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Radar-Based Pulse Wave Sensing at Multiple
Sites Using a 3-D Human Model

Takehito Koshisaka and Takuya Sakamoto , Senior Member, IEEE

Abstract—This study proposes a sensing method using
a millimeter-wave array radar and a depth camera to mea-
sure pulse waves at multiple sites on the human body.
Using a 3-D shape model of the target human body mea-
sured by the depth camera, the method identifies reflection
sites on the body through electromagnetic scattering sim-
ulation. On the basis of the simulation, the radar system
can be positioned at a suitable location for measuring
pulse waves depending on the posture of the target per-
son. Through measurements using radar and depth camera
systems, we demonstrate that the proposed method can
estimate the body displacement waveform caused by pulse
waves accurately, improving the accuracy by 14% compared
with a conventional approach without a depth camera. The
proposed method can be a key to realizing an accurate and
noncontact sensor for monitoring blood pressure.

Index Terms— Depth camera, electromagnetic scattering, millimeter-wave radar, pulse wave sensing.

I. INTRODUCTION

HYPERTENSION increases the risk of cardiovascular
diseases [1], and the percentage of hypertensive patients

age 30–79 years was 33.1% in 2019 [2]. Because regular blood
pressure measurement is necessary to keep blood pressure
within an appropriate range [3], it is necessary to have a
sensing system for constant monitoring of blood pressure.

Blood pressure is related to pulse transit time, which is
calculated from the arrival time of pulse waves measured
at multiple sites on the human body [4]. This has been
achieved mostly using contact sensors [5], [6], [7]. Research
on noncontact pulse wave measurement has been conducted
intensively to make the system unobtrusive and easy to set up;
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the use of millimeter-wave radar systems has been reported for
such purposes [8], [9], [10], [11], [12], [13], [14], [15]. For
example, Oyamada et al. [15] measured the body displace-
ment waveform at the back and thigh simultaneously using
a 79-GHz frequency-modulated continuous-wave (FMCW)
radar system, and the accuracy was evaluated through simulta-
neous measurements with laser displacement sensors. To apply
this technique in practice, however, it is necessary to adjust the
position of either the radar system or the target person and then
record the echoes from multiple target sites on the body; the
position adjustment process requires empirical intuition and
knowledge because no systematic sensor-based approach has
been established to date, and this represents the key technical
challenge faced in this study. This technical challenge com-
promises the practicality of array-radar-based blood pressure
sensing because the repeatability of such systems cannot be
ensured when it depends on the operating personnel.

In this study, we propose a new approach for determining
the position of the radar system depending on the target
person’s position and posture using electromagnetic scattering
simulation to estimate the part of the body from which the
reflected waves are received. This approach allows accurate
pulse wave measurements to be acquired at multiple sites
on the target human body, regardless of the target person’s
positioning and posture, and can thus resolve the key technical
challenge discussed above. We reduce the computational com-
plexity using a simplified approximation instead of full-wave
electromagnetic simulation. Some studies on electromagnetic
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simulations with a human body are also based on the phys-
ical optics (PO) approximation because of its simplicity and
practicality [17], [18], [19], [20], [21], [22]. Some studies use
geometrically simplified human models [23], [24], while other
studies use precise human models obtained from a 3-D laser
scanner [25], [26], [27].

Konishi and Sakamoto [28] and Sakamoto et al. [29]
reported electromagnetic wave scattering analysis with a
human model obtained by a depth camera, assuming a radar
frequency of 60 GHz, and visualized the reflection sites
on the human body. Although the method proposed by
Konishi et al. [28] enables estimation of reflection sites on
the human body surface, the method has not been applied to
pulse wave measurement. In this study, we propose a method
to achieve accurate pulse wave measurement without prior
adjustment of the participant’s body posture by estimating the
reflection sites on the target human body using electromagnetic
wave scattering analysis to determine an appropriate radar
position.

