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Experimental Demonstration of Accurate
Noncontact Measurement of Arterial Pulse Wave

Displacements Using 79-GHz Array Radar
Yuji Oyamada, Takehito Koshisaka, and Takuya Sakamoto , Senior Member, IEEE

Abstract—In this study, we present a quantitative
evaluation of the accuracy of simultaneous array-radar-based
measurements of the displacements caused at two parts
of the human body by arterial pulse wave propagation.
To establish the feasibility of accurate radar-based
noncontact measurement of this pulse wave propagation,
we perform experiments with four participants using a
79-GHz millimeter-wave ultra-wideband multiple-input
multiple-output array radar system and a pair of laser
displacement sensors. We evaluate the accuracy of the
pulse wave propagation measurements by comparing the
displacement waveforms that are measured using the radar
system with the corresponding waveforms that are measured
using the laser sensors. In addition, to evaluate the estimates of the pulse wave propagation channels, we compare the
impulse response functions that are calculated from the displacement waveforms obtained from both the radar data
and the laser data. The displacement waveforms and the impulse responses both demonstrated the good agreement
between the results of the radar and laser measurements. The normalized correlation coefficient between the impulse
responses obtained from the radar and laser data on average was as high as 0.97 for the four participants. The results
presented here strongly support the feasibility of accurate radar-based noncontact measurement of arterial pulse wave
propagation.

Index Terms— Array radar, arterial pulse wave, impulse response, laser displacement sensor.

I. INTRODUCTION

THE arterial pulse wave velocity (PWV), the pulse arrival
time (PAT), and the pulse transit time (PTT) are all known

indicators of a variety of cardiovascular diseases [1]–[5]. The
PAT is the time difference between the occurrence of the R
wave in an electrocardiogram (ECG) and the time at which
the related pulse arrives at a specific body part; the PTT is
the time difference between two PATs measured at different
body parts; and the PWV can then be calculated by dividing
the distance between the two body parts by either the PAT
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or the PTT. In clinical practice, the volume change caused
by the pulse wave is measured at multiple body sites to
estimate the PWV. For example, the baPWV (brachial-ankle
PWV) method, which is used to detect the progress of arte-
riosclerosis, measures the PWV using cuffs attached to all four
of the patient’s limbs.

Another application of the PAT and PTT is estimation
of the systolic blood pressure (BP) without use of cuffs.
If a patient’s BP must be monitored constantly, a conven-
tional sphygmomanometer with inflatable cuffs is cumbersome
to wear and involves uncomfortable physical restraint for
the patient. To resolve these issues, cuffless BP measure-
ment techniques have been studied and the most promising
approach involves use of the relationship between the BP
and the PAT/PTT [6]. Numerous promising results on BP
estimation using cuffless systems have been reported in the
literature [7], [8].

The PAT can be measured using a combination of ECG
and photoplethysmograph (PPG) sensors [9]–[14]. Ma and
Zhang [10] and Wong et al. [11] studied the accuracy of
PAT-based BP measurements. Zheng et al. [12] evaluated
the performance of PAT-based BP measurements using 24 h
data. Thomas et al. [13] developed a compact wristwatch-like
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wearable device that contained both ECG and PPG sensors.
Zheng et al. [14] also developed a wristwatch-like wearable
system. These systems, however, suffered from an error caused
by the uncertainty of the pre-ejection period, which is defined
as the time between the onset of the QRS complex and the
beginning of ventricular ejection and is known to vary from
beat to beat. To avoid this pre-ejection period-related error,
the PTT should be measured rather than the PAT [15].

Multiple PPG sensors are often used to perform PTT
measurements and these sensors are attached to multiple
parts of the patient’s body with known distances between
them [15]–[17]. For example, PPG sensors have previously
been placed on three sites on the patient’s head [15], on a
patient’s wrist and finger [16], and on a patient’s finger and
foot [17]. Martin et al. [17] developed a BP measurement
system that resembles a weight scale and comprises various
sensors, including an ECG sensor, a finger PPG sensor, a foot
PPG sensor, a ballistocardiography sensor, and an impedance
cardiography (ICG) sensor. Other sensor types have been
also used to monitor the PTT [18]–[21]. Foo et al. [18]
used a PPG sensor and a phonocardiogram (PCG) sensor;
Hsu and Young [19] used microelectromechanical system
pressure sensors; Lee et al. [20] used a PPG sensor and a
magneto-plethysmograph sensor; and Heydari et al. [21] used
an ECG sensor and bio-impedance sensors to measure the PTT.

