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The Effect of Multi-Directional on Remote Heart Rate
Measurement Using PA-LI Joint ICEEMDAN Method with

mm-Wave FMCW Radar

SUMMARY  Heart rate measurement for mm-wave FMCW radar based
on phase analysis comprises a variety of noise. Furthermore, because the
breathing and heart frequencies are so close, the harmonic of the breathing
signal interferes with the heart rate, and the band-pass filter cannot solve it.
On the other hand, because heart rates vary from person to person, it is diffi-
cult to choose the basic function of WT (Wavelet Transform). To solve
the aforementioned difficulties, we consider performing time-frequency
domain analysis on human skin surface displacement data. The PA-LI
(Phase Accumulation-Linear Interpolation) joint ICEEMDAN (Improved
Complete Ensemble Empirical Mode Decomposition with Adaptive Noise)
approach is proposed in this paper, which effectively enhances the signal’s
SNR, estimates the heart rate, and reconstructs the heartbeat signal. The
experimental findings demonstrate that the proposed method can not only
extract heartbeat signals with high SNR from the front direction, but it can
also detect heart rate from other directions (e.g., back, left, oblique front,
and ceiling).

key words: FMCW radar, health care, heart rate, radar signal processing,
vital signs

1. Introduction

During the COVID-19 epidemic, the terms “remote” and
“non-contact” have grown popular. Non-contact measuring
devices have also become a pressing need in medical mon-
itoring. Radar-based non-contact vital sign monitoring is
unaffected by inclement weather or low light levels. As a
result, it is widely used in domains such as medical moni-
toring and disaster relief. The research on the remote heart
rate measuring system has progressed as radar technology
has advanced in recent years.

To measure heartbeat with great precision, the authors
of the research [1] employed Doppler radar based on the time-
window-variation technique. T. Sakamoto et al. suggested
an X-band array radar with an adaptive array processing
technique for measuring a person’s heart rate while several
people in the scene in 2018 [2]. For ultra-wideband (UWB)
radar, a vital sign extraction approach based on permutation
entropy and the ensemble empirical mode decomposition
(EEMD) algorithm was suggested [3]. Continuous-wave
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(CW) Doppler radars [1], [4]-[9] and impulse-radio ultra-
wideband (IR-UWB) radars [3], [10]-[12] are two of the
most regularly utilized radar techniques for non-contact vi-
tal sign monitoring. On the one hand, CW Doppler radars
use a single-tone continuous-wave to collect phase history
and provide a high degree of precision in displacement mea-
surement. However, CW Doppler radars lack range capacity
[13]. This implies that CW Doppler radars are subject to
interference from moving objects and other clutter in the
environment. Furthermore, in practice application, these ef-
fects cannot be disregarded. IR-UWB radars, on the other
hand, may achieve excellent range resolution by transmitting
with a huge bandwidth. And this is accomplished through the
emission of very temporarily narrow radio impulses. There-
fore, signal-energy levels that can be transmitted are not
extremely high, lowering the accuracy and SNR (Signal-to-
Noise Ratio) of IR-UWB radars [14]. Comparing with CW
Doppler radars and IR-UWB radars, frequency-modulated
continuous-wave (FMCW) radar does not only has the high
sensitivity of CW Doppler radars but also has the ranging
capability of impulse UWB radars. Furthermore, the wave-
length of a 77 GHz FMCW radar is around 4 mm, and a
minor movement might result in a substantial phase change
of the IF signal. Therefore, this radar is used in this study to
attain great range accuracy.

Although the range-bin selection and the IF signal phase
analysis can accurately measure the radar vital sign (human
vital signs detected by the radar), it still includes the body
shaking of the subject and interference from other objects
within the same range-bin besides the subject’s respiratory
and heartbeat signals. A band-pass filter (BPF) is a common
way for separating the respiratory and heartbeat signals from
the radar vital sign. However, the frequency of breathing
and heart rate are very close, the heart rate is interfered
with by the harmonic of the respiratory signal, and it cannot
be solved by BPF [15]. The authors of [16], [17], on the
other hand, employed wavelet transform (WT) to extract the
heartbeat signal, but the heart rate varies from person to
person, making the basic function of WT difficult to pick.

