
sensors

Article

High Accuracy Heartbeat Detection from CW-Doppler Radar
Using Singular Value Decomposition and Matched Filter

Yuki Iwata 1,* , Han Trong Thanh 2, Guanghao Sun 1 and Koichiro Ishibashi 1

����������
�������

Citation: Iwata, Y.; Thanh, H.T.; Sun,

G.; Ishibashi, K. High Accuracy

Heartbeat Detection from

CW-Doppler Radar Using Singular

Value Decomposition and Matched

Filter. Sensors 2021, 21, 3588.

https://doi.org/10.3390/s21113588

Academic Editors: Marco Di Rienzo

and CheolGi Kim

Received: 29 March 2021

Accepted: 18 May 2021

Published: 21 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Graduate School of Informatics and Engineering, The University of Electro-Communications (UEC),
Tokyo 182-8585, Japan; guanghao.sun@uec.ac.jp (G.S.); ishibashi@uec.ac.jp (K.I.)

2 School of Electronics and Telecommunications, Hanoi University of Science and Technology (HUST),
Hanoi 100000, Vietnam; thanh.hantrong@hust.edu.vn

* Correspondence: yuki.iwata.as@gmail.com

Abstract: Heart rate measurement using a continuous wave Doppler radar sensor (CW-DRS) has
been applied to cases where non-contact detection is required, such as the monitoring of vital signs
in home healthcare. However, as a CW-DRS measures the speed of movement of the chest surface,
which comprises cardiac and respiratory signals by body motion, extracting cardiac information
from the superimposed signal is difficult. Therefore, it is challenging to extract cardiac information
from superimposed signals. Herein, we propose a novel method based on a matched filter to solve
this problem. The method comprises two processes: adaptive generation of a template via singular
value decomposition of a trajectory matrix formed from the measurement signals, and reconstruction
by convolution of the generated template and measurement signals. The method is validated using a
dataset obtained in two different experiments, i.e., experiments involving supine and seated subject
postures. Absolute errors in heart rate and standard deviation of heartbeat interval with references
were calculated as 1.93± 1.76 bpm and 57.0± 28.1 s for the lying posture, and 9.72± 7.86 bpm and
81.3± 24.3 s for the sitting posture.

Keywords: continuous wave-Doppler radar; non-contact vital signs measurement; matched filtering;
singular value decomposition

1. Introduction

Cardiopulmonary activity-related information, such as heart rate (HR) and respiratory
rate, is known to be an effective indicator for monitoring the health and mental state of
a subject. The CW-Doppler radar sensor (CW-DRS) is a non-contact cardiopulmonary
information collection technique that has garnered significant attention in diverse research
areas [1–4]. Whereas electrocardiograms (ECGs) and photoplethysmography (PPG) require
a sensor to be attached to the subject [5,6], a CW-DRS allows non-contact signal acquisition
over clothing [7–9]. Therefore, CW-DRSs have been investigated for application in situa-
tions where contact with the subject is hazardous for the experimenter or when restraining
the subject is difficult; examples include screening systems for infectious diseases at air-
ports to prevent the spread of infectious diseases [10–13], health monitoring of patients
with burns or skin lacerations during disasters [14,15], and biometric monitoring while
driving [16]. Furthermore, a technique to capture more minute heart rate information,
such as the P-wave and Q-wave, using CW-DRS has been proposed in recent years [17,18].
The use of CW-DRSs in biometric applications is expected to increase in the future.

As CW-DRSs acquire small vibrations produced on the surface of the chest by cardiac
activity, they are susceptible to chest vibrations that are unrelated to heartbeats, such as
breathing and body movements, as well as interference from other people [19–21]. When
attempting to separate heart rate and respiratory waveforms, the fact that the frequency
characteristics of each signal are different is often considered. However, the intensities
of the second and third harmonics of the respiratory waveform in the spectrum of the
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heartbeat are comparable to the intensity of the heartbeat signal [22,23]. Therefore, this
problem cannot be solved by simple signal processing, such as using a bandpass filter
or Fourier transform. Yang et al. [13] proposed a HR measurement technique using a
bandpass filter and CW-DRS to develop a dengue fever quarantine system at airports.
The author conducted a large-scale evaluation experiment with 410 subjects; however, 90%
of the data could not be used for analysis due to the effects of respiratory harmonics and
random body movements (RBMs) mentioned above.

