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Abstract—This study proposes a data fusion method for
multiradar systems to enable measurement of the respiration
of multiple people located at arbitrary positions. Using the
proposed method, the individual respiration rates of multiple
people can be measured, even when echoes from some of
these people cannot be received by one of the radar systems
because of shadowing. In addition, the proposed method does
not require information about the positions and orientations
of the radar systems used because the method can estimate
the layout of these radar systems by identifying multiple
human targets that can be measured from different angles
using multiple radar systems. When a single target person can
be measured using multiple radar systems simultaneously,
the proposed method selects an accurate signal from among
the multiple signals based on the spectral characteristics.
To verify the effectiveness of the proposed method, we per-
formed experiments based on two scenarios with different
layouts that involved seven participants and two radar sys-
tems. Through these experiments, the proposed method was
demonstrated to be capable of measuring the respiration of all
seven people by overcoming the shadowing issue. In the two
scenarios, the average errors of the proposed method in esti-
mating the respiration rates were 0.33 and 1.24 respirations
per minute (rpm), respectively, thus demonstrating accurate
and simultaneous respiratory measurements of multiple peo-
ple using the multiradar system.

Radar 1)

Index Terms— Biomedical engineering, data fusion, radar measurement, radar imaging, radar signal processing.

|. INTRODUCTION

ESPIRATORY measurements have become increasingly
important in a variety of applications, including health-
care, home medication, medical alert systems for babies, and
monitoring systems for infants and senior citizens. To monitor
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patient respiration in such applications, many sensors and sys-
tems have been developed [1]-[3]. Systems that use radar are
particularly promising because there is no need for the patient
to wear a device. As a result, respiration can be measured over
the long term without causing patient discomfort. A number
of existing studies have been reported on the measurement
of people using radar techniques, including systems for the
estimation of the locations of people [4]-[9], tracking of
people in motion [10]-[17], posture recognition [18]-[20],
and detection of patient vital signs, including heartbeat and
respiration [21]-[41].

Another advantage of radar-based respiratory measurement
is the possibility of performing simultaneous measurements
of the respiration of multiple people using only a single
device. There have been numerous studies in which a single-
radar system has been used to measure the respiration of
multiple people [21]-[39]. For example, Nosrati ef al. [36],
Islam et al. [37], Su et al. [38], and Koda et al. [39] used
single-radar systems to demonstrate simultaneous measure-
ment of the respiration of two, three, three, and seven people,
respectively. These studies, however, did not consider the
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effect of the shadowing problem, in which an echo from one
target person is blocked by another person located between
the first person and the radar system; this results in the radar
system being unable to detect a person (or some people) when
multiple people are present in the scene.

To overcome the shadowing problem, this study introduces
simultaneous use of multiple radar systems to perform res-
piratory measurements of multiple people. There have been
previous studies that used multiradar systems to measure the
respiration of multiple people: Shang ef al. [40] used two
radar systems to measure two people in the presence of
body motion, and Yang et al. [41] used two radar systems
to measure five people. In these studies, it was assumed that
the relative positions and orientations of the radar systems
were known in advance, and that the echoes from all target
people could be measured directly by each of the radar systems
without the shadowing problem. These assumptions, however,
cannot always be satisfied in practice, which hinders the use
of the radar-based respiratory measurement approach in actual
daily environments.

As discussed above, none of the existing studies have
accounted for the effect of the shadowing problem, which pre-
vents the echo from one person from being detected by one of
the radar systems. In this study, we propose a novel multiradar
data fusion method to perform respiratory measurements that
can measure multiple people simultaneously. The proposed
method can mitigate the effect of the shadowing problem using
multiple radar systems without knowing the relative locations
and orientations of these radar systems. The proposed method
generates multiple radar images using the multiradar data, and
these radar images are then converted into multiple sets of
two-dimensional point clouds. To align these point clouds,
the proposed method then estimates the relative positions and
orientations of the radar systems, which allows for data fusion
in the multiradar system and thus overcomes the shadowing
problem. The proposed method even works when the posi-
tional relationships among the radar systems are unknown,
which means that there is no requirement for calibration to
be performed beforehand and no restriction on the physical
installation of the radar systems. The performance of the
proposed method is evaluated quantitatively by performing
radar measurements involving seven participants and a pair
of radar systems.

