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Abstract— Through-wall respiration detection using 

Ultra-wideband (UWB) impulse radar can be applied to the 

post-disaster rescue, e.g., searching living persons trapped in 

ruined buildings after an earthquake. Since strong interference 

signals always exist in the real-life scenarios, such as static 

clutter, noise, etc., while the respiratory signal is very weak, the 

signal to noise and clutter ratio (SNCR) is quite low. Therefore, 

through-wall respiration detection using UWB impulse radar 

under low SNCR is a challenging work in the research field of 

searching survivors after disaster. In this paper, an improved 

UWB respiratory signal model is built up based on an even 

power of cosine function for the first time. This model is used to 

reveal the harmonic structure of respiratory signal, based on 

which a novel high-performance respiration detection algorithm 

is proposed. This novel algorithm is assessed by experimental 

verification and simulation and shows about a 1.5dB 

improvement of SNR and SNCR. 

I. INTRODUCTION 

Non-contact through-wall life detection using UWB 
impulse radar is helpful for searching survivors in the debris 
after disaster. In fact, UWB impulse radar endowed with high 
range resolution and high penetrability offers an attractive 
technique to search trapped people hidden by obstacles by 
detecting their respiration. In [1-5], feasibility studies on 
detecting respiration using UWB radar have been conducted 
in recent years. Additionally, some other studies [6-7] address 
human respiration detection under low SNCR and aim to 
design a high-performance threshold-based detection 
algorithm. In [6], singular value decomposition (SVD) in 
frequency domain and constant false alarm threshold are used 
to decide the existence and position of human beings. In [7], 
the trapped victim signature is identified in the 
range-frequency matrix by using method based on constant 
false alarm ratio (CFAR) and clustering. In these previous 
works, most of efforts are spent to detect the fundamental 
harmonic and researchers neglect high order harmonics 
existing in the periodic respiratory signal. Therefore, a new 
detection algorithm specialized in detecting periodical signal 
containing multiple harmonics is more suitable for the 
respiration detection than those previous works focusing on 
the fundamental harmonic of respiratory signal. 

In this paper, an improved UWB respiratory signal model 
is firstly built up based on an even power of a cosine function, 
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which reveals the harmonic structure of respiratory signal. 
Then, a novel threshold-based detection algorithm is proposed 
based on the harmogram defined by Hinich [8], who provides 
a powerful detection approach based on the prior knowledge 
of the harmonic structure of periodic signal. This novel 
algorithm will exhibit a better performance in comparison 
with the previous work [7], since it detects the respiratory 
signal by its harmonic structure.  

This paper is organized as follows. In section II, the UWB 
respiratory signal model and the system model of real-life 
echo matrix are demonstrated. The novel detection algorithm 
is proposed in Section III. Section IV presents the 
experimental result and performance analysis. 

II. UWB RESPIRATORY SIGNAL MODEL AND SYSTEM MODEL 

A.  UWB Respiratory Signal Model 

Breathing motion can be approximated by an absolute 
value [9] or an even power [10] of a cosine function. 
Considering the scenario that one person is facing a radar 
sensor, the radial distance between the chest surface of the 
inspected person and the radar can be modeled as follows: 

    0
cos

u

r
d t d B f t   , (1) 

where d0 is the distance of the inspected person, B is the 
amplitude of the chest surface radial motion, normally 
between 5mm and 15mm [11], fr is the respiratory frequency, 
normally between 0.2Hz and 0.5Hz, and u is the power of 
cosine function which must be even. Fig. 1 shows an example 
of d(t) whose parameter settings are given in TABLE I. 
Impulse radar signals are usually sampled in time and there are 
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Figure 1.  Distance between chest surface and radar. Parameter setting 

is given in TABLE I. 

TABLE I.  PARAMETER SETTINGS FOR ECHO MATRIX SIMULATION 

Parameter Value Parameter Value 

u 6 A 10-9 

d0 4m 𝜌 128ps 

B 10mm Tst 0.05s 

fr 0.25Hz Tft 50ps 
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two time axes, i.e., fast-time and slow-time [12]. Assuming 
one pulse is transmitted at slow-time t, the time delay of the 
round-trip travel from the antenna to the chest surface 

    2
d

t t d t c  , (2) 

where c is the speed of light. Next, let’s focus on the fast-time 
domain and denote the radar impulse by p(s), where s is the 
fast-time variable. If a pulse sent at t is reflected by the chest 
surface, the reflection signal 

     t

d
r s p s t t  . (3) 

