the radar receiver down-converts the received signal R(f) to the baseband signal B(t)
as following (3);

47x(t)

B(t)~ cosrzdo + +6,+ A¢):| (3)

where Ag is determined by the nominal detection distance and the oscillator phase noise.

Since the delay corresponds to the signal round-trip travel time, the detection range of a
UWSB radar can be varied by controlling the delay between the two inputs of the correlation
function block. This makes it possible to eliminate interference caused by reflection from
other objects (clutter) and multipath reflection. However, one disadvantage of UWB radar is
that the delay needs to be recalibrated when the detection distance is changed; this increases
the system complexity and cost. Furthermore, since the correlation function is nonlinear, it is
not simple to recover the original movement pattern, even though frequency information
can be easily obtained. On the other hand, CW Doppler radar has a low power consumption
and a simple radio architecture. These characteristics make it suitable for home-based
systems. Moreover, proper adjustment of the radio front-end architecture of a CW radar can
cancel clutter (Li & Lin, 2008a, 2008b). In addition, single-input multi-output and multi-
input multi-output techniques can be easily implemented with CW radar, enabling the
movements of multiple targets to be detected (Boric-Lubecke et al., 2005, Zhou et al., 2006).

2.2 Carrier frequency and output power

The carrier frequency and output power employed must be safe for use on people. Carrier
frequencies ranging from hundreds of megahertz to millimeter wave frequencies have been
tested for remote vital sign detection using a variety of physiological movements. The
carrier frequency should be carefully selected to ensure suitable sensitivities and
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characteristic response for vital sign measurement. Some studies used extremely high-
frequency waves (228 GHz (Petkie et al., 2009)), which have shorter wavelengths and are
more sensitive to small displacements. Moreover, a 228 GHz frequency prototype has been
extended to perform heart rate and respiration measurements at a distance of 50 m.
However, such high frequency waves are not realistic for monitoring vital signs in everyday
applications. In many cases, a carrier frequency that does not require a license is often
chosen. However, carrier frequencies that do not require a license vary from country to
country and some frequency bands are allocated to amateur radio stations. For example, the
laws regulating radio frequency use in Japan allow band frequencies 10.525 and 24.15 GHz
to be used for detecting moving objects. These devices are marketed as sensors for
measuring the speeds of vehicles. Although there are limitations on how they are used (e.g.,
limited to indoor use), these frequency bands can be used by low-power radio stations
without a license provided the output is less than 10 mW. They have been increasing studies
on frequency bands for vital sign monitoring. Regarding safety, different countries have
different guidelines regarding radio-frequency electromagnetic fields.

The World Health Organization (WHO) and the Scientific Committee on Emerging and
Newly Identified Health Risks (SCENIHR) define exposure as the subjection of a person to
electric, magnetic, or electromagnetic fields or to contact currents other than those originating from
physiological processes in the body and other natural phenomena (WHO, 2003, SCENIHR, 2006).
The intended frequency band of electromagnetic field intensity differ slightly in different
guidelines. For example, the International Commission on Non-Ionizing Radiation
Protection (ICNIRP) guidelines (ICNIRP, 1998) specify the frequency band from 300 Hz to
300 GHz, SCENIHR specifies 100 Hz to 300 GHz (SCENIHR, 2006), and the IEEE Standard is
from 3 kHz to 300 GHz (IEEE Standard Committee, 1998). Each country employs different
methods for determining their criteria. Consequently, it is important consider device
development and intended usage.

The carrier frequency of medical applications of ultrasound is a low frequency of about 3 to
10 MHz. Such applications acquire information by penetrating the human body. In
comparison, monitoring using microwave frequencies in the range 10.525 to 24.15 GHz is
considered to be less invasive and safer. It is not easy to make simple comparisons, but
wireless local area networks (WLANSs) use 2.4 GHz radio waves and microwaves in the
range 10.525 and 24.15 GHz are considered to be safer. Moreover, safety can be further
increased by using a lower power than a WLAN.

It seems appropriate to use high frequencies for sensing to ensure a high resolution while
considering invasiveness. However, high frequencies are not necessarily ideal for actual
applications as increased sensitivity results in increased susceptibility to artifacts; the target
motion induced by heartbeat on the body surface is much smaller than the artifacts
generated by general movement of the body and arm. Furthermore, people being monitored
move freely as they conduct everyday activities, which makes artifacts a significant
problem.

