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Abstract. The aim of this work is to highlight the paramount importance of the availability of an
electromagnetic model for the design of a system based on electromagnetic radiation for search and rescue
operation of humans buried under different materials as debris, and snow slide. In this thesis the monitoring of
the breathing activity of a man buried into a homogeneous lossy medium has been analyzed. The geometries of
the scenario and the body have been simplified in order to model the electromagnetic problem of the
interaction of the body and impinging field in a closed-form. In spite of the simple formulation the results are
satisfactory and show how some a priori important system requirements can be obtained, as for example the
most suitable working frequency range. The model is able to predict the sensitiveness in terms of phase and
module variations depending on the scenario.

At first the model is based on plane wave illumination of a human thorax, and then the whole body is
introduced: this model was validated by numerical simulation.

Afterwards in order to get a more realistic scenario the plane wave illumination was replaced with a realistic
antenna, and the model prediction was confirmed by experimental results.

The model was validated both numerically and experimentally.

Thanks to the analytical model prediction, a prototype of an electromagnetic system to detect the breathing
frequency was built up with laboratory equipment, and used both in laboratory and in a realistic scenario.

These measurements showed the feasibility of an electromagnetic victim rescue system, and its ability to detect
the respiratory activity during a simulation of a victim in a real scenario, where a victim was buried by excavated
soil in a road construction site.
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1 Introduction

Detection of life signs of human beings with electromagnetic systems is based on movement detection. Heart
beating and respiratory motions cause changes in frequency, phase, amplitude, and arrival time of an
electromagnetic wave reflected by a human being. Based on these features different radar systems have been
developed, that can be grouped into two main families, Doppler radars and UWB systems.

Historically, Doppler systems for the detection of vital signs were first analysed. They are based on the
transmission of a signal toward a target region, and on the analysis of the phase changes in the reflected waves,
indicating target movements. These movements can be very small, as those caused heart beat and respiration.
Transmissions are generally single frequency, and the phase variation due a displacement is proportional to the
signal frequency. [1-4].

More recent papers are essentially addressed to overcome existing difficulties for applications to realistic
environments, introducing effective processing strategies [5-7].Over the last few years, radars transmitting ultra-
short pulses with an ultra-wide band (UWB) have been also developed. [8-9] .

As concerns the search and rescue of earthquake trapped victims, the scenario is extremely complex, the
background clutter, including interference due the physiological activity of the operators, has to be accurately
analysed and cancelled from the useful signals. [10-12].

In spite of many papers dealing with this topic, it is interesting to note the lack in the literature of an
electromagnetic model to describe the scenario in terms of coupling between an impinging wave and a buried
body, thus providing important information for the design of a system for locating victims. In this paper we
would like to show that even a simplified model can be significant to optimize some parameters. The well-
known Green's Integral will be used to describe backscattering of a man, buried into a homogeneous and lossy
medium, illuminated by a plane wave. The analytical results will be compared to the numerical simulation, and
once validated, will be used to get information on the most suitable frequency range to use as a function of the
scenario, that vary in terms of electric property of the medium and position of the victim.

2 Analytical description of the radiAnalytical description of the radiation

At first, in order to describe the model, a parallelepiped made by an homogeneous, non magnetic material
characterized by an electric conductivity 62, an electrical permittivity e2, surrounded by another homogeneous
material having dielectric characteristics ol,el and illuminated by a plane wave traveling in z direction, and
polarized in y-direction is considered.
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Figure 1. Simplified model of an human thorax illuminated by a plane wave
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In order to have a closed-form of the scattered field, far field condition is assumed.

The field scattered by the object can be evaluated through the equivalent current Jeq

Teq = ((02 —01) +jw(e; - 31))E2 1

E2 being the total electric field inside the body. In general the solution of the electromagnetic problem to
evaluate E2, performed both with integral methods and Finite Difference Techniques, requires large
computational effort. Since the aim of the work is not this specific issue, but the description of the achievable
information, a simplified model has been considered.

In this way in the whole volume the well-known formula for the vector potential becomes
K(R) — LR-UIV Ee_]-(lglx(x_x’)‘l'Bly(y_yl)+Blz(Z_Z,)) dv (2)
4T

A uniform current distribution is adopted in the object side radiated by the impinging wave, and decreasing
along z direction because of dielectric losses, according to

Jeq = Jeq (z:O)e_O(ZZ y ©)

In this case the equivalent current distribution can be assimilated to a constant current distribution due to an
average E field,

— 1 = _
Ezav = aEzo(l —e”%2¢) <)

where E20 represents the E field maximum value at z=0 .

