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ABSTRACT

Monitoring human vital signs is fundamental to assess a person’s
general health and detect events such as respiratory distress or heart
attacks. As vehicle driving occupies a considerable part of daily lives,
monitoring vital signs of a driver is necessary for early detecting
potential health issues during driving. However, it is also important
to ensure that the driver is neither distracted nor uncomfortable
while monitoring. It is thus a challenge to develop contactless and
ubiquitous vital sign monitoring. This paper presents contactless
breathing rate monitoring for drivers using an impulse ultra-wide
band (UWB) radar. We demonstrate that UWB frequency reflects
signals from human body and validate a UWB radar for detecting
the minute chest movement. Two signal processing methods are
designed and evaluated for on-line and off-line analysis. We inves-
tigate 16 different radar positions in a vehicle for robust breathing
rate monitoring under the circumstance of body motions during
driving. We also perform on-road experiments at a local city and
achieve a mean of 1.06 breathing rate estimation error per minute.
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1 INTRODUCTION

Monitoring vital signs such as breathing rate can offer crucial in-
sights for human’s well-being and indicate a wide range of medical
problems. However, continuous monitoring of a person’s vital signs
is a challenging problem. Current solutions require the person to
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wear some dedicated smart wristband, chest straps, or compression
garment. Such wearable devices are required to attach to the hu-
man’s body all the time, making them less convenient. This has
motivated the design of contactless solutions for vital sign mon-
itoring where ambient wireless signals can be leveraged for the
purpose. Meanwhile, as the time people spend on driving contribute
to an inevitable part of a whole day now, monitoring vital signs
of a driver will enable early detection of health issues or drowsy
fatigue during driving which can improve road safety.

This paper presents our current progress of vital sign monitoring
in vehicle using ultra-wide band (UWB) frequency, especially with
the focus of breathing rate monitoring for a driver. UWB has been
used for various sensing applications for decades. Compared to
other frequency bands, UWRB is less affected by multipath propaga-
tion effects, achieving high sensing resolution and precision. This
frequency band also has the additional advantage of complexity of
system design [8]. These merits enable to deploy such radar sensors
in vehicles at a very low cost. Vital sign monitoring is an important
application for UWB sensing [4, 11, 14]. Most of these solutions
focus on office or home environment. However, monitoring vital
signs in vehicle is non-trivial. Unlike the still indoor environment,
a powered-on vehicle has its engine vibrations, which introduces
additional passive minute body movements. Furthermore, frequent
and unpredictable body motions caused by driving habits, or by
operating the steering wheel and the control panel, etc., keep oc-
curring during driving. Since space in vehicle is very limited, such
body motions sensitively impact the signal propagation very much,
and further downgrade the estimation performance. In this paper,
we demonstrate that UWB signals bouncing off a human body can
sensitively detect the minute chest movement necessary to accu-
rately estimate a human’s breathing rate at the driver’s seat during
driving. Our contributions can be summarized as follows:

(1) We study the reflection coefficient of human skin under
UWB frequency to formalize the feasibility of UWB signal
reflected off human body.

The breathing rate estimation at an expected radar posi-
tion should be robust to the interference of regular driving
motions. We investigate the UWB radar placements at 16 dif-
ferent positions in a vehicle, and suggest the position of rear
view mirror to achieve a confident breathing rate estimation.
All of in-vehicle experiments are done in powered-on vehi-
cles. Hence, our evaluation results have included the condi-
tion of vehicle vibrations. Our results show that the breathing
rate estimation of our system is robust to vehicle vibrations.
We present and evaluate two signal processing methods for
off-line or on-line analysis.
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Figure 1: Reflection coefficients and UWB radar sensing

The paper is organized as follows. The feasibility of detecting
chest movement using UWB is discussed in Sec. 2. UWB radar
placement and signal processing methods are provided in Sec. 3.
We evaluate the breathing rate estimation in vehicles in Sec. 4.
Future works are listed in Sec. 5. Related works are discussed in
Sec. 6. We conclude in Sec. 7.

