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[PAPER

Blind Signal Separation for Array Radar Measurement Using
Mathematical Model of Pulse Wave Propagation

SUMMARY  This paper presents a novel blind signal separation method
for the measurement of pulse waves at multiple body positions using an ar-
ray radar system. The proposed method is based on a mathematical model
of pulse wave propagation. The model relies on three factors: (1) a small
displacement approximation, (2) beam pattern orthogonality, and (3) an im-
pulse response model of pulse waves. The separation of radar echoes is for-
mulated as an optimization problem, and the associated objective function
is established using the mathematical model. We evaluate the performance
of the proposed method using measured radar data from participants lying
in a prone position. The accuracy of the proposed method, in terms of
estimating the body displacements, is measured using reference data taken
from laser displacement sensors. The average estimation errors are found
to be 10-21% smaller than those of conventional methods. These results
indicate the effectiveness of the proposed method for achieving noncontact
measurements of the displacements of multiple body positions.

key words: array radar, blind signal separation, mathematical model,
pulse wave propagation

1. Introduction

According to a survey conducted by the National Center for
Health Statistics in the United States, 30.3 million adults
were diagnosed with heart disease in 2018 [1]. Some heart
diseases are associated with the progression of hypertension
and atherosclerosis [2]. Therefore, it is important to estab-
lish a simple and noninvasive approach for the long-term
monitoring of the condition of blood vessels to enable early
diagnosis of such diseases.

A pulse wave is an elastic wave that propagates to the pe-
riphery of the body as the heart contracts. The pulse arrival
time (PAT), pulse transit time (PTT) and pulse wave velocity
(PWYV) are known to be predictors of arterial stiffness and re-
lated cardiovascular diseases [2]-[8]. The PWV is expressed
by the Moens—Korteweg equation vpwy = v/Ea/2rp, where
E is Young’s modulus, a is the thickness of the arterial wall,
r is the radius of the artery, and p is the blood density. This
equation indicates that a stiffer arterial wall will produce a
higher PWV [9]. To estimate the PTT/PWYV, it is necessary
to measure pulse waves simultaneously at multiple body po-
sitions.

Manuscript received October 10, 2021.
Manuscript revised January 8, 2022.
Manuscript publicized February 18, 2022.

TThe author is with the Department of Electrical Engineering,
Graduate School of Engineering, Kyoto University, Kyoto-shi, 615-
8510 Japan.

¥ The author is also with J apan Science and Technology Agency,
PRESTO, Kawaguchi-shi, 332-0012 Japan.
a) E-mail: sakamoto.takuya.8n@kyoto-u.ac.jp
DOI: 10.1587/transcom.2021EBP3167

Takuya SAKAMOTO"- 7%, Member

Many conventional studies on the measurement of the
PTT/PWYV involve the use of contact-type sensors [10]-[15].
McCombie et al. [16] reported the estimation of the PWV by
measuring pulse wave signals using two photoplethysmog-
raphy (PPG) sensors placed on the wrist and fingers. Hsu et
al. [17] measured the PWYV by placing two microelectrome-
chanical systems in close proximity to the wrist/neck, while
Holz et al. [18] used smart glasses with three built-in PPG
sensors to measure the PTT. Other studies [19]-[21] have
measured the PTT using PPG, ballistocardiography, elec-
trocardiography (ECG), and impedance cardiography (ICG)
Sensors.

Contact-type sensors are, however, not suitable for the
long-term monitoring of pulse waves and arterial status.
Noncontact measurements using a radar system represent
a promising alternative for determining the PTT/PWV. Buxi
et al. [22] estimated the PTT using a 1-GHz microwave radar
along with ECG, ICG, and phonocardiogram sensors. They
also measured the PTT using a 1.1-GHz radar with ECG
and bioimpedance data [23]. Ebrahim et al. [24] estimated
the PTT using a 900-MHz continuous wave radar with ECG
and PPG sensors, and Kuwahara et al. [25] estimated the
PWYV using a 2.4-GHz radar system and piezoelectric sen-
sors. These studies used contact sensors in addition to radar,
and so they are not suitable for long-term monitoring.

