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Abstract

The frequency-modulated continuous wave (FMCW) radar, known for its
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high range resolution, has garnered significant attention in the field of non-
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contact vital sign monitoring. However, accurately locating multiple targets
and separating their vital sign signals remains a challenging research topic.
This paper proposes a scene-differentiated method for multi-target localiza-

tion and vital sign monitoring. The approach identifies the relative positions

Published: N ber 29, 2024 . . . . .
Ffished: November of multiple targets using Range FFT and determines the directions of targets

via the multiple signal classification (MUSIC) algorithm. Phase signals within
the range bins corresponding to the targets are separated using bandpass fil-
tering. If multiple targets reside in the same range bin, the variational mode
decomposition (VMD) algorithm is employed to decompose their breathing
or heartbeat signals. Experimental results demonstrate that the proposed method
accurately localizes targets. When multiple targets occupy the same range bin,
the mean absolute error (MAE) for respiratory signals is 3 bpm, and the MAE
for heartbeat signals is 5 bpm.
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1. Introduction

In recent years, with the increasing frequency of public health issues and growing
awareness of personal health, health monitoring has garnered significant attention

and importance. Heart rate and respiratory rate are indispensable components of
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vital sign parameters and serve as common diagnostic indicators for numerous
diseases. Healthcare professionals can assess the severity of a patient’s condition
based on these parameters [1]. In hospitals, real-time monitoring of vital signs is
critical to ensuring patient recovery. Currently, clinical practices predominantly
rely on contact-based monitoring devices such as electrocardiograms (ECG) and
respiratory inductance plethysmography [2]. However, these methods often com-
promise patient comfort, restrict mobility, and pose risks of secondary injury, par-
ticularly for patients with surface wounds, such as burn victims. Furthermore, in
emergency rescue scenarios such as fires or earthquakes [3], rapid localization of
human targets is essential to facilitate timely rescue and maximize the chances of
survival. Therefore, research into non-contact vital sign monitoring and target lo-
calization is highly necessary.

Current technologies for non-contact vital sign monitoring and target localiza-
tion primarily include computer vision, thermal imaging modules, and radar sys-
tems [4] [5]. Each of these methods has its strengths and limitations. Computer
vision achieves vital sign monitoring and target localization by analyzing changes
in skin reflectivity and employing image processing techniques [6]. However, the
use of cameras raises privacy concerns, limiting their practical applications. Ther-
mal imaging modules [7] rely on the body’s thermal radiation to distinguish tar-
gets from their surroundings but are susceptible to interference from ambient
temperatures and other heat sources. In contrast, microwave radar [8] [9] detects
phase changes caused by chest or heart movements, capturing signals through
electromagnetic wave transmission and reception. It operates effectively in both
daytime and nighttime conditions, enabling continuous, uninterrupted monitor-
ing. Consequently, research on non-contact vital sign monitoring and target lo-
calization using microwave radar holds significant importance.

Currently, vital sign monitoring techniques for single individuals have become
relatively mature, with common optimizations addressing specific challenges. For
instance, improved variational mode decomposition (VMD) methods have been
employed to mitigate the impact of respiratory harmonics on heartbeat signals
[10], two-dimensional phase accumulation techniques enable efficient processing
of multi-chirp data [11], and Kalman filters are used to track target positions while
suppressing nonlinear noise caused by body movements by subtracting displace-
ment signals [12]. However, when monitoring multiple patients in a hospital ward
simultaneously, deploying multiple radar systems incurs high costs and results in
low utilization rates of radar modules. Consequently, some research teams have
shifted their focus to multi-target vital sign monitoring. The Fraunhofer Institute
for High Frequency Physics and Radar Techniques developed a 120 GHz MIMO
radar system that utilizes 3D image reconstruction to separate and detect the res-
piratory and heartbeat signals of two subjects located in different range bins [13].
Researchers from the China Coal Technology and Engineering Group achieved
target localization using permutation entropy combined with K-means++ cluster-

ing [14]. Similarly, Zhang et al employed Pearson correlation coefficients to
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determine the actual number of targets and utilized back-projection (BP) to cal-
culate their positions [15].

