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PAPER
A Novel Remote-Tracking Heart Rate Measurement Method Based
on Stepping Motor and mm-Wave FMCW Radar

Yaokun HU †,††a), Student Member, Xuanyu PENG †††∗, and Takeshi TODA ††††∗∗, Members

SUMMARY The subject must be motionless for conventional radar-
based non-contact vital signs measurements. Additionally, the measure-
ment range is limited by the design of the radar module itself. Although
the accuracy of measurements has been improving, the prospects for their
application could have been faster to develop. This paper proposed a novel
radar-based adaptive tracking method for measuring the heart rate of the
moving monitored person. The radar module is fixed on a circular plate and
driven by stepping motors to rotate it. In order to protect the user’s privacy,
the method uses radar signal processing to detect the subject’s position to
control a stepping motor that adjusts the radar’s measurement range. The
results of the fixed-route experiments revealed that when the subject was
moving at a speed of 0.5 m/s, the mean values of RMSE for heart rate mea-
surements were all below 2.85 beat per minute (bpm), and when moving at
a speed of 1 m/s, they were all below 4.05 bpm. When subjects walked at
random routes and speeds, the RMSE of the measurements were all below
6.85 bpm, with a mean value of 4.35 bpm. The average RR interval time of
the reconstructed heartbeat signal was highly correlated with the electrocar-
diography (ECG) data, with a correlation coefficient of 0.9905. In addition,
this study not only evaluated the potential effect of arm swing (more nor-
mal walking motion) on heart rate measurement but also demonstrated the
ability of the proposed method to measure heart rate in a multiple-people
scenario.
key words: FMCW radar, health care, heart rate, radar signal processing,
vital sign detection

1. Introduction

The number of seniors living alone and in nursing homes is
rising because of longevity. It is difficult to detect poten-
tial medical problems in the body of a senior person. How-
ever, cardiovascular disease is the primary cause of death in
Japan, accounting for 25.5% of all deaths [1]. The devel-
opment of an indoor heart rate monitoring system for older
people living alone is urgently needed because of this grow-
ing social issue.

The conventional contact measures are inappropriate
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for continuous, round-the-clock monitoring and seniors with
skin issues. The research on non-contact radar-based heart
rate measurements has recently gained popularity. In [2],
they estimated the subject’s vital signs were estimated using
a millimeter-wave FMCW radar. The authors of [3] pro-
posed a differential enhancement approach and employed
an FMCW radar with an 8.4 GHz center carrier frequency
to precisely measure the heart rate. In [4], a learning-
refined integral null space pursuit algorithm was suggested
for adaptively acquiring vital signs with an impulse radio
UWB (IR-UWB) radar and a stepped-frequency continuous-
wave UWB radar. For non-contact vital sign monitoring,
a continuous wave (CW) Doppler radar that operates as
a phase-locked loop in a phase-demodulator configuration
was proposed in [5].

IR-UWB radar [4], [8], [9], CW Doppler radar [5],
[10]–[14], and FMCW radar [2], [15]–[18] are the types
of radars that are currently most frequently utilized in this
study field. The maximum signal energy levels that can be
transmitted are not very high, which reduces the precision
and signal-to-noise ratio (SNR) of IR-UWB radars [19].
Likewise, because CW Doppler radar lacks a range capac-
ity [20], measurements are subject to interference and are
therefore inappropriate for keeping track of the vital signs
of moving targets. The FMCW radar combines the advan-
tages of the first two, with good range and speed measure-
ment capabilities, and the millimeter-band FMCW radar is
extremely sensitive. It can effectively measure the displace-
ment of the human skin surface. Therefore, this study em-
ploys the FMCW radar in the 77–81 GHz band.

Most radar-based vital signs estimation studies call for
subjects to stay still, including standing, sitting in a chair,
or resting in bed [2]–[20]. This limits the application of
radar-based heart rate measurement methods. For this rea-
son, the authors of [21], [22] and [23] attempted to use IR-
UWB radar and FMCW radar, respectively, to estimate the
heart rate of a moving person. However, the subjects in the
research mentioned above could only move slowly. To ad-
dress this issue, we proposed an improved adaptive range
bin selection (IARBS) method for moving subjects’ heart
rate measurements based on the FMCW radar [24]. The sub-
jects maintained a high measurement accuracy when they
walked at an average speed of 1 m/s. However, because
of the radar characteristics, the measurement range may be
constrained. It is challenging to cover the entire room, even
with beamforming techniques. When the angle is too large,
the beam widens, the antenna gain drops, and the perfor-
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mance suffers. If there are several radars in the room, they
can interfere with each other and increase background noise.
Moreover, these methods increase the cost of the measure-
ment system, which is not conducive to the popularity of the
application.

The authors of [34] proposed a novel approach for
mounting radar on a mobile robot. However, it may not be
appropriate for older adults living alone, in senior homes,
or in medically isolated observations. There is a safety risk
because the senior may trip over the wires because the robot
must be attached to the power source. It is difficult to contin-
uously monitor if a charging method is employed. In [26], a
method for adaptively changing radar orientation by acquir-
ing the subject’s position through a camera was proposed.
However, image processing using cameras is sensitive to
ambient lighting and involves personal privacy issues. Addi-
tionally, the subjects’ heart rate measurements while moving
were not evaluated in the abovementioned study.

In [27], we proposed and discussed the possibility of
using a stepping motor to change the radar orientation but
only verified it using a simple simulation. This paper im-
proves the method of [27] and proposes a novel, radar-based,
adaptive remote-tracking heart rate measuring technique to
address the abovementioned issues. In this study, we build
an actual measurement device. The radar module is fixed
to a rotatable circular plate. The radar measures the heart
rate while measuring the position of the monitored person,
which is then processed and transmitted to a stepping motor
to drive the rotation of the radar module. A stepping mo-
tor is used in this study because for the following reasons.
Because the stepping motor has no brushes, it is more reli-
able. Additionally, it does not accumulate the error of one
step to the next step, and thus has better position accuracy.
Furthermore, the motor is simple and inexpensive, because
its response is based only on a digital input pulse.