To obtain 3-D human body shape data, Vahidpour and Sara-
bandi [27] used a 3-D laser scanner to obtain a precise human
model, which requires several cameras and a sufficiently large
space. In this study, we use a depth camera to acquire a human
model following the approach of Konishi and Sakamoto [28]
and Sakamoto et al. [29]. Although some studies have used
both a depth camera and a radar system [30], [31], they used
the depth data only to estimate the position of the target
person, whereas we consider the shape of the human body
for radar measurement.

In this study, we propose a system to measure pulse waves at
multiple locations with high accuracy by combining a depth
camera and millimeter-wave radar. In Section II, we inves-
tigate the characteristics of millimeter-wave scattering from
the human body surface by performing electromagnetic wave
scattering analysis based on PO approximation using a precise
human model. In Section III, we propose a measurement sys-
tem that integrates a depth camera and a millimeter-wave radar
system and evaluate its performance through experiments with
two participants in the supine and prone positions. A preprint
of this article has been posted online [34].

The main contributions of this work are summarized as
follows.

1) A method to visualize the reflection points in radar-based
human body measurements acquired using a depth cam-
era is introduced.

2) Software to optimize radar positioning is developed
based on visualization of the reflection points on the
human body surface.

3) The ability to measure multiple parts of the human body
simultaneously using a radar system through visualiza-
tion of the surface reflections is demonstrated.

II. ELECTROMAGNETIC SCATTERING ANALYSIS AND
ESTIMATION OF REFLECTION SITES

A. Electromagnetic Scattering Analysis With PO
Approximation

PO approximation is used for electromagnetic wave scat-
tering analysis. This approximation calculates the current

TABLE I
PARAMETERS OF THE DEPTH CAMERA

distribution on the target surface caused by the incident
magnetic field and the normal vector of the surface. If the
target material is modeled as a perfect electric conductor, the
current density J(r ′) at position r ′ on the target surface is
approximated as

J(r ′) = 2n̂(r ′) × H inc(r ′) (1)

where n̂(r ′) is a unit normal vector, and H inc(r ′) is an incident
magnetic field.

Assuming that the polarization directions of the transmitting
and receiving elements are both in the z-direction and the
current density J(r ′) at each position r ′ is approximated by an
infinitesimal dipole, the z-component of the radiated electric
field Ez(r; r ′) at antenna position r is approximated as

Ez(r; r ′) = j
k Z0ℓ

4π |r − r ′|
ẑ · J(r ′)e−jk|r−r ′

| (2)

where ẑ is a unit z vector, j is an imaginary unit, ℓ is the
length of the dipole, Z0 is the impedance of free space, and
k is the wavenumber. Here, we assume |r − r ′

| is sufficiently
large compared with the reflection area.

Shijo et al. [32] proposed a PO-based method for visualizing
high-frequency diffraction using a weighting function, called
the eye function, defined as

w(r; r ′) =


1
2

{
cos

(
π |r − r ′

|

a0

)
+ 1

}
, (|r − r ′

| ≤ a0)

0, (otherwise)

(3)

where a0 is the radius of the eye function and should be
sufficiently larger than the wavelength [32]. Using (3), we can
approximate the intensity of the electric field received from
the vicinity of the scattering point r ′ as

Escat(r ′) =

∣∣∣∣∫∫
�

w(r; r ′)Ez(r; r ′) dS
∣∣∣∣2

(4)

where � is the entire target boundary surface.
In this work, we use an Intel RealSense D435 depth camera

(Intel Corporation, Santa Clara, CA, USA); the camera’s
parameters are listed in Table I. Fig. 1 shows Escat(r ′) for the
human model in a supine position, where we set a0 = 5λ
and λ is the wavelength. In the figure, we see that reflection
occurs mainly at several spots around the chest and abdomen.
In addition, each area contributing reflection is small compared
with the size of the human body.