The main contributions of this study are as follows:

« This study proposes a method that enables the respiratory
measurement of multiple people, even when some of them
cannot be directly measured because of shadowing.

« Using the method proposed in this study, the relative
positions and orientations of several radar systems are
automatically estimated through the measurement of mul-
tiple people.

o The proposed method improves the estimation accuracy
of respiration by integrating data from multiple radar
systems.

These issues have not yet been addressed by existing studies,
including ours [39], which demonstrates the novelty and
innovation of this work. Table I compares this study and
other existing studies. A preprint of this manuscript has been
posted [42].
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TABLE |
COMPARISON OF THIS STUDY WITH EXISTING STUDIES
Center  No.of  No.of Shadowing Layout
Ref. no. freq. radar target issues of
(GHz) systems  people resolved radar systems
[36] 24 1 2 No -
[37] 24.0 1 3 No -
[38] 9.0 1 3 No -
[39] 79.0 1 7 No -
[40] 3.2 2 2 No Known
[41] 8.1 2 2-5 No Known
This work 79.0 2 7 Yes Unknown

[l. IMAGING AND CLUSTERING OF HUMAN TARGETS
USING MULTIPLE RADAR SYSTEMS

We assume use of a multiradar system comprising M radar
systems with positions and angles that are unknown. Each
radar system contains a K-element array (or virtual array).
Let si(t,r) denote the signal received by the k-th element
(k = 0,1,...,K — 1) of the array, where ¢ is the slow
time and the range r is expressed as r = ct’/2 using the
fast time ¢’ and speed of light c. A signal vector s(z,r) is
defined as s(¢, r) = [so(t,7), s1(t,7), ..., sx—1(t,r)]T, where
the superscript T represents a transpose operator. We assume
here that all elements of the array antennas are calibrated
and that static clutter is suppressed by subtracting the time-
averaged signal.

Using the m-th radar system (m = 1,..., M), a radar
image is generated and is expressed in the two-dimensional
Cartesian coordinate system (x,,, y»,), where the x,, axis is
aligned with the array baseline of the m-th radar system.
A complex radar image I, (¢, r,;) is generated from the m-th
radar system’s data as I, (t, r,) = w(gbm)Hs(t, Pm), where the
superscript H represents a conjugate transpose operator and
rp is the position vector that can be expressed as (x;, yim)
in Cartesian coordinates and as (p;;, ¢, ) in polar coordinates.
The weight vector is w(f) = [wg, wi, ..., wg—_11T, where
the choice of wy depends on the imaging algorithm being
used. In this study, we use a straightforward beamformer (BF)
method for simplicity, in which the weights are set as wy(0) =
oped@rde/Acost (- — 0. 1,... K — 1), where d is the x,,
coordinate of the k-th element of the array. Here, we use the
Taylor window coefficient ay. Fig. 1 shows a system model
containing multiple radar systems for measurement of multiple
human targets, in which we see that each radar system has its
own coordinate system.

Next, using each radar image |[,, (t,rm)lz, a point cloud
is generated according to [39]. The X-means clustering tech-
nique [39], [43] is then applied to the point cloud and the clus-
ters c1,c2,...,cn, are generated; these clusters correspond
to the N, targets. Note that N,, is the number of targets
detected using the m-th radar system. For presentation pur-
poses, we generated a radar cluster image C,, (¢, rp,) that takes
the values {0, 1,2, ..., N}, which correspond to the indices
of the clusters c1, c2,...,cp, except for 0; Cp(t,r,) = 0
indicates that no cluster is associated with r,,. Finally, the rep-
resentative position r,(,f ) of cluster ¢ in the m-th radar image
is calculated [39]; the clusters’ representative positions are
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y "(1”) o~ Rrgn) + t using the translation vector ¢ and the
A Target 2 rotation matrix R If we subtract the average coordinates
Fn = (1/N" Z lrm) (m = 1, 2) from the position vectors
Target 1 Target 3 using r(”) = r(") rm, we can then simplify the problem
‘ . for large N’; we need only estimate the R that satisfies
“%' y N(") = Rr(n) Here, we define 2 x N’ matrices S| and S, as:

A z > X :
S| = [~(1) ~(2) ~(N)] (1)

’q/‘/‘ 4 ,

H = ~(N
ey,?ed ﬂ}él S, = [r;>,r;>,...,rg 1, 2)

’ 85‘7“2} Rada‘ and we estimate a rotation matrix R* as:

P\(\'a\]
R* = argm}%n IIS1 — RSzllé,
. T

Fig. 1. System model for measuring multiple target people using multiple subject to R"R=1,detR =1, 3)

radar systems.

then processed in the proposed data fusion algorithm, which
combines multiple radar images.

