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Abstract: A novel non-contact vital-sign sensing algorithm for use in cases of multiple subjects
is proposed. The approach uses a 24 GHz frequency-modulated continuous-wave Doppler radar
with the parametric spectral estimation method. Doppler processing and spectral estimation are
concurrently implemented to detect vital signs from more than one subject, revealing excellent results.
The parametric spectral estimation method is utilized to clearly identify multiple targets, making it
possible to distinguish multiple targets located less than 40 cm apart, which is beyond the limit of the
theoretical range resolution. Fourier transformation is used to extract phase information, and the
result is combined with the spectral estimation result. To eliminate mutual interference, the range
integration is performed when combining the range and phase information. By considering breathing
and heartbeat periodicity, the proposed algorithm can accurately extract vital signs in real time by
applying an auto-regressive algorithm. The capability of a contactless and unobtrusive vital sign
measurement with a millimeter wave radar system has innumerable applications, such as remote
patient monitoring, emergency surveillance, and personal health care.
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1. Introduction

Heart rate and respiration are two essential vital signs that indicate the basic functioning of a
human body [1–3]. They can be used for the diagnosis and prevention of cardiopulmonary diseases
such as sleep apnea and arrhythmia. From this perspective, various researchers have contributed
to the technical improvement of sensing methods for physiological signals, including heart rate and
respiration. Among the various sensing methods for vital signs, non-contact and non-constraint
sensors based on radio frequency (RF) and microwave techniques are promising approaches [4–7].
Non-contact vital sign sensors have the distinct advantage of possible continuous monitoring without
patient perception; hence, they can be used for monitoring patients at risk of sudden infant death
syndrome (SIDS) or sleep apnea [8,9]. In addition, they can be used as a home care service for the
elderly through continuous monitoring system [10,11]. Furthermore, they can be used for a driver
monitoring system for detecting and alerting drowsy driver [12–15].

However, in practical applications, non-contact RF vital sign sensors face a critical difficulty in
detecting multiple subjects, which presents an inevitable problem for realistic applications. It is difficult
to distinguish each vital sign, if there are two or more subjects within the radar beamwidth [16–20].
Recently, researchers have separated vital signs by using methods such as independent component
analysis (ICA) or variational mode decomposition (VMD) [21,22]. However, because these methods
merely separate signals, it is difficult to identify the subject of each vital sign. Thus, other techniques
for extracting vital signs from multiple subjects must be developed. The strategy is to position
subjects and extract vital signals at each location. The typical approaches are UWB radar [23–25]

Remote Sens. 2019, 11, 1237; doi:10.3390/rs11101237 www.mdpi.com/journal/remotesensing

http://www.mdpi.com/journal/remotesensing
http://www.mdpi.com
https://orcid.org/0000-0002-4160-2900
https://orcid.org/0000-0001-6711-289X
http://www.mdpi.com/2072-4292/11/10/1237?type=check_update&version=1
http://dx.doi.org/10.3390/rs11101237
http://www.mdpi.com/journal/remotesensing


Remote Sens. 2019, 11, 1237 2 of 15

and frequency-modulated continuous-wave (FMCW) Doppler radar. UWB radar has a high range
resolution because of the wide bandwidth available through the emission of a narrow impulse; thus,
it can easily localize the target. However, it is inefficient in terms of complexity and cost for the use of
vital sign detection.

FMCW Doppler radar can extract both distance and phase information; thus, researchers have
been interested in distinguishing the position of each subject and tracking vital signs. Recently,
a hybrid radar system integrating FMCW mode and interferometry mode was developed [26–29].
Two-dimensional location is determined by FMCW radar incorporated with a mechanically or
electronically rotating system and the vital sign is detected by an interferometry system based on
CW radar. However, they excluded the situation where multiple subjects are within a beamwidth,
especially for two adjacent subjects.

