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Detection of Human Vital Signs and Estimation of Direction of Arrival
Using Multiple Doppler Radars

Yong-Jun An' - Byung-Jun Jang2 - Jong-Gwan Yook'

Abstract

This paper presents a non-contact measurement method of vital signal by the use of multiple-input multiple-output
(MIMO) bio-radar system, configured with two antennas that are separated by a certain distance. The direction of
arrival (DOA) estimation algorithm for coherent sources was applied to detect vital signals coming from different
spatial angles. The proposed MIMO bio-radar system was composed of two identical transceivers sharing single VCO
with a PLL. In order to verify the performance of the system, the DOA estimation experiment was completed with
respect to the human target at angles varying between —50° and 50° where the bio-radar system was placed at
distances (corresponding to 50 cm and 95 cm) in front of a human target. The proposed MIMO bio-radar system can

successfully find the direction of a human target.
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I . Introduction

Recently, remote sensing techniques have been actively
studied as a means of measuring vital signs. Among
these techniques, the Doppler radar sensing of vital signs
has received substantial attention due to its simple sys-
tem architecture and non-contact detection capability [1,
2]. Various Doppler radar architectures for sensing hu-
man vital signs have consequently been developed: a Do-
ppler radar system based on board-level and chip-level
design [3], a dual-antenna Doppler radar system compen-
sated for background motion [4], a barrier penetration
consisted of ultra-wide band (UWB), and a CW Dopp-
ler radar [5] are some examples. MIMO signal proce-
ssing methods, such as blind source separation (BSS)
and analytical constant modulus algorithm (ACMA), have
attracted a great deal of interest for non-contact vital
sign detection [6, 7]. Until recently, however, the exis-
ting MIMO techniques for vital sign detection have been
mainly investigated to separate vital signs from multiple
sources.

The use of MIMO radar technique for vital signal sen-
sing has a number of potential advantages. For a given
system design choice, some of these advantages are en-
hancement of the target detection performance, improve-
ment of the angle estimation accuracy, and a decrease in
the minimum detection velocity [8]. A MIMO bio-radar
system can also be combined with well-known direction
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of arrival (DOA) estimation algorithms to provide solu-
tions for direction finding of human subjects. In the pre-
sent paper, a new approach is presented to find the
direction of human vital signals with two identical trans-
ceiver architectures sharing a single VCO with a PLL.
The MIMO Doppler radar system can be effectively app-
lied to find a human target with respect to azimuth an-
gle, making it a good candidate for applications in home
health care systems, military surveillance, as well as se-
curity services. To the best of authors’ knowledge, this
is the first successfully implemented direction finding
system for human targets based on a MIMO radar con-
cept.

II. MIMO Bio-Radar System Configuration

The configuration of the proposed integrated MIMO bio-
radar system is shown in Fig. 1. This monostatic MIMO
radar consists of two antennas and each antenna is used
for both transmitting and receiving operations. Dual-trans-
mitter topology provides a transmission of correlated sig-
nals, which is effective for obtaining independent phase
information and improved detection accuracy of the Do-
ppler motion of targets. When two signals arrive at ante-
nnas on the same circuit board, the signal to each ante-
nna arrives at a different time due to the spatial path di-
fference. This time delay introduces phase difference
between two antennas. When the distance of separation
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Fig. 1. Block diagram of the proposed MIMO bio-radar system.

between antennas is known, this makes it possible to
estimate the direction of a human target by analyzing
the phase difference data with the separation between
antennas. For example, when the reflected signals from a
human target received at two receivers contain same
phase characteristics, the received signals experienced
identical Doppler shifts from human vital signs. How-
ever, in practice, the signals undergo a time delay and
the phase differences between receivers reflect the effects
of the separation distance (d in Fig. 3), difference in
incident angles, and the spacing between receivers. As
formulated in Eq. (1), assuming R»d in Fig. 3, the
received signals at spatially separated antennas contain
information about the periodic movement x(¢), in addi-
tion to different phase terms from direction of target and
space of antennas. To extract the direction of arrival from
Eq. (1), two received signals are compared and can be
expressed in the form of Eq. (2). When 8 4. is equal
to the DOA, the received signal (corresponding to Rx;)
at one receiver and the received signal (corresponding to
Rx») at the other receiver can be considered as identical.
Using the maximal ratio combining (MRC) method, the
signals from both receivers are combined. This results in
a two times higher SNR when 6 4 is properly deter-
mined. The 6 s.x means also estimates the direction of
the target.
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The ratio between the received signal power at RX;
to the power at RX, corresponds to the phase difference
between two receivers:
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2-1 System Configuration

