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Abstract—The use of radar technology for contactless monitor-
ing of cardiorespiratory activity has been a significant research
topic for the last two decades. However, despite the abundant
literature focusing on the use of different radar architectures for
healthcare applications, an in-depth analysis is missing about the
most appropriate configuration. This article presents a comparison
between continuous-wave (CW) and linear-frequency-modulated
continuous-wave (LFMCW) radars for application in vital sign
monitoring scenarios. These waveforms are generated with the
same architecture at two different frequencies: 24 and 134 GHz.
Results evidence that both configurations are capable of measuring
general metrics, such as the breathing and heart rates. However,
LFMCW offers better results in the identification of cardiac events
and the extraction of certain derived biomarkers, such as the
heart rate variability sequences (HRV). Conclusions show that this
performance does not depend on the selected working frequency.

Index Terms—CW radar, HRV sequence, LFMCW radar, vital
sign monitoring.

I. INTRODUCTION

THE fields of application of radar technology have signifi-
cantly increased since the first patent registration in 1904,

when Christian Hülsmeyer registered a method for reporting
distant metallic objects using electric waves [1]. The origin of
radar and its main application area was typically military due
to their high costs and bulky sizes. Nevertheless, advances on
monolithic microwave integrated circuits (MMIC) have allowed
radar systems to be miniaturized and easily integrated into any
device [2], [3]. Therefore, they can be currently found in diverse
environments such as automotive [4], security [5], industrial [6],
structure-health monitoring [7], and even, in biomedical and
healthcare contexts [8], [9].
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Regarding the biomedical field, non-contact monitoring of
human vital signs with radar has become an active research
area in recent years [10]. Throughout these years, radars have
been exploited to measure the chest’s wall displacement due
to the breathing and heart movements. The nature of the radar
signal acquired is mechanical. Therefore, this makes difficult
its direct comparison with the standard reference used in car-
diac monitoring, the electrocardiogram (ECG), which measures
electrical activity. Thus, some authors have compared the radar
signal acquired with references providing mechanical informa-
tion, such as seismocardiograms (SCG) [11] -which measure
accelerations-, impedance cardiograms (ICG) [12] -which mea-
sure the thoracic impedance-, or phonocardiographs (PCG) [13]
-which measure sound waves derived from the heart movements.
In these studies, authors coincide in the fact that the radar signal
acquired is highly correlated with vibrations derived from the
volume and pressure changes. Due to this fact, the radar is capa-
ble of detecting certain characteristic heart events, for instance,
the opening and closing of the different valves. These events
are used in the extraction of some important biomarkers, such
as the heart rate variability (HRV), which have a demonstrated
clinical significance in the diagnosis of several cardiovascular
diseases [14].

Among the most used radar configurations for cardiopul-
monary monitoring, it stands out the Doppler or continuous-
wave (CW) radar [15], [16], the linear-frequency-modulated
continuous-wave (LFMCW) radar [17], [18] and the impulse
radar [19]. The use of impulse radar is not as extended due to
its high power requirements and more complex system architec-
ture [20].

Although there is an extensive bibliography focusing on the
comparison between CW and LFMCW radars for healthcare
applications [20], [21], [22], [23], [24], it is not clear which
radar configuration offers the best solution. A qualitative com-
parison of mono- and multi-mode architectures for short-range
continuous-wave radars is presented in [20], where they state
that CW radars have a higher sensitivity to small vibrations
than LFMCW radars, while LFMCW configuration allows the
separation of echoes from different targets, but they do not
provide a quantitative comparison of both configurations. On
the other hand, it is highlighted in [25] that LFMCW radars
are not as efficient as CW radars because they needs to sample
the target position at higher frequencies than the fundamental
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Fig. 1. Diagram of the radar’s RF and baseband architecture. The baseband
board is common for both frequencies: 24 and 134 GHz. The architecture
differences between the MMIC boards are represented in red, for the 134 GHz
radar, and in green, for the 24 GHz radar.

vibration frequency to be measured, but they go no further in
this comparison. However, recent advances in technology bring
solutions to these issues. For instance, low-cost commercial
microcontrollers embed analog-to-digital converters that can
operate at sampling frequencies in the range of 5–10 MS/s,
with resolution of 12–16 bits. With these microcontrollers and
typical configurations in LFMCW radars, such as sweep time
of 1 ms and bandwdith of 3 GHz, these radars can measure
targets up to 250 m. Thus, sampling frequency is not longer a
limitation in selecting the best radar configuration for vital sign
monitoring.

This paper presents a comparison between CW and LFMCW
radars to determine which one suits better for vital sign mon-
itoring. In order to perform this comparison, a commercial
baseband board from a 134 GHz radar has been modified to
operate indistinctly in CW or LFMCW configurations. This
modifications allow to use the same baseband board with two
different front-ends: one at 134 GHz and other at 24 GHz, as
shown in Fig. 1. The analysis is carried out at 134 GHz and the
findings are confirmed with the 24 GHz radar.

The radar working frequencies have not been chosen ar-
bitrarily. Firstly, increasing the working frequency enhances
the measurement accuracy, since, at high frequencies, small
displacements result in significant phase changes, as is shown
in Section II. Moreover, working at higher frequencies results
in more compact devices. It allows to reduce antenna sizes
and to get narrower beamwidths. On the other hand, higher
frequencies experience more attenuation. However, radar based
short-distance applications are not usually power limited, so
high attenuation is not considered a limitation. Additionally,
the dielectric properties of the human body tissues have been
estimated along the millimeter-wave band [26], where it was
concluded that the reflection from the body tissues is stronger
at higher frequencies, since the complex dielectric constant
decreases with frequency.

The performance of both configurations have been tested in
two different scenarios. The first one is a controlled scenario
where the periodic displacements of the membrane of a woofer
are measured. In the second scenario, the radars acquire the
cardiorespiratory activity of a person by analysing his chest

displacement. In this scenario, the radar signal is captured si-
multaneously by two radars: one radar operating in CW and the
other one in LFMCW. The extracted vital signs are compared
with a reference ECG provided by the Task Force Monitor, a
clinically tested reference from CNSystems [27].

The rest of the paper is organized as follows. Section II
details the CW and LFMCW radar working principles, the signal
processing algorithms to extract the desired signals and the
metrics used to perform the comparison between both operation
configurations. Section III details the different signals that can be
obtained from the radar signal. Finally, results are presented and
discussed in Section IV, and conclusions are drawn in Section V.

II. BACKGROUND

A. Hardware

This section details the hardware setup used in this study,
which is composed by three different pieces of equipment:
� The radar sensor. The modifications of a commercial radar

sensor are presented.
� The SCG is the main reference used in this work, since it

also provides mechanical information.
� The Task Force Monitor (TFM), which provides an addi-

tional reference with ECGs.
1) Radar Sensor: The radar sensors used are based on a

LFMCW radar fabricated by Silicon Radar [28]. In order to bet-
ter fit the desired application, the commercial version of the radar
baseband board has been modified. This modifications allows to
use the radar sensor at two frequencies (24 and 134 GHz) only
by exchanging the MMIC board, and in CW or LFMCW con-
figurations. The main modifications have been the replacement
of the commercial radar’s microcontroller and baseband boards
with custom-made PCBs. The system architecture is common
for both operating configurations, and its diagram is presented
in Fig. 1. The radar system consists of:
� A commercial MMIC board fabricated by Silicon Radar. In

this work, two MMIC boards have been used, one operating
at 134 GHz and the other at 24 GHz. The difference in
architecture between both boards is indicated in Fig. 1,
each board has its specific VCO. In the 134 GHz board, the
VCO frequency is 67 GHz and it is doubled to 134 GHz.

� A baseband board, which controls the MMIC, amplifies
and filters the I/Q signals. This board includes the micro-
controller (μC), the Phase Frequency Detector (PFD) and
the I/Q filters:
– The PFD used is the ADF4159 from Analog Devices.