The monitored person can always be within the ideal
measurement range owing to the adaptively adjusted radar
orientation. Next, after sampling the raw radar data, the
range bins where the subject is located are selected along the
time dimension using the IARBS method, and their phase
information is extracted. The displacement information of
the human skin surface, brought on by the body’s torso,
heartbeat, and breathing, can be obtained using the phase
change information. We suggested using the improved com-
plete ensemble empirical mode decomposition with adap-
tive noise (ICEEMDAN) approach to extract the heartbeat
signal and determine its heart rate [28]. In this study, we
continue to use this technique to analyze the experimental
data and evaluate the accuracy of the proposed measurement
system.

In this study, we build an actual measurement device,
using a stepping motor to change the radar direction to ad-
just the ideal range for measuring the heart rate. The pro-
posed measurement system tracks a moving subject using
radar signal processing. Even though this subject walks at
an average speed of 1 m/s and the horizontal angle to the
radar module varies widely. This significantly increases the

application potential of radar-based remote heart rate mea-
surements. To the best of our knowledge, this is the first
study that challenges this field.

The principle of employing FMCW radar to detect vi-
tal signs is explained in Sect. 2. The proposed method is
explained in detail in Sect. 3. The experiments and conclu-
sions are presented in Sects. 4 and 5, respectively.

2. Principle for Heart Rate Measurements

Figure 1 depicts the structure of the FMCW radar-based
heart rate measuring system for moving people. As shown in
Fig. 2, the ramp generator periodically outputs an up-chirp
signal with a time duration of Tc and frequencies ranging
from fmin to fmax at specific time intervals. The slope of the
upward linear frequency modulation of each chirp is Ks, and
the sweeping bandwidth is B = fmax − fmin=TcKs.

The power amplifier amplifies each chirp signal before
transmission. The radar module receives the signal after it
is reflected by the object and amplifies it using a low-noise
amplifier. The transmitted and the received signals are cor-
related by the in-phase and quadrature (I/Q) mixer to gen-
erate the intermediate frequency (IF) signal. Since there are
four receivers (with the same configuration), there are also
four IF signals. After the analog-to-digital converter (ADC)
samples each IF signal, phase information can be preserved.
The sampled raw data are transmitted frame-by-frame to the
computer for signal processing. Each IF signal can be de-
fined by the following equation:

Fig. 1 The block diagram of the FMCW radar module. The analog-to-
digital converter, low-noise amplifier, and power amplifier are each denoted
by the acronyms PA, LNA, and ADC. The computer receives the raw data
to process the signals.

Fig. 2 The time-frequency diagram of the transmitted and received
chirps of the case of single Tx and single Rx.
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Fig. 3 The flow chart of the proposed processing.

sif(t) = AtAr exp
(

j
(
2π fmintd + 2πKstdt − πKst2

d

))
≈ AtAr exp ( j (2π fmintd + 2πKstdt)) td < t < Tc (1)

where At is magnitude associated with the transmission
power and Ar is related to At by the radar equation. Time
delay, td between the signal being transmitted and received.
Because πKst2

d in (1) is small, it can be disregarded [2], [28].
The relationship between the instantaneous distance R0 and
delay time td of the measured target and radar module can
be expressed as:

R0 =
ctd
2

(2)

where c represents the speed of light. Combining (1) and
(2), the frequency of the IF signal and its phase information
can be expressed as

fb =
2KsR0

c
, ϕ(t) = 4π fmin

(R0 + x(t))
c

(3)

where x(t) can be interpreted as the displacement of the tho-
racic cavity caused by the heartbeat and breathing of the tar-
get. The heart rate estimation can usually be accomplished
with only one IF signal.

3. Proposed Measurement System

As mentioned in the introduction, the inability to alter the
radar module’s orientation is a drawback of conventional
radar-based heart rate measurement methods. Therefore,
it is impossible to estimate the heart rate once the subject
has departed from a specific range. A heart rate measure-
ment method with a motor combined with a millimeter-wave
FMCW radar is proposed in this study as a solution to the
abovementioned issue and to increase the applicability of
the measurement method. The proposed approach utilizes
radar signal processing to calculate the target’s motion in-
formation, which is then sent to a stepping motor to adjust
the orientation of the radar module. In this manner, real-time

adaptive tracking heart rate monitoring is accomplished.
The signal processing flowchart of the proposed

method is shown in Fig. 3, where the computer section is
divided into sections for heart rate monitoring and stepping
motor rotation control.

3.1 Stepping Motor Rotation Control

The ADC samples the IF signal, which is then sent to a com-
puter in frames for signal processing. In radar-based heart
rate measurement research, 0.05 s is a typical choice for the
frame period [2], [15]. A frame period Tf of 0.05 s is com-
parable to sampling the target’s heartbeat signal at a sam-
pling frequency of 20 Hz because the average human heart
rate is less than 2 Hz, which satisfies the sampling theorem.
However, excessive shortening of the frame period leads to
more frequent data transmission from the radar module to
the computer, which may increase the possibility of data
loss. Therefore, in this study, the frame length was fixed
at 0.05 s.

As shown in Fig. 4, this study emits L chirp signals in a
single frame cycle to execute multidimensional FFT calcu-
lations, in contrast to other studies that emit only one chirp
signal in each frame. A raw data matrix with L rows and
N columns is generated for each frame after each chirp sig-
nal is sampled N times. A range-FFT is first performed to
the fast time dimension of each frame’s raw data to gener-
ate the range profile matrix (RPM). Next, a Doppler-FFT is
applied to the slow time dimension of the RPM to create a
range-Doppler matrix (RDM).

A flowchart of the calculation of the rotation angle of
the stepping motor is shown in Fig. 5. Assuming a frame
period of 0.05 s, the maximum distance moved in a single
frame is only 10 cm, even if the subject walks at a higher
speed of 2 m/s. Therefore, the distance moved by the sub-
ject in a single frame cycle is relatively small, and consid-
ering the high real-time requirements of this measurement
method, it is not necessary to rotate the motor frame by
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Fig. 4 Diagram of frame period in relation to rotation period.

