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ABSTRACT This study proposes a radar-based heartbeat measurement method that uses the absolute
value of the second derivative of the complex radar signal, rather than its phase, in combination with the
variational mode extraction method, which is a type of mode decomposition algorithm. We show that
the proposed second-derivative-based approach can amplify the heartbeat component in the radar signals
effectively. We also confirm that the use of the variational mode extraction method provides an efficient way
to emphasize the heartbeat component when amplified via the second-derivative-based approach. We then
demonstrate estimation of the interbeat intervals of the heart by using the proposed approach in combination
with the topology method, which is an accurate interbeat interval estimation method. The performance of the
proposed method is quantitatively evaluated using data acquired from eleven participants that were measured
using a millimeter-wave radar system. Compared with the conventional methods based on the phase of the
complex radar signal, our proposedmethod can achieve higher precisionwhen estimating the heart’s interbeat
intervals; the correlation coefficient for the proposed method was increased by 0.20 and the root mean square
error was reduced by 23%.

INDEX TERMS Displacement signal, FMCW radar, harmonic analysis, heart rate, interbeat interval,
topology method, variational mode extraction.

I. INTRODUCTION
Radar-based technology for physiological signal measure-
ment is expected to change the entire concept of health
management because this technology can enable continuous
monitoring of the health and the mental status of patients
who are visible within a scene. Currently, physiological
measurements for healthcare applications are based on the
use of contact-type sensors, including electrocardiogram
sensors with electrodes, pulse oximeter devices based on
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optical sensors, and blood pressure monitors that require
a cuff to be wrapped around the patient’s arm. The use
of contact-type sensors to perform continuous long-term
measurements can cause discomfort for the user or may
impose restrictions on their activities [1], [2], but these
problems can be avoided by introducing noncontact radar-
based measurement technology [3].

Radar-based measurements of physiological signals use
radar echoes that are reflected by the surface of the human
body and modulated by the body’s displacements. The heart-
beat causes a semiperiodic displacement that can be observed
throughout the human body [4] and the displacement caused
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by the heartbeat can be expressed as a sum of the motion of
the heart and the volumetric changes in the pulse waves that
propagate through the arteries. In principle, by estimating the
power spectrum of these displacements, we are then able to
detect the respiratory and heartbeat components within the
frequency domain. Because these respiratory and heartbeat
components are semiperiodic but are not sinusoidal, they
also contain higher-order harmonics in addition to their
fundamental frequencies [5], [6].

A typical respiratory displacement has a fundamental
frequency between 0.1 and 0.3 Hz and a displacement
magnitude between 4 and 12 mm, whereas a typical heartbeat
displacement has a fundamental frequency between 1 and
1.7 Hz, with a displacement magnitude between 0.2 and
0.5 mm [7], [8], [9]. It is often difficult to identify the
fundamental frequency of the heartbeat in the frequency
domain because this fundamental frequency component
can be masked by the higher-order harmonic components
of the respiration. Therefore, a sophisticated approach is
required to estimate the heartbeat component within the
frequency domain, particularly when it is necessary to
estimate the heart rate variability (HRV) or the interbeat
intervals (IBIs) of the heart [4], [6], [10], [11], [12]. For
example, Yamamoto et al. [13], [14] extracted the heartbeat
component signal from radar data using a bandpass filter and
then used a convolutional long short-term memory (LSTM)
algorithm to estimate the IBIs. In addition, Wang et al. [15],
[16] extracted the heartbeat component signal from radar data
using a variational mode decomposition (VMD) approach.
Petrović et al. [1] applied a bandpass filter to a complex
radar signal using filter parameters that were set beforehand
using a roughly estimated heart rate; this was followed by the
application of a filter bank with narrow band-pass filters and
resulted in IBI estimation using the zero-crossing points.

Although these methods have estimated the heartbeat
parameters by focusing on the fundamental heartbeat
frequency, the accuracy of their estimation is dependent
on the intensity of the heartbeat’s fundamental frequency
component, which can easily be masked by the respiratory
components. To overcome this issue, some existing studies
focused on the harmonic frequency components of the heart-
beat, rather than the fundamental frequency [1], [10], [11],
[17]. Rong and Bliss [11] reported that the second harmonic
component of the heartbeat is significantly greater than the
higher-order respiratory harmonics. In addition, Petrović et
al. [1] showed that the heartbeat’s higher harmonics are
much larger than the higher respiratory harmonics within the
high-frequency band. Therefore, it is advantageous to use
these higher harmonics to extract the heartbeat parameters
instead of the fundamental component. Furthermore, the use
of the second harmonic component of the heartbeat has
been reported to be effective in suppressing the respiratory
components [10], [18]. Iwata et al. [19] extracted the second
harmonic component of the heartbeat signal to adjust their
filter parameters to ensure that they emphasized the heartbeat
component.

