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ABSTRACT This paper considers the detection and localization of a human subject in complex environments
using an ultra-wideband impulse radar. The subject is remotely sensed by extracting micro-motion informa-
tion, such as the respiration and heartbeat frequencies. It is challenging to extract this information due to the
low signal to noise and clutter ratio in typical disaster environments. To improve the localization accuracy,
a new method is proposed using the characteristics of vital sign signals. The range is determined using a
short-time Fourier transform of the kurtosis and standard deviation of the received signals. Furthermore, an
improved arctangent demodulation technique is used to determine the frequency of human micro-motion
based on a multiple frequency accumulation method. Performance results are presented, which show that
the proposed method is superior to several well-known techniques.

INDEX TERMS Human micro-motion, ultra-wideband (UWB) impulse radar, short-time Fourier trans-

form (STFT), kurtosis, frequency accumulation (FA), arctangent demodulation (AD).

I. INTRODUCTION

Radar can be used to detect human targets by sensing body
surface motion caused by respiration and heartbeat [1]-[5].
Two classes of radar have been used for this purpose, narrow-
band continuous wave and ultra-wide band (UWB), but UWB
radar has better performance in penetrating obstacles and
identifying targets [6]-[13]. UWB impulse radar has been the
subject of significant research because of its simple structure,
low-cost, and low-power consumption. It can remotely detect
human vital signs (e.g., respiration and heartbeat), which
is useful for medical diagnosis and monitoring. In medical
imaging applications, a high center frequency and large band-
width are employed to provide fine resolution for human
tissues and organs. A promising application of this technol-
ogy is the detection of trapped victims during post-disaster
search and rescue. This requires not only good penetration but
also sufficient sensitivity to detect the vital signs of trapped
victims, who are usually otherwise motionless. This can be

achieved by using a lower center frequency and detecting
victims by their respiration and/or heartbeat [14]—[22].
Several vital sign detection algorithms have been pro-
posed [23]-[40]. However, many of these approaches are
not suitable after a natural disaster, as they deal with only
some aspects of the environment such as removing static and
non-static clutter, detecting human respiration characteristics,
or heart rate estimation. The fast Fourier transform (FFT)
and Hilbert-Huang transform (HHT) have been employed
to analyze the time-frequency characteristics of human res-
piration [23], [24]. A dual frequency model was developed
and the respiration-like clutter removed using adaptive clutter
cancellation [8]. In [27], a low complexity maximum likeli-
hood (ML) estimation method was proposed to estimate the
human respiration period in additive white Gaussian noise
(AWGN) [27]. In [28], singular value decomposition (SVD)
was employed to extract human respiration information in
low signal to noise and clutter ratio (SNCR) conditions.
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In [33], a tracing method was employed to detect signs of life,
but it is effective only over short distances with a high signal
to noise ratio (SNR). The static clutter was removed using
linear trend subtraction (LTS) in [28]. In [35], higher order
cumulants (HOCs) were used to extract vital sign information
by exploiting the fact that the HOCs of Gaussian noise are
zero. Although this approach was designed for Gaussian
noise environments, it can significantly improve vital sign
detection in other types of noise. In [36], ensemble empirical
mode decomposition (EEMD) was used to analyze variations
in the human heart rate. In [37], complex signal demodula-
tion (CSD) was proposed to remove clutter. Vital signs were
extracted using a state space method (SSM) in [39], but this
approach is effective only over short distances.

It is difficult to accurately extract vital signs such as the
human respiration frequency and heart rate using existing
methods due to the complexity of the signal analysis and
the significant memory requirements. Further, these methods
are only suitable for short distances with a high SNCR.
In this paper, an effective method is proposed to accurately
detect trapped victims even in low SNCR environments such
as in long range and through-wall conditions. Localization
is achieved using the short-time Fourier transform (STFT)
of the kurtosis and standard deviation of the received sig-
nal. Further, an improved arctangent demodulation (AD)
technique is presented to estimate human micro-motion fre-
quencies based on a multiple frequency accumulation (FA)
method. The trapped victim is then identified in a distance-
frequency matrix. The performance of this method is com-
pared with several well-known algorithms using the UWB
radar designed by the Key Laboratory of Electromagnetic
Radiation and Sensing Technology, Institute of Electronics,
Chinese Academy of Sciences.

The remainder of this paper is organized as follows.
In Section II, the system model is given, and the proposed
method for range and vital sign detection is presented in
Section III. In Section IV, the performance of this method is
evaluated and compared with several well-known techniques.
Finally, Section V concludes the paper.