It can be configured to perform a frequency sweep,
controlling the swept bandwidth, the duration and the
linearity of the frequency sweep. Thus, it allows to
configure the transmitted waveform, and, therefore, if
the radar is operating in CW or LFMCW configuration
withouth changing the hardware architecture. The ref-
erence oscillator used to feed the PDF has also been
replaced by a new one, which is located in the clock
board described below, that provides less phase noise,
improving the dynamic range.
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TABLE I
MAIN CHARACTERISTICS OF THE RADAR MODULES USED

– The commercial microcontroller has been replaced by
the Attiny-167, a 8-bits microcontroller with 14 GPIO
pins available. The commercial LFMCW radar’s trans-
mission was limited to intervals managed by its mi-
crocontroller. These intervals included off-time between
clusters of LFMCW sweeps to allow for on-board signal
processing and USB-to-PC data transmission, which
would hinder continuous cardiopulmonary measure-
ments. In this version all processing is offloaded to a
PC, allowing continuous LFMCW operation.

– I/Q filters. The analog filters applied to the in-phase and
quadrature signals have been modified to be low-pass fil-
ters, allowing CW configuration. The cut-off frequency
is 2 MHz.

� A clock board distributes the clock reference. The reference
oscillator allocated in this board is a 80 MHz oscillator from
the ABLNO series, from ABRACOM. This frequency can
be divided with a programmable divider by powers of 2
from 2 to 16. Thus, the ADC sampling frequency can vary
from 5 MHz to 80 MHz.

� An external ADC. The external ADC used is the model
PCI-9846 from ADLINK, with 16 bits, 4 channels, and a
configurable sampling frequency up to 40 MS/s.

More information about the hardware architecture, and the
modifications carried out, can be found in [29]. The main radar
characteristics are summarized in Table I, the system architec-
ture can be found in Fig. 1 and a photograph of the radar modules
can be seen in Fig. 2.

Unless otherwise stated, the results of this work have been
obtained using the 134 GHz radar. The results at 24 GHz are
only presented when explicitly indicated.

2) Seismocardiogram: The device is the ADXL335 from
Analog Devices [30]. This sensor can measure the static accel-
eration of gravity and the dynamic acceleration resulting from
motion or vibration. It is a 3-axis accelerometer, with a full
sensing range of ±3 g and a sensitivity of 300 mV/g. For this
analysis, only the normal axis to the surface is analyzed, which
corresponds to the movement direction acquired with the radar.
Moreover, the ADXL335 has an analog low-pass filter with a
cut-off frequency of 50 Hz for the SCG output signal.

Fig. 2. Boards for the 134 and 24 GHz radars. From top to bottom: the
baseband and clock boards, which are common for both frequencies, the 24 GHz
MMIC board. At the bottom: the 134 GHZ MMIC board and a photograph of
the 134 GHz radar global assembly with the MMIC located below the dielectric
lens.

3) Task Force Monitor: The Task Force Monitor (TFM) de-
veloped by CNSystems [27] is used as an additional reference for
the vital signs, since it can synchronously measure electrocar-
diogram (ECG), blood pressure (BP) and impedance cardiogram
(ICG). The radar sensor and the TFM are synchronized using a
gold-code sequence [31], which is generated in the clock board.
For this analysis, only the ECG signal is used.

B. Working Operation Principles

This section introduces the basic principles of CW and
LFMCW radars.

1) CW Radar: Non modulated CW radars transmit and re-
ceive a sinusoidal waveform of frequency fo. After the demod-
ulation and filtering processes, the radar baseband signal can be
expressed as:

sb(t) = σ exp(jφ(t)) (1)

where σ is the signal amplitude, and φ(t) = 4πfo
c R(t). Being c,

the light velocity; and R(t), the target range.
2) LFMCW Radar: The working principle of LFMCW is

based on transmitting a linear modulated RF signal, whic
h is reflected by the target. A replica of the transmitted signal is
mixed with the received echoes, obtaining the beat signal. Under
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Fig. 3. Noise impact on CW and LFMCW configurations. It shows the main
sources of noise affecting a radar system: thermal noise, phase noise and flicker
noise.

the “stop and go assumption” [32], which states that the target
does not change its position during the radar sweep time, the
beat signal for a point-scatterer at a range R(τ) (where τ is the
so-called slow time 1)can be formulated as:

sb(t, τ) = σ exp(j(2πfb(τ)t+ φ(τ) + φ2(τ))) (2)

The beat signal follows a sinusoidal waveform with a fre-
quency known as beat frequency fb(τ) =

2B
T ·cR(τ), φ(τ) =

4πfcR(τ)/c, and φ2(τ) = − 4πBR2(τ)
T ·c2 , where fc is the central

frequency, B is the bandwidth, and T is the sweep time. φ2(τ)
represents the residual video phase (RVP) [32], which is found
to be negligible and can be ignored, since it is proportional to
1/c2.

From the previous equations, fb(τ) is used for target loca-
tion, enabling person separation in multi-target scenarios and
removing unwanted interferences from clutter [33]. This target
separation is carried out with a digital filter bank, implemented
with an FFT (Fast Fourier Transform). On the other hand, φ(τ)
is used to extract the information relative to the target range.
Moreover, as has been previously explained, a high operation
frequency is selected for the central frequency to increase its
sensitivity to small displacements, ΔR: Δφ ∝ fcΔR. This
increases the sensitivity of CW and LFMCW radars.

C. Noise Impact

In radars where the received signal is mixed with a replica of
the transmitted signal, such as CW and LFMCW radars, the beat
frequency should be kept away from the low-frequency noisy
range to guarantee a robust performance. Fig. 3 shows the main
noise sources affecting this type of systems: thermal noise, phase
noise and flicker noise. However, the low-frequency spectrum
is often not clean due to other effects, such as the direct antenna
coupling from the TX to the RX. The noise impact is higher in
CW radars because two main reasons:
� Noise distribution. CW radars are affected by all the noise

sources, as shown in Fig. 3. On the other hand, in LFMCW
radars, the beat frequency can be adjusted to separate it
from the noise sources that are present around 0 Hz. In
fact, it can be placed at higher frequencies where impact
of flicker noise is lower than thermal noise.

1Mathematically, the slow time can be expressed as τi = i · T , with i ∈ Z,
so it is a sampled version of the fast timet

Fig. 4. Displacement estimation with thermal noise for the CW and FMCW
configurations. Example with N=1000 samples, which implies an improvement
of 30 dB in the R estimation and in the SNR. Simulation: 1000 iterations.

� Processing. The signal estimation is performed in CW
radar sample by sample, while in LFMCW configuration
is performed in each sweep time by a filterbank of N
filters implemented via an N-FFT. Thus, beingN = fs · T ,
where fs is the sampling frequency and T the sweep time,
LFMCW has an estimation improvement of N, as can be
shown in (3) and (4), extracted from [34]. This can also be
seen in the CramÃ©r-Rao lower bounds (CRLB) presented
in Fig. 4.

var(R̂) ≥
(

c

4πfc

)2
σ2

2A2
(3)

var(R̂)≥
( c

4π

)2 σ2

2A2

1

Nf2
c +Bfc(N − 1)+B2(2N−1)(N−1)

6N
(4)

where A2/σ2 is the signal-to-noise ratio, fc is the radar working
frequency, B is the transmitted bandwidth and N is the signal
length.

D. Signal Processing

The algorithm steps to obtain the target displacement in each
radar configuration are displayed in Fig. 5.

1) CW: Before using the in-phase and quadrature signals, a
calibration process is carried out to compensate the amplitude
and phase mismatches and dc-offsets [35]. The analysis of the
errors introduced due to imbalances and dc-offsets is detailed
in Appendix A. The amplitude and phase imbalances do not
change significantly over time, since they are mainly generated
by hardware imperfections, so these imbalances can be eas-
ily calibrated using compensation methods [36]. However, the
dc-offset also comes from reflections from stationary objects
around the target [37]. Thus, the correction needs to be run at
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Fig. 5. Flowchart with the processing steps to obtain the target displacement
in CW and LFMCW configurations, and its comparison with the SCG signal.