To emphasize the heartbeat’s higher harmonics while also
suppressing the respiratory components, it is necessary to use
signal processing methods such as the application of a high-
pass filter. To form the required high-pass filter, some studies
have used the time derivative of the displacement waveform
that can be estimated based on the phase of the complex
radar signal [5], [12], [20], [21], [22], [23]. To explain these
methods, let us assume here that s(t) is a complex radar
signal in the time domain. Wang et al. [5] suppressed the
higher respiratory harmonics in the signal by introducing the
first derivative of the radar signal phase (i.e., (d/dt) ̸ s(t)).
Kakouche et al. [20] also used the first derivative of the radar
signal phase ((d/dt) ̸ s(t)) when they applied the delay-and-
sum method in the frequency domain. Yen et al. [21] also
emphasized the heartbeat component by using (d/dt )̸ s(t).
In contrast, Xiong et al. [22] and Ji et al. [23] both emphasized
the higher harmonics of the heartbeat by using a differential
enhancement method that combined the first derivative (i.e.,
(d/dt) ̸ s(t)) with the second derivative (i.e., (d2/dt2 )̸ s(t))
of the phase of the radar signal. Nosrati and Tavassolian [12]
used the second derivative of a complex radar signal (that
is, (d2/dt2)s(t)) to emphasize the heartbeat component in a
method in which the complex signal is used, rather than its
phase. Sakamoto and Yamaguchi [24] used the absolute value
of the second derivative of the complex radar signal (i.e., they
used |(d2/dt2)s(t)|) to estimate the accuracy when measuring
the heart rate.

In this study, we demonstrate the effectiveness of using
the absolute value of the second derivative of the complex
radar signal, as previously proposed in [12] and [24], when
focusing on the higher harmonics of the heartbeat signal to
estimate the heart rate. The advantage of this approach is
that the method is independent of the phase-demodulation
accuracy because the complex signal itself is used directly
in the estimation process. This study also introduces the
variational mode extraction (VME) process, which is a
mode decomposition method, to further amplify the heartbeat
component emphasized by the differentiation process. The
performance of the proposed method is quantitatively evalu-
ated by conducting radar measurement experiments involving
eleven participants. In addition, we examine the performance
of the proposed method under various conditions in terms
of distance, angle, and height, and we also compare the
calculation times for the conventional and proposed methods.
A preprint of this manuscript has been posted online [25].

II. RADAR MEASUREMENT OF PHYSIOLOGICAL SIGNALS
A. RADAR IMAGING AND ESTIMATION OF BODY
DISPLACEMENT
In this section, we use a 79 GHz frequency-modulated
continuous-wave (FMCW) radar system with array antennas.
When we use the FMCW demodulation method, the signal
received using themth element (or virtual element) is denoted
by sm(r, t) (m = 1, 2, · · · ,M ), where r and t represent the
range and the slow time, respectively. Assuming that an M -
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element linear array with spacing of λ/2 is used, we obtain
a complex radar image that is defined by I ′C(r, θ, t) =∑M

m=1 e
jπm sin θ sm(r, t), where λ and θ denote the wavelength

and the azimuth angle, respectively. To remove any stationary
clutter, the time average is subtracted from I ′C(r, θ, t) as
IC(r, θ, t) = I ′C(r, θ, t) − (1/T )

∫ T
0 I ′C(r, θ, t)dt to generate

IC(r, θ, t), where T is the measurement time. We then
generate a power radar image IP = |IC|2, which is time-
averaged to produce the time-averaged power radar image
IA(r, θ) = (1/T )

∫ T
0 IP(r, θ, t)dt . The target position (r0, θ0)

for the estimation of physiological signals is then determined
using IA(r, θ), and we obtain the complex radar signal s(t) =
IC(r0, θ0, t) and the body displacement d(t), where d(t) =
(λ/4π ) ̸ s(t) and ̸ denotes the phase of a complex number.

B. MODE DECOMPOSITION METHODS
Mode decomposition, which is a type of mix source
separation method, can decompose an input signal into
multiple components and subsequently reconstruct the signal
by simply selecting the desired mode [26], [27]. Therefore,
it is anticipated that application of mode decomposition to
the proposed signal |s′′(t)| will cause the heartbeat harmonic
components to be enhanced, thus leading to improved
accuracy when estimating IBIs. Mode decomposition has
previously been applied to the phase ψ(t) or displacement
d(t) to estimate the respiration and heartbeat parameters [28],
[29], [30], [31], [32].

VMD [16], which is a type of mix source separation
method, was developed by Dragomiretskiy and Zosso in
2014. In VMD, the intrinsic mode function (IMF) is defined
as an amplitude- and frequency-modulated signal:

uk (t) = Ak (t) cos(φk (t)), (1)

where k = 1, . . . ,Kv and Kv is the number of modes. The
phase φk (t) is a nondecreasing function, which means that
φ′k (t) = (d/dt)φk (t) ≥ 0. The envelope Ak (t) ≥ 0 and both
Ak (t) and the instantaneous frequency φ′k (t) vary sufficiently
slowly to ensure that, over a sufficiently long time [t −
t0, t + t0] (where t0 ≥ 2π/φ′k (t)), uk (t) can be regarded as a
pure harmonic signal with amplitude Ak (t) and instantaneous
frequency φ′k (t). Therefore, the IMF has a specific sparsity
property [16]. In VMD, it is assumed that each IMF uk is
located around the kth central frequency fk . Determining the
pairing of uk and fk that minimizes the constrained variational
problem allows the input signal with the real value to be
decomposed into each mode.

