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Abstract—In this letter, we propose a method to measure the respiration of a rhesus monkey using a millimeter-wave
radar system with an antenna array. Unlike humans, small animals are generally restless and hyperactive in nature, and
suppression of their body motion components is therefore necessary to realize accurate respiratory measurements. The
proposed method detects and suppresses nonperiodic body motion components while also combining and emphasizing
the periodic components from multiple echoes acquired from the target. Results indicate that the proposed method can
measure the respiration rate of the target monkey accurately, even with frequent body movements.

Index Terms—Sensor applications, body movement, radar, respiration, rhesus monkey.

[. INTRODUCTION

Respiratory patterns in both humans and animals are known to
be affected by mental stress and health conditions. Measurement of
an animal’s respiration can play an important role in detecting the
early signs of mental stress, respiratory infections, and other illnesses.
Although contact-type respiratory sensors are commonly used for
medical purposes, these sensors are not ideal for animal monitoring
because of the discomfort caused by wearing them.

Recently, noncontact respiratory sensing using radar systems has
been studied intensively. The first report of respiratory measurement
of a rabbit using a radar system was published as early as 1975 [1]
and was followed by various studies for respiratory measurement of
animals, including a hibernating black bear [2], a horse [3], and a
cow [4]. These animals are relatively gentle and do not make frequent
body movements, which means that the use of conventional tech-
niques [5], [6], [7], [8], [9], [10], [11], [12] for radar-based respiratory
measurements is feasible. However, measurement of smaller animals
that make frequent body movements remains challenging because their
movements interfere with the small body displacements caused by
respiration, thus degrading the measurement accuracy.

To achieve accurate noncontact physiological measurements in
the presence of these body movements, various techniques and sys-
tems have been proposed [13]. These approaches include a dc offset
calibration method [14], a self-injection-locked architecture [15], a
multichannel Kalman smoother [16], a frequency-locked loop radar
system [17], and a body movement cancelation technique using two
radar systems on the front and rear sides of the target body [18]. Despite
these efforts, the effects of body movements are still problematic,
particularly when measuring a small animal, such as a rhesus monkey
that makes frequent movements.
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In this letter, we propose a new method to suppress body motion
components using short-time autocorrelation functions of the dis-
placement waveforms and apply this method to radar echo signals
acquired from a rhesus monkey that makes frequent body movements.
To improve respiratory measurement accuracy, the proposed method
combines multiple respiratory intervals estimated at multiple positions
on the radar image to emphasize the periodic components related to
respiration. The experimental results show that the respiratory intervals
estimated using a pair of radar systems were in good agreement with
the results obtained when the proposed method was used, indicating
the effectiveness of our technique. A preprint of this manuscript has
been posted online [19].

II. PROPOSED METHOD FOR
RESPIRATORY MEASUREMENT

We use two sets of frequency-modulated continuous-wave (FMCW)
radar systems in combination with a multiple-input multiple-output
(MIMO) antenna array. The MIMO antenna array, which contains Kt
transmitting and Ky receiving elements, can be approximated using a
linear array consisting of K = KrKy virtual elements, as long as there
are no overlapping virtual elements.

Assuming that the linear antenna array contains K virtual ele-
ments, s(¢, ) denotes the signal received by the kth virtual ele-
ment (where k =0,1,...,K — 1), where ¢ is the slow time, and
the range r is expressed as r = ct’/2 using the fast time ¢’ and
the speed of light c¢. A signal vector s(z, r) is defined as s(¢,r) =
[so(t, ), s1(t,7), ..., sx_1(t, r)]", where the superscripted T repre-
sents a transpose operator. Because an FMCW radar system is used
here, the fast time ¢’ can be obtained by simply converting the beat
frequency that is generated by mixing the received signal with the
transmitted signal.

Let us define 2-D Cartesian coordinates (x,y), where the array
baseline is located on the x-axis and the x coordinate of the kth element
of the array is assumed to be x;. We also assume that all targets are
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located within the half-plane y > 0. Using the beamformer weight
wi(0) = agel@/Meost (=0, 1,...,K — 1) for the angle 6, the
weight vector can be defined as w(f) = [wy, wy, ..., wg_;]T. Here,
A is the wavelength and ¢ is a Taylor window coefficient.