B. Simplified Method for Estimation of Reflection Spots
Because the calculation of Escat using the PO approximation

according to (4) contains a double integral over an area
much larger than the wavelength, the computational cost
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Fig. 1. Intensity of the reflected electric field distribution for a human
model in a supine position calculated with PO for 79 GHz.

can be unacceptably large in practice. To address this issue,
we introduce an even simpler method as follows: Let r be
a radar antenna position and r ′ be a position on the target
surface. We define

ξ(r; r ′) = cos−1
(

n̂(r ′) · (r − r ′)

|r − r ′|

)
(5)

where ξ is the angle between the radar line-of-sight direction
and the normal vector n̂. Note that ξ satisfies 0 ≤ ξ ≤ π .

If a point located at r ′ on the target surface has a large
|ξ |, the electric field scattered from the point is unlikely
to contribute to the radar signal. Fig. 2 shows cos ξ for a
human model in a supine position with the same condition
as in Fig. 1. Comparing this with Fig. 1, we see that cos ξ is
large close to the reflection area on the target surface, which
indicates that cos ξ can be used approximately to estimate
the reflection areas instead of PO approximation, and the
computational cost in calculating ξ is much smaller than that
of PO-based calculation.

III. PROPOSED MEASUREMENT SYSTEM AND
PERFORMANCE EVALUATION

A. Experimental Setup
In this study, we propose a method to determine an appro-

priate location of the radar system to obtain echoes from target
sites on the human body. The method assumes a system with a
millimeter-wave radar and depth camera installed over a target
person lying in a prone position on a bed.

Fig. 3 shows a diagram of the proposed measurement sys-
tem with a coordinate system with the x-axis in the direction

Fig. 2. Cosine of the angle between the radar line-of-sight vector and
the normal vector.

Fig. 3. Schematics of the proposed measurement system with a depth
camera located at the origin and a radar system on the x-axis.

of the body axis and the y-axis vertical to the floor. The depth
camera is fixed at the top of the bed and set as the origin
of the coordinate system. The millimeter-wave radar can scan
along the x-axis, where the x-axis is 1.1 m from the bed top.

The measurement procedure using the proposed method is
as follows.

1) Obtain a human 3-D model using a depth camera.
2) Visualize the radiated power distribution using software

developed based on (5).
3) Adjust the radar position manually such that the power

radiated from the desired sites becomes greater than
−20 dB of the maximum power radiated from the target
person.
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TABLE II
PARAMETERS OF THE MILLIMETER-WAVE RADAR

TABLE III
PARAMETERS OF THE LASER SENSOR

4) Measure a body displacement waveform using the radar
system.

In this study, we used a radar module (T14_01120112_2D,
S-Takaya Electronics Industry, Okayama, Japan) that com-
prises a single-chip millimeter-wave sensor (IWR1443, Texas
Instruments Inc., Dallas, TX, USA). The parameters of the
radar module are given in Table II. We used a multiple-input
and multiple-output (MIMO) array radar. If the distance to
a target from the radar antennas is sufficiently greater than
the antenna aperture size, the array can be approximated as
a virtual array with M = MT MR = 12 elements, where
MT = 3 and MR = 4 are the numbers of transmitting and
receiving elements, respectively.

Fig. 4(a) shows a photograph of the radar module used
in this study, in which three transmitting elements (Tx) and
four receiving elements (Rx) are shown in addition to two
dummy elements, and these elements form an MIMO antenna
array. Fig. 4(b) shows a schematic of the configuration of
the MIMO array elements and the corresponding virtual array
composed of 12 elements, where adjacent elements are spaced
half a wavelength apart. Fig. 5 shows the array factor of the
12-element virtual array with the half-wavelength spacings,
where the angular resolution in the H -plane is approximately
±4.3◦. Because each element comprises 12 rectangular patches
that are aligned linearly in the E-plane direction, as shown in
Fig. 4(a), the beamwidths for each element’s radiation pattern
in the E- and H -planes are ±4◦ and ±35◦, respectively,
as shown in Table III. Therefore, when using array beam-
forming, the MIMO array antenna beamwidths in the E- and
H -planes become approximately 8◦ and 8.5◦ with resulting
beam spot sizes of 0.15 and 0.16 m in the E- and H -planes,
respectively, at a distance of 1.1 m; the beam spot size is small
enough to enable separation of echoes from multiple sites, e.g.,
the chest and thigh. We used laser displacement sensors (CDX-
150, OPTEX FA Company Ltd., Kyoto, Japan) as a reference
for body displacement measurement. The parameters of the
laser displacement sensors are shown in Table III.

