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ABSTRACT Millimeter Wave(mmWave) radar has been widely used in vital sign monitoring with
non-contact and privacy protection. To reduce the effect of random body motion, respiration, and its
harmonics on heart rate estimation, the heart rate monitoring based on frequency-modulated continuous-
wave (FMCW) radar is researched in this paper. First, a vital sign signal extraction algorithm is designed
for the Range Bin variation caused by random body motion and heavy breathing. Second, a heartbeat signal
extraction algorithm is designed based on Adaptive Notch Filter (ANF) and Empirical Wavelet Transform
(EWT). The harmonic of respiration will be suppressed, and the heartbeat signal will be separated. Finally,
the weighted estimation is performed according to the relationship of harmonics of the heartbeat signal to
obtain the heart rate. Twenty subjects are invited to the experiment. The experimental results show that
the proposed method can improve the signal-to-noise ratio (SNR), reduce the harmonic interference, and
estimate the heart rate with a mean absolute error less than 4 BPM.

INDEX TERMS FMCW radar, heart rate estimation, ANF, EWT, the weighted estimation, the relationship
of harmonics.

I. INTRODUCTION
Heart rate (HR) is an essential parameter of a human’s vital
signs, reflecting the physiological health state. Traditional
heart rate detection devices are mainly based on electro-
cardiogram (ECG) or photoplethysmography (PPG). These
devices must be contacted with the subject’s body surface
physically, which are uncomfortable to wear and have the
potential for allergies [1]–[3]. In order to enhance the uni-
versality of long-term vital sign monitoring, the research on
non-contact vital sign monitoring is an important topic in
academia and industry [4]. The existing non-contact vital sign
monitoring systems adopted optical imaging, acoustic vibra-
tion, electromagnetic waves, and other methods [5]–[7]. The
electromagnetic wave-based bio-radar shows advantages in
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non-contact, non-invasion of privacy, and strong scalability.
It has been extensively studied to search for the post-disaster
survivor, monitor sleep, evaluate drivers’ health in vehicles,
and detect vital signs through walls [8]–[11].

Currently, there are roughly two research directions on
radar-based non-contact vital sign monitoring. One is to opti-
mize the antenna and antenna lens to suppress noise at the
hardware level [4], [12]. The other is to design software-level
algorithms to obtain vital sign signals with a higher signal-
to-noise ratio (SNR) andmore accurate frequency estimation.
The radar used in non-contact vital sign monitoring is mainly
composed of continuous-wave (CW) radar, impulse radio
ultra-wideband (IR-UWB) radar, and frequency-modulated
continuous-wave (FMCW) radar [13], [14]. FMCWMillime-
ter Wave (mmWave) radar has an excellent performance in
distance measurement and micro-movement measurement
[15], [16]. In addition, velocity measurement and angle
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measurement can be performed through the MIMO antenna
arrays [17], [18]. FMCW radar detects the displacements of
the chest wall caused by cardiopulmonary activity through
electromagnetic waves. There are two main factors that affect
the accuracy of heart rate estimation. Firstly, the heartbeat
amplitude is further dampened with the buffering effect of
tissues such as bones and muscles [17]. Secondly, random
body motion, respiration, and harmonics affect the heartbeat
signal’s separation [19].

To overcome the above challenges, we propose a heart rate
estimation scheme based on commodity off-the-shelf (COTS)
millimeter-wave(mmWave) radar. The purpose is to suppress
the interference of the random body motion, respiration, and
its harmonics on the heartbeat signal at the software level
and to improve the accuracy of heart rate estimation by ana-
lyzing the harmonic relationship of the heartbeat signal. The
proposed signal processing algorithm consists of three parts.
Firstly, a vital sign signal extraction algorithm is designed
based on phase accumulation to suppress the RangeBin varia-
tion caused by randombodymotion and heavy breathing [15].

Adaptive Notch Filter (ANF) is combined with Empiri-
cal Wavelet Transform (EWT) to design a heartbeat signal
extraction algorithm to suppress the interference of respira-
tion and its harmonics. The respiratory harmonic components
are suppressed by the ANF without affecting other features.
EWT decomposes the composite signal into several band-
limited sub-signals. The final heart rate estimation is then
performed based on the relationship of harmonics.

The content of this paper is organized as follows: Section II
reviews the related works. Section III describes the principle
and feasibility of FMCW radar applied to non-contact vital
signs monitoring. Section IV presents the principle of the
proposed method and its performance. Section V presents the
experimental results. In Section VI, we discuss the limitation
and future work. This article is concluded in Section VII.

II. RELATED WORK
The two most important advantages of mmWave radar are
non-contact and non-invasion of privacy, and it has excellent
application prospects. This section will be divided into three
aspects to introduce the related works of mmWave radar.