When there are two or more subjects within a beamwidth, it is not simple to distinguish each
subject. Two major problems are target identification and mutual interference. Because a rear subject
is relatively weaker than a front subject due to the path loss, a rear subject can be obscured by the
signal of a front subject. In addition, when two subjects are close within the radar resolution limit
caused by finite bandwidth, they can be overlapped. Moreover, even if they are separated, it is
difficult to accurately detect each vital sign because of mutual interference. Therefore, clear target
identification and mutual interference elimination are significant factors for vital sign monitoring of
multiple subjects.

The present study proposes a novel vital-sign sensing algorithm for clear target identification and
accurate vital sign estimation using a single 24 GHz FMCW Doppler radar based on FCC regulation.
The proposed algorithm approaches the problem from three perspectives: (1) clear target identification;
(2) elimination of mutual interference, especially in the case of two adjacent subjects within range
resolution limit; and (3) vital sign retrieval with minimal ambient noise. For this purpose, with the
proposed method, phase information is formed by the fast Fourier transform (FFT) method, while
range information is obtained by the parametric spectral estimation method, which provides accurate
and high-resolution results [30,31]. The physiological signals are extracted from the combined two
types of information. The mutual interference is eliminated by range integration. Furthermore, each
periodic vital signal is retrieved by the auto-regressive (AR) method [32,33]. For the performance
validation of the proposed method, commercial piezoelectric sensors for breathing and heartbeat
are used.

The remainder of this paper is structured as follows. In Section 2, the mechanism of the proposed
algorithm is presented. In Section 3, simulation and experimental results of the proposed algorithm
are demonstrated in various practical scenarios and the overall performance is verified.

2. Methods

2.1. Algorithm Architecture

Figure 1 shows a flow chart of the proposed vital sign-sensing algorithm for a plurality of targets.
It consists of three steps: data acquisition, feature extraction, and vital sign detection. In the data
acquisition step, the beat signal is obtained from the FMCW radar system. This signal is generated
by deramp processing, which mixes the transmitted and received signals via a mixer and applies a
low-pass filter to the mixer output. Range and phase information are concurrently extracted in the
following step (i.e., feature extraction). The role of range estimation is to determine the number of
subjects and provide distance information. The role of phase information is to determine the phase
deviation caused by the Doppler effect at each location. This concurrent processing can provide more
complete target information that cannot be obtained using Doppler processing alone. In the vital
sign detection stage, vital sign information is extracted from phase data at each location acquired in
feature extraction stage. Prior to extracting vital signs, the errors caused by dispersed human subjects
are compensated by the range integration of the signals. Furthermore, the range integration reduces
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mutual interference, performing an obvious signal separation even in a situation where two subjects
are adjacent within the radar resolution limit. The AR method, which is a parametric estimation
method, retrieves the vital sign data after integration. The details of each step are elaborated in the
sections that follow.

Figure 1. Flow chart of the proposed algorithm: (I) data acquisition from the radar system; (II) feature
extraction for range and phase information in parallel; and (III) tracking vital signs.

2.2. Feature Extraction

In this step, the distance of each subject and the phase information necessary for the extraction of
vital signs are simultaneously obtained by respective suitable methods. For multiple subjects, the time
series beat signal at the kth modulation period is expressed as follows:

Sb(t, τ) =
N

∑
n=1

ρn exp
[

j
(

2π
2mRn(τ)

c
t +

4π fcRn(τ)

c

)]
, t ∈ [(k− 1)Tm, kTm) (1)

where N is the number of the target; t is the so-called “fast time”; τ is the so-called “slow time”; ρn is
the reflectivity of the nth target, which is a function of the radar cross section (RCS) and range; m is the
frequency modulation slope; Rn is the range of the nth target; fc is the carrier frequency; and Tm is the
modulation period. Physiological signals, such as respiration and heartbeat, are a very slow-moving
target compared to the modulation frequency, making it appear as if the target is stationary during
each modulation period. In other words, the target range is assumed to be constant for each period of
frequency modulation by the stop-and-go hypothesis. Equation (1) consists of the sum of exponential
functions with constant beat frequencies fb,n = 2mRn/c.