Fig. 6. IQ imbalance correction example. It shows the IQ signals before the
calibration -in blue- and after the calibration -in red-.

the beginning of a new measurement each time the environment
changes.

The amplitude and phase imbalances provoke that the joint
plot of I and Q signals forms an ellipse instead of a circum-
ference. Thus, the ellipse fitting estimation method in [38] is
applied. Once the fitting ellipse is defined, the Gram–Schmidt’s
technique [39] is applied to compensate and correct the im-
balances. After that, the Pratt’s method [40] is performed to
obtain the best-fit circle so as to obtain the circle center, i.e., the
dc-offset. The IQ imbalance compensation is shown in Fig. 6.
After the dc-offset removal, the arctangent demodulation is
carried out to obtain the target’s displacement. The calibration
process is challenging when the I/Q components do not complete

a closed circle, since the estimation of the center of an arc is more
prone to errors than the center estimation of a circle, as will be
shown in Section IV.

Finally, the arctangent demodulation is performed before
calculating the displacement:

ΔR(t) =
unwrap{φ(t)− φ(t0)} · c

4π · fo (5)

where φ(t0) is the initial phase at t = t0. Phase must be un-
wrapped because it takes values between −π and π.

A third-order Butterworth low-pass filter with a cut-off fre-
quency of 100 Hz is applied to the I and Q signals before the
calibration process.

2) LFMCW: The signal acquired with the radar needs a
previous processing to obtain the target displacement. How-
ever, unlike the CW processing steps, it does not require a
calibration process, as detailed in Appendix A. First of all, a
four-term Blackman-Harris window is applied to the in-phase
and quadrature signals to enhance the dynamic range. After that,
an FFT is performed to identify the frequency range where the
target’s beat frequency is located. Then, the FFT is clipped in
the predefined frequency range, with the aim of isolating the
target from interfering objects in the radar’s field of view. After
that, for each ramp, the phase is computed at the beat frequency,
which is calculated as the maximum of the FFT in the frequency
range previously calculated.

Finally, the displacement calculation is carried out. Analo-
gously to the CW case, the displacement signal has the following
expression:

ΔR(τ) =
unwrap{φ(τ)− φ(τ0)} · c

4π · fc (6)

where φ(τ0) is the initial phase. Nevertheless, the phase ex-
tracted has to be corrected to deal with the range migrations
because the target can change between range bins of the FFT
along the time. We present a new technique that combines the
phase and frequency information from the range bin to extract
the displacement information. The complete analysis is detailed
in Appendix B and the phase, φ(t), is extracted following (27).

3) SCG: The signal obtained from the SCG does not need
a previous conditioning, since it is filtered by hardware in the
0-50 Hz range. In order to perform the comparison with the
signal obtained with the radar, this signal is double integrated to
obtain the displacement from the acceleration data captured.

E. Comparison Metrics

In order to compare the performance of both configurations,
two main comparison have been carried out:
� Signal waveform: The displacement measured with the

radar is compared with the displacement signal derived
from the SCG sensor to quantify which radar configuration
reproduces more accurately the waveforms. This compari-
son is evaluated by using the Russell’s error measure [41].

� Fiducial points: The radar performance is evaluated by
comparing the HRV sequence extracted from the radar with
the HRV sequence extracted from the ECG.
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Fig. 7. Frequency range for signal separation: breathing signal (B), heartbeat
signal (HB), acceleration signal and heart sounds.

1) Russell’s Metric: This metric [41] provides robust means
for quantifying the magnitude and phase differences between
two time histories separately, and the comprehensive error. For
two time series s1 and s2, with energy Es1 and Es2, and length
N , the magnitude error is defined as:

σM = sign(rme)log10(1 + |rme|) (7)

where rme represents the relative magnitude error, which is
defined as the following expression:

rme =
Es1 − Es2√
Es1 · Es2

(8)

The following equation represents the phase error:

σP =
1

π
cos−1

(∑N
i=1 s1i · s2i√
Es1 · Es2

)
(9)

And the comprehensive error results in the next equation:

σC =

√
π

4
(σ2

M + σ2
P ) (10)

2) HRV: Unlike heart rate, which focuses on the average
beats per minute, the heart rate variability sequence measures the
changes in time intervals between adjacent heartbeats. Thus, it
is necessary to define the characteristic points for the extraction.
The signals and the cardiac events from which the HRV sequence
is extracted are explained in more detail in Section III.

III. VITAL SIGNS MONITORED WITH RADAR

Different vital signs can be obtained using radar technology.
Traditionally, the vital sign parameters retrieved from the radar
signal are the respiratory and heart rates. The cardiorespiratory
signal has been thoroughly analyzed in the literature, allowing
a fair characterization of its components. The heartbeat signal
has a fundamental frequency between 0.9 and 3 Hz (54 to
180 beats/min), and an amplitude around 0.5 mm measured
from the chest. On the other hand, the breathing signal has
a fundamental frequency between 0.1 and 0.7 Hz (6 to 42
breaths/min), and an amplitude between 4 and 12 mm mea-
sured from the chest [42]. However, recent studies suggest that
information related with specific cardiac events can also be
measured analyzing higher frequencies: opening and closure
of valves, and heart sounds [13]. Fig. 7 shows how the vital
signs are distributed along the frequency range [42], [43]. An
example of the displacement signal acquired with the radar is

Fig. 8. Displacement signal acquired with the radar setup in LFMCW config-
uration. From left to right: normal breathing, apnea, hyperventilation and deep
breathing time intervals.

displayed in Fig. 8. Additionally, all the waveforms that can
be obtained from the LFMCW and CW radars are displayed in
Fig. 9 and 10, respectively, which have been obtained using both
radar configurations simultaneously. Therefore, the following
information can be extracted from the radar signals:

1) Breathing and Heart Rates: These rates can be obtained
by performing a Fast Fourier Transform (FFT) to the radar
displacement signal and looking for the fundamental compo-
nents [44], [45].

2) Breathing and Heartbeat Waveforms: The breathing and
heartbeat signals can be separated, for instance, by linear fil-
tering in the frequency bands shown in Fig. 7. The breathing
waveform has practically the same shape that the radar signal,
since the breathing amplitude is approximately 10 times higher
than the heartbeat signal [42]. Therefore, by inspecting the
radar signal, it can be observed anomalies in the respiration,
such as, apnea episodes or sudden changes in the breath rate.
These phenomena are illustrated in Fig. 8, where an apnea and
hyperventilation episodes have been forced and captured with
the radar setup, and can be identified at a glance. On the other
hand, the heartbeat waveform can be retrieved with band-pass
linear filtering. In this work, the heartbeat waveform is defined
in the frequency range from 0.8 to 50 Hz, in order to compare
it with the data extracted from the SCG. From this signal, some
cardiac parameters, such as the HRV sequence, can be calcu-
lated. An example of the breathing and heartbeat waveforms
extracted with the radar can be shown in Fig. 9(c), (d), 10(c)
and (d).