Fig. 4. (a) Photograph of an MIMO antenna array of the
T14_01120112_2D radar module and (b) schematics of the MIMO array
and the corresponding virtual array.

Fig. 5. H-plane array factor of the 12-element virtual array with half-
wavelength spacing, which is displayed with a beamwidth of 8.5◦.

In this study, we developed software that displays an image
of the human body with cos ξ and indicates the intensity of
the reflected electric field. With this software, the reflection
sites on the body can be confirmed immediately when the
radar position changes. The software runs on MATLAB as
shown in Fig. 6, in which the image corresponds to cos ξ(r)
calculated using the simplified method in Section II-B. The
x-coordinate of the radar position can be changed with the
slider at the bottom of the screen. The radar position is
expected to be optimized automatically if an appropriate
objective function is defined. Despite this, the implementation
of the optimization process is outside the scope of this study
and will be an important topic to study in the future. In this
study, we selected the radar position manually using this
software.
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Fig. 6. Software for visualizing cosξ that indicates the intensity of the
reflected electric field, where the red dot represents the position of a
radar. Its x-coordinate can be changed with the slider.

B. Array Radar Measurement of Pulse Waves
We propose a method for measuring a displacement

waveform at multiple sites on the human body using a
millimeter-wave radar system. Let us assume N reflection
points on the target human body, and let θn be the direction
of arrival of the nth echo with the corresponding displacement
dn(t) for n = 1, 2, . . . , N . The nth echo is phase-modulated by
the body motion as sn(t) ∝ e j2kdn(t). For simplicity, we assume
sn(t) = e j2kdn(t) hereafter.

For a radar system with a virtual array comprising M
elements with an element spacing of λ/2, the signal received
from the mth element xm(r, t) (m = 1, 2, . . . , M) is expressed
as a function of range r = cτ/2 and slow time t , where τ is
a fast time. The received signal xm is then modeled as

xm(r, t) =

N∑
n=1

am,n(r)sn(t) (6)

where am,n(r) is a complex constant corresponding to
the propagation path between the nth target and the mth
antenna element. Then, we define signal vector x(r, t) =

[x1(r, t), . . . , xM(r, t)]T, which is used to estimate the nth
echo xn(r, t) as x̂n(r, t) = wH

n x(r, t) using an appropriate
weight vector wn = [w1,n, . . . , wM,n]

T for the nth echo, where
superscripted T and H represent a transpose operator and a
complex-conjugate transpose operator, respectively. By select-
ing range rn for the nth echo, we can estimate the displacement
dn(t) as d̂n(t) = (1/2k) ̸ x̂n(rn, t).

To determine weight vector w, we use a minimum variance
distortionless response (MVDR) method, which is also called
directionally constrained minimization of power (DCMP) [33].
Let a(θ) be a steering vector for direction of arrival θ

expressed as a(θ) = [a1(θ), . . . , aM(θ)]T, where am(θ) =

e jmπ sin θ for an array with antenna spacing λ/2.
The MVDR (DCMP) weight vector is determined by

w(θ) =
(
aH(θ)R−1

xx a(θ)
)−1

R−1
xx a(θ) (7)

where Rxx is a correlation matrix of x formulated as Rxx =

E[x(rn, t)xH(rn, t)] ≃ (1/T )
∫ T

0 x(rn, t)xH(rn, t) dt with the
measurement time length T .