I1l. MULTIRADAR DATA FUSION FOR RESPIRATORY
MEASUREMENT OF MULTIPLE PEOPLE

The main issue when performing radar measurements of
multiple human targets is that not all of these human targets
can be measured directly using only a single radar system
because of shadowing, i.e., where one human echo is blocked
by another human target or by obstacles; this occurs frequently
when multiple people are located together and are densely
spaced. To mitigate this issue, we use a multiradar system to
increase the probability that at least one of these radar systems
can detect each of the human targets in the scene. Given
the radar images I, (¢, r,,;) and the cluster positions r,(,f ) for
m = 1,..., M, we propose a data fusion method here that
combines the multiple radar images. Here, we assume a special
case with M = 2 for simplicity. The first step in the method
is to find a rigid transformation that can align the coordinates
from the x;—y, coordinate system to those of the xj—yp
coordinate system.

A. Procrustes Analysis for Alignment of the
Associated Target Clusters

We propose a data fusion method that uses Procrustes
analysis [44] to find the rigid transformation parameters
required to describe the relationship between two sets of
points in a plane. In this study, Procrustes analysis is chosen
because it is known as one of the standard algorithms for
estimating the relative position and orientation of a pair of
images when the corresponding points are given. In addi-
tion, because the model of Procrustes analysis is linear,
the solution can be obtained without initial approximation of
the unknown parameters unlike iterative closest point (ICP)
algorithm [45]. Let us assume here that N’ pairs /of two-
dimensional vectors (rgl), rgl)), (rgz), rgz)), ces (rgN ), rgN )
correspond to N’ pairs of points, and that N' < min(Ny, N;)
is satisfied. The purpose of this section is to find a rigid
transformation that adjusts the points rg") with respect to
rgn) n=1 , N'). If appropriate transformation parame-
ters are selected, the points are then transformed to satisfy

where the subscripted F denotes the Frobenius norm and repre-
sents the square root of the sum of squares of all components.

In Procrustes analysis, rather than solving for the optimiza-
tion problem in Eq. (3) directly, singular value decomposition
is used to estimate R*; S; 52T is decomposed using the form
M S;r =UXVT, where U and V are 2x2 orthogonal matrices,
and X represents a 2 x 2 diagonal matrix with non-negative
real numbers. We then obtain the rotation matrix R* = UVT.
Using R*, the position vector rg ") is transformed to give
R*r ( ) 4 r1, which is a mapping from the coordinate system
X2 — y2 to the coordinate system x| — y;. Although we have
discussed the special case where M = 2 above, a similar
procedure can be performed in a general case, including cases
where M > 2.

B. Proposed Data Fusion Method Using Respiratory
Correlation and Procrustes Analysis

To apply Procrustes analysis to transform the coordinate
systems of a multiradar system, the cluster positions can
be used to form the input matrices S; and S;. We should
note here that Procrustes analysis requires at least two pairs
of corresponding points, e.g., (r(l) (1)) (r (2), (2)) In this
section, we propose a method to associate the cluster positions
that uses the respiratory features of the human targets. In the
proposed method, the similarity of the respiratory displace-
ment waveforms is used to associate multiple echoes. The
algorithmic steps for fusing data from multiple radar sensors
are graphically presented in Fig. 2. The proposed method
comprises the following five steps.

1) Two pairs of corresponding points are estimated using
the correlation coefficient for the respiratory displace-
ment waveforms. For the position vectors rg and r("Z)
the correlation coefficient is calculated as:

pe(ni,n2) = (1/po) / L0 ") L@, Py, (4)

where pg is introduced for normalization. First, we find
a pair (n], n3) that maximizes pc(n1, n2), where
(n7,n}) = arg (max) pe(ni, no). 5)
ni,ny
Then, we find another pair (n}*, n3*), where
(n7*,n3*) = arg max pc(ni, n)
(n1,n2)

subject to ny # ni,n2 #n3.  (6)
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Fig. 2. Steps of the proposed method.