The phase information matrix can be formulated as follows using the Fourier transform:

Sb( f , τ) =
N

∑
n=1

ρnTm exp
[

j
4π fcRn(τ)

c

]
sinc [Tm ( f − fb,n)] . (2)

Equation (2) shows that, when there are two or more people in front of a radar, the accurate extraction
of the beat frequency for each subject in the frequency domain is not straight forward, except for the
most front target, due to the mutual interference between the reflected signals. Even further, if targets
are placed within the theoretical resolution limit, the conventional FFT-based method cannot resolve
multiple subjects because of the overlapped main lobes of the sinc functions. To overcome this problem,
the MUSIC algorithm is utilized to provide accurate, precise, and high-resolution results in estimating the
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beat frequency representing the range information. However, the MUSIC algorithm does not provide
the necessary phase information; hence, the conventional FFT method is performed in conjunction with
the MUSIC algorithm to provide phase information for each subject. Thus, the beat frequencies fb,n are
obtained by the MUSIC algorithm, and the phase information matrix Sb( f , τ) is simultaneously generated
by the FFT method at each modulation period. The detailed derivations of the formula for obtaining beat
frequencies by the MUSIC algorithm are presented in the Supplementary Materials.

2.3. Vital Sign Detection

The range and phase information acquired in the preceding step are combined to retrieve vital
signals for multiple subjects. The phase information is extracted from the FFT data, whose frequency
is fixed at the beat frequency acquired by the MUSIC algorithm. The vital signal of the pth target can
then be expressed as follows:

xp(τ) = Sb( fb,p, τ)

= ρpTm exp
[

j
4π fcRp(τ)

c

]
+

N

∑
n=1
n 6=p

ρnTm exp
[

j
4π fcRn(τ)

c

]
sinc

[
Tm

(
fb,p − fb,n

)]
. (3)

In Equation (3), the first term shows the body movement of the pth target, while the second
term describes the mutual interference from other subjects. The second term is a function of the sinc
function; thus, its influence increases if two subjects approach each other, especially for the situation
within the resolution limit. To reduce the effect of mutual interference, the integration of several cm is
performed in consideration of the property of the sinc function.

For the ease of calculation, it is assumed that the total number of subjects is two and the RCSs
of two subjects are identical. Because the human body is an electromagnetically dispersed target,
the reflectivity ρ is proportional to 1/R. Equation (2) can be expressed as follows:

Sb( f , τ) = α1( f ) y1(τ) + α2( f ) y2(τ) (4)

where

α1( f ) =
sinc [Tm ( f − fb,1)]

R1
, α2( f ) =

sinc [Tm ( f − fb,2)]

R2
,

y1(τ) = exp
[

j
4π fcR1(τ)

c

]
, y2(τ) = exp

[
j
4π fcR2(τ)

c

]
.

(5)

The effect of mutual interference depends on the ratio of coefficients α1 and α2 at each position.
Thus, the mutual interference to signal ratio is α2/α1 at the position of R1 and α1/α2 at the position
of R2. As the two subjects approach each other, the mutual interference increases, and each ratio
of the coefficients also increases accordingly. Especially in the case of two adjacent subjects within
the resolution limit, the vital sign is erroneously detected due to the mutual interference. Therefore,
the ratio of coefficients should be reduced to detect the vital signs properly.