We consider performing time-frequency domain analy-
sis on the radar vital sign to resolve the aforementioned con-
cerns. Empirical mode decomposition (EMD) was proposed
by Huang N.E. etal. in 1998, which is an adaptive signal pro-
cessing method to analyze nonlinear and non-stationary sig-
nals [18]. In [3], [12], [19], they employed EMD or EEMD
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to measure heart rate using radar. Nonetheless, the EMD
method is constrained by the phenomena of “mode mixing.”
EEMD [20] was presented as an improved EMD approach
that resolves the problem by adding white Gaussian noise.
However, EEMD has one major flaw: the decomposed signal
contains residual noise. The issues discussed above might
lead to instability in heart rate estimates. M.E. Torres et al.
presented the complete ensemble empirical mode decompo-
sition with adaptive noise (CEEMDAN) in 2011 [21]. By
including adaptive white noise throughout each decompo-
sition stage, this technique can eliminate the residual noise
issue. Despite that, CEEMDAN still has some shortcom-
ings, such as the signal information appears “later” than in
EEMD with some “spurious” modes in the early stages of the
decomposition. Three years later, an improved complete en-
semble empirical mode decomposition with adaptive noise
(ICEEMDAN) method was presented in [22]. This method
can handle the problem of “mode mixing” without produc-
ing “spurious” modes and the residual noise. Therefore, we
applied the ICEEMDAN method to perform time-frequency
domain analysis on the radar vital sign [23]. However, be-
cause the heart intrinsic mode function (IMF) decomposed
using the conventional ICEEMDAN method does not always
have a high SNR, finding the peak and estimating the heart
rate might be problematic.

Prior to time-frequency domain analysis, we presented a
phase accumulation-linear interpolation (PA-LI) processing
for FMCW radar signals. This approach can boost the SNR
of the original signal fast and effectively, making it easier
to detect the peak value of the heart IMF spectrum. In
addition, the PA-LI technique’s validity was established in
combination with the EEMD method [24].

According to the advantages of the ICEEMDAN
method and the PA-LI method discussed above. This will
be the first paper to employ the PA-LI joint ICEEMDAN
method to estimate the heart rate.

In terms of experimentation, most studies, such as paper
[25], [26], had their subjects lying on the bed or sitting in a
chair, and they monitored the heart rate solely from the front
of the item. The authors of [27]-[29] took measurements
from multiple horizontal directions (e.g., front, back, left,
and right). In [30], T. Sakamoto et al. measured the heart
rate from the top of the head. In this study, we will utilize
the suggested measurement technique to estimate heart rate
from multiple directions, assess the influence of different
directions on the accuracy, and illustrate the validity and
usefulness of the suggested approach.

2. FMCW Radar Principle for Heart Rate Estimation

Figure 1 shows a schematic representation of the FMCW
radar-based vital signs measurement. The transmitted and
received chirp signals of an FMCW radar in the frequency
domain are shown in Fig. 2. Combining the above two figures
shows that the ramp generator periodically outputs a chirp
signal whose frequency increases linearly with time. Each
chirp signal’s frequency is swept linearly from fiin t0 finax
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Fig.1 Block diagram of the FMCW radar, signal processing is per-
formed in a PC using MATLAB 2018b. PA of this figure and LNA are
the power amplifier and the low-noise amplifier, ADC means the analog-
to-digital converter. Tx and Rx are abbreviations for transmit and receive,
respectively.

.
-

R Transmitted chirp

- Received chirp

Frequency

e
%
e
N
\
\
\
|
§
\
N
N
<
N
N
|
1

foin [

\/

Time

Fig.2  Transmitted chirp and received chirp of FMCW radar.

inside T;, with a slope of K. Therefore, the chirp signal’s
sweeping bandwidth can be described as B = fihax — fmin =
KT..

