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Abstract

Through-wall ultra-wide band (UWB) radar has been considered as one of the preferred and
non-contact technologies for the targets detection owing to the better time resolution and
stronger penetration. The high time resolution is a result of a larger of bandwidth of the
employed UWB pulses from the radar system, which is a useful tool to separate multiple
targets in complex environment. The article emphasised on human subject localization and
detection. Human subject usually can be detected via extracting the weak respiratory signals of
human subjects remotely. Meanwhile, the range between the detection object and radar is also
acquired from the 2D range-frequency matrix. However, it is a challenging task to extract
human respiratory signals owing to the low signal to clutter ratio. To improve the feasibility of
human respiratory signals detection, a new method is developed via analysing the standard
deviation based kurtosis of the collected pulses, which are modulated by human respiratory
movements in slow time. The range between radar and the detection target is estimated using
joint time-frequency analysis (JTFA) of the analysed characteristics, which provides a novel
preliminary signature for life detection. The breathing rates are obtained using the proposed
accumulation method in time and frequency domain, respectively. The proposed method is
validated and proved numerically and experimentally.
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1. Introduction

Non-contact life sign detection is an emerging technique and has drawn wide attention in

recent years [1-5]. Among many existing non-contact detection systems, the electromagnetic
detection method is the most concerned technique for life sign detection due to the radar pulses
are modulated by life activities such as human respiratory and heartbeat. Impulse
ultra-wideband (UWB) radar has been widely applied to track moving targets, through-wall
imaging and son on due to its excellent time resolution and strong permeability [6-13].
However, extensive researches on life sign detection need to be made based on UWB radar
[14-22]. In [14], a contactless human subject monitoring system is designed using a Doppler
radar based on a four-tiered layer structure. An omnidirectional detection system is designed
and analyzed utilizing an antenna array technique [17]. The capability of the frequency
modulated continuous wave (FMCW) radar for human respiratory signals detection is proven
continuously and timely [19]. The performance of moving-target detection in UWB is
validated based on the synthetic aperture radar (SAR) technique using the acquried
single-channel SAR data [20]. The authors proposed an improved imaging system with a
higher resolution via employing the UWB transmission, SAR technique, and multiple-input
multiple-output (MIMO) array [21]. An improved MUItiple Signal Classification (MUSIC)
algorithm is proposed for huamn subject detection based on a spatial smoothing decorrelation
scheme [22].

Many algorithms for life sign detection have been proposed recently [23-42]. L. Liu
analysed the time-frequency characteristic of human respiratory by employing the Hilbert
transform based Fourier transform [23-24]. J. Wang investigated an extended detection
method using differentiate and cross-multiply to eliminate the codomain restriction in the
arctangent demodulation (AD) method [25]. Z. Li suppressed the respiratory-like clutters
based on the adaptive clutter cancellation algorithm under a dual frequency model [26]. E.
Conte estimated the real time estimation of life signs based on the maximum likelihood period
estimator under Gaussian noise [28]. A. Nezirovic analysed the principal component analysis
(PCA) technique to detect human subject under complex background, which can cause a low
signal to clutter ratio [29]. H. Lv improved the feasibility for human respiration detection
based on the data fusion from the multistatic UWB radar [30]. Y. Wang investigated the
field-programmable gate arrays (FPGAS) to estimate human respiration in both time and
frequency domain [31]. Z. Zhang developed a novel signal processing algorithm to achieve the
range estimates between the survivor and top wall in post-disaster rescue [32]. Y. Xie
proposed a tracing method for life sign detection [34]. A. Nezirovic removed the non-static
clutters based on the linear trend subtraction (LTS) algorithm [35]. Y. Xu analyzed the results
after suppressing Gaussian noise using the fourth order cumulant method [37]. X. Hu
discussed human heartbeat signals via extracting life signs based on the intrinsic mode
function [38]. B. K. Park performed the AD algorithm on improving the accuracy of heartbeat
rate [40]. K. Naishadham proposed a state space method (SSM) model for life sign detection
[41]. However, most algorithms are unsuitable to life sign detection because they can only deal
with some aspects. As a result, it is challenging to acquire accurate life sign such as respiratory
frequency in complex environments. It is necessary to develop a novel detection system for
life sign detection which is effective even in low SNR.