Fig. 5 Flowchart of calculating the rotation angle.

frame. Instead, it determines whether a stepping motor is
required to correct the radar alignment by detecting the sub-
ject’s position every M frames (one rotation period Tr). The
motor rotation angle calculation module receives the RDM

of the kM + 1 th frame (k = 1, 2, 3, . . . ,K) as input, as de-
picted in Fig. 4.

The clutter brought on by other objects and the noise
produced by the radar receiver due to temperature, weather,
and other factors influence the quality of the radar signal.
Therefore, the range bin cells containing the target candi-
dates and their Doppler shifts are identified by performing
2D-CA-CFAR processing for each RDM. 2D-CA-CFAR,
2D-OS-CFAR, and other CFAR algorithms are increasingly
being utilized [29], [30]. 2D-OS-CFAR performs better in
scenarios with numerous strong interference targets, but the
computational effort is substantial [31]. 2D-CA-CFAR is
computationally simple and exhibits good performance in
pure-noise situations. The 2D-CA-CFAR algorithm is cho-
sen because the environmental background of this study is
not complex, the subject is only one person, and the require-
ment for real-time performance is high. In addition, because
the millimeter wave has a high sweep bandwidth, the range
bin cell corresponds to a tiny distance interval; therefore, the
protection and reference cells of the CA-CFAR algorithm do
not affect the measurable range of the radar. CFAR-related
algorithms are not the main topic of this work, and the cor-
relations between false alarm probability, judgment thresh-
old, and detection probability are discussed in more detail in
[31].

Objects in the RDM that exceed the threshold after 2D-
CA-CFAR processing are referred to as target candidates.
The instantaneous velocities of the target candidates in the
kM + 1 th frame are calculated using the Doppler shift. All
target candidates, including the subject, remain immobile
when the velocities are zero. As a result, the rotation angle
θkM+1

r is zero, and the motor does not need to be adjusted to
change the orientation of the radar module.

A target candidate matrix (TCM) AkM+1
TCM is created if

u (u = 1, 2, 3, . . . ,U) moving targets are detected in the
kM + 1th frame, with the number of columns representing
the number of candidates. The first row is the distance RkM+1
from the radar, and the second row represents the instanta-
neous velocity information vkM+1, as shown in (4).

AkM+1
TCM =

[
RkM+1

1 RkM+1
2 RkM+1

3 · · · RkM+1
U

vkM+1
1 vkM+1

2 vkM+1
3 · · · vkM+1

U

]
(4)

The instantaneous angle of the object can be calculated by
the following

θ = sin−1 λ∆ω

2πd
, (5)
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where λ is the wavelength, ∆ω is the phase difference ob-
tained after angle-FFT processing in the antenna direction
based on the data obtained by RDM, and d is the pitch of
the receiver antennas. The geometric significance of θ is the
angle of arrival (AoA) of the object with the radar module
in the horizontal plane.

It is assumed that the radar coordinate point is the ori-
gin of the coordinate system, and the initial orientation of
the radar module is the positive direction of the y-axis, from
which the absolute coordinate system is established. The
initial position and velocity of the target are (0,R0

1) and zero,
respectively. Additionally, angle θkM+1

a is formed by the ini-
tial and current radar orientations and is updated in real time.
The orientation of the radar changes when tracking the tar-
get. Therefore, utilizing θkM+1

a to map the target’s current
coordinates into the initial absolute coordinates is necessary.
In this way, the TCM can be expanded to five rows, as shown
in (6), with the third row representing the angle information
and the fourth and fifth rows representing the x-axis and y-
axis absolute coordinates, respectively. The x-axis and y-
axis directions are defined in Fig. 3.

A0
TCM =


R0

1
0
0
0

R0
1

 ,
AkM+1

TCM

=



RkM+1
1 · · · RkM+1

U

vkM+1
1 · · · vkM+1

U

θkM+1
1 · · · θkM+1

U

RkM+1
1 sin(θkM+1

1 + θ(k−1)M+1
a ) · · · RkM+1

U sin(θkM+1
U + θ(k−1)M+1

a )

RkM+1
1 cos(θkM+1

1 + θ(k−1)M+1
a ) · · · RkM+1

U cos(θkM+1
U + θ(k−1)M+1

a )


(6)

Although the subject may generate multiple target can-
didates, clutter may also exist in the TCM. Therefore, a
range of values is specified based on the prior motion in-
formation of the target, which is very similar to the im-
proved range bin selection method we proposed previously
[24]. The distinction is that the specified range of values
in this study is expanded from a one-dimensional line to
a two-dimensional surface. All target candidates within a
specific range are regarded as being produced by the subject
and creating a new target matrix AkM+1

TM . Then, averaging
along each row of the AkM+1

TM yields a rotation decision ma-
trix AkM+1

DM for that frame with one column and five rows, as
shown in (7).

AkM+1
DM =



R
kM+1

vkM+1

θ
kM+1

R
kM+1

sin
(
θ

kM+1
+ θ(k−1)M+1

a

)
R

kM+1
cos

(
θ

kM+1
+ θ(k−1)M+1

a

)


, (7)

where θ
kM+1

is the angle between the subject and the posi-
tive direction of the radar module. To obtain the AkM+1

TM , the
specific range of values for the current TCM is defined as

1) The center coordinates of the circle are set to the values
A(k−1)M+1

DM (4,1) and A(k−1)M+1
DM (5,1) of the preceding rotation

period.

2) The human walking process can be approximated as a
uniform motion, so the radius rkM+1

s of the specific range
of values can be calculated using (8) and (9). The protec-
tion unit βs is also introduced to increase fault tolerance,
considering that there is occasionally acceleration from
the stationary state to the uniform state.

rkM+1
s =

(∣∣∣v(k−1)M+1
∣∣∣ Tr

)
+ βs, (8)

βs =
1
2

asTr
2, (9)

where as is the subject’s acceleration, and the value can
be adjusted based on the conditions of the environment
and the application background.