The power amplifier amplifies the transmit chirp sig-
nal. The amplified signal will then be transmitted via the
transmitter antenna. The received chirp signal is amplified
by the low-noise amplifier (LNA) and correlated with the
transmit signal via the I/Q (In-phase and Quadrature) mixer,
which produces the IF signal. The in-phase and quadrature
components of the IF signal are then sampled separately to
generate the received complex signal to preserve its phase
information, subsequently processed in a PC (i7-9700 CPU
3 GHz). The instantaneous frequency difference can be used
to calculate the subject’s distance from the radar.

In terms of mathematical formulas, the radar transmit-
ted chirp signal is stated as follows:

si(f) = Aexp (j (27rfmmz + nKsﬂ)) 0<t<T, (1)

where A; denotes the magnitude related to the transmit power
and fiin denotes the start frequency of the chirp. The trans-
mitted signal is reflected on the subject and received with
a time delay ¢4 and Ry represents the distance between the
radar and the subject. The relationship between 74 and Ry is
shown in Eq. (2).

2Ry
- =2,

@

14

where c represents the speed of light. The received chirp
signal is s:(t) = Arsy(t — tq), where A; has a relationship to
A by radar equation. To summarize, the IF signal is defined
by the equation below.

sif1) = AAy exp ( f (27r Fuinta + 27Ktal — nKstdz))
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~ AiArexp (J (27 frinta + 27Ktat))  tg <t < T,  (3)

where ﬂKslﬁ in Eq. (3) can be omitted because it is tiny. By
substituting Eq. (2) into Eq. (3), we can obtain the frequency
and phase of the IF signal, which can be expressed as follows.

2K Ry (R() + x(t))

fo="——, @) = 47 fnin——, “)
c c

where Ry represents the instantaneous distance between the

subject and the radar, and x(¢) represents the chest movement

(radar vital sign) induced by breathing and heartbeat.
3. Proposed Method

The proposed method of vital signs monitoring is shown
in Fig. 3. This study assumes that each IF signal (received
complex signal) is sampled m points by the ADC, and the
total number of chirps for the whole measurement period
iS nchirp. Following ADC sampling, we perform the Range-
FFT computation on the received complex matrix ([, Achirp])
along the fast-time dimension to get a range profile matrix
(RPM), which comprises subject’s distance information. The
surface weak vibration of the subject may then be detected
by extracting the phase of the range-bin in which the subject
is placed. However, the DC term of the received complex
signal is created by leakage from Tx to Rx, which interferes
with the phase quality [31]. This indicates that the phase
¢’ (t) extracted from the received complex signal is not equal
to the phase ¢ (¢) in Eq. (4), and their connection is shown
as follows:

I([) + dc;

m) # (), )

¢'(t) = arctan (
where R(t), I(t), dci, and dc;, are the real part, the imaginary
part, the DC term of the imaginary part, and the DC term
of the real part of the received complex signal. To eliminate
the DC term, we utilize nonlinear least squares (NLLS) to
estimate the center of the discrete data on the received com-
plex signal’s constellation diagram and then move the center
to the origin.

Next, the collected phase information is subjected to
phase accumulation-linear interpolation (PA-LI) processing
to reduce phase noise and increase the SNR of radar vital
sign x(r) [24]. Generally, measured phase change due to the
chest movement is very slow, and heart rate is 0.8-2.0 Hz
under normal conditions. Therefore, in most studies, such as
[25], [26], there is only one chirp in one frame, and the frame
period is generally set at 50—100 ms according to the Nyquist-
Shannon sampling theorem, corresponding to a sampling
rate of 10-20 Hz (5-10 times the usual maximum heart rate).
However, in the scenario, the time utilization is very poor due
to the excessive idle time between frames. Besides, the phase
analysis processes under highly non-linearity. Therefore, we
proposed transmitting multiple chirps in each frame period
and then accumulating all received signals in a single frame
period to eliminate phase noise, called phase accumulation
(PA) [24].
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Fig.3  Flow chart of the proposed signal processing.
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Fig.4  Phase diagram of the received signal.