The VMD is superior to empirical mode decomposition
(EMD) methods in terms of both IMF separation and noise
robustness [33]. As a result of its high performance, VMD
has been widely used in radar measurements of physiological
signals [5], [15], [18], [34], [35], [36]. Lele et al. recon-
structed both respiratory and heartbeat signals by summing
IMFs that satisfied a threshold ratio condition between the
total energy of each IMF in the frequency domain and the
energy contained within the fundamental frequency ranges

of the respiration and heartbeat signals only [37]. However,
the performance of VMD depends on both the number of
decomposition layers Kv used and the penalty coefficient
α [16], [38]. A low α value can lead to reduced decomposition
accuracy due to noise since the value of α affects the
bandwidth of each decomposed component. The number of
decomposition layers Kv used also affects the decomposition
results; a small Kv value, which means fewer IMFs, can lead
to mode mixing. A large Kv value can lead to the overlap
of the central frequencies, the decomposition of signals into
more than two IMFs, and a reduction in the accuracy of the
mode decomposition.

In this study, we use VME [39], a VMD-based method
proposed by Nazari and Sakhaei, to enable effective extrac-
tion of the harmonic components of the heartbeat. The VME
algorithm is shown in concise form in Algorithm 1. The VME
method was developed from the VMD to extract respiratory
signals from electrocardiograph (ECG) signals [39]. In VME,
the desired mode ud(t) and the residual rd(t) are defined, and
a penalty term is then added to the VMD objective function
to define the optimization problem, as follows:

min
ud, ωd, rd

{
αB2d + ∥β(t) ∗ rd(t)∥

2
2

}
(2)

s. t. ud(t)+ rd(t) = |s′′(t)|, (3)

where the penalty coefficient α is a parameter that balances
the first and second terms of the objective function, and Bd is
the bandwidth of the desired mode and is expressed as

Bd =

∣∣∣∣∣∣∣∣ ddt
[(
δ(t)+

j
π t

)
∗ ud(t)

]
e−jωdt

∣∣∣∣∣∣∣∣2
2
. (4)

For example, if ud(t) is expressed as ud(t) = A(t)ejωdt

using the real amplitude A(t), then Bd is written as Bd =
|(d/dt)A(t)|2 +ω2

d|A(t)|
2, which is the sum of two terms that

are both determined by the amplitude and its time derivative,
and it has a large value when the bandwidth of A(t) is
sufficiently large. Note here that β(t) is the impulse response
of a filter, which is given by

B(f ) = F{β(t)} =
1

4π2α(f − fd)2
(5)

and this filter has infinite gain at f = fd, but it behaves like a
Wiener filter at frequencies other than fd. The bandwidth of
the extracted mode ud(t) is affected by the bandwidth of B(f )
and is determined by α. Although it is important to selecte the
appropriate value of α when using VME, this process will
form a part of our future research because it is outside the
scope of this study.

Unlike VMD, which determines all modes from the
input signal and then iteratively decomposes them into each
mode, VME only extracts the specific mode ud(t), which
has an approximate known central frequency fd. Therefore,
compared with conventional VMD, VME has both a higher
convergence rate and a lower computational load. In addition
to these characteristics, the VME method is useful for
applications in which specific modes are extracted because it
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Algorithm 1 VME Algorithm

1: Initialize û1d, µ̂
1, n← 0, and ω1

d ← initial guess
2: repeat
3: n← n+ 1
4: 1) Update û1d for all ω ≥ 0:

5: ûn+1d (ω) =
f̂ (ω)+α2

(
ω−ωn+1d

)4
ûnd(ω)+µ̂(ω)/2[

1+α2(ω−ωn+1d )4
]
[1+2α(ω−ωnd)2]

6: 2) Update ωd: ω
n+1
d =

∫
∞

0 ω|ûn+1d (ω)|2dω∫
∞

0 |û
n+1
d (ω)|2dω

7: 3) Dual ascent for all ω ≥ 0:

8: µ̂n+1 = µ̂n + τ

[
f̂ (ω)−ûn+1d (ω)

1+α2(ω−ωn+1d )4

]
9: until convergence: ∥û

n+1
d −û

n
d∥

2
2

∥ûnd∥
2
2

< ϵ.

does not need to provide Kv [2], [39]. Please note that one
of the main reasons VME is used instead of VMD in this
study is that VME does not require that the number of modes
Kv is known. Therefore, we do not use Kv hereafter in this
article. Similar to VMD, VME is affected by the parameter
α; if the value of α is too high, then modes with narrow
bandwidths are obtained, thus leading to the generation of
artifacts due to noise; if the value of α is too low, then it is
possible that multiple modes will be mixed, thus leading to
the issue where the desired signal is not recognized as a single
mode. Although a method to optimize the VME parameters
using a genetic algorithm was proposed by Zhang et al. [40],
α is empirically determined in this study. In a later section,
we will assess the performance of the proposed method
when using different values of α to demonstrate how the
selection of this parameter affects the overall accuracy of the
results.

In summary, mode-decomposition algorithms (including
VMD, VME, EMD, ensemble EMD (EEMD), complete
EEMD with adaptive noise (CEEMDAN), and improved
CEEMDAN (ICEEMDAN) [41] algorithms) are used to
decompose a signal into simpler components called modes,
where each mode represents a different frequency or pattern.
VME achieves signal decomposition by minimizing a cost
function in an iterative manner using Eqs. (2) and (3) to
extract a specific mode ud(t) with an angular frequency ωd;
this frequency is close to the angular frequency given by
the initial estimate performed using |s′′(t)| that emphasized
the high-frequency harmonic components of the heartbeat.
Unlike the other mode-decomposition algorithms, VME
extracts the desired mode directly by solving a constrained
optimization problem and thus ensures better mode separa-
tion and improved noise resistance.