A. mmWAVE RADAR IMAGING
Compared with video, laser, and other methods, mmWave
radar has a robust anti-jamming ability, can penetrate fog,
snow, and dust, and is not affected by light [20], [21]. But
the resolution of mmWave imaging is shallow, it is dif-
ficult to distinguish the target in a complex environment.
Guan et al. proposed HawkEye, a system that leverages the
cGAN architecture to recover images from low-resolution
radar heatmaps [20]. To improve the accurate perception,
Danzer et al. used PointNets to detect 2D objects based on
point cloud frommmWave radar [22]. It can be used for secu-
rity checks to penetrate ordinary clothing and form images of
the human body and other hidden things without violating
personal privacy [23].

B. APPLICATION IN MEDICINE
To adapt to global aging, the movement status and physical
function of the elderly at home need to be monitored, and
remote fall detection has become a popular research area
[24], [25]. Jin et al. designed a fall detection system based on
mmWave. The point cloud is used to judge abnormal spikes
and centroid height drops. The detection rate is 98% in 50 fall
experiments [26]. It also can be used for gait recognition and
rehabilitation assessment [27]. An and Ogras proposed the
mmWave-based Assistive Rehabilitation System (MARS),
using CNN to reconstruct 19 human joints and bones. The
mean absolute error of the joint positions is 5.87cm [28].

C. VITAL SIGN MONITORING
mmWave radar can achieve non-contact vital sign monitor-
ing. Due to radar characteristics, the vital sign signal collected
by it is susceptible to external interference. Lv et al. designed
an antenna lens to suppress space clutter [4], [29]. It improves
the accuracy of heart rate estimation, but the volume of the
lens limits the integration of the antenna. Vibration FFT is
applied to Range Bin selection in signal preprocessing, which
is not applicable for long-term person location and increases
processing time [30]. Aiming at the effect of random body
motion, Tu et al. performed respiration monitoring based
on 5.8 GHz continuous-wave (CW) radar. The subject was
asked to maintain a one-dimensional(1-D) motion to generate
a frequency shift. It is tough to keep a constant movement in
practice, and the heart rate estimation is not performed [31].
For respiration and its harmonics, Saluja et al. designed a
gamma filter algorithm with supervised machine learning.
It was iteratively optimized based on the modified ECG
signal. Its generality remains verified, and it may be necessary
to increase the adaptability by increasing the filter order and
samples [32]. In [18], an adaptive wavelet is designed using
constellation diagrams to extract the heartbeat template, and
then the continuous wavelet transform is applied to obtain the
heartbeat signal. Multiple templates are required to improve
the signal-to-noise ratio (SNR). EEMD has been applied
to remove clutter and extract vital sign signals [33]. Still,
the mode mixing is an essential factor affecting its perfor-
mance, and the location of the expected signal in the IMFs is
uncertain, it is necessary to screen out the vital sign signal.
Time-Window-Variation Technique was applied in [11] to
reduce the impact of the spectral resolution. It is needed to
perform FFTmultiple times, which increases time and wastes
memory.

The above methods have made contributions to the signal
preprocessing stage, the signal decomposition stage, and the
frequency estimation stage. In this paper, the vital sign signal
is extracted based on the characteristics of the time and
frequency domain, which is a unique signal preprocessing.
In the second stage, the ANF is combined with the EWT to
obtain the heartbeat signal, which avoids the signal screening.
Finally, the heartbeat spectral peak is located according to
the relationship of harmonics, which can further suppress the
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influence of low-frequency components on the accuracy of
heart rate estimation.

III. PRINCIPLE OF FMCW RADAR
Texas Instruments (TI) IWR1843BOOST was used, which
is operating across 77-81 GHz. The main structure of this
system is shown in Figure 1. The signal generator produces
the chirp signal, the frequency of which varies linearly with
time, expressed as [34]

ft = f0 +
B
Tc
t (1)

where ft is the chirp frequency, f0 is the starting frequency, B
is the chirp bandwidth, and Tc is ramp time. The transmitted
signal xT (t) can be obtained as

xT (t) = AT cos (2π ft t + φ (t)) (2)

where AT is the transmit power and ϕ(t) is the phase noise.
The signal is transmitted through the TX antenna. Reflection
occurs when the signal reaches the human chest wall at a
distance of d(t) from the antenna. The reflected signal is
received, and it can be expressed as

xR (t) = AR cos (2π ft (t − td )+ φ (t − td )) (3)

td = 2d (t) /c (4)

where xR(t) is the received signal and AR is its amplitude.
td represents the delay between the received signal and the
transmitted signal, and c is the speed of light.

FIGURE 1. System block diagram.