2 FEASIBILITY OF USING UWB RADAR TO
MONITOR BREATHING RATE

In this section, we investigate the feasibility of using UWB fre-
quency to detect a human’s chest movement. First we study the
signal reflection propagation onto a human body, then validate the
radar device we use for the breathing detection.

2.1 UWB signal reflection on human skin

We first investigate the UWB signal reflection on human skin. The
amount of signals reflected from an object can be quantified us-
ing reflection coefficient. The reflection coefficient (r) can be used
to estimate the power loss due to reflection (or power reflection

coefficient) as R = };—O = |r|> where Pp and P; are the values of
reflected (after reflection) and incident (before reflection) power,

respectively. The reflection coefficient (r) is calculated [3] as
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where v = €2/€1 — sin® y, [ refers to the thickness of the
reflecting source; A denotes the signal wavelength; y is the incident

angle; €1 and €3 are the permittivities of the first medium and the
second medium, respectively. In a simplified single layer model,
the first medium can be assumed as air which has the permittivity
of 1. r, and r|| are the Fresnel’s reflection coefficients when the
electric field is perpendicular and parallel to the incidence plane,
respectively. The r is calculated as
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We calculate the reflection coefficient of human skin using the
Eq. 1 and 2 with perpendicular waves. The results of 1-mm human

skin with its relative permittivity of 40 [28] are shown in Fig. 1a.
Under the FCC regulation, UWB for medical usages is limited to
3.1 - 10.6 GHz [17]. As we can see, the reflection coefficients of the
medical UWB range are larger than 0.6 at various incident angles.
When the operating frequency is higher, the reflection coefficient
monotonically increases.
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2.2 Radar range bins

We select a low-cost Xethru X2M200 impulse UWB radar [16] for
our breathing rate measurements, as it can provide mm-level reso-
lution [24]. The operation of X2M200 is to bin the received signals,
which means that the received signals contribute a sorted set of bins
by ToA of transmitting pulses. The time interval is proportionally
determined by the radar signal round-trip distance created by the
reflection from the object. Radar is then able to know the object’s
distance to the transceiver based on the signal arrivals across the
different bins [13]. Fig. 1c shows an example display of range bins
provided by Xethru X2M200. It has 52 normalized amplitude bins
and 52 radian phase bins. The length between each bin is 3.84cm
[16]. The monitoring range (0.5 — 2.5m) is covered by the bins (from
left to right).

It is worth noting that Xethru has its own software to display
one’s breathing effort. However, there are two limitations: 1) the raw
amplitude and phase data are not available via its software interface;
2) when a monitored subject performs body motions, the software
will simply interrupt the display but present the notification of
"subject has body motions" only. As our objective is to continuously
monitor the breathing rate in a non-stationary environment, we
program our scripts to access Xethru’s API and to acquire the raw
amplitude and phase data at a sampling rate of 20 Hz.

2.3 Chest movement detection

In Fig. 1c, the amplitudes at the first four bins rise high. This is
because we place the radar in front of a subject at a distance of
around 0.6m (illustrated in Fig. 1b) to verify the radar performance
of chest movement detection. Fig. 3a shows the signal amplitude at
one example range bin (from Fig. 1c) during the subject’s existence,
where breathing patterns are clearly found (~19 breathings). The
corresponding frequency domain information using the fast Fourier
transform algorithm (FFT) is shown in Fig. 3b. We observe that the
UWSB signals are very sensitive to periodic movements of human
breathing.

