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Abstract—This paper describes a non-contact and
noise-tolerant heart beat monitoring system. The proposed
system comprises a microwave Doppler sensor and range
imagery using Microsoft Kinect™. The possible application of
the proposed system is a driver health monitoring. We introduce
the sensor fusion approach to minimize the heart beat detection
error. The proposed algorithm can subtract a body motion
artifact from Doppler sensor output using time—frequency
analysis. The body motion artifact is a crucially important
problem for biosignal monitoring using microwave Doppler
sensor. The body motion speed is obtainable from range
imagery, which has 5-mm resolution at 30-cm distance.
Measurement results show that the success rate of the heart beat
detection is improved about 75% on average when the Doppler
wave is degraded by the body motion artifact.

1. INTRODUCTION

Non-contact and remote biosignal —measurement
techniques offer great potential for healthcare applications. In
contrast to traditional mobile or wearable healthcare devices,
non-contact systems have fine usability: the most important
factor to popularize healthcare devices. As described herein,
we specifically examine a non-contact and non-invasive heart
rate monitoring method. The heart rate and heart rate
variability are useful indices for cardiac disease detection,
stress monitoring, active mass monitoring, and so on.

Electrocardiography (ECG), the standard method of heart
rate measurement, can be done even in daily life using a
traditional Holter monitor or a wearable ECG sensor [1-3].
However, these devices should be pasted to a user's skin using
uncomfortable electrodes. To mitigate the discomfort of
electrodes, a capacitive coupling ECG sensor [4-5] and a
photoplethysmographic sensor [6—7] have been developed.
Although these devices can detect a heart rate without the need
for adhesion, they should be near the human body. The
possible application of the proposed system is a driver health
monitoring,

To realize remote heart rate monitoring, a microwave
Doppler sensor [8—14] has been proposed to detect the heart
velocity. Imaging-based methods use the color change of the
face, which indicates the pulse beat. Although these methods
present severe noise contamination problems, the heart rate
can be detected from tens of centimeters to several meters
distance. For this work, we chose the microwave Doppler
sensor as the remote heart rate monitor.
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Fig. 1. Heart rate monitoring system using microwave Doppler

sensor and range imagery.
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Fig. 2. Example of Doppler sensor output including heart beats.

The most important problem of the microwave Doppler
sensor for heart rate monitoring is human body motion
artifacts. Because a user is not always at rest in daily life,
motion artifacts must be eliminated for home and daily use of
this sensor. Therefore, we propose a noise reduction algorithm
based on a sensor fusion approach using both the microwave
Doppler sensor and range imagery simultaneously. Fig. 1
portrays the proposed system configuration.

II. HEART BEAT MONITOR USING MICROWAVE DOPPLER
SENSOR

As presented in Fig. 1, the microwave Doppler sensor
outputs Doppler waves /(¢) and Q(¢) by mixing a transmission
wave 75(f) and a received wave RS(f). In this work, we
employ a 24-GHz microwave sensor; only /(¢) is used to detect
the heart beat. /() can be derived from the following equation:

AA' 2V
1) =5 sin (S x 22t (1)
Here A4, A', 1, and V respectively denote the transmitted
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Fig. 4. Flow chart of body motion artifact reduction method.

wave wavelength, and the target object velocity (m/s). The
difference between Q(¢) and /(¢) is /2 phase delay. Although
it is useful for direction estimation, only /(¢) is required in our
system to detect the heart rate. When the microwave is
irradiated to the chest of a subject in a resting condition, the
Doppler wave I(¢) includes information of the heart beat
velocity, as presented in Fig. 2. Therefore, the heart rate is
obtainable from the Doppler wave (7).

In conventional works, time domain signal processing
techniques are used to extract the heart rate from the Doppler
wave. For example, short-term autocorrelation is used for
extraction [14]. However, when the subject is not at rest, it is
difficult to detect the heart beat correctly using the time
domain analysis. When the subject moves, the Doppler wave
1(?) is contaminated by the velocity of the human body motion,
as depicted in Fig. 3. We designate this noise as a body motion
artifact. If the () includes both the velocity of the human
body motion W and the velocity of the heart beat V, then it can
be explained as shown below.

AAL . 2w
I(t) = > sm(TxZﬂt)
AA,  (2(W +V) &)
+ > sin TXZM.
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Fig. 5. Gain adjustment of Doppler signal with body motion artifact.

In this equation, the first term signifies the velocity
component of whole body motion. The second term represents
the velocity component of the heart beat. The heart beat
velocity is offset by the body motion velocity.

III. NOISE REDUCTION ALGORITHM USING SENSOR FUSION
TECHNIQUE

To eliminate the body motion artifact, we introduce a
sensor fusion approach, which uses both a microwave Doppler
sensor and range imagery as presented in Fig. 1. The range
imagery obtained by Microsoft Kinect™ is used to estimate
the body motion velocity using the change of the distance
from the body surface. It has 5-mm resolution at 30-cm
distance by averaging 121 pixels. Fig. 4 presents a flow chart
of the proposed method.

A. Gain adjustment considering body motion artifact

First, we introduce an automatic gain adjustment method
for Doppler wave. The amplitude of the reflected wave
including heart beat components fluctuates attributable to the
body motion or respiration of the subject. The gain of the
fluctuation depends on the Doppler sensor frequency
characteristics. To detect the heartbeat correctly, it is
necessary to suppress this fluctuation by the gain adjustment.