The intermediate frequency (IF) signal is obtained after
mixing and low-pass filtering. It can be expressed as

s (t) = A exp
(
j
(
2π
(
B
Tc
td

)
t + 2π f0td

+π
B
Tc
t2d +1φ (t)

))
= A exp (j (2π fIF t + φb (t)+1φ (t))) (5)

where fIF is the frequency of the IF signal

fIF =
2Bd (t)
cTc

(6)

and

φb (t) = 2π f0td + π
B
Tc
t2d (7)

The residual phase noise (1φ (t) = φ (t) − φ (t − td ))
and πBt2d/Tc can be ignored in short-range applications
[16], [34]. Thus, the IF signal can be rewritten as

s (t) = A exp
(
j
(
2π
(
B
Tc
td

)
t + 2π f0td

))
(8)

Obviously, the IF signal is sinusoidal. When the bandwidth
B and the duration Tc are constant, the frequency of the IF
signal only depends on the distance d(t) between the antenna
and the human chest wall.

For the IF signal of each chirp, N samples can be obtained
by an analog-to-digital converter (ADC). The signal model
is shown in Figure 2. The discrete-time sequence of the mth
chirp can be written as

s[n,m] = A exp
(
j
(
2π fIFnTf +

4π
λ
d
(
nTf + mTs

)))
(9)

where Tf corresponds to the time interval in the fast time, and
Ts corresponds to the time interval in the slow time.

FIGURE 2. mmWave radar signal model.

The spectrum of each IF signal can be obtained by fast
Fourier transform (FFT). The frequency of the spectrum
represents the distance between the antenna and the subject.
Its amplitude represents the intensity of the IF signal. The
micro-movement of the subject is reflected in its phase. Since
FFT compresses the IF signal along the distance direction,
it is called Range FFT, and the unit of the spectrum is called
Range Bin.

It can be seen from (6) that the frequency of the IF signal
only depends on the distance between the antenna and the
subject. Due to the frequency resolution of the FFT, the
micro-movement of the subject cannot be obtained only by
the frequency of the Range Bin. It will be reflected in the
phase. The chirps are transmitted to the human body at a
fixed time interval (Tp) during a period. The displacements
of the chest wall caused by cardiopulmonary activity can be
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obtained by extracting the phase sequence of Range Bins
representing the human.

The study in this paper is based on a single person. It can
be seen from the above theory that the spectrum obtained
by Range FFT carries the distance and micro-movement.
Single-subject vital sign monitoring can be achieved by
time-frequency domain analysis.

IV. PROPOSED METHOD
Based on the above discussion, the heart rate estimation using
FMCW radar generally follows the following steps:

(1) Target positioning according to the spectrum to obtain
the Range Bin representing the human body.

(2) Phase extracting from the Range Bin representing the
human body in each frame and Phase unwrapping to obtain
vital sign signal.

(3) Decomposition of vital sign signal to obtain breathing
signal and heartbeat signal.

(4) The weighted heart rate estimating based on the rela-
tionship of harmonics.

The proposed signal processing flow is shown in Figure 3.
For steps (1) and (2), the Range Bin variation is caused by
random body motion and heavy breathing. The vital sign
signal extraction algorithm is designed to deal with it. For
step (3), the heartbeat signal extraction algorithm is used. The
ANF processes the vital sign signal to suppress the harmon-
ics of respiration. The EWT decomposes it into sub-signals
of different sub-passbands. Finally, for step (4), the spec-
tral peaks are targeted in the heartbeat frequency band and
the heartbeat harmonic frequency band, respectively. Their
weights are updated according to the standard deviations in
these two frequency bands. The heart rate is obtained by the
weighted heart rate estimation.

FIGURE 3. Signal processing flow.

A. VITAL SIGN SIGNAL EXTRACTION ALGORITHM
Due to the highly nonlinear phase extraction, the phase
sequence data can easily contaminate [15]. The Range Bin
representing the human body in each frame will not locate

at the same position even if the subject does not move. The
chest wall displacement caused by heavy respiration is also
reflected in the spectrum. These two factors cause a step
phenomenon in the unwrapped vital sign signal.

To improve the SNR, the vital sign signal extraction
algorithm was designed based on phase accumulation [16].
Firstly, the Range Bin was located based on spectral energy.
The principle is to calculate the sum of amplitudes of Range
Bins at each distance within a time window of 3.2 seconds.
The distance with the most significant sum of amplitudes was
considered to represent the subject’s position. The vital sign
signal can be obtained by sliding the window along the slow
time axis and extracting the phase of the last Range Bin in
the window. Secondly, the phase is corrected based on the
amplitude of chest wall displacement caused by breathing
and heartbeat [36], [37]. The threshold was set empirically.
If the backward differential is greater than the threshold, it is
considered that the Range Bin changes at this moment. The
current valuewill be corrected using the backward differential
of the previous data.

The metal flake was driven by a stepper motor to generate
the sinusoidal reciprocal motion. The Range Bin variation
was simulated by adjusting the distance between the metal
flake and the antenna. The experimental scenario is shown
in Figure 4. The phase sequence data were extracted by a
0.05 s (only one frame in the window) time window and a
3.2 s (64 frames in the window) time window, respectively.
The signals obtained with these two windows are shown in
Figure 5.

FIGURE 4. Sinusoidal reciprocal motion generated by stepper motor
detected with mmWave radar.