3 BREATHING RATE MONITORING IN
VEHICLE ENVIRONMENT

3.1 Radar placements

Compared to breathing rate monitoring in common living spaces,
the space in vehicles is limited. A person’s body motions will sen-
sitively impact the signal propagation, leading to the amplitude
and phase changes. Fig. 2 presents the amplitude and phase vari-
ations of one subject sitting at the driver’s seat over 2 minutes at
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2 example positions of the UWB radar. As we can see, when the highest peak [2] (shown in Fig. 3c), and create a custom narrow
subject has no body motions (sitting still at the seat and normally band-pass filter. We calculate the mean boundary values over all
breathing only), the amplitude and phase data of both two positions 104 bins (52 amplitude + 52 phase in Fig. 1c). This custom filter is
have obvious periodic variations ((a), (b); (e), (f)). However, when then applied on the amplitude and phase data, and a simple peak
the subject performs some body motions during driving, such as detection algorithm is used for estimating the breathing rate in
turning the steering wheel around, operating the control panel, Bpm (breathing per minute).
turning the head, adjust the seating position, etc., the amplitude On-line method. A moving sliding window is applied on the
and phase data is much noisy at Example position 2 ((g), (h)). The measured data to enable the real-time breathing rate monitoring of
periodic variations are very difficult to be identified. Instead, Ex- a subject. Instead of creating a custom filter in the off-line method,
ample position 1 ((c), (d)) keeps the hint of periodic patterns on the the estimated breathing rate in Bpm is achieved by multiplying
amplitude and phase data. Although Position 1 is supposed to have the highest magnitude peak at the frequency domain in a sliding
the better performance, it is still quite challenging to estimate the window, with 60 seconds (shown in Fig. 3d). Since the moving
breathing rate purely depending on such noisy time-series data. sliding window is able to involve with the newest data input stream,
even though a simple multiplication is performed in every sliding
3.2 Signal processing window, the average estimation error across the time flow can be

mitigated. Meanwhile, the size of sliding window is an important

In order to better estimate the breathing rate, we transform the .
factor to impact the performance.

amplitude and phase data to the frequency domain (Fig. 3a and 3b).
We present one off-line and one on-line signal processing methods
for breathing rate estimation, and evaluate them in Sec. 4.2.

4 EVALUATION

Off-line method. The sensitivity of amplitude and phase signals In this section, we first evaluate various radar positions in a real
to periodic chest movements results in a peak (dominant frequency) vehicle. One selected radar position is then used for further evalua-
in the frequency domain. However, the corresponding frequency tions. We use a Xethru X2M200 radar to collect the breathing data,
of this peak estimates the breathing rate in each range bin at a and a USB pressing button to obtain the ground truth of breathing
coarse-grain level. Instead, we select the two adjacent peaks of the counts. The button is pressed while a subject is inhaling. Both data
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Figure 4: Equipment setup
for the experiments

Segment OfEOff Eoff <1 |1< Eoff <2 Eoff > 2
Representative Position D | Position C | Position E
position Position O | Position H | Position I

Table 1: Average estimation error (E,¢r) of breathing rate at differ-
ent radar positions when the driver subjects perform regular body
motions during driving

streams are time-aligned into a laptop host (shown in Fig. 4). We
keep the vehicle powered-on for all the experiments to involve
the vehicle vibrations. Except from the on-road tests, the vehicle is
parked for the other experiments. There are 4 driver participants
(3 males and 1 female) in our experiments. The range of their ages
spans from 29 to 55 years old, while the body mass index (BMI) is
from 20.7 to 28.3.

4.1 Radar placements

We test 16 different radar positions around the driver’s seat. Fig. 5
depicts the actual placement positions (Position A to P). We collect
2-minute breathing data from subjects at the driver’s seat, while
they emulate regular driving behaviors (performing some regular
body motions during driving as aforementioned in Sec. 3). The
off-line signal processing method is applied in this radar placement
evaluation. The experiment at each position is repeated for 3 times.

For better presenting and evaluating the performance, we lever-
age the common used metric error Bpm to evaluate the quality of
breathing rate estimation, which refers to the absolute difference
between the estimated Bpm and the ground truth Bpm. We let E, ¢
denote the off-line error Bpm. Fig. 6 presents that the cumulative
distribution of all E,¢s results of 192 experiments (16 radar po-
sitions X 4 subjects X 3 times). We calculate the average off-line
error Bpm (Eoff) of each radar position. All Eoff results are then
divided into three sections: E, F<L1< E, 7 < 2,and E, > 2
Table 1 presents the segmented estimation results. As we can see,
one of the best positions in our experiment is the rear view mirror
(Position D). This position is able to create a relative Line-of-Sight
(LoS) round-way sensing propagation to achieve a confident breath-
ing rate estimation (Eoff < 1). It is interesting that the position of
the back of driver’s seat (Position O) also has a great performance.
Regardless of the seat itself between driver’s back and the radar, the
signal is still able to penetrate the fabrics and bounce off the driver’s
back at the UWB frequency. Furthermore, this position is unlikely
interfered by arm motions. The center of steering wheel (Position
H) is a common position in other literature [9], however, its perfor-
mance in our experiment is not as good as that of Position D. The

