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Abstract—A radar for detecting and testing health condition 
of an individual, who is separated from the radar by a non-metal 
wall or in poor visibility, could be useful in many critical services 
such as medicine, rescue service, law and antiterrorists 
enforcements In this paper, we describe the theoretical approach 
and experiments utilizing a continuous-wave subsurface radar. 
New theoretical results, experimental records and their 
frequency spectrums for heartbeat, respiration and articulation 
of a man are presented. 

I. INTRODUCTION 
At the present time, many industries are taking a keen 

interest in the use of the method and equipment of the surface-
penetrating radars [1] for detection and diagnostics of the 
individuals, who are buried under the rubble or hidden behind 
the building walls. Radars that operate with continuous 
unmodulated microwave sounding signals could offer the 
simplest realization of this method. In that case by rejecting 
the penetrating signal of a transmitter and the signals reflected 
from motionless objects, it is possible to achieve a high 
sensitivity at detection of objects, borders of which are 
subjected to mechanical fluctuations. The sensitivity of the 
microwave sounding with unmodulated signal could achieve 
10-9m [2]. Let's name the method as vibro-electromagnetic 
sounding. Even though the objects subjected to mechanical 
fluctuations could have a various nature, the current research is 
limited to detecting and testing of a human being. 

The presence of the biometric information in the reflected 
microwave signals is related to the periodical reductions of a 
heart, blood vessels, lungs and other human internal organs 
and fluctuations of the skin in the process of breathing and 
heart beating. These processes are cyclical and the frequency 
of their recurrence is in the range of 0.8 – 2.5 Hz for heart 
beating and 0.2 – 0.5 Hz for breathing. A reflected microwave 
signal containing biometric information we call as biometric 
radar signal. The useful component of biometric information 
or in other words, physiological signatures, is preserved in the 
parameters of modulation of the radar biometric signal in time 
domain or in their spectrums in frequency domain. As a result 
of cyclical recurrence of the breathing and heart beating there 
are corresponding spectral components in the spectrum of a 
signal. The parameters of these components depend on the 
frequencies and intensities of the breathing and heart beating. 
The theoretical estimation of the spectrum of a reflected signal 
on the output of the receiver device of the microwave radar 
sensor has a special interest for many applied studies. 

The main interest of these preliminary studies and 
experiments is remote measurement of the breathing and heart 
beating frequencies of a person through a non-metal wall by 
utilizing simple continuous-wave radar. The realization of this 
research is possible by creating an enough sensitive gauge and 
applying rejection algorithm of penetrating and background 
signals that could mask a useful signal. The main applications 
of the vibro-electromagnetic sounding could be: 

- Detection of alive people who are buried under the 
rubles of buildings as a result of natural disasters, 
technical calamities or accidents [3] 

- Detection of the people and parameters of their 
movements inside the building in process of law 
enforcement and antiterrorist operations [4] 

- Remote testing of psychological conditions of the 
persons during the latent or open security checks, for 
example at the airports (remote lie detector) [5] 

- Touchless measurement of the parameters of the heart 
beating and breathing of patients, when a contact sensor 
for some reasons cannot be used [6, 7] 

The further research should reveal if this method could be 
applied for articulation recognition through wall without 
utilization of acoustic device. 

II. THEORETICAL MODEL OF BIOMETRIC RADAR SIGNAL 
The simplest microwave gauge, capable to indicate the 

biological signatures is radar with the unmodulated probing 
signal of a kind: 

(((( )))) tjUtu 0
00

ωωωω==== e! ,   (1) 
Dominant reflections take place from the border "air - 

skin". The area of reflection and fluctuations of the skin of a 
person’s body is located within the limits of one Fresnel zone, 
which is taking place on the average distance 0r . The current 
distance up to the skin border can be written down as 

(((( )))) (((( ))))trrtr ∆∆∆∆++++==== 0 ,   (2) 
where (((( ))))tr∆∆∆∆  characterizes fluctuations of a skin. With the 
account of (2) the useful signal accepted by the radar will 
receive decreasing factor q  and phase shift (((( )))) (((( ))))tkrt 2−−−−====ϕϕϕϕ : 

(((( )))) (((( ))))trkjjtj
с qUtu ∆∆∆∆−−−−ϕϕϕϕ−−−−ωωωω==== 2

0
00e! ,  (3) 

where λλλλππππ==== 2k  is wave number, λλλλ  is radiation wavelength 
and 00 2kr====ϕϕϕϕ . 