The phase diagram of the range-bin in which the sub-
ject is positioned is shown in Fig.4, where s;, p;, and 7,
represents the received signal, the original signal, and phase
noise, respectively. The PA-LI processing is shown in Fig. 5,
and we assume that the number of chirps per frame is L, and
the phase after accumulation can be written as the follows:

@ =arctan {{(p; + y))}, 1=1,23...L, 6)

where (...) is the ensemble average of the data. Since p
is essentially constant in a frame period and 7 is small and
random, the effect of phase accumulation is that p will be
amplified numerous times and 7 will cancel each other out,
and it is minuscule compared to the accumulated p. Both the
DC offset and the PA methods deal with the signal phase, but
the former applies to the entire measurement period or an
observation window period, whilst the latter is done frame
by frame.

The phase data are unwrapped after phase accumulation
to compute the radar vital sign x(¢), which can be written as
the following formula:

x(t) = Apsin 2n fiyt) + Ap sin 27 fot) + ne, @)

where Ap, Ap, fn, and f;, represent the maximal chest dis-
placement caused by heartbeat and breathing, and the fre-
quency of heartbeat and breathing, respectively. n. refers to
the interference of the body’s shaking and the clutter. The
above parameters vary from person to person. Furthermore,
a person’s heart rate is not always consistent, and bodily
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Fig.6 Data transmission diagram of the FMCW Radar.

shaking during the measurement is unavoidable. x(¢) is thus
a non-linear and non-stationary signal.

To extract heartbeat signals with high SNR from x(¢),
we apply linear interpolation (LI) on the collected x(¢) to
enhance the sampling rate before performing ICEEMDAN
processing because the movement of the chest is quite slow.
As shown in Fig. 5, the ordinate value of a certain interpo-
lation point between two adjacent original data is expressed
as:

Y, - Y
y =Y, + At ®)

I+l —In
where At is the time elapsed between the interpolation point
and the prior original data. The radar vital sign is defined
as X(r) after LI processing. For two reasons, this does not
contradict the previously indicated phase accumulation.

e First, as shown in Fig. 6, the raw data in each frame
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period will be kept in the buffer and then sent to the
PC once all of the chirps in the frame period have been
transmitted. This means that when processing data
from several frames directly, the data sampling rate is
not consistent.

¢ Second, due to the time used in data transmission,
the frame period in the real experiment should not be
shorter than 50 ms (the matching sampling rate cannot
be higher than 20 Hz); otherwise, data loss is easily
caused.

Our previous work [24] indicates that when L is 32 and the
sampling rate is 80 Hz, X(¢) has a high SNR. Therefore,
we chose the optimal settings for this experiment from the
above-mentioned.

Following PA-LI processing, we suggest using the
ICEEMDAN method to adaptively decompose X () into sev-
eral IMF components and a residual component, followed by
separation of the heartbeat signal from noises. The first IMF
of X(t) decomposed by EMD is

IMF (1) = E\(X(1)) = X(1) - M(X (7)), (€))

where M(. . .) is the signal’s local mean value and E|(...) is
the signal’s first IMF of EMD. It is worth noting that com-
pared to EEMD, ICEEMDAN does not directly add white
Gaussian noise. Firstly, break down the white Gaussian
noise with EMD, and then add the corresponding decom-
posed white Gaussian noise while computing the kth IMF
of ICEEMDAN. So, the initial signal with noise may be
represented as:

XO(1) = X(¢) + BoE) (wi(t)), i=1,23...1, (10)

where i is the number of times that noise is added to the
original signal, By is the noise amplitude coefficient, and
w'(t) is a realization of zero-mean white Gaussian noise.
The first IMF of X(¢) decomposed using ICEEMDAN is
then expressed as follows:

IMF\(t) = <E1 (X<">(t))> - X(t)—<M (X<">(z))> . an

In summary, the decomposition steps of ICEEMDAN
are shown as follows:

1. Using EMD to decompose X)(r) to obtain the first
residual component and the first IMF.

() = <M (X(i)(t))>, IMFy () = X(t) = 11 (0).
(12)

2. Calculating the kth residual component.
ri(t) = <M ("kfl(t) + Br-1Ek (wi(t)))>,
k=234...n, (13)

where Ej is the kth IMF decomposed by EMD. Sj_;
is the noise amplitude coefficient of the white Gaus-
sian noise added during the kth decomposition and it is
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usually chosen to be 0.1-0.3 [32].
3. Calculating the kth IMF.

IMF(t) = ri—1(t) — (1), (14)

4. Repeat step 2 and 3 until a total of n IMFs and a residual
component r,, are obtained, and the original signal can
be illustrated by:

n
X(6)= D IMF(t) + (), k=123...n.
k=1

(15)

After decomposing X (¢) with ICEEMDAN, we perform FFT
spectrum analysis on all IMFs.

Under typical conditions, the volunteer’s heart rate
changes are not substantial during a single observation win-
dow cycle; therefore, the heartbeat signal is more concen-
trated in energy on the spectrum and has a single peak. Fur-
thermore, the ICEEMDAN technique successfully solves the
mode mixing problem, enabling the heartbeat signal to be
decomposed into a single IMF. Even if an IMF is formed in
the 0.8-2.0 Hz range by noise, mode mixing, and spurious
modes, its SNR will be lower than the real heart IMF with
a single peak. Therefore, the IMFs of peak frequency at
0.8-2.0 Hz are selected by the IMF filter, and the one with
the highest SNR is the heart IMF for the heartbeat signal
reconstruction. In addition, if no IMF whose peaks in this
range or the SNR of the heart IMF from several consecutive
observation windows is low, it is considered an abnormality.
The system will output the IMF closest to the regular heart
rate band as a result. This situation is extremely uncom-
mon, and we believe that it will only occur when the subjects
have an abnormal heart rate. Therefore, when the proposed
heart rate measurement system is employed in actual medi-
cal monitoring, the SNR threshold of heart IMF will be set,
and an alarm is sent if an abnormal condition arises.

4. Our Experiment
4.1 Experimental Method

Our experiments employed an FMCW radar module based
on a Texas Instruments IWR1443 chip with an operational
frequency range of 77 to 81 GHz. The maximum effective
isotropic radiated power (EIRP) is 21 dBm, which complies
with FCC regulations and will not hurt the human body.
Besides, the radar module is allowed to be used according
to the Japanese Radio Law. The parameters of the radar
module are shown in Table 1.

Four of our volunteers (A height: 166 cm, weight: 60
kg; B height: 179 cm, weight: 64kg; C height: 177 cm,
weight: 75 kg; D height: 173 cm, weight: 60 kg) maintained
a standing position during the heart rate measurements. As
indicated in Table 2 and Fig.7, the radar module was suc-
cessively positioned in different places to investigate the in-
fluence of different measurement orientations on heart rate
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Table 1  Radar parameters.

Parameters Value

Bandwidth 3.99 GHz

Sweep time 57 us
Frame period 100 ms

Slope 70 MHz/us
Table 2  Radar position.