Several studies have reported PTT/PWV measurements
obtained using only radar systems, i.e., without any contact-
type sensors [26]-[28]. Lu et al. [26] reported the mea-
surement of the PWV using two radar systems (6.05 and
5.63 GHz), while Michler et al. [27] determined the PWV
by simultaneously measuring the displacements of two po-
sitions on the abdomen using a 24-GHz phased-array radar
system. The techniques used in these studies require the tar-
get body positions as prior information, which means they
cannot be applied without knowing the actual position and
posture of the target person in advance.

Previous studies by the author [29], [30] reported a
technique that uses a single-array radar system for the mea-
surement of pulse wave propagation and does not require
prior information about the positions of target body parts.
Using the single-array radar system, one previous study [29]
measured the body displacements caused by pulse waves
in the back and calf of the target person. In this previous
study, a conventional beamformer (BF) method was used to
discriminate the radar echoes from multiple body parts, but
this approach has an obvious limitation regarding the depen-
dency of the angular resolution on the array aperture size.
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To analyze the body displacements at multiple positions in
proximity, a high-resolution method is required. When esti-
mating a PTT value, it is advantageous to measure multiple
body positions in proximity because the body displacement
waveforms are, in many cases, highly correlated when the
measured positions are close to each other; the displace-
ment waveforms of pulse waves often become distorted after
long-distance propagation.

To attain high-resolution signal discrimination, the au-
thor later proposed a blind signal separation method based on
a simplified mathematical model of the body displacements
caused by pulse waves [30]. This method, called physiologi-
cal component analysis (PHCA), is based on the optimization
of an objective function comprising the small displacement
approximation and a simplified impulse response function.
Although the method is effective in numerical simulations
assuming a simplified model, its applicability to measured
data has not yet been established.

The purpose of this study is to develop a new blind
signal separation method for the discrimination of radar
echoes using a precise mathematical model of pulse wave
propagation. More specifically, inspired by the impulse re-
sponse waveforms presented in [29], we modify the objective
function of PHCA [30] using the proposed mathematical
model. The newly introduced objective function is calcu-
lated from the approximate residuals between the impulse
response waveforms obtained from the measured data and
the proposed mathematical model. The proposed method
is applied to experimental data obtained from two partici-
pants, and its accuracy is evaluated and compared with that
of existing methods.

2. Conventional Signal Separation Methods Using Ar-
ray Radar

2.1 Array Signal Model and Signal Separation

We assume that the radar receives echoes from multiple body
positions. Let d,(¢) be the skin displacement waveform at
the n-th body position (n = 1,---,N), and denote the body
displacement vector by d(t) = [d;(t),da(t),- - -,dn(1)]T. We
assume that the echo from the n-th body position is phase-
modulated by the displacement d,(t) as s,(t) o el?kdn(®),
where k is the wave number. The echo vector is de-
noted by s(t) = [s1(t),s2(2),--,sn(®)]T = exp(j2kd(t)).
The received signal vector x(r) is defined as x(t) =
[x1 (1), x2(2), - - -, xp0 (O]T, where x,,,(¢) is the signal received
from the m-th element and N < M is assumed. We as-
sume that the received signal vector x(7) is expressed as
x(t) = As(t) + n(t), where A is an M X N mixing matrix
and n(¢) is an additive noise vector. If an unmixing ma-
trix W is given, the mixed signals can be properly separated
according to §(f) = Wx(¢), and the displacement can be
estimated as a(t) = (1/2k)L8(t). The following section de-
scribes a method for estimating the optimum weight matrix
W that separates the echoes and restores the body displace-
ment waveforms. Fig. 1 shows a system model with an array

IEICE TRANS. COMMUN,, VOL.E105-B, NO.8 AUGUST 2022

y® /N
,I .-A‘
II 9 \

Fig.1  System model of measurement of pulse wave propagation using
array radar system.