Hence, researchers have proposed various approaches using more complex signal
processing methods [24–28]. Petrovic et al. [24] focused on the harmonic vibration of the
chest surface and proposed extracting the harmonic signal of heartbeats from the vibration
of a chest surface acquired using a CW-DRS with a bandpass filter. In this method, it is
assumed that respiration does not exist in the harmonic region of the heartbeat. In addition,
Saluja et al. [25] used a gamma filter as a machine-learning approach to remove the
harmonics of breathing. These methods were developed to eliminate the harmonics of
respiration and do not consider body motion. However, in contrast to respiration, body
motion does not occupy a specific frequency band, and its amplitude is extremely large.
Therefore, pre-informative approaches, such as frequency filters and gamma filters, are
not suitable for body motion removal. In contrast, an adaptive approach using a matched
filter (MF) has been proposed to address body motion. An MF emphasizes the target signal
by convolving it with the input signal as a template when the shape of the waveform
to be acquired is known. This technique is similar to correlation detection in receivers
and template matching in machine learning. To extract heartbeats from chest vibration
using MF, a template of the heartbeat must be prepared. Many researchers proposed
algorithms to adaptively generate a template from the output of radar [26–28]. In other
studies [26,27], the template was created using polynomial approximation to remove
breathing and body motion from measurement signals extracted in a 2 s time window.
Lv et al. [26] evaluated the effectiveness of the proposed method through simulations and
actual measurements and successfully eliminated the effects of harmonics of breathing and
body motion. However, they remarked that this method requires a 2 s visual selection,
where no body motion is present, to enable a template to be created. Izumi et al. [27]
proposed a technique that combines an MF with the Burg method, in which the time–
frequency characteristics of measurement signals are measured. This method requires a
high sampling frequency and sufficient data length to generate a template in the time–
frequency domain. Therefore, it is desirable to develop a signal processing method to
extract highly accurate and robust heart rate signals from time-domain signals obtained
with short data lengths and low sampling frequencies.

Herein, we propose SVD+MF method that combines an MF and singular value decom-
position (SVD) as a signal processing algorithm to detect heart rate information with high
accuracy from chest surface vibrations of short data length (less than 30 s). In this method,
a heartbeat signal recovery technique involving an MF is used, and singular vectors are
applied in the trajectory matrix of the measured signal as templates. The trajectory matrix is
a matrix composed of a partial time series of time-domain signals, and it is primarily used
for outlier detection and signal decomposition in signal processing [29]. The effectiveness
of the proposed method in detecting heartbeats depends on the data length of the partial
time series and the singular vector used as a template. In this study, we investigated
the relationship between these parameters and the accuracy of heartbeat detection using
the vibration of the chest surface modeled on a computer. In addition, we evaluated the
effectiveness of our method in various situations by conducting measurements in two
different postures: lying and sitting.

2. Basic Formula of CW-Doppler Radar

Figure 1 shows the basic structure of the CW-DRS for vital sign detection [1,7–9].
The transmitter Tx transmits a continuous wave T(t) = AT cos[2π f t + φ(t)] toward the
human body surface, where AT is the amplitude of the transmitted signal, f is the carrier
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frequency, and φ(t) is the phase noise. Based on the Doppler principle, the frequency
of reflected wave changes according to the body surface motion, which is composed of
respiration xr, heartbeat xh, and RBM xm. Therefore, the receiver Rx receives the reflected
wave R(t), which is expressed as follows:

R(t) = AR cos
[

2π f t− 4πd0

λ
− 4πx(t)

λ
+ φ(t− 2d0c)

]
, (1)

where AR is the amplitude of the received signal, λ is the wavelength, c is the speed of light,
d0 is the initial distance between the CW-DRS and the body surface, and x(t) = xr + xh + xm
is the displacement of human body surface. As shown in Figure 1, when the received signal
R(t) is down-converted, two baseband signals are obtained. One is the in-phase signal
BI(t), and the other is the quadrature phase signal BQ(t).