Position Elevation angle [°] Distance [m]
Front 0 1
Front 0 1.5
Front 0 2
Front 30 1.5
Front 60 1.5

Front (Top) 90 1.3-1.5
Back 0 1
Left 0 1
Right 0 1

)
Radar module \ N

1m

60 T ama 90° (Ceiling)
o
,
/
7/
300/
/
/
Z
/( 'J'I]
|l -
( (3=
1m L
>
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Fig.7 A radar module was placed at 9 different positions for heart rate
measurements, and only one volunteer was measured at the same time.

estimates. First, we measured one meter in front of the
radar module and compared the findings to previous stud-
ies to demonstrate the reliability of our proposed method.
Secondly, we take measurements through the radar module
placed in front, behind, left, and right of the volunteers (dis-
tance: 1 m) and compare the results with and without PA-LI
method to demonstrate PA-LI’s validity discussed in paper
[24]. Next, the elevation angle between the volunteer and
the radar module was held at O degrees. Its effect on the
accuracy of the proposed method’s heart rate measurements
was tested by varying the distance between them (1 m, 1.5 m,
2 m). Finally, since the distance from the ceiling to the shoul-
der is about 1.5m when a person is standing, we kept the
distance between the radar module and the volunteer at 1.5
m. We varied the elevation angle between them (0°, 30°,
60°, 90°) to observe the effect of its variation on heart rate
estimation. Some of the experimental scenarios are shown
in Fig. 8.

To obtain an accurate reference heartbeat signal, the
volunteers wore an electrocardiogram (ECG) device during
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(a) Experimental scenario 1 (Distance: 1.5 }11; Elevation angle: 60°).

(b) Experimental scenario 2 (Distance: about 1.5 m; Elevation angle:
90°).

Fig.8 In(a) and (b), the radar module is fixed by a tripod or affixed to the
ceiling, respectively. In (b), the distance between the radar module and the
volunteer is kept at about 1.5 m, although it varies from person to person.

the measurement time of 60s. Then, 60 s streaming data is
analyzed with a 15 s observation window and a 1s sliding
step. Next, calculate each observation window’s heart rate
and compare it with the ECG data to obtain the root mean
square error (RMSE). The definition of RMSE is shown in
the following formula:

1< )
RMSE = F};(yp-op), p=123...P, (16)

where P, y,,, and o, are the number of observation windows,
the heart rate measured by each observation window, and the
reference heart rate, respectively. In this paper, the definition
of SNR is as follows:

s*()

SNR IOIOg(Zsz(f)—sz(l))’ 17)
where f and [ are the index number corresponding to each
frequency component and the peak of the signal spectrum,
respectively. Therefore, s>(/) means the peak value of the
signal spectrum and Y. s?(f) is the total energy of the signal
spectrum.

4.2 Experimental Results

The heart IMFs obtained by ICEEMDAN decomposition of
the radar vital sign processed by PA-LI or without PA-LI
are shown in Fig. 9. The findings reveal that the heart rates
determined by ECG data, traditional ICEEMDAN, and the
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figure.
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Fig.10  The results of ICEEMDAN processing of the radar vital sign
(measured from the front 1 m). The time-domain waveforms of each
IMF and the final residual are shown on the left, and their correspond-
ing frequency-domain is shown on the right.

proposed method were 1.230Hz, 1.200 Hz, and 1.067 Hz,
respectively, with the accuracy of the two methods be-
ing around 86.7 percent and 97.7 percent. The suggested
method’s accuracy was 11.0 percent greater than the com-
parative method’s. Since sometimes the heart IMF decom-
posed by the conventional ICEEMDAN method does not
necessarily have a high SNR, it will be difficult to find the
peak and estimate the heart rate. Instead, PA-LI can effec-
tively increase the SNR of ICEEMDAN heart IMF and make
it more accurate to find the heart IMF spectrum’s peak value.
This is because the PA-LI method eliminates phase noise and
increases the data length within a certain period of time to
improve the SNR of the original signal.

We can also analyze the signal with a 15-second obser-
vation window rather than the 20-second observation win-
dow of [23], which improves system performance in real-
time. The results of the ICEEMDAN decomposition of a
certain observation window after the radar vital sign ac-
quired by the proposed method are presented in Fig. 10. The
peak frequency of IMF, (pink line) is within 0.8-2.0 Hz. In
addition, as shown in Fig. 10, IMF, exhibits a high degree
of consistency with the ECG signal in this observation win-
dow. Therefore, IMF, is the heart IMF of this observation
window, and we utilize it to reconstruct the heartbeat signal.