However, noncontact sensing is preferred to use of these
contact-type sensors because it enables provision of an
unobtrusive health monitoring system that can record the
PTT/PWV data continuously over long periods. Microwave
and millimeter-wave radar systems are particularly promis-
ing options for these applications because radar waves can
penetrate through both clothing and comforters and can thus
measure the physiological signals accurately. There have been
several previous reports of radar-based cuffless measurements
of pulse wave propagation [22]–[28]. Lin et al. [22] measured
the PTT using a 300-MHz radar system with an antenna
pair. Buxi et al. used configurations that included a 1-GHz
continuous-wave (CW) radar system with ICG, ECG, PCG,
and piezoelectric sensors [23], a 1.1-GHz CW radar system
with ICG sensors [24], and a 2.4-GHz CW radar system
with ICG, ECG, and PCG sensors [25] to perform PTT
measurements. Ebrahim et al. [26], [27] measured the PTT
using a 900-MHz radar system along with ECG and PCG
sensors. Kuwahara et al. measured the PTT using a radar
system and a piezoelectric pressure sensor attached to the
patient’s finger [28]. Although radar systems were used in
all these previous studies [22]–[28], they also required sup-
plementary contact sensors in addition to the radar system,
which means that these systems cannot achieve unobtrusive
patient monitoring.

Previous studies on PTT measurement that used radar sys-
tems alone have also been reported [29]–[34]. Tao et al. esti-
mated the PWV using a radar system placed on the patient’s
upper arm and left ankle [29]. Tang et al. [30] measured the
PTT by measuring the displacement of the patient’s arm and
chest simultaneously using a radar system that the patient
wore on their wrist. Lauteslager et al. [31] measured the
PTT by contacting six parts of the patient’s body sequentially

TABLE I
PARAMETERS OF THE ARRAY RADAR SYSTEM

using a radar system. Although these studies [29]–[31] did
measure the PTT using radar systems only, the radar antennas
were placed in close contact with the body surface and thus
could not be considered to be noncontact measurements.
Vasireddy et al. [32] measured the PTT and PWV by placing
two radar systems approximately 15 cm from the surface of
the patient’s chest and from their right groin. Lu et al. [33]
measured the PWV by placing two radar systems close to
the patient’s chest and calf. Although the pulse waves were
measured via noncontact measurements using multiple radar
systems in these studies, the position and posture of the target
patient required careful adjustment in each case. In contrast,
Michler et al. [34] measured the PWV using only a single
phased array radar system by forming beams that were directed
alternately into two locations in the patient’s abdomen. This
method required adjustment of the transmission direction
according to the position of the target patient.

In this study, we use a millimeter-wave (MMW)
ultra-wideband (UWB) multiple-input multiple-output
(MIMO) array radar system to measure two body parts on each
of four participants to estimate both their body displacements
and the arterial pulse wave propagation. We then evaluate the
accuracy of these radar-based measurements by comparing
the results with reference data that were obtained using laser
displacement sensors. The pulse wave propagation channel
is evaluated quantitatively in terms of its impulse response,
which is calculated based on the estimated displacement
waveforms from the two body parts. Although our previous
study [35] indicated the possibility of array-radar-based
pulse wave propagation measurement, the accuracy of these
measurements has not been evaluated experimentally to
date. To the extent of the authors’ knowledge, this study is
the first to evaluate the accuracy of radar-based noncontact
measurements of arterial pulse wave propagation quantita-
tively. We demonstrate the effectiveness of our proposed
system by using an array radar system to perform noncontact
experimental measurements of pulse wave propagation.

II. EXPERIMENTAL SETUP WITH ARRAY RADAR AND

LASER DISPLACEMENT SENSORS

We conduct the experiments using an array radar system and
a pair of laser displacement sensors simultaneously to evaluate
the accuracy of the radar-based pulse wave measurements.
Note that the laser displacement sensors are only used to
evaluate the accuracy of the radar-based measurements. The
parameters of the array radar system and the laser displace-
ment sensors are given in Tables I and II, respectively.
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TABLE II
PARAMETERS OF THE LASER DISPLACEMENT SENSORS

Fig. 1. Measurement setup with a participant shown lying in a prone
position on a bed. Two body parts (marked b and c in the image) were
measured using both the array radar system and the laser displacement
sensors.

