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Purpose: This article introduces the use of low power continuous wave frequency modulated radar
for medical applications, specifically for remote monitoring of vital signs in patients.
Methods: Gigahertz frequency radar measures the electromagnetic wave signal reflected from the
surface of a human body and from tissue boundaries. Time series analysis of the measured signal
provides simultaneous information on range, size, and reflective properties of multiple targets in the
field of view of the radar. This information is used to extract the respiratory and cardiac rates of the
patient in real time.
Results: The results from several preliminary human subject experiments are provided. The heart
and respiration rate frequencies extracted from the radar signal match those measured indepen-
dently for all the experiments, including a case when additional targets are simultaneously resolved
in the field of view and a case when only the patient’s extremity is visible to the radar antennas.
Conclusions: Micropower continuous wave FM radar is a reliable, robust, inexpensive, and harm-
less tool for real-time monitoring of the cardiac and respiratory rates. Additionally, it opens a range
of new and exciting opportunities in diagnostic and critical care medicine. Differences between the
presented approach and other types of radars used for biomedical applications are

discussed. © 2010 American Association of Physicists in Medicine. �DOI: 10.1118/1.3267038�
I. INTRODUCTION

Electromagnetic �EM� radar has been used to detect and
characterize targets of various nature for almost a century.
Most of the early radar development was driven by military
applications, with typical operating distances of hundreds of
meters or more. Technological progress in the second half of
the 20th century enabled new radar applications with target
ranges in meters or less; these included biomedical applica-
tions first suggested in the late 1970s. Many of the key con-
cepts of biological target detection and microwave imaging,
including measurements of dielectric permittivity and con-
ductivity of biological tissues at microwave frequencies,
were first systematized in Ref. 1.

During the past decade, two types of radar were applied in
the diagnostic medicine: Ultra-wide-band �UWB� and single
frequency continuous wave �CW� radar. The proposed UWB
applications include the detection of cerebral hematoma,2

breast cancer,3 measurement of vital signs, and possible radar
tomography.4 Published implementations of CW radar in-
clude Doppler radar5,6 and phase detecting CW radar.8–10

Doppler radar is designed for measuring velocity of moving
targets, while phase detecting radar can detect small varia-
tions in the target range. The scope of constant frequency
CW radar applications is mostly limited to respiration and
cardiac activity monitoring in a single patient and derivative
applications such as detecting subtle changes in cardiac ac-
tivity caused by stress.11

This work focuses on a different type of biomedical

radar—continuous wave frequency modulated �FM� radar.
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The FM radar concept was first proposed in 1928 �Ref. 12�
and first adapted in war-time aircraft detection systems. Its
applications range from ground-penetrating radars to missile
tracking. FM radar application for vital sign detection has
been patented as a concept in 1990 �Ref. 14� and briefly
discussed in Ref. 13. We have implemented the micropower
radar with linear frequency modulation that allows simulta-
neous acquisition of reflection data for targets located at dif-
ferent ranges from the radar antennas. This approach com-
bines the ranging capabilities of UWB with sensitivity and
robustness of Doppler technology. We demonstrate the feasi-
bility of the currently implemented prototype of our radar by
applying it for remote monitoring of respiration and cardiac
activity, with other potential biomedical applications dis-
cussed.

Section II of this paper gives a short description of the
proposed technology. Section III describes the first experi-
mental results obtained using our approach, and Sec. IV dis-
cusses possible applications of our radar in diagnostic medi-
cine. The attachment provides a brief comparison between
our technology and other types of biomedical radar.

II. METHODS

II.A. Radar operation

The operation of EM radar relies on the phenomenon of
EM wave reflection by material boundaries. Biological tis-

15
sues with different dielectric properties form wave-
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reflecting boundaries in microwave range; for example, our
studies confirm that a typical blood-tissue interface reflects
up to 10% of the incident signal.

Radar emits a radio-frequency wave S0 and measures a
return signal Sr reflected by one or more objects of interests
or targets. Target range and scattering cross section are de-
termined by analyzing intensity and phase �and in some ap-
plications, polarization and spectral composition� of Sr. De-
pending on S0�t�, several radar classifications exist, as
discussed in the Appendix. This paper focuses on FM con-
tinuous wave radar. The basic theory of FM radar operation
can be found in a number of standard textbooks, see e.g.,
Ref. 16. Below, we describe the signal processing aspects of
the micropower frequency modulated radar �MFMR� consid-
ered in this work.