III. PROPOSED HEART RATE ESTIMATION METHOD
Although many previous studies have used the signal phase
ψ(t) or the displacement d(t) to measure the heartbeat [27],
[42], [43], the accuracy obtained is not necessarily satis-
factory as a result of the interference that occurs with the

respiratory components. In this study, we propose a method
that uses the absolute value of the second derivative of the
complex radar signal |(d2/dt2)s(t)| = |s′′(t)| instead of the
displacement ψ(t), as described in [12] and [24].
Here, we present examples of signals that have been

processed using different methods to demonstrate the effec-
tiveness of our proposed approach; radar signals that were
measured from two participants (designated A and B) are
used for this purpose. Details of the experiments are presented
in Section IV. First, we consider the power spectrum of
ψ(t) = unwrap{ ̸ s(t)}, where unwrap is a phase unwrapping
function. The power spectra of ψ(t) for participants A and
B are shown in Fig. 1 (b) and Fig. 2 (b), respectively. Please
note that the displacement d(t) can be estimated using d(t) =
(λ/4π )ψ(t) if the signal contains only a single echo that has
been reflected from a target with a displacement that varies
over time. The fundamental frequency and the second and
third harmonics of the heartbeat that were obtained from the
ECG are shown as blue dashed lines. In these figures, we see
peaks that correspond to the fundamental and harmonic
components of the heartbeat, along with some much larger
peaks that correspond to the respiratory components. The
accuracy of the estimation of the heart rate from d(t) depends
on the intensity and the frequency of both the heartbeat and
respiration signals; as a result, the accuracy may be degraded
in some cases.

FIGURE 1. Participant A’s Power spectral density functions for various
forms of radar signal (black lines), along with the fundamental, second,
and third harmonic frequencies of the heartbeat signal obtained from an
ECG. (a) |F{ψ(t)}|2, (b) |F{s(t)}|2, (c) |F{s′′(t)}|2, and (d) the proposed
|F{|s′′(t)|}|2.

Next, we consider the power spectrum of the complex radar
signal s(t) itself; the corresponding spectra for participants A
and B are shown in Fig. 1 (b) and Fig. 2 (b), respectively.
In these figures, the peaks that correspond to the heartbeat
components are not shown clearly, which indicates that it is
difficult to estimate the heart rate from |F{s(t)}|2, at least
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in part because of the interference from the respiratory
harmonic components and the nonlinear effect of the phase
modulation. Therefore, to emphasize the heartbeat harmonics
at higher frequencies, we consider the power spectrum of
the second derivative of the complex radar signal s′′(t); the
corresponding spectra for participants A and B are shown in
Fig. 1 (c) and Fig. 2 (c), respectively. Comparison of Fig. 1
(b) with Fig. 1 (c) and of Fig. 2 (b) with Fig. 2 (c) shows that
the high-frequency components have been emphasized by the
derivative operation. However, despite this emphasis, we are
still unable to see clear peaks corresponding to the heartbeat
components, even after the differentiation.

FIGURE 2. Participant B’s power spectral density functions for various
forms of radar signal (black lines), along with the fundamental, second,
and third harmonic frequencies of the heartbeat signal obtained from an
ECG. (a) |F{ψ(t)}|2, (b) |F{s(t)}|2, (c) |F{s′′(t)}|2, and (d) the proposed
|F{|s′′(t)|}|2.

Figs. 1 (d) and 2 (d) show the characteristics of the power
spectral density that correspond to F{|s′′(t)|} for participants
A and B, respectively. Comparison with Figs. 1 (b) and 2
(b) illustrates that Figs. 1 (d) and 2 (d) both show clear
peaks that correspond to the fundamental and harmonic
components of the heartbeat. Furthermore, a comparison of
Fig. 1 (d) and Fig. 2 (d) with Fig. 1 (a) and Fig. 2 (a)shows
that the heartbeat components, including their harmonic
components, are emphasized in the former cases. These
examples demonstrate the effectiveness of use of the absolute
value of the second derivative of the complex radar signal
|s′′(t)| when measuring heartbeat signals using radar.
Next, we discuss which of these terms contributes to this

emphasis on the heartbeat components. For the complex radar
signal s(t) that is expressed as s(t) = s0(t)ejψ(t) and has
an amplitude s0(t), which is an almost constant complex
amplitude (i.e., (d/dt)s0(t) ≃ 0), and a phase ψ(t) that is
a real function of t , the absolute value of its second derivative

|s′′(t)| can be expressed as∣∣∣∣ d2dt2 s(t)
∣∣∣∣ ≃ |s0(t)|

∣∣∣∣∣
{
−

(
d
dt
ψ(t)

)2

+ j
d2

dt2
ψ(t)

}
ejψ(t)

∣∣∣∣∣
(6)

= |s0(t)|
√
|ψ ′(t)|4 + |ψ ′′(t)|2, (7)

which comprises ψ ′(t) and ψ ′′(t), which represent the first
and second derivatives of the phase ψ(t), respectively.
We evaluate and compare the effectiveness ofψ ′(t) andψ ′′(t)
as follows; by substituting ψ ′′(t) = 0 into Eq. (7), we obtain
|s′′1(t)| = |s0(t)| · |ψ ′(t)|2; and substitution of ψ ′(t) = 0 into
Eq. (7) gives |s′′2(t)| = |s0(t)| · |ψ ′′(t)|. The power spectra
of |s′′1(t)| and |s′′2(t)| are shown in Fig. 3 (a) and 3 (b)
for participant A and are shown in Fig. 4 (a) and 4 (b) for
participant B, respectively. Please note that in these power
spectra, s0(t) is a function of time and is thus dependent on
t , unlike the case in Eq. (7). These figures show that the
heartbeat component is emphasized in the case of |s′′2(t)|
in particular because it contains the second derivative of the
phase ψ ′′(t).
Furthermore, when the power spectra of |s′′2(t)| shown in