Il. VITAL SIGN MODEL

A. SYSTEM MODEL

In this section, the model for human target detection, and the
respiration and heartbeat frequencies are presented. With the
UWB impulse radar, the subject can be detected from changes
in the propagation delay of the received signal. The distance
from the antenna to the subject is given by [32], [35]

d (t)y=do + r (t)=do+A, sin 2rf.t)+Aysin Qrfpt) (1)

where dy is the nominal distance between the antenna and
human chest, A, is the respiration displacement amplitude,
fr is the respiration frequency, Ay, is the heartbeat displace-
ment amplitude, and fj, is the heartbeat frequency. Assuming
only one subject exists in the detection environment, all other
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FIGURE 1. The received signal due to human respiration.

objects are stationary. The impulse response is then

ht,)=asT—t @)+ as(t—1) (@)

where 7 is the propagation time and > ;6 (t — 1;) denotes

the response from the ith static target vlvith amplitude a;, and
a,8 (t — 1, (t)) denotes the response due to human micro-
motion with propagation time t, (#) and amplitude a,. The
propagation time T, (¢) is given by

2d (1)

T, (1) = =19+ T, sin 2nfit) + psin Rafpt) (3)
where v = 3 x 108 m/s is the speed of light, 7, = 24, /v and
T = 2Ah/v.

The received radar signal can be expressed as

R(z.0=s(@) xh(t. D)=ays(t — 7, (1) + Y _ais (T — )

“)

where s(tr) is the transmitted signal and = denotes
convolution.
Equation (4) can be expressed in discrete form as

R [m, n] = a,s (mér — 1, (nTy)) + Zais (mér — 1;)
= ays (mdg — vt, (nTy)) + Y _ ais (mdg — v1i/2)

1

= h[m, n] + c[m] (®)]

where T is the pulse duration, N is the number of samples
in slow time, &7 is the fast time sampling interval, M is the
number of fast time samples, and dg = vd7 /2. The discrete
human micro-motion signal is % [m, n] and the static clutter
is ¢ [m] which can be considered as a slow time-invariant
signal.

To illustrate fast and slow time, Figure 1 shows the received
signal due to human respiratory motion. The dashed line
denotes a fast time bin. To avoid range ambiguities and
frequency aliasing, T must be chosen so that all signals from
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(@)

(b)
FIGURE 2. The resulting matrix (a) without clutter and (b) with AWGN.

the objects are received in one pulse repetition time and to
satisfy the Nyquist sampling theorem, which gives

1/Ty = 2 (max (fy, fr)) (6)
and
T,, + max {1, (¢)} — min{z, (t)} < T} 7

where T,, corresponds to the —6 dB bandwidth.

Significant clutter can exist in the detection environment.
In addition, linear trend, Gaussian noise, non-static clutter,
and other clutter can exist in the received signal. In this case,
the received signal can be expressed as

R[m,n] = h[m, n] + c[m] + a[m, n] +w [m, n]
+qlm,n]+glm,n] (8)

where a [m, n] represents the linear trend due to the radar trig-
gering, w [m, n] is AWGN, ¢ [m, n] is the non-static clutter,
and g [m, n] denotes any other clutter.

Figure 2(a) presents an ideal received signal matrix which
contains only the human micro-motion, while the correspond-
ing matrix with only AWGN is given in Figure 2(b). This
shows that it is difficult to extract vital sign signals in a low
SNR environment. The static clutter is slow time independent
and so can be removed by subtracting the average of R (7, t)
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to obtain R (t, t) which from (4) can be expressed as

R(z,1) = ays (t — 7, (1)) 9)

B. SIGNAL DETECTION

To obtain f;- and f,, the Fourier transform (FT) of R (mér, 1)
is taken in each slow time dimension which gives

+00
Y (f) = / R (mdr, 1) e 72" gy (10)
—0oQ0
Expressing this in two dimensions we have
“+o0

Y (mér,f) = / Y (v,f) €V dv (11)
—00
+00 +00
Y (v,f) = f / R(mdr, 1) e e PV grdr  (12)
—00 —00
+00
Y (U,f) — / a,S (V) e*ﬂﬂfle*ﬂﬂvfu(t)dt
—0oQ0
+00
= a,$ (v) e 2TV /
—0oQ
% e—j2nvmb sin(an,t)e—jZJrumh sin(Zszht)e—jZnﬁdt

(13)
where S (v) is the FT of the received signal in fast time. Then

Y (U,f) = ayS (v) e 7FVT

T/ too
< [ ( Y U (ﬁrv)eﬂ”"fﬂ>

o0 M=—00

+00
X (Z Ji (ﬁhu)e—ﬂ”’fbf> e g (14)