MFMR consists of neighboring emitter and receiver an-
tennas. The emitter signal S0 is characterized by its ampli-
tude A and frequency modulation function F�t�,

S0 = A cos ��t�, where ��t� = 2��
0

t

F�t��dt�. �1�

This signal is reflected by targets in the field of view of the
radar. Let targets be indexed by m and characterized by their
range rm and reflection cross section �m. In the first approxi-
mation, ignoring multiple reflections, the signal received by
the radar Sr�t� would consist of a superposition of reflections
from individual targets:

Sr = �
m

A
��rm��m

�4��2rm
4 cos ��t − ��rm�� .

Here, � is a range-dependent medium attenuation factor and
� or time of flight �TOF� is the time of signal propagation
from the radar to the target and back. The speed of light c
depends on the medium, but in the simplest case of uniform
medium,

� = 2r/c . �2�

In general, �m depends on a large number of parameters,
such as dielectric and magnetic properties of the target and
its surrounding, target size, surface roughness, and angle of
incidence. We do not consider these factors in detail since
our goal is limited to the detection of the presence of inter-
tissue boundaries and determining their spatial positions �as
opposed to the much more complex problem of microwave
reflection tomography, which we do not attempt to solve
here�. We combine the reflectivity, attenuation, and beam di-
vergence effects into one variable, reflecting strength cm,
specific for each target. This convenience simplifies the
above equation to

Sr�t� = �
m

cm cos ��t − �m� . �3�

The main goal of radar sensing is measuring cm and �m for
the targets of interest. Specific properties of the targets and
their environment are established during subsequent analysis

and interpretation of cm��m� information.
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Different types of frequency modulation functions F�t�
and corresponding processing methods have been considered
over time in FM radar applications. We propose to use a
symmetric �isosceles� linear modulation function, shown in
Fig. 1, with F1=10 GHz and F2=11 GHz, and 1 /T
=55 kHz. In this application, we only use the up-slope por-
tion of F�t�. Since typical TOF values are below 20–30 ns,
and reflections from targets with ��1 �s can be neglected
because of dispersion and attenuation effects, we treat F as a
linear function of time defined on t� �0,T /2�. Phase � of
the emitted signal then depends on time quadratically,

��t� = 2�	F1t +
�F

T
t2,
, where �F = F2 − F1. �4�

II.B. Signal processing

It is convenient to represent the distribution of the targets
as a continuous function of time of flight and, therefore,
range. Let

C���d� = �
m

cm, � � �m 	 � + d� . �5�

This allows us to rewrite expression �3� for the incoming
signal as an integral,

Sr�t� = A�
0




C���cos ��t − ��d� . �6�

As we have mentioned above, C��� vanishes for ��1 �s;
hence, it is safe to adopt infinite integration limits while re-
taining approximate equation for phase �4�. A target �reflect-
ing boundary� at TOF �o creates a local maximum of C��� at
�=�o. Signal processing needed to find C��� is organized in
four stages.

�1� Initial processing is implemented using analog compo-
nents of the radar circuit. First, the received signal �6� is
multiplied by the currently emitted signal and scaled,

Sr�t� →
2

A2 cos ��t�Sr�t�

= �
0




C���2 cos ��t�cos ��t − ��d� . �7�

The product of two cosines in the integrand can be trans-

FIG. 1. Frequency modulation function. The solid line denotes the instanta-
neous frequency of the emitted signal �1� and the dashed line that of a signal
reflected by a target with time of flight �.
formed to a sum
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2 cos ��t�cos ��t − ��

= cos���t� + ��t − ��� + cos���t� − ��t − ��� , �8�

where the instantaneous oscillation frequency of the first
term is at least 2F1=20 GHz or more. This rapidly os-
cillating term is removed by an analog low-pass filter.
After the filtration, taking into account Eq. �4� and
neglecting small ��2 terms, we can rewrite the modi-
fied received signal as Sr�t�,