With the range integration, the vital signals of each subject can be formulated as follows: I1(τ) =
∫ fb,1

fb,1−∆ f Sb( f , τ) d f = y1(τ)y11 + y2(τ)y12

I2(τ) =
∫ fb,2+∆ f

fb,2
Sb( f , τ) d f = y1(τ)y21 + y2(τ)y22

(6)
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where

y11 =
∫ fb,1

fb,1−∆ f
α1( f )d f , y12 =

∫ fb,1

fb,1−∆ f
α2( f )d f ,

y21 =
∫ fb,2+∆ f

fb,2

α1( f )d f , y22 =
∫ fb,2+∆ f

fb,2

α2( f )d f .
(7)

Thus, the mutual interference to signal ratio is y12/y11 at the position of R1 and y21/y22 at the
position of R2. Figure 2 shows the mutual interference to signal ratio on each subject with varying the
range difference. Despite the occurrence of some position estimation error, the vital signal of the front
subject is robust to the mutual interference because of its relatively larger amplitude. On the other
hand, the vital sign of the rear subject is susceptible to mutual interference. Thus, it is necessary to
consider a method for removing the effect of mutual interference to the rear subject.

Assuming that the vital signs are correctly detected regardless of the mutual interference in a
situation where range difference is larger than the resolution limit of 60 cm, the threshold value can be
determined to be 0.45. The influence of the mutual interference is investigated based on the threshold
value, as shown in Figure 3. When the error of the position estimation is −10 cm, a wider coverage
area eliminates more mutual interference. However, when the error of the position estimation is 10 cm,
a wider coverage area deteriorates the situation. According to the threshold value of the ratio, it is
optimal to set the integration area to approximately 30 cm. When the integration area of 30 cm is
applied, the mutual interference to signal ratio is less than the threshold value even in situation where
the range difference is 40 cm, which can be called detection limit. On the other hand, the detection
limit without range integration is 60 cm. This shows that the range integration is effective to eliminate
the mutual interference for two adjacent subjects.

Figure 2. Influence of the mutual interference with varying range difference and position estimation
error: (a) front subject (y12/y11); and (b) rear subject (y21/y22).

Figure 3. Effect of the range integration for the rear subject (y21/y22): (a) position estimation error:
−10 cm; and (b) position estimation error: 10 cm.
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Furthermore, some errors may arise in the data extracted from only one point, where the
local maximum is displayed in the result of the MUSIC algorithm, because the human body is an
electromagnetically disperse target. Therefore, the range integration not only corrects the errors in
tracking vital signs, but also isolates vital signs from each other due to the characteristics of the sinc
function, especially for adjacent subjects within the radar resolution limit.

Before the vital sign detection, the phase information is extracted from the output of the
range integration at each position. Using the characteristics of the complex value, the arctangent
demodulation is used for the extraction of the phase information. The extracted phase information of
the pth target can be formulated as follows:

vp(τ) = tan−1
[={Ip(τ)}
<{Ip(τ)}

]
. (8)

Detecting vital signs using the FFT method is difficult because Doppler radar systems are
vulnerable to small-motion artifacts and ambient noise. Thus, the AR method, which has advantages
in conditions where the objective to be interpreted is distinctly defined, is utilized to exploit the fact
that pulse and breathing have a well-defined periodicity in viewpoint of the observation time of a few
seconds. The detailed derivations of the formula for obtaining vital signs by the AR algorithm are
presented in the Supplementary Materials.

3. Results and Discussion

3.1. Simulation Results

Simulations were conducted with the conventional FFT method and the proposed feature
extraction method for two separation distances between two targets to evaluate the performance
of the proposed algorithm for the vital sign detection of multiple targets: one closer than the theoretical
range resolution and the other greater. No external noise or clutter was assumed to exist, but path
loss was considered. Figure 4 shows the configuration of the simulation. The frequency range of the
FMCW radar was from 24.00 to 24.25 GHz (i.e., it had a 250 MHz bandwidth, a resulting resolution
limit of 60 cm, and a modulation frequency of 100 Hz). The displacements of the subject caused by
respiration and heartbeat were assumed to be 10 and 0.3 mm, respectively. The respiration and the
heart rate of the front target were 18 beats per minute (bpm) and 66 bpm, respectively, while those of
the back target were 24 and 84 bpm, respectively.