3. Examples of applications

While remote sensing is not currently used for medical and health care applications in
everyday life, several studies have been conducted. This section discusses the following
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typical examples of remote sensing in medical and health care settings: (1) monitoring daily
health and mental stress by estimating changes in the autonomic nervous system (ANS); (2)
welfare and health care for the elderly; and (3) medical diagnosis such as screening of
patients with infections.

3.1 Measurement of ANS

To determine stress levels when driving or operating equipment, a 24 GHz compact
microwave radar was used to perform remote measurements of the heart rate variability
(HRV) under autonomic activation induced by a stressful sound and foods (Suzuki et al,,
2008, Gotoh et al., 2009). Changes in the ANS (sympathovagal balance) can be monitored by
measuring the HRV. This variability is used as an index of mental stress.

For examples, when an animal is attacked, its sympathetic nervous system spontaneously
prepares for fight or flight by elevating the heart rate and increasing the blood pressure and
body temperature. In contrast, when it is in a relaxed state, the parasympathetic nervous
system is activated, and the opposite phenomena occur. Such processes are constantly in
equilibrium in daily life (Akselrod et al., 1981, Derrick,1988).

Sympathovagal balance can be monitored by measuring variations in the heartbeat interval,
and the degree of mental stress can be determined. This index is used for diagnosing
psychological disorders and as well as the condition of circulatory organs. Moreover, many
approaches for measuring the HRV are used in psychology (Vincent et al., 1996),
occupational health (Miyake, 2001, Princi et al., 2005), and ergonomics research (Sirevaag et
al., 1993, Gould et al., 2009). An estimation technique has been medically established. Thus,
if electrocardiograms (ECG) can be replaced by a remote sensing method that allows simple
and accurate monitoring in everyday life, mental stress can be assessed at any time and in
any place.

24GHz
Microwave
radar antenna

Fig. 1. Prototype chair equipped with a non-contact microwave radar system to monitor
mental stress in workers (Suzuki et al., 2008).
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Fig. 2. Sample data of a compact microwave radar output (A) showing a cyclic oscillation
that corresponds to cardiac oscillations measured by ECG (B) (Suzuki et al., 2008).
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Fig. 3. Example of remote sensing in health care. (A) In both non-contact and contact (ECG)
measurements, the LF of a subject (reflecting sympathetic activation) exhibits a peak during
audio stimulation. (B) Cross-correlation of the LF between non-contact and contact
measurements of the same subject (Suzuki et al., 2008).

The prototype device in this example consists of a compact 24 GHz microwave Doppler
radar (8 x 5 x 3 cm) attached to the back of a chair. The low-frequency/high-frequency
(LE/HF) components of the HRV (which reflects the sympathovagal balance) of eight
volunteers were determined by a prototype system using the maximum entropy method
(MEM). The change in the LF and LF/HF components measured by a remote sensor was
consistent with that measured by a contact electrocardiography sensor. It is very difficult to
extract R-R intervals of heartbeats sufficiently accurately to calculate the HRYV; this is
thought to be because inaccuracies were introduced due to the microwave radar being
susceptible to noise. However, measuring HRV by adopting MEM, which enables HRV to
be estimated rapidly, stably, and accurately, was demonstrated to be successful for the first
time.
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3.2 Elderly care

The next examples were monitoring of the elderly, infants and also animals using a
microwave radar, especially focused respiratory monitoring (Li et al., 2009, Suzuki et
al.,2009).

There is a real need to reduce the physical and mental work load of care workers and also to
immediately detect sudden changes in the condition of a bedridden elderly person, both at
home and in hospitals, because nighttime activity of persons with dementia increases the
risk of injury and disrupts the sleep patterns of caregivers. Moreover, care of the elderly will
increasingly be undertaken by family members at home as the population continues to age.
Therefore, devices for long-term monitoring of the elderly that do not interfere with
activities of daily life are required.

Various approaches have been proposed in recent years. Rowe (Rowe et al., 2009) proposed
a night monitoring system that alerts caregivers when care recipients leave their beds and
that tracks them as they move about the house during the night. In addition, another study
compared the effects of a self-care and medication compliance device, which was linked to a
web-based monitoring system, with the effects of conventional care alone on compliance
with recommended self-care behavior (Artinian et al., 2003). Demiris (Demiris et al., 2009)
investigated elderly behavior using a video and image processing system while carefully
addressing privacy concerns. Another study proposed a non-restrictive, non-invasive vital
sign measurement system for measuring heartbeat and respiration to monitor health status
at home or in hospitals and nursing facilities (Tanaka et al., 2002). Systems for nursing care
should meet the following requirements: (1) monitoring of activity and vital signs must not
be a burden for the elderly; (2) accurately monitor changes in physical condition of the
patient; and (3) when the physical condition of a patient rapidly changes, the system should
promptly notify a doctor or nursing caregiver.