Procrustes analysis is applied to the two pairs of points
(n7,n3) and (n]*,n3*), and the rigid transformation
parameters R* and ¢* are then obtained.

Using R* and t*, all position vectors r,(,f ) m =
1,....,M;n=1,...,N) are transformed into the coor-
dinate system xi-y;. All pairs of transformed points
separated by a distance less than a threshold dy, are
regarded as associated pairs, i.e.,

)

All associated pairs are processed using Procrustes
analysis, and the transformation parameters R* and t*
are then updated.

For each human target, the displacement
LI (¢, r&"')), oL LIy, r%’")) that is most likely
to reflect the target’s respiratory motion is selected.

r(lnl) _ R*r(znZ) —t*| <dy.

We select the displacement that has a waveform that is
closest to a sinusoidal wave. Using the following fourth-
order moment of the power spectrum, we then find the
m that maximizes x(n, m) for each n (1 < n < N).

We define
. 4
e ’ I I, r,(n”’)eﬂw'dr’ dw
K(n,m) = . ®
152 |72 . r e do
and the optimum m is then found as
m*(n) = argmn?xx(n, m), 9)

which means that the m™*(n)-th radar signal is used for
the n-th human target. As a result, for each person,
the displacement waveform that is most likely to be
related to their respiration is selected, thus enabling their
respiration to be accurately measured.

IV. EXPERIMENTAL EVALUATION OF
THE PROPOSED METHOD
A. Multiradar Experiment With Multiple People

We performed the experiments using both a pair of array
radar systems and belt-type respirometers simultaneously to
evaluate the accuracy of the multiradar-based respiratory mea-
surements acquired using the proposed method. To evaluate the
accuracy of the method in measuring the respiratory intervals,
all participants wore a belt-type respirometer on their upper
torso. Each participant was seated and breathing normally,
and the measurements were acquired using two radar systems
that were installed with different orientations and at different
positions. Note that the belt-type respirometers were only used
to evaluate the accuracy of the radar-based measurements.

Both radar systems are frequency-modulated continuous
wave (FMCW) radar systems with a center frequency
of 79 GHz, a center wavelength of 4 = 3.8 mm, and an
occupied bandwidth of 3.9 GHz. The beamwidths of the
individual radar array elements are £4° and =£35° in the
E- and H-planes, respectively. The radar array is composed of
a multiple-input multiple-output (MIMO) array that contains
three transmitting and four receiving elements, with spacings
of 7.6 mm (21) between the transmitting elements and spac-
ings of 1.9 mm (4/2) between the receiving elements. In the
experimental setting, the MIMO array can be approximated
using a virtual linear array. Specifically, the array used in this
study can be approximated using a 12-element virtual linear
array with element spacings of A/2. The slow-time sampling
intervals were 100 ms.

Although the system includes two radar systems with the
same configuration, we empirically confirmed that the inter-
ference between the systems was negligible. This negligible
interference is partly because interference components are
readily rejected by the clutter suppression process described
in Section II. If signals arrive from other radar systems, these
signals cannot be practically distinguished from static clutter
components because they are mostly time independent if the
distance between radar systems is fixed. In addition, the radar
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Fig. 3. Measurement setup with the seven seated participants shown
with belt-type respirometer devices on their upper torsos in scenario 1.
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Eo > 70O O
>\ VR \)

o M

Radar 1il X
_2 3>
-2 -1 0 1 2
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Fig. 4. Actual layout of the radar systems and participants in scenario 1.

transmitters are active only for a short fraction of time in
each cycle (approximately 13%), which means that signals
from multiple radar systems do not always collide. For these
reasons, we can expect our measured data to be practically
free from interference.

We applied the proposed method to the radar data that were
measured with the seven participants in two scenarios. We set
different layouts for both the human targets and the radar
systems in these scenarios. In scenario 1, as shown in Fig. 3,
the seven participants were seated in a U-shaped arrangement
with participant spacing of 1 m. We then used a pair of array
radar systems to measure the participants as illustrated in
Fig. 4. In scenario 2, the seven participants were seated in
a different layout, as shown in Fig. 5, and the radar systems
were placed at different positions with different orientations,
as illustrated in Fig. 6. The measurement time was 120 s and
the participants were instructed to remain still and breathe
normally during the measurements. To evaluate the accuracy of
the respiration measurements, belt-type contact respirometers
were used simultaneously with the radar measurements.