BI(t) = AI cos
[

4π{x(t) + d0}
λ

+ θ + ∆φ(t)
]

, (2)

BQ(t) = AQ sin
[

4π{x(t) + d0}
λ

+ θ + ∆φ(t)
]

, (3)

where AI is the amplitude of the in-phase signal, and AQ is the amplitude of quadrature
phase signal, θ the phase constant, and ∆φ(t) phase noise. As these signals are associated
with a “null point” problem, the detection of the variable object generally requires demod-
ulation [30,31]. The arctangent, which is an effective method involving two orthogonal
signals to demodulate the phase information, was adopted in this study. It is expressed
as follows:

x(t) ≈ λ

4π
arctan

(
BQ(t)
BI(t)

)
. (4)

Here, we assume that AI and AQ are equal, and θ and ∆φ(t) are small.

LO

0 90

Tx

Rx

( )
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Figure 1. Fundamental mechanism of CW-Doppler radar.

3. Proposed Method

Figure 2 presents a diagram of the SVD+MF method for extracting cardiac information
from baseband signals with high accuracy. First, the baseband signals, BI(t) and BQ(t),
were demodulated by the arctangent method to extract phase information related to the
displacement of the chest surface. Subsequently, the demodulated signal was forwarded to
the bandpass filter (BPF) stage, which is the pre-processing for the heartbeat enhancement
by matched filtering and the heartbeat template generation stage in the matched filtering.
During pre-processing, the undesired frequency components are reduced from the demod-
ulated signal by a BPF. In this study, our focus is on the cardiac frequency; therefore, we
set the bandwidth from 0.6 to 2.5 Hz. Here, an IIR-type digital filter (order: 20) is used.
Meanwhile, the template generation stage comprises three components: extraction of the
2 s data from the demodulated signal, formation of the trajectory matrix from the extracted
signal, and calculation of the third singular vector by the SVD of the trajectory matrix.
Subsequently, matched filtering was performed using the signal filtered by the BPF and the
third singular vector to obtain an enhanced heartbeat waveform. Finally, the peaks in the



Sensors 2021, 21, 3588 4 of 15

enhanced heartbeat waveform were detected to calculate the heart rate information, such
as the HR and standard deviation of heartbeat intervals (SDHI) from their intervals.

Baseband signals 

from Doppler Radar

Trajectory matrix 

formation

Demodulation

by arctangent

Signal clipping

for 2 second

Third singular 

vector acquisition

Band-pass filter

(0.6 - 2.5 Hz)

Heartbeat 

enhancement 

by matched filter

Peak detection 

and vital signs 

calculation

Scheme for template generation (Only execute once for one data)

Pre-processing for heartbeat enhancement

Figure 2. The diagram showing the proposed method for extracting cardiac information.

3.1. Heartbeat Enhancement by Matched Filtering

Matched filtering is a technique used to maximize the SNR of a signal in the pres-
ence of additive noise [32–34]. By convoluting the template signal with the input signal,
the template signal hidden in the input signal can be identified, resulting in a significant
improvement in the SNR. In our signal processing, the respiratory waveform included in
the vibration of the chest surface is considered as an added noise to the heart rate signal.
Therefore, if we can prepare a template for the heartbeat, then we can detect the heartbeat
signal hidden in the vibration of the chest surface by the MF. The demodulated signal
representing the chest surface vibration, expressed in Equation (4), can be rewritten in
terms of the heartbeat xheart[n] and additive noise xnoise[n] as follows:

x[n] = xheart[n] + xnoise[n]. (5)

Here, xnoise[n] contains white noise and body movement noise. Subsequently, the MF
can recover xheart[n] by convolution of x[n] with the conjugate and time-reversed version
of the template h[n], as follows:

xheart[n] = x[n] ∗ h∗[−n]. (6)

3.2. Template Generation by Singular Value Decomposition

When using an MF, a template with the maximum SNR should be used. According to
the MF principle, a template should have at least one heartbeat cycle for heartbeat extrac-
tion [1]. In addition, considering that the heart rate waveform differs by the individual, we
designed a scheme to adaptively form a template of the heartbeat waveform using part
of the demodulated signal. The scheme comprises three processes, as shown in Figure 2.
First, we define the 2 s of data clipped from the demodulated signal as a lagged vector,
expressed as follows:

yi = {xi, xi+1, . . . , xi+L−1}T , (7)

where L is the data length of the lagged vector yi. In this study, we set L = 200 as the
sampling frequency was set to 100 Hz. Subsequently, we defined a trajectory matrix X
composed of the lagged vectors as

X = {y1, y2, . . . , yM}

=


x1 x2 · · · xL
x2 x3 · · · xL+1
...