[=—00

where

+00
e /zsin@rfor) _ Z Ji (2) e /27 kfot (15)
k=—o00
with 8, = 27A, and B, = 2mwAy. Equation (10) can be
expressed as

+o00 400

Y (mdr.f)=a, Y. > Gu(®)s{f —ki—Ifi) (16)

k=—o00l=—00

where
+00
G (t) = / S W) Jk (Brv) i (Br) &7V dy - (17)
—0oQ
The maximum value |Gy ()| is obtained when mér = 19
which is
+00
Cu = G (t0) = / S W) Ji (Bru)Ji (Bru)dv - (18)
—0oQ
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From
+00 400

Y(t.f)=av Y Y Cus(f —ki—1fi) (19

k=—00l=—00
the human respiration signal can be obtained by setting / = 0
giving
400
Cko = / S (V) Jk (Brv) Jo (Brv) dv (20)
—00
For B,.f. < 1, where f, is the center frequency of the signal,
we have
+00
Cro ~ / S () Jk (Brv)dv 21
—0o0

The heartbeat signal can be obtained by setting k = 0 as

+00 400
Cor= / S () Jo (Byv) Ji (B dv~ / S ()1 (Brw) dv
i ) (22)
and when B,f, < 1
+o0
Coi ~ / S (V) J; (Brv) dv (23)

The above computations can be done in discrete time by
sampling the received signal and using an FFT [39]. How-
ever, the complexity of this approach is high. Therefore, an
improved AD method is presented for range estimation in the
next section.

C. ULTRA-WIDE BAND IMPULSE RADAR
The UWB impulse radar used in this paper for data acqui-
sition was constructed by the Key Laboratory of Elec-
tromagnetic Radiation and Sensing Technology, Chinese
Academy of Sciences. This radar contains two antennas in
a.45x.22x.45 m? box and is operated via a wireless personal
digital assistant (PDA). Table 1 shows the radar parameters
used for data acquisition. It operates at a center frequency of
400 MHz with a pulse repetition frequency (PRF) of 600 kHz.
The datasets were obtained simultaneously by six segments
with a segment time window of 124 ns and M, = 682
samples per segment. The number of samples in fast time is
M = 4092. To improve the SNR, N4 samples were averaged
during data acquisition, so the pulse signals are saved every
M N4/PRF = 0.0341 s. In slow time, N = 512 pulses are
received every 17.6 s. A hybrid sampling scheme combin-
ing equivalent-time sampling [41] and real-time [42] sam-
pling was implemented as it outperforms an analog receiver
employing only equivalent-time sampling.

Figure 3 gives the two-dimensional (slow time and range)
matrix R obtained using the UWB radar with one male human
subject at a distance of 7 m from the antenna in an indoor

22104

TABLE 1. Parameters of the UWB impulse radar.

Parameter VALUE
center frequency 400 MHz
transmitted signal amplitude 50V
Pulse Repeat Frequency (PRF) 600 KHz
number of averaged values (V,) 30
time window 124 ns
number of samples (M) 4092
input bandwidth of the Analog to 2.3 GHz
Digital Converter (ADC)
ADC sampling rate 500 MHz
ADC sample size 12 bits
receiver dynamic range 72 dB

FIGURE 3. The received signal using the UWB radar.

detection environment. This environment will be described in
detail in Section IV. The vital sign signals are not noticeable
due to the significant signal attenuation in long range and
through-wall conditions. This indicates that it is challenging
to extract these signals in realistic environments. Therefore,
a new method for vital sign detection is developed in the next
section.

lll. PROPOSED METHOD
In this section, the proposed method for signal detection and
analysis is presented

A. CLUTTER SUPPRESSION

The static clutter ¢ [m] is usually slow time independent with
a large amplitude. The best estimate of the static clutter in the
range dimension is obtained by averaging the received values
in R as

1 M N
s:MxNZZR[m,n] (24)

m=1 n=1

and after subtraction gives
Qm,n]=R[m,n] — 3 (25)

The LTS method is then used to estimate the DC compo-
nent and linear trend a [m, n] in the slow time dimension in
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Q [m, n] using a linear least-squares fit which results in
-1
w=0aT _x (XTX) xTQl (26)

where X = [x,x], x1 = [0,1,....N—11T, x,, =
[1,1,..., 1]]T\,, and superscript T denotes transpose.