An effective method is presented to achieve human respiratory movement extraction in a
lower SNR condition. To improve feasibility of human respiratory movement detection, the



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 13, NO. 11, November 2019 5529

distance between the radar and the volunteer is acquired using joint time-frequency analysis
(JTFA), which provides a novel preliminary signature for life detection. Most importantly, an
improved spectrum accumulation algorithm is developed to obtain life signals. The
contributions of the proposed detection method are

(1) The joint time-frequency analysis (JTFA) method is developed to acquire the distance
estimate after improving the SNR of the received UWB pulses.

(2) To estimate human respiratory rates, the time-window-selection based accumulation
technique is presented to deal with the effects of noises.

The following article is constructed as: Sec. 2 provides the model for human respiratory
movement detection. The method is given in Sec. 3. Sec. 4 provides the experimental results,
and Sec. 5 summarizes the article.

2. Life Model

This section introduces the life model. By employing the ultra-wide band (UWB) radar, living
persons can be extracted based on the changing time delay of pulses modulated by human
respiratory movement. The distance is [27]

d(t)=d,+r(t)=d,+Asin(2zft) (1)

where t is names as slow time, which is used for frequency estimation of life activities, do is the
range between the through-wall radar and the volunteer, A, is the amplitude of huamn
breathing movement, and f; is the rate of huamn breathing movement.

When there is only one living person and stationary subjects in environments, the responses
are

h(r,t)zavé(r—rv(t))Jr;amé'(r—rm). (2

where 7 represents the named as fast-time, m represents the static target number,
> a,5(r-1,) are joined responses from the stationary subjects with time delay 7, and

amplitude ap, ad(r-r,(t)) is the responses from the living person with amplitude a, and time
delay z,(t) , which can be expressed as [33]

z’v(t):%(t):ro+rrsin(27rfrt). (3)

where v =3x10°m/s, and 7, =2A /v .
Using UWB radar, the collected pulses in digital form are

R(i’j)zavs(iWR_VTV(jTS))—";aiS(i‘//R_me/z) (4)
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In real environment, (4) can be amended as
R = a+B+p+pto+k+z 5)

where a represents life signs, P represents the static clutter, p represents the possible linear
trend, p represents the Gaussian noise, ¢ represents the nonstatic clutter, k represents the
some unknown noise, and z represents the noises from moving targets, 1/T represents the
pulse repetition frequency with t=jT, j=0, 1 ,..., J-1, ys, represents the sampling period of t
withi=0,1,..., I-1. w, =vy, /2 represents the sampling period of distance.

Usually, based on FFT method, the rates of human respiratory movements can be acquired,
which can be given by

Y (me;, f)=TY (v, F)e* ™ do, (6)

where Y (v, f) stands for the 2D FFT of (5), » is the frequency component of t

‘' j2rft o—j270T
.[ .[R (mé; t)e > e dtdz. )

—00 —00

Y J'avs e Jznfte—JZM)rv(t)dt
o (8)

- aVS (U)e—jZﬂ'UrO Ie—j27wmbsin(27zf,t)e—jZnumhsin(Zﬂfht)esz,,ftdt,

—00

where s(v) is the frequency of the UWB pulse.
Using Bessel functions, (8) is given by

Y(u,f):aVS(u)e"'z””O J'(Z J ,BU e JznkftJ(Z (:Bh )e—j27zlfbtjej27rftdt. 9)

k=—o0 =—

7st|n (27 fot) Z J e j2nkf0t' (10)

where g =2zA and g, =2zA, .
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(6) is given by

Y(mé.S)-a, 3 3. Gu(#)5(/ 4 ~11,)

k=—w

'

=—00

where
“+co

Gy (7) = [ S0}, (B0)J, (Bp)e ™™ v

—0

The maximum (12) is expressed as

+o0

Cy=Gy(r)= I S(v)J; (Bo), (B}

—c0

Y(r.f)=a,>" ¥ Cud(/ K, 1),

k=—wl=—0

Utilizing (14), the harmonics of human respiratory signals is given by
Coo= _[ S(v)J; (Bo), (Bp)dv

3. Developed Algorithm
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Fig. 1. The developed detection algorithm for through-wall human subject.
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The developed algorithm is shown in Fig. 1. In the proposed method, JTFA method is
developed to acquire the distance estimate after improving SNR of the received UWB pulses.
To estimate human respiratory rates, the time-window-selection based accumulation
technique is presented to deal with the effects of noises.