Figs. 3 (b) and 4 (b) are compared with the results for the
proposed |s′′(t)| in Figs. 1 (d) and 2 (d), we can see that the
proposed approach is more effective than the use of |s′′2(t)|,
thus indicating the superior performance of the proposed
approach. Another advantage of the proposed approach based
on |s′′(t)| is that it allows the phase unwrapping process to
be omitted. Given that the phase unwrapping does not work
correctly when the signal is noisy, this advantage is crucial
when the proposed method is applied in practice.

FIGURE 3. Participant A’s power spectra for various forms of radar signal
(black lines), along with the fundamental and second and third harmonic
frequencies of the heartbeat signal obtained from an ECG;
(a) |s′′

1(t)| = |s0| · |ψ ′(t)|2 and (b) |s′′
2(t)| = |s0| · |ψ ′′(t)|.

The power spectra given by

|F{|s(k)(t)|}|2 =
∣∣∣∣F {∣∣∣∣ dkdtk s(t)

∣∣∣∣}∣∣∣∣2 (k = 1, . . . , 3) (8)

for participant A are shown in Fig. 5 and those for participant
B are shown in Fig. 6. Figs. 5 and 6 illustrate that the heartbeat
component is emphasized most strongly for k = 2, thus
justifying the use of our proposed approach with |s′′(t)|.

Please note that Nosrati and Tavassolian [12] also exam-
ined the characteristics of |F{s(k)(t)}|2 without taking the
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FIGURE 4. Participant B’s power spectra for various forms of radar signal
(black lines), along with the fundamental and second and third harmonic
frequencies of the heartbeat signal obtained from an ECG;
(a) |s′′

1(t)| = |s0| · |ψ ′(t)|2 and (b) |s′′
2(t)| = |s0| · |ψ ′′(t)|.

absolute value, rather than use our proposed approach with
|F{|s(k)(t)|}|2, and they also demonstrated the effectiveness
of differentiation for k = 2 among the other values of k . They
also noted that when the order of differentiation increased, the
harmonics of the respiration and the intermodulationwaves of
the respiration and the heartbeat were also amplified, which
then reduced the signal-to-noise ratio (SNR) of the heartbeat
component in addition to the numerical instability caused by
the differentiation process. As they indicated, the heartbeat’s
SNR is expected to decrease when k ≥ 3 because the
noise in the higher frequency band is also emphasized by the
differentiation operation. Therefore, we proposed the use of
the absolute value of the second derivative |s′′(t)|.

FIGURE 5. Participant A’s power spectra |F{|s(k)(t)|}|2, where the dashed
lines indicate the fundamental and harmonic frequencies of the
heartbeat.

The definitions used for the conventional and proposed
methods are summarized in Table 1. The conventional
methods all use ψ(t), which represents the unwrapped
phase of the complex radar signal, whereas the proposed
methods all use |s′′(t)|, which is the absolute value of the
second derivative of the complex radar signal. Conventional
method 1 and proposed method 1 do not apply VME.
Conventional method 2 and proposed method 2 both apply
ICEEMDAN [41] to extract the specific modes that contain
a heartbeat component. ICEEMDAN has been widely used
in radar-based physiological measurement applications [44],
[45], [46]. Zhao et al. applied ICEEMDAN to body
displacements measured using FMCW radar and recon-
structed the corresponding heart rate signals by selecting the

FIGURE 6. Participant B’s power spectra |F{|s(k)(t)|}|2, where the dashed
lines indicate the fundamental and harmonic frequencies of the
heartbeat.

appropriate IMF [44]. Hu and Toda identified the position
of a moving participant and then applied ICEEMDAN to
the displacements corresponding to the relevant coordinates
to reconstruct the participant’s respiratory and heart rate
signals [45]. Yang and Bao used ICEEMDAN in combination
with fast independent component analysis (Fast-ICA [47]) to
suppress the harmonic components of the respiration signal
and improve the SNR of the heart rate component [46].
Conventional method 3 and proposed method 3 both apply
VME to extract the desired mode ud(t) using the desired
frequency fd, which corresponds to the second harmonic
frequency of the heartbeat signal. Here, fd is selected as the
frequency that corresponds to the maximum power spectrum
density within the 2.0–3.4 Hz freuency range; i.e., fd =
argmaxf |F{|s′′(t)|}|2. Please note that if a local maximum
point does not exist within this frequency range, we set
fd = 2.7 Hz, which is the center frequency of the frequency
range. Conventional method 4 and proposed method 4 follow
the same steps used in conventional method 3 and proposed
method 3, respectively, to extract ud,1(t); then, they apply
the VME method again using the desired frequency (3/2)fd,
which corresponds to the third harmonic frequency, extract
the desiredmode ud,2(t), and subsequently use the summation
ud,1(t) + ud,2(t). Conventional methods 1, 2, 3, and 4, and
proposed methods 1, 2, 3, and 4 then all apply the topology
method [48] to estimate the IBI. The VME parameter α is
empirically set to have values of α = 105 and α = 3×104 for
the conventional and proposed methods, respectively.