...
. . .

...
xM xM+1 · · · xM+L−1

. (8)
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Finally, we performed SVD on the trajectory matrix X, as follows:

X =
r

∑
i=1

σiuivi. (9)

Here, r represents the rank of the matrix X; ui and vi are the left and right singular
vectors corresponding to singular values σi, respectively. In this method, the vector that
most closely relates v3 to the heartbeat among these right singular vectors is used as the
template h for the MF.

4. Simulation Analysis

As the singular vector obtained by the SVD of the trajectory matrix was used as the
template in the SVD+MF method, the characteristics of the template were determined by
the length of the lagged vectors in the trajectory matrix and the corresponding singular
values. Therefore, the effect of the proposed method was assumed to be affected by
these parameters. However, it was difficult to adjust the parameters using the measured
data as the heart rate waveform varied based on the individual being measured and
the user’s mental state. Furthermore, the CW-DRS signal contained not only heart rate
and respiration data, but also noise and distortions from the receiver. In this section, we
evaluate the relationship between the proposed heartbeat enhancement method and the
parameters by simulating the vibration of the chest surface.

4.1. Configuration of Heart Rate and Respiratory Signal Models

The surface of the human chest is known to vibrate slightly owing to cardiopulmonary
activities such as heartbeat and respiration. In this study, the vibration m(t) of the human
chest surface is defined as shown in Equation (10).

m(t) = mheart(t) + mresp(t) + w(t) . (10)

Here, mheart(t) and mresp(t) represent the modeled vibration of the chest surface
caused by heartbeat and respiration, respectively; w(t) represents the white noise. Next,
we describe the modeling of the heartbeat and respiration. Regarding the heartbeats,
various studies have been conducted previously, where chest variability derived from the
heartbeat was modeled [35–37]. The heartbeat waveform was represented by a sinusoidal
pulse [35], half-wave sinusoidal pulse [36], Gaussian pulse [37], and a combination of two
different pulses per beat [38]. One of the most significant differences between these models
is whether the harmonics of the heartbeat waveform are considered. Harmonics were
considered in the models presented in [37,38]; in particular, the model presented in [38]
considered oscillations caused by the QRS complex and the T waves of the ECG waveform.
As the algorithm proposed herein focuses on the fundamental wave of the heartbeat,
the model in [35] based on the sine wave was used. Model respiration is covered in [38]. It
has been suggested in [38] that the respiration model can be represented as follows:

m̂resp(t) =


−Kb
TiTe

t2 +
KbT
TiTe

t, t ∈ [0, Ti],

Kb

1− e−
Te
τ

t2
(

e−
(t−Te)

τ − e−
Te
τ

)
, t ∈ [Ti, T]

(11)

where Kb is a model constant related to the amplitude adjustment of the respiratory
waveform; Ti, Te, and T represent the inspiration time, exhalation time, and respiratory
cycle, respectively (T = Ti + Te); τ is the time constant. Figure 3 shows examples of the
simulated heartbeat and respiratory waveform generated using MATLAB.
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Figure 3. Simulated chest surface oscillations caused by breathing and heartbeat: (a) shows the signal in the time domain
and (b) shows the spectrum in the frequency domain.

The respiratory rate was set to 15 bpm (0.25 Hz) and the displacement was set to 10 mm.
As shown in Figure 3a, the modeled respiratory waveform differed from a sinusoidal wave
in terms of its shape between exhalation and inhalation. As shown in Equation (11),
the exhalation part is represented by a quadratic polynomial, whereas the inhalation part
is represented by an exponential function. Therefore, harmonics were included in the
respiration model. Figure 3b shows the frequency characteristics of the respiration model
obtained using the Fourier transform shown in Figure 3a. As presented in Figure 3b,
the most dominant spectrum occurred at 0.25 Hz, which was the fundamental frequency
of this model. In addition, focusing on the harmonics, we confirmed that the odd-order
harmonic components exhibited higher powers than the even-order harmonic components.
This result is consistent with that of a previous study [38]. To achieve this waveform,
various parameters in Equation (11) are presented in Table 1.