3) Heart Sounds: The pressure waveform resulting from the
aperture and closing of the different valves, which is highly
correlated with the heart sound waveform obtained with the
phonocardiograph [13], can also be obtained from the radar
signal. The shape of the heart sound signal obtained from the
radar in Fig. 9 e strongly correlates with the heart sound signal
measured with the PCG (see Fig. 1 in [46]), which shows the
first and second heart sounds (S1 and S2, respectively). The
first heart sound occurs directly after the R-peak of the ECG
signal, and it is result of the closure of the atrioventricular valves.
On the other hand, the second heart sound is a result of the
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Fig. 9. Comparison between the signals that can be acquired with the LFMCW radar and the reference sensors. From top to bottom: (a) ECG signal, (b) raw
radar signal, (c) breathing signal (Radar B), (d) heartbeat signal (Radar HB), (e) heart sound signal (Radar HS), and (f) acceleration signal (Radar acceleration).

sudden closure of the aortic and pulmonary valves. The spectrum
of heart sound signals have been analyzed in the literature,
and the main information of its components its placed in the
20-150 Hz range [47]. Thus, a linear filtering from 20 to 150 Hz
is applied to the radar signal to obtain the heart sound waveform.
The amplitude of S1 is higher than S2, so detecting this heart
sound is easier than S2. However, it has to be also highlighted

that the heart sounds can be modulated due to the breathing.
During inspiration, the S1 decreases its intensity, whereas the S2
increases its amplitude [48]. The extraction and identification of
the different heart sounds from the radar signal was previously
addressed in [13].

4) Acceleration Signal: Some cardiac events can be better
identified after a previous preprocessing of the radar signal.
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Fig. 10. Comparison between the signals that can be acquired with the CW radar and the reference sensors. From top to bottom: (a) ECG signal, (b) raw radar
signal, (c) breathing signal (Radar B), (d) heartbeat signal (Radar HB), (e) heart sound signal (Radar HS), and (f) acceleration signal (Radar acceleration).

Because the radar signal acquired has displacement information
of the chest, the double differentiation of this signal provides
information on acceleration. This acceleration signal have the
same nature as the signal provided by an SCG, therefore, some
characteristics events, such as the aortic valve opening (AO),
the mitral valve closing (MC), the aortic valve closing (AC), or
the mitral valve opening (MO) shown in [46], can be identified.

A comparison between the SCG reference and the acceleration
signal extracted from the radar is displayed in Fig 11. More-
over, there are studies in the literature that are able to identify
these time events. For instance, a deep learning approach is
presented in [11] to transform the signal acquired with the radar
into an SCG signal, identifying the aforementioned fiducial
points. Regarding the frequency content, authors in [43], [49]
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Fig. 11. Comparison between the radar double differentiation and the SCG
signal. Locations of ECG R-peaks are marked with dashed lines. The radar signal
is acquired using LFMCW configuration.

analyzed the similarities between the SCG signal and the radar
acceleration, stating that a high correlation was obtained analyz-
ing the frequency range below 35 Hz. However, [50] shows that
there is SCG information above 40 Hz related to valve closure.
In this paper the radar acceleration signal is analyzed in the
0-50 Hz frequency range, since the reference SCG used is limited
to this band. Figs. 9(f) and 10(f) show the acceleration signal
obtained from the radar. From these figures, it can be highlighted
that CW radars have difficulties in the extraction of both the
acceleration signal and the heart sounds. As was explained in
Section II, the impact of the low-frequency noise is higher in
CW radars, which can mask these fiducial points in the extracted
signals.

5) HRV: This biometric has been calculated measuring the
specific changes in time between successive heart beats, as can
be shown in Fig. 12(a). These time intervals has been extracted
from the different signals following the next procedure:
� The time intervals used to calculate the HRV sequence from

the ECG are obtained by measuring the time difference
between R-peaks extracted using the Pan and Tompkins
algorithm [51].

� The time intervals used to extract the HRV sequence from
the heartbeat waveform are calculated by measuring the
distance between minima, as displayed in Fig. 12. These
minima have been chosen as reference points since they
are clearly identifiable for each heart beat. Additionally,
the minimum distance between consecutive minima is
restricted to be greater than 1/(2fhb), where fhb is the
heartbeat fundamental frequency.

� The post-processing carried out on the acceleration signal
calculation improves the cardiac information extraction.
Therefore, the HRV sequence can be computed with higher
accuracy. The time intervals used to calculate the HRV
sequence from the acceleration signal are extracted by
measuring the distance between maxima applying the same

Fig. 12. HRV sequences comparison. (a) Point identification for HRV se-
quence extraction. (b) The HRV sequence extracted from the heartbeat signal is
compared with that one computed from the ECG, with a mean absolute error of
6.78 ms -in CW- and 2.34 ms -in LFMCW-.

restriction previously detailed. These maxima do not match
the time instants selected in the heartbeat waveform to com-
pute the HRV. As mentioned above, the maxima from the
acceleration radar correlate with the aortic opening (AO)
that can also be observed in the SCG. This is displayed in
Fig. 11.

The HRV sequence extracted from the heartbeat waveform
(displacement signal) is label as HRVHB , while the HRV ex-
tracted from the acceleration signal is label as HRVAcc.

Figs. 12 and 13 show that extracting the HRV sequence
from the acceleration signal provides better results than using
the heartbeat signal. Fig. 12 displays the HRV sequence from
the heartbeat waveform for the LFMCW and CW radars. It is
important to point out that the waveform shape changes between
beats, making the HRV sequence extraction challenging, as is
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Fig. 13. HRV sequences comparison. (a) Point identification for HRV se-
quence extraction. (b) The HRV sequence extracted from the acceleration signal
is compared with that one computed from the ECG, with a mean absolute error
of 0.53 ms.

displayed in Fig. 12(a), where it also shows that there are even
differences between the heartbeats waveform obtained with both
radars. On the other hand, Fig. 13 shows the HRV sequence from
the acceleration radar signal. The time instants (radar AO) are
easily identifiable, as is shown in Fig. 13(a), allowing an easier
HRV sequence extraction. In this example, the mean absolute
error between the HRV sequence extracted from the radar and
the ECG is calculated. The error obtained using acceleration is
0.53 ms, while using the heartbeat waveforms the mean error
is 2.34 ms using the LFMCW radar, and 6.78 ms in the CW
case. Finally, histograms with the error distribution are shown
in Fig. 14 for the different strategies to calculate HRV sequence
(Fig. 12 and 13). Fig. 14(a) shows that the errors obtained when
the HRV sequence is extracted from the heartbeat waveforms
are more scattered (larger standard deviation) than when the
acceleration signal is used. These results clearly show the im-
provement of using the radar acceleration instead of the heartbeat
waveform in the HRV sequence extraction. This procedure is
only possible with the LFMCW radar (see Figs. 9 and 10)
because the information is not masked by noise.

Fig. 14. Histograms with the HRV error distribution for 116 heart beats, and
the mean and standard deviation from each distribution. (a) Histograms with the
error distribution between the HRV sequence measured with the ECG and the
HRV sequence computed from the heartbeat waveform in CW and LFMCW
configurations. (b) Histogram with the error distribution between the HRV
sequence extracted from the radar acceleration in LFMCW and the ECG.

IV. COMPARISON STUDY

This section details the three main experiments carried out in
this work. Firstly, a comparison between both radar configura-
tions in a controlled scenario is presented, where the membrane
from a woofer is excited with different waveforms to induce
controlled displacements of the membrane. Secondly, the vital
signs from a person, in a real scenario, are measured. Both radar
configurations are used simultaneously, and these signals are
compared with the references obtained with the SCG and TFM,
which are sampled at 1 kHz. Finally, the vital signs from a person
are measured using the 24 GHz MMIC board, in order to confirm
the conclusions obtained from the previous experiment carried
out at 134 GHz.

For the first two experiments, the LFMCW radar is configured
with a sweep time of 1 ms and a bandwidth of 6 GHz. Radar
signals are sampled at 10 MHz. The signal processing described
in Section II is followed for each configuration. Finally, in order
to compare the radar signals with the references obtained from
the SCG and the TFM, the displacement signals obtained from
the radars are downsampled to the same frequency, 1 kHz, for
synchronization.

A. Controlled Scenario

The analysis is carried out by comparing the woofer mem-
brane displacement measured with the SCG and the radar. The
radar is placed 0.5 m away from a commercial woofer which
is excited with a known waveform, as can be shown in Fig. 15.
The field-of-view (FoV) at this distance is a circle of 3.5 cm in
diameter. In order to simulate a vital sign monitoring scenario,
the woofer is excited with 3 different waveforms to generate the
following displacements:
� Waveform 1: A sinusoidal displacement of 0.2 Hz and 2 mm

of amplitude, which simulates the breathing signal.
� Waveform 2: A sinusoidal displacement of 1.1 Hz and

0.2 mm of amplitude, which simulates the heartbeat in
apnea condition.

