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ABSTRACT Frequency modulated continuous wave (FMCW) radar, which can detect the range and small
displacement of a target, has been used for contactless vital information extraction. For accurate vital sign
(respiration and heartbeat) measurement, a precise selection of the target range bin, where vital information
exists, is important. In this paper, an effective method for selecting the range bin with accurate vital
information is proposed. The proposed method is based on the newly introduced magnitude-phase coherency
(MPC) index. The experimental results show that the vital information extracted by the proposed method is
more accurate than those by conventional methods, indicating that the proposed range bin selection based

on MPC is an effective method for extracting accurate respiration and heartbeat rates.

INDEX TERMS FMCW radar, vital monitoring, respiration, heartbeat, range bin selection.

I. INTRODUCTION

Frequency modulated continuous wave (FMCW) radar can be
used to obtain both the range and displacement information
of a target [1]-[3]. The information of the range and dis-
placement is in the spectral component of the demodulated
radar signal, and the information can be simply extracted
using a spectral analysis such as the discrete Fourier trans-
form (DFT). In addition, because FMCW radar utilizes a
millimeter wave, it has the advantages of low power con-
sumption and small sized packaging [4], [5]. Owing to these
properties, FMCW radar has been widely applied in various
fields such as automotive control system [6], [7], gesture
recognition [8], [9], structure monitoring [10], and water-
level measurements [11], [12]. In biomedical applications,
FMCW has been used for non-contact monitoring of vital
signs (respiration and heartbeat) [1], [2], [13]-[17]. Because
a non-contact vital sign monitor can operate continuously
without user perception or inconveniences, it is useful for
elderly home healthcare, prevention of sudden infant death
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syndrome, driver monitoring systems, and search for sur-
vivors [18]-[22].

The general process of extracting vital signs from the
FMCW radar signals mainly consists of spectral decompo-
sition and range bin selection [1], [2], [13]-[17]. After the
spectral decomposition using DFT, the magnitude and phase
are attained at each range (or frequency) bin. The magnitude
and phase at each range bin, which are called the range
profile, contain the displacement information. To extract the
vital signs from the range profile, it is necessary to choose
a specific range bin where the vital information exists. For
example, respiration can be measured within the range near
the belly or chest [2], [16], and the heartbeat can be measured
within the range where the skin is thin, such as the neck
[23]. In conventional methods [15]-[17], the range bin is
selected by exploiting either the magnitude or phase. With
the method used in [15], the range bin with the maximum
average magnitude, considering the reflected power from the
target, is selected. In [16], the range bin with the maximum
phase variation is chosen, but it is vulnerable to phase noise.
In [17], range bins within a certain target range are integrated,
hence vital signs may have a low accuracy. An inappropriate
range bin selection results in inaccurate monitoring of vital
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signs. Therefore, range bin selection is very important for the
accurate detection of vital signs.

In this paper, we introduce a novel range bin selection
method, that exploits the coherency between the magnitude
and phase of the FMCW radar signal. Because the magnitude
and the phase contain the displacement information by the
respiration and heartbeat, both the magnitude and the phase
need to be used to select the range bin for more accurate
vital sign extraction. Based on the mathematical model and
an experimental observation that the fluctuation of the mag-
nitude and phase in the range bin where the vital signal
exists are highly correlated, we devised a magnitude-phase
coherency (MPC) index quantifying the coherency between
the magnitude and phase in each range bin. The range bin
with the maximum MPC index is then selected to extract the
vital signs. In the experimental results, we demonstrate that
the vital signs extracted from the proposed range bin selection
are more accurate than those from conventional methods.

Il. METHOD

A. FMCW RADAR SIGNAL IN VITAL DETECTION

The FMCW radar transmits a linearly modulated radio fre-
quency signal, and receives the reflected signal from the
target. The intermediate frequency (IF) signal x(¢, n) is then
calculated by applying low-pass filtering after the mixing
of the transmitted and received signals. As in (1), x(z, n) is
characterized by the beat frequency f;, the magnitude M (¢, r),
and the phase P(z, r). Each component in (1) is related to the
physical quantities, that is, ;- is a frequency corresponding to
the range r, M (¢, r) is the reflected power from r, and P(¢, r)
is the time delay of the radio signal reflected from » [1]-[3].

x(t,n) = ZM(z, r)-cos 2m - fy -n+ P(t,r)), (1)

where 7 is the scan index, n is the sample index in a chirp, r
is the range, f, = %?F/Ff , BW is the bandwidth, c is the speed
of light, T, is the duration of the chirp, and F is the sampling
frequency.