Figure 4. Simulation setup.

In the first case, two subjects were placed at 120 cm and 300 cm from the radar, meaning that
their separation distance was greater than the theoretical range resolution. Figure 5a shows the
range estimation results. With the FFT method, a strong peak at the front subject position was
clearly observed, but several peaks thereafter, causing range ambiguity for the rear target. The signal
amplitude from the rear subject was considerably weaker than that of the front one; hence, the signal
from the target behind was masked by the sidelobe of the front subject’s signal. In contrast, when the
proposed feature extraction method was applied, two subjects were clearly distinguished, as shown in
Figure 5a. In the second case, two subjects were placed closer together than the theoretical range: one
was at 120 cm, and the other was at 170 cm. As shown in Figure 5c, with the FFT method, two sinc
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functions from the reflected signals of both subjects overlapped to form one peak. On the contrary,
the proposed feature extraction method could distinctly detect the closely spaced subjects.

Phase information was utilized at the range of each subject, which was estimated by the proposed
feature extraction method, to extract vital signs from each subject independently. The signal amplitude
of the pulse signal was relatively smaller than that of the respiration signal; thus, detecting the heart
rate signal was quite challenging. The normal frequency ranges of breathing and heartbeat signals
are well defined. Both signals can be separately detected by appropriate bandpass filters. For typical
adults, the resting heart rate is in the range between 60 and 100 bpm. Thus, the frequency range of the
bandpass filter for respiration detection was delimited to between 0.2 and 0.8 Hz (i.e., 12–48 bpm),
while that of the bandpass filter for heartbeat detection was 0.8–3 Hz (i.e., 48–180 bpm). Figure 5b,d
shows the vital signs of each subject extracted from the AR method, revealing an excellent agreement.

Figure 5. Simulation results for two targets: (a) range estimation for two targets at distances of 120 and
300 cm; (b) heart rate and respiration extraction for two targets at distances of 120 and 300 cm using
the AR method; (c) range estimation for two targets at distances of 120 and 170 cm; and (d) heart rate
and respiration extraction for two targets at distances of 120 and 170 cm using the AR method.

The third case was a more extreme case: two subjects were placed at 120 cm and 160 cm from the
radar. Even in this extreme case, the proposed feature extraction method could clearly distinguish two
subjects, as shown in Figure 6a. However, when the phase information was extracted at a single point,
the vital signal detection was not performed normally. The mutual interference depicted in the second
term of Equation (3) significantly increased; hence, the signal detection of front subject was impeded
by the signal from the rear subject and the signal detection of rear subject was impeded by the signal
from the front subject, as shown in Figure 6b. In contrast, with the range integration, the respective
vital signs were accurately retrieved, as shown in Figure 6c.

In addition, to confirm the effectiveness of the proposed method in noisy environments, the root
mean square error (RMSE) was calculated as a function of signal-to-noise ratio (SNR) for the following
two examples: (1) two subjects located at 120 cm and 300 cm; and (2) two subjects located at 120 cm
and 160 cm. The range was estimated by the proposed feature extraction method and the vital sign
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was detected by AR method. When two subjects were placed farther than the theoretical resolution
limit, they were clearly identified and each vital sign was accurately detected, as shown in Figure 7a–c.
Because the separation distance was large, the effect of mutual interference was negligible, thus the
range integration hardly affected the detection accuracy. In Figure 7c, the range integration appeared
to increase the error, but the difference was insignificant owing to the value below −35 dB. When
two subjects were placed closer than the theoretical resolution limit, they were clearly identified over
a SNR of 15 dB. Although the range was accurately detected, the heart rate of each target showed
different results because of the mutual interference, as shown in Figure 7e,f. However, with the range
integration, the vital signs were exactly detected. In summary, it was confirmed that, even if the targets
were placed within the theoretical range resolution limit, the proposed algorithm can accurately extract
the vital signs once the SNR exceeds 15 dB. This verifies that the proposed algorithm is suitable for
vital sign detection of multiple subjects, especially in the case of two adjacent subjects within the
resolution limit.