A prototype system using microwaves has been developed and has been applied for
monitoring elderly in a nursing home. Although still a trial, the system can effectively
perform real-time monitoring and it can acquire SAS respiratory data.

In addition, a baby also monitor using same technology has recently been demonstrated
(Li et al., 2009). The baby monitor integrates a low-power Doppler radar that can detect
minute movements induced by breathing. If no movement is detected within 20 s, an
alarm goes off.

Using same type of sensing devices, respiratory activity of a hibernating black bear has been
monitored at a Zoo (Suzuki et al., 2009). Ueno Zoological Gardens in Tokyo made plans to
assist a Japanese black bear to enter hibernation, because the bear showed extremely slow
movements in winter. Moreover, the staff wanted visitors to understand this instinctive
behavior of bears as occurs in the wild. The bear’s condition during hibernation must be
carefully observed to avoid the risk of long-term fasting. Therefore, to observe the
physiological condition of the bear during hibernation, about 3 months, a microwave radar
system was set up in the hibernation booth. As a result, the respiratory rate decreased while
the bear was entering hibernation, and became extremely low at approximately 2 bpm and
showed almost no change. Additionally, a trend similar to a circadian rhythm in the changes
of respiratory rate was observed.
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Fig. 4. Example of remote sensing using non-contact vital sign sensors to monitor a
hibernating black bear at Ueno Zoo, Tokyo (Suzuki et al., 2009).

3.3 Screening and medical examination of influenza patients

The advantage of monitoring without direct touch and without removing clothing is useful
and appealing in the medical field as it is not burdensome to patients and it can reduce the
risk of secondary infection. There is also growing interest in the fields of health, life science,
and engineering.

In another trial, a new screening system was developed to conduct rapid screening (<5 s)
of passengers who may have infectious diseases such as severe acute respiratory
syndrome (SARS) or pandemic influenza at quarantine stations. This system enables
medical inspection by measuring heart and respiratory rates, as well as body temperature
by infrared thermography (Matsui et al., 2009, 2010). A similar system is already being
tested at the quarantine station at Naha Airport for domestic flights and at Narita
International Airport in Tokyo. The results demonstrate the efficacy of the concept and
the system. The system even detected a patient with influenza whose fever was reduced
by antifebrile medication. This finding is important as it demonstrates that the parameters
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for monitoring cardiac and respiratory activity by microwaves are effective. In the future,
remote sensing using microwaves is anticipated to attract more interest in the medical
field.

/ 7 Infrared thermograhy

for measuring

200~ body temparature
300cm

Microwave radar
for monitoring cardiac activity

Microwave radar
for monitoring respiratory activity

100cm

Fig. 5. Example of remote sensing for medical diagnosis; non-contact monitoring for
screening systems at airport quarantine stations (Matsui et al., 2009).

4. Topics for future investigation

Remote sensing of biomedical parameters has been described by focusing on monitoring
using microwave radar and examples of medical and health care applications have been
presented. Microwave-based remote sensing offers the following advantages: movement of
an object can be detected from a distance, it means “remotely”, and microwaves can pass
through many materials (notable exceptions are metals and water). Thus, such systems will
enable health care workers to measure motion of a body surface through clothing from a
distance.

The most serious obstacle to practical applications of this technology is the need to reduce
the effects of noise and artifacts. Vibrations on the body surface caused by heartbeat are
quite small (with amplitudes of about 0.1-0.2 mm), whereas motions of arms and the
abdomen are much larger. Additionally, movement of the person being monitored while
conducting every day activities and data from other body motion will generate noise. The
effect of multipass reflection should also be considered. One study performed simultaneous
measurements of the vital signs of two people, but it is difficult to apply this technology to
real-world applications.
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To use this technique in medical fields and daily life, aspects such as non-contact
measurement and the non-removal of clothing need to be addressed. Data obtained by
remote sensing must be more reliable and accurate than those measured by conventional
electrode-based methods. Furthermore, a new index for diagnosing disease is required.
Most studies of remote sensing using microwaves only measure the heart rate. However, the
heart rate alone has limited diagnostic value; the heart rate only provides information about
the tachycardia or bradycardia. It is hoped that such a system will be able to measure
parameters for diagnosing cardiovascular disease.

In conclusion, research on remote sensing using microwaves is still in its infancy, but it
appears promising not only for medical and health care, but also for other fields such as
ergonomics research.
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