Ŝr�t� = �
0




C���cos 2��2�Ft

T
� + F1�
d� . �9�

�2� On the output of the analog part of radar circuit board,
signal �9� represents a cosine part of the Fourier trans-
form of C��� with a phase shift ��=F1�. This signal is
digitized as 1024 samples on �0,T /2� and transformed
using a hardware-implemented fast Fourier transform
�FFT� algorithm. The results of FFT is a sequence of
complex values of Ck�C��k�. Ck is related to individual
target reflection strength cm as

Ck = � cm��m�, �m � ��k � ��/2�, �k = k�� . �10�

Real and imaginary parts of Ck are transferred to a com-
puter with the read-out frequency of 120 Hz. Theoreti-
cally, read-out frequency can be as high as 1 /T
=55 kHz; however, its current value is limited by the
hardware performance.

�3� The physical meaning of Re�Ck� and Im�Ck� is best seen
in a polar representation. For each value of �k, we com-
pute the amplitude

Ak � A��k� = ��Re�Ck��2 + �Im�Ck��2 �11�

and the phase

�k � ���k� = tan−1	 Im�Ck�
Re�Ck�


 = 2�F1� . �12�

The amplitude �11� describes the net reflective strength
of all targets in the radar field of view with time of flight
in the interval ��k��� /2�, and the phase �12� provides a
more sensitive measure of the mean � to the targets in
this interval. The inverse FFT of Eq. �9� is band limited
at t=T /2, which defines the resolution of the TOF inter-
val

�� =
1

F2 − F1
= 1 ns. �13�

This value of �� translates to range resolution
�r=15 cm in air and less in media with smaller speed
of light. Within each �k interval, the mean target range
can be computed with much higher precision using
Eq. �12�. MFMR prototype hardware allows measur-
ing �k with 10° precision, which translates to 0.5 mm
range resolution. Since maximum change in � com-
putable from Eq. �12� is ��� /20 �this corresponds to
180° phase change�, the phase measurement cannot be

used to determine the absolute range. Therefore, we
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distinguish two different range resolution measures:
15 cm range difference between targets is necessary
to resolve them from a single radar reflection data set
and 0.5 mm is the minimum change in the individual
target range that can be detected with time.

�4� Re�Ck� and Im�Ck� arrays are read by the attached
computer console and converted to Ak and �k se-
quences in real time. During the next step, we isolate
the �k interval of interest. If the patient is the only
moving object in the field of view, then the value of
k� that corresponds to the maximum variance of Ak�t�
is selected. Otherwise, if the radar “sees” additional
persons or moving objects, k� is selected manually. In
the subsequent analysis, time series Ak��t� and �k��t�
are band filtered to suppress noise and to amplify the
type of motion of interest to us. Postprocessing time
series analysis of Ak� and �k� consists of the digital
Fourier transform of 120 Hz sampled data and several
band-filtering stages needed to amplify either respira-
tory or cardiac motion. Typically, respiratory motion
filter zeroes signal components outside the
0.05–0.6 Hz window, the cardiac window is
0.6–4 Hz. Numerical values of heart rate and respira-
tion rate are determined by the spectral analysis as the
maxima of the frequency distributions of the appro-
priately band-filtered signals.

III. EXPERIMENTAL RESULTS

A micropower FM radar prototype has been built by our
group at Systems Micro Technologies �http://
www.sysmicrotech.com�. Table I shows the technical charac-
teristics of the prototype acquisition unit, which contains ra-
dar antennas, and electronics components that perform
processing steps �1� and �2� from Sec. II B. Subsequent pro-
cessing is performed on an attached computer. In the future,
we plan to integrate the acquisition, data processing, and user
interface hardware into one miniature unit.

Three sets of human subject experiments have been con-
ducted using the MFMR prototype in order to validate its
ability to measure heart rate and monitor respiration. The
prototype was placed two meters from the human subject,

TABLE I. MFMR prototype characteristics. Low radiated power means that
signal power density at distances 30 cm or more is below 1 �W /cm2, which
is typical to common household appliances and does not pose significant
health risks �Ref. 17�.

Prototype size 15
10
5 cm3

Antenna bandwidth 10–11 GHz
Data sampling rate 120 Hz
Radiated power 0.8 mW
Measurement range 0.5–10 m
Field of view 50°
Range resolutiona 0.5 mm
Target resolutionb 15 cm

aMinimum detectable change in the target range.
b
Minimum resolvable distance between individual targets.
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the reflection data were collected for 1 min and processed
following the procedure described in Sec. II B. In order to
optimize the display of the results, additional scaling has
been imposed on the radar data.