We use a 79-GHz MMW UWB MIMO array radar system.
This system is a frequency-modulated CW (FMCW) radar sys-
tem with transmit power of 9 dBm, effective isotropic radiated
power (EIRP) of 20 dBm, a center frequency of 79 GHz, a cen-
ter wavelength of λ = 3.8 mm, and an occupied bandwidth
of 3.9 GHz. The beamwidths of the individual elements in
the radar array are ±4◦ and ±35◦ in the E- and H-planes,
respectively. These beamwidths result in a beam footprint size
of 17.8 × 16.8 cm at a distance of 1.2 m from the array
because the 12-element uniform half-wavelength linear array
has a half-power beamwidth of ±4.2◦ in the H-plane, which is
explained in the Appendix. The radar array is composed of a
MIMO array that contains three transmitting and four receiving
elements, with spacings between the transmitting elements and
between the receiving elements of 7.6 mm (2λ) and 1.9m̃m
(λ/2), respectively. If we assume that the distance between the
array and the targets is much greater than the array aperture
size and also assume that the mutual coupling between the
array elements is negligible, then the MIMO array can be
approximated using a virtual array with elements arranged in
a straight line at equal intervals. Specifically, the array used
in this study can be approximated using a 12-element virtual
linear array with half-wavelength element spacings.

A photograph of the experimental scene with a participant
lying on a Styrofoam bed in a prone position is shown in
Fig. 1. We conducted the experiments with four participants,
who are named A, B, C and D here. All participants are
healthy adults and their biometric information is summarized
in Table III. The BPs and heart rates of all participants were
measured during the experiments. A pair of laser displacement
sensors were placed 150 mm from the back and the calf of
each participant (Fig. 2). We confirmed that the radar system
and the laser sensors both measured almost exactly the same
spots (on the back and the calf of each participant), which

TABLE III
BIOMETRIC INFORMATION OF PARTICIPANTS

Fig. 2. Schematic of the measurement setup with the array radar system
mounted above a participant lying in a prone position.

enables evaluation of the accuracy of the measurements of the
body displacements at these two body parts simultaneously.
During these experiments, the participants were asked to hold
their breath to ensure that their respiration did not affect the
measurements.

To measure the displacements that occur at two body parts
simultaneously, a beamformer method is used to process
the array radar data. For an array that contains K (virtual)
elements, the signal si (t, r) is received using the i -th ele-
ment (i = 1, 2, · · · , K ), where t is the slow time and
r = ct �/2 is the range for the fast time t � and the speed
of light c. A signal vector s�(t, r) is defined as s�(t, r) =
[s1(t, r), s2(t, r), · · · , sK (t, r)]T, where the superscripted T
represents a transpose operator. The static clutter is then
suppressed by subtracting the time-averaged profile from the
signal vector, that is s(t, r) = s�(t, r) − (1/T )

∫ T
0 s�(t, r)dt ,

where T is the total measurement time. A target range r0 is
then selected where r0 = arg maxr

∫ T
0 |s(t, r)|2dt . The signals

s(t, r0) are then processed for the selected range r0 only.
Hereafter, we omit r0 for simplicity as s(t) = s(t, r0).

The origin of the xyz coordinates is located at the center
of the virtual array. We also assume that the array baseline
is located on the x-axis, the array is located in the xy
plane, and the downward vertical direction is represented
by the z axis (Fig. 2). The beamformer method uses a
weight wi = e−j(2πxi/λ) sin θ , where λ is the wavelength,
xi (i = 1, 2, · · · , K ) is the distance from the center of the
array to the k-th element, and θ is the direction of arrival
(DOA). Using a mode vector a(θ) = [w1, w2, . . . , wK ]T,
the DOAs θ j ( j = 1, 2, · · · M) can be estimated based on
the dominant peaks of the spatial spectrum:

PBF(θ) =
∫

|aH(θ)s(t)|2dt, (1)
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Fig. 3. Range profiles |s(t, r)|2 for participants A (top) and B (bottom).

where M is the number of echoes and the superscripted
H represents a complex-conjugate transpose operator. The
j -th echo u j (t) arriving from the angle θ j is estimated
using u j (t) = aH(θ j )s(t), and the skin displacement
di (t) = (λ/4π) � ui (t) is also estimated, where � denotes
the phase of a complex number. In this study, we focus
specifically on two dominant echoes, denoted by u1(t)
and u2(t), that arrive from two parts of the participant’s
body and estimate the corresponding displacement waveforms
d1(t) and d2(t).