radar system for measuring M = 2 body positions.
2.2 Physiological Component Analysis

This section reviews the conventional blind signal separation
method of PHCA, which is based on a mathematical model
of body displacements caused by pulse wave propagation.
In PHCA, signal separation is formulated as an optimization
problem using the product of four different functions (i.e.,
F(W) = Fi(W)FE,(W)F3(W)F4(W)) as the objective function
[30]. Signal separation is achieved in the form of the op-
timization problem maxy F(W). The components of the
objective function, Fi(W), F>(W), F3(W), and Fy(W), are
derived from three approximations, which are explained as
follows.

2.2.1 Small Displacement Approximation

We assume that body displacements are sufficiently smaller
than the wavelength, which allows us to approximate the I-Q
plot of each separated echo moving along a straight line. This
approximation can be interpreted as the condition number of
the covariance matrix R, of the real and imaginary parts of
Sm(1),1e.,

R = ® Re[$,, (D] Re[$;, (1) ]Tm[S,,,(1)] d
") e \Re[8, () Im[8,, ()] Im($,,(1)]? ’
()

The condition number is given as «(R;) = |Admax/Aminl>

where Amax and Apin are the larger and smaller eigenval-
ues of R, respectively. When the I-Q plot of §,(¢) forms
a straight trajectory, k(R,,) is large, and this is exploited to
derive function F(W) as

_ ; B
(W)= 131}111121\/1 Ao 2)
where A, is defined as [30]

B =7 RelsnF - mmisaoR o]
+4 U‘fm Re[,, ()T [ (1)] c1z|2
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2.2.2  Beam Pattern Orthogonality Approximation

The optimized unmixing matrix W = [wi,wy,- -, w NIT
comprises N weight vectors wz (n =1,---,N). Ideally,
each weight vector forms a beam pattern in which the main-
lobe is approximately directed towards the target and several
nulls are directed towards other interfering targets. There-
fore, we can assume the orthogonality of the beampatterns
for the weight vectors. Let the beampattern of the n-th weight
vector be

b, = (Qprrw,,) © (QpFrw,)’, @

where o denotes the element-wise multiplication operator
and Qpgr is a discrete Fourier transform matrix. We derive
a function F>(W) that takes a large value when the orthogo-
nality condition holds as follows:

l_[ min {(b;b,)"", v}, %)

I<i<j<M

B(W) =

where 7 is a constant.

2.2.3 Simplified Impulse Response Model of Pulse Wave
Propagation

Pulse waves propagate from the heart toward the periphery
of the body. The simplest model of pulse wave propagation
uses a constant multiple of a time-shifted template waveform.
The n-th body displacement waveform d,,(¢) is approximated
as

dn(1) = ando(t = T5), (6)

where «a;, is a constant, dy(?) is the template waveform, and
T, corresponds to the propagation delay. Using Dirac’s delta
function 6(¢), (6) can be described as

dn(1) = do(t) * @n6(t — ), @)

where * denotes the convolution integral. The impulse re-
sponse fzi, j(#) between the i-th and j-th body positions is
calculated from the deconvolution of the estimated displace-
ment waveforms d;(z) and dAj(t). The functions F3(W) and
F4(W) are given by

i j@)]* dr
W)= ] Jite - ®)
<=M ([ Ihy (o] dr)

and

max,so|h; (1)

Fa(W) = 9)

| <i<j<m Max;<olh; j(1)]?

Note that F3(W) takes a large value when the nonzero com-
ponents are concentrated, which means that fzi,j (t)isclose to
a delta function. Additionally, note that F4(W) takes a large
value when the causality holds, which means that fzi, j(2) only
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has nonzero components for ¢ > 0.