However, the afore mentioned studies primarily focus on scenarios where mul-
tiple targets are located at different range bins. In practical situations, hospital
beds are typically at the same height, leading to targets being positioned at the
same range. Therefore, this study explores target localization and vital sign mon-
itoring for multiple targets located within the same range bin.

To address the above challenges, this paper proposes a radar-based method for
vital sign monitoring using a differentiation framework. The method detects the
target’s range bin through Range FFT and determines the direction of targets us-
ing the Multiple Signal Classification (MUSIC) algorithm [16], thereby complet-
ing target localization. When multiple targets are located at different range bins,
phase signals from multiple range bins can be obtained. Bandpass filters are then
applied to the phase signals of each range bin to extract the corresponding breath-
ing and heartbeat signals. If multiple targets reside within the same range bin, the
breathing and heartbeat signals are first separated using bandpass filters. The
VMD algorithm is subsequently employed to extract the breathing or heartbeat
signals of each individual target. By correlating the signal amplitude with the en-
ergy intensity of the signal source, the method effectively matches the targets’ lo-
cations with their respective vital sign signals.

The structure of this study is as follows: Section II provides a detailed explana-
tion of the principles underlying target localization and vital sign monitoring. Sec-
tion III describes the experimental validation of the proposed method and pre-
sents the corresponding results. Section IV concludes the paper with a summary
of the findings.

2. Research Method

Frequency-modulated continuous wave (FMCW) radar enables vital sign moni-
toring by detecting phase variations in FMCW signals within specific range gates,

caused by subtle movements of the human chest and heart.

2.1. Radar Localization Principle

FMCW radar periodically transmits frequency signals that increase linearly over
time. When the target is stationary, the millimeter-wave radar’s range resolution
is on the order of centimeters, while the amplitude of chest or heart movements
is on the millimeter scale. Therefore, the human body can be approximated as a
static target, enabling static target localization.

The periodically transmitted linearly increasing frequency signals, known as

chirp signals, can be expressed as:
Spy (1) = Ay exp(j(27zfct+ myt’ +(o(t))) (1)

where f, is the starting frequency, B is the transmission signal bandwidth,

T, isthepulseduration, y =B/T, isthelinear frequency modulation slope, and

c
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@ is the initial phase. When the human target is stationary, the radial distance
from the radar to the human bodyis R,, 0<t<T7_.. The echo signal received by
the antenna after a time delay of 7=2R /¢ (where ¢ is the speed of light) is
given by:

S (1) = Agy exp(j(Zﬂfc (t—z')+7r7/(t—r)2 +o(t—t, ))) (2)

The mixer combines the transmitted signal with the echo signal, and after pass-
ing through a low-pass filter, the intermediate frequency (IF) signal is obtained.
The phase of the IF signal corresponds to the phase difference between the trans-

mitted signal and the echo signal, which can be expressed as:
Sy (1) = 4,4, exp(j(27z;/rt o frmyt + Ago(t)))
~ Ap Ay exp(j(2myrt+ 27 f,7)) (3)
A Apexp(j27 (S0 +4,))

Since myt® is very small, it can be approximated Ag(t) as negligible. Based
on the range-related effect, the term can also be ignored. Thus, the frequency and
phase can be expressed as: f, =2yR./c,¢, =4xnf. R, /c.By calculating the FFT
of the intermediate frequency (IF) signal, its frequency spectrum can be expressed

as:
S (f):ATARTc exp(j¢b)sinc(TC (f_fb)) 4)

By using incoherent accumulation, the distance corresponding to the maxi-
mum energy point can be determined. The frequency f, of the intermediate fre-
quency (IF) signal is obtained by finding the peak index of the frequency spec-
trum. Based on the formula: R, =cf, /2y.