III. COMPARISON OF PULSE WAVE WAVEFORMS

MEASURED USING RADAR AND LASER SENSORS

The upper and lower panels of Fig. 3 show the range profiles
|s(t, r)|2 obtained for participants A and B, respectively, after
DC suppression. In this figure, time-changing echoes are
observed in the range between 1.2 and 1.5 m. Because the
radar has high range resolution, the echoes from the target
participant can be separated from the majority of the undesired
echoes coming from the background objects in each case.
We then select a range r0 and obtain a signal vector s(t) using
the process explained in Section II.

Next, we apply the beamformer method to s(t) to obtain
an angular profile PBF(θ) and then convert this profile into a
cross-range profile P(x) = PBF(sin−1(x/r0))). Two examples
of the cross-range profile P(x) that were obtained for partic-
ipants A and B are shown in Fig. 4, where the approximate
heights and positions of the two participants are displayed
for the convenience of the reader. The images show that the
two dominant peaks in each profile correspond approximately
to the echoes returning from the back and the leg of each
participant. Similar profiles were also obtained for participants
C and D. The proposed method detects the two dominant
peaks in the cross-range profile and estimates the reflection
points x1 = r0 sin θ1 and x2 = r0 sin θ2 (θ1 < θ2), which are

Fig. 4. Cross-range profiles for participants A (top) and B (bottom),
where the approximate body size and position of each target person are
also displayed.

then used to estimate the displacements d1(t) and d2(t) that
occurred at the two body parts.

The displacement waveforms of the back and calf of par-
ticipant A were estimated as shown in Fig. 5, where the
black and red lines represent the displacements that were
measured using the radar system and the laser sensors, respec-
tively. The sampling frequencies used for the radar system
and the laser sensors were 10 Hz and 2 kHz, respectively.
To ease the process of comparison between the radar and
laser signals, which were sampled at different frequencies,
we applied a cubic spline interpolation to the radar signals;
this caused the sampling frequency of the radar data to match
that of the laser data. These displacements are denoted by
d(R)b (t), d(R)c (t), d(L)b (t), and d(L)c (t), where the back and
the calf are denoted by the subscripts b and c and the
data measured using the radar system and the laser sensors
are denoted by the superscripts (R) and (L), respectively.
Note that both d(R)b (t) = d1(t) and d(R)c (t) = d2(t) hold
here. As an additional example, the corresponding sets of
waveforms for participant B are displayed in Fig. 6. Although
some differences can be seen among the details of these
waveforms, the overall waveforms measured using the radar
system and the laser sensors resemble each other for both
participants A and B.

To evaluate the similarities between the displacement wave-
forms measured using the radar system and the laser sensors
quantitatively, we calculate a normalized cross-correlation
function C(τ ) between the displacement waveforms at the
backs of the participants as:

C(τ ) = (1/C0(τ ))

∫ T �

0
d(R)b (t)d(L)b (t + τ )dt, (2)
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Fig. 5. Displacement waveforms of the back (top) and calf (bot-
tom) measured using the radar system and the laser sensors for
participant A.

Fig. 6. Displacement waveforms of the back (top) and calf (bot-
tom) measured using the radar system and the laser sensors for
participant B.

where τ is the time lag and C0(τ ) is set as

C0(τ ) =
√∫ T �

0
|d(R)b (t)|2dt

∫ T �

0
|d(L)b (t + τ )|2dt (3)

to normalize C(τ ) (|C(τ )| ≤ 1). In the ideal case where
d(R)b (t) = d(L)b (t), C(0) = 1 holds. Similarly, the normalized
cross-correlation function is calculated using the displace-

TABLE IV
MAXIMUM CROSS-CORRELATION C(τmax) AND

TIME LAG τmax FOR THE FOUR PARTICIPANTS

ment waveforms d(R)c (t) and d(L)c (t) from the calves of the
participants.