In the first experiment shown in Fig. 2�a�, MFMR beam
was centered on the subject’s chest. Respiratory and cardiac
rates were measured simultaneously using both the radar and
an independent method. The heartrate of 78 beats per minute
�bpm� was measured using a standard pulse oximeter. The
rate of controlled breathing was 15 bpm, verified by a Ver-
nier respiration monitor belt �http://www.vernier.com/probes/
rmb.html�. In Fig. 3, we show both time-domain and
frequency-domain results of A and � for this experiment. The
respiratory rate was determined to be 4 s/breath or 15 bpm
from the 0.25 Hz peak in the Fig. 3�a� plot. The cardiac
frequency of 1.3 Hz corresponds to the 78 bpm rate mea-
sured by the blood oximeter.

Experiment shown in Fig. 3�b� was designed to validate
MFMR ability to characterize more than one target from a
single measurement. The previous experiment was modified
by adding a pendulum at 1 m range from the radar antennas.
The pendulum, made from a 2-cm-wide and 5-cm-long ce-
ramic cylinder suspended on a string, oscillated at 27 bpm.
Amplitude series Ak�t� for different values of k correspond-
ing to 1 and 2 m ranges have been analyzed to compute the
pendulum oscillation frequency �0.45 Hz or 27 bpm�, human
subject’s mean respiration rate �21 bpm� and heartrate
�98 bpm�. Independently measured respiratory rate and
heartrate for the human were respectfully 20 and 96 bpm. In
Fig. 4�a�, we show a 9 s interval of the radar amplitude com-
ponents corresponding to the pendulum location and to the
human subject location. The 2.22 s pendulum oscillations are

FIG. 2. Setup of the human subject experiments. �a� Measuring �constant�
breathing and cardiac rates from signal reflected by the patient’s chest. �b�
Measuring two targets simultaneously: A small ceramic pendulum is placed
halfway between the radar and the subject. �c� Monitoring uneven respira-
tion using signal reflected by the patient’s hand. The rest of the patient’s
body is shielded by a 1 mm fine copper mesh screen.
clearly identifiable �the higher-frequency components corre-
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spond to other oscillatory degrees of freedom such as rota-
tion of the ceramic cylinder about its horizontal axes�. Both
cardiac motion and respiratory motion are identifiable on the
amplitude curves for the human subject-reflected signal.

The goal of the experiment shown in Fig. 2�c� was to test
MFMR sensitivity to weak signals, namely, radar reflection
from the patient’s extremity only. The subject’s torso, head
and legs were screened from the radar by a conducting cop-
per mesh with 1 mm spacing so that only a forearm and a

FIG. 3. Amplitude and phase shift of effective radar cross section of a hu-
man subject, proportional units. Left: time-domain plots. Right: Frequency-
domain plots. �a� Respiration-filtered signal. 0.25 Hz peaks in both ampli-
tude and phase frequency curves correspond to 15 breaths per minute. �b�
Cardiac-filtered radar data. Frequency peaks at 1.3 Hz correspond to the
heart rate of 78 bpm. Note the shorter time-domain display window: 0–4 s.

FIG. 4. All plots use arbitrary units. �a� MFMR used to measure the patient’s
vital signs and the oscillation frequency of a pendulum. Top: Denoised
pendulum signal, A10 �frequencies above 6 Hz cut off�. Bottom: Human
subject signal A20 filtered to amplify respiration �0.01–0.6 Hz band filter�
and cardiac motion �0.6–6 Hz band filter�. �b� Radar reflection off the sub-
ject’s hand vs pressure belt signal. Coached breathing pattern: five deep
breaths at 5 s /cycle, a 18 s breathhold, six breaths at 3 s /cycle. The signals
derived from the radar and from the respiration monitor belt clearly mirror

each other.
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hand were “visible” to the antennas. The subject was in-
structed to breathe following a specific pattern: Five 5 s
breaths, one 18 s breath-hold, and then six 3 s breaths, the
breathing pattern was verified using the Vernier respiration
monitor belt. In Fig. 4�b� we show time curves for both the
belt and MFMR’s amplitude. Both the air-pressure belt and
the MFMR signals exhibit the same time dependence up to a
scaling factor, confirming that the MFMR can be used to
follow respiratory activity in real time even if the direct view
of patient’s chest is obstructed.