3. Proposed Blind Signal Separation Method Using Ar-
ray Radar

3.1 Refined Mathematical Model of Impulse Response of
Pulse Wave Propagation

In this section, we revise the objective function F(W) of
conventional PHCA based on a refined mathematical model
of pulse wave propagation, thus improving the accuracy of
the separation of radar echoes. The simplified pulse propa-
gation model used for PHCA results in the functions F3(W)
and Fy(W). The application of PHCA using these functions
is effective to some extent for signal separation [30]. How-
ever, the question remains of whether a better mathematical
model, which is more realistic and reflects the actual data,
exists.

To answer this question, we measured the human body
displacement waveforms using laser displacement sensors
instead of radar systems. Two laser displacement sensors
were placed at a distance of 150 mm from the skin surface of
the back and calf of two participants. The experimental setup
is shown in Fig. 2. The parameters of the laser displacement
sensors are listed in Table 1. The biometric information of
the participants is summarized in Table 2.

Displacement waveforms d; (¢) and d,(¢) were measured
at the back and calf, respectively (see Fig.2). The impulse
responses i »(t) were then estimated using deconvolution,
which was approximated using the Wiener filter. The same
measurements were repeated for both participants (A and B).
As an example, the measured displacement waveforms d; ()
and d,(¢) of participant A are shown in Fig. 3. In the figure,

Array Radar

— -

Laser Disp.
Sensor 2
' o
§.-

.-

Fig.2  Measurement setup using an array radar system and laser displace-
ment sensors.

Table 1  Parameters of the laser displacement sensors.
Measurement principle | Triangulation
Measurable distance 150 + 40 mm
Spot size (diameter) 120 um
Repeatability 0.2 um
Wavelength 655nm
Sampling interval 500 us
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Table 2  Biometric information of participants.
Participant [ [ A B
Age 23 22
Sex M M
Weight (kg) 55 53
Height (cm) 166 169
BMI (kg/m?) 20.0 18.6
Blood pressure (mmHg) 115/80 | 111/77
Heart rate (bpm) 63 58
= Back of Participant A = Calf of Participant A
£ £
Q Q
§ o5 § o5
& &
o o a o
K K
N N
=05 =05
E E
S 4 R
0 1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)

Fig.3  Displacement waveforms of the back d () (left) and the calf d»(¢)
(right) of participant A measured using laser displacement sensors.
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Fig.4 Impulse responses of pulse waves measured using laser displace-
ment sensors for participants A (left) and B (right).

the waveforms appear to be quite different. Note that the
pulse wave propagation is not simply a constant multiple of
a time-shifted waveform, and so a new mathematical model
must be incorporated in the optimization objective func-
tion. The estimated impulse responses /; 2(t) are shown in
Fig. 4 for participants A and B. The impulse responses ap-
pear complicated; they cannot be accurately modeled using
only a delta function. The impulse response has a trough at
t = 0.04 s for participant A and at r = 0.07 s for participant B.
The trough is followed by double peaks, located at ¢ = 0.33
s and 0.68 s for participant A and at = 0.37 s and 0.70 s for
participant B.

3.2 Objective Function Using Refined Mathematical
Model of Pulse Wave Propagation

In this section, we propose a mathematical model of pulse
wave propagation, and use the model to derive a new ob-
jective function for the optimization problem. The model
must be sufficiently flexible to express various curves with
individual differences. We propose a model function gp(¢)
defined as

gp (1) = —go {cos (w(t — 19)) + @ cos Qw(t — 19) + ¢)},
(10)
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Impulse Response
Impulse Response

Time (s) Time (s)

Fig.5 Proposed model function examples for p = [wo, ay, ], P1]
(black), [wo, a2, 1z, ¢1] (red), and [wo, a3, 3, ¢1] (blue) in the left panel
and other examples for p = [wo, a2, 11, ¢1] (black), [wo, a2, 12, P2 ] (red),
and [wo, a2, 13, ¢3] (blue) in the right panel, where wo = 2z rad/s,
a; =03, ap =05 a3 =07, =0.1s, 0 =02s, 13 =0.3s,
@1 =20°, ¢ =40°, ¢p3 = 60°.

where go > 0 is selected so that max,|gp (#)|= 1. The param-
eter vector p is defined as p = [w, a, ty, ¢], where w = 27 f is
the angular frequency of the heart interbeat interval 7 = 1/ f,
to is the time delay, « is related to the second harmonic am-
plitude, and ¢ is related to the phase of the second harmonic.
Some example waveforms of the proposed model function
are shown in Fig. 5.