B. Application of the Proposed Data Fusion Method to
the Measured Radar Data

1) Application in Scenario 1: First, we applied the proposed
method to the data acquired in scenario 1. The left and right
panels of Fig. 7 show radar images | (¢, r1)|?> and | (z, r2)|?
at + = 30 s. In the figure, the actual target positions are

Fig. 5. Measurement setup with the seven seated participants shown
with belt-type respirometer devices on their upper torsos in scenario 2.
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g.6. Actual layout of the radar systems and participants in scenario 2.

dB
[ ]0

Fig. 7. Examples of radar images |/1(t, r1)|2 (left panel) and |/ (t, ro)|?
(right panel) at t = 30 s in scenario 1.

indicated by white circles with the target numbers. We note
that in Fig. 7, the center of each circle is not aligned with
the position with the locally highest intensity. This is because
the radar echoes are reflected from a point on the surface
of the human body that is not the same as the central position
of the human body (as indicated by the white circle).

Next, a point cloud was generated from these images and the
respiratory-space clustering algorithm [39] was then applied
to generate the radar cluster images Ci(¢,r1) and Ca(z, r2)
shown in Fig. 8. In the figure, an alphabetical label is provided
for each cluster. In image |71 (¢, r1)|* in Fig. 7, the echo from
target 3 is barely visible because of shadowing; as a result,
in Fig. 8, target 3 is not classified as a cluster. The resulting
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Fig. 8. Radar cluster images Cq(t r4) (left panel) and Cx(t, ro) (right
panel) at t = 30 s in scenario 1. The different colors represent different
clusters.

TABLE Il
CORRELATION COEFFICIENTS p FOR THE DISPLACEMENT
WAVEFORMS IN SCENARIO 1

Fig. 9. Radarimage |/x(t, 1)|? after the optimized rigid transformation
has been performed in scenario 1.

TABLE IlI
TARGET DETECTION RATES IN SCENARIO 1

Participant number
I T 2131 4571617

Radar 1 (%) 100 | 100 0 100 | 100 | 100 | 100

Target index of radar 2
A T B ] CJDTJTETJTFTG
A || 0.13 | 0.63 | 0.02 | 0.15 | 0.01 | 0.17 | 0.07
B || 0.19 | 0.60 | 0.10 | 0.52 | 0.34 | 0.02 | 0.02
Target C || 020 | 0.05 | 0.04 | 0.03 | 0.81 | 0.01 | 0.01
index of [ D || 0.24 [ 0.08 [ 0.36 | 0.06 | 0.14 [ 0.36 | 0.23
radar 1 E || 0.18 | 0.07 | 0.89 | 0.04 | 0.15 | 0.13 | 0.80
F [ 0.04 [ 027 | 0.56 | 0.29 | 0.04 | 0.20 | 0.51

number of clusters was thus estimated erroneously to be six
rather than seven, which is equivalent to the estimated number
of human targets. This type of shadowing problem can occur
particularly when multiple people are densely spaced within
the measurement scene. To mitigate the shadowing problem,
this study uses multiple radar systems rather than a single
system.

Next, the proposed method was used to calculate the cor-
relation coefficient pc for each pair of displacement wave-
forms (see Table II). The proposed method finds two pairs
of points with the largest and second largest values of pc.
In Table II, we can find the largest correlation coefficient
for the pairing of target E (radar 1) and target C (radar 2).
We can also find the second largest correlation coefficient for
the pairing of target C (radar 1) and target E (radar 2). These
pairs (E, C), (C, E) were processed via Procrustes analysis for
N = 2, and the rigid transformation parameters x = —2.52 m,
y =1.90 m, and # = —1.58 rad were obtained.

Using these parameters, the radar image |I>(z, r2)|* was
then transformed into Ifz (t,r1)|%>. Using the transformation
parameters, the proposed method associated the six cluster
pairs (A, D), (B,B), (C,E), (D,F), (E,C), and (F, A) from
the seven human targets, where the distance threshold was set
at dy, = 0.5 m. Note that cluster G from the second radar
system was not associated in this process. The associated
pairs were then processed via Procrustes analysis and the
transformation parameters x = —2.46 m, y = 1.86 m, and
6 = —1.57 rad were updated, as illustrated in Fig. 9.