3) Assume that matrix TCM has u (u = 1, 2, 3, . . . ,U) target
candidates. Then, the target candidates satisfying (10)
are retained to form AkM+1

TM . This is compared to the ma-
trix A0

TCM when k is zero.

rkM+1
s ≥

√√√√√√√(
AkM+1

TCM (4,u) − A(k−1)M+1
DM (4,1)

)2
+(

AkM+1
TCM (5,u) − A(k−1)M+1

DM (5,1)

)2
(10)

When AkM+1
TCM or AkM+1

TM is empty, AkM+1
DM inherits the ma-

trix A(k−1)M+1
DM except for the second element (instantaneous

velocity information), because there is no moving target in
a particular range. Hence, the value of the second element
is zero.

By contrast, AkM+1
TM is averaged along the row direction

to produce AkM+1
DM if it is not empty. AkM+1

DM (3,1) is the arrival
angle of the subject, and its angle with the positive direction
of the y-axis in absolute coordinates is AkM+1

DM (3,1) +θ
(k−1)M+1
a .

The rotation angle threshold value θs is set to filter an-
gle AkM+1

DM (3,1). If the subject’s movement results in only a
slight angle shift, it is not essential to rotate the motor to
change the radar’s orientation. Thus, the proposed method
can be used to ensure that the subject is always within the
measured range and not precisely on the midline of the radar
azimuth. Frequent, brief back-and-forth rotations may re-
duce the accuracy of heart rate measurements. The Algo-
rithm I calculates the angle θkM+1

r the motor needs to rotate
at each period and updates the angle θkM+1

a . Finally, the step-
ping motor operates according to angle θkM+1

r .
In the multi-subject scenario, regardless of whether the

other subjects are stationary, their information will not be in-
cluded in the ATM since they are not within a specific range.
Usually, the specific range is very small. For example, if the
rotation period is 0.2 s and the average speed is 1 m/s, the
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radius of the search range is only about 0.2 m. The proba-
bility of other subjects entering this range is very low. An
object may generate more than one target candidate point.
Even if the other subjects are close to the tracked subject,
only a few points from other subjects exist within the spe-
cific range. Then, the average processing in the calculation
of ADM will remove their effect. Therefore, the proposed
tracking method can also correctly lock the target without
interference from other subjects in a multi-subject scenario.

3.2 Heart Rate Monitoring

The approach mentioned above ensures that the subject is
constantly within the measurement range. By examining the
RPM, the phase change information ϕ(t) can be obtained
from the range bin cell where the subject is located. The
thoracic skin displacement x(t) is determined by using the
phase change information, and this displacement is then uti-
lized to extract the heartbeat signal and determine the heart
rate.

As discussed in the introduction, subjects had to remain
still (sitting, standing, or lying down) for the measurement
in most earlier studies using radar-based heart rate moni-
toring. In addition, the subjects were typically close to the
radar. In this situation, techniques such as RPM peak de-
tection can quickly identify the range bin cell in which the
subject is located. Furthermore, once the range bin cell is lo-
cated, no further modifications are required for the duration
of the measuring cycle.

In contrast, the subjects in this study were accompanied
by two states, motion and stationary, implying that the target
range bin cells were constantly changing. Additionally, be-
cause RPM peak-seeking or RDM peak-seeking is suscep-
tible to noise, it is challenging to locate the target range bin
cells using these methods alone. Therefore, we suggested
the improved adaptive range bin selection approach [24],
which is also utilized in this study, to collect high-quality
phase information precisely and swiftly.

The initial location confirmation and adaptive range bin
selection are two parts of the IARBS method. The initial

DRM Di is obtained in the first step by immediately accu-
mulating the up-chirp signals of H frames, which ensures
that the appropriate range bin cell αH

optimal is acquired at the
beginning.

In the second stage, starting with frame H + 1, the in-
stantaneous velocity of the subject, as determined by the
data from the preceding frames, adaptively limits the peak-
seeking range of the DRM for each frame. The following
are the justifications for not directly using the data from ma-
trix ADM. High real-time performance is needed for motor
rotation, and the rotation angle calculation function quickly
calculates the subject’s approximate position per M frames.
However, heart rate measurement must precisely obtain the
optimal range bin cell.

aH+ j
max , αH+ j

min , and αH+ j
optimal are the upper and lower bounds

of the peak-seeking range and the outcomes for frame H + j
( j = 1, 2, 3, . . . , J), respectively. Their relationship is de-
fined by (11), (12), and (13).

α
H+ j
min = α

H+( j−1)
optimal −

 v
H+ j
m Tf

Rbin

 − βH+ j
p , (11)

α
H+ j
max = α

H+( j−1)
optimal +

 v
H+ j
m Tf

Rbin

 + β
H+ j
p , (12)

β
H+ j
p =

η
αH+ j

max − α
H+ j
min + 1

2


 , (13)

where d. . .e rounds the element to the next larger integer,
and Rbin represents the length of each range bin cell. The
instantaneous velocity of the subject from frame H + ( j− 1)
to frame H + j is represented by vH+j

m . The coefficient η (0 ≤
η ≤ 1) and the peak-seeking range determine the protection
cell length, represented as βH+ j

p . H and η are typically set at
0.5 and 0.1, respectively, according to [24].

After choosing the optimal range bin cell, L phase in-
formation (L chirp signals per frame) can be collected for
each frame and averaged to enhance the phase quality. This
implies that each frame extracts a phase value in the optimal
range bin to which it corresponds. Then, the phase infor-
mation of each frame in an observation window is stitched
together in order of time, which gives the phase information
ϕ(t) over time.

Sudden body shaking or noise may occur during the
measurement, and longer observation windows will provide
better immunity to interference. The measurement will also
be more accurate because the longer the data, the higher is
the resolution of the FFT bins. In contrast, a shorter obser-
vation window provides a better real-time performance. The
length of the observation window should be adjusted accord-
ing to the application. In addition, if the subsequent win-
dows are consecutive, the first stage of the IARBS method
can be skipped after processing for the first observation win-
dow. Finally, the subject’s thoracic displacement x(t) is de-
termined using (3).