Figure 6. Simulation results for two subjects at distances of 120 and 160 cm: (a) range estimation; (b) vital
sign detection without the range integration; and (c) vital sign detection with the range integration.

Figure 7. Root mean square error (RMSE) according to SNR for the proposed algorithm: (a) RMSE of
range estimation at distances of 120 and 300 cm; (b) RMSE of heart rate and respiration detection for
the front target at a distance of 120 cm (rear target: 300 cm); (c) RMSE of heart rate and respiration
detection for the rear target at a distance of 300 cm (front target: 120 cm); (d) RMSE of range estimation
at distances of 120 and 160 cm; (e) RMSE of heart rate and respiration detection for the front target at a
distance of 120 cm (rear target: 160 cm); and (f) RMSE of heart rate and respiration detection for the
rear target at a distance of 160 cm (front target: 120 cm).
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3.2. Measurement Procedure

Piezoelectric transducer sensors for breathing (UFI-1132, UFI) and heartbeat (UFI-1010, UFI) were
used for comparison to validate the performance of the proposed algorithm. The bandwidth of the
FMCW Doppler radar (IVS-162, InnoSenT) was 250 MHz, which is compliant with FCC regulations
(i.e., from 24.00 to 24.25 GHz). The equivalent isotropic radiated power (EIRP) is 15 dBm. The horizontal
3 dB beamwidth is 45◦ and the vertical 3 dB beamwidth is 38◦. The horizontal sidelobe suppression is
15 dB and the vertical sidelobe suppression is 20 dB. The real-time signal was digitized by the data
acquisition board (DAQ: NI-9234) and saved by a custom LabVIEW setup. The modulation frequency
was 100 Hz, and the sampling rate was 6400 samples/s.

The experiments were conducted in a fixed state with sitting chairs. When performing
measurements for the vital signs of two people, subjects were positioned within the beam width of the
radar. In performance verification, only the line-of-sight (LOS) situation for each subject was considered
without regard to the azimuth angle. Figure 8 presents the experimental setup for two people.

Figure 8. Experimental setup: (a) overview; and (b) top view.

3.3. Measurement Results

Two different experiments were conducted to validate the performance of the proposed algorithm:
(1) a single-subject measurement as a function of the distance from the radar; and (2) multiple-subject
measurement as a function of the separation distance between the two subjects. The measurements
were taken in an indoor hallway, and the target range decided was the distance from the radar to the
human subject.

3.3.1. Single-Subject Measurement

The single-subject measurement was performed to confirm the stability and the reliability of the
proposed algorithm. The target range was set at intervals of 60 cm from 120 to 300 cm. Figure 9a,b
represents the measurement results at a distance of 300 cm. The resolution of the target range appeared
to be relatively large compared to that in the simulation results because of the ambient noise and
disperse human body targets. Nevertheless, the estimated locations, where the maximum value of
the results were observed, were in good agreement with the actual distance. As a result of extracting
phase information at the estimated location, the heartbeats and the respiration signals obtained via an
appropriate bandpass filter agreed very well with the signals obtained from the piezoelectric sensor.
Figure 9c summarizes multiple measurement results as a function of the distance from the radar to the
subject, revealing an excellent agreement with errors of less than 10 cm.