Table 1. Parameters used to generate the respiratory waveform

Parameter Description Value

Kb Model constants for amplitude adjustment 10× 10−3 (m)
T Period of respiratory waveform 2.5× 10−3 (s)
Ti Term of expiration in respiration one wave form 1.25× 10−3 (s)
Te Term of inhalation in respiration one waveform 1.25× 10−3 (s)
τ Time constant 0.8 (s)

4.2. Method for Determining Parameters

The parameters of the proposed method were determined using the vibration model
of the chest surface, as defined in Equation (10). The parameters were the length of the
lagged vector constituting the trajectory matrix in the proposed method and in which a
singular vector was used. To determine these two parameters, we applied the proposal
method to the chest vibration model while varying the parameters to obtain the parameter
with the highest heart rate estimation accuracy. As the ratio of respiration to heart rate in
the chest surface vibration can vary easily by individual and the environment, we selected
signals with various signal-to-noise ratios (SNRs). In this study, the SNR is defined as

SNR = 20 log10

{
Pheart

Presp + Pnoise

}
[dB], (12)

where Pheart, Presp, and Pnoise indicate the intensities of xheart(t), xresp(t), and w(t), respec-
tively. When sweeping the SNR in the simulation, the power of the heartbeat and white
noise were constant, whereas the power of the respiratory waveform was varied. The root
mean square error (RMSE) was used as an indicator to evaluate the effectiveness of the
proposed method for heart rate estimation. In this study, the RMSE is expressed using the
beat-to-beat interval (BBI) of the heartbeat as follows as
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RMSE =

√√√√ N

∑
i=1

(BBIestimate[i]− BBItrue[i])
2 [s] , (13)

where BBIestimated and BBItrue are the adjacent estimated and true BBIs of heartbeat, respectively.

4.3. Simulation Results

To determine the parameters of the proposed method, the simulated chest surface
vibration was analyzed by sweeping the SNR in intervals of 10 dB from −30 to −10 dB.
The model waveforms of the chest vibration at each SNR and the frequency characteristics
obtained by the Fourier transform are shown in Figure 4. Figure 4a shows the time-domain
signal of the chest vibration, whereas Figure 4b shows its frequency response.
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Figure 4. Vibration of the chest surface obtained by simulation: (a) shows the signal in the time domain and (b) indicates
the spectrum by Fourier transform.

The specific parameters for the simulation of the heartbeat and respiratory waveforms
are listed in Table 2.

Table 2. Parameters used in the simulation of the chest vibration model.

Index Displacement (mm) Frequency (bpm)

Heartbeat mheart(t) 0.5 60
Breathing mresp(t) 0.5–20 15
White noise w(t) 0.1 -

Figure 4b shows that the spectrum of the fundamental wave of the heartbeat occurred
at approximately 1 Hz, and that the spectrum of respiration appeared over a wide range
from 0.25 to 2 Hz. In the spectrum with only the heartbeat (0 dB), the heart rate was easy
to estimate; however, in the other spectra, the heartbeat was suppressed by respiration.
The −10 dB spectrum indicates that the peak of the spectrum at the fundamental frequency
of respiration was comparable to the peak of the heartbeat. In such cases, separation
techniques such as using frequency filters can be applied to solve the problem; however,
the peak of the heartbeat and the respiratory harmonics exist in the same frequency band
in the spectrum of −20 or −30 dB. Therefore, a more complex separation technique is
required to extract weak heart rate signals from the respiratory waveforms.

Figure 5 shows an example of the vibration model of the chest surface wherein the
proposed method was applied to calculate the RMSE.
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Figure 5. Example of a vibration model of a chest surface to which the proposed method was applied.

As shown in Figure 5, the peak of the waveform obtained by the proposed method
generally coincided well with the peak of the heart rate signal. The RMSE was calculated
using heart rate intervals BBIestimate and BBItrue, which were estimated from the peaks of
the two waveforms.

Figure 6 shows the relationship between the heart rate estimation accuracy calculated
from the heart rate waveform obtained using the proposed method for each parameter and
the SNR of the input signal. Figure 6a shows a comparison of the singular vectors used in
the template of the proposed method, whereas Figure 6b shows a comparison of the length
of the Lagged vector.
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(b)
Figure 6. Accuracy evaluation of the proposed method for each parameter: (a) illustrates the comparison used the singular
vectors, (b) shows comparison for the length of the lagged vector.