Fig. 8 shows the normalized cross-correlation function C(τ )
characteristics for participants A and B. The figure shows
that C(τ ) is quasiperiodic because of the quasiperiodicities
of the displacement waveforms d(R)b (t), d(L)b (t), d(R)c (t), and
d(L)c (t). We calculate the local maximum of C(τ ), sub-
ject to the condition that |τ | ≤ T0/2, where T0 is the
heartbeat interval. Table IV presents the local maximum
value Cmax = max|τ |≤T0/2 C(τ ) and the time lag τmax =
arg max|τ |≤T0/2 C(τ ) for each of the four participants, where
the condition τmax = 0 is imposed for the back in each
case because an unknown time offset exists between the radar
system and the laser sensors, which are not synchronized.
However, imposing τmax = 0 for the back does not affect the
overall accuracy evaluation because the propagation channel
is dependent on the time difference between the displacements
at the two body parts; the time lag error is determined using
only τmax from the calf in each case.

The upper panel in Fig. 7 shows the scatter diagram for the
displacements d(R)b (ti ) and d(L)b (ti ) (i = 1, 2, · · · , L) of the
back of participant A; the lower panel in Fig. 7 shows the
corresponding scatter diagram for the calf of participant A,
where the i -th sampling time is ti = i�t with �t = 25 ms and
L = 241. Next, we apply principal component analysis (PCA)
to the covariance matrices Mb and Mc, where Mb is calculated
using d(R)b and d(L)b as follows:

Mb = 1

L − 1

L∑
i=1

[
d(R)b (ti )2 d(R)b (ti )d

(L)
b (ti )

d(L)b (ti )d
(R)
b (ti ) d(L)b (ti )2

]
, (4)

and Mc is calculated in a similar manner using d(R)c and d(L)c .
For participant A, the eigenvalues σmax and σmin (σmax ≥ σmin)
of the matrices Mb and Mc are calculated; the square roots of
these eigenvalues are

√
σmax = 78.9 μm and

√
σmin = 8.5 μm

for Mb, and
√
σmax = 29.8 μm and

√
σmin = 6.8 μm for Mc.

The proportions of variance of the first principal component
pv = σmax/(σmax + σmin) were 98.8% and 95.0% for Mb
and Mc, respectively. The same analysis was carried out for
all participants and the results are summarized in Table V.
The average proportions of variance of the first principal
component pv were 97.9% and 96.4% for the back and the
calf, respectively, indicating successful radar measurement of
the pulse wave displacements.

Fig. 7 also shows ellipses in red with semi-major and
semi-minor axes that are equal to

√
σmax and

√
σmin,
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Fig. 7. Scatter diagrams of the displacements measured using the
radar and laser sensors for the back (top) and the calf (bottom) of
participant A.

TABLE V
PCA RESULTS FOR DISPLACEMENTS MEASURED

USING RADAR AND LASER SENSORS

respectively, and the major axis of each ellipse is oriented
parallel to the eigenvector [cosψ, sinψ]T of the first principal
component. The results for the angle of the eigenvector ψ
of the first principal component are summarized in Table V,
where the average ψ values were 54.8◦ and 56.6◦ for the
back and the calf, respectively; this indicates that the radar
measurements underestimate the displacements by factors of
tanψ = 1.4 and 1.5 on average for the back and the
calf, respectively. Note that these factors do not affect the
normalized waveforms.

Next, we calculate the root-mean-square (rms) errors eb and
ec between the pulse wave displacements, which are expressed
in the forms of e2

b = (1/T )
∫ T

0 |d(R)b (t) − d(L)b (t)|2dt and
e2

c = (1/T )
∫ T

0 |d(R)c (t) − d(L)c (t)|2dt , respectively. The rms
error results for all participants are shown in Table VI. The
average rms errors for the back and the calf were 24.1 and
10.1 μm, respectively.

The discrepancy between the displacement waveforms mea-
sured using the radar and laser systems can be explained
by the difference between the spot sizes of the two sensor

TABLE VI
RMS ERRORS eb AND ec FOR ALL PARTICIPANTS

Fig. 8. Correlation function C(τ ) of d(L)
b (t) and d(R)

b (t) (back, solid line);

and correlation function C(τ ) of d(L)
c (t) and d(R)

c (t) (calf, broken line) for
participants A (top) and B (bottom).

types. The beam spot sizes of the radar and laser sensors
are 170 mm and 0.12 mm, respectively; this means that the
laser displacement sensors measure the local displacement,
whereas the radar system measures the displacement averaged
over the beam footprint. Despite this difference, the average
value of the correlation coefficient between the displacement
waveforms for the radar system and the laser sensors was as
high as 0.94. We should also note here that the precision of the
evaluation of the correlation coefficients mentioned above can
be affected by the interpolation process applied to the radar
signals. In future work, our next step will be to take the above
effects into account to enable more precise evaluation of the
accuracy.