3.3.2. Multiple-Subject Measurement

Multiple-subject measurements were conducted in two different scenarios based on distance:
(i) where the interval between the two targets is greater than the theoretical range resolution; and
(ii) where the interval is smaller than the theoretical range resolution.
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First, the two subjects were positioned at 130 and 300 cm away from the radar such that the
distance between the subjects was larger than the theoretical range resolution of 60 cm. Figure 10a
represents the normalized amplitude of the received signal in the distance domain. The amplitude of
the front target was relatively larger than that of the rear target. As a result, the signal information
obtained by the FFT method did not distinguish the signal from the rear target because it was masked
by the sidelobe of the sinc function. On the other hand, the results obtained using the proposed method
clearly displayed the location of the subject signal despite the large signal difference between the front
and rear targets. For real-time data, the short-time autoregressive (STAR) method was performed at
1 s intervals with 10 s windows. The detailed derivations of STAR are presented in the Supplementary
Materials. Figure 10b,c shows the real-time vital signals extracted at each subject position with the
proposed method. Figure 10d shows the extracted peak values of the real-time data for each sensor,
and Figure 10e shows the spectrum analysis result of total time data for each sensor. The results agreed
well with the reference finger sensor data in both cases, as shown in Figure 10d,e.

Figure 9. Measurement results for a single person at a distance of 300 cm: (a) range estimation; (b) heart
rate and respiration; and (c) range estimation varying with distance from the radar.

Figure 10. Measurement results for two targets: (a) range estimation for two targets at distances of 130
to 300 cm; (b) real-time heart rate for the front target at a distance of 130 cm; (c) real-time heart rate for
the rear target at a distance of 300 cm; (d) comparison between the proposed method and the reference
sensor in real-time data; and (e) comparison between the proposed method and the reference sensor in
terms of the total time.

Second, Figure 11a shows the measurement results in the case where two subjects were placed
at 130 and 170 cm away from the radar, which was closer than the theoretical distance resolution.
In the results acquired using the FFT method, distinguishing each subject was difficult because of
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the overlapping signals from the two adjacent people. By contrast, the proposed method clearly
distinguished the positions of the two people. Interestingly, despite the accurate localization, the vital
sign of the rear subject did not coincide with the reference sensor data, as shown in Figure 11d,e.
It provided the vital sign of the front subject, not the rear subject because of the large signal interference.
With the range integration, the proposed method obviously compensated the mutual interference,
revealing an excellent agreement with the reference sensor data, as shown in Figure 12.

Figure 11. Measurement results for two targets: (a) range estimation for two targets at distances of
130 to 170 cm; (b) real-time heart rate for the front target at a distance of 130 cm; (c) real-time heart
rate for the rear target at a distance of 170 cm; (d) comparison between the proposed method and the
reference sensor in terms of the real-time data; and (e) comparison between the proposed method and
the reference sensor in terms of the total time.

Additionally, the measurement for the three subjects was conducted. Figure 13a shows the
measurement results in the case where the three subjects were placed at 130, 180 and 300 cm away from
the radar. The FFT method did not distinguish the three subjects. On the other hand, the proposed
method clearly distinguished the positions of the three people. Furthermore, despite some errors in
the range estimation, the vital signs of each subject correctly coincide with the reference data, as shown
in Figure 13b–e.

Lastly, the measurements were conducted 15 times each by varying the distance between the two
subjects to evaluate the sensor reliability. The front person was fixed at a distance of 130 cm away from
the radar. The distance to the rear person was changed from 170 to 300 cm (Table 1). The proposed
sensor detected the heart rate to within an error of 5 bpm, regardless of the distance between the
subjects. Furthermore, with the range integration, it provided precise results with the low standard
deviation, especially in the case of the adjacent two subjects within the radar resolution limit. In Cases
1, 4 and 5, the accuracy of the rear subject appears to be better than that of the front subject. It is caused
by the difference in the degree of the minute motion artifacts. However, considering that the 1% error
in the heart rate of 60 bpm implies an error of 0.6 bpm, the difference between the detection accuracy
of the front and rear subjects is negligible.
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Figure 12. Compensated measurement results for two targets with the range integration: (a) real-time
heart rate for the front target at a distance of 130 cm; (b) real-time heart rate for the rear target at a
distance of 170 cm; (c) comparison between the proposed method and the reference sensor in terms of
the real-time data; and (d) comparison between the proposed method and the reference sensor in terms
of the total time.