Usually at the input of the receiver along with useful 
signal, so-called penetrating signal of the transmitter operates:  
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( ) ( )trkjjtjjtj
pinp qUUqtu p ∆−−− += 2

00
000 ee ϕωϕω! ,  (4) 

where pq  and pϕϕϕϕ  are decreasing factor and phase of the 
penetrating signal. Further without reducing generality, it is 
possible to accept its zero phase pϕϕϕϕ =0. 

Let's present fluctuations of the skin due to breathing and 
heart beating by biharmonic function: 

(((( )))) (((( )))) (((( ))))22211 ϕϕϕϕ++++ωωωω∆∆∆∆++++ωωωω∆∆∆∆====∆∆∆∆ tttr sinsin ,    (5) 
where 2211 22 ff ππππ====ωωωωππππ====ωωωω ,  and 21 ff , , 21 ∆∆∆∆∆∆∆∆ ,  - 
frequencies and amplitudes of breathing and heart beating, 

2ϕϕϕϕ is a constant phase. 
In the microwave radar gauge, it is possible to apply the 

one of two types of receivers. There may be coherent receiver 
with two quadrature phase detectors, or amplitude receiver. 
These two types of receivers we should analyze in details. 

Coherent quadrature receiver. Such receiver allocates on 
its output two quadrature components of the signal (4), which 
can be represented as the following complex amplitude: 

( ) ( )( )trkjj
poutp UqtU ∆∆∆∆ϕϕϕϕαααα 2

0
01 −−+= e! , (6) 

where pqq=αααα . 
Usually, the constant components of a penetrating signal 

on the receiver outputs are excluded one or another way. 
Then, taking into consideration (5) the useful signal is 
characterized by the following complex amplitude normalized 
to value 0Uqp : 

(((( )))) (((( )))) (((( ))))(((( )))){{{{ }}}}222110 2 ϕϕϕϕ++++ωωωω∆∆∆∆++++ωωωω∆∆∆∆−−−−ϕϕϕϕ−−−−==== ttkjjtUs sinsinexp! .(7) 
The Fourier signal spectrum for infinite time interval 

follows from series expansion of (7), which includes Bessel 
functions: 

(((( )))) (((( )))) (((( ))))∑∑∑∑
∞∞∞∞

−∞−∞−∞−∞====

ϕϕϕϕ−−−− ××××∆∆∆∆∆∆∆∆====
21

21
0

21 22
mm

mm
j

s kJkJtU
,

e!  

(((( )))) tmmjjm 221122 ωωωω++++ωωωω−−−−ϕϕϕϕ−−−−×××× ee .  (8) 
Thus, a spectrum of the signal (7) contains a constant 

component at 021 == mm , the basic harmonics with 
frequencies of breathing and heart beating 1ωωωω  and 2ωωωω , and 
also combinational harmonics with frequencies 2211 ωωωω++++ωωωω mm .  

In practice, at the signal spectrum estimation on the given 
time interval (((( ))))22 TT ,−−−−  the subtraction of time average 
value from realization preliminary should be done. Then 
multiplication of centered realizations on suitable window 
function is performed. It achieves necessary reduction of a 
spectrum side lobes level in interests of revealing of "weak" 
harmonics on a background of "strong" ones. Generalized 
Hamming window in time domain looks like [8]: 

(((( )))) (((( ))))
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0

2
21  (9) 

Thus, Fourier spectrum of the process (7) on a finite time 
interval is calculated as follows: 
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H
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    (10) 
Finally spectrum with the account of (8) looks like: 

(((( )))) (((( )))) (((( )))){{{{ }}}}ωωωω−−−−ωωωω====ωωωω ϕϕϕϕ−−−−
Hs

j WUGG 00
0 !!! e , (11) 

where 

(((( )))) (((( )))) (((( )))) (((( ))))∑∑∑∑
∞∞∞∞

−∞−∞−∞−∞====
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    (13) 
( )ωωωωHW  is Fourier transform of (9): 
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(14) 
and (((( )))) xxx ππππππππ==== sin)sinc( . 