Figure 5: 16 actual positions of radar placement in a vehicle
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Figure 6: CDF of off-line error
Bpm (E,ry) of all radar placement
experiments

very short distance between the center of steering wheel and the
driver’s chest might slightly introduce some arm motions as false
positives. The position of above the handle of driver’s side door
(Position E) and the position of central panel (Position I) severely
suffer from the arm motion effects, which frequently interfere the
signal propagation path to/from chest movements. Based on the
performance and convenience of deployment, we select Position D
as the radar placement position in the following evaluations.

4.2 Knowledge of sliding window

We next investigate the appropriate size of sliding window as it is an
important factor of the signal processing procedure. We design three
breathing scenarios: 1) normal breathing without body motions in
vehicles; 2) normal breathing with regular driving motions; 3) a
mixture of normal, fast and slow breathings with regular driving
motions. We fix the moving speed of sliding window as 1 second,
i.e. the updating frequency of breathing rate estimation is 1 Hz.
Each of the experiments is measured for 10 minutes.

We process the breathing data by using the on-line signal pro-
cessing method (with sliding window) and the off-line method
(without sliding window) for each scenario. The size of 2-second to
40-second sliding windows are tested. We here let E,, denote the
on-line error Bpm at every updating time of 1 Hz, and calculate the
average on-line error Bpm (E, ) across the timeline. The results of
Eon and Eyf ¢ are shown in Fig. 7. Even though all of E,, have some
jitters at the very beginning, as the sliding window size increases,
they gradually go down. It is natural that the scenario of normal
breathing and no body motions has the best overall performance
(Fig. 7a), where the advantage of sliding window is not obvious.
When the body motions are introduced in Fig. 7b, the E,, is always
lower than E,, - Furthermore, when subjects intentionally vary the
breathing frequency to emulate some breathing symptom during
driving. The on-line method with the usage of sliding window out-
performs the off-line method very much (shown in Fig. 7c). Based
on the results we observe that when the size of sliding window is
larger than 10-second, the E,, tends to be stable and the system
achieves a robust breathing rate estimation. Fig. 8 shows that the
cumulative distribution of all of E,,, for three different breathing
combinations using a sliding window size with the size of 30-second.
The combination of varying breathings and body motions has much
larger variation of estimation errors.

4.3 On-road breathing rate estimation

We do our on-road tests on the local streets at Davis, CA, using
three vehicles, Volkswagen Tiguan 2015, Volkswagen Jetta 2016,
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subject

and Toyota Corolla 2010. The speed limitation range of the driving
tests spans 15 — 45 mph, including parking lot driving (~15 mph),
local driving (~30 mph), and local speedway driving (~45 mph).
The driving routes depend on where the subject wants to visit.
Each subject follows his/her own driving habits and routes, and
performs the ~4-minute driving for 3 times (totally ~12-minute
driving). Apart from a subject’s active body motions, the passive
body movements caused by unexpected various bumps or dips on
roads make the breathing rate estimation more challenging. Hence,
we apply a 30-second sliding window size for stability.

Fig. 9 depicts the on-line error Bpm (E,,) changes along with
the time for three example routes created by a subject. In Fig. 9a,
the beginning one minute suffers from large E,, while the subject
repeats driving on a circle route in a community. The periodical
behavior of turning steering wheel interferes with the frequency
peak of breathings. The similar observation is found at the last two
minutes in Fig. 9b, while the subject is performing multiple U-turn
driving. In Fig. 9c, the last 2 minutes have a small E,; while the
subject is driving on a ~2-mile long local speedway with smooth
traffic.