Next, to analyze the pulse wave propagation, we determine
the impulse response of a linear time-invariant system that
is used to model the pulse wave propagation. The impulse
response is approximated using a Wiener filter as:

g(τ ) =
∫ ∞

−∞

∫ ∞
−∞ dc(t)e−jωt dt

∫ ∞
−∞ db(t)ejωt dt∣∣∫ ∞

−∞ db(t)e−jωt dt
∣∣2 + η2

ejωτdω, (5)

where the superscripts (R) and (L) are omitted for simplicity.
The parameter η is determined as:

η = η0 max
ω

∣∣∣∣
∫ ∞

−∞
db(t)e−jωt dt

∣∣∣∣ , (6)
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Fig. 9. Impulse responses gR(t) and gL(t) representing pulse wave
propagation between the back and the calf for participants A (top) and B
(bottom).

where η0 = 0.5 was selected empirically. The impulse
response that was obtained using d(R)b (t) and d(R)c (t) is denoted
by gR(t); the impulse response that was obtained using d(L)b (t)
and d(L)c (t) is denoted by gL(t).

The impulse responses gR(t) (radar) and gL(t) (laser) for
participants A and B are shown in Fig. 9, where the black
and red lines represent gR(t) and gL(t), respectively. Notably,
the impulse responses obtained using the radar system and
the corresponding responses obtained using the laser sensors
look alike; these responses show similar patterns, regardless of
any individual differences. Because of the quasiperiodicity of
these displacement waveforms, the impulse responses are also
quasiperiodic. A significant negative trough can be seen around
τ = 0, which is then followed by double peaks. Interpretation
of this impulse response shape will form part of the next
step in our future research. This study focuses solely on the
similarity between the impulse responses obtained using the
radar system and the corresponding responses obtained using
the laser sensors.

To enable evaluation of the similarity between gR(t) and
gL(t), the normalized correlation of ρg = ∫

gR(t)gL(t)dt is
calculated. The normalized maximum correlations for partici-
pants A, B, C, and D are ρg = 0.94, 0.97, 0.98, and 0.98 at
time lags of τ = −3.0, 11.0, 11.0, and −24.5 ms, respectively;
the average correlation was as high as 0.97 and the average
time lag error was 12.4 ms, which is sufficiently shorter
than the typical PTT between the back and the calf. These
results demonstrate the feasibility of the proposed radar-based
noncontact approach to pulse wave propagation measurement.
In future work, we intend to study the relationship between
the impulse response gR(t) and the related physiological

parameters, e.g., BP and arterial stiffness, to enable the pro-
posed method to be applied in healthcare systems.

IV. DISCUSSION

A. Investigation of Repeatability
To verify the repeatability of our experimental accuracy

evaluation, we performed additional measurements three more
times for participant A. In the additional measurements,
the correlation coefficients ρg between the impulse responses
obtained from the radar and laser sensors were 0.92, 0.97,
and 0.91. The average ρg (including the measurement in the
previous section) for participant A was as high as 0.94, which
suggests the repeatability of the accuracy evaluated in this
study. In future, it will be important to perform additional
large-scale measurements with more participants to verify the
statistical repeatability of the proposed approach.

B. Advantage and Disadvantage of the
Proposed Approach

Next, we discuss the advantages and disadvantages of the
proposed approach. The advantages are described as follows.
(1) Using the proposed approach, pulse wave propagation
can be measured unobtrusively in a noncontact manner and
without attachment of any sensors to the patient’s body.
(2) Using the proposed approach, the pulse wave propagation
can be measured using only a single radar sensor, whereas
many existing systems require multiple sensors (e.g., cuffs,
electrodes, and radar sensors). (3) When using the proposed
approach, pulse wave propagation can be measured through
both clothes and bedding because MMWs penetrate these
fabrics.

For contrast, the disadvantages of the proposed method are
as follows. (1) The accuracy of the proposed approach is
not necessarily as high as that of existing contact sensors.
(2) The user is required to hold their breath for a few seconds
during the measurement process. To mitigate the first disadvan-
tage, we will study application of advanced signal processing
techniques [35] to improve the signal separation accuracy.
To resolve the second disadvantage, it will be necessary
to develop an algorithm that can suppress the respiratory
components from the radar signals, and this will form part
of our future studies.