We generate a complex radar image I'(¢, r) = w(6)s(z, r), where
the superscripted H represents a conjugate transpose operator and
r is the position vector, which can be expressed in polar coordi-
nates as (r,0). Because the complex radar image I'(f, r) contains
static clutter, the time-averaged component is subtracted as /(¢,r) =
I'(t,r) — (1/T) [} I'(t,r)dr, where T is the time for which the tar-
get is approximated to be almost stationary. Note that during actual
implementation as digital data, r and 6 are discretized as ry, r,, - - -
and 0y, 0,, - - -, respectively, which results in the realization of the
discretized position vectors ry, ra, ..., Fy.

First, the intensity of the complex radar image is time-averaged
as I(r) = (1/T) fOT |I(t,r))*dt, and ry, which is the target location,
is estimated from /(r) as ro = argmax, /(r). Note that if multiple
animals are present in the scene, then the multiple echoes must
be separated before estimation of ry [20]. Then, a nonempty con-
nected region Ry € R? is determined such that it satisfies r, € R
and also Ry = {r € R*|I(r) > n}, which means that the radar image
values are equal to or larger than a threshold 7. The displacement
d,,(t) of the mth position vector (m = 1, 2, ..., M) is then estimated
for Vr,, € Ry as d,(t) = (A /4 unwrap(ZI(t,r,)), where £ denotes
the phase of the complex number and unwrap(-) denotes a phase
unwrapping operator. Then, we calculate the line-of-sight velocity
D, (t) as 0, (t) = (d/dt Y (1). Similarly, the estimated velocity ()
can be obtained from the estimated target location ry as ¥y(t) =
AJ4m(d/dt yunwrap(ZI(t, ro)).

A short-time autocorrelation function composed of ¥,,(¢) is
defined as

To/2

Pu(t, T) = —= 0, (" = )0, (1" — 1t — T)dt’ )

NI

where T is a window width and D is obtained as follows:
Ty/2 5 Ty/2 5
D=/ |0, (8" — 1)) df/ [0, —t — D) dt". (2
=Ty/2 =Ty/2

Using (1), we then calculate the estimated respiratory interval
T, as 1, (t) = argmax, h(t)p,(t, v), where h(t) is a Tukey window
function that covers the time lag range ts < v < 1. with 73 = 0.8
s and 7 = 2.0 s. This range was determined based on the typical
respiratory rate for the subject animal and the average respiratory rate
can also be estimated from the power spectrum of 9,,(#). Note that
the estimated respiratory interval 7, is also dependent on ¢ because
D,,(¢) is quasiperiodic rather than periodic, and thus we write ,,(¢) to
indicate this dependency explicitly.

In many conventional methods, the respiratory interval is estimated
from the signal for r, that corresponds to the maximum peak of the
radar image I(r). This approach is called the conventional method
hereafter for comparison purposes. As will be explained later, this
method can easily be affected by the body movements of the target
animal/person. This is why we propose a new method, which will be
explained as follows.

If the velocity 9,,(¢) is a quasiperiodic function of #, then its short-
time correlation function p,, (¢, 7) is also quasiperiodic in the direction
of the time lag 7, its largest peak p,,(t,0) = 1 occurs at t = 0 and its
second largest peak occurs at t = 1, (1,, > 0), where 17, is equal to
the instantaneous respiratory interval if the displacement 9,,(¢) is due
to periodic respiration alone.

In contrast, if 9,,(¢) is affected by body motion, then 9, () cannot be
regarded as a quasiperiodic function, and the second peak t,, cannot

be used as an estimate of the respiratory interval; this illustrates the
importance of automatic detection of the local periodicity of ¥,,(¢).