The internal field is related to the incident wave by the standard plane wave transmission coefficient

_ 2M2
B2 = b ©)

Application of standard expressions allows us to obtain from (2) in a closed form the scattered field
ERR8) = _ﬁ_:((oz —01) +jo(e; — 81))E2av e JBLR
—-o1R . Bixa . Biyb . M
e” 1 abc sinc (—2 ) smc( 2 ) sinc ( 5 ) (6)

o1, B1 being attenuation and propagation constant of the surrounding medium respectively.

The simplified model has been validated by the comparison to the result of numerical full wave solution
performed by CST Microwave Studio: the backscattered E field evaluated using the analytical expression (6) was
compared to the result of the numerical simulation as shown in Fig.2.



Doctoral School on Engineering Sciences
Universita Politecnica delle Marche

IEyl [V/m)

VAR,

simulation

analitycal model

OO

45 4 35 3

z[m]

25

2 A5 A

T T

2GHz

simulation

analitycal model

|Eyl [V/m]

i i il

ol 1 1
45 E 3 2 2 15 E
z(m]

Figure 2. Comparison between numerical simulation and analytical model for a re-readiated electric field of an
human chest 400x600x200 mm illuminated by at 1 GHz (above) and at 2 GHz (below) plane wave with |E|=1V/m

In the coordinate system shown in Fig. 1, the values of a = 600 mm, b = 400 mm, and ¢ = 200 mm have been
chosen, to make this parallelepiped similar to an human thorax, and it was illuminated by a plane wave that
travels in free space , in the direction z with a linear polarization with E directed along y, with a maximum
intensity of 1 V/m. For human body the values e2r = 70 and 62 = 1 §/m have been chosen.

Even if the model is very simplified, it gives a good level of prediction of the re-radiated E field in the far field
zone, according to the assumptions.

3 Electromagnetic Model for the illumination by an aperture antenna

At first, let’s to describe the human thorax as a parallelepiped made by a homogeneous material characterized
by an electric conductivity 62, an electrical permittivity €2, surrounded by another homogeneous material having
electric characteristics (61,e1). The antenna is modeled as an aperture antenna and the axis origin is placed in
the center of the aperture, as shown in Fig. 3
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Figure 3. Scenario for the human thorax illuminated by an aperture antenna
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The aim of this section is to predict the variation of the reflection coefficient s11 measured at the port
representing the generator feeding the antenna in function of the variation of the z dimension of the thorax
during a respiratory act.

Let’s consider a voltage generator (Vg, Zg)that feeds the antenna having an input impedance equal to Zant,
through the transmission line has a characteristic impedance equal to Z0. Assuming the impedance matching
between the generator and the transmission line, the average power radiated by the aperture antenna is
described by equation (6)

aon

\Y%
Wraa = é(l - |Fant|2 ) = 2,

)
Where the I,y is the complex reflection coefficient of the antenna and 71 is the wave impedance in medium
(o1,e1). The electric field is backscattered by the thorax towards the antenna and the output voltage V¢ is

_ —_ —> ZO
Vout =E eff Zo+Zant (8)

Where Ey is the y component of the backscattered electric field at the center of the antenna, and leff if the
effective length of the aperture antenna

4Zoab T
|
N1 (9)

The reflection coefficient s11 can be written as:

legr =

Eyl Zo+Z
yleff 4gT4o
St =——7—+1. 10
11 Vg Zo+Zame 2Nt (10)

Equation (9) predict how the complex reflection coefficient varies in function on the scenario; Let’s consider
the simplified model of an human body represented in Fig. 5, where the grey part of the thorax varies its
thickness due to the respiration movement.
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Figure 4. On the left, the human body model; the grey color indicates the part of the body that varies its

thickness during a respiratory act. On the right, the comparison of the S11 values between human body and thorax
backscattering
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In s11 module prediction let’s assume the body motionless with the grey part aligned with the other parts of
the thorax.

An aperture antenna with a=150 mm and b =100mm placed at 3 meters of distance, with the x and y
coordinates centered into the thorax. The surrounding medium is the air (et = 1 and 62= 0 S/m) and the
human body is made by a lossy dielectric having (er2 = 70 and 62= 1 S/m).

In Fig. 5 is reported the comparison of the S11 module variation due to the thorax backscattering and the
one due to the whole body. It can be observed that the frequency range from 1 to 2 GHz allows the system to
have the maximum sensitiveness in amplitude. It can also be noticed that at lower frequencies the whole body
reflects more electric field than the only thorax, whereas at upper frequencies the contributions related to the
other parts of the body combine their scattered field in opposition of phase.