Figure 5(a) and (b) are the time-domain waveform and
spectrum of the signal obtained with the 0.05 s window,
respectively. Figure 5(c) and (d) show the time-domain wave-
form and spectrum of the signal obtained with the 3.2 s
window, respectively. It is found that the Range Bin variation
causes a regular step in the phase sequence data. The SNR is
calculated as follows

SNR = 10 ∗ lg
(

Esignal
Esignal + Enoise

)
(10)

where Esignal is the signal energy and Enoise is the noise
energy. The SNR of these two signals is−16 dB and−39 dB,
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FIGURE 5. Preprocessed phase sequence data. (a) The signal obtained
with the 0.05 s window. (b) The spectrum of the signal obtained with the
0.05 s window. (c) The signal obtained with the 3.2 s window. (d) The
spectrum of the signal obtained with the 3.2 s window.

respectively. It is found that the proposedmethod can improve
the SNR.

Figure 6 shows the time-frequency domain characteristics
of the vital sign signal before and after phase correction.
It can be seen from Figure 6(a) and Figure 6(c) that the
step phenomenon in the signal is suppressed. Figure 6(c) and
Figure 6(d) show that the heartbeat spectrum peak of the
corrected signal is more prominent.

FIGURE 6. Vital sign signal before and after phase correction. (a) The
time-domain waveform of uncorrected signal. (b) The spectrum of the
uncorrected signal. (c) The time-domain waveform of corrected signal.
(d) The spectrum of corrected signal.

B. HEARTBEAT SIGNAL EXTRACTION ALGORITHM
BASED ON ANF AND EWT
The vital sign signal reflected as chest wall displacement
contains respiratory and heartbeat signals and harmonics of
respiration and heartbeat. At rest, the respiratory frequency
of a healthy adult is [0.1-0.5] Hz, and the heartbeat frequency
is [0.8-2] Hz [36]. When the respiratory rate is fast, the first
harmonic of respiration may fall into the heartbeat frequency
band and affect the heart rate estimation. This paper used
ANF to suppress the respiratory harmonic.

The principle of ANF is to generate two mutually orthog-
onal reference signals under a given notch frequency. The

two orthogonal signals will be accumulated with different
linear combinations. The error signal e(k) between the output
signal y(k) and the input signal s(k) will be used to adjust
the linear combination. The notch filter with narrow notch
bandwidth and large zero-depth is achieved by subtracting
the input signal s(k) and the output signal y(k) [29], [38]. The
error signal e(k) is the notched signal, and the notch frequency
is ω0. The structure of the ANF is shown in Figure 7.

FIGURE 7. Adaptive Notch filter structure diagram.

According to the respiratory frequency band, the respira-
tory spectral peaks can be targeted, and then the frequency of
respiratory harmonics can be obtained. Since the frequency
of the second harmonic and the third harmonic is highly close
to the heartbeat frequency, only the first harmonic is notched
by the ANF.

Figure 8(a) is the spectrum of the vital sign signal without
notch processing, and Figure 8(b) is the spectrum notched by
the ANF. fb is the respiratory frequency, 2fb is the first respire
tory harmonic frequency. fh is the heartbeat frequency, and 2fh
is the first heartbeat harmonic frequency. Obviously, the first
respiratory harmonic is suppressed and the other components
are almost unaffected.

FIGURE 8. Spectrum of the vital sign signal before and after the ANF.
(a) Before the notch processing. (b) After the notch processing.

EWT is a new method of constructing adaptive wavelets
proposed by Gilles in 2013. Its main idea is to achieve
bandpass filtering of multiple sub-passbands by construct-
ing wavelet filter banks and extract different components
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in the signal [39]. EWT has shown excellent performance
in decomposing non-stationary signals, which effectively
remove noise and extract interesting signal components. It has
been used in image processing, disease diagnosis, and other
fields [40]–[42].

The specific method that EWT achieves adaptive decom-
position of the signal is to segmenting the spectrum into
multiple sub-passbands based on the local maxima and local
minima. It is assumed that the expected number of segments
is N0, since the two boundaries of 0 and π have been deter-
mined, the remaining N0-1 boundaries need to be located.
If the number of local maxima in the spectrum isM , the final
segment number N is

N = min (M + 1,N0) (11)

The number of decomposed sub-signals cannot exceed the
number of modes contained in the input signal. The bound-
aries of each segment can be defined according to the selected
continuous local maxima and local minima, and finally, N
sub-passbands can be obtained.