Previously, we have demonstrated 2.4 GHz bio-radar
systems [9, 10] with improved noise performance using
PLL [11]. We have also introduced a circular polarized
antenna to reduce size and to allow use of a single
antenna for bio-radar applications [12, 13]. In the pre-
sent paper, a MIMO bio-radar system is introduced that
consists of two bio-radar system sharing identical VCO
with a PLL and new concept of direction finding of
human target based on phase difference between two
receivers is presented. Fig. 2 shows a photograph of the
implemented MIMO bio-radar system. The antenna struc-
ture consists of two identical annular ring radiating ele-
ments with their centers separated by a distance of 0.75
A (where A is the wavelength). Each radiating element
is fed by 90° hybrid couplers, as shown in Fig. 2(a).
The measured isolation between the Tx and Rx is better
than 20 dB. The isolation between antennal and 2 is
also better than 25 dB in HFSS simulation. The phase
locked LO signal is split, amplified, transferred to the
down-conversion mixer, and delivered to the antennas.
A single VCO with a PLL also provides two signals of
identical frequency, one for the Tx and the other for
mixer driving. The output power level of the proposed
bio-radar system is set to 0 dBm with an antenna gain
of 0 dBi. The antenna has right-hand circular polariza-
tion (RHCP) at transmitting mode and left-hand circular
polarization (LHCP) at receiving mode. Due to the
symmetry and inverted antenna array structure, signals
have 180° phase difference, so the null radiation pattern
is represented at 0°. Mathematically each quadrature
receiver down-converts the received signal into a com-
plex number: its real part is the in-phase component or
I signal, while its imaginary part is the quadrature com-
ponent or Q signal.

III. Experiment and Result
The operation of the proposed MIMO bio-radar sys-
tem is demonstrated by measuring human vital signs. A

typical measurement is shown in Fig. 4. The data are
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(b) Active circuits

Fig. 2. Photograph of the MIMO bio-radar system.

<« d—>»

Fig. 3. Description of phase differences between Rx; and Rx,.

collected in response to the trajectories of human target
movement between —50° to 50° (where 0° corresponds
to a human target facing the MIMO bio-radar system)
at a fixed distance of 0.5 m. The experimentally collec-
ted data are transferred to a computer via a data ac-
quisition board (NI-DAQ) and a digital signal proce-
ssing technique for Doppler radar sensing of vital signs

252

Signal

DAQ B Processing

Fig. 4. Appearance of the measurement setup.
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Fig. 5. Measured signals for targets at a distance of 50 cm
and at a direction of 30° under breathing conditions:
bandpass filtered heartbeat signal (solid line: Rx;
signal, dotted line: converted Rx, signal).

is implemented. The I and Q channel output signals re-
ceived at Rx; and Rx; are different because of the phase
difference between Rx; and Rx,, arising from the
relative distance from the antennas to the target. The
0 rack can then be determined from eq (3). As shown in
Fig. 5, the I and Q channel output signals received at
Rx, are approximately the same as I; and Q; of the Rx.
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Fig. 6. Measured results of DOA estimation at the distance
of 50 cm.

This result is not unexpected because the output signals
are measured from the same human target. It is worth
noting that 3-dB diversity gain is achieved by transmi-
tting the same signals from two spatially separated ante-
nnas.

The measured data with respect to various incident an-
gles (15°, 30°, and 45°) are displayed in Fig. 6 and
show reasonably good performance for DOA estimation.
Two cases are presented: non-breathing and breathing cases.
Non-breathing means that the target human hold his
breath, while breathing means the target human breathes
normally (in other words, this is respiration). These re-
sults indicate that the MIMO bio-radar system is suita-
ble for finding the direction of a human target based on
the concept of phase differences between Rx; and Rx,.
Fig. 7 and Fig. 8 show the measured heartbeat signals
when the subject is fixed at 95 cm from the antennas.
Note that there is slight signal quality due to increased
range loss. Experiments have also done from 0° up to
45°. DOA estimation results are summarized in Fig. 8
and reveal excellent performance.

It should be noted that since a two-antenna array has
a null at the angle of 0° (where there is a direct line of
sight between the human target and MIMO bio-radar
system), for the case of both breathing and non-brea-
thing conditions, the DOA estimation produces a less
accurate result at the angle of 0°. This problem can be
solved if the transmitting signals are processed for the
non-coherent regime. In general, the DOA estimation
error for the breathing case is smaller than that of the
non-breathing case, because of the larger SNR for the
breathing case.

— Rx1
0.01 . " e Converted Rx2
<
c
2
w
-0.01 Lt L | L L v
0 1 2 3 4 5 8
0.01
©
c
2
(3]
g
-0.01 L L L L L
0 1 2 3 4 5 6
Time (s)

Fig. 7. Measured I and Q channel signals at the distance of
95 cm with the direction of 25° under the breathing
condition (solid line: Rx; signal, dotted line: con-
verted Rx, signal).
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Fig. 8. Measured results of DOA estimation at the distance
of 95 cm.

IV. Conclusions

A new multiple-input multiple-output (MIMO) bio-
radar system is proposed for non-contact measurement
of human vital signs. The proposed MIMO bio-system
consists of two identical transceiver architectures sharing
a single VCO with a PLL. In particular, the phase in-
formation of the MIMO bio-radar provides useful infor-
mation for identifying the direction of a human target.
In the respiration case, this bio-radar system shows good
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sensing of heartbeats and position angle of the human
target. To verify the vital sign monitoring performance,
a DOA estimation experiment has been completed with
respect to the human target at angles varying between —50°
and 50° at the distance of both 50 cm and 95 cm.
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