Along with the heartbeat signal, x(t) includes the respi-
ration signal and other noises (e.g., body and radar shaking).
Wavelet transform and bandpass filter are two techniques for
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extracting heartbeat signals [32]–[35]. However, these con-
ventional techniques have limitations because the heartbeat
signal differs from person to person and the human heart
rate is close to the high-order harmonics of the respiratory
frequency.

An improved empirical mode decomposition (EMD)
method called ICEEMDAN can adaptively divide a signal
into a limited number of intrinsic mode functions (IMFs)
depending on the time scale of the signal [36], [37]. There-
fore, this study uses the ICEEMDAN method to decompose
the x(t) and reconstruct the heartbeat signal, which was con-
firmed in our previous work. The relationship between x(t)
and each IMF, and the residual rn(t) is given by (14).

x(t) =

n∑
i=1

IMFi(t) + rn(t) i = 1, 2, 3, . . . , n (14)

Then all IMFs perform a spectral analysis. The IMF
with energy concentrated at 0.8 Hz to 2.0 Hz as heart IMF
is extracted to reconstruct the heartbeat signal, and the heart
rate can be calculated [28].

4. Experiment

4.1 Equipment

In this experiment, a stepping motor with the specification
NEMA17 was employed, and an Arduino UNO develop-
ment board was used to connect the motor to the computer.
The angle information of the subject was transmitted from
the computer to the Arduino via serial communication. This
motor is a hybrid stepping motor that combines the benefits
of reactive and permanent magnet types. It has a high res-
olution, speed, and torque, and the specific parameters are
listed in Table 1.

The radar module used in this research was based on
Texas Instruments Inc. IWR1443. It operates at frequencies
in the 77–81 GHz range and can continuously chirp up to
4 GHz. However, the radar module can only send chirp sig-
nals with a bandwidth of 3.6 GHz during operation, owing
to local laws in Japan. Furthermore, the maximum effective
isotropic radiated power (EIRP) complies with the Japanese
Radio Law and the FFC regulations. It does not cause harm
to the human body. In contrast to the SISO mode used by
traditional heart rate measurement techniques, in this study,
the radar uses a 1Tx4Rx mode to gather data on the subject’s
angle. The main parameters of the radar module are listed
in Table 2.

Although the MIMO mode provides a better angular
resolution than the SIMO mode, the SIMO mode is utilized
in this study for the following reasons.

First, the background of this application is the medical
monitoring of older people living alone. In most cases, there
is typically no interference from other moving targets after
screening using range-FFT and Doppler-FFT processing.

Second, as discussed in Sect. 3, after locking the target
subject using the proposed method, the range of the current

Table 1 Motor parameters list.

Table 2 Radar module main parameters.

Fig. 6 The physical diagram of the hardware.

target selection is restricted to the spatial plane based on the
target position of the previous rotation period. Therefore,
even if other subjects are present during the measurement
procedure, the proposed method ensures that there is no in-
terference from them.

Third, employing the 3Tx4Rx mode for radar will in-
evitably increase the frame period and the amount of com-
putation. This will reduce the real-time performance of the
motor rotation and lead to the possibility that the subject will
be out of the measurement range. The SISO data is utilized
to calculate the chest displacement; hence, switching to the
MIMO mode while maintaining a constant frame time will
reduce the length of the SISO data. The phase quality of
the IF signal is subsequently reduced. To increase measure-
ment accuracy, this study focus on the phase quality of the
IF signal rather than just the angular precision and angular
resolution of the target subject.

In addition, we proposed in [24] a measurement
method to simultaneously measure the heart rate of multiple
people while walking. The proposed method for this study
tracks a target subject and measures the vital signs, aiming
to maximize the measurement range. Theoretically, it can
also obtain the vital signs of other people within the mea-
surement range. Moreover, the motor rotation angle calcu-
lation algorithm can be initialized to change the target sub-
ject.

A physical diagram of the hardware is shown in Fig. 6.
A bracket holds the radar module on a circular plate, and the
stepping motor rotates the plate. A DC power supply feeds
the motor.
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4.2 Experimental Environment and Route

The experiment for this study has four parts: a fixed route
experiment, a random route experiment, an arm swing
(more normal walking motion) comparison experiment, and
a multi-subject scenario experiment.

There are five fixed routes, A, B, C, D, and E, as shown
in Fig. 7(a) and (b). Routes A, B, and C are horizontal lines
with midpoints of 0.5, 1, and 1.5 m from the radar mod-
ule, and their ends are at an angle of 90 degrees from the
radar. Move along a straight line with an average speed of
roughly 0.5 m/s and 1 m/s, starting at the right endpoint of
each route. For simplicity, the routes are denoted as A1, B1,
C1 (average speed of 0.5 m/s), and A2, B2, and C2 (average
speed of 1 m/s), respectively. The x-axis and y-axis direc-
tions are also defined in the various subplots of Fig. 7.

Route D is a 180-degree arc with a radius of one meter
centered on the radar coordinates. The starting point coor-
dinates are (1, 0) and also move with an average speed of
0.5 m/s (route D1) and 1 m/s (route D2), respectively.

The above routes evaluate the feasibility of the pro-
posed method, whereas route E is considered for its appli-
cability. The subject traveled down route E in a 4 m × 2 m
rectangle at a typical walking speed of 1 m/s. Furthermore,
in the fixed route experiment, the subject attempted to face
the radar module with either the front or back of the body.

The random route is then a free walk within a 4.5 × 5
square meter area in front of the radar module to further
measure the practical application potential of the proposed
method.

There are two routes for the arm swing comparison ex-
periment, as shown in Fig. 7(d). Routes F1 and G1 indi-
cate scenes without arm swings, whereas F2 and G2 indi-
cate scenes with arm swings. The subjects moved along the
route back and forth at an average speed of no more than
1 m/s.

The multi-subject scenario experiment aims to demon-
strate that the proposed measurement system can precisely
track the target subject in this case. This experiment was
conducted with three subjects simultaneously, as shown in
Fig. 7(e). Subject I, as the target, walked back and forth be-
tween 0.5 m and 3.5 m in front of the radar at an average
speed of no more than 1 m/s (with the arm swing). Subjects
II and III walked randomly along a horizontal straight line
1 and 3 m from the front of the radar, respectively. This ex-
periment can observe whether the orientation of the radar is
interfered with by other people while the measurement sys-
tem tracks subject I.