For the associated cluster pair (n1, ny), the respiratory dis-
placement waveforms /I (z, r&"') ) and LI (t, rg’z ) were then
obtained. We define the detection rate for each person as the
percentage of time that the target person is detected out of all
measurement time. The detection rate for 120 s for each target

Radar 2 (%) 100 | 100 | 100 | 100 | 100 | 69 100
Proposed (%) 100 | 100 | 100 | 100 | 100 | 100 | 100

TABLE IV
ERRORS IN RPM ESTIMATION WHEN USING THE PROPOSED METHOD

Participant number
I T 2 [ 3 1 415716 17
Scenario 1 (rpm) 043 | 0.02 | 0.06 | 0.88 | 0.72 | 0.05 | 0.15
Scenario 2 (rpm) 040 | 1.79 | 1.75 | 1.97 | 0.04 | 0.38 | 2.35

is shown in Table III. The table shows that human target 3 was
not detected by one of the radar systems because of shadowing.
All the human targets, with the exception of target 3, were
detected by both radar systems, which gives us selection
options; we can thus select a more accurate radar system for
each target. In the proposed method, the fourth-order statistical
parameter x is calculated for both displacement waveforms
over time duration 7,, from which the waveform with the
larger « value is selected. Note that 7, should be substantially
longer than the typical respiratory interval (e.g., 3-5 s). At the
same time, a short T is preferable because it determines the
update interval of the proposed method. Considering these
factors, we selected 7, = 30 s empirically.

Next, we evaluated the accuracy of the respiration rate
estimation. The respiration rate is defined by the number of
respirations per minute (rpm). The mean average error of the

respiration rate for the k-th participant e (k = 1,...,7) was
calculated as ¢, = (1/L) 35, kP @) — rP @)1, where 4
(¢ =1,2,...,L) is the time sample, and L is the number

of time samples corresponding to 120 s. In addition, rék) ®)
and rék) (t) are the estimated and reference respiration rates,
respectively, where the reference respiration rate was measured
using the belt-type respirometer. Table IV shows the error
er obtained when the two radar systems are combined. The
error averaged over the seven participants is 0.33 rpm for
the proposed process when combining the two radar systems.
These results indicate that the proposed method using the mul-
tiradar system is effective in performing accurate respiration
measurements of multiple people simultaneously.
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Fig. 10. Examples of radar images |/ (t,r1)|2 (left panel) and
llo(t, r2)|2 (right panel) at t= 30 s in scenario 2.

Fig. 11. Radar cluster images Cq(t,r1) (left panel) and Cs(t, r»o) (right
panel) at t = 30 s in scenario 2. The different colors represent different
clusters.

TABLE V
CORRELATION COEFFICIENTS p FOR THE DISPLACEMENT
WAVEFORMS IN SCENARIO 2

Target index of radar 2
AT B ] CJDTJTETTF
A || 027 | 038 | 0.14 | 0.22 | 0.03 | 0.38
Target B [[ 0.0I | 0.14 | 0.36 | 0.03 [ 0.02 | 0.20
index of | C || 025 | 042 | 0.18 | 0.38 | 0.11 | 0.44
radar 1 [ D [[ 031 | 0.04 | 029 | 0.21 | 0.35 | 0.15
E || 0.09 | 0.07 | 0.08 | 0.29 | 0.07 | 0.17

2) Application in Scenario 2: We also applied the proposed
method to the radar data acquired in scenario 2. The layout of
the target people in this case is shown in Fig. 6. Using radar
systems 1 and 2, the radar images |11 (¢, 71)|> and |L(t, r2)|?
were generated as shown in Fig. 10. We can then generate the
radar cluster images C (¢, r1) and Ca(¢, r2) shown in Fig. 11.
In Fig. 11, no clusters were generated for targets 5 and 6
because the echoes from targets 5 and 6 are weak in image
|1 (t,r1)|2, as shown in Fig. 10. Similarly, no cluster was
generated for target 1 because the echo is weak in image
|I>(t, r2)|?, as shown in Fig. 10.