The MUSIC algorithm performs eigenvalue decomposition on the covariance
matrix of the data received by the array antenna. From the matrix of eigenvectors
corresponding to different eigenvalues, it distinguishes between the signal sub-
space and the noise subspace. The eigenvectors corresponding to the larger eigen-
values form the signal subspace, while those corresponding to the smaller eigen-
values constitute the noise subspace. Due to the orthogonality between the signal
and noise subspaces, the spatial spectrum (or beamforming spectrum) can be cal-
culated. By searching for peaks in the spectrum, the direction of the target can be
determined. Therefore, by applying the MUSIC algorithm to process the target
phase signal from range bin, the direction information of the target can be ob-

tained.

2.2. Signal Preprocessing

After determining the target range bin, the phase information for that range bin

is obtained using the arctangent function:

imag (data
@, = tan™" —g( ) (5)
real(data)
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Since the phase obtained by the arctangent function lies within the range of
[-7, 7], any phase values exceeding this range will be wrapped back into it, caus-
ing phase ambiguity. To resolve this, phase unwrapping is applied to restore the
phase to its original form, resulting in phase changes that contain the target’s vital
sign information, as shown in the (6), where A¢(t) represents the difference be-

tween two adjacent phase values:

p(1)-6(t-1).  |p()-¢(t-1)|<z
Ag(1)=1¢(t)—¢(t-1)+27z, ¢(t)-p(t-1)<-7 (6)
¢(1)-g(1-1)-27z, ¢(1)-¢(t-1)>x

Since heartbeats cause weaker fluctuations compared to chest movements, this
paper implements phase differencing in the signal processing process by subtract-
ing consecutive phase values from the unwrapped phase. This approach effectively
eliminates baseline phase drift and suppresses low-frequency components, such
as the respiratory signal. As a result, high-frequency components, such as the
heartbeat signal, are enhanced, facilitating better identification of the heartbeat

signal.

2.3. Vital Sign Monitoring

The chest displacement caused by human breathing ranges from 1 to 12 mm,
while the heart displacement due to heartbeat is much smaller, ranging from 0.1
to 0.5 mm. The human respiratory rate is between 16 to 20 breaths per minute,
while the heart rate typically ranges from 60 to 100 bpm. These two frequencies
are significantly different from each other. A bandpass filter can extract signals
within a specific frequency range. Therefore, a bandpass filter can be used to ini-
tially separate the respiratory and heartbeat signals from the radar data.

Due to varying scenarios, the processing methods also differ. When targets are
at different range bins, the phase signals of different range bins can be processed,
and the bandpass filter can separate the respiratory and heartbeat signals for each
target. However, when multiple targets are located at the same range bin, after
using the bandpass filter to separate the respiratory and heartbeat signals, the
VMD algorithm is employed to decompose the breathing or heartbeat signals of
each individual target.

The VMD algorithm iteratively searches for the optimal solution of the model
to determine the center frequency and bandwidth of each component. After the
modalities are demodulated into baseband signals, they become smooth signals.
Moreover, the VMD algorithm can determine the number of modes to be decom-
posed, exhibiting strong adaptive characteristics. It overcomes the modal aliasing
issue present in the Empirical Mode Decomposition (EMD) algorithm, making
VMD more suitable for the practical needs of this study.

After obtaining the vital sign signals of each target, the heart rate and respira-
tory rate of each target can be estimated by calculating the frequency peak with

the maximum amplitude in the spectrum, as shown in the following formula:
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Vie = Ji %60 @)

where 7,

hr

represents the heart rate value, and f,, is the frequency peak in the
spectrum corresponding to the heart rate.

In addition, when multiple targets are located at the same range bin, the issue
of matching the targets with their corresponding vital sign signals arises. By sort-
ing the spectral amplitudes obtained from the MUSIC algorithm along with the
amplitudes of the vital sign signals, the correspondence between each target and
its respective vital sign signal can be established. The flowchart of the proposed

method is shown in Figure 1.