DFT is used to extract M (¢, r) and P(¢, r) from x(¢, n), as in

Q).

N-1

j-2mk-n
Xta = ta : - x>
(t. 1) ngox( n) exp( v )
M(t, ) = 21X, )l
P(t,re) = LX(t, re), (2)
whererkzﬁ-kfork:O,...,N—l.

When an object exists in ry, M(t, ry) and P(¢, r;) are
modeled as in (3) [1]-[3], [24], [25].

My
Mt r) = 0
4w - rf
4 -
Pl = Je 3)

where My is the magnitude of the transmitted radio signal,
and f, is the center frequency.
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FIGURE 1. Radar and target with vital displacement.
Suppose that the object in r; moves with the small displace-
ment A(t) as
r(t) = r + A2). 4

Then, replacing ry in (3) with (4), (3) is changed to

M) = — M0
T dr (e + AQ)2
4 - f,
P, r) = (e + A@)) . 4)

c

In addition, assuming |A(f)| < rk, M(t,rr) in (5) is
approximated by Taylor series [26] as

My A(1)
(o)

T Tk

M(z, i) ~

As shown in (5) and (6), the small displacement, A(?)
in ry is reflected in both the magnitude, M (¢, r;) and the
phase, P(¢, rr), and moreover the magnitude and the phase
are linearly proportional to the small displacement. Thus,
by exploiting M (¢, ry) and P(¢, ry), we can measure the dis-
placement, A(#). In the case of measuring the vital signs,
A(?) is the body displacement caused by the respiration and
heartbeat, as depicted in Fig.1.

Fig.2 shows the result of the respiration and heartbeat
extraction from a single subject. Fig.2a shows the M(¢, r)
and P(¢, r) for respiration. In Fig.2c, M (¢, r) and P(¢t, r) of
Fig.2a in several range bins are shown. M (¢, r = 0.700m)
and P(t,r = 0.700m) are proportional to the referenced
respiration signal. However, for r = 0.550m or 1.100m,
the M(t, r) and P(z, r) are not associated with the referenced
signal. Likewise, Fig.2b,d show the result for the heartbeat.
InFig.2d, M (¢, r = 1.200m) and P(¢, r = 1.200m) are highly
correlated to the referenced heartbeat signal. However, for
r = 1.025m or 1.325m, M (¢, r) and P(t, r) have no associa-
tion with the referenced signal. That is, in some range bins,
M(t, r)and P(t, r) are proportional to the respiration or heart-
beat signal. However, other range bins are not related to the
respiration or heartbeat. Thus, for accurate extraction of the
respiration and heartbeat information, a precise range bin
selection is necessary.

VOLUME 9, 2021



H.-l. Choi et al.: Target Range Selection of FMCW Radar for Accurate Vital Information Extraction

IEEE Access

r [meter]

r [meter]

t [second]
(@
c
kel
T o
59
3
9 [ . .
0 5 10 15 20 25 30
t [second]
----- M — P

0 5 10 15 20 25 30
t [second]

(©

-
»

r [meter]

r [meter]

t [second]

(b)

Heartbeat
ref.

t [second]

r = 1.200 m (Range bin to be selected for heartbeat)

A
\ N
7
N\ 4 N/
> 4

7’
L L

2 3 4 5

3
1
r=1025m

t [second]

(d)

FIGURE 2. Respiration and heartbeat in various range bins. (a), (b) M(t, r) and P(t, r) for respiration and heartbeat, and (c), (d) referenced signal

and extracted respiration and heartbeat.

B. PROPOSED RANGE BIN SELECTION

To select the range bin with accurate vital information,
we introduce a novel range selection method utilizing the
coherency between M(t, r) and P(¢, r). As shown in (5),(6)
and Fig.2, both M (¢, r) and P(¢, r) in range bin ry, where
an accurate respiration or heartbeat is contained, are propor-
tional to the displacement by the respiration and heartbeat.
Thus, M (¢, r) and P(¢, r) in ry are highly correlated and the
coherency between M (¢, r) and P(t, r) is expected to be high.
To quantify the coherency, we devise the MPC index as

Zgzt_to M(s,r)-P(s, r)
MPC(t,r) = e —— ) @)

where the temporal means of M (¢, r) and P(¢, r) are removed
in advance, and o7 (r) and op(r) are the standard deviation of
M(t, r) and P(¢, r), respectively.
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We then select the range bin with the highest MPC value
for the vital target rr(¢) as in (8).

rr(t) = argmax MPC(t, r). ®)

To see how well MPC reflects the coherency between
M(t,r) and P(t,r), we tested MPC with simulated data
in Fig.3. M (¢, r) in Fig.3a does not change for the range, but
P(z, r) becomes gradually disordered from r; to r7. As the
coherency between M(¢, r) and P(t, r) decreases from ry to
r7, MPC also decreases, as shown in Fig.3b.