� Waveform 3: The sum of the previous 2 signals, which
simulates the cardiorespiratory signal.
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Fig. 15. Controlled scenario: the woofer membrane displacement is measured
with an SCG and a radar placed at 0.5 m from the target, simultaneously. The
SCG is attached to the woofer membrane.

TABLE II
EXPERIMENT 1: LFMCW VS CW UNDER A CONTROLLED SCENARIO

For each waveform, the membrane displacement is captured
with the radar operating in CW and LFMCW configurations,
and these signals are compared with the SCG used as ground
truth. The radar measures displacement information, while the
SCG retrieves acceleration information. Both signals are ana-
lyzed (displacement and acceleration) since they have useful
information, as was previously stated in Section III. Thus,
two approaches are employed to compare the radar signals
acquired:
� The first approach compares displacement information.

Therefore, the SCG signal is double integrated to ob-
tain the displacement information from the acceleration,
and the resulting waveform is compared with the radar
signal.

� The second approach compares acceleration information.
Hence, the radar signal is double differentiated to obtain
the acceleration information from the displacement, and
this signal is compared with the data from the SCG.

The integration and derivation steps are carried out in the
frequency domain with the whole length of the signals. Table II
shows the Russell error obtained for the comparison of each
waveform.

Fig. 16. Waveform 1 case: Comparison between the radar signal acquired using
CW, LFMCW and the reference SCG.

Fig. 17. Waveform 2 case: Comparison between the radar signal acquired using
CW, LFMCW and the reference SCG.

Moreover, the extraction of the heartbeat signals from the
cardiorespiratory signal has been also simulated. A band-pass
filter is applied from 0.8 to 50 Hz to Waveform 3 so as to extract
the simulated heartbeat waveform. The extracted waveform is
compared with the integrated SCG, which has also been filtered
using the same filter (it is displayed in Table II as Waveform 3 -
HB).

The comparison of the different waveforms can be shown
in Figs. 16, 17 and 18. These figures show both approaches:
top figures represent waveforms for displacement and bottom
figures represent acceleration waveforms.

Regarding the comparison carried out with the first approach
(displacement analysis), results reflect that both configurations
extract accurate results. Table II shows that the differences be-
tween both radar configurations are minimum for the Waveform
1 and Waveform 3 cases. However, these results show larger
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Fig. 18. Waveform 3 case: Comparison between the radar signal acquired using
CW, LFMCW and the reference SCG.

Fig. 19. IQ imbalance correction for Waveform 2. It shows the IQ plot after
noise filtering -in blue- and after the imbalance calibration -in red-.

differences in Waveform 2, this is caused by a non accurate
imbalance correction in CW configuration. Although it was
stated in [24] that CW was more sensitive to small vibrations, it is
also highly dependent on a good calibration. In Waveform 2 case,
the displacement signal to be measured (0.2 mm) is significantly
smaller than the wavelength (2.2 mm). At 134 GHz, a vibration
movement of 0.2 mm of amplitude covers, approximately, 20%
of the I/Q circle, as displayed in Fig. 19. The calibration process
is challenging when the I/Q components do not complete a
closed circle, and the phase extraction is not accurate, as is
displayed in Fig. 17. Since the circle is not complete, the
center estimation is not accurate and the dc-offset cannot be
removed efficiently. Therefore, the error measured with the radar
operating in CW is significantly higher. Notwithstanding, there
are studies in the literature that address this issue, for instance,
the authors from [36] propose a CW radar with four-phased
local oscillator signals to generate multiarcs, which enhances
the center estimation but requires a more complex architecture.

Fig. 20. FoV covered with each radar and SCG placement.

Fig 18 shows the multi-component waveform, whose shapes
can be compared with the cardiorespiratory waveform obtained
in Figs. 9 and 10. Although this signal contains a small displace-
ment, such as Waveform 2, the total displacement in Waveform
3 allows a proper calibration. It is shown in Table II, where
the smaller component is extracted accurately with both radars
(Waveform 3 - HB).

Regarding the second approach (acceleration analysis), the
comparison carried out in Table II between the acceleration
signal from the radar and the SCG signal shows that LFMCW
radar performs better than CW radar. This fact can be seen at a
glance in Figs. 16 and 18: the signals obtained from the CW radar
are noisier. The higher noise present in CW, as was explained in
Section II, is magnified due to the double differentiation, because
it acts as a high pass filter. This means that HRV cannot be
accurately extracted using acceleration when the radar is used in
CW configuration. This is also analyzed in the vital sign scenario
(Tables III and IV).

B. Vital Sign Scenario

The first experiment carried out in this scenario is performed
by measuring the vital signs of a person under test (PUT) with
the two radars simultaneously: one operates in CW, while the
other operates in LFMCW. The PUT is lying down in supine
position and the radar setup is pointing with normal incidence
to its chest at 0.5 m. Both radars are placed adjacently in order
to point to the same chest region. However, due to the narrow
beamwidth, the FoV of both radars do not overlap, as displayed
in Fig. 20. The FoV at 0.5 m is, approximately, a circle of 3.5 cm
in diameter. The radar setup is shown in Fig. 21.

The chest surface curvature causes differences in the radar re-
flection. In order to remove uncertainties resulting from different
incidence, the experiment is divided into two stages:
� First stage: the radar pointing to R1 operates in CW, while

the radar pointing to R2 operates in LFMCW.
� Second stage: the radar pointing to R1 operates in LFMCW,

while the radar pointing to R2 operates in CW.
Four different measurements have been analyzed, two from

each stage. In these measurements, the PUT is asked to breath
normally for 120 seconds. The SCG is placed on the xiphoid
process [52]. Moreover, the ECG is measured with the Task
Force Monitor.
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TABLE III
EXPERIMENT 2: LFMCW VS CW IN A VITAL SIGN SCENARIO AT 0.5 METERS WITH THE 134 GHZ RADAR

TABLE IV
EXPERIMENT 3: 24 GHZ VS 134 GHZ IN A VITAL SIGN SCENARIO

Fig. 21. Vital sign scenario setup. The radar is pointing normally to a subject,
who is lying down in supine position at 0.5 m from the radar. The reference
signals are acquired with the Task Force Monitor.

In this scenario, the accuracy extracting the different signals
detailed in Section III is studied. The breathing rates are com-
pared between radars, while the heart rates are also compared
with the reference ECG. The HRV sequence extracted with each
radar is compared with the HRV one computed from the ECG.
The HRV error is calculated as the mean of the absolute value
of the difference between both HRV sequences.

The results are displayed in Table III. It shows, for each
measurement:
� The radar configuration (CW or LFMCW).
� The breathing rate (BR).
� The heart rate measured with ECG (HRref ) and radar

(HRrad).
� The mean absolute error between the HRV sequences ob-

tained with the ECG and the HRV sequence extracted with
the radar. It is denoted as HRVHB

ε if it is extracted from
the heartbeat waveform, and as HRVAcc

ε if it is computed
from the acceleration signal.