Figure 6a shows that a lower the SNR of the input signal resulted in a higher RMSE
of BBI and a higher tendency for the accuracy to deteriorate. In other words, when
the proposed method is applied to a low SNR signal, the respiratory waveform that
remains unreduced will cause an error in the heart rate estimation. This effect is evident at
approximately 3 s in Figure 5, where a peak mismatch occurred between the reference and
estimated waveforms. Moreover, Figure 6a shows that the third singular vector indicated
the highest accuracy over a wide range from 0 to −30 dB when a heart rate estimation was
performed using each singular vector as a template. Subsequently, as shown in Figure 6b,
the highest accuracy was obtained when 200 samples (2.0) were used as the data length of
the Lagged vector. Therefore, it is considered optimal to use a lagged vector with a data
length of 200 samples to form the trajectory matrix.
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5. Experiment
5.1. Experimental Condition

In this study, we conducted two types of experiments with different subject postures.
Consent was obtained from all the subjects. The first measurement condition involved a
supine posture to evaluate the effect on data with small body movements. We irradiated
a subject lying on a bed with a 24 GHz Doppler radar from the back and collected heart
rate reference values via ECG simultaneously. Subsequently, we visually extracted six data
points for 20 s without corruption by body movements. The second measurement was
performed in the sitting posture, which was easily affected by body movements. In this
experiment, the subject was irradiated from the front with a 24 GHz Doppler radar and
reference values of the heart rate were obtained using PPG simultaneously. The subjects
were 212 students from Vietnam National University, University of Engineering and
Technology, and Hanoi University of Science and Technology.

To measure the vibration on the surface of the chest, a commercially available 24 GHz
Doppler radar-based moving object detection sensor, NJR4262J (New Japan Radio Co. Ltd.,
Tokyo, Japan), was used in this experiment, and its output was connected to an analog
circuit developed for amplifying and filtering the signal. Figure 7 shows an overview of
the developed circuit. The passband of the circuit was set between 0.159 and 3.183 Hz
to eliminate undesired frequencies such as high-frequency noise. The output of the cir-
cuit was obtained using a commercial ADC converter USB-6008 (National Instruments
Co., Austin, TX, USA). Its sampling frequency and voltage resolution were 100 Hz and
12 bits, respectively.

25 
 

5.2 信号処理 
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Figure 7. An (a) overview and (b) schematic of the developed circuit.

5.2. Description of Effectiveness of Proposed Method Using Actual Data

In this section, we present the flow of the SVD+MF method to enhance the weak
signal derived from the heartbeat from two baseband signals. Figure 8 shows the signal
processing performed to obtain singular vectors from the waveforms obtained in the
experiment. Figure 8a,b show the waveforms for 3 s of the baseband signal obtained by the
24 GHz DRS-based measurement system. Figure 8c shows the phase signal of the baseband
signal obtained by arctangent demodulation. Figure 8d shows the PPG signal acquired to
obtain the reference value of the subject’s heartbeat, and the undesired frequency band
was filtered out by the bandpass filter. Finally, Figure 8e,f show the singular vectors of the
trajectory matrix formed by the 200-lagged vector in Figure 8c. The time axis in Figure 8d
was set to 2 s, which is the length of the singular vector, for a comparison with the singular
vector. Here, all y-axes in the figure have been normalized to have mean of 0 and variance
of 1.
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Figure 8. Examples of singular vector generation: (a,b) represent baseband signals from 24 GHz
CW-DRS, (c) is the demodulated waveform by Arctangent, (d) shows the filtered PPG signal as a
reference of the heartbeat, and (e–h) are the singular vectors of the trajectory matrix created from (c).