The comparison of the reconstructed heartbeat signal
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Table 3  Heart rate estimation results at 1 m from the radar module (RMSE: [bpm], SNR: [dB]).
Front Back Left Right
Subject Without PA-LI With PA-LI Without PA-LI With PA-LI Without PA-LI With PA-LI Without PA-LI With PA-LI
RMSE SNR RMSE SNR  RMSE SNR RMSE SNR  RMSE SNR RMSE SNR RMSE SNR RMSE SNR
A 5.69 -12.98 4.09 -8.27 8.14 -10.15 5.95 -7.16 10.80 -13.44 5.90 -12.91 15.70 -5.73 19.66 -5.89
B 4.60 -13.12 2.61 -6.00 8.79 -12.70 4.60 -5.00 10.09 -22.87 7.77 -14.36 31.60 -17.43 21.67 -10.08
C 4.27 -15.06 2.59 -7.05 10.52 -12.29 7.30 -7.04 8.84 -17.32 6.02 -14.01 26.71 -10.37 25.55 -11.56
D 4.47 -10.57 3.01 -4.96 8.42 -9.88 6.45 -3.45 6.73 -12.95 595 -8.04 17.82 -6.31 18.89 -7.89
Mean 4.76 -12.93 3.08 -6.57 8.97 -11.26 6.08 -5.66 9.12 -16.65 6.41 -12.33 22.96 -9.96 21.44 -8.86
Table 4  Heart rate estimation results measured from directly in front of the radar module (RMSE:
[bpm], SNR: [dB]).
Subject Front 1 m Front 1.5 m Front 2 m
RMSE SNR RMSE SNR RMSE SNR
A 4.09 -8.27 4.11 -9.79 5.62 -10.41
B 2.61 -6.00 5.69 -9.00 5.96 -12.48
C 2.59 -7.05 4.24 -10.74 5.32 -9.34
D 3.01 -4.96 5.17 -12.87 5.10 -11.03
Mean 3.08 -6.57 4.80 -10.60 5.50 -10.82
Table 5  Heart rate estimation results measured from the oblique front of the radar module (RMSE:
[bpm], SNR: [dB]).
Subject o 30° 60° 90° (ceiling)
RMSE SNR RMSE SNR RMSE SNR RMSE SNR
A 4.11 -9.79 6.07 -13.29 6.27 -10.04 8.96 -11.28
B 5.69 -9.00 5.11 -10.69 6.21 -11.59 8.54 -12.73
C 4.24 -10.74 5.94 -14.54 5.93 -14.46 7.09 -15.00
D 5.17 -12.87 5.88 -14.39 522 -13.49 7.48 -15.73
Mean 4.80 -10.60 5.75 -13.23 591 -12.40 8.02 -13.69

Relative amplitude

Time [s]

Fig.11  Reconstructed heartbeat signals versus ECG waveform in the
time domain.

obtained by the EMD, EEMD, ICEEMDAN, and proposed
method with ECG data is shown in Fig. 11. For a single
observation window, the proposed method and the compar-
ative methods had mean heart rate measurement accuracy
of 97.7 percent, 86.7 percent (ICEEMDAN), 81.0 percent
(EEMD), and 80.7 percent (EMD), respectively. The bpm
(beats per minute) error of the heartbeat signal reconstructed
by the proposed method is less than 1. Considering the radar
module’s own process manufacturing and loss issues may
cause a slight measurement error. However, this small error
is irresistible and acceptable. Because the RR interval (the
time elapsed between two successive R waves of the QRS
signal on the electrocardiogram) consistency with the ECG
waveform is higher than that of the contrast methods.