The received signal depends on the radar characteristics,
detection environment, and azimuth between the human tar-
get and antenna, as well as the humidity, dielectric constant,
and polarization of obstacles. However, these parameters can-
not all be predicted accurately, so a matched filter is not a
good choice for signal detection. An alternative solution is to
use a bandpass filter (BPF) to extract the desired signal such
as a Butterworth filter which has transfer function
1

1+ (/)™

where w, is the cutoff frequency and Ny is the filter order. The
filter performance can be improved by increasing the order,
but Ny = 5 provides a good tradeoff between performance
and complexity. Thus, two fifth-order Butterworth digital
filters are employed, a low-pass filter with normalized cutoff
frequency 0.1037, and a high-pass filter with normalized
cutoff frequency 0.0222. For each slow time index n in W,
the filter output is

|H (0)]* = (27

T [m, n]
= Wilm,n]+ oW [m—1,nl+.. .+ xn,1W [m—Np, n]
—ioWm—1,n]— ... —kn,+1W [m— Ngy, n] (28)

where N, = N, = 5, and the filter coefficients are k; and ;.

To further improve the SNR, a smoothing filter is used

which has output
| MetD)-1
Glk,n] =~ > Timn] (29)
m=\k

where k = 1, ..., [M/)\], |[M/X] is the largest integer less
than M /A, and A = 7. Values of T [m, n] form > |[M /)]
are set to zero. These filters remove high and low-frequency
clutter which improves the SNR.

In reasonably high SNR conditions and in the absence
of non-stationary clutter, the response from a breathing vic-
tim can be used for range estimation. However, it has been
observed from field trials that some of the energy of g [m, n]
is likely to appear in R along with the respiration signal, which
reduces the detection accuracy. Thus, the goal of the final
stage of the algorithm is to reduce the noise and elements of
q [m, n] which were not removed during the previous stages,
while retaining the desired signal. For this, singular value
decomposition (SVD) is used to decompose G into a set of
orthonormal matrices which is given by

N
G=UxvT = Z uiaiivfl (30)
i=1

where superscript H denotes complex conjugate transpose.
The matrix U = [u1, u, ..., upl, U € CY*M s a unitary
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matrix. The columns of U are called left singular vectors,
u; € cM , and form an orthonormal basis in slow time so
that u; - u; = 1 fori = jand u; - u; = 0 otherwise. The
matrix V = [v,va,...,vn], V € CV*N s also unitary.
The rows of VH are the right singular vectors v,, and also
form an orthonormal basis. The matrix X € W,y has non-
zero values oj; € {011 > 0220 > ... > oyn} on the diagonal.
Since there are N degrees of freedom in G, rank(G) = N. The
components of g[m, n] in G reduces the SNR. It has been
shown that this can be suppressed by removing the largest

values 0j;, i = 1,...,n < N [28], which gives
N
e=UsV"' =" uoyw] (31
i=n

Using (24) and (31), the static clutter, linear trend, and
other clutter in frequencies other than the desired signal
can be suppressed. The non-static clutter can be suppressed
by ensuring there are no moving objects such as people in
the detection environment. The received signal can then be
expressed as

D(7,1) =5(T) * hrgrger (1, T) = ays (T — 7, (1)) (32)

where huqpger (t, T) is the response due to human micro-
motion. This can be expressed in discrete form as

® [m, n] = a,s (méy — 1, (nTy)) = h[m, n] (33)

B. RANGE DETERMINATION
In this section, the range is estimated using the statistical
characteristic of the received signal. In particular, the standard
deviation and kurtosis are used to determine the characteris-
tics of (32) [43], [44]. For each fast time index m in ® [m, n],
the kurtosis is
4
Kt = L@ )] (34)
{E[(@[m, n)?]}

where E[-] denotes expectation. The kurtosis is three for
a Gaussian distribution, so the excess kurtosis is typically
employed which is given by

K = Kurt — 3 (35)

The excess kurtosis is considered here and is denoted as
kurtosis in the remainder of the paper. For each fast time index
m in ® [m, n], the standard deviation is

N
mem—m2
n—=
SD = N1 (36)
where p is the mean of ®[m,n] for the given value
of m.