TABLE 1. Conventional and proposed methods for IBI estimation.
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IV. PERFORMANCE EVALUATION OF THE PROPOSED
METHODS
Weused a 79GHzmillimeter-wave FMCWradar systemwith
an antenna array composed of three transmitting elements and
four receiving elements; the array specifications are listed in
Table 2. The frame interval is 6.87 ms, which is the same
value as the sampling interval in slow time; the number
of chirp sets per frame is two; the chirp start frequency
is 77.05 GHz; the ramp duration is 130 µs; the chirp
frequency slope constant is 29.92 MHz/µs; the analog-to-
digital converter (ADC) sampling frequency is 2.088 MHz;
the number of ADC samples is 240; and the idle time between
chirps is 150 µs. These parameters are illustrated in Fig. 7.

FIGURE 7. Chirp waveform parameters of the radar system.

The intervals between the elements were 2λ and λ/2 for
the transmitting and receiving elements, respectively. The
radar system was located at a distance of 1.0 m from each
participant. Radar measurements were performed on eleven
participants, who were all healthy adults, and a total of
25 samples of these measurements were used to evaluate
the corresponding performances of the conventional and
proposed methods. All participants were seated and breathed
naturally for 60.0 s; the experimental scene is shown in Fig. 8.
An ECG sensor was attached to each participant to evaluate
the accuracy of the estimation of the heart IBI.

The experimental protocol used was as follows:
1) Instruct the participant to take a seat and breathe

normally.
2) Attach an ECG sensor to the participant’s chest.
3) Synchronize the ECG and radar sensors.
4) Begin the ECG and radar measurements simultaneously.
5) Finish the measurements and remove the ECG sensor

from the participant’s chest.
The performance of each method is evaluated in terms of

the correlation coefficient (CC) between the actual IBI (h0(t))
and the estimated IBI (h(t)), as given by∫ T

0 h0(t)h(t)dt√∫ T
0 h20(t)dt

√∫ T
0 h2(t)dt

, (9)

and the root-mean-square error (RMSE), which is given by√
1
T

∫ T

0
|h(t)− h0(t)|2dt. (10)

TABLE 2. Specifications of the radar system.

TABLE 3. Demographic and physical characteristics of the participants.

FIGURE 8. Experimental scene showing the measurement of a participant
while breathing normally using millimeter-wave radar.

Performance is also evaluated in terms of the time coverage
rate (TCR) [49]. The TCR is defined here as n/N , where
N is the total number of time segments, which means that
N = T/T0, where T0 is the time segment length; in addition,
n is the number of time segments in which there is at least
one IBI with an absolute error of less than Tth (that is, ∃t ∈
Tn |h(t)− h0(t)| ≤ Tth for Tn = [nT0, (n+ 1)T0]). We set
these parameters empirically at T0 = 0.5 s and Tth = 50 ms.
Please note that an accurate method is expected to achieve a
high CC, a high TCR, and a low RMSE.

TABLE 4. IBI estimation evaluation index for each method.

Table 4 shows the average values of the CC, RMSE, and
TCR for each method, while Fig. 9 shows the average RMSE
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FIGURE 9. IBI estimation evaluation index characteristics for all
participants.

and TCR values for the eleven participants. Comparison
with proposed methods 1, 2, and 3 shows that proposed
method 4 achieves the best improvement in terms of its CC,
TCR, and RMSE values, thus indicating the effectiveness
of the approach based on the extraction of the second
and third heartbeat harmonics using VME. These results
indicate that the topology method benefits from heartbeat
harmonics of orders higher than three, rather than from
the signals that contain only the second heartbeat harmonic
component, and also they confirm that the use of |s′′(t)|
enables greater accuracy to be achieved when compared with
conventional methods using ψ(t), which is proportional to
the displacement d(t). When the proposed method was used,
the CC increased by 0.20, the RMSE decreased by 23%, and
the TCR increased by 19% on average, which demonstes the
effectiveness of the proposed method.

As an example, Fig. 10 shows the IBIs that were estimated
using the conventional and proposed methods for participant
A, where the CC, RMSE, and TCR values obtained were
0.15, 40.28 ms, and 77.50% when using the conventional
method and 0.90, 11.76 ms and 96.67% when using the
proposed method, respectively. Similarly, Fig. 11 shows the
IBIs that were estimated using both the conventional and
proposed methods for participant B, where the obtained
CC, RMSE, and TCR values were −0.29, 71.67 ms and
51.26% when using the conventional method, and 0.93,
19.46 ms, and 94.96% when using the proposed method,
respectively. By comparing Fig. 10 (a) with Fig. 10 (b) and
also comparing Fig.11(a) with Fig. 11 (b), we see that the
proposed methods can accurately estimate the IBIs over the

entire measurement period. This performance improvement
over the conventional methods can be attributed to the
enhanced heartbeat components obtained.

FIGURE 10. Participant A’s IBI as estimated using (a) conventional
method 4 and (b) proposed method 4.

FIGURE 11. Participant B’s IBI as estimated using (a) conventional
method 4 and (b) proposed method 4.