In this study, we used an operating frequency of 79 GHz,
whereas the other radar-based studies [30]–[34] used lower fre-
quencies (Table VII). The advantage of use of a 79-GHz radar
system is related to its high sensitivity to small displacements;
the skin displacement caused by a pulse wave is typically less
than 100 μm, which corresponds to radar echoes with phase
rotations of less than 19.0◦, 5.8◦, and 0.58◦ at frequencies
of 79, 24, and 2.4 GHz, respectively. Therefore, in noisy data,
the body displacement caused by a pulse wave is easier to
detect at higher frequencies (e.g., at 79 GHz).

C. Comparison With Existing Studies
We discuss the uniqueness of the approach in this study.

No existing studies have been reported to date that eval-
uated the accuracy of radar-based measurements of body
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TABLE VII
COMPARISON WITH EXISTING STUDIES

displacements and pulse wave propagation quantitatively. For
example, Michler et al. [34] used an array radar system and
measured the displacement waveforms at two sites on the
patient’s abdomen. Vasireddy et al. [32] and Lu et al. [33]
both used two radar systems and placed these systems close
to the target body. However, none of these studies [32]–[34]
reported evaluations of the accuracy of the measured displace-
ments. In general, it is not easy to evaluate the accuracy of
the measured displacements because placement of reference
sensors on the body sites of interest can interfere with the
radar measurements. Despite this, our proposed measurement
setup, which is shown in Fig. 2, provided an evaluation of the
accuracy of the displacement measurements. The number of
radar systems and the number of antenna elements used in
each of these studies are summarized in Table VII.

As explained in the Introduction, numerous studies have
addressed the relationship between the BP and the pulse wave
data when measured using contact-type sensors. Therefore,
we did not reiterate the same processes in the data analysis;
instead, we focused on the accuracy of estimation of the skin
displacement waveforms in this study. Regardless of the above,
it will be important to study the accuracy of noncontact BP
measurements using the proposed approach, and this will also
form part of our future studies.

Finally, we discuss the applicability of radar imaging to
the identification of human body parts. Our measurement
system can locate the reflection points on the human body and
extract the displacement waveforms at those points, whereas
the corresponding body parts are not identified. In the future,
however, it will be important to obtain the entire shape of
the human body using radar imaging [36]–[40] to allow the
exact location of each beam spot to be estimated and the
corresponding body parts identified.

V. CONCLUSION

In this study, we evaluated the accuracy of noncontact mea-
surement of displacements in the human body caused by pulse
wave propagation using a 79-GHz MMW UWB MIMO array
radar system for the first time. A pair of laser displacement
sensors was also used to measure the body displacement wave-
forms for reference in the evaluation of the proposed method.
The DOAs of the echoes from two body parts were estimated
by applying a beamformer method to the array radar signals
and displacement waveforms were extracted from the back
and the calf of each participant. By modeling the pulse wave
propagation as a linear time-invariant system, the system’s
impulse response was calculated using the radar data and was
then compared with the impulse response calculated using

the laser data. The pulse wave impulse responses that were
estimated using the radar and laser systems were evaluated
quantitatively and compared. For the four participants (A, B,
C, and D), the normalized correlation values between the
impulse responses obtained from the radar and laser data
ranged as high as 0.94, 0.97, 0.98, and 0.98, respectively.
These experimental results demonstrated for the first time that
arterial pulse wave propagation can be measured accurately in
a noncontact manner using a single MIMO array radar system.
This first report on the demonstration of these measurements
is expected to lead to the development and realization of
unobtrusive health monitoring systems to detect early-stage
cardiovascular diseases in future work.

APPENDIX

The array factor PA(θ) for an N-element uniform antenna
array with half-wavelength element spacings is given by

PA(θ) =
∣∣∣∣ sin((Nπ/2) sin θ)

N sin((π/2) sin θ)

∣∣∣∣2

, (7)

where θ is the angle in the xz plane. The total beam pattern
P(θ, φ) = PA(θ)PE(θ, φ) of the array is given by the
product of the array factor PA(θ) and the element pattern
PE(θ, φ), where φ is the angle in the yz plane. In this study,
the element pattern PE(θ, φ) represents a fan-shaped beam
with a narrow beamwidth within φ and a broad beamwidth
within θ . Therefore, the beamwidths within the angles θ and
φ of the total beam pattern P(θ, φ) are mainly determined
by the array factor PA(θ) and the element pattern PE(θ, φ),
respectively.
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