To analyze the signal characteristics, a dataset was acquired
indoor with a male subject as the target. The distance between
the antenna and target was 7 m in through-wall condi-
tions, with a wall 1 m thick. The experimental setup is dis-
cussed in Section IV. The ratio of the standard deviation to
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FIGURE 4. The ratio of standard deviation to kurtosis (KSD) using a data
set at a distance of 7 m between the human subject and antenna: (a) KSD
in fast time, (b) KSD in the target area, and (c) the normalized FFT of the
signal in (b).

kurtosis (KSD) @, is shown in Figure 4(a). It can be seen
that the KSD of the desired signal in the target area is
much larger than elsewhere. Figures 4(b) and 4(c) show the
KSD in the target area and the corresponding normalized
FFT, respectively. This indicates that the signal in the target
area is periodic. Figure 5 shows the KSD when a human
target is not present. In this case, the result is more uni-
form with smaller amplitudes and little periodicity compared
with Figure 4(b).
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FIGURE 5. The KSD when a subject is not present.

To obtain a range estimate of the subject, an STFT [45] is
applied on W which gives

M
Klo.pl=Y Wim 11&[0—mle ™"  (37)
m=1
where P is the STFT window length which is equal to the
number of fast time samples [45], and E is the Hamming
window given by
2o

E(o):a—ﬂcos(T), 0=0,1,...,0 (38)

where ¢ = 0.54, B = 0.46, and O = 512 is the Hamming
window width [46], [47].

The STFT output K without a subject is shown in
Figure 6(a), and the corresponding output with a human
subject is shown in Figure 6(b). These results indicate that
the range can be estimated as

=2 (39)

where T is the estimated propagation delay which corre-
sponds to the maximum of K.

C. FREQUENCY ESTIMATION
Taking the FT of @ (7, t) in each fast time dimension gives

Y (U, 1) = a,S (v) e 7V (40)
The index of the fast time estimate T in ® (, t) is
S=1/8r (41)
and substituting this in Y (v, t) gives
Y (3,0 = a8 ((;L) ¢ im0 (42)
T

which can be expressed as

Y(,t) =a,S| — )cos|2mr—r, (¢)
St 8

T
—ja,S (i) sin [271“—‘@ (t)i| (43)
5r 5r
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(a)

(b)

FIGURE 6. The STFT output (a) without a subject and (b) with a human
subject.

Applying the AD method gives

M3, 1)

Y (3, t) = arctan
N (3,1)

(44)

where N(-) denotes the real part and M(-) denotes the imag-
inary part. The amplitude of the respiration signal can be
obtained using (44). However, the effects of hardware inac-
curacies and clutter can degrade this estimate. To improve the
accuracy, the derivative of M (3, t) /N (3, t) is used which is
given by

d [M (S, t):| CNQOME D] —INQOIMEQ, 1)

dt [N @&, 0 ] M (3, 0] + [N (3, 1))
(45)

where (M (3,1)) and (N (3,t)) are the derivatives of
M (3,t) and N (3, 1), respectively. Integration is used to
obtain M (3, t)/N (S, t), and then the arctangent operation

FIGURE 7. Clutter suppression using the multiple FA method.

is performed. The ideal vital sign signal is then

o~

Y () =271, (1) (46)
ot

and the corresponding result in discrete time is (47), as shown
at the bottom of this page.

Based on prior knowledge of the vital sign signals, the
respiration frequency is typically between 0.2 Hz and 0.5 Hz
with an amplitude of 0.005 m to 0.015 m, and the heartbeat
frequency is usually between 0.8 Hz and 2.5 Hz with an
amplitude of 2 mm to 3 mm [23]. The SNCR can be improved
by exploiting this information. In particular, components of
the received signal outside these frequencies can be removed.
A rectangular window y is applied in the frequency domain
which gives

ol = x ] {FFT[Y[n]}} nek*
K¥ =k k41, .. K xe—1 (48)

where FFT {Y [n] } is the FFT of Y [n], and k* is the index of
the lowest frequency component to be retained.

To remove harmonics as well as the product of the respira-
tion and heartbeat signals, a multiple FA method is employed
which is based on the technique in [48] and is given by

hnl = |€[n] + j€ [n]? (49)
2p[n], k>0

£[n] =40, k<0 (50)
plnl, «=0

Figure 7 and Table 2 show the results obtained using this
method. It can be seen that the unwanted signal components
are suppressed when the FA method is applied, and increas-
ing this number beyond four does not provide a significant

" NG M S k) =M S k=D=M k)N S,k =N k= 1)

(47)
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TABLE 2. Clutter suppression using the FA method.

Method FFT OneFA TwoFA FourFA SixFA

SNR (dB) -12.4 0.506 1.27 6.14 6.75

improvement. Thus, the FA method is used four times in the
remainder of this paper.