Overall, the average error Bpms of all subjects are 0.86, 1.07, 1.02,
1.30, respectively. Compared to other literature [10], our results
are within the acceptable range. The larger estimation error of
Subject 4 may be caused by his relatively lower height, leading to
a misalignment of radar sensing direction (at Position D) and his
chest height, and by a higher BMI value, which is correlated with
the breathing rate [22].
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5 DISCUSSION, FUTURE WORKS, AND
POTENTIALS

We notice that the on-line method outperforms the off-line method
which makes us believe that sliding window method adapts better
than bandpass filter method when there is variability in breathing
rate of the driver. The awareness of pressing the button to count
the breathings is also a possible factor of distraction. These ob-
servations motivate us to refine the methods of off-line breathing
rate estimation, of the ground truth acquisition, and the driving
test in various specific scenarios and behaviors in our future work
to clarify the cases where UWB radar monitoring perform better
or worse. Moreover, clothing type is also a valuable aspect to be
studied, as different clothing materials are potential to change the
reflectivity.

Although the UWB radar we use claims itself as a radar for
breathing monitoring only [16], we do notice the minute periodical
vibrations corresponding to the heart beats across the range bins
when subjects hold the breaths. An example when a subject holds
her breath is shown in Fig. 10. Heart rate along with breathing rate
monitoring is thus our ongoing target. We will also involve some
various highway road tests, including jammed and smooth highway
sections, because traffic obstructions may annoy drivers and then
influence their vital signs [6]. Concurrently monitoring vital signs
of multiple persons in vehicles will be also investigated.

Our proposed system is not limited within one individual vehi-
cle. Instead, its flexibility is able to construct a connected health
system in the Internet of Vehicles (IoV). With the emerging era of
edge cloud computing in the Internet of Things [23], it enables to
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comprehensively monitor drivers’ health conditions in real time
and ultimately improve the overall safety of driving in IoV.

6 RELATED WORKS
6.1 Vital sign monitoring using UWB radar

UWSB radar is used for medical applications for decades [17]. Au-
thors in [14] demonstrated the high correlation between chest
movement detection using UWB frequency and respiratory chest
belt. Vital sign monitoring using UWB frequency was also vali-
dated [11]. Additionally, authors in [4] demonstrated the capability
of using UWB radar to sense human’s vital signs through a wall.
Those studies mainly focus on indoor still scenarios. An impulse
UWRB radar testbed for vital sign monitoring was designed in [20].
Their focus was to monitor infant or child sleeping health in vehicle
during the hot weather, while our objective is to monitor driver’s
vital sign for safe driving. Authors in [10] studied using UWB radar
to monitor driver’s vital sign and mobile phone usage. However,
the radar placement was not investigated, and on-road tests were
not fully covered. Vital sign monitoring for different subject’s ori-
entations with a movement compensation method was presented
by [24]. In our case, a subject is supposed to always face the front.

6.2 Vital sign monitoring using other wireless
technologies

Fine-grained Channel State Information (CSI) of WiFi was leveraged
to monitor vital signs [2, 12]. The primary focus of the work to
measure the vital signs when a person is sitting or sleeping in a
stable environment. The authors in [1] proposed to use WiFi RSS
for respiratory monitoring. However, it requires the person to hold
a device or stand in the line-of-sight path between TX and RX nodes
for accurate monitoring. 60 GHz millimeter wave is regarded as
an upcoming technology for the next generation of WiFi with the
IEEE 802.11ad standard [15, 25, 27]. Authors in [5, 26] validated
the feasibility of 60 GHz mmWave signals for vital sign monitoring
under different facing orientations. These systems are primarily
designed for indoor living scenarios. Wireless Sensor Networks
(WSNs) were deployed in hospital wards for vital sign monitoring
[7]. Authors in [19] presented a WSN system using 802.15.4 devices
to monitor vital signs. Such systems require the deployment of
plentiful sensor nodes and advanced routing protocols [21] for
accurate monitoring without much time delay, and might have
potential security issues [18].

7 CONCLUSION

In this paper, we present a contactless breathing rate monitoring
system in vehicles utilizing impulse UWB signals reflected from
human body. The capacity of UWB frequency to detect the minute
chest movement is demonstrated. We investigate the radar place-
ment among 16 different radar positions in a powered-on vehicle for
robust breathing rate monitoring, and find the rear view mirror is
a confident position. We also evaluate four participants for on-road
experiments and achieve a mean of 1.06 breathing rate estimation
error per minute.
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