To detect the periodicity of 9,,(¢), we use the waveform p,,(z, v) and
fit p,, (¢, T) using a cosine function cos(27 7 /7,,), as follows:

1 [
em(?) =min*/ lon(t, ©) = cos2m /T, dr. 3
0

n To

We then use ¢, (¢) as an indicator of the periodicity; 7, (¢ ) can be trusted
as an estimate if ¢,,(¢) is small, whereas 7,,(¢) is likely to contain a
body motion component if ¢,,(¢) is large.

Our proposed method estimates the respiratory interval () using

Z i\'m ([)
rn€Ry &, (1)
et Enlt) )

ZrmeRo em(t)

where the inverse number of ¢,,(7) is used as a weight in the weighted
average of the respiratory interval estimates 7,,(¢) for multiple position
vectors r,, € Ry. In addition, if the denominator is below a threshold
& such that Z,m Ry 1/e,(t) < M/ey,, then the estimated respiratory
interval 7(¢) is not used because the displacement waveform cannot
be regarded as being quasiperiodic. The next section evaluates the
proposed method’s performance using measured radar data acquired
from a hyperactive rhesus monkey that lives in a zoo.

T(t) =

[ll. RADAR MEASUREMENT SETUP
WITH MONKEY

We used a pair of millimeter-wave array radar systems in this
setup. Both systems are FMCW radar systems with a center frequency
of 79 GHz, a center wavelength of 1 = 3.8 mm, and a bandwidth
of 3.6 GHz. The beamwidths of the transmitting elements are 44°
and +33° in the E- and H-planes, respectively; the beamwidths of
the receiving elements are +4° and 4+45° in the E- and H-planes,
respectively.

The radar array is composed of a MIMO array that contains three
transmitting and four receiving elements, with 7.6 mm (21) spacings
between the transmitting elements and 1.9 mm (A /2) spacings between
the receiving elements. In the experimental setting, the MIMO array
can be approximated using a virtual linear array. Specifically, the array
in this study can be approximated using a 12-element virtual linear
array with element spacings of A /2. The slow-time sampling frequency
was 100 Hz. The two radar systems were separated from each other
by a distance of 0.7 m, as described in the previous section.

The respiratory interval estimation accuracy is evaluated by com-
paring estimates obtained from the two radar systems because it is
difficult to attach contact-type respiration sensors to animals, such as
monkeys. Note that when the accuracy is evaluated in this way, it may
appear to be higher than the actual accuracy because the estimation
errors for the two radar systems may be correlated. Despite this, the
lower bound of the accuracy can be evaluated using our approach.
Provision of a more precise evaluation of the accuracy will be the next
step in our future studies.

‘We measured the respiration of a rhesus monkey at the Kyoto City
Zoo, where 12 rhesus monkeys were housed in a cylinder-shaped mon-
key enclosure with an artificial mountain made from a concrete pile
with blocks of various shapes. The enclosure diameter is 18.0 m and its
depth is 4.0 m. We performed radar measurements of a target monkey
that was located away from the others to prevent interference being
caused by radar echoes from the other monkeys. The measurement
time was T = 120, and during this time period, the target monkey was
located approximately 6 m away from the radar system. A schematic
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Fig. 1. Schematic of the measurement setup with two radar systems
and a monkey located in a cylindrical enclosure.

Fig. 2. Photograph of the measurement environment with the two
radar systems.
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Fig. 3. Radarimage I(r) after static clutter suppression, where a cross
symbol indicates the estimated target location ry.

and a photograph of the measurement setup are shown in Figs. 1 and
2, respectively.

IV. EXPERIMENTAL PERFORMANCE
EVALUATION OF THE
PROPOSED METHOD

Fig. 3 shows a time-averaged radar image I(r) after suppression
of static clutter, where the maximum peak is indicated by a cross-
shaped symbol at a range of 5.72 m and an angle of 9.6°; this peak
corresponds to the estimated target location ry = arg max, I(r). Using
the estimated target location ry, Fig. 4 shows the characteristics of
the estimated body displacement d} (t) = (A /4m)LI(t, 1p); the dashed
lines indicate abrupt body movements that were detected manually,
where we observed that the target monkey was restless.