The proposed method was then used to calculate the cor-
relation coefficient pc for each of the pairs of displacement
waveforms (Table V). In Table V, we find that the largest cor-
relation coefficient is that for the pairing of target C (radar 1)
and target F (radar 2), and also find that the second largest cor-
relation coefficient is that for the pairing of target A (radar 1)
and target B (radar 2). These pairs, denoted by (C, F), (A, B),
were processed via Procrustes analysis for N = 2, and the
rigid transformation parameters x = —0.17 m, y = 5.11 m,
and 8 = —3.07 rad were obtained.

[d Bb

X, (m)

Fig. 12. Radarimage |f2(t, r1)|2 after the optimized rigid transformation
has been performed in scenario 2.

TABLE VI
TARGET DETECTION RATES IN SCENARIO 2

Participant number
I T 2131 4571617
Radar 1 (%) 100 | 100 | 100 | 100 0 58 72
Radar 2 (%) 0 100 | 100 | 100 | 100 | 100 | 100
Proposed (%) 100 | 100 | 100 | 100 | 100 | 100 | 100

Then, using these parameters, the radar image |l (¢, r)|?
was transformed into |f2(t,r1)|2. Using the transformation
parameters, the proposed method associated the four cluster
pairs (A, B), (B, C), (C, F), and (E, D) from the clusters. Note
that cluster D from the first radar system and clusters A and E
from the second radar system were not associated in this
process. Using the associated pairs, the transformation para-
meters x = 0.12 m, y = 5.09 m, and 6§ = 3.06 rad were
updated, as illustrated in Fig. 12.

For the associated cluster pair (ny,n»), the resg)iratory
displacement waveforms /I (t,rﬁ"')) and le(t,r;"z were
obtained. The respiration detection rates for each target when
using the proposed method are shown in Table VI, which
shows that human targets 1 and 5 were only detected by one
of the two radar systems because of shadowing, whereas the
other targets were detected by both radar systems. Table IV
shows the errors in respiration rate estimation when using the
proposed data fusion technique for these radar systems. The
average error for the seven participants was 1.24 rpm when
using the proposed method to combine the radar data.

The errors in estimating the respiration rate in
scenarios 1 and 2 were 0.33 and 1.24 rpm, respectively.
The reason for the different accuracies in these scenarios is
partly explained by the layout of participants; in scenario 1,
the distances between adjacent participants were all 1.0 m,
whereas in scenario 2, the minimum distance between
participants was 0.5 m. The densely located participants
in scenario 2 made the respiratory measurement more
challenging, resulting in a larger error. Despite this, the error
values in both scenarios were much smaller than the
typical respiration rate 12-20 rpm of healthy adults, which
demonstrates the effectiveness of the proposed method.

V. DISCUSSION
A. Performance of the Proposed Method With
Various Parameter Settings
First, we evaluated the accuracy of the proposed method
in estimating the rigid transformation parameters for different
threshold values dy, in Eq. (7). Table VII shows the accuracy
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Fig. 13. Actual layout of the radar systems and participants in scenario 3.
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Fig. 14. Examples of radar images |l1(1‘,r1)|2 (@), I(t r2)|2 (b), and
ll5(t, 3)|2 (c), for t = 30 s in scenario 3.

of the proposed method for dy, = 0.2, 0.5, and 1.0 m,
in scenario 1. In the table, the errors are Ax = |xe — Xol,
Ay = |xe — yol, and A8 = |6, — G|, where xe, ye, and . are
the estimated parameters, and xo = —2.5 m, yp = 2.0 m, and
6y = —90° are the actual values. Note that the second row of
the table corresponds to the result discussed in the previous
section. For a small dy,, the parameters are determined mostly
by the first Procrustes analysis, which lowers the accuracy,
whereas for a large dyh, incorrect pairs of points may be used in
the second Procrustes analysis, which also lowers the accuracy.
In the proposed method, dy, was set to 0.5 m to take into
account these factors.