Although the time-dependent change in the phase signal obtained using Equation (1)
is theoretically consistent with the relative vibration of the chest surface and hence may con-
tain weak heartbeat signals, this could not be visually confirmed. As shown by the singular
vectors in Figure 8e,f, each vector exhibited a different characteristic shape. Figure 8e shows
a trend without a periodic component, whereas Figure 8f,g show signals with a period of
approximately 1 s. In the simulation analysis, we concluded that the third singular vector
is the most suitable template for extracting the heartbeat. Comparing the third singular
vector with the PPG waveform in the figure, the shapes nearly match, although there is a
phase shift. This phase shift is thought to be due to the fact that the trajectory matrix where
the singular value decomposition is performed is composed of lagged vectors, which are
signals with phase shift. To clarify that the calculated third singular vector is effective
for heart rate enhancement from the phase signal, an example of the estimation effect of
the proposed method on the heart rate signal is presented in Figure 9. Figure 9a shows a
comparison of the frequency responses of the third singular vector and PPG signal as a
reference for the heartbeat. As the data length of the singular vectors was extremely short
(2 s), a multiple signal classification method was used for the analysis of singular vectors
and PPG signals. Therefore, its power did not reflect any specific meaning. Figure 9a shows
the frequency response of an IIR-type bandpass filter. Figure 9b presents the five-second
time-domain waveforms of the PPG signal filtered by the bandpass filter and the phase
signal filtered by the third singular vector.
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Figure 9. Examples of the heart rate enhancement effect by the proposed technique: (a) shows the
comparison of the frequency response of the PPG signal, the 3rd singular vector used for heart rate
emphasis, and the IIR-type bandpass filter; (b) shows the time-domain waveforms of the PPG signal
and the heart rate signal estimated by the proposal method.

As shown in Figure 9a, the peak of the spectrum of the third singular vector coincided
with one of the peaks of the PPG spectrum at 1.2 Hz. As the matched peaks were caused
by the heartbeat, we expected the heartbeat to be emphasized by filtering the phase
signal using the third singular vector. Confirming the phase signal with the unnecessary
frequency band removed by the third singular vector in Figure 9b, it was confirmed that
the peak of the pulse wave obtained via PPG and the peak of the estimated heart rate
signal generally coincided well. This fact indicates that the third singular vectors of the
trajectory matrix formed from the phase signals can be effective for estimating the heartbeat
signal. After the heartbeat waveform in the phase signal was enhanced, a heartbeat-derived
peak was detected, and the beat-to-beat intervals were calculated. Figure 10 shows the
heartbeat interval plot based on the heart rate signal estimated using the proposed method
and bandpass filter. To estimate the heart rate interval, we used the MATLAB function
findpeaks to detect the peaks and resampling to convert the sampling frequency to 1 Hz.
As shown in Figure 10, the heart rate interval plot estimated using the proposed method
was more consistent with the reference than the heart rate interval obtained using the
bandpass filter.
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Figure 10. Comparison of heart rate interval plots estimated by the proposed method and band-
pass filter.

5.3. Indices for Validating Accuracy of Heart Rate Estimation

To evaluate the accuracy of the heart rate interval estimation, the heart rate information,
HR, and SDHI calculated from the heart rate interval were defined as follows:

HR =
1
N

n

∑
i=1

60
BBIi

[bpm], (14)

SDHI =

√
1
N

n

∑
i=1

(BBIi − µBBI)2 [s]. (15)
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Here, N is the total number of heartbeat intervals in the data interval, BBIi the esti-
mated i-th heartbeat interval and µBBI the average value of heartbeat interval. The absolute
error (AE) was then defined as the accuracy of these indicators and is expressed as follows:

AE = |xestimated − xre f erence|, (16)

where xestimated is the index estimated by the CW-DRS, and xre f erence is the index obtained
from the reference.

5.4. Analysis Results and Discussion of Estimated Cardiac Information

In this section, we calculated the estimation accuracy of the heart rate information
using the proposed method for all the data obtained in the experiments. The results from
analyzing the data measured in the lying position are shown in Table 3. In this analysis,
to confirm the effect of filtering by singular vectors in the proposed method, we compared
the results with those obtained using only a bandpass filter. In this analysis, to confirm the
effect of filtering by singular vectors in the proposed method, we compared the results with
those obtained using only a bandpass filter. The absolute errors of HR, SDHI, and RMSE
presented in Table 3 were calculated as follows.

Table 3. Comparison of heart rate estimation accuracy using bandpass filter on signals obtained from
subjects in lying position.