The subjects alternated between walking and con-
stantly standing during each measurement period of 60 s
to simulate the movement of people in the room. Figure 8
depicts the actual experimental scenario. Additionally, the
subject wore an ECG device to record heart rate data during
the measurement.

Fig. 7 Walking route maps of subjects.
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Fig. 8 Experiment scenarios.

Fig. 9 The figure depicts how to select the appropriate minimum rotation
angle by the half-power angle of radar.

4.3 Parameter Analysis

The radar’s horizontal left-half power angle is θleft, and the
minimum measurement distance is Rmin. The following
equation must be satisfied by the variables M and θs.

MTfvp <
|θleft − θs| πRmin

180◦
, (15)

where vp is the speed at which the person moves under nor-
mal conditions. As shown in Fig. 9, assume that the sub-
ject’s distance from the radar is precisely Rmin and that the
subject’s angle with the radar centerline is infinitesimally
close to θs. In the next rotation period, the possible walking
distance of the subject is at most MTfvp to ensure that it is
within the measurement range. In the context of the appli-
cation of this measurement system, elderly individuals who

Table 3 Information about subjects.

live alone typically do not move indoors at speeds greater
than 1 m/s. This experiment sets M and θs to 4 and 5 degrees
because Rmin is 0.5 m and the half-power angle of azimuth
and elevation are about 70 and 10 degrees, respectively.

4.4 Experimental Results

Six volunteers participated in this experiment, and Table 3
lists their heights and weights. In order to better evaluate
the proposed approach, it is necessary to reduce the variable
factors between the different subjects as much as possible.
Therefore, the height of the radar module was adjusted ac-
cording to the thoracic height of the volunteer before the
beginning of the measurement to try to keep both at the
same horizontal plane. Each volunteer participated in all
the routes of this experiment.

Figure 10 shows the cumulative distribution func-
tions (CDF) of the absolute values of the measured AoA
(
∣∣∣Angle

∣∣∣ :
∣∣∣∣AkM+1

DM (3,1)

∣∣∣∣) for each rotation period of the fixed
route and the random route experiments for all subjects.
Overall, the subjects remained within the ideal measure-
ment range of plus or minus 35 degrees in front of the radar
throughout the measurement cycle.

Owing to the subjects’ faster angular velocity, as they
moved along route A, the AoA values for route A were
greater than those measured for the other routes. The re-
sults for routes B and C showed that in 90 percent of cases,
the subjects had an AoA of less than 10 degrees. The AoA
values increased with the movement speed of the subject.
However, the effect is not particularly substantial, according
to the combined results of all fixed route experiments.

The results for route D show that the measurement sys-
tem tracks accurately even when the subject’s angle changes
by up to 180 degrees. Accordingly, depending on the re-
quirements of the application, it is possible to position the
radar module in the center of the room for 360-degree track-
ing measures. The angular velocity of the subject relative to
the radar during route D was higher than that of routes A, B,
and C, which led to a more significant difference in the re-
sults of the CDF of routes D1 and D2 than the other routes.
In addition, the measurement system can accurately track
the subject during random walks. In a few cases, the an-
gle of the subject’s position was approximately 30 degrees.
However, no subject’s position was outside the ideal mea-
surement range, which demonstrates the reliability of the
system.

Because route E contains straight lines similar to routes
A-C, Fig. 11 shows only the results of the traced trail for one
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Fig. 10 The cumulative distribution functions of the absolute values of the measured subject’s angle
information.

Fig. 11 The results of the traced trail for one subject walking along routes D and E.

subject walking along routes D and E. The results show that
the tracking trail is still rather precise, even if the proposed
method quickly detects the subject’s approximate location
and sends it to the motor.

The RPM of a subject walking along route D2 and the
optimal range bin results achieved by the IARBS method are
shown in Fig. 12(a) and (b). The phases extracted from the
optimal range bins are then stitched together along the slow
time dimension to calculate the x(t) of the subject, as shown
in Fig. 12(c).

Next, x(t) was decomposed into a finite number of
IMFs using the ICEEMDAN method. FFT processing is

performed on them to select the heart IMF among IMFs.
The analysis was performed with a 30 s observation win-
dow. The results after decomposition by ICEEMDAN are
shown in Fig. 13, with the time and frequency domains of
each IMF on the left and right, respectively. According to
the frequency domain analysis, the heart IMF and breathing
IMF were IMF3 and IMF5. This study focused on the heart-
beat signal because the breathing signal is a low-frequency
component that is simple to extract. Finally, the heartbeat
signal was reconstructed. Finally, IMF3 was used to recon-
struct the heartbeat signal and estimate the heart rate.

In addition, the phase change data and low-frequency
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Fig. 12 The RPM (a) of a subject walking along route D2, the optimal
range bin results (b) achieved by the IARBS method, and the stitched phase
change information (c) are shown in this figure.

IMFs demonstrate that walking causes the x(t) signal to vary
more than when the subject is motionless [28].

Figure 14(a) shows a frequency domain comparison of
the reconstructed heartbeat signal and ECG signal. These
measurement data were obtained using route D2. The
heart rates obtained by the proposed method and ECG were
1.767 Hz and 1.833 Hz, respectively, with an absolute error
of approximately 3.96 beats per minute (bpm), and the ac-
curacy was approximately 96.4%.

The spectrum of the measurements is wider than that
of the ECG. The following are some of the possible reasons
for this phenomenon. Firstly, there is a fundamental dif-
ference between ECG, an electrical signal, and radar-based
heart rate measurement, measured by a displacement signal
from the skin. Secondly, the human chest skin is not plane,
and the skin displacement caused by the heartbeat is slightly
different at each location. Thirdly, the subject was walking,
and there was inevitably a small amount of noise compared
to stationary. The ICEEMDAN method has minimized the

Fig. 13 Results of ICEEMDAN decomposition. The left and right sides
are the time domain and frequency domain, respectively.

