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Abstract. This article frames the use of microwave Doppler radar in the context of ubiquitous,
non-obstructive health monitoring. The use of a 24GHz CW (continuous wave) Doppler radar
based on a commercial off-the-shelf transceiver for remote sensing of heart rate and respiration
rate based on the acquisition and processing of the signals delivered by the radar is briefly
presented.

1. Introduction

Since described in 1842 by Christian Johann Doppler [1] in the context of star motion, the Doppler
Effect has been used in many applications namely for the measurement of physical quantities such as
speed, flow, temperature with impact in areas such as cosmology and meteorology. Because Doppler
based sensing solutions require no contact of the sensor with the sensed quantity, they are particularly
attractive for medical applications and thus are the support of various ultrasound based equipment
used primarily for non-invasive, non-intrusive and unobtrusive medical diagnosis of conditions
including detection of foetal heartbeat, detection of air emboli, blood pressure monitoring, detection
and characterization of blood flow, and localization of blood vessel occlusions (e.g. echocardiogram,
Doppler ultrasound). New small size radar integrated devices, developed namely for automotive
applications, paved the way to medical applications that require or advise the unobtrusiveness and
pervasiveness permitted by Doppler sensing.

As it is well known, the Doppler Effect consists on the shift in frequency emitted by a sound or
electromagnetic source and the one sensed by a receiver when the distance between the source and the
receiver changes. If the distance between the source and receiver decreases, the acoustic or
electromagnetic waves become closer (smaller wavelength) and thus the frequency of the received
signal increases; if the distance between the source and receiver increases, the inverse happens, that is,
the frequency at the receiver is lower than the emitted by the source. The distance may change either
(a) because the velocities of the source and receiver are different (Figure 1 (a)) or (b) because the
source and receiver are stationary at the same place but the waves emitted by the source are reflected
by a moving body (Figure 1 (b). The shift in frequency and can be expressed by

Af =2V (1
C
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where Af = f — f is the frequency shift (difference between the frequency at the receiver and of the
source), AV=V, —V,is either the velocity of the receiver relative to the source (case (a) above

mentioned) or the velocity of the moving body (case (b) above mentioned), c is the velocity of the
waves in the medium and f; is the frequency of the source.

(b)

Figure 1. Doppler Effect: S — source; R — receiver; f; and f; frequency of signal at
the source and at the receiver, respectively. (a) from top to bottom: distance S-R
constant - f;= f;, distance S-R increasing = f; < f, distance S-R decreasing = f;
> f;; (b) from top to bottom: the same three situations but when S-R are stationary
and the emitted wave face an obstacle (case that interests most biomedical
applications

2. Health monitoring
Medicine — ars medicina in Latin, the art of healing - is an applied science and, as such, a never
ending subject for research in all the three major aspects involved: diagnosis, treatment, and
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prevention of disease. Along the time, Medicine and been changing from a treatment centred science
to a preventive one. Demography, social changes, and the rising costs of health and social care have
driven that tendency: the health quality of people increases and the costs of health systems are reduced
if illness is kept as low as possible and the first move in this direction is through prevention and early
detection and diagnosis of diseases.

Health monitoring encompasses different activities namely clinical analysis, screening tests,
diagnostic tests, medical exams, and self-exams. Image based tests have already reached the
possibility of identifying molecules in a laboratorial environment [2] but no one will be surprised if in
the future diseases can be detected, identified and perfectly characterized based only on image based
common equipment. In the meantime, image equipment based on the Doppler Effect using ultrasound
have been assisting health technicians in health monitoring, either in diagnostic but also for supporting
continuous health care services.

In a recent work, The College of Fellows, American Institute for Medical and Biological
Engineering (CF-AIMBE) considers that two of the six major challenges for medical and biological
engineering in the 21* are engineering personalized health care and engineering solutions to injury
and chronic diseases [3]. Personalized health care is only possible if appropriate data on each
individual is available. This is the objective of electronic health records (EHRs) [4]. The authors have
been working on this subject in Portugal and under a Portuguese funded project, are developing a
platform for EHR filling, storage, and search and query. For several years the authors also share the
view of the CF-AIMBE in what concerns the importance of assisting injured and the chronically ill.