Based on the above segmentation strategy, a set of empir-
ical wavelets on the N sub-passbands can be constructed as{
φ1 (t) , ψn (t)Nn=1

}
, where φ1 (t) is the scaling function and

ψn (t)Nn=1 are the empirical wavelets.
The signal is decomposed according to the wavelet trans-

form theory, and the signal’s detail coefficients and approxi-
mation coefficients can be obtained, respectively. The detail
coefficients are

D (n, t) = 〈s, ψn〉 =
∫
s (τ ) ψ∗n (τ − t) dτ (12)

The approximation coefficients are

A (0, t) = 〈s, φ1〉 =
∫
s (τ ) φ∗1 (τ − t) dτ (13)

where ∗ represents conjugation. The sub-signals can be recon-
structed as

sn (t) = D (n, t) ∗ ψn (t) (14)

s0 (t) = A (0, t) ∗ φ1 (t) (15)

Spectrum segmentation is shown in Figure 9. The vital sign
signal after notch processing is decomposed by EWT. The
initial boundaries of EWT are set to 0.1 Hz, 0.5 Hz, 0.8 Hz,
2 Hz, 1.6 Hz, and 4 Hz. The final boundaries are redefined
by locating the local minima of the spectrum around these six
boundaries. The heartbeat signal will appear in the 4th EWT
component, and the first heartbeat harmonic will appear in
the 6th EWT component.

Figure 10 shows the respiration signal decomposed by
EWT with a frequency of 0.36 Hz. Figure 11 shows the
heartbeat signal and its first harmonic. It can be seen from the
spectrum that the heartbeat frequency is 1.2 Hz, and the first
harmonic frequency is 2.4 Hz. Figure 12 shows the heartbeat
signal obtained by the radar and the ECG signal obtained by
the ECG sensor synchronously. It can be seen that these two
signals are strongly correlated.

FIGURE 9. Spectrum segmentation.

FIGURE 10. Respiratory signal. (a) Time-domain (b) Frequency-domain.

FIGURE 11. Heartbeat signal and its first harmonic. (a) Heartbeat signal.
(b) The spectrum of heartbeat signal. (c) The first heartbeat harmonic.
(d) The spectrum of the first heartbeat harmonic.

C. WEIGHTED HEART RATE ESTIMATION BASED
ON THE RELATIONSHIP OF HARMONICS
The heartbeat signal extraction algorithm based on ANF and
EWT can improve the SNR of the heartbeat signal. However,
due to the small heartbeat amplitude and the wide frequency
band, the heartbeat signal is easy to be contaminated by ran-
dom body motion, respiration, and its harmonics. Estimating
the heart rate by locating the highest spectral peak in the
heartbeat frequency band is not always correct. The second
and third harmonics of respiration are usually negligible [43].
It is feasible to improve the accuracy of the heart rate estima-
tion combined with the heartbeat harmonic. Therefore, the
weighted estimation based on the harmonic relationship of
the heartbeat signal is proposed.
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FIGURE 12. Comparison of heartbeat signal time-domain waveforms
extracted by ECG and Radar.

First, the amplitude and index of each potential spectral
peak of heartbeat are stored in the matrixM1

M1 =

[
p1,1, p1,2, · · · , p1,n
l1,1, l1,2, · · · , l1,n

]
(16)

where p1,n is the amplitude of the nth spectral peak in the
heartbeat band, and l1,n is its index. The amplitude and index
of each potential spectral peak of the first heartbeat harmonic
can be obtained in the same way.

M2 =

[
p2,1, p2,2, · · · , p2,m
l2,1, l2,2, · · · , l2,m

]
(17)

where p2,m is the amplitude of the mth spectral peak in the
first heartbeat harmonic band and l2,m is its index.
Based on the SNR of the spectral peaks in M1 and M2,

the spectral peaks in these two frequency bands are weighted.
The standard deviations of the first four highest spectral peaks
in M1 and M2 are calculated after sorting M1 and M2 in
descending order of amplitude. The SNR is reflected in the
standard deviation.M1 andM2 areweighted based on the ratio
of these two standard deviations.

M ′1 = η1M1 (18)

M ′2 =
[
η2 0
0 1/

2

]
M2 (19)

η1 =
std1

std1 + std2
η2 =

std2
std1 + std2

(20)

where std1 and std2 are the standard deviations of the spectral
peaks in the two frequency bands.

The weighted accumulation matrix M can be obtained by
adding the amplitudes of the spectral peaks whose index
difference between M ′1 and M ′2 is less than 0.1 Hz (corre-
sponding to a heart rate of 6 BPM) [44].

The index of the spectral peak representing the heartbeat
in the weighted accumulation matrixM is

index = argmax
i
(P) (21)

The heartbeat frequency can be obtained as

fh =
(L[index]− 1) fs

N
(22)

where fh is the heartbeat frequency, fs is the sampling fre-
quency, and N is the number of data in the window.
As the random body motion and the interference of breath-

ing, there are usually multiple spectral peaks in the heartbeat
frequency band. The heartbeat spectral peaks in Figure.13(a)
and Figure.13(c) are weaker than the low-frequency compo-
nents, and the harmonic weighted accumulation targets the
correct spectral peaks.