The impulse generated by the radar used in this paper can be 
approximated by 1

st
 order Gaussian function 
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where A is the amplitude factor and 𝜌 is the time factor. If 
substituting (1), (2) and (4) into (3) and considering r

t
(s) as a 

function of both t and s, we get  
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Then, the discrete time respiratory echo matrix can be 
expressed as follows: 

    , ,
st ft

r m n r mT nT , (6) 

where m and Tst are the discrete time variable and the sampling 
interval in the slow-time domain, respectively, and n and Tft 

are the discrete time variable and the sampling interval in the 
fast-time domain, respectively. Fig. 2, shows a simulated echo 
matrix r[m,n]. In this paper, a denotation rule is made for 

convenience, that is for any signal matrix  ,m n ,  
m

n  is 

used to represent the mth fast-time signal in the echo matrix, 

which is just the mth row vector of  , and similarly  
n

m  

is used to represent the nth slow-time signal, which is just the 

nth column vector of  .  
n

DC
r m , the DC component of 

r
n
[m], will be removed by clutter suppression algorithm. We 

denote the harmonic component of r
n
[m] by  

n

h
r m  where 

      
n n n

h DC
r m r m r m  . (7) 

Fig. 3 shows a Discrete Fourier Transform (DFT) matrix 

whose column vector is the DFT of  
n

h
r m  which is extracted 

from the echo matrix shown in Fig. 2, and according to the 
harmonic structure shown in Fig. 3, the power of the first two 

harmonics is dominant in the total power of  
n

h
r m . 

B. System Model of Real-life Echo Matrix 

In the real-life scenario of detecting a person by UWB 
impulse radar, the raw echo matrix 

           , , , ,R m n r m n c n w m n d m l m n     , (8) 

where r[m,n] is the respiratory echo, c[n] is the background 
static clutter, w[m,n] denotes the additive white Gaussian 
noise (AWGN), d[m] denotes the unstable fast-time DC 
component, and l[m,n] denotes the slow-time linear trend, 
which results from the amplitude instability of the data 
acquisition equipment. 

III. DETECTION ALGORITHM 

The detection algorithm is divided into three stages: 
filtering in the fast-time domain, linear trend and static clutter 
suppression, and threshold-based detection. 

A.  Filtering in the fast-time domain 

Due to the amplitude instability of the radar system, an 
unstable fast-time DC component d[m] will be introduced into 
the echo matrix. In order to remove d[m], a band-pass 
fast-time linear phase FIR filter, whose pass-band match the 
band of the radar impulse, is applied to process the echo 
matrix. The filter output matrix RftF[m,n] is expressed by (9), 
where hftF[n] denotes the filter impulse response, *n denotes 
the signal convolution in the fast-time domain, δftF is the filter 
group delay, wftF is the filter output of w[m,n], and lftF is the 
filter output of l[m,n]. Since w[m,n] is an AWGN, it is easy to 

find that  
n

ftF
w m  is still an AWGN in the slow-time domain. 

 
Figure 2.  Simulated echo matrix. Parameter setting is given in TABLE I. 

 
Figure 3.  DFT matrix of  

n

h
r m  which is extracted from the echo matrix 

shown in Fig. 2 
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B.  Linear trend and static clutter suppression 

The linear trend subtraction (LTS) algorithm is based on 
estimating the slow-time DC component and any potential 
slow-time linear trend existing in echo matrix by means of a 
linear least-square fit [13]. Supposing the size of signal matrix 
RftF[m,n] is M N , the estimate of the DC component of 

 
n

ftF
R m  is subsequently subtracted from itself, resulting in: 

        
1

n n T T n

LTS ftF ftF
R m R m x x x x R m



  , (10) 

where 1
M

x
M

 
 

,  =[0 1 … M-1]
T
, and 1M is an 

1M   vector containing unit values. By the LTS algorithm, 
rDC[m,n-δftF], c[n-δftF] and lftF[m,n] in RftF[m,n] will be 
effectively removed. As a result, we get 

          
1

ftFnn n T T n

LTS h ftF ftF
R m r m w m x x x x w m

 

   . (11) 

As M is always very large, the 3
rd

 term in the right side of (11), 
which is used to estimate the DC component of AWGN 

 
n

ftF
w m , will extremely approximate to a zero vector. Then, 

      ftFnn n

LTS h ftF
R m r m w m


  . (12) 

C. Threshold-based detection 

According to the harmogram defined by Hinich [8], we 
define the harmogram matrix 