IV. PERFORMANCE RESULTS AND DISCUSSION

A. DATA ACQUISITION

To validate the performance of the proposed method, several
data sets were obtained using the UWB impulse radar in
different conditions. In the experiments, the radar was placed
on a table 1.3 m above ground. The transmit antenna was
located on the top of the box, while the receive antenna
was located on the bottom of the box. The wall is com-
posed of three kinds of material, 0.30 m of brick, 0.35 m
of concrete and 0.35 m of wood, which is similar to the
ruins after a natural disaster. The subject stood behind the
wall at different distances facing the radar while breathing
normally.

The first experiment was conducted outdoors at the Insti-
tute of Electronics, Chinese Academy of Sciences in Beijing
with the subject at distances of 3 m, 6 m, 9 m, and 11 m from
the antenna as shown in Figure 8(a).

The second experiment was carried out indoors at the
China National Fire Equipment Quality Supervision Center
in Shanghai with distances between the antenna and subject
of 4 m, 7 m, 10 m and 12 m as shown in Figure 8(b).

For the third experiment, an actuator was designed to
imitate human vital sign signals. It moves at a frequency of
0.3333 Hz with an amplitude of 3 mm. The actuator was
placed on a desk in the Shanghai indoor environment 1.3 m
above ground at a distance between the antenna and actuator
of 7m, 10 m, and 12 m as shown in Figure 8 (c).

In the fourth experiment, the actuator was placed on a
desk 1.5 m above ground outdoors in Beijing with a dis-
tance between the antenna and actuator of 9 m. The exper-
imental data was analyzed using the FFT, CSD, CSD-AD,
six FA-based CSD-AD, four FA-based CSD-AD, two
FA-based CSD-AD, one FA-based CSD-AD, logarithm-
based CSD (LCSD) and proposed methods. The results are
presented below.

B. INITIAL PERFORMANCE

The performance with the steps before the FFT is discussed
in this section using the outdoor experimental data for one
female subject behind the wall facing the radar at a distance
of 6 m from the antenna. The result after removing the clutter
and linear trend is shown in Figure 9(a). This shows that the
respiration signal is very weak and it is difficult to determine
the oscillations. The results after filtering in fast and slow
time are given in Figures 9(b) and 9(c), respectively, and
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(a)

(b)

(©) (d)

FIGURE 8. The experimental setup at the (a) Institute of Electronics,
Chinese Academy of Sciences, (b) China National Fire Equipment
Quality Supervision Center, and (c) China National Fire Equipment
Quality Supervision Center with the actuator, and (d) the wall.

show that the vital sign signal is improved compared with
Figure 9(a). However, the clutter between 1 s and 8 s cannot
be removed, as it was introduced by a moving target in the
detection environment. Figure 9(d) shows that using the SVD
method reduces the effects of the clutter and thus enhances
the respiration signal. These results indicate that the clutter
caused by a moving target can be removed effectively using
the SVD method.

C. PERFORMANCE WITH A HUMAN SUBJECT INDOORS
The datasets obtained with a human subject indoors at the
China National Fire Equipment Quality Supervision Center
in Shanghai are now considered. Assuming the desired signal
is at a single frequency and all other signal components are
noise and clutter, the SNR can be estimated as

> ATl

n=J—-1

SNR = 20log;,

&1y

N
BT, nll+ 3 |A[T,nll
n=1 n=3+2
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(a) (b) ()

(d)

FIGURE 9. The results after (a) removing the static clutter and linear trend, (b) filtering in fast time, (c) filtering in slow time, and (d) SVD.
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FIGURE 10. The standard deviation to kurtosis (KSD) for a human subject indoors at a distance from the antenna of (a) 4 m, (b) 7 m,
(c) 10 m, and (d) 12 m.

The SNR will typically decrease as the detection distance The KSD for several distances is given in Figure 10. This
increases [37]. Consequently, the improvement in SNR is shows that the KSD varies significantly in the target area
considered for the data sets at each distance. compared to the non-target area, and decreases with distance.
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FIGURE 11. The estimated range obtained using the STFT technique at a distance from the antenna of (a) 4 m, (b) 7 m, (c) 10 m, and (d) 12 m.
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FIGURE 12. Respiration frequency estimation using the AD technique at a distance from the antenna of (a) 4 m, (b) 7 m, (c) 10 m, and (d) 12 m.

The estimated ranges obtained using the STFT technique
are shown in Figure 11, and the corresponding respiration
frequency estimates are given in Figure 12 and Table 3.