Bearing in mind that demographics and costs lead to periods of internment in hospitals increasingly
shorter, it is crucial to develop solutions that allow treatment and monitoring of health both in
ambulatory and at home, either of the patient’s family or in nursing homes. This is particularly
pertinent when elderly are at stake.

2.1 Unobtrusive, pervasive sensing

Equipment aimed at acquiring pertinent information of the physiological status of a person in non-
hospital environments, namely during daily activity, must be as unobtrusive and pervasive as possible.
Nowadays there are several solutions achieving these goals at different levels. Particularly, it is worth
referencing here solutions and systems based on instrumented clothing (e-textiles) [5-7] because of the
potential they bring to non-intrusive acquisition of physiological signals. The authors have been
working and proposing unobtrusive and pervasive (ubiquitous) solutions [8-13] namely based on the
use of non-conductivity electrodes [14,15] and ballistocardiography sensing [16-19], where the
sensing part is embedded in wheelchairs and crutches [20].

3. Sensing with Microwave Doppler Radar

Sensing using the Doppler Effect is particularly suited for unobtrusive sensing. Ultrasonic medical
imaging uses signals of 2 MHz and higher with power densities generally less than 1 W/cm?’.
Ultrasound waves tend to reflect almost totally (up to 99% [21]) wherever air meets biological tissue.
For this reason ultrasonic sensing requires not only contact of the source and receiver with the skin,
but also that no air bubbles are in their interfaces. Sensing requires a probe, a gel that conducts well
sound waves and an operator to handle the probe. Ultrasound sensing is thus not an alternative for
pervasive sensing of physiological signals, particularly if the purpose is no contact between sensor and
the person to monitor. Electromagnetic waves do not have the problem of ultrasound mentioned in the
previous paragraph; they penetrate well non-metallic objects and thus the human body, which means
that the source and receiver may be placed at some distance from the examinee.

Since de 1970s that it is known that microwave Doppler radar can be used for cardiovascular and
respiratory measurements [22-23]. From then on, and until the 1990s, radar technology was slowly
introduced in medical applications [24]. With the beginning of the current millennium, and due
particularly to technological advances in ultra wide band (UWB) radio, radar technology has been
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increasingly used both for medical imaging and for heart rate and pulmonary motion monitoring [24-
26].

Continuous wave (CW) Doppler radars are very sensitive devices in detecting movement, such as
time varying physiological phenomena. But the electromagnetic wave reflected for instance by the
chest and heart of a person, contains information namely about person’s movement, respiration and
blood circulation. To separate them, range information is necessary, which can be achieved using
modulated signals such as pulsed signals or frequency modulated (FM) signals [27-31]. UWB radar is
exactly based on pulsed signals and several medical applications have already been reported [32]
namely for heart rate, respiration rate (RR), and heart movements recording [33,34]. Nevertheless,
there is much to be done to take fully advantage of UWB radar for other medical applications, which
may include apnoea, allergy, and asthma monitoring, without forgetting the potential negative effects
of electromagnetic fields on humans.

In the framework of the work related to the implementation of pervasive, non-intrusive solutions
for continuous monitoring vital signs of elderly, the authors have been studying the use of FM-CW
radar through the implementation of devices and systems based on off-the-shelf components [35-38]
namely as components of health monitoring systems installed in chairs, wheelchairs, and crutches.

3.1 FM-CW Doppler radar

In FM-CW Doppler radar the emitted signal is a constant amplitude sinewave (carrier) whose
frequency is modulated by a triangular or sawtooth signal (modulating signal). The received signal is
the sum of the signals resulting from reflections when the emitted signal faces a zone of characteristic
impedance transition (that we will call an “obstacle”). The frequency of the received signal contains
thus information of the position of the reflecting zones and also of their velocity if their positions
relative to the emitted signal source are changing. Processing the received signal should then allow
obtaining that information. Figure 2 shows an example of a sawtooth modulating signal when the
emitted signal suffers a single reflection by an obstacle moving away from the emitted signal source.