3.1. Clutter Suppression

This section employs the time mean subtraction (TMS) technique to acquire p estimate,
which is expressed as

1 ..
~_ RIi, (16)
> I xJ T3 [I J]
Via removing g, we can obtain
QMxN = RMxN -3 (17)

LTS method is applied on suppressing p . The following results are acquired
W=0"-X(X"X) " X'Q, (18)

T
Ix1”

where X=[x,,%,], x,=[0,1....,3-1]", and x, =[11, ....,1]

3.2. SNR Improvement

In the radar system, we usually cannot achieve the maximum value of SNR by employing the
traditional matched filter [36]. To improve SNR, another alternative technique is required i.e.
one band pass filter is employed in this paper. By employing the fifth filter, we can acquire

S=QW-RW (19)

where Q and R are filter coefficients.
And one smoothing filter is also used for SNR improvement as

A(k+1)-1

o[k.j]-3 3, s[i.j] (20)

i=1k
where k=1,---,| M/A |, | M/Z ] is the largest integer less than M/A, and A=7.

3.3. Distance Estimation

An improved method for distance estimation is presented by calculating the standard deviation
(SD) based kurtosis spectral of life signals [43]. For each t index i in (20), the kurtosis value
can be given by

K=E[(®,, [i,J])AJ/{E[(Q)IXJ [i,J])Z]}2 (21)

where E[] is the mathematical expectation, x is mean and o is standard deviation.
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SD is

SD= ZJ:(q>,XJ[i, j]—,u)z/J -1 (22)

=1

The spectral kurtosis value is considered as an effective tool to acquire presence of a
periodic signal in frequency domain [44]. For a periodic signal, the kurtosis meets the same
period. To show the characteristics of life signs, one dataset is acquired in an indoor
environment, where a man acted as the detection target with a range between radar and him
being 7 m. This paper discusses SD based spectral kurtosis i.e. the product of SD and kurtosis
considered as KSD using JTFA, which can be used for life detection. Fig. 2(c) shows KSD
(Wwm.1)- We can see that KSD meets a periodicity in target area. Fig. 2(b) shows ¥ when there
is no human subject. Results indicate ¥ variates randomly compared with Fig. 2(a).
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Fig. 2. (a) KSD values using the dataset at a distance of 7 m; (b) Time-frequency matrix using JTFA,
(c) KSD values using the dataset without human subject; and (d) Time-frequency matrix using JTFA
without human subject.
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To acquire distance estimation, the short-time Fourier transform (STFT) is performed on
Y [45]

| —~ . .
K[AZ]=D P[i,2)E[A—i]e 27" (23)
i=1
where the using windowing function Z is given by
E(A):g—wcos(z%/\j, A=01---,0 (24)

where £=0.45, w = 0.54, and O = 512 [46-47].

The results using JTFA based on the data as in Fig. 2(a) are shown in Fig. 2(b), while the
results using STFT based on the data as in Fig. 2(c) are given in Fig. 2(d). Compared these two
figures, the distance is

L-vy/2 (25)

where y is time estimation respect to maximum in (23).

3.4. Frequency Estimation

Using the fast time estimation in (25), the time index is
I=x/6 (26)

To obtain the rate of human breathing movement, the cumulative in 7 is used, which is
given by

6[i]= > [ofin] (27)

i=3-50

RF is usually within 0.2-0.5 Hz, a rectangular window is employed as
0[j]=8[j}{DFT{Os.}} (28)
The rate is
f,=w(g), we(0.1,08) (29)

where y represents the corresponding index of the maximal value of (28).