Next, we evaluate the accuracy of the proposed method in
scenario 1 for different radar frequency bandwidths (BWs).
Although the original radar BW is 3.9 GHz, the effective BW
can be reduced by numerically restricting the data length in
the frequency domain. Table VIII shows the estimation errors
Ax, Ay, and A@ for the BWs of 0.1, 0.2, 0.3, 1.5, and
3.9 GHz, which correspond to the range resolution Ar = 1.50,
0.75, 0.50, 0.10, and 0.04 m, respectively. As shown in
the table, the proposed method can estimate the parameters
with sufficient accuracy even when the range resolution is
set to 0.50 m, whereas the estimation error increases to

TABLE VII
PARAMETER ESTIMATION ERROR FOR VARIOUS di, VALUES

[ din(m) [ Az (m) [ Ay (m) [ A (deg) ]

0.2 0.0 0.0 2.6

0.5 0.0 0.1 0.0

1.0 0.0 0.5 5.3
TABLE VIII

PARAMETER ESTIMATION ERROR FOR VARIOUS BWs

[ BW (GHz) | Ar (m) [[ Az (m) [ Ay (m) [ Af (deg) |

0.1 1.50 2.4 1.5 90.0

0.2 0.75 2.4 1.2 90.0

0.3 0.50 0.0 0.1 0.9

1.5 0.10 0.0 0.1 0.5

39 0.04 0.0 0.1 0.0
TABLE IX

TARGET DETECTION RATES IN SCENARIO 3

Participant number
I [ 213 4715

Radar 1 alone (%) 100 | 100 92 94 58
Radar 2 alone (%) 100 0 100 | 100 | 100
Radar 3 alone (%) 0 100 | 100 | 100 | 100

Proposed with radar 1 & 2 (%) 100 | 100 | 100 | 100 | 100
Proposed with radar 2 & 3 (%) 100 | 100 | 100 | 100 | 100
Proposed with radar 3 & 1 (%) 100 | 100 | 100 | 100 | 100

an unacceptable level when the range resolution is set to
0.75 and 1.50 m.

B. Performance of the Proposed Method With
Densely Located People

We performed an additional measurement with five par-
ticipants using three radar systems with different orien-
tations (scenario 3), as shown in Fig. 13. The distance
between adjacent participants was set to 0.7 m. Using radar
systems 1, 2, and 3, the radar images |11 (z, r1)|%, |L(t, r2)|%,
and |13(z, r3)|> were generated as in Fig. 14, which shows
that some of the target persons are invisible in the images.
For example, the echo from target 5 is weak in |1 (¢, r1)|? in
Fig. 14 (a), and no echo is seen from target 2 in | I (¢, 72)|? in
Fig. 14 (b). We used two of the three radar systems to evaluate
the performance of the proposed method. The detection rate
for each target is shown in Table IX. As shown in the table,
although some of the participants were not always detected by
a single radar, the proposed method can resolve the shadowing
issue using any two of the three radar systems, and all
participants were detected for the whole measurement time
of 100 s. Further measurements with different numbers of
participants as well as different layouts of radar systems and
participants are needed to confirm the applicability of the
proposed method in realistic scenarios, which is out of the
scope of this paper and left as work for future projects.

VI. CONCLUSION
In this study, we have proposed a novel method for a multi-
radar system that can measure the positions and respiration
characteristics of multiple people. By introducing multiple
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radar systems rather than a single system, the shadowing prob-
lem can be mitigated, which means that the respiration rates
of multiple people can be measured even when these people
are located closely together. In addition, when using multiple
radar systems, we can measure each person from multiple
directions, which improves the accuracy of the respiration
measurements. The effectiveness of the proposed method was
verified experimentally in two scenarios using a pair of radar
systems and seven participants.

In both scenarios, the proposed method was demonstrated
to be able to detect all participants by combining the data
acquired from the two radar systems, whereas not all partici-
pants could be detected when using only one of the two radar
systems because of shadowing. The average respiratory rate
estimation error for the seven participants in the two scenarios
was 0.79 rpm, which is sufficiently small when compared with
the typical respiration rate range for adults (12-20 rpm). Use
of the multiradar system with the proposed method has been
demonstrated to be promising for use in accurate noncontact
monitoring of the respiration of multiple people.

To address the main challenges that remain, our next steps
are to extend the proposed method to 1) suppress the effect
of unwanted body movements that can happen in realistic
scenarios (e.g., in offices, schools, and hospitals) and 2) enable
it to combine data from more than two radar systems to
increase the number of target people that can be monitored.
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