V. DISCUSSION
A. PERFORMANCE UNDER DIFFERENT CONDITIONS
Next, we investigated the performances of the conventional
and proposed methods under a variety of experimental con-
ditions. As shown in Table 5, experiments were conducted,
during which we varied the target distance, the height of the
radar, and the direction of the seats of the three participants
(G, H and I) using the same scenarios that we described
in Section IV. We applied conventional method 4 (C4) and
proposed method 4 (P4), as described in Table 1.

TABLE 5. Experimental conditions variations.

1) TARGET DISTANCE
As shown in Table 6, under the near-range condition (a1), the
proposed method P4 outperforms the conventional method
C4, whereas under the mid-range and long-range conditions
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(a2 and a3, respectively), the performance of proposed
method P4 falls below that of the conventional method C4;
this occurs partly because the SNR decreases when the
target distance increases. Note also that the performance
of conventional method C4 is not as sensitive to the target
distance as proposed method P4. This result indicates that
the proposed method is only effective when the SNR is
sufficiently high.

TABLE 6. Performance for different target distances.

2) RADAR HEIGHT
As shown in Table 7, proposed method P4 achieves high per-
formance when the radar height is high and the radar antenna
is facing the chest wall of the participant perpendicularly.
This occurs because the line-of-sight displacement caused by
the movement of the chest wall becomes greater as the radar
height increases, which results in a higher SNR. In contrast,
the performance of conventional method C4 does not improve
significantly even when the SNR is high, partly because
the performance degradation of the conventional method
may mainly be caused by interference from the respiratory
component rather than by noise.

TABLE 7. Performance at different radar heights.

3) SEATING DIRECTION
The results in Table 8 show that the performance of
conventional method C4 does not fluctuate much when the
direction of the seat is changed, while proposed method P4
achieves its highest performance when the target participant
faces the radar system directly. This result can also be
explained by using the improvement that occurs in the SNR
depending on the direction of the seat.

B. EXECUTION TIME EVALUATION
As an approximate indicator of computational complexity,
we evaluated the average execution time (ET) for both the
conventional methods and the proposed methods (Table 9).

TABLE 8. Performance for different seating directions.

We evaluated the ET because VME is based on nonlinear
optimization and the number of multiplication and addition
operations is thus difficult to evaluate. To perform the
evaluation, we used an Intel Xeon Gold 5218 central
processing unit (CPU) (Intel Corporation, Santa Clara, CA,
USA), 128 GB of main memory, and MATLAB R2024b
software (MathWorks, Inc., Natick, MA, USA).

When the execution times for the conventional and
proposed methods for each mode decomposition algorithm
(e.g., C2 and P2) are compared, almost no significant
differences are observed, except for those between C1 and
P1. The reason for the increased execution time for P1
compared with that of C1 is that the topologymethod requires
a longer execution time for a nonfiltered input signal |s′′(t)|
that includes higher harmonic components without mode
decomposition. In addition, the execution times for C2 and P2
are significantly longer than the corresponding times for the
other methods as a result of the computational burden posed
by ICEEMDAN. In contrast, the execution time for VME is
much shorter than that required for ICEEMDAN.

TABLE 9. Average execution times for each method.

C. PERFORMANCE FOR SECOND DERIVATIVE OF THE
PHASE
Next, we evaluate the performance obtained when using the
second derivative of phase ψ ′′(t) = (d2/dt2)unwrap{̸ s(t)}
as the input. Table 10 presents the results for RMSE, CC,
TCR, and ET that we obtainedwhen the topologymethodwas
applied toψ ′′(t) and |s′′(t)| using VMEmodes 1 and 2, where
we note that the case using s′′(t) corresponds to proposed
method P4. From the table, we see that the performance
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obtained when using ψ ′′(t) is not as high as that obtained
when using |s′′(t)|. In comparison to ψ ′′(t), the performance
of proposed method P4 was higher by 58.5% in terms of
RMSE, by 0.58 points in terms of the CC, and 60% in terms
of the TCR, although we did not observe any significant
differences in terms of the ET. These results indicate that the
use of |s′′(t)| is a key step to improve the accuracy of the IBI
estimation.

TABLE 10. Comparison with second derivative of the phase.

D. PERFORMANCE FOR DIFFERENT VME PARAMETERS
We evaluated the performance of the proposed method when
using different values of α, which affects the bandwidth of
each decomposed component in the VME (Table 11). In the
results presented in the table, we see that high performance
was achieved when we set α = 100, 000. This occured in
part because, for larger values of α, the bandwidth of each
decomposed component becomes excessively narrow, and
waveform distortion then occurs as a result; for small values
of α, the bandwidth of each decomposed component becomes
excessively broad, and a single decomposed component
may contain multiple signals erroneously. Although the
optimization of α will be an important task in future work,
such an optimization lies outside the scope of this study.

TABLE 11. Performance for different values of VME parameter α.

E. COMPARISON WITH RELATED WORKS
Next, we compare the proposed method with several other
existing methods, which have been classified into four
categories: spectrum-based, periodicity-based, mix source
separation-based, and deep-learning-based methods [27].
Among these categories, deep learning-based methods have
emerged as a particularly active research area in recent
years. Toda et al. [51] proposed a method that combined
a convolutional neural network (CNN) with first-order
differentiation-based preprocessing. Wu et al. [52] proposed
a model that incorporated a self-attention-based separator
into an encoder-decoder architecture to allow simultaneous

reconstruction of ECG and respiration signals. Table 12
shows the error values reported for radar-based IBI estimation
in related articles. Although some of the previous works [1],
[52] have reported higher accuracies than those reported
in this study, the proposed method achieves relatively high
accuracy, even in comparison to some of the most recent
research articles.