For example, when measuring the displacements at two sites
(r, θ) = (r1, θ1) and (r2, θ2) on the target body, we used
the MVDR weight vectors w(θ1) and w(θ2) to estimate the
displacements d̂1(t) = (1/2k )̸ {wH(θ1)x(r1, t)} and d̂2(t) =

(1/2k) ̸ {wH(θ2)x(r2, t)}.

C. Experimental Evaluation of the Proposed Method
We performed experiments using a depth camera,

a millimeter-wave radar system, and a pair of laser displace-
ment sensors with two participants lying on a bed in supine
and prone positions. The measurement was performed six
times for each participant. For three out of the six times, the
position of the radar system was adjusted using the proposed
method (case A), and for the other three times, the position
was not adjusted (case B). The radar position in case B was
shifted by 0.3 m from the position in case A. The target
sites on the body were selected to be the chest and the front
of the thigh when the participants were in supine positions
and were selected to be the back and the back of the thigh
when the participants were in prone positions. The radar and
laser measurements were performed simultaneously for 30 s
while the participants were holding their breaths to prevent
respiratory effects.

The accuracy of the proposed method is evaluated in terms
of the correlation coefficient ρn of the estimated and reference
displacement waveforms d̂n(t) and dn(t) defined as

ρn =
1

D̂n Dn

∫ T

0
d̂n(t)dn(t) dt (8)

where D̂2
n =

∫ T
0 d̂2

n(t) dt and D2
n =

∫ T
0 d2

n (t) dt assuming∫ T
0 d̂(t)dt =

∫ T
0 d(t)dt = 0 for T = 5.0 s.

We also evaluate the root-mean-square (rms) error εn

between d̂n(t) and dn(t) defined as

ε2
n =

1
T

∫ T

0
|d̂n(t) − αdn(t)|2 dt (9)

where α is adjusted properly to compensate for the inclination
of the laser displacement sensors. The range rn for the mea-
surement and definition of slow time t = 0 are also adjusted
to compensate for the imperfect synchronization of the radar
and laser data.

Figs. 7 and 8 show the estimated displacements when the
radar position was adjusted using the proposed method for
participant A in supine and prone positions, respectively. Here,
the black and red lines represent the estimated and reference
displacements, respectively. Figs. 9 and 10 show the estimated
displacements when the radar position was shifted by 0.3 m
from the case in Figs. 7 and 8.

First, Table IV summarizes ρn and εn for six measurements
of participant A in a supine position, where i = 1 and
2 correspond to the chest and front of the thigh, respectively.
The average correlation coefficients were 0.66 and 0.85 for the
conventional and proposed methods, respectively. The average
rms errors were 26.3 and 30.5 µm for the conventional and



5246 IEEE SENSORS JOURNAL, VOL. 25, NO. 3, 1 FEBRUARY 2025

Fig. 7. Estimated and reference waveforms of the chest (left) and thigh
(right) measured with a radar (black line) and a laser sensor (red line) for
participant A in a supine position when the radar position is optimized.

Fig. 8. Estimated and reference waveforms of the back (left) and thigh
(right) measured with a radar (black line) and a laser sensor (red line)
for participant A in a prone position when the radar position is optimized.

Fig. 9. Estimated and reference waveforms of the chest (left) and
thigh (right) measured with a radar (black line) and a laser sensor (red
line) for participant A in a supine position when the radar position is not
optimized.

Fig. 10. Estimated and reference waveforms of the back (left) and thigh
(right) measured with a radar (black line) and a laser sensor (red line) for
participant A in a prone position when the radar position is not optimized.

proposed methods, respectively. Although the rms error of the
proposed method was 16% larger than that of the conventional
method, the correlation coefficient of the proposed method
was improved by 19% compared with that of the conventional
method.