IV. DISCUSSION

The results of the validation experiments confirm that the
micropower FM radar technology implemented by SMT can
be used to measure human heart rate and respiration rate.
Large-scale patient studies are needed to quantify the preci-
sion of our approach. Like other continuous wave radar tech-
nologies discussed in the attachment, MFMR uses time se-
ries analysis of the radar reflection patterns to resolve the two
types of motion. The main innovative aspect of MFMR in
comparison to other reported radars is the combination of
range resolution capability and the high sensitivity of the
new technology. Spatial resolution currently achieved in
MFMR prototype matches that of most UWB radars with an
added benefit of simultaneous acquisition of reflection pat-
terns from a large interval of different ranges. High sensitiv-
ity displayed by MFMR has been reported previously in
phase-detecting single frequency CW radars such as in Ref.
8. However, single frequency radar is also sensitive to signal
contamination caused by reflection from other moving ob-
jects or people. Potentially, MFMR may prove to be more
reliable when used in suboptimal environment like hospital
wards and waiting rooms.

One of the most interesting results presented in Sec. III is
the experiment displayed in Fig. 2�c�. Remote vital signs
monitoring conducted from a single extremity observation
can be useful in many potential MFMR applications. At this
point, the exact explanation of how the radar cross section of
an extremity is connected to respiration has not been con-
firmed. The most likely mechanism is a combination of two
factors. The dominant factor is the effect of micromovements
of the subject’s limbs or clothes induced by breathing. In
addition to that, MFMR may detect small changes in the
blood flow regulated by the changes in blood oxygenation
caused by respiration. Establishing this response mechanism
and relating radar signal to blood flow in different organs is
one of the main directions of our current research.

A multitude of medical applications can be suggested for
the device presented in our work. The simplest type of an
application is quick remote measurement of heart and respi-
ratory rates in both clinical and nonclinical environment.
This application yields several potential benefits such as in-
creased convenience for patients and hospital staff, shorter
patient visit time, fewer procedures that require direct
patient-staff interaction, and reduced likelihood of human er-
ror in measuring and recording vital signs information. Upon

achieving more reliable measurement results, additional ap-
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plications that target specific patient conditions such as sleep
apnea or cardiac arrhythmia can be proposed.

Another immediate targeted MFMR application is to pro-
vide respiratory gating information for motion compensation
during different types of medical imaging scans, such as
PET, SPECT, or x-ray CT or during radiation therapy. Cur-
rently used methods of motion monitoring are frequently in-
convenient to patients and demanding of hospital staff. Our
radar will enable real-time respiratory gating without the
need for any probes or electrodes connected to the patient.

FM radar spatial resolution and time resolution strongly
depend on the hardware specifications. While our theoretical
results rely on the fact that the frequency modulation func-
tion matches that in Fig. 1, achieving high-quality linear FM
signal in the GHz range and validating its correspondence to
the etalon is extremely hard. Currently, both the linearity of
FM function and its bounds F1 and F2 are determined only
approximately. FM function nonlinearity degrades the range
resolution by causing spill-over between neighboring values
of radar cross-sectional components C��k�. Other hardware
imperfections include high level of electronic noise, and
cross-talk between the emitter and receiver antennas. Elec-
tronic noise lowers the overall signal-to-noise ratio of the
prototype. Antenna cross-talk causes the “dead-zone” arti-
fact, a strong phantom signal for range values less than 1 m.
Overall, present MFMR specifications are still below their
theoretically achievable limits.

In addition to hardware improvement, an important part
of MFMR research is directed at formulating a complete
model of FM radar performance. Historically, radar theory
has been developed and perfected for ranges much larger
than either the target size or the base radar wavelength. Cur-
rent mathematical description, both provided in Sec. II and in
the referenced literature, is approximate and makes a number
of assumptions. While the overall model is generally valid
and confirmed by experiments, we are still working on for-
mulating the exact forward problem of radar propagation: a
framework that would predict the measured reflection pattern
for a known target distribution. This model is essential in the
development of efficient signal artifact compensation algo-
rithms.