Data
AE of HR (bpm) AE of SDHI (s) RMSE (s)

BPF SVD+MF BPF SVD+MF BPF SVD+MF

1 15.1 5.6 0.138 0.070 0.33 0.19
2 6.6 3.8 0.075 0.067 0.24 0.22
3 7.0 0.80 0.177 0.017 0.24 0.07
4 11.3 3.3 0.224 0.093 0.39 0.16
5 8.0 0.47 0.171 0.046 0.34 0.12
6 1.3 0.60 0.099 0.062 0.20 0.16
7 3.1 0.08 0.077 0.017 0.25 0.11
8 9.5 1.0 0.179 0.030 0.34 0.16
9 5.8 0.67 0.179 0.066 0.30 0.21
10 3.9 2.9 0.112 0.103 0.25 0.21

Total 7.16± 3.87 1.93± 1.76 0.14± 0.048 0.057± 0.028 0.29± 0.056 0.16± 0.047

As shown in Table 3, the absolute errors of HR, SDHI, and RMSE were calculated to
be 7.16± 3.87 bpm, 0.14± 0.048 s, and 0.29± 0.056 s, respectively, for BPF. In the proposed
method, they were reduced to 1.93± 1.76 bpm, 0.057± 0.028 s and 0.16± 0.047 s, respec-
tively. Therefore, the proposed method is considered to be effective for estimating cardiac
information for data obtained in the stable supine position, which is assumed to involve
only slight body movements.

Next, we analyzed the effectiveness of the proposed method based on the data mea-
sured from the subjects in a sitting posture. In this analysis, a histogram was constructed
for the absolute error of the calculated cardiac information, as shown in Figure 11, due
to the large dataset comprising 212 subjects. Figure 11a shows the error distribution of
the HR estimated by the proposed method and BPF. Figure 11b shows the error distri-
bution of the estimated SDHI, where the blue and red lines in each figure represent the
cumulative frequency distributions of the data estimated by the proposed method and
BPF, respectively.
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Figure 11. Histograms showing the error of the estimated indices: (a) indicates the error distribution of HR, (b) represents
the error distribution of SDHI.

As shown in Figure 11a, 49 out of 212 subjects (i.e., 23% of the total number of subjects)
successfully estimated the HR within 5 bpm by the conventional method, whereas 81 of
the 212 subjects (i.e., 37% of the total number of subjects) successfully estimated the HR
within 5 bpm using the proposed method. Figure 11b shows that the percentage of subjects
who successfully estimated the SDHI within 0.125 s using the proposed method was 83%
compared with 10% using the conventional method. The percentage of subjects who
successfully estimated each index with high accuracy increased significantly, suggesting
that this method is effective for the sitting posture.

Finally, a comparison of the absolute errors of the estimated heart rate information for
the two postures is illustrated in Table 4.

Table 4. Comparison of heart rate estimation accuracy against subject’s posture.

Index
Lying Sitting

BPF SVD+MF BPF SVD+MF

AE of HR (bpm) 7.16± 3.87 1.93± 1.76 17.1± 10.9 9.72± 7.86
AE of SDHI (ms) 140± 48.1 57.0± 28.1 445± 222 81.3± 24.3

RMSE (ms) 287± 56.4 161± 47.0 601± 548 255± 304

Comparing the estimation results of the sitting and supine postures from the table,
it was discovered that the error of the sitting posture was larger than that of the lying
posture, regardless of the analysis method. This result is speculated to be due to the
fact that the subject’s posture was more unstable in the sitting posture than in the lying
posture, and that the effect of body motion was superimposed on the baseband signals.
Although the estimation accuracy of the proposed method was better than that of the
BPF method, it was confirmed that the estimation accuracy of the proposed method was
superior to that of the BPF method regardless of the subject’s posture.

6. Conclusions

We proposed a novel signal processing algorithm that combines signal decomposition
via SVD and signal recovery using an MF to extract weak cardiac signals from the vibration
of the chest surface to realize highly accurate heartbeat measurement using CW-DRSs.
In this study, we investigated the relationship between the SNR of the demodulated
signal and the accuracy of the heartbeat estimated using the proposed method. This
was performed by modeling the vibration of the chest surface caused by heartbeat and
respiration based on previous studies to determine the optimal parameters for the proposed
method. In addition, the accuracy of the proposed method for estimating the heart rate
was evaluated by acquiring biological signals in two different postures. Consequently, we
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observed that the absolute error of the heart rate information estimated using the proposed
method decreased significantly compared with that estimated by the BPF in both postures.
However, we evaluated data with superimposed body movements that naturally occur in
the sitting posture in this study. In addition, regarding the measurement system used in
this study, the analog front-end of the sensor back-end was developed in our laboratory.
As the amplification of the analog circuit was adjusted in consideration of the measurement
environment, a readjustment is necessitated when it is used in another environment.
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