Results obtained in the vital sign scenario confirm the conclu-
sions extracted in the previous controlled scenario. Both radar
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Fig. 22. Comparison between the HRV sequence extracted from the ECG -in
blue-, the radar operating in LFMCW -in red-, and the radar operating in CW
-in green-. These data belong to Measurement 2.

configurations are capable of extracting general metrics, such as
breathing and heart rates. The same breathing rate, and almost
the same heart rate compared to ECG (reference) are obtained
with errors below 1% for both configurations. However, as has
been already analyzed, LFMCW has a higher performance in
extracting the heart sounds, the acceleration signals and fiducial
points from the heartbeat waveform (Figs. 9 and 10). These sig-
nals require to analyze higher frequency content from the radar
signal, which is more challenging in CW radar since the noise
content at higher frequencies tends to mask the signal details.
Moreover, the possibility of extracting acceleration information
from the radar signal improves the identification of important
cardiac events, such as the aortic opening and, therefore, the
HRV sequence extraction [53]. Additionally, Figs. 12 and 13
show that extracting the HRV sequence from the acceleration
signal provides better results than from the heartbeat waveform.
For instance, Fig. 22 shows that even if the best HRV extraction
method for each configuration is chosen, LFMCW presents the
best extraction results. The data represented in this figure belong
to Measurement 2.

A second experiment is carried out to confirm the findings at
134 GHz. In this experiment, the vital signs of a target, which is
lying down in supine position in front of the radar, are measured
with the 24 GHz radar. However, as was detailed in Section II,
the antenna beamwidth of this MMIC board is broader than the
one at 134 GHz, so the FoV covered is larger. With the aim of
covering a body chest area similar to the previous experiment,
the PUT is measured at 0.3 and 0.5 meters. The FoV at these
distances is 15.5 x 8.4 cm and 25.9 x 14 cm at 0.3 and 0.5 meters,
respectively, so it covers R1 and R2 regions simultaneously.
Focusing is an important matter in this analysis because some
studies show how the heart wave shape changes depending on the
area measured [16]. However, the area covered with the 24 GHz
MMIC at these distances is still comparable with the heart size
(12 x 8 cm [54]). Thus, the HRV can still be extracted accurately.

On the other hand, the parameters used to configure the
24 GHz LFMCW radar are different from the previous experi-
ment, due to the bandwidth at 24 GHz is limited to 3.6 GHz.

With the aim of having a beat frequency comparable with
Experiment 2 (fb � 20 kHz), the radar has been configured to
transmit a bandwith of 2 GHz and the sweep time has been set
to 200 μs. Therefore, so as to compare these results with those
obtained in Table III, the PUT has also been measured with
the 134 GHz radar using the same configuration parameters.
The measurements carried out at 134 GHz have been performed
pointing at R1.

Results are presented in Table IV, which follows the same
structure than Table III. Results obtained with the 24 GHz MMIC
board prove that the conclusions reached previously do not
depend on the radar working frequency:
� LFMCW configuration is better to extract the HRV.
� Results do not depend on the distance, while the FoV is

still comparable with the heart size.
On the other hand, measurements at 0.5 meters with the

134 GHz MMIC board show that the results do not depend on
the sweep time selected or the transmitted bandwidth, since they
are comparable to those presented in Table III (errors of the same
order of magnitude).

Therefore, despite both radar configurations are capable of
extracting and measuring vital signs with high performance,
the use of LFMCW radar over CW is recommended. Using the
same hardware architecture, LFMCW configuration allows the
extraction of more cardiac information and with higher accuracy.

Moreover, LFMCW configuration allows to measure not only
the vital signs of one subject, but also monitor several subjects
simultaneously, allowing its tracking and providing location
information. These characteristics are basic for rescue-working
and tele-health scenarios [55], [56].

V. CONCLUSION

Radar devices are an appealing solution for noncontact moni-
toring of vital signs. The comprehensive comparison carried out
in this paper between continuous-wave (CW) and frequency-
modulated continuous-wave (LFMCW) radar configurations re-
flects that, although both radars can extract general metrics,
such as breathing and heart rates, detailed information can only
be extracted in LFMCW radars. It is explained that CW radar
performance is more affected by low frequency noise, making
challenging or unfeasible the extraction of heart sounds or the
desired fiducial points from the acceleration signal. Moreover,
this causes that the HRV sequence extraction is more accurate in
LFMCW radars, since it can be computed from the acceleration
signal. It has also be highlighted that CW radars, unlike LFMCW
radars, are highly dependent on calibration. Besides, LFMCW
configuration allows multi-target monitoring simultaneously,
which is essential in assisting living monitoring environments.

APPENDIX A
IQ IMBALANCE INFLUENCE IN PHASE EXTRACTION

A. CW

The phase extraction in CW radars is carried out by perform-
ing the arctangent demodulation of the beat signal. The beat
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signal defined in (1) can also be expressed as:

sb(t) = I(t) + jQ(t) (11)

where I(t) and Q(t) are the in-phase and quadrature signal
components, respectively. Nonideal systems induce amplitude
and phase imbalances between both channels which have to be
calibrated. Additionally, there are dc-offset problems that have
to be addressed in the I/Q demodulation. Therefore, the I- and
Q-channels have the following expressions:

I(t) = AI cos

(
4πfc
c

R(t) + φI

)
+DCI

= AI cos(ΘI(t)) +DCI (12)

Q(t) = AQ sin

(
4πfc
c

R(t) + φQ

)
+DCQ (13)

where AI and AQ are the component amplitude, φI and φQ are
the initial phase-shift, and DCI and DCQ are the signal bias.
It is also possible to redefine Q(t) in terms of the amplitude
imbalance, Aε = AQ/AI , and the phase imbalance, φε = φQ −
φI , the resulting expressions are [35]:

I(t) = AI cos(ΘI(t)) +DCI (14)

Q(t) = AIAε sin(ΘI(t) + φε) +DCQ (15)

Therefore, the phase extracted from the beat signal has the
following expression:

φmeas(t) = arg(sb(t)) = tan−1

(
Q(t)

I(t)

)
=

tan−1

[
Aε[sin(ΘI(t)) cos(φε) + cos(ΘI(t)) sin(φε)] +

DCQ

AI

cos(ΘI(t)) +
DCI

AI

]

(16)

This result implies that all the channel imbalances and dc-offset
affect the phase extraction and have to be previously calibrated.

B. LFMCW

The phase extraction in LFMCW radars is carried out by
performing the arctangent demodulation of the beat signal, but
unlike in CW systems, it is done in the frequency domain. I(t, τ)
and Q(t, τ) are the phase and quadrature signal components, re-
spectively. Taking into account the nonideal components afore-
mentioned in the CW case, the I- and Q-channels have the
following expressions:

I(t, τ) = AI cos

(
2πfb(τ)t+

4πfc
c

R(τ) + φI

)
+DCI

(17)

Q(t, τ) = AQ sin

(
2πfb(τ)t+

4πfc
c

R(τ) + φQ

)
+DCQ

(18)

The beat signal is windowed to enhance the dynamic range and
to reduce the interference of unwanted components. Being w(t)
the window response, the beat signal can be written as

sb(t, τ) = (I(t, τ) + jQ(t, τ)) · w(t) (19)

Performing the Fourier Transform of the beat signal, it follows
the next expression:

Sb(f, τ) =
AI

2

[
δ(f − fb) exp

(
j

(
4πfc
c

R(τ) + φI

))

+ δ(f + fb) exp

(
−j

(
4πfc
c

R(τ) + φI

))]
∗W (f)

+DCIδ(f) ∗W (f)

+
AQ

2

[
δ(f − fb) exp

(
j

(
4πfc
c

R(τ) + φQ

))

− δ(f + fb) exp

(
−j

(
4πfc
c

R(τ) + φQ

))]
∗W (f)

+ jDCQδ(f) ∗W (f) (20)

Analyzing (20) at f = fb, it is obtained that:

Sb(fb, τ)

=
AI

2
[1 +Aε exp(jφε)] exp

(
j

(
4πfc
c

R(τ) + φI

))
W (0)

+
AI

2
[1−Aε exp(jφε)] exp

(
j

(
4πfc
c

R(τ) + φI

))

×W (2fb) + [DCI + jDCQ]W (fb)
(21)

Therefore, since the selected window has side lobe levels higher
than 30 dB, the phase extracted can be approximated as

arg(Sb(fb, τ)) � 4πfc
c

R(τ) + tan−1

(
Aε sin(φε)

1 +Aε cos(φε)

)
(22)

where it can be observed that the imbalance due to dc-offset does
not significantly modify the extracted phase. On the other hand,
if the phase and amplitude imbalances do not vary with time, they
can also be ignored, since they are constant. In summary, from
(16) and (22), it can be concluded that dc-offset only affects in
the phase extraction in CW radars. Additionally, amplitude and
phase imbalances have a higher impact in CW configurations.