The introduction of FM radar technology to medicine
opens a wide range of research possibilities in hardware de-
velopment and in the development of new data processing
algorithms needed to improve the reliability of measure-
ments and to expand the functionality of radar-based tools.

V. SUMMARY

A new type of GHz-range low-power radar is suggested
for medical use. Early experiments in a controlled environ-
ment confirm the ability of the device to obtain simultaneous
measurements of both respiration and heart rates without any
physical contact between the patient and the device. MFMR
exhibits both high signal sensitivity and good range reso-
lution. Several clinical applications are suggested for the new

device.
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APPENDIX: OPERATIONAL PRINCIPLES OF
OTHER RADARS

Below, we summarize some of the basic principles of ra-
dar operation and explain the difference between pulse radar
and single or modulated frequency continuous wave radar.
The purpose of this attachment is to help a reader new to the
field to understand the optimal applications and intrinsic
limitations of different radar types.

Using the same notations as in Sec. II, we distinguish
radar types based on the functional form of the emitted sig-
nal S0�t�. Amplitude and frequency parameters of S0�t� define
the signal processing methods needed to extract target infor-
mation from the reflected signal Sr�t�.

In pulse or ultra-wide-band �UWB� radar S0�t� represents
a series of short, tpulse�1 ns, pulses of radiation, emitted
every trepeat, usually much greater than tpulse in order to ac-
commodate expected target TOF. Frequency distribution of
each pulse is typically very wide, �0.1–100 GHz, hence the
UWB term. After a pulse is emitted, the radar waits fixed
time � and computes the amplitude of the received pulse. By
varying �, a complete measurement of C��� as defined in Eq.
�5� can be obtained. This approach is effective in applica-
tions where the main goal is measuring the target range. The
downside of UWB radar is the fact that since tpulse� trepeat,
time-averaged radiation power and, consequently, effective
sensitivity of the technology is lower than in CW radar. In-
creasing pulse amplitude is not always feasible because radar
peak signal intensity is constrained by safety regulations.17

Range resolution of UWB radar is also limited by the pulse
width, and available resolution-improving methods are typi-
cally accompanied by significant increases in the size of
UWB radar units. For example, the subcentimeter resolution
claimed by Li et al. in Ref. 3 is only possible when a single
receiver antenna is substituted by an antenna array.

In single-frequency continuous wave �SF CW� radar,
S0=A cos �t, where the frequency � is constant. The re-

flected signal is similar to Eq. �3�. If Cm denotes collective
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reflection and attenuation property of the mth target, �m de-
notes the time of flight for that target, and vm,r denotes the
radial component of its velocity, then

Sr�t� = �
m

Cm cos���1 −
vm,r

c

t − ��m� .

The Doppler frequency shift is extracted from Sr�t� and used
to study the moving targets. This approach is rather straight-
forward, however, less sensitive to small-scale slow motion
such as the motion of human heart. In phase-detecting SF
CW radar such as in Ref. 7, as well as in MFMR, Doppler
effect is neglected as second order. Instead, if Sr�t� is Fourier
transformed and subjected to a series of transformations
similar to those described in Sec. II B, the resulting signal
becomes

Ŝr = �
m

Cm cos���m� .

If the mth target moves so that �m varies with time, frequency
characteristics of this motion can be obtained by time series

analysis of Ŝ�t�. Since, typically, ��1 /F only the change in
�m can be measured, while the absolute value of �m remains
unknown. Most importantly, if several targets move simulta-
neously, frequency analysis alone may be insufficient to re-
solve motion of the individual targets. While in MFMR, the
amplitude �11� and phase �12� of different Ck from �10� are
analyzed individually, single frequency radar analyzes a
quantity similar to �kCk. Alternatively, one may view SF CW
radar as a subset of MFMR with ��→
. In this case, it is
easy to see a scenario when the motion of interest is masked
by other targets.

Finally, a different approach to frequency modulated CW
radar is suggested in Ref. 13. There, time-dependent instant
phase function ��t� is assumed. The authors propose to filter
Sr�t� against cos ��t−�o� for fixed �o. The goal is to isolate
the portion of the received signal that corresponds to targets
with ���o. To the best of our understanding, this interesting
idea has not been implemented in practice yet, so we cannot
compare the details of its performance to our approach.
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