In addition, to check the efficacy of MPC for selecting the
range bin with vital information, we tested MPC with real
FMCW radar signals. In Fig.4a,b, MPCs for various range
bins are shown. Fig.4c,d show the referenced and extracted
respiration. As can be seen in Fig.4c, the extracted respi-
ration in the range bins (r = rgo, rg1), where MPCs are
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FIGURE 3. Simulated test of MPC. (a) Generated M(t, r) and P(t, r), and (b) MPC.
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FIGURE 4. MPC and extracted vital signs (respiration and heartbeat) for various range bins. (a), (b) MPCs for respiration and heartbeat,

and (c), (d) referenced and extracted vital signs.

high, are proportional to the referenced respiration. However,
the extracted respiration in the range bins (r = rg3, rga),
where MPCs are low, are not correlated with the referenced
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respiration. Similarly, in Fig.4d, the extracted heartbeat in the
range bins (r = ry4, rg2), where the MPCs are high, are pro-
portional to the referenced heartbeat. However, the extracted
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FIGURE 5. FMCW radar.
TABLE 1. Radar parameters and specifications.
Parameter Symbol Value
Center frequency fe 61 GHz
Bandwidth BW 6 GHz
Chirp duration Te 128 us
Sampling frequency Fy 2 MHz
Scan interval - 50 ms
Tx antenna - 1 channel
Rx antenna - 3 channel
Beamwidth (Azimuth) - + 65°
Beamwidth (Elevation) - + 65°

heartbeat in the range bins (r = ry1, rg3), where the MPCs
are low, have no correlation with the referenced heartbeat.

In summary, the accuracy of the extracted vital signs
depends highly on the selection of the range bin. By choosing
the range bin with the maximum MPC, we can select the
range bin for extracting the accurate vital signs.

Ill. RESULT

A. RADAR RECORDING

We selected 18 volunteers with normal respiration and heart-
beat rate. All subjects were well informed about the whole
process of the experiment, and took a rest at least 5 min
before the vital measurement. The FMCW radar used in the
experiment was BTS60 (bitsensing INC. Korea) [27] shown
in Fig.5, and the parameters were set as in Table.1. Among the
3 Rx channels of radar, we used the channel 1. The referenced
respiration was measured using Neulog Respiration Monitor
Belt logger sensor (Neulog INC. Israel), and the ECG of the
referenced heartbeat was measured using PolyG-A (Laxtha
INC. Korea). Fig.6 shows the experimental setting for the
vital measurements. The radar was set in front of the subjects.
The subjects sat on a chair at 1.0m from the radar, and
the measurement lasted for 2min for each subject. One of
the subjects repeated the measurement changing the location
from 0.4 to 1.4m.

B. PROCESSING
To prevent spectral distortion, the Hamming window func-
tion was applied to x(¢, n) before the DFT. A 15s interval

VOLUME 9, 2021
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FIGURE 6. Experimental setting for the vital measurement.

of x(¢t,n) was used as an epoch for the vital sign analy-
sis, that is, fp=15s, and each epoch was calculated every
Is for the time continuity. For the reduction of computa-
tional complexity, the candidate of the range bins, where
a human target exists, was detected by [28]. Then, M (¢, r)
and P(t,r) in each detected range bin are filtered for the
respiration (0.1-0.4Hz) and heartbeat (0.8-1.7Hz) band, con-
sidering the normal bounds of an adult’s respiration and
heartbeat frequency [29], [30]. Next, the MPCs were calcu-
lated using M(t, r) and P(¢, r) for the respiration and heart-
beat. Although, both M(¢, r) and P(z, r) contain displace-
ment information, M (¢, r), which comes with higher-order
harmonics, is less robust for measuring vital signs than P(z, r)
[31]. Therefore, we utilized M (z, ) for the calculation of
MPC, and extracted the vital rates from P(t, ). Zero-crossing
detection [32], [33] was used to count the respiration and
heartbeat in P(¢,r) as well as the referenced signals. For
comparison with the conventional range selection methods
[15]-[17], other processes were applied in the same way as
the proposed method, and only the range bins were selected
by the conventional methods. We then compared the vital
signs extracted by the proposed with those by conventional
methods.