Figure 13. Measurement results for three targets: (a) range estimation for three targets at distances of
130, 180 and 300 cm; (b) comparison between the proposed method and the reference sensor in terms
of the real-time data; (c) heart rate for target 1 in terms of total time; (d) heart rate for target 2 in terms
of total time; and (e) heart rate for target 3 in terms of total time.
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Table 1. Repeatability test of detection accuracy for vital signs.

Case Subject Location Detection Accuracy

w/o Range Integration w/ Range Integration

1 Front 130 cm 93.98% ± 6.99 % 96.99% ± 4.21%
Rear 300 cm 91.72% ± 8.84% 97.24% ± 3.28%

2 Front 130 cm 99.12% ± 0.79% 99.22% ± 1.33%
Rear 260 cm 93.29% ± 7.58% 96.28% ± 5.46%

3 Front 130 cm 96.46% ± 8.53% 98.32% ± 2.39%
Rear 220 cm 94.28% ± 4.77% 94.47% ± 5.32%

4 Front 130 cm 92.74% ± 9.21% 97.13% ± 5.50%
Rear 180 cm 88.39% ± 9.89% 97.20% ± 1.96%

5 Front 130 cm 98.62% ± 1.21% 98.88% ± 1.91%
Rear 170 cm 84.02% ± 15.52% 99.27% ± 0.41%

3.4. Discussion

The proposed algorithm provided an outstanding performance. It is verified that the proposed
method can detect the vital signs for two subjects in a direction using a single radar. When two subjects
are closer than 40 cm, it is possible to identify the subjects by the proposed feature extraction method,
but the vital signs are erroneously detected owing to the significant mutual interference. Therefore,
the detection limit of the proposed method is 40 cm, which is superior to the theoretical resolution limit
and has sufficient efficiency. Because the range used in this study is the distance between the radar
and the chest of a human body, it is possible to distinguish between two subjects approximately
20–30 cm apart by considering the thickness of the human body. Furthermore, combining the
proposed method with a beam-steering system, it is possible to detect the position and vital signs in a
two-dimensional situation.

Although the results of the proposed method suggested excellent performance, there are a few
issues to consider for practical application. One is the suppression of clutters. The MUSIC algorithm
cannot separate the stationary clutter because it does not provide the phase information. It can be
solved by the micro-Doppler effect. A stationary target and a moving target can be distinguished
by the standard deviation of phase information. After target identification by the MUSIC algorithm,
the stationary clutters can be separated by the micro-Doppler effect. Another is the motion artifact,
which is an inevitable issue for the vital sign sensor. The signals of the subtle movements such as hand
gestures or legs shaking are much larger than the vital signs, making it difficult to detect the vital sign
while moving. The other is sidelobe suppression. When the sidelobe suppression is not sufficiently
achieved, it makes the ghost image of the target located on the direction of the sidelobe. It degrades
the performance of the proposed algorithm. To eliminate the performance degradation due to sidelobe
effect, the sidelobe should be lowered enough when designing an antenna. Therefore, these issues
need to be resolved for further real applications.

4. Conclusions

A novel remote non-contact vital-sign sensing algorithm for multiple subjects is proposed based
on a 24 GHz FMCW Doppler radar using the parametric spectral estimation technique. This algorithm
utilizes high-resolution signal processing techniques to overcome the ambiguity of range detection
based on the conventional FFT method. Vital signs not only for one person, but also for a plurality of
people can be retrieved in real time by integrating range detection with the high-resolution method
and phase information extracted from the conventional FFT method. The proposed algorithm can
detect the vital signs of two adjacent people less than 40 cm apart by overcoming the theoretical range
resolution at the given frequency bandwidth. We envision that this approach can be applied to various
practical situations, such as home care, medical assistance, and driver-monitoring systems.
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