Next, Table V summarizes the results for participant B in
a supine position. The average correlation coefficients were
0.56 and 0.87 for the conventional and proposed methods,

TABLE IV
PERFORMANCE EVALUATION OF THE PROPOSED METHOD FOR

PARTICIPANT A IN A SUPINE POSITION

TABLE V
PERFORMANCE EVALUATION OF THE PROPOSED METHOD FOR

PARTICIPANT B IN A SUPINE POSITION

TABLE VI
PERFORMANCE EVALUATION OF THE PROPOSED METHOD FOR

PARTICIPANT A IN A PRONE POSITION

TABLE VII
PERFORMANCE EVALUATION OF THE PROPOSED METHOD FOR

PARTICIPANT B IN A PRONE POSITION

respectively. The average rms errors were 52.3 and 18.6 µm
for the conventional and proposed methods, respectively. The
proposed method improved the correlation coefficient and rms
error by factors of 1.6 and 2.8, respectively.

Then, Table VI summarizes the results for participant A in
a prone position. The average correlation coefficients were
0.78 and 0.88 for the conventional and proposed methods,
respectively. The average rms errors were 14.2 and 6.2 µm
for the conventional and proposed methods, respectively. The
proposed method improved the correlation coefficient and rms
error by factors of 1.1 and 2.3, respectively.

Finally, Table VII summarizes the results for participant B
in a prone position. The average correlation coefficients were
0.79 and 0.75 for the conventional and proposed methods,
respectively. The average rms errors were 15.3 and 19.5
µm for the conventional and proposed methods, respectively.
In this case, the rms error of the proposed method was
worse than that of the conventional method by a factor of
1.3, whereas the correlation coefficient was improved by a
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factor of 1.1 using the proposed method. In this case, the
estimation accuracy was degraded with the proposed method,
partly owing to the significantly low accuracy in one of the six
measurement datasets. If we exclude the last measurement, the
average correlation coefficient and rms error for the proposed
method were 0.93 and 7.8 µm, respectively.

IV. CONCLUSION

In this study, we proposed a radar sensing system and
method for measuring heart pulse waves at multiple sites on
the human body using a depth camera and electromagnetic
wave scattering analysis. First, we verified that the PO-based
electromagnetic scattering simulation could be replaced with
a simplified method that uses the angle between the radar
line-of-sight direction and the normal vector when applied to
the 3-D human body model. Next, we developed software to
visualize the radiated power distribution on the human body
surface when using the simplified method. Then, we proposed
a procedure in which the radar position was adjusted manually
to ensure that strong echoes were received from the desired
sites on the target person’s body. Finally, the MVDR method
was applied to separate the echoes as they arrived from the
desired sites on the body. In the experiments, we selected two
body positions (supine and prone), and then set the desired
sites to be the chest and thigh in the supine position, and the
back and thigh in the prone position.

To evaluate the performance of the proposed method,
we conducted measurements involving two participants in
supine and prone positions using both the proposed and
conventional methods. The performances of the methods were
evaluated in terms of the correlation coefficient and rms
error in estimating displacement waveforms using reference
data taken with laser displacement sensors. The key technical
challenge involved in array-radar-based sensing of pulse waves
at multiple sites on the human body is that the radar position
cannot be determined in a systematic manner; our proposed
method overcomes this challenge by providing a procedure
based on a combination of use of the depth camera and
visualization of the radiated power distribution that does not
require either empirical intuition or knowledge.

Compared with the conventional method, the proposed
method improved the estimation accuracy of the body dis-
placement at two positions by 14% and 19% on average with
respect to the correlation coefficient and rms error, respec-
tively. These results indicate that the proposed method can
achieve accurate measurement of pulse waves at multiple sites.
Although the proposed method enables accurate measurement
of pulse waves at multiple desired sites on the target person’s
body, the radar position was determined manually based on
the developed software; therefore, there is still some room
for improvement by making the entire process automatic
and removing any requirement for manual operation. It will
be important to study and develop a method for automatic
optimization of the radar position using the proposed approach.
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