Fig. 14 (a) The frequency domain comparison of the reconstructed heart-
beat signal and the ECG signal. (b) The time domain comparison of the
reconstructed heartbeat waveforms and the ECG waveform.
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Table 4 Accuracy of heart rate measurement [%].

Fig. 15 The correlation of the RR interval measured by radar with ECG
data.

amplitude of the interference term as much as possible. In
this research field, the most attention is paid to the accuracy
of heart rate and RR interval measurements. Therefore, the
practicality of the proposed method is not affected.

Table 4 lists the average heart rate measurement ac-
curacy for each route. The accuracy increased with prox-
imity to the radar or slower speeds, and route A1 had the
highest measurement accuracy at 98.42%. The results of
routes F and G show that swinging the arm while walk-
ing decreases the accuracy of the heart rate measurement
by approximately 0.3% to 0.56%. The accuracy of the heart
rate measurements decreased by 0.53%, while other people
interfered. The overall average measurement accuracy, in-
cluding the random route, was above 96%, thus maintaining
a high level of accuracy.

To better observe the details, a portion of the recon-
structed heartbeat waveform is compared with its corre-
sponding ECG waveform in the time domain, as shown in
Fig. 14(b). The results showed a higher correlation between
the measured heartbeat waveform’s RR interval (spacing be-
tween rhombuses) and the ECG data. Meanwhile, Fig. 15
depicts the correlation between the mean RR interval time
of all measurements of the fixed route experiment, random
route experiment, and the corresponding ECG. The radar
and ECG data were the horizontal and vertical coordinates,
respectively. The correlation coefficient γ of the two datasets
was calculated using (16), and their correlation coefficient
was 0.9905, indicating a high correlation between them.

γ =
1

P − 1

P∑
i=1

(Fi − µF
σF

) (Ei − µE
σE

)
, (16)

where P and i are the total number of data and their indices,
respectively. F is the data measured by the radar and E is
the ECG data used as a reference. The means of the two data
are µF and µE and their standard deviations are σF and σE.
Figure 16 shows the CDF of the absolute error of all fixed

Fig. 16 The cumulative distribution functions of the absolute error of
heart rate measurement.

Table 5 The RMSE of heart rate measurement (the fixed and random
route experiment) [BPM].

and random route experiment measurements. In 80% of the
measurements, the absolute error was under 2.9 bpm. There
were no instances when the absolute error exceeded 6 bpm,
even when the random route results were considered.

To further quantitatively analyze the proposed method’s
heart rate measurement results, 60 s streaming data were an-
alyzed with a 30 s observation window and a 1 s sliding step.
Then, the heart rate for each observation window is calcu-
lated and contrasted with the ECG data to determine the root
mean square error (RMSE), as shown in (17).

RMSE =

√√√
1
Q

Q∑
i=1

(HRRi − HREi)2, (17)

where Q and i are the total number of observation windows
and their index numbers, respectively. HRR and HRE are
the heart rates measured by each observation window and
reference heart rate (ECG data), respectively.

Table 5 presents the RMSE of the heart rate measure-
ments of the fixed and random route experiments. The re-
sults demonstrate that as the distance and speed increase, the
RMSE of the heart rate estimation also increases. Accord-
ing to the average RMSE value for each route, the RMSE
is approximately 1.2 bpm lower when the subject walks at
0.5 m/s as opposed to 1 m/s. We speculate that precision
may be affected because the stepping motor rotates more
frequently, causing the fixed plate to vibrate and generate
noise. Meanwhile, the experimental results of [24] demon-
strated that the speed of the subject can affect how accu-
rately the IARBS method chooses the optimal range bin.
Additionally, the positive association between RMSE and
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Table 6 The RMSE of heart rate measurement (the arm swing compari-
son experiment) [BPM].

distance will rise less quickly or stop being significant if
the subject’s distance from the radar exceeds 1 m. Likewise,
when the subject moves at a speed of 1 m/s, the rate at which
the RMSE increases with distance will decrease. Therefore,
the experimental results showed that the RMSE values of
the proposed method for heart rate estimation converged to
a particular value and were stable.

The heart rate estimates are highly accurate even when
the subject’s angle information changes significantly, as ev-
idenced by the mean RMSEs of 2.45 bpm and 3.68 bpm for
routes D1 and D2, respectively. The results for each vol-
unteer in the random route experiment varied significantly.
However, the RMSEs were all below 6.9 bpm, with a mean
value of 4.35 bpm. Some of the larger RMSEs are caused by
spending extended periods with the side of the body facing
the radar, which decreases the measurement accuracy.

Table 6 presents the RMSE of the arm swing compari-
son experiment’s heart rate measurements. Notwithstanding
individual variations, swinging of the subject’s arm through-
out the measurement process can affect the measurement ac-
curacy. During the arm swing, the average RMSE of routes
F and G decreased by 0.49 bpm and 0.25 bpm, respectively.
This influence is caused by the left anterior thoracic muscle
movement when the arm is swung, and the movement of the
upper arm also causes a change in the phase of the IF signal.

Figure 17(a), (b), and (c) depict the RPM of the multi-
subject scenario experiment, the RDM of a certain frame
during the measurement, and the optimal range bin results
of the target subject achieved by the IARBS method, respec-
tively. The target subject was within the measurement range
at all times and the rotation of the radar module was not
disturbed by other people. Figure 17(b) shows the RDM
when the target subject and other subjects overlapped on the
RPM. The IARBS method can adaptively adjust the peak-
seeking range based on the velocity of the target subject in
the previous time. It is robust to other subjects suddenly
entering its peak-seeking range. Even if other subjects are
at the same range bin as the target subject for an extended
time, their heart rates can be separated by the ICEEMDAN
method. Figure 17(c) shows that the IARBS method can ac-
curately select the optimal range bin of the target subject in
the multi-subject scenario. However, there are many inter-
ference factors in this case, such as the possible presence of
multiple subjects’ arm swings and body shaking simultane-
ously in one range bin cell.