To suppress harmonics in (28), the spectrum accumulation algorithm is developed, which is
given by

S[n]=1[n]+ jIi[n] (30)

where
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2Q[n], x>0
I[n]=1QIn], x=0 (31)
0, k<0

Table 1 shows the results after performing the accumulation method for manifold cycles.
We can see that unwanted components are eliminated sufficiently when the method is
performed the fourth cycle even when it performed more cycles. As a result, this paper used
the accumulation method for four times.

Table 1. Clutter suppression using the accumulation method
Algorithm | FFT | First cycle | Second cycle | Fourth cycle | Sixth cycle
SNR (dB) | -12.4 0.506 1.27 6.14 6.75

4. Results and Discussion

4.1. Radar System

The used through-wall radar to collect the pulses is shown in Fig. 3. One transmitter and one
receiver are used in the system. The wireless personal digital assistant is used to transmit the
collected pulses to a computer. For the through-wall radar, the center frequency of the
generated pulse is 400 MHz with a repeat frequency of 600 KHz, the sampling frequency in tis
29 Hz, 512 pulses can be acquired within 17.6 s. This through-wall radar works with the centre
frequency 0.4 GHz and pulse repetition frequency 0.6 MHz.

(b)
Fig. 3. Measurement setup for data acquisition (a) in outdoor environments; (b) in indoor
environments; and (c) the used actuator.
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4.2. Data Acquisition

To validate the developed algorithm, different data sets are obtained. To conduct the
experiments, the through-wall radar is at a height of 150 cm. The wall between human target
and through-wall radar is 100 cm in thickness. All detection targets facing the radar straightly
breathed evenly and kept static. In the first experiment, one volunteer stood at different
distances away from the through-wall radar as given in Fig. 3(a). Fig. 3(b) shows the second
experiment, one detection target stood at different distances away from the through-wall radar.
In the final experiment, one actuator is used to simulate human respiratory motion with a 0.33
Hz frequency and 3 mm amplitude at distances of 600 cm and 1000 cm as shown in Fig. 3(c).

4.3. Intuitive Performance

This section provides the results after clutter suppression using the data acquired from the
volunteer at 600 cm in an indoor environment. Fig. 4(a) shows the results after removing static
clutter based on TMS. Fig. 4(b) provides the results acquired from LTS, which shows that
human respiratory signal is weak enough not to be identified. As shown in Fig. 4(c), life signal
is enhanced effectively based on the band pass filter. The results acquired from the smoothing
filter are shown in Fig. 4(d). Compared with Figs 4(a)-(c), it is much more easier to detect.
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Fig. 4. The intuitive performance using dataset acquired at 600 cm using (a) TMS; (b) LTS; (c) BPF;
and (d) smoothing filter method.
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4.4, Performance in Outdoor Environment

Using the acquired data at different ranges, the performance of the developed algorithm is
proved. Fig. 5 shows the KSD values, and the distance estimations form the STFT are shown
in Fig. 6. The KSD values meet periodicity in target area compared with that in non-target area.
As shown in Table 2, the calculated errors are 7.9 cm (300 cm) as in Fig. 5(a), 11.3 cm (600
cm) as in Fig. 5(b), 8.4 cm (900 cm) as in Fig. 5(c), and 24 cm (1100 cm) as in Fig. 5(d). The
frequency estimations are 0.2308 Hz (300 cm) as in Fig. 6(a), 0.2307 Hz (600 cm) as in Fig.
6(b), 0.2932 Hz (900 cm) as in Fig. 6(c), and 0.3329 Hz (1100 cm) as in Fig. 6(d). Accurate
distance and frequency estimations can be achieved compared with the advanced method (AM)
in [36]. SNR can be estimated as [37].
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Fig. 5. KSD values at different ranges.
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The calculated SNR based on the developed algorithm is 5.62 dB (3 m), 4.82 dB (6 m), 2.17
dB (9 m),and 2.12 dB (11 m). And SNR based on AM is 2.78 dB (3 m), -5.04 dB (6 m), -14.29
dB (9 m), and -15.64 dB (11 m). As a result, the developed algorithm can improve SNR
effectively, which makes life easy to extract.
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Fig. 6. Range estimates using JTFA at different ranges.