Fig. 5 shows the respiratory intervals %,(¢) that were estimated from
radar systems 1 (black) and 2 (red). In the figure, we see relatively
large discrepancies between the estimates that are considered to be
related to accuracy degradation caused by the target monkey’s body
movements. Note that the respiratory interval £y(r) was obtained from
the second peak of py(¢, T) for r = ry. The root-mean-square (rms)

Time (s)

Fig. 4. Estimated displacement dy(t) versus time, where dashed lines
indicate body movements.
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Fig. 5. Respiratory intervals £,() estimated using the conventional
method from radar systems 1 (black) and 2 (red). The average error
between the estimates from the two radar systems is 0.25 s.
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Fig. 6. Respiratory intervals ©(r) estimated using the proposed
method for &y, = 0.5 from radar systems 1 (black) and 2 (red). The
average error between estimates from the two radar systems is 0.08 s.

error between the respiratory intervals from radar systems 1 and 2 was
as high as 0.25 s.

Next, we apply the proposed method with a power threshold of
n = —20 dB when calculating Ry, a window size of 7, = 2.0 s in
(1) and (2), and a residue threshold of &, = 0.5; these values were
set empirically. The estimated respiratory intervals are presented in
Fig. 6. Note that most of the estimated data are missing in the period
75 s <t < 80 s in Fig. 6, possibly because of the random vibrating
motion that occurred just before an abrupt movement at t = 77 s, as
shown in Fig. 4.

The rms error between the respiratory intervals from radar systems
1 and 2 was reduced to 0.08 s, where the data acquisition rate was
84.4%. Note that the data acquisition rate 7, /T represents the ratio
of the time 7, when the estimated respiratory interval was used to the
total measurement time 7.

Next, we reduced the threshold to g; = 0.2 and determined the
respiratory intervals. The rms error between the respiratory intervals
from radar systems 1 and 2 was reduced to 0.03 s, indicating high
accuracy. In contrast, the data acquisition rate was also reduced to
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Fig. 7. Scatter plots of (r) for radar systems 1 and 2 when using the
following. (a) Conventional method (Ceor = 0.55). (b) Proposed method
(Cor = 0.89).

41.2%, which is the downside of use of the proposed method with a
low threshold value.

Fig. 7 shows scatter plots of the respiratory intervals estimated using
radar systems 1 and 2. Panels (a) and (b) correspond to 7y(¢) (from
the conventional method) and t(¢) (from the proposed method with
ey = 0.2), respectively. The correlation coefficients C.,, between the
estimates obtained from radar systems 1 and 2 were C.,, = 0.55, 0.72,
and 0.89 when using the conventional method, the proposed method
with g, = 0.5, and the proposed method with &, = 0.2, respectively.
This illustrates the effectiveness of the proposed method for accurate
noncontact measurement of the monkey respiratory intervals using
radar systems. Note that if the radar systems are located further
apart, then the accuracy can be improved by combining the data
adaptively [20]. Note also that when using the proposed method,
another periodic body movement may be mistaken for respiration.

V. CONCLUSION

In this letter, we have proposed a new method for radar-based non-
contact measurement of the respiratory intervals of animals that make
frequent body movements. The proposed method uses a short-time
correlation function of the echo phase to estimate the animal’s respi-
ratory interval. In addition, the similarity of the correlation function
to a cosine function is used as a weight to average the respiratory
interval estimates obtained from different distances and angles. After
the averaging process is performed, the sum of weights is also used
to select reliable estimates; based on this technique, we discard any
unreliable estimates of the respiratory intervals. As a result, the dis-
crepancy between the respiratory intervals estimated using two radar
systems decreased from 0.25 to 0.08 s. In addition, the correlation
coefficient between the estimates obtained from the two radar systems
improved from 0.55 to 0.89. Our next important task will be to evaluate
the accuracy of the proposed radar-based method when compared with
that of contact-type sensors attached directly to the animal body with
multiple subject monkeys being involved; this will form part of our
future studies.
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