C. ACCURACY ANALYSIS

We examined the accuracy of the vital signs extracted by the
proposed range bin selection method. Fig.7 and 8 show the
results of the range bin selections for two single subjects at
fixed distance. Fig.7a,b and Fig.8a,b show M (¢, r) and P(¢, r)
for the respiration and heartbeat, respectively. Fig.7c,d and
Fig.8c,d compare the vital signs extracted by the proposed
and conventional methods. The respiration and heartbeat
extracted by the proposed method are highly correlated with
the referenced signals for both subjects whereas the vital
signs extracted by the conventional methods are not. Fig.7e,f
and Fig.8e,f show rr(¢), and the respiration and heartbeat
rates of the proposed and conventional methods, respec-
tively. Both the respiration and heartbeat rate of the proposed
method are consistent with the referenced respiration and
heartbeat rate. But the respiration and heartbeat rate of the
conventional methods often deviate from the referenced vital
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FIGURE 9. Estimated vital rate, when the location of the target changes. (a) Target location, (b), (c) ry(t) and vital rates of the proposed

method, and (d), (e) 7 (t) and vital rates of the method in [15].

rates. In Fig.7e, though range bins selected by the proposed
method fluctuate from 0.8 to 1.1m, the respiration informa-
tion can be extracted from range bins apart 0.3m from each
other considering that belly and chest are more than 0.3m
apart. In addition, at close to t=20s, although the range bins
selected by the proposed (0.700m) and conventional ( [15]:
0.725m, [16]: 0.650m) methods are close, the respiration
rates by these methods are differed. The proposed method is
more accurate than the conventional methods.

1268

Fig. 9 shows rr(#) and the extracted vital rates of the
proposed method and the conventional one in [15], when the
location of the subject is changed. Because accuracy of the
method in [15] was highest among the conventional meth-
ods in our experimental results (Table.2), we compared the
proposed method only with the method in [15] as a represen-
tative. The vital rates extracted by the proposed method are
consistent with the referenced vital rates as shown in Fig.9b,c.
However, the respiration and heartbeat rate extracted by [15]
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TABLE 2. Accuracy of vital rates.

Method Error  Correctness [%]
Proposed 1.27 83.7
Respiration L15] 2.09 66.6
[16] 2.27 59.9
[17] 2.73 54.6
Proposed | 5.14 70.7
[15] 9.99 354
Heartbeat (6] | 1334 205
[17] 11.80 28.9

have an error at some time points as shown in Fig.9d,e. The
result demonstrates that the proposed method can extract the
vital information accurately even under the change of the
subject’s location.

In addition, we calculated the mean error, and the correct-
ness of the estimated vital rates measured for 18 subjects. The
mean error is the absolute difference between the referenced
and estimated vital rates. The correctness [17] is the ratio
of the estimated vital rates within a difference of 2 RPM
for the respiration rate, and 5 BPM for the heartbeat rate.
Fig.10 shows the mean error and correctness of the vital rates
for each subject. For most of the subjects, the mean error
of the proposed method is lower, and the correctness of the
proposed method is higher than those of conventional meth-
ods. Furthermore, unlike the mean error and the correctness
of the conventional methods, which are largely differed by the
subjects, the mean error and the correctness of the proposed
method have less variation for the subjects. Table. 2 show the

VOLUME 9, 2021

average of the mean error and the correctness of all subjects
for respiration and heartbeat. Overall, the proposed method
has a lower mean error, and higher correctness of the vital
rates than conventional methods.

IV. CONCLUSION

The accuracy of the vital signs depends highly on the range
bin selection. For accurate vital measurements, we selected
the range bin based on the newly introduced MPC. We exper-
imentally showed that the range bin selection based on MPC
results in accurate vital information extraction. In experimen-
tal results, we analyzed the radar recordings of 18 subjects ata
fixed distance, and a subject varying the location. We exam-
ined the vital signs in the selected range bin, and evaluated
their accuracy in terms of the mean error and the correctness.
The results show that the proposed range bin selection method
performs better than the conventional methods.
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