It follows from (11), that at coherent quadrature reception 
the module of spectrum does not depend on 0ϕϕϕϕ  and hence on 
average range 0r  up to the object.  

The calculation example of the module of spectrum (11) 
(at a = 0.54) is submitted in fig. 1 at the following parameters: 
the frequencies and amplitudes of skin vibrations due to 
breathing and heart beating are ====ππππωωωω==== 21bF 0.23Hz, 

====ππππωωωω==== 22hF 1.1Hz, "602 == ϕϕϕϕϕϕϕϕh ; == 1∆∆∆∆∆∆∆∆b 1cm; 
== 2∆∆∆∆∆∆∆∆ h 0.1mm; the operational frequency of the 

microwave radar is 2.0 GHz. Resolution of the spectral 
analysis is equal 0.01 Hz according to chosen time interval of 
100s. In this diagram, in addition to the basic spectral lines 
combinational spectral lines are visible. It quite corresponds to 
the form of a spectrum of biharmonic phase modulation of a 
signal at reflection from the air-skin border, which vibrates in 
a step to breathing and heart beating. Calculations have shown 
also, that amplitude spectrum at coherent quadrature reception 
does not depend neither on average distance up to object,  

 
f0 1.6 109×= ∆b 0.01= ∆h 1 10 4−×= φh 60=

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
70

60

50

40

30

20

10

0

10

20

30

20 log G0 f( )( )⋅

f

T 100=
a 0.54=

Hz  
Figure 1. The module of signal spectrum for coherent quadrature receiver at 

=bF 0.23Hz and =hF 1.1Hz. 
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nor practically on a phase difference 2ϕϕϕϕϕϕϕϕ =h  of breathing 
and heart beating. 

Amplitude receiver. The analysis of such simpler variant 
of signal processing in the microwave radar is caused by 
presence of amplitude detection in known microwaves gauges 
such as RASCAN [3]. Let’s assume that characteristic of the 
detector is approximated by square-law dependence and the 
penetrating signal of the transmitter is presented. Then the 
voltage at output of the detector with the account of (4) can be 
submitted as: 

( ) ( ) ( )22
0

22
1 tUUqtutu spinpd

!! αααα+== , (15) 

where pqq=αααα  and (((( ))))tUs
!  is defined by (7) or (8). 

We determine Fourier spectrum of normalized process 
(((( )))) (((( )))) (((( ))))2

0
2
00 Uqtutu dd /====  by analogy with (10): 

(((( )))) (((( )))) (((( )))) (((( )))) dttwdu
T

tuG tj
H
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T

T

T
ddd

ωωωω−−−−

−−−− −−−−
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







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ττττττττ−−−−

ππππ
====ωωωω e

2

2

2

2
000

1
2
1! .     (16) 

Final expression for a spectrum in view of the formerly 
entered designation (11) for (((( ))))ωωωω0G!  looks compactly: 

(((( )))) (((( )))) (((( )))){{{{ }}}}ωωωω−−−−++++ωωωωαααα====ωωωω ∗∗∗∗
000 GGGd
!!! ,  (17) 

It follows from (17) and (11) that there exist the 
dependence of spectrum module (((( ))))ωωωω0dG!  on output of the 

amplitude receiver from “range” phase 0ϕϕϕϕ  and average range 

0r  up to the object. This special feature of amplitude 
processing can complicate measurement of physiological 
signatures in comparison with coherent quadrature processing, 
at which the given phenomenon is excluded. For illustration of 
the marked phenomenon, modules of spectrum (17) submitted 
in Fig. 2 and 3 at “range” phase ππππ⋅⋅⋅⋅ϕϕϕϕ====ψψψψ /"18000  equals to 

"" 900 , , and =αααα  1.  
It follows from Fig. 2 that at range phase ====ψψψψ0 0° useful 
components with frequencies 0.23Hz and 1.1Hz vanish from a 
useful signal spectrum, at which there are only some 
combinational components. At range phase ====ψψψψ0  90° (Fig. 3) 
there are useful components of a spectrum and those 
combinational components, which were absent at ====ψψψψ0  0°. 
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Figure 2. The module of signal spectrum for amplitude receiver at 

=bF 0.23Hz, =hF 1.1Hz and “range” phase ====ψψψψ0 0O. 
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Figure 3. The module of signal spectrum for amplitude receiver at 

=bF 0.23Hz, =hF 1.1Hz and “range” phase ====ψψψψ0 90O. 