22110

The errors in the range estimates with increasing dis-
tance are .104 m, .109 m, .109 m and .150 m, and the
corresponding respiration frequency estimates are 0.32 Hz,
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FIGURE 13. The KSD in the outdoor environment with a distance between the human subject and radar of (a) 3 m, (b) 6 m, (c) 9 m, and (d) 11 m.
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FIGURE 14. Range estimation with the proposed method in the outdoor environment with a distance between the subject and radar of (a) 3 m,
(b) 6m, (c) 9 m, and (d) 11 m.

0.26 Hz, 0.29 Hz, and 0.26 Hz, respectively. Table 3 also higher order cumulant (MHOC) method [35]. These results
gives the estimates for the constant false alarm ratio (CFAR) show that the proposed method provides superior perfor-
method [32], advanced method (AM) [34], and multiple mance as it results in the largest estimated SNRs.
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(@)
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FIGURE 15. Range estimation using the CFAR method at a distance between the subject and radar of (a) 3 m, (b) 6 m, (c) 9 m, and (d) 11 m.
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FIGURE 16. Heartbeat frequency estimation for the subject at a distance of 6 m from the antenna using the (a) proposed, (b) CSD-AD, (c) CSD,

(d) logarithmic-based CSD, and (e) FFT methods.

D. PERFORMANCE WITH A HUMAN SUBJECT OUTDOORS
In this section, the datasets obtained for human subjects
outdoors at the Institute of Electronics, Chinese Academy of
Sciences are used to evaluate the performance. The CFAR

22112

method is used as a benchmark. The KSD using the proposed
method is given in Figure 13. Figures 13(a) and 14(a) show
the KSD and range estimates for the dataset with the sub-
ject 3 m from the antenna, Figures 13(b) and 14(b) show the
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FIGURE 17. Frequency estimation results for the subject at a distance of 9 m from the radar antenna using the (a) proposed, (b) CSD-AD,
(c) €SD, (d) logarithm-based CSD, and (e) FFT methods.
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FIGURE 18. The performance of the actuator indoors (a) KSD with the actuator 10 m from the radar, (b) range estimate with the actuator 10 m from
the radar, (c) KSD with the actuator 7 m from the radar, and (d) range estimate with the actuator 7 m from the radar.

corresponding results with the subject 6 m from the antenna, and .302 m. These values are larger than the correspond-
and Figures 13(c) and 14(c) and Figure 13(d) and 14(d) give ing indoor errors due to the influence of wind. Fig. 15
the results for distances of 9 m and 11 m, respectively. The shows the range estimation results using the CFAR method.

errors with increasing distance are .105 m, .254 m, .276 m The red star in Figure 15(a) indicates the estimated range
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FIGURE 19. The performance with the AM method for a distance between the actuator and radar of (a) 7 m, (b) 10 m, and (c) 12 m.
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FIGURE 20. Actuator rate estimation indoors using the (a) proposed, (b) CSD-AD, (c) CSD, (d) logarithm-based CSD, and (e) FFT methods.

when the distance between the subject and antenna is 3 m.
Figures 15(b) to 15(d) indicate that the range cannot be
estimated for longer distances with this method. Thus,
the proposed method outperforms the CFAR method
especially when the human target is far from the
radar.

The heartbeat frequency is estimated using the dataset for
a distance between the antenna and subject of 6 m. The heart
rate is usually 75 to 82 beats per minute i.e. a frequency of
1.25 Hz to 1.37 Hz. The normalized signal spectrums using
different methods are shown in Figure 16, and the correspond-
ing heart rate estimates are given in Table 4. The heartbeat
frequency with the proposed method from Table 4 is 1.38 Hz.
The CSD-AD and CSD methods provide heartbeat fre-
quency estimates of 2.00 Hz and 1.05 Hz, as shown in

22114

Figures 16(b) and 16(c). Figures 16(d) and 16(e) give the
results for the logarithm-based CSD and FFT methods,
respectively. The frequency estimates are 0.84 Hz and
1.97 Hz. Thus, the proposed method gives the only nor-
mal estimate. Further, the proposed method provides the
highest SNR.

The dataset obtained with the subject 9 m from the antenna
is now analyzed. The results using the five methods are shown
in Figure 17. Figure 17(a) indicates there are two peaks at
0.232 Hz and 1.39 Hz. Given the known signal characteristics,
the first frequency corresponds to the respiration, while the
second corresponds to the heartbeat. Harmonics and signal
products are also present, but these are suppressed using the
FA method. The results for the other four methods are given
in Figures 17(b) to 17(e).
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FIGURE 21. Estimation of the actuator rate outdoors using the (a) proposed, (b) CSD-AD, (c) CSD, (d) logarithmic-based CSD, and (e) FFT methods.