Table 2. Parameter estimates using two different algorithms.
Methods 300 cm | 600 cm | 900 cm 1100 cm
Distance | 308 cm | 611 cm | 908 cm 1124 cm
Proposed | Rate 0.23Hz | 0.23Hz | 0.29 Hz 0.33 Hz
SNR 6.1dB |52dB |1.9dB 2.2dB
Distance | 394 cm | 686 cm | 384 cm 1858 cm
AM Rate 0.09Hz | 0.20Hz | 0.15 Hz 0.79 Hz
SNR 3.1dB |-47dB |-13.38dB | -14.9dB
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4.5, Performance Indoors

Using the acquired data at different ranges, the performance is proved again. Fig. 7 provides
KSD values, and the distance estimates using STFT are given in Fig. 8. As shown in Table 4,
the errors are 6 cm (400 cm) as in Fig. 8(a), 6 cm (700 cm) as in Fig. 8(b), 11 cm (1000 cm) as
in Fig. 8(c), and 20 cm (1200 cm) as in Fig. 8(d). The frequency estimates are 0.32 Hz (400
c¢m), 0.26 Hz (700 cm), 0.29 Hz (1000 cm), and 0.26 Hz (1200 cm). The methods including
AM [36], CFAR [37], and FOC [33] are used as references to compare with the presented
algorithm. All results show the excellent capability of improving SNR, clutter and harmonic
suppression.
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Fig. 7. KSD values using dataset acquired at different ranges.
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Fig. 8. Range estimates using STFT at different ranges.

Table 3. Parameter estimates with four different methods

Methods 400cm | 700 cm | 1000 cm | 1200 cm
CEAR Error 27cm | 436¢ecm | 672cm | 954 cm
Frequency | 0.18 Hz | 0.10Hz | 0.72Hz | 0.46 Hz

Proposed Error 6 cm 6 cm 11cm 20cm
Frequency | 0.32 Hz | 0.26 Hz | 0.29 Hz | 0.26 Hz

FOC Error 35cm | 243cm | 156 cm 725

Frequency | 0.14 Hz | 0.45Hz | 0.52 Hz | 0.44 Hz

AM Error 24cm | 546cm | 467cm | 398 cm
Frequency | 0.37 Hz | 0.12Hz | 0.74 Hz | 0.63 Hz

4.6. Actuator Experiment

This section employs the dataset acquired from the actuator to provide the detection results of
the analyzed method. The KSD values at different distances are shown in Figs. 9 (a)-(b).
Distance estimates using STFT are shown in Figs. 9 (c)-(d). Based on the dataset acquired at
1000 cm, the actuator frequency is 0.3337 Hz using the developed algorithm as shown in
Table 3 with the error is only 0.0004 Hz. The frequency estimation is 0.1155 Hz based on FFT
with the deviation 65.35%. Compared with FFT, the new method can improve SNR
effectively as shown in Table 4.
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Fig. 9. The detection results using the actuator (a) KSD values at 600 cm; (b) KSD values at 1000 cm;

(c) range estimate at 600 cm; (d) range estimate at 1000 cm.

Table 4. Parameter estimates based on two different methods

Method | FFT | Proposed

0.1155 | 0.3337 954
-31.08 | -12.05 0.46
7.38 0.18 -17.26
65.35 0.12 20

5. Conclusion

A novel noncontact method is proposed in this article for human respiratory movement
detection using the through-wall radar. The distance can be determined via analyzing
characteristics of life sign based on STFT. The rate of human breathing movement is extracted
by employing the multiple spectrum accumulation method. The excellent capability of the
developed algorithm is tested via comparing with several references using the dataset in
different environments. Results indicate its better ability to improve SNR and remove clutters.
Most importantly, the new detection method is easy to be implemented, which can be used to

nature disaster relief widely.
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