Using the proposed model function gp (), we present
a function G(W) that takes a large value when the estimated
impulse response fzi, (1) is accurately expressed using gp (¢).
We consider the optimization problem

éij = n},in e j(p), (11)

where ¢; ;(p) is defined as

| (T2
e j(p) = —J i, j (1) = gp(D)|* dt, (12)
T ) 7

in which T is an observation time and A; ;(¢) is normalized
so that max;|h; ;(¢)|= 1. Note that e; ;j(p) is the root-mean-
square (rms) error between the impulse response h; ;(t) and
the model function gp (f) when the parameter p is optimized.
Thus, the difference between the impulse response and the
optimized model function can be evaluated using é; ;. Based
on these factors, we propose a function G(W) as

Gwy= T[]

1<i<j<M

o(=c1é;j + c2), (13)

where cy, ¢y are positive constants and o (-) is the sigmoid
function o(x) = e*/(e* + 1). The objective function is de-
signed to return larger values when the measured impulse
response is more accurately approximated by the model func-
tion.

Finally, the proposed blind signal separation method is
formulated as the following optimization problem:

max F' (W) = Fi(W)E,(W)G(W). (14)

The performance of this method is experimentally evaluated
in the next section.
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4. Performance Evaluation of the Proposed Blind Sig-
nal Separation Method

4.1 Experimental Setup

We performed measurements with two participants using an
array radar system and a pair of laser displacement sensors.
The array radar system is a frequency-modulated continu-
ous wave (FMCW) radar with a center frequency of 79 GHz,
center wavelength of A = 3.8 mm, and frequency bandwidth
of 3.9GHz. The beamwidths of the antenna element pat-
tern are +4° and +35° in the E- and H-planes, respectively.
The radar has a multiple-input multiple-output (MIMO) ar-
ray with three transmitting and four receiving elements; the
spacings between the transmitting elements and between the
receiving elements are 21 and A/2, respectively. When the
distance to the target is sufficiently larger than the array
aperture size, the MIMO array can be approximated us-
ing a virtual array. That is, the array of the radar system
can be approximated using a 12-element virtual linear array
with half-wavelength element spacings, which corresponds
to N = 12 (see Sect. 2). The radar pulse repetition frequency
was set to 10 Hz and the observation time was 7 = 5s.

During the measurements, the participants were in-
structed to remain still in a prone position on a styrofoam bed
while holding their breath. We set the coordinate system as
shown in Fig. 1. The top of the bed is parallel to the x-axis
and placed at a distance of 1.2m from the array baseline
(x-axis). A pair of laser displacement sensors were installed
150 mm from the back and the calf of each participant. Note
that the laser displacement sensors were only used to evaluate
the accuracy of the radar-based displacement measurement.
Fig. 2 shows the experimental setup with the array radar sys-
tem and laser displacement sensors. Fig. 6 shows an example
of the time-range profile of the radar echo power, where the
DC component is suppressed to display a time-varying com-
ponent. In the figure, we see a strong echo at a range of
1.2-1.3m.

Range (m)

0 1 2 3 4 5
Time (s)

Fig.6 Time-range profile of radar echo from a participant lying 1.2m
from the radar.
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4.2 Application of Conventional and Proposed Blind Sig-
nal Separation Methods

We apply the conventional and proposed methods to the radar
data measured from participants A and B, and evaluate their
respective accuracy using the reference data measured by
the laser displacement sensors. As conventional methods,
we apply the BF and PHCA methods.