TABLE 3. Respiration fr
different methods.

y estimation performance with four

q

Method 4m 7m 10 m 12m
Error(m) 027  4.36 6.72 9.54

CFAR Rate (Hz)  0.18 0.1 0.72 0.46
SNR (dB) -6.54 -822 -1586 -17,26

Error (m) 0.06  0.06 0.11 0.2

Proposed Rate (Hz) 0.32  0.26 0.29 0.26

SNR (dB) 6.58  3.52 3.27 1.35

Error(m) 035 243 1.56 7.25

MHOC  Rate(Hz) 0.14 045 0.52 0.44
SNR (dB) -4.67 -6.85 -10.88 -12.78

Error(m) 024  5.46 4.67 3.98

AM Rate (Hz) 0.37  0.12 0.74 0.63
SNR (dB) 335 -2.84 -6.69 -9.59

Comparing these results indicates
method provides the best performance.

that the proposed

E. ACTUATOR EXPERIMENT

In this section, the data obtained using the actuator is used
to evaluate the performance of the proposed method. The
actuator imitates human respiration motion with a frequency
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TABLE 4. Heartbeat frequency estimation results.

Method Heartbeat Frequency (Hz) SNR (dB)
FFT 1.97 -32.5
CSD-AD 2.00 -30.7
CSD 1.05 -32.1
Logarithm-based CSD 0.84 -28.6
Proposed 1.38 -20.6

of 0.3333 Hz and an amplitude of 3 mm. The KSD and range
estimates with the proposed method with the data obtained
indoors at distances of 7 m and 10 m are shown in Figure 18.
The range error is 0.208 m at a distance of 7 m. Figure 19
shows the results using the AM method, and indicates that
both the range and the motion frequency cannot be estimated
using this method. The corresponding signal spectrums are
shown in Figure 20. The proposed method provides a motion
rate estimate of 0.334 Hz as shown in Figure 20(a) with an
error of only 0.001 Hz. Figure 20 and Table 5 indicate that the
rate estimate is 0.340 Hz with the CSD-AD method, 0.161 Hz
with the CSD method, 0.481 Hz with the logarithm CSD
method, and 0.116 Hz with the FFT method. Table 5 also
shows the SNR with these methods. These results indicate
that the proposed method outperforms the other methods.
The data obtained outdoors using the actuator at the Insti-
tute of Electronics, Chinese Academy of Sciences in Beijing
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TABLE 5. Comparison of five motion rate estimation techniques.

Method FFT CSD-AD CSD  Logarithmic-based CSD  Proposed
Motion Rate (Hz)  0.116 0.340 0.160 0.481 0.334
SNR (dB) -31.1 -25.0 -32.8 -28.6 -12.1
Deviation (%) 65.4 2.04 51.9 44.4 0.120

is now considered. The motion rate estimation results for
the five methods are shown in Figure 21. This indicates that
the estimate for the proposed method is 0.3327 Hz with an
error of only 0.0006 Hz. The estimate is 0.116 Hz with the
CSD-AD method, 0.0934 Hz with the CSD method,
0.0832 Hz with the logarithm-based CSD method, and
0.114 Hz, with the FFT method. Thus, the proposed method
is significantly better.

The results presented in this section show that vital sign
information including the range and micro-motion frequency
can be accurately estimated using the proposed method. Four
experiments were conducted, two indoors and two outdoors,
with a male subject and an actuator to simulate human res-
piration. The FFT, CSD, CSD-AD, six FA CSD-AD, four
FA CSD-AD, two FA CSD-AD, one FA CSD-AD, logarithm-
based CSD and proposed methods were investigated. The
results obtained indicate that the static clutter, linear trend,
harmonics, signal products, and other clutter in the same
frequency band as the vital signs can be effectively sup-
pressed using the proposed method. Further, both the range
and motion frequency were accurately estimated.

V. CONCLUSION

In this paper, a new technique for vital sign detection was
presented which employs a UWB impulse radar. The range
of the subject was determined using a short-time Fourier
transform (STFT), and the frequency of human motion was
extracted using arctangent demodulation (AD) and a multiple
frequency accumulation (FA) method. This information can
be used to rescue trapped victims after natural disasters. The
performance of this method was investigated using datasets
obtained in different conditions and compared with several
well-known techniques. Results were presented which indi-
cate that the proposed approach can effectively suppress static
and non-static clutter, linear trend, harmonics, and the product
of respiration and heartbeat signals. Further, it can easily be
implemented.
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