\4'

Af fn#—//

7 /

Figure 2. Sawtooth modulating signal of an FM-CW radar (red) and frequency
demodulation of the received signal (green). At is a measure of the distance between emitter
and obstacle and f a measure of the velocity at which the obstacle is moving away from the
emitter.

When using FM-CW Doppler radar for health monitoring the situation is very different from the
one depicted in Figure 2 because there are several sources of reflections, the received signal is a
complex one, and thus identification of all reflecting sources is extremely different and only possible
using signal processing techniques. The example present in the next section evidences this statement.
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Figure 3 shows the simplified block diagram of a transceiver for FM-CW Doppler radar. In the
simple case of Figure 2, the output of the mixer — intermediate frequency signal — allows
determination of the distance between source and obstacle (range) and obstacle velocity.

VCO

Splitter —-I>—><TX
A
RECE @ @ RX
IF

Figure 3. Block diagram of FM-CW radar transceiver: VCO — voltage controlled oscillator;
MOD - modulator; A — amplifier; LNA — low noise amplifier; MIX — mixer; LPF — low pass
filter; TX — transmitting antenna; RX — receiving antenna. IF — intermediate frequency signal.

\ 4

The space resolution Ad of FM-CW radar — minimum distance that can be measured - depends only
on the bandwidth (BW) of the modulating signal and not on the base frequency of the carrier,
C
Ad SBW 2)
To detect and measure for instance chest movement due to respiration, which can be as low as
Imm, the modulating signal BW must be of 150 GHz! This value would require carriers of much
higher frequency! This means that physiological parameters to obtain using radar must be based on
velocity measurement and not on range detection.

4. Radar vital signals monitor (RVSM)

Heart rate and respiration rate are two basic vital signals and its monitoring represents the first step in
health care. Figure 4 shows a commercial off-the-shelf (COTS) FMCW/FSK transceiver developed for
automotive applications that the authors have been using namely for heart and respiration rate
measurement. The transceiver VCO centre frequency is 24 GHz, the low limit of one of the industrial,
scientific and medical (ISM) radio bands [39-40].

Parameter Symbol Min. Typ. Max. Units
transmit frequencies f 24.000 - 24.250 GHz
-~ varactor tuning voltage Vo 05 10 v
é L | tuning slope 40 MHz/V
- temperature drift (frequency) af a MHz/°C
2 output power (EIRP) P 15 dam
-
-~ IF-output offset 1.0 2.2 4.0 "
z IF-amplifier bandwidth DC - 50k Hz
gain 20 ds
full beam width @ -3dB horizontal 45
vertical 38
Figure 4.  InnoSenT  IVS-162 side-lobe suppression horizontal 13 d8
FMCW/FSK transceiver and its vertical 13 8
main specifications. The golden TR v, 475 50 5.25 v
squares constitute the transmitting T I 35 50 mA

and reCClVlng antenna. operating temperature T, -20 +60 °c
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The transceiver permits FM or FSK modulation; therefore measurement of distance as well as
recognition of stationary objects is possible, depending on modulation. The receiving path includes 1Q
mixing - stereo (dual channel) operation -, which allows for direction of motion identification. The
transceiver includes an IF pre-amplifier whose bandwidth is limited to 50 kHz for lowest noise
performance. The transceiver dimensions (40x30x19 mm) and power requirements (5V/50mA) allow
ubiquitous installation (e.g. crutches and walkers, Figure 5, for motion detection [38]).

Figure 5. Smart crutch (top) and
smart walker (right) (DRS, DRSI,
DRS?2 - Doppler radar sensors; FS,
F1, F2 - piezoresistive force
sensors).

Figure 6 shows the overall block diagram of the circuitry that implements the hardware component
of a heart and respiration rate monitor based on InnoSenT IVS-162 transceiver developed by the
authors [12].