At intermediate values of “range” phases, both useful and 
combinational components of a spectrum are presented. In the 
case "600 =ψψψψ , the spectrum almost coincides with the signal 
spectrum on the output of coherent quadrature receiver, 
submitted in Fig. 1. 

III. THE DESCRIPTION OF EXPERIMENTS 
During experiments, we applied the method of subsurface 

sounding by monochromatic signal of RASCAN-type radar 
[3]. Modified RASCAN radar with the following parameters 
was used: 

Operational frequency  1.6 GHz (λ=19cm) 
Gain factor   40 dB 
Frequency range of 
recorded signals  0.03 – 3.0 Hz 
Dynamic range  60 dB 
Sampling frequency  20 Hz 
Antenna’s dimensions: 

diameter   120 mm 
length   200 mm 

The sketch of the experiment is shown in Fig. 4. The 
thickness of a wall, behind which there was an examinee, 
equals 10 cm. The examinee was settled down at distance 
about 1 m from the wall. The radar’s antenna was fastened 
directly at the wall surface. To decrease interference from a 
back hemisphere, the antenna and the part of the wall was 
veiled by antiradar coating with dimensions of 2×2 m. 

 

 
Figure 4. The sketch of the experiment. 
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Figure 5. Pulse record of the examinee and its signal spectrum (below). 

Breath delay equals to approximately 30 s. 
 

 

 
Figure 6. Pulse record of the examinee and its signal spectrum..  

Breath delay equals to about one minute. 
 

 

 
Figure 7. Breath and pulse record of the examinee and their signal 

spectrum without breath delay. 
 

 
The radar signals after amplitude detection through an 

interface module were recorded in the computer memory.  
In Fig. 5 and 6, signal spectrum and pulse records of the 

examinee, which detained his breathing, are presented. In Fig. 
5, breath delay is approximately 30 s. And in Fig. 6, the delay 
is about one minute. It is clear that with increase of breath 
delay time the amplitude and rate of examinee pulse are also 
increased as a result of oxygen starvation.  

The results of simultaneous recording of pulse and breath 
rate are presented in Fig. 7. Amplitude of breathing 
oscillations considerably surpasses heart beating vibrations, so 
combinational components are clearly visible. 

A record and spectrum of breathing, heart beating and 
speech articulation of the examinee pronouncing consistently 
words: one, two, three... one, two, three...(in Russian) are 
presented in Fig. 8. Taking into account that the bandwidth of 
input filter is limited only 3 Hz, we have no proof at this time 
to assert that the data of similar measurements could be used 
for speech recognition yet. 

 

 
Figure 8. Articulation record of the examinee pronouncing words: 

one, two, three,… and its signal spectrum (below). 
The results obtained in the experiments in many respects 

are similar to the signals registered by time-domain impulse 
radars in free space [6, 7]. However, the use of 
monochromatic wave radars simplifies the experimental 
installation and subsequent data processing. 

IV. CONCLUSION 
Theoretical model of monochromatic signal reflections 

from human integuments that vibrate synchronously with 
breathing and heart beating is offered. Calculations testify to 
presence of the basic and combinational components in 
reflected signal spectrum. Frequencies and amplitudes of 
periodic skin vibrations at breathing and heart beating define 
frequencies and intensities of these components. 
Combinational character of a spectrum proves to be true 
experimentally. For exception of vanishing of the basic 
frequencies in a received signal spectrum one should use the 
principles of quadrature coherent signal processing. The 
experiments on radar sounding of heart beating and breathing 
of the man through a wall separating two adjacent rooms 
allow to consider technically feasible the task of remote 
diagnostics of the man parameters utilizing the continuous-
wave subsurface radars of RASCAN type.  
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