FIGURE 13. Four examples of heartbeat spectral peak location. (a), (c)
Heartbeat spectral peaks are weaker than other components. (b), (d)
Heartbeat spectral peaks are stronger than other components. The red
line is the heartbeat spectral peak, and the green line is the first
harmonic spectral peak.

FIGURE 14. Heart rate comparison curve.

Figure 14 shows the heart rate estimation obtained by three
different methods and the reference heart rate from the ECG
sensor. Figure 15 shows the absolute error distribution of
these three methods. The proposed method can track the heart
rate variation with an accuracy of 98% and a uniform error
distribution, which is better than the other two methods. The
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FIGURE 15. Absolute error of heart rate estimation for different methods.

FFT-basedmethod and the VMD-basedmethod are interfered
by noises such as respiration harmonics and random body
motion.

V. EXPERIMENTS AND RESULTS
A. EXPERIMENTAL SETUP
The IWR1843BOOST is used for data acquisition, which
is equipped with four receive antennas and three transmit
antennas, and the parameters are set as shown in Table 1. The
radar used in this paper has a small antenna size and refined
Range Bin [15], [45]. The amplitude of the chest wall caused
by the heartbeat is 0.1-0.5 mm, and the back amplitude is
0.01-0.2 mm [37]. Combined with phase analysis, heartbeat
detection can be achieved.

TABLE 1. Radar parameters.

The experiment is carried out indoors. The experimental
equipment includes Texas Instruments (TI)
IWR1843BOOST, a computer (CPU i7-7700@3.6 GHz
16GBRAM) equippedwithMATLABR2021a, and a contact
ECG sensor (NeuroSky BMD101). ECG signal is acquired
synchronously using an ECG sensor at the subject’s chest.
The experiment duration is about 90 s, the time window is
25.6 s, and the step is 0.5 s. Twenty subjects are invited to
participate in the experiment, as shown in Figure 16(b).

The proposed method is a traditional signal processing
method, the collected data are used to test the accuracy of
the method.

The mean absolute error (MAE) and the mean absolute
percentage error (MAPE) are used to evaluate the accuracy

FIGURE 16. Experimental scenarios. (a) Devices. (b)Front. (c) Back.
(d) With obstacle.

of heart rate estimation. The calculation formula of MAE is

MAE =

N∑
i=1

abs (HRECG (i)− HRradar (i))

N
(23)

The formula for calculating MAPE is

MAPE =

N∑
i=1

(
abs(HRECG(i)−HRradar(i))

HRECG(i)

)
N

× 100% (24)

B. OVERALL PERFORMANCE
Table 2 lists the heart rate estimation of 20 subjects sitting
and facing to radar, including the average heart rate, MAE
and MAPE. Compared with the contact sensor, the MAE for
heart rate estimation is less than 4 BPM, and the MAPE is
less than 5%.

C. THE EFFECTS OF OTHER FACTORS ON ACCURACY
In this section, the effects of distance, orientation, and obsta-
cle on the accuracy are investigated. As shown in Figure 17(a)
and Figure 17(b), the subjects face the radar and turn their
backs to the radar, respectively, and sit in 4 positions within
0.5-2 m from the radar for testing. The MAE and MAPE are
listed in Table 3. Figure 17(c) gives the MAE distribution of
different orientations and distances. The heart rate estimation
accuracy of the mmWave radar can reach 98% within the
range of 2 m. Within this range, the attenuation of electro-
magnetic waves does not have a significant impact on the
accuracy.

As shown in Figure 18 (a), the cardboard was placed
between the antenna and the subject, and the distance between
the subject and the antenna was changed. MAE distribution
is given in Figure 18(b). The MAE and MAPE are listed in
Table 4. The cardboard obstacle causes the attenuation of
the signal, but the influence on the accuracy of heart rate
estimation is not evident within the range of 2 m.

A comparison of radar systems and methods used in non-
contact vital sign monitoring studies by various research
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TABLE 2. Estimation results using the proposed method.

FIGURE 17. Experimental setup and MAE distribution. (a) Front. (b) Back. (c) MAE distribution of different orientations and distances.

TABLE 3. Heart rate estimation results in different orientations and
distances.

groups is summarized in Table 5. The proposed method can
achieve satisfactory results. Compared with [4], the time
required for both works is approximate, but our method

TABLE 4. Heart rate estimation results in the presence of the obstacle.

suppresses noise during signal preprocessing and avoid the
model training. It reduces the hardware cost and size asso-
ciated with the antenna lens and impact of other parameters.
Lv et al. [29] achieves comparable accuracy to our method,
but our method avoids the signal screening. Both [30] and
ours use a 77GHz FMCW radar, but our heart rate estimation
time is much shorter than [30], and the accuracy is higher.
Saluja et al. [32] used machine learning methods to optimize
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FIGURE 18. Experimental setup and MAE distribution. (a) Experimental scenario. (b) MAE distribution of different distances with the obstacle.