Signal Acquisition

Target Location

Direction of Targets | |[Range Bins of targets

}

‘ Phase Unwrapping ‘

|

‘ Phase Differences ‘

|

‘ Bandpass Filter ‘

0.1-0.6Hz i lO.B-SHz

Respiratory Signals| |Heartbeat Signals

VMD

‘ Single-person Signal ‘

Unique to Different Range Bins

Figure 1. The flowchart of the proposed method.

3. Experimental Setup and Processing

3.1. Experimental Setup

In this study, radar echo data and gold standard data were collected using a radar
module, a fingertip oximeter, and a respiratory monitoring belt. The radar module
consists of a radar board and a data acquisition board. The radar board is the
IWR6843ISK-ODS from Texas Instruments (TI), and the data acquisition board
is the DCA1000EVM from TI. The radar board is tuned to a frequency range of

60 - 64 GHz and includes 4 receiving antennas and 3 transmitting antennas. Radar
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echo data is collected via the Samtec interface and stored in binary files. The fin-
gertip oximeter is the CMS50E module from CONTEC, with data stored in CSV
format at a sampling frequency of 1 sample per second, meeting the experimental
requirements. The respiratory monitoring belt is a product developed by Renhe
Technology, with monitoring results transmitted via Bluetooth. The equipment
diagram is shown in Figure 2. In the diagram, the radar board and data acquisi-
tion board are shown in Figure 2(a), the fingertip oximeter is shown in Figure
2(b), and the respiratory monitoring belt is shown in Figure 2(c).

(©)

Figure 2. The equipment diagram. (a) The radar board and data acquisition board. (b) The
fingertip oximeter. (c) The respiratory monitoring belt.

3.2. Signal Acquisition

The data acquisition scenario in this study involves three targets sitting in front of
the radar board, each wearing a fingertip oximeter and a respiratory monitoring
belt to record ground truth values. The relative positions of multiple targets are
shown in Figure 3. In Figure 3(a), all three targets are located at the same range
bin, with the distance between the radar board and the human body set to 0.8
meters. In Figure 3(b), the three targets are located at different range bins, with
the radar board distances to the individuals being 0.6 meters, 1.4 meters, and 1.9

meters, respectively. During data collection, the radar board sampling rate was set

(@) (b)

Figure 3. Experimental scenario. (a) Targets located at the same range bin. (b) Targets
located at different range bins.
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to 4 MHz, with 200 sampling points, 2 chirps, and 1024 frames, resulting in a total

collection duration of 1 minute.

3.3. Experimental Processing

The radar echo data is stored in two channels, real and imaginary, resulting in a
data length of 6,553,600 points. The radar echo signal is shown in Figure 4. Before
processing the data, the real and imaginary channel data are combined into a com-
plex form. Since this study aims to detect vital sign signals from multiple targets,
static clutter removal is applied prior to signal processing to enhance the vital sign

signals.

6000

4000

2000

Amplitude

-2000

-4000

-6000

1 1 1 1 1
0 50 100 150 200 250 300

Sampling Points (N)

Figure 4. Radar echo signal.

The echo signals are arranged into a matrix form with fast time and slow time
dimensions. The fast time dimension, representing data from different range bins,
is subjected to a Range FFT, completing the conversion from the time domain to
the frequency domain. This process yields a Range FFT image, as shown in Figure
5. Figure 5(a) shows the image when all three targets are located at the same range
bin, while Figure 5(b) shows the image when the targets are located at different
range bins. In both cases, the Range FFT images clearly display the data.

When multiple targets are located at the same range bin, it is necessary to dis-
tinguish them based on the direction of targets. Validation was conducted using
data where multiple targets are located at different range bins. The MUSIC algo-
rithm was employed to determine the direction of targets, and the results are
shown in Figure 6. Specifically, Figure 6(a) illustrates the scenario where mul-

tiple targets are in the same range bin, while Figure 6(b) depicts the scenario where
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Figure 5. Range FFT image. (a) Targets located at the same range bin. (b) Targets located
at different range bins.
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Pseudo-spectrum (dB)

¢ (deg)
(b)

Figure 6. Direction of targets. (a) Targets located at the same range bin. (b) Targets located
at different range bins.

targets are in different range bins. For targets in different range bins, the target
closer to the radar board exhibits a larger signal amplitude, with the strongest en-
ergy corresponding to an echo signal from 66.5°. Additionally, the amplitudes of
three signals decrease progressively, further verifying the effectiveness of the MU-
SIC algorithm. In this study, the number of signal sources for the MUSIC algo-
rithm was set to 3, with 4 array elements and 1024 sampling points. This approach
successfully enables the localization of multiple targets within the same range bin.