First, we apply the BF method to the data; this method
was also used in our previous study [29]. The directions of
arrival (DOAs) are estimated from the largest and second-
largest peaks of the angular spectrum P(6) = |wH(6)Ax(1)|?,
where w(0) = [w1(0), - -, wapr (DT, w(0) = 75" and
Ais adiagonal matrix whose elements are the Taylor window
coefficients. The estimated DOAs were 6, = —23.9°,0, =
5.4° for participant A. The angles 6; and 6, correspond
to x = 0.53m and x = —0.11 m, respectively. Consider-
ing the position and posture of the participant, §; and 6,
are interpreted as the DOAs of the back and calf of the
participant. Similarly, for participant B, the DOAs were
estimated as 61 = —25.1°,6, = 9.6°, which correspond to
x =0.56m and x = —0.20m, respectively. For each partic-
ipant, the echoes from DOAs 6 = 6 and 6, were estimated
as §1(1) = wH(@)x() and 5,(r) = wH(6)x(r). The es-
timated displacement waveforms d (t) = (1/2k)L$§1(¢) and
d}(t) = (1/2k).5>(¢) are shown in Fig.7, and the impulse
responses le,z(t) are shown in Fig. 8.

Next, we applied PHCA to the measured data. We
set B =2,y =0.1, ¢ = 2, and ¢, = 1. Because
PHCA separates signals by optimizing the objective func-
tion maxy F(W) = Fi(W)F,(W)F3(W)F4(W), an optimiza-
tion algorithm is required. As the optimization algorithm,
we adopted an island-model real-coded genetic algorithm,
with 100 individuals on each of eight islands, 50 genera-
tions, and genes consisting of 12 X 2 matrices in which all
elements are initially set to 1. The waveforms d, 1(t) and d}(t)
of both participants are shown in Fig.9, and the estimated
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Fig.7  Displacements estimated using the radar and BF method (black)
and the laser displacement sensor (red dashed) for participants A and B.
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Fig.8 Impulse response calculated from the pulse waveform estimated
using the BF method (black line) and the impulse response calculated from
the pulse wave waveform measured by the laser displacement sensor (red
dashed line). Left: participant A; right: participant B.
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Fig.9 Displacement waveforms estimated using the radar and PHCA
(black) and reference data measured using laser displacement sensors (red
dashed).
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Fig.10  Impulse response (black) estimated using PHCA for participants
A (left) and B (right) with reference data (red dashed).

impulse responses }Azl,z(t) are shown in Fig. 10.

Finally, we applied the proposed method to the mea-
sured data. The parameters were set to be the same as those
for PHCA. The objective function of PHCA, F(W), was
replaced by F'(W) = F{(W)F,(W)G(W). The displacement
waveforms cfl (t) and cfz(t) were estimated using the proposed
method. The results are displayed in Fig. 11, and the impulse
responses le,z(t) are shown in Fig. 12.

To evaluate the performance of the signal separation
methods, we use two types of errors: (1) the rms error eq in
estimating the body displacement waveform and (2) the rms
erTor ejmp in estimating the impulse response of the pulse
wave. We define eg and ey as
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Fig.11  Displacement waveforms estimated using the radar and proposed
method (black) and reference data measured using laser displacement sen-
sors (red dashed).
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Fig.12  Impulse response (black) estimated using the proposed method
for participants A (left) and B (right) with reference data (red dashed).

1 (r .
4(i) = min —f lad,(t) - i) dr, (15)
a T 0
1 (T2
€imp = i —j lahi 2(0) ~ a2 dr. (16)
a \NT J)-rp

The rms errors eq(1), eq(2), 4 = (eq(1) + e4(2))/2, and
eimp are summarized in Table 3. In estimating the displace-
ments at the back and calf of participant A, the proposed
method achieves higher average accuracy than BF and PHCA
(by 10% and 47%, respectively); in estimating the impulse
response of the pulse wave in participant A, the proposed
method is 26% and 71% more accurate than BF and PHCA,
respectively. In estimating the displacements at the back and
calf of participant B, the proposed method achieves 12%
higher average accuracy than BF, and almost equivalent ac-
curacy to that of PHCA; in estimating the impulse response
of the pulse wave in participant B, the proposed method
gives 28% higher accuracy than PHCA, and a similar level
of accuracy as BF. Using the proposed method, the average
error éq4 in estimating the displacement waveforms decreases
by 10% (participant A) and 12% (participant B) compared
with the BF method, and by 47% (participant A) compared
with PHCA.