The heart rate estimation results for the four directions
1 m away from the radar module are presented in Table 3,

where the SNR is averaged over all observation windows.
The results show that the mean values of SNR improved
by 6.36dB, 5.60dB, and 4.32 dB when measured from the
“front,” the “back,” and the “left” using the PA-LI method,
and the mean values of RMSE of heart rate measurements de-
creased by 1.68 bpm, 2.89 bpm, and 2.71 bpm, respectively.
This means that the PA-LI effectively improves the SNR and
reduces the RMSE of the heart rate measurements. Heart
rate was estimated from four directions using the proposed
method, with the highest accuracy measured from the “front”
and slightly higher accuracy measured from the “back” than
the “left.” It is noteworthy that the SNR of the heartbeat
signal measured from the “back” is the highest among these
conditions. This is supposed to be since the back’s skin is
less displaced, so the effect of breathing on the heart rate
measurement is also reduced. However, this also results in
heart rate estimates that are not as accurate as those from
the “front.” Since the skin surface displacement due to the
heartbeat is basically not detected from the “right,” the ac-
curacy of the measurement from the “right” is not high, and
the SNR loses its reference significance.

The heart rate measurements by the proposed method
from the “front” direction different distances are shown in
Table 4. The average value of the resulting RMSE shows
that the measurement accuracy decreases with increasing
distance. As the distance to the radar module increases,
the SNR of the received signal will decrease, which affects
the accuracy of heart rate measurement to some extent. In
terms of the individual results, the degree of reduction in
measurement accuracy is not absolute. The mean value of
the RMSE of heart rate estimation when the distance was
1 m was 3.08 bpm. In [2], their error range of heart rate
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measurement of the stationary person was about —7 bpm to
5bpm in one participant case, proving the reliability of our
measurement system. In [1], their average absolute error
of heart rate estimation was (2.61, 3.70, 2.12, 3.32, 4.42,
mean: 3.23 [bpm]). Our measurement distance is farther
than the 0.8 m they measured, and the performance is more
stable. The proposed method in the paper [23] had an av-
erage RMSE of about 4.45 bpm measured from the front of
1.2m. Therefore, in all three cases, the accuracy of heart
rate measurement was maintained at a high level.

The heart rate estimation results at 1.5 m from the front
of the radar module and at different elevation angles are pre-
sented in Table 5. Based on the results, it can be seen that the
measurement accuracy decreases by about 1 bpm when the
elevation angle is slightly increased, and the measurement
accuracy does not continue to decrease significantly as the
elevation angle increases, and the RMSE remains at about
6bpm. This is because the relative displacement between
the chest and the radar module decreases when the elevation
angle increases. When the radar module was fixed to the
ceiling, the RMSE was about 8 bpm because the heartbeat
produces less shoulder movement than chest movement. De-
spite this, measurement accuracy, in this case, exceeded the
accuracy of heart rate measurements from the “back” and
“left” sides based on the conventional ICEEMDAN method.

5. Conclusion

In conclusion, we propose a PA-LI joint ICEEMDAN
method for mm-wave FMCW radar-based heart rate mea-
surement. The method can address the effects of respiratory
signal harmonics, adaptively decompose the radar vital sign
to extract the heartbeat signal, and estimate the heart rate.
Meanwhile, the PA-LI method can effectively increase the
SNR of ICEEMDAN heart IMF and make it more accurate to
find the heart IMF spectrum’s peak value. Then, the recon-
structed heartbeat signal has a high SNR, and the heart rate
estimation is more accurate. Besides, we refined previous
experimental approaches for investigating the influence of
multi-directional observations on heart rate estimates. The
experimental results show that the measurements’ results in
all directions (e.g., left, back, oblique front, and ceiling) are
maintained at a high level of accuracy, except for the mea-
surements from the “right” side, because the skin surface
displacement (due to the heartbeat) is basically not detected
from the “right” side. Considering that non-contact heart
rate measurement systems do not always face the subject in
practice, in other words, the radar module is installed on
the ceiling or high in the room to accommodate the real cir-
cumstance. Therefore, our proposed heart rate measurement
method has the potential for practical applications.
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