TABLE 5. Comparison of the heart rate estimation results with other
works.

filter, and although it achieved a comparable accuracy, our
method does not need model training and is more universal.
In [46], they also research the effect of distance and orienta-
tion on the accuracy, but the estimation of our method is more
accurate.

VI. LIMITATIONS AND FUTURE WORK
This paper researches the non-contact heart rate monitoring
based on 77GHz FMCW radar. The results show that the
proposed method has satisfactory performance and is con-
ducive to the application of non-contact vital signmonitoring.
The method proposed in this paper has some shortcomings.
Firstly, the current work is single-person vital sign monitor-
ing. Secondly, the heartbeat signal is not filtered more finely,
there is still noise, and there may be a significant effect in
the heart rate variability analysis. Finally, the effect of ground
truth device attached to the human chest wall on radar sensing
has not been studied intensely.

The above limitations will be investigated in the future.
Firstly, the multi-subject vital signs monitoring will be
researched. Secondly, the heartbeat signal extraction algo-
rithm will be optimized to improve the SNR. Finally, the

robustness of experimental scenarios will be studied to
enhance the universality of mmWave radar.

VII. CONCLUSION
Aheart rate estimation scheme based on 77GHz FMCWradar
was designed. A vital sign signal extraction algorithm was
proposed, and the reliability was proved. The ANF was used
to suppress the first respiratory harmonic, and then the signal
was decomposed by EWT. Finally, the weights were changed
based on the harmonic relationship and then estimated the
heart rate. The experimental result of 20 subjects showed
that the MAE of the heart rate estimated by the proposed
method is less than 4 BPM. The effects of orientation, dis-
tance, and obstacle on the accuracy were studied, which
shows that the proposed method can obtain accurate results in
different scenarios. It demonstrated that the proposed method
improves the accuracy of FMCW radar in non-contact vital
sign monitoring.
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[24] R. Z. Morawski, A. Miȩkina, and P. R. Bajurko, ‘‘Measurement data pre-
processing in a radar-based system for monitoring of human movements,’’
J. Phys., Conf. Ser., vol. 588, pp. 1–9, Feb. 2015.

[25] M. Mercuri, P. J. Soh, G. Pandey, P. Karsmakers, G. A. Vandenbosch,
P. Leroux, and D. Schreurs, ‘‘Analysis of an indoor biomedical radar-
based system for health monitoring,’’ IEEE Trans. Microw. Theory Techn.,
vol. 61, no. 5, pp. 2061–2068, May 2013.

[26] F. Jin, A. Sengupta, and S. Cao, ‘‘mmFall: Fall detection using 4-D
mmWave radar and a hybrid variational RNN autoencoder,’’ IEEE Trans.
Autom. Sci. Eng., vol. 19, no. 2, pp. 1245–1257, Apr. 2022.

[27] M. Z. Ozturk, C. Wu, B. Wang, and K. J. R. Liu, ‘‘GaitCube: Deep data
cube learning for human recognition with millimeter-wave radio,’’ IEEE
Internet Things J., vol. 9, no. 1, pp. 546–557, Jan. 2022.

[28] S. An and U. Y. Ogras, ‘‘MARS: mmWave-based assistive rehabilita-
tion system for smart healthcare,’’ ACM Trans. Embedded Comput. Syst.,
vol. 20, no. 5s, pp. 1–22, Oct. 2021.

[29] W. Lv, W. He, X. Lin, and J. Miao, ‘‘Non-contact monitoring of human
vital signs using FMCW millimeter wave radar in the 120 GHz band,’’
Sensors, vol. 21, no. 8, p. 2732, Apr. 2021.

[30] M. Alizadeh, G. Shaker, J. C. M. De Almeida, P. P. Morita, and
S. Safavi-Naeini, ‘‘Remote monitoring of human vital signs using mm-
wave FMCW radar,’’ IEEE Access, vol. 7, pp. 54958–54968, 2019.

[31] J. Tu, T. Hwang, and J. Lin, ‘‘Respiration rate measurement under
1-D body motion using single continuous-wave Doppler radar vital sign
detection system,’’ IEEE Trans. Microw. Theory Techn., vol. 64, no. 6,
pp. 1937–1946, Jun. 2016.

[32] J. Saluja, J. Casanova, and J. Lin, ‘‘A supervised machine learning
algorithm for heart-rate detection using Doppler motion-sensing radar,’’
IEEE J. Electromagn., RF Microw. Med. Biol., vol. 4, no. 1, pp. 45–51,
Mar. 2020.

[33] K.-K. Shyu, L.-J. Chiu, P.-L. Lee, T.-H. Tung, and S.-H. Yang, ‘‘Detection
of breathing and heart rates in UWB radar sensor data using FVPIEF-based
two-layer EEMD,’’ IEEE Sensors J., vol. 19, no. 2, pp. 774–784, Jan. 2019.