      
1

ˆ,
J

n j n jj
H n I S  



 
  , (13) 

where   is the radian frequency, 
j

j   , 
n

I  is the 

periodogram [14] of n

L T S
R , and  ˆ

n j
S   is the estimate for the 

power spectrum of 
n

ftF
w  at 

j
 . According to the harmonic 

structure of the UWB respiratory signal, the first two 

harmonics hold the major signal power, so J=2. As 
n

ftF
w  is a 

white noise, its power spectrum is constant, i.e., Sn(𝜔)=σn
2
, 

where σn
2
 is the value of the noise power. Therefore, if we get 

an estimate of σn
2
, denoted by 2

ˆ
n

 , then (13) can be 

reformulated as 

      2 2

1 1
ˆ ˆ,

J J

n j n n j nj j
H n I I    

 

   
     . (14) 

If FFT algorithm is applied to compute periodogram, In(𝜔) 
will be computed for a finite number of radian frequency 

values as follows: 

    
2

,
n

n k LTS
I X k M  k=0,1,2,…,M-1, (15) 

where 2
k

k M   and  
n

LTS
X k  is the DFT of  

n

LTS
R m . 

An approach to estimate σn
2
 based on  n k

I   is given as 

follows: 

  
2

ˆ
k

n n k
I K
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 

 

 
  , (16) 

where K is the number of 𝜔k between radian frequency   and 

 , and the choice of values of   and   should make sure 

that in the radian frequency band from   to   there only 

exists noise. Fig. 4 shows an example of how to use (16) to 

estimate 2

n
 . As the respiratory harmonics only appear in the 

low frequency band, the high frequency band can be used to 

estimate 2

n
 , and the setting that 0.8   and    

obviously satisfies the corresponding requirement. 

Hypothesis testing on whether a respiratory signal exists or 
not is performed on the harmogram: 

 , (17) 

where H1 denotes the hypothesis that there exists a respiratory 
signal, and H0 denotes the null hypothesis. The threshold 𝛾 
should be properly set to make this detector keep an 
acceptable false alarm rate. 

IV. EXPERIMENTAL RESULT AND PERFORMANCE ANALYSIS 

A.  Experimental Result 

The measurement system consists of a UWB radar sensor 
and a laptop for data storing and processing. The UWB 
impulse radar sends a 1st–order derivative Gaussian pulse 
whose -10dB bandwidth is 0.45~3.555GHz. Fig. 5 shows the 
sketch of the laboratory setup. During the observation, the 
person keeps breathing without any other movement. The 
experimental result is shown in Fig. 6. The respiratory signal 
can be visually inspected in the output matrix of the LTS 
algorithm and successfully detected by a threshold-based 
decision on the harmogram matrix. 

 

Figure 4.  Periodogram of  
n

LTS
R m  and power spectrum of  

n

ftF
w m  

 
Figure 5.  The sketch of the laboratory setup for experiment 
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B.  Performance Analysis 

In the performance analysis against SNR and SNCR, the 
simulated signal shown in Fig. 2 is regarded as the target 
respiratory signal. One thousand clutter samples with proper 
size are acquired by the experimental system when there are 
no people breathing behind the wall. Figs. 7 and 8 show the 
detection performance of the proposed algorithm and the 
reference algorithm [7]. SNR and SNCR are defined by (18), 
where Pr denotes the power of the respiratory signal, Pw 
denotes noise power, Pc denotes clutter power, Tr is the 

respiratory period, and M N   is the size of the data matrix 

RftF[m,n], which is the fast-time filter output matrix of clutter 
sample. Finally, the analysis result shows that the proposed 
algorithm has about a 1.5dB improvement of SNR and SNCR 
in comparison with the reference algorithm [7]. 
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V. CONCLUSION 

In this paper, an improved UWB respiratory echo model is 

built up to reveal the harmonic structure of respiratory signal, 

based on which a novel respiration detection algorithm using 

UWB impulse radar is designed. By performance analysis, we 

show that this novel algorithm has about a 1.5dB improvement 

of SNR and SNCR in comparison with the previous work [7]. 
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Figure 7.  Detection probability as a function of SNR* 

 
Figure 8.  Detection probability as a function of SNCR*, Pfa=0.01 

* Key parameter setting for simulation: M=1200, J=2, Tst=0.05s, 

Tft=50ps, 0.8  ,   , M  =1200, N  =120; for the reference 

algorithm [7], Ix=1, Gx=3, Ox=5, Iy=9, Gy=13, Oy=17.  

 

 
Figure 6.  Experimental result: (a) raw echo matrix R[m,n]; (b) output 

matrix after LTS algorithm, RLTS[m,n]; (c) Periodogram matrix I(𝜔,n); 

(d) Harmogram matrix H(𝜔,n). 
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