Vmod D >

— ™ —

FMCW LPF PGA1

Doppler
Vee radar >
— []
.’
HPF PGA2
-
Bluetooth !
DAQ ]

Figure 6. Heart rate and respiration rate non-intrusive measurement based on InnoSenT IVS-
162 FM-CW Doppler radar transceiver: SG — signal generator; V.« — modulating signal; Ve —
supply voltage; LPF — low pass filter; HPF — high pass filter; PGA1, PGA2 — programmable
gain amplifiers; DAQ — data acquisition module.
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A signal generator (SG) module, which is controlled by the Bluetooth data acquisition module
(DAQ), delivers a voltage Vi, that modulates the VCO of the transceiver. The heart rate and
respiration rate can be obtained by measuring the velocities of heart movement and of the chest. Thus,
the radar is operated at a constant frequency selected by a constant value of Vo4 and only IF signal in-
phase with the transmitted signal (I component) is used to obtain both heart and respiration rates. For
that purpose, the I component of the IF signal is filtered using a set of two active filters: an LPF
(0.3 Hz), to extract the very low frequency breathing signal, and an HPF (0.9 Hz) to isolate the higher
frequency signal associated with cardiac activity. Two programmable gain amplifiers, PA1 and PA2
increase the dynamic range of the filters output to take advantage of the 16bit ADC of a data
acquisition module, DAQ (BlueSetry from GridConnect).

Figure 7 shows the signals IF and HPF output signals obtained from a stationary person. As can be
seen, further processing is required to extract heart and respiration rate. The output of the LPF and
HPF are digitized, transmitted to a remote processing unit (e.g. PC) for the removal of an eventual DC
component in the IF signal resulting from reflections on stationary objects and for digital filtering and
detrending algorithms, based on digital wavelet transform, applied to the resulting data.

V_Resp_Rad_n
=
1

71 T T T T T T T 71T T T T T T T T T T 71T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
Time (s)

l_

W_ACH i n

i

o AU P A A N L N B A
VA BT NI RY A A VMR

o 1
0 25 5 75 1012515175 2022525 7530325353575 40 425 45475 50525 5557560
Time (s

Figure 7. From top to bottom (arbitrary units): I-component of the Doppler radar
IF signal taken from a stationary person; output of the HPF; output of the LPF.

The signals shown in Figure 8 were obtained with the same type of Doppler radar installed in a
walker used by three different moving persons: one normal (normal gait), one suffering from
myopathy (myopathic gait), and another from hemiparesis (hemiparetic gait). The signals are
sufficiently different, but further tests and data processing are required to definitely claim the validity
of the Doppler radar for people gait identification.
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Time (s)

Figure 8. Gait sensed by a Doppler radar embedded in a walker (Vtune —
6 Vpp, f=10kHz, triangular). From top to bottom (arbitrary units): regular
gait; myopathic gait; hemiparetic gait.

5. Conclusion

Pervasive (ubiquitous) healthcare is a research field of increasing importance. Technological progress
in areas such as materials, electronics, sensors, telecommunications, computer systems and signal
processing have allowed the development of interesting and promising devices and systems
appropriate to health care in non-hospital environment. Microwave Doppler radar is a fairly well
establish technology, but its use for medical applications is still at a research stage, namely in what
UWRB radar is concerned. To the best of our knowledge, no device or system is currently in a market
stage.

The heart and respiration rates are two vital signals fairly accessible to microwave radar usage. The
24GHz microwave CW (continuous wave) Doppler radar based monitor described in this paper is an
example of what is possible nowadays. The results obtained validate the proposed solution, but only
when measurements are made on stationary people. We look forward to demonstrating the efficiency
of the monitor in environments where several people are in motion recurring to the possibility of
frequency modulating the transmitted signal, which is possible with the transceiver used, and
additional data processing. The authors will also go on researching the use of microwave Doppler
radars in the monitoring of other physiological signals and persons activity and gait identification.
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