[34] M.Mercuri, I. R. Lorato, Y.-H. Liu, F.Wieringa, C. Van Hoof, and T. Torfs,
‘‘Vital-sign monitoring and spatial tracking of multiple people using a
contactless radar-based sensor,’’ Nature Electron., vol. 2, pp. 252–262,
Jun. 2019.

[35] 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., Apr. 2018, pp. 1450–1455.

[36] A. De Groote, M. Wantier, G. Cheron, M. Estenne, and M. Paiva, ‘‘Chest
wall motion during tidal breathing,’’ J. Appl. Physiol., vol. 83, no. 5,
pp. 1531–1537, Nov. 1997.

[37] K. Liu, C. Ding, and Y. Zhang, ‘‘A coarse-to-fine robust estimation of
FMCW radar signal for vital sign detection,’’ in Proc. IEEE Radar Conf.,
Sep. 2020, pp. 1–6.

[38] S. Ishibashi, S. Koshita, M. Abe, andM. Kawamata, ‘‘DSP implementation
of adaptive notch filters with overflow avoidance in fixed-point arith-
metic,’’ in Proc. Asia–Pacific Signal Inf. Process. Assoc. Annu. Summit
Conf. (APSIPA ASC), Nov. 2018, pp. 1355–1360.

[39] J. Gilles, ‘‘Empirical wavelet transform,’’ IEEE Trans. Signal Process.,
vol. 61, no. 16, pp. 3999–4010, Aug. 2013.

[40] X. Zhang, X. Yang, Y. Ding, Y. Wang, J. Zhou, and L. Zhang, ‘‘Contactless
simultaneous breathing and heart rate detections in physical activity using
IR-UWB radars,’’ Sensors, vol. 21, no. 16, p. 5503, Aug. 2021.

[41] W. Liu and W. Chen, ‘‘Recent advancements in empirical wavelet trans-
form and its applications,’’ IEEE Access, vol. 7, pp. 103770–103780, 2019.

[42] M. He, Y. Nian, L. Xu, L. Qiao, and W. Wang, ‘‘Adaptive separation of
respiratory and heartbeat signals among multiple people based on empiri-
cal wavelet transform using UWB radar,’’ Sensors, vol. 20, no. 17, p. 4913,
Aug. 2020.

[43] M. Le and B. Van Nguyen, ‘‘Multivariate correlation of higher harmonics
for heart rate remote measurement using UWB impulse radar,’’ IEEE
Sensors J., vol. 20, no. 4, pp. 1859–1866, Feb. 2020.

[44] H. Xu, M. P. Ebrahim, K. Hasan, F. Heydari, P. Howley, and M. R. Yuce,
‘‘Accurate heart rate and respiration rate detection based on a higher-
order harmonics peak selection method using radar non-contact sensors,’’
Sensors, vol. 22, no. 1, p. 83, Dec. 2021.

[45] D. M. Pozar and F. Croq, ‘‘Millimeter-wave design of wide-band aperture-
coupled stacked microstrip antennas,’’ IEEE Trans. Antennas Propag.,
vol. 39, no. 12, pp. 1770–1776, Dec. 1991.

[46] Y. Xiong, S. Chen, X. Dong, Z. Peng, and W. Zhang, ‘‘Accurate mea-
surement in Doppler radar vital sign detection based on parameterized
demodulation,’’ IEEE Trans. Microw. Theory Techn., vol. 65, no. 11,
pp. 4483–4492, Nov. 2017.

ZONGQUAN LING received the B.E. degree in
biomedical engineering from Chongqing Univer-
sity, Chongqing, China, in 2020. He is currently
pursuing the M.Sc. degree with the University of
Science and Technology of China. His research
interests include vital signs algorithm and embed-
ded systems.

VOLUME 10, 2022 74043



Z. Ling et al.: Non-Contact Heart Rate Monitoring Based on Millimeter Wave Radar

WEINAN ZHOU received the B.E. degree in
biomedical engineering from Army Medical Uni-
versity, Chongqing, China, in 2022. He is currently
pursuing the M.Sc. degree with the Univer-
sity of Science and Technology of China. His
research interest includes intelligent rehabilitation
assessment.

YUHAO REN received the B.E. degree in applied
physics from Xi’an Jiaotong University, Xi’an,
China, in 2020. He is currently pursuing the M.Sc.
degree with the University of Science and Tech-
nology of China. His research interest includes
intelligent rehabilitation assessment.

JIPING WANG received the B.E. degree in
applied physics and the M.S. degree in condensed
matter physics from Xi’an Jiaotong University,
Xi’an, China, in 2008 and 2011, respectively. His
current research interests include intelligent reha-
bilitation and assisted assessment.

LIQUAN GUO received the master’s degree from
the Graduate School, Chinese Academy of Sci-
ences, in 2010. He is currently pursuing the Ph.D.
degree with the University of Science and Tech-
nology of China. He is a Professor and the Master
Tutor with the University of Science and Tech-
nology of China. His research interests include
medical electronics and intelligent rehabilitation
engineering.

74044 VOLUME 10, 2022