APPENDIX B
PHASE CORRECTION: LFMCW CASE

The beat signal, already defined in (2), follows this expression:

sb(t, τ) = exp j(2πfb(τ)t+ φ(τ)) (23)

where φ(τ) = 4πfcR(τ)
c . Performing an L-point FFT of the beat

signal (sb(t, τ)), the phase measured evaluating a single bin can
be expressed as:

φmeas(τ) = φ(τ) + φerror (24)

where φerror represents the phase error since the frequency of
the signal sb(t) does not match with FFT bin. The insertion phase
of the filter bank implemented via an L-point FFT is linear from
−π
2 to +π

2 , as is displayed in Fig. 23, so this insertion phase can
be model as:

φerror =
π

Δf
(fb − fbin) (25)
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Fig. 23. Insertion phase for the filter bank developed with an FFT.

Fig. 24. Range estimation simulation results. The proposed technique (in
orange) is compared with the arctangent demodulation (in blue), and the DACM
algorithm (in green).

where Δf = fs/L is the bin separation in an L-point FFT, and
fs represents the sampling frequency.

Thus, after performing the L-point FFT, φmeas can be model
as:

φmeas(τ) =
4πfcR(τ)

c
+

π

Δf
(fb(τ)− fbin(τ))

=
4πfcR(τ)

c
+

πL

fs
(
2BR(τ)

Tc
− fbin(τ))

=
4πfcR(τ)

c
+

2πBLR(τ)

fsTc
− πLfbin(τ)

fs
(26)

Thus, the chest displacement can be expressed by the follow-
ing equation:

R(τ) =
φmeas(τ) +

πLfbin(τ)
fs

4πfc
c + 2πBL

fsTc

(27)

It is also important to highlight that the measured phase from
the FFT is wrapped in the [−π,+π] range, so an unwrapping
algorithm has to be applied.

Moreover, the Cramér-Rao lower bound (CRLB) has been
calculated. The new approach proposed is compared with the
most used methods in the literature to extract the range infor-
mation from the phase: arctangent demodulation (ATAN) and
the differentiate and cross multiply (DACM) algorithm. Results

are displayed in Fig. 24, showing that our algorithm reaches the
Cramér-Rao bound.
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posture recognition with a dual-frequency cardiopulmonary Doppler
radar,” IEEE Access, vol. 9, pp. 36181–36194, 2021.

[11] U. Ha, S. Assana, and F. Adib, “Contactless seismocardiography via deep
learning radars,” in Proc. 26th Annu. Int. Conf. Mobile Comput. Netw.,
2020, pp. 1–14.

[12] D. Buxi, R. Dugar, J.-M. Redouté, and M. R. Yuce, “Comparison of the
impedance cardiogram with continuous wave radar using body-contact
antennas,” in Proc. IEEE 39th Annu. Int. Conf. Eng. Med. Biol. Soc., 2017,
pp. 693–696.

[13] C. Will et al., “Radar-based heart sound detection,” Sci. Rep., vol. 8, no. 1,
pp. 1–14, 2018.

[14] F. Shaffer, R. McCraty, and C. L. Zerr, “A healthy heart is not a metronome:
An integrative review of the heart’s anatomy and heart rate variability,”
Front. Psychol., vol. 5, 2014, Art. no. 1040.

[15] O. B. Lubecke, P.-W. Ong, and V. M. Lubecke, “10 GHz Doppler radar
sensing of respiration and heart movement,” in Proc. IEEE 28th Annu.
Northeast Bioeng. Conf., 2002, pp. 55–56.

[16] C. Will et al., “Local pulse wave detection using continuous wave radar
systems,” IEEE J. Electromagn., RF, Microw. Med. Biol., vol. 1, no. 2,
pp. 81–89, Dec. 2017.

[17] G. Wang, J.-M. Munoz-Ferreras, C. Gu, C. Li, and R. Gomez-Garcia,
“Application of linear-frequency-modulated continuous-wave (LFMCW)
radars for tracking of vital signs,” IEEE Trans. Microw. Theory Techn.,
vol. 62, no. 6, pp. 1387–1399, Jun. 2014.

[18] A. Ahmad, J. C. Roh, D. Wang, and A. Dubey, “Vital signs monitoring of
multiple people using a FMCW millimeter-wave sensor,” in Proc. IEEE
Radar Conf., 2018, pp. 1450–1455.

[19] L. Ren, H. Wang, K. Naishadham, O. Kilic, and A. E. Fathy, “Phase-based
methods for heart rate detection using UWB impulse Doppler radar,” IEEE
Trans. Microw. Theory Techn., vol. 64, no. 10, pp. 3319–3331, Oct. 2016.

[20] C. Gu, “Short-range noncontact sensors for healthcare and other emerging
applications: A review,” Sensors, vol. 16, no. 8, 2016, Art. no. 1169.



ANTOLINOS AND GRAJAL: COMPREHENSIVE COMPARISON OF CONTINUOUS-WAVE AND LINEAR-FREQUENCY-MODULATED 245

[21] C. Li, V. M. Lubecke, O. Boric-Lubecke, and J. Lin, “A review on recent
advances in Doppler radar sensors for noncontact healthcare monitor-
ing,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 5, pp. 2046–2060,
May 2013.

[22] M. Kebe, R. Gadhafi, B. Mohammad, M. Sanduleanu, H. Saleh, and M.
Al-Qutayri, “Human vital signs detection methods and potential using
radars: A. review,” Sensors, vol. 20, no. 5, 2020, Art. no. 1454.

[23] S. M. M. Islam, O. Boric-Lubecke, V. M. Lubecke, A.-K. Moadi, and
A. E. Fathy, “Contactless radar-based sensors: Recent advances in vital-
signs monitoring of multiple subjects,” IEEE Microw. Mag., vol. 23, no. 7,
pp. 47–60, Jul. 2022.

[24] J.-M. Muíoz-Ferreras, Z. Peng, R. Gómez-García, and C. Li, “Review on
advanced short-range multimode continuous-wave radar architectures for
healthcare applications,” IEEE J. Electromagn., RF, Microw. Med. Biol.,
vol. 1, no. 1, pp. 14–25, Jun. 2017.

[25] L. Lu, C. Li, and J. A. Rice, “A software-defined multifunctional radar
sensor for linear and reciprocal displacement measurement,” in Proc. IEEE
Topical Conf. Wireless Sensors Sensor Netw., 2011, pp. 17–20.

[26] N. Chahat, M. Zhadobov, R. Augustine, and R. Sauleau, “Human skin
permittivity models for millimetre-wave range,” Electron. Lett., vol. 47,
no. 7, pp. 427–428, 2011.

[27] “Non-invasive, continuous blood pressure and hemodynamic measure-
ment,” Jan. 2023. [Online]. Available: https://www.cnsystems.com/

[28] “Radar evaluation kits for various front ends,” May 2022. [Online]. Avail-
able: https://siliconradar.com/evalkits/

[29] F. A. García Rial, “Technological contributions to imaging radars in the
millimeter-wave band,” Ph.D. dissertation, ETSIT-UPM, 2019.

[30] ”ADXL335 Datasheet,” Jan. 2023. [Online]. Available: https://www.
analog.com/media/en/technical-documentation/data-sheets/adxl335.pdf

[31] S. Schellenbergeret al., “A dataset of clinically recorded radar vital signs
with synchronised reference sensor signals,” Sci. Data, vol. 7, no. 1,
pp. 1–11, 2020.