As discussed in Sect. 3, longer observation windows re-

Fig. 17 The RPM (a) of the multi-subject scenario experiment, the RDM
(b) of a certain frame during the measurement, and the optimal range bin
results (c) of the target subject achieved by the IARBS method are shown
in this figure.

sult in better interference immunity. Figure 18 compares
the heart IMF and ECG data in the frequency domain for
each observation window in the multi-subject scenario ex-
periment. The ECG data showed that the mean heart rate
during the measurement period was 1.402 Hz. No signifi-
cant peaks in the heart IMF made it challenging to estimate
the heart rate, whether the observation window was 30, 40,
or 50 s. The peak frequency is 1.417 Hz when the observa-
tion window is 60 s, and the absolute error is about 0.9 bpm
compared to the ECG data, with an accuracy of 98.93%. The
measurement accuracies of the six subjects were 95.37%,
98.93%, 95.55%, 96.28%, 95.49%, and 95.69%, respec-
tively, with a mean value of 96.22%. The measurement ac-
curacy of this experiment was also influenced by the random
movements of the non-target subjects, which were similar
to the random route experiment. The experimental results
show that the heart rate measurement for the target subject
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Fig. 18 Comparison of heart IMF and ECG data in the frequency domain
for each observation window in the multi-subject scenario experiment.

still maintains a high accuracy in multiple people scenarios.
In addition, it is challenging to improve real-time per-

formance by shortening the observation window whenever
heart rate is measured using FFT-based time-frequency do-
main analysis, including the ICEEMDAN method. For ex-
ample, when the frame period is 0.05 s (typical), and the
observation window is below 10 s and 5 s, the spectrum’s
frequency resolution will be as low as 0.1 Hz and 0.2 Hz.
Meanwhile, the EMD-based algorithm (ICEEMDAN) is re-
quired for the data’s length, which is not sufficient to sepa-
rate the individual frequency components if it is too short.
[15], [28] using EMD-based algorithms to measure heart
rate with the subject at stationary have employed an obser-
vation window of at least 15 s. Since the subject in this study
was moving, the evaluation was attempted with an observa-
tion window of 30 s or more.

Figure 19 shows two spectrums of heart IMF mea-
sured with a 10-second observation window. As shown
in Fig. 19(a) and (b), the heart rate can be easily detected
when interference is low in the spectrum of the heart IMF.
However, the low frequency resolution of the spectrum re-

Fig. 19 In (a) and (c), the two spectrums of heart IMF were measured
with a 10-second observation window, and the ECG data corresponding to
them are shown in (b) and (d).

sulted in a measurement error of 0.2 Hz. Due to the short-
ness of the data, heart rate estimation will become difficult
when ICEEMDAN cannot efficiently extract high-quality,
low-interference heart IMF, as shown in Fig. 19(c) and (d).
Interference occurs randomly, and clearly, longer observa-
tion windows possess better robustness.

In order to trade off the real-time performance and sta-
bility of the measurement system, the following attempts are
considered in future work. One is to shorten the frame pe-
riod as much as possible to increase the data length, pro-
vided the radar hardware supports it. The other one is
that the application uses an overall delayed dynamic display
when displaying heartbeat waveforms. The next measure-
ment and processing are performed simultaneously during
the previous waveform display. When the previous wave-
form is just about finished, the next waveform is displayed
immediately afterward.
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Because this study is the first to estimate the heart rate
by adjusting the radar measurement range through stepping
motors, the measurement results are difficult to compare
quantitatively with other papers. Therefore, the main fo-
cus is the qualitative comparison and analysis of this exper-
iment’s results with those of other works’ measurements.

Most radar-based heart rate estimation methods, such
as those in [2]–[20], cannot perform tracking measurements
on moving targets, whereas the proposed method offers this
possibility.

In the experiment in [23], the subject moved slowly and
the heart rate was measured with 90% accuracy. In [21], the
subjects made only backward and forward movements with
a measurement error range of 0–8 bpm. By contrast, the
subjects in this experiment were faster, and the RMSEs of
the measurements were all below 7 bpm. Moreover, the av-
erage measurement accuracy for each route exceeded 96%.
The measurement accuracy in our previous study [24] was
95.88%. This is because the subject was consistently inside
the ideal measurement range in this experiment, which in-
creased the accuracy.

The six participants in [15] were in a stationary state.
At distances of 1 m, 1.5 m, 2 m, and 2.5 m from the radar, the
mean values of the RMSE for heart rate estimation were ap-
proximately 2.39 bpm, 2.57 bpm, 3.23 bpm, and 4.69 bpm,
respectively. Although the results for routes B and C were
higher than 2.39 and 2.57 bpm, the farthest distance in route
E was about 3.61 m, and the mean value of RMSE was only
3.67 bpm. In addition, the proposed method can change the
radar orientation to adjust the measurement range and es-
timate the heart rate of a moving person, making it more
advantageous for application.

5. Conclusion

In conclusion, this study proposes a novel radar-based adap-
tive tracking method for measuring the heart rate of a mov-
ing subject. The proposed algorithm is employed to deter-
mine the position of the subject to control a stepping motor
that adjusts the radar measurement range. The results of the
fixed-route experiments revealed that when the subject was
moving at a speed of 0.5 m/s, the mean values of RMSE for
heart rate measurements were all below 2.85 bpm, and when
moving at a speed of 1 m/s, they were all below 4.05 bpm.
When subjects walked at random routes and speeds, the
RMSE of the measurements were all below 6.85 bpm, with
a mean value of 4.35 bpm. In addition, this study not only
evaluated the potential effect of arm swing (more normal
walking motion) on heart rate measurement but also demon-
strated the ability of the proposed method to measure heart
rate in a multiple-person scenario.

Meanwhile, the overall measurement accuracy was
greater than 96%, when the random route was included.
Moreover, the RR intervals of the reconstructed heartbeat
signal and ECG data were highly correlated, with a correla-
tion coefficient of 0.9905. In the future, we plan to improve
the experimental platform to reduce the noise generated by

the radar as it rotates to improve the accuracy of the mea-
surements.
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