Finally, we estimated the PTT values (tprr) from the
impulse responses le,z(t) obtained using PHCA and the pro-
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Table 3  Accuracy of signal separation methods.
Method . Back Calf | Ave. | Imp. Res.
Subject _
edq(l) | eq(2) éd €imp
BF A 0.18 0.10 | 0.14 0.14
B 0.16 0.19 | 0.17 0.09
A 0.19 0.19 | 0.19 0.19
PHCA B 0.15 0.16 | 0.15 0.12
Proposed A 0.16 0.10 | 0.13 0.11
P B 0.157 | 015 | 0.15 | 009
Table4  Comparison of estimated PTT values.
Participant A Participant B
PTT [ Error PTT [ Error
Laser 45.0ms - 35.5ms -
39.7ms 40.5ms
PHCA 5.3ms (88%) -5.0ms (114%)
14.5ms 2.5ms
Proposed 30.5ms (329%) 33.0ms (7%)

posed method for comparison. The estimated PTT values

were calculated as tprr = (égﬁo + tgr)o) /2, where tée_r)o and
tézr)o are the zero-crossing points that satisfy hl,z(égﬁo) =
hia(tee) = 0, iy < 0 < 155, and [tiepo], [then|< 2025,
where 1228 = (0.5 was selected. The estimated PTT values

Zero
are summarized in Table 4. These results suggest that the ac-
curacy can be significantly improved by using the proposed
method instead of the original PHCA. Overall, the results in-
dicate the effectiveness of the proposed method in measuring
the body displacements at multiple body positions.

Note that, before applying the signal separation meth-
ods, the DC components were subtracted from x(¢) to sup-
press static clutter, such as echoes from static objects (e.g.,
floor and bed) and non-moving body parts. Because the par-
ticipants were holding their breath during the measurement,
the radar signal mainly contained the displacement caused
by pulse waves. The amplitude of the body displacement
caused by the pulse waves varies across the body—the up-
per torso exhibits a large displacement because it is close to
the heart, and the calves also exhibit a large displacement
because they have a relatively large artery (i.e., popliteal
artery and tibioperoneal trunk) located just beneath the skin.
Experimentally, we have confirmed that strong radar echoes
arrive mainly from these two positions (back and calf) when
the target person is prone and the radar is installed above the
body.

5. Conclusion

This paper has proposed a new method of blind signal sep-
aration and described the application of the method to the
measurement of radar echoes from multiple body positions,
allowing arterial pulse wave propagation to be observed.
First, we measured the skin displacement on the backs and
calves of two participants using laser displacement sensors,
and proposed a mathematical model of the pulse wave prop-
agation between the two body positions. The mathematical
model was incorporated into a function that indicates the
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similarity between the mathematical model and the actual
data. The objective function of conventional PHCA was
then revised using the function formulated by the proposed
mathematical model.

To evaluate the accuracy of the proposed method, we
performed radar measurements on two participants. Com-
pared with conventional methods, the proposed approach is
better able to separate radar echoes accurately, with a few ex-
ceptions. The rms error of the proposed method in estimating
the displacement waveforms was found to be 10% and 21%
smaller than that of the conventional BF and PHCA meth-
ods, respectively. The rms error of the proposed method in
estimating the impulse response of the pulse wave was found
to be 15% and 55% smaller than that of the conventional BF
and PHCA methods, respectively.

These results indicate that the proposed method is effec-
tive for the signal separation of radar echoes from multiple
body positions. The blind signal separation method pro-
posed in this study is expected to lead to new mathematical
models of physiological signals being exploited to improve
the measurement performance. We plan to establish other
mathematical models of physiological signals so that similar
approaches can be applied to other physiological measure-
ments.
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