[32] W. G. Carrara, R. S. Goodman, and R. M. Majewski, “Soptlight synthetic
aperture radar,” Signal Process. Algorithms, Boston, MA, USA: Artech
House, 1995.

[33] M. He, Y. Nian, and Y. Gong, “Novel signal processing method for vital
sign monitoring using FMCW radar,” Biomed. Signal Process. Control,
vol. 33, pp. 335–345, 2017.

[34] S. M. Kay, Fundamentals of Statistical Signal Processing: Estimation
Theory. Hoboken, NJ, USA: Prentice-Hall,1993.

[35] W. Hu, Z. Zhao, Y. Wang, H. Zhang, and F. Lin, “Noncontact accurate mea-
surement of cardiopulmonary activity using a compact quadrature Doppler
radar sensor,” IEEE Trans. Biomed. Eng., vol. 61, no. 3, pp. 725–735,
Mar. 2014.

[36] J.-H. Park and J.-R. Yang, “Multiphase continuous-wave Doppler radar
with multiarc circle fitting algorithm for small periodic displacement
measurement,” IEEE Trans. Microw. Theory Techn., vol. 69, no. 11,
pp. 5135–5144, Nov. 2021.

[37] B.-K. Park, O. Boric-Lubecke, and V. M. Lubecke, “Arctangent demodula-
tion with DC offset compensation in quadrature Doppler radar receiver sys-
tems,” IEEE Trans. Microw. Theory Techn., vol. 55, no. 5, pp. 1073–1079,
May 2007.

[38] A. Singh et al., “Data-based quadrature imbalance compensation for a CW
Doppler radar system,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 4,
pp. 1718–1724, Apr. 2013.

[39] F. E. Churchill, G. W. Ogar, and B. J. Thompson, “The correction of I and
Q errors in a coherent processor,” IEEE Trans. Aerosp. Electron. Syst., vol.
AES-17, no. 1, pp. 131–137, Jan. 1981.

[40] V. Pratt, “Direct least-squares fitting of algebraic surfaces,” ACM SIG-
GRAPH Comput. Graph., vol. 21, no. 4, pp. 145–152, 1987.

[41] D. M. Russell, “Error measures for comparing transient data: Part I:
Development of a comprehensive error measure,” in Proc. 68th Shock
Vib. Symp., 1997, pp. 175–184.

[42] O. Boric-Lubecke, V. M. Lubecke, A. D. Droitcour, B.-K. Park, and A.
Singh, Doppler Radar Physiological Sensing. Hoboken, NJ, USA: Wiley,
2015.

[43] Z. Xia, M. M. H. Shandhi, O. T. Inan, and Y. Zhang, “Non-contact
sensing of seismocardiogram signals using microwave Doppler radar,”
IEEE Sensors J., vol. 18, no. 14, pp. 5956–5964, Jul. 2018.

[44] D. T. Petkie, C. Benton, and E. Bryan, “Millimeter wave radar for remote
measurement of vital signs,” in Proc. IEEE Radar Conf., 2009, pp. 1–3.

[45] Y. Wang, Q. Liu, and A. E. Fathy, “CW and pulse–Doppler radar processing
based on FPGA for human sensing applications,” IEEE Trans. Geosci.
Remote Sens., vol. 51, no. 5, pp. 3097–3107, May 2013.

[46] P. Dehkordiet al., “Comparison of different methods for estimating cardiac
timings: A comprehensive multimodal echocardiography investigation,”
Front. Physiol., vol. 10, 2019, Art. no. 1057.

[47] P. Arnott, G. Pfeiffer, and M. Tavel, “Spectral analysis of heart sounds:
Relationships between some physical characteristics and frequency spectra
of first and second heart sounds in normals and hypertensives,” J. Biomed.
Eng., vol. 6, no. 2, pp. 121–128, 1984.

[48] G. Amit, K. Shukha, N. Gavriely, and N. Intrator, “Respiratory modulation
of heart sound morphology,” Amer. J. Physiol.-Heart Circulatory Physiol.,
vol. 296, no. 3, pp. H796–H805, 2009.

[49] S. J. Mazlouman, K. Tavakolin, A. Mahanfar, and B. Kaminska, “Contact-
less assessment of in-vivo body signals using microwave Doppler radar,”
Biomed. Eng., vol. 13, pp. 239–260, 2009.

[50] A. Taebi and H. A. Mansy, “Time-frequency distribution of seismocar-
diographic signals: A comparative study,” Bioengineering, vol. 4, no. 2,
2017, Art. no. 32.

[51] J. Pan and W. J. Tompkins, “A real-time QRS detection algorithm,” IEEE
Trans. Biomed. Eng., vol. BME-32, no. 3, pp. 230–236, Mar. 1985.

[52] A. Taebi, B. E. Solar, A. J. Bomar, R. H. Sandler, and H. A. Mansy, “Recent
advances in seismocardiography,” Vibration, vol. 2, no. 1, pp. 64–86, 2019.

[53] M. J. Tadi, E. Lehtonen, T. Koivisto, M. Pänkäälä, A. Paasio, and M. Teräs,
“Seismocardiography: Toward heart rate variability (HRV) estimation,” in
Proc. IEEE Int. Symp. Med. Meas. Appl., 2015, pp. 261–266.

[54] S. Mohammadi, A. Hedjazi, M. Sajjadian, N. Ghoroubi, M. Mohammadi,
and S. Erfani, “Study of the normal heart size in northwest part of Iranian
population: A cadaveric study,” J. Cardiovasc. Thoracic Res., vol. 8, no. 3,
2016, Art. no. 119.

[55] S. Z. Gurbuz and M. G. Amin, “Radar-based human-motion recognition
with deep learning: Promising applications for indoor monitoring,” IEEE
Signal Process. Mag., vol. 36, no. 4, pp. 16–28, Jul. 2019.

[56] J. Le Kernec et al., “Radar signal processing for sensing in assisted living:
The challenges associated with real-time implementation of emerging al-
gorithms,” IEEE Signal Process. Mag., vol. 36, no. 4, pp. 29–41, Jul. 2019.

[57] ”Mercé V. Electromedicina,” Jan. 2023. [Online]. Available: https://
mercev.com/

Elías Antolinos (Student Member, IEEE) was born in
Los Martínez del Puerto (Murcia), Spain, in 1995. He
received the B.Sc. degree in telecommunications en-
gineering from the Universidad Politécnica de Carta-
gena, Cartagena, Spain, in 2017, and the Master’s
degree in telecommunications engineering from the
Universidad Politécnica de Madrid (UPM), Madrid,
Spain, in 2019. He is currently working toward the
Ph. D. degree Microwave and Radar Group, Depart-
ment of Signals, Systems and Radiocommunications,
Universidad Politécnica de Madrid. Since 2018, he

has been with the Microwave and Radar Group, Department of Signals, Systems
and Radiocommunications, Universidad Politécnica de Madrid. His research
interests include radar signal processing, vital sign monitoring, and millimeter-
wave radars.

Jesús Grajal (Senior Member, IEEE) was born in
Toral de los Guzmanes (León), Spain, in 1967. He
received the Ingeniero de Telecomunicacián degree
and the Ph.D. degree from the Universidad Politéc-
nica de Madrid, Madrid, Spain, in 1992 and 1998,
respectively. Since 2017, he has been a Full Professor
with the Signals, Systems, and Radiocommunications
Department, Universidad Politécnica de Madrid. His
research interests include hardware design for radar
systems, radar signal processing, and broadband dig-
ital receivers for radar and spectrum surveillance ap-

plications. Dr. Grajal was the co-recipient of the 2013 EuCAP Best Antenna
Design Paper Award.

https://www.cnsystems.com/
https://siliconradar.com/evalkits/
https://www.analog.com/media/en/technical-documentation/data-sheets/adxl335.pdf
https://www.analog.com/media/en/technical-documentation/data-sheets/adxl335.pdf
https://mercev.com/
https://mercev.com/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