After determining the target’s range information, the phase signal correspond-
ing to the identified range cell is extracted. Due to the presence of phase wrapping,
phase unwrapping is required to restore the signal to its original form. Phase dif-
ferencing is then applied to enhance the target’s heartbeat signal and eliminate
phase drift, completing the data preprocessing.

The band-pass filter for the respiratory signal is set to a frequency range of
0.1 - 0.6 Hz, while for the heartbeat signal, the filter is set to a frequency range
of 0.8 - 3 Hz. These band-pass filters effectively separate the respiration and
heartbeat signals. The signal waveforms before and after filtering are shown in
Figure 7. Specifically, Figure 7(a) displays the signal prior to bandpass filtering,
while Figure 7(b) illustrates the respiration signal after bandpass filtering, demon-
strating the effect of the filtering process.

When multiple targets are located at the same range bin, the VMD algorithm
is used to separate the vital sign signals of these targets. During the implementa-
tion of the VMD algorithm, a secondary penalty factor needs to be determined.
To avoid mode mixing and excessive computational load, the alpha parameter is
set to 50,000, which corresponds to the length of the input signal. To reduce noise
interference, the fidelity coefficient T is set to 0, and the convergence condition &

is set to 1077. After obtaining the vital sign signals, the breathing rate and heart
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Figure 7. Signal waveforms before and after filtering. (a) The signal prior to bandpass fil-
tering. (b) The respiration signal.

rate of each target are determined by identifying the peak frequency in the signal’s
spectrum. As shown in Figure 8, when the peak frequency is 1.07 Hz, the corre-

sponding heart rate is 64.2 bpm.

3.4. Results

The detection results for the three individuals at different range bins are 0.69
meters, 1.37 meters, and 1.93 meters, achieving a tracking accuracy of 94%. The
vital sign signals are shown in Figure 9. The mean absolute error (MAE) repre-
sents the average absolute difference between the true physiological measure-
ments of the targets and the monitoring results obtained using the proposed
method. For the case where the three individuals are at the same range bin, the

MAE for the breathing rate is 3 bpm, and the MAE for the heart rate is 5 bpm.
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Figure 9. Vital sign signals. (a) The first target’s respiratory signal. (b) The first target’s

heartbeat signal. (c) The second target’s respiratory signal. (d) The second target’s heart-
beat signal. (e) The third target’s respiratory signal. (f) The third target’s heartbeat signal.

When the individuals are at different range bins, the MAE for the breathing rate
is 2 bpm, and the MAE for the heart rate is 4 bpm. These results demonstrate that
the proposed method effectively addresses the separation of vital sign signals and

the positioning of multiple targets within the same range bin.

4. Conclusion

The method for multi-target positioning and vital sign monitoring based on
FMCW radar proposed in this paper reduces costs and improves radar utilization.
Through signal processing techniques, the processing results can be quickly ob-
tained, with the entire process taking only 8.6 seconds, enabling real-time moni-
toring of patients’ physiological parameters. The use of scenario-specific pro-
cessing methods eliminates the limitation of relative positions for multiple targets.
Additionally, radar-based vital sign monitoring often faces the issue of mis-
matched patient identities and physiological information; however, the amplitude
matching method proposed in this paper effectively addresses this problem. The
signal processing method proposed in this paper achieves high accuracy for target
positioning and vital sign monitoring. In the future, by extracting distance-angle
signals from human targets, more accurate monitoring can be realized in multi-

target, same-distance scenarios.
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