For comparison, we applied the deep learning-based
method proposed by Chang et al. [53] to our data set, where
we set the time window length at 6.0 s. In this performance
evaluation, the leave-one-out cross-validation approach was
used for 25 datasets. Performance results are summarized
in Table 12. Compared with the method of Chang et al.
[53], the proposed method provides better performance in
terms of all metrics (RMSE, CC, and TCR). In [53], the
mean absolute error (MAE) for the heart rate (HR) was
reported to be 2.88 bpm, which is equivalent to an IBI error of
27 ms if the heart rate is assumed to be 80 bpm. In contrast,
when the conventional method was applied to our data set,
the IBI estimation error was 96.55 ms, indicating a clear
accuracy degradation. This discrepancy can be explained by
the differences in the size of the data set used for training; the
previous study [53] used data from only three participants,
with a total recording time of 81 min, while our data set
included data acquired from eleven participants with a total
recording time of 25 min. This indicates that the proposed
method is capable of accurate HR estimation, even when a
large data set cannot be prepared.

TABLE 12. Comparison with related works.

F. OVERALL DISCUSSION
In this section, we explain why the proposed method
can effectively eliminate the harmonic influence of the
respiration. First, the second derivative acts as a high-
pass filter that emphasizes the harmonic components of
the heartbeat along with the high-frequency noise and the
harmonics of the respiration. Next, the VME specifically
extracts the second harmonic component of the heartbeat
while suppressing all other components because the desired
frequency ωd can be specified in the VME algorithm; this
approach works as long as the harmonic components of the
respiration do not coincide exactly with the second harmonic
component of the heartbeat.

In this study, the participants were instructed to remain
stationary and breathe normally during the radar measure-
ments. However, in normal daily environments, it is natural
for people to make body movements that affect the radar
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measurements. In these cases, the HR cannot be estimated
accurately, even when using our proposedmethod. Therefore,
it will be an important task to develop a method that
can accurately estimate the HR when the subject’s body
movements cannot be ignored.

In the measurements performed during this study, the
radar measurements were performed for each participant
individually, rather than for all participants simultaneously.
When multiple individuals are measured at the same time,
the resulting interference makes it difficult to extract the res-
piration and heartbeat signals from each person. Therefore,
separating the vital sign signals of each individual becomes an
essential step [54], [55]. Ahmad et al. [56] used spatial infor-
mation obtained through a combination of range-gating and
beamforming to separate signals from multiple individuals.
Xu et al. [57] performed simultaneous monitoring of multiple
subjects by controlling the transmission beams of a time-
division multiplexing phase array radar system. Liu et al.
[58] applied a resonance-based sparse separation algorithm to
estimate the respiratory and heart rates of multiple individuals
located within the same range bin. The proposed method
is compatible with signal separation techniques of this type
based on the spatial information obtained via adaptive array
signal processing and it holds the potential to perform
efficient extraction of heartbeat signals even in multi-subject
scenarios. Despite this consideration, this approach lies
outside the scope of the current study, although it will provide
an important research topic for future projects.

In this study, we used a radar system with an operating
frequency band of 77–81 GHz. The proposed method was
not designed specifically for this frequency band. Therefore,
the proposed method is also expected to be applied to radar
systems with different operating frequency bands. However,
it will be important to investigate the applicability of our
proposed method to different types of radar systems with
various operating frequency bands.

In this study, we evaluated the performance of the proposed
method for eleven participants. However, the participants
were all men in their 20s, which serves to illustrate the
potential limitations of this study associated with the sample
sizes and the diversity of the group of participants. Therefore,
it will be important to conduct additional large-scalemeasure-
ments to ensure diversity in terms of the age, sex, and health
conditions of all participants in our future work.

From a practical viewpoint, the proposed method will be
integrated into an existing radar-based vital sign monitoring
system called VitaWatcher (MaRI Company Ltd., Kyoto) that
was developed in part by one of the authors (Prof. Sakamoto).
This integration is achievable because the proposed method
can be implemented simply by updating the existing system’s
software.

VI. CONCLUSION
In this study, we have proposed a radar-based method for
the estimation of heart IBIs that uses a combination of the
absolute value of the second derivative of the complex radar

signal and the VME method. Unlike many conventional
methods, the proposed method does not estimate a body
displacement waveform that is proportional to the phase
of the complex radar signal. We have demonstrated that
the heartbeat components were amplified effectively when
using the second-derivative-based approach, which was
emphasized selectively by the VME method, with a resultant
improvement in accuracy when estimating the heart IBI.
By performing measurements on eleven participants using
a 79GHz array radar system, the proposedmethodwas shown
to be able to estimate their heart IBIs using the topology
method; this approach improved the average correlation
coefficient of the actual and estimated IBIs by 0.2 and it
also reduced the average RMSE by 23%. The proposed
method is expected to make a significant contribution to the
development of practical noncontact medical and healthcare
monitoring systems. Our next step in this work will be to
evaluate the performance of the proposed method when using
large-scale data acquired from a larger number of participants
with diversity in terms of their age, gender, and health
conditions. It will also be important to study the possibility
of combining the proposed radar-based system with other
types of noncontact sensors, including optical cameras, laser
sensors, and ultrasonic sensors.
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