Fig. 5 presents an example of gain adjustment. The
measured Doppler output I(t) is partitioned every 3.667 s,
because at least one heartbeat component is comprised in this
duration. Then, the peak-to-peak value of the Doppler output
in each partition is calculated. However, if the body motion
velocity is greater than a threshold, then the corresponding
data of the Doppler output are excluded from the peak-to-peak
calculation. The body motion velocity is calculated from the
distance of the body surface, which is obtainable by averaging
the 121 points of depth information around the chest from the
range imagery. Then, the resolution of the gain of each
partition is adjusted according to the peak-to-peak value. In
this study, the velocity threshold is empirically set to 10 mm/s.
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B. Time—frequency analysis using MEM

Next, a time—frequency analysis of the Doppler output is
conducted using a Maximum Entropy Method (MEM) [15].
Because the Doppler wave I(f) is contaminated by the
complicated frequency components as shown in (2), it is
difficult to eliminate the body motion artifact using only time
domain processing. Therefore, we use the time—frequency
analysis. The MEM can obtain an accurate frequency analysis
despite the small sample size. This characteristic is beneficial
for extracting heart beat components from the Doppler output
including body motion artifact. Fig. 6(c) shows some results of
time—frequency analysis using MEM. This result
fundamentally obeys the assumed body motion artifact model
in (2). Although the center frequency of the body motion
artifact is lower than those of the heart beat components, they
are partially overlapped still in the frequency domain because
the body motion artifact has a wide frequency range.

C. Body motion artifact reduction in frequency domain

We create the noise model in (2). However, the body
motion velocity is not a constant. Also, its spectrum is
distributed in the lower frequency range overlapping the heart
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Fig. 6. Example of time-frequency analysis using MEM and body
motion artifact reduction; (a) measured Doppler sensor output, (b)
velocity information from range imagery, (c) spectrogram of Doppler
sensor output using MEM, (d) spectrogram after noise reduction, and (e)
spectrogram after frequency shift.

beat components. To eliminate the body motion artifact, its
component is extracted from the time frequency analysis
result. We choose the power spectrum as a baseline without
heart beat and motion artifact components. The body motion
artifact component can be extracted by subtracting the
baseline and the power spectrum including the body motion
artifact. These power spectra can be selected using velocity
information. Body motion affects the gain and the center
frequency of the body motion artifact component velocity, but
their relation can be estimated from the Doppler sensor
frequency characteristics. Therefore, the body motion artifact
component can be modeled easily as a function of the body
motion velocity.

Fig. 6 presents an example of the body motion artifact
reduction using a result of time—frequency analysis and the
velocity information. The result shows that the body motion
artifact component is suppressed. Nevertheless, the center
frequency of several heart beat components in the high
velocity range is shifted, as shown in the second term of (2). It
can also be fixed by shifting to the inverse direction according
to the velocity information, as depicted in Fig. 6(e).

D. Template matching in time—frequency domain

Finally, the heart beat intervals are extracted to calculate
the heart rate. Then, we use a template matching algorithm
[16], which can extract a similar wave form robustly from
noisy measured signals. We extend this algorithm to the
time—frequency range.

IV. PERFORMANCE EVALUATION

A. Measurement method

To evaluate the proposed system and algorithm, we
measured the Doppler wave, range imagery, and the heart
rates for three male subjects aged 22-23. The measurement
duration was 30 s. Fig. 7 presents the experimental setup. The
subjects were measured in a sitting posture because we
assumed an in-vehicle system application. All subjects were
measured at rest and with body motion conditions.

Distance between the subject and the range imagery sensor
(Microsoft Kinect for Windows v2; Microsoft Corp.) was set
to 80 cm. The microwave Doppler sensor (NJR4232K1; New
Japan Radio Co. Ltd.) was also set to 30-cm distance from the
subject. An accurate heart rate was recorded simultaneously
using an adhesive patch type ECG sensor (Actiwave Cardio;
CamNtech) for use as a reference for performance evaluation.
The required computational time to extract heart rates from the
Doppler sensor output with 30 s duration is 6.32 s on average.

B. Measurement results

Fig. 8 shows measured waveforms and the heart rate
extraction result of one subject with the body motion condition.
The extracted heart rate was compared with the reference
value of ECG sensor and the extracted value using a
conventional method, which extracts the heart rate from the
time-domain Doppler signal using template matching.
Measurement results show body motion artifact suppression.
The proposed method correctly extracted the heart rate.

Fig. 9 presents a comparison of the heart rate extraction
success rate with three subjects. All of the extracted heart rate
is compared with the logging data of the reference ECG sensor.

6120



Display

Range
imagery sensor

& Doppler sensor
l@f

Experimental setup.

Subject

Fig. 7.

The acceptable error range is set to £5% in this work. Here,
Conv. stands for the conventional time-domain template
matching. Prop. 1 uses time—frequency domain analysis and
template matching without velocity information. Prop. 2
includes all noise reduction method using velocity information.
As shown in Fig. 9, the heart rate extraction success rate is
improved in all conditions. The success rate is improved even
in a resting condition by virtue of time—frequency domain
processing. The success rate with the body motion artifact
condition was improved about 75%, on average.

V. CONCLUSION

We proposed a sensor fusion approach to realize a
non-contact and non-invasive heart rate monitoring system
using the microwave Doppler sensor and the range imagery.
The proposed method uses time—frequency analysis and body
motion artifact reduction according to the velocity information
of the body surface, as obtained using range imagery. The
measurement results for three subjects in a non-rest condition
show that the proposed method achieves 75% heart rate
extraction success rate improvement, on average.
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