The combination of the electric field backscattered from all the parts of the body is so that for certain
frequencies the module of the reflection coefficient has a minimum. The values of these frequencies depend on
the scenario (distance and direction between the antenna and the victim) but also depend on the impedance
matching between the antenna and the generator.

The unpredictability of the scenario suggests that in order to avoid the worst case a frequency sweep analysis
is preferable than a traditional continuous wave based system.

4 Experimental Measurement

In last section it was shown that of the analytical model predicts the following a priori system specifications:
the best frequency range is from 1 to 2 GHz, the operating mode is the frequency sweep analysis and the
antenna would be well matched to reduce the second addendum in equation (10).

In this first experimental measurements an anechoic scenario was implemented to better validate module and
phase prediction. Subsequently the breathing frequency was measured, at first in a realistic lossless scenario, and
then introducing dissipative elements.

4.1 Model V alidation

The following experimental setup, shown in Fig. 7, was built on to validate the analytical model: a broadband
antenna (Double Ridge Horn Antenna) connected to a Vectorial Network Analyzer (VINA) was positioned at a
distance D = 3m from the obstacle placed in an anechoic angle and a PC acquired the VNA measurements and
stored them an offline elaboration. The obstacle, that represented an human thorax, was a 400 mm x 400 mm x
50 mm Plexiglas box filled with salted water. The VNA performs a frequency sweep from 1 to 9 GHz, because
this is the maximum range available using both the VNA calibration kit and the antenna. The antenna
impedance was measured at all the frequency used for the simulations, and these values used in the analytical
model.
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Figure 5. Experimental setup in anechoic environment

In Fig. 8 is reported the comparison between the measurement and the model prediction; the big discrepancy
at f =1 GHz and f = 9 GHz, is due to the Time Gate function activated into the VNA to isolate the pulse
related to the first thorax reflection.
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Figure 6. Comparison between the model prediction and the measurement for the module and phase of the
reflection coefficient

From the comparison of these two curves emerges that there is an appreciable level of agreement between
the prediction of the model and the measurement results.

4.2 Breathing Detection

Once validated the model and built up a system prototype using laboratory instrumentation thanks to the
system a priori specifications, such prototype was used to detect the breathing frequency of a concealed target.
As shown in Fig. 8, a human being was placed lying on the floor, and the antenna, hanged up by a dielectric
structure at the height of 2 meters. The antenna was placed so that the electric field was parallel to the main
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dimension of the man. The first measurement was carried on free space, then in order to simulate the losses of
the medium that surrounds the victim, in each of the three next measurement an absorbing panel was added,
placing it above the victim. It can be experimentally estimated that the insertion of three absorbing panel
introduces an attenuation of about 20 dB. The electrical conductivity and permittivity of that soil depends
mainly on the its water content, therefore it can be estimated that 20 dB of attenuation corresponds to a 5 m of
depth in case of dry soul, whereas as the water percentage increases as well the maximum detectable distance
decreases, but on the other hand also the probability that the victim is still alive decreases. It must be remarked
that the proposed electromagnetic system senses the presence of a victim buried into rubbles through the
measurement of its breathing activities, and so a dead person is not detectable. This feature may be useful if
more than one person buried in a catastrophic event, to direct the research of those still alive. For this reason in
breathing detection measurement, the respiratory frequency is the main parameter to identify, while the other
harmonics are less significant.
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Figure 7. Experimental setup for breathing measurement

The PC connected to the VNA stores the complex reflection coefficient each frequency scan, that varies
from 1 to 2 GHz, performing the measurement in N=71 equidistant points. Each scan stands for 340 ms, and
120 scans are acquired for a total measuring time of about 40 s; in this way a matrix of values S11(ti, fj) is stored
into the PC memory, where ti (i=1..120) represents the acquisition time and fj (j = 1.71) represents the
frequency point where the measurement is performed.

Each column of the S11(ti,fj) represents the time variation of the complex reflection coefficient, measured at
a certain frequency; performing a Fourier Transform on each column values, the s11 frequency spectra are
obtained. Subsequently all the spectra are averaged to have a unique reconstructed signal spectrum, where the
breathing frequency and its harmonics can be detected.

Fig. 9 reports these reconstructed spectra when none, one, two or three absorbing panel are inserted.
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Figure 8. Fig. 9. Measured breathing frequency

It can be observed that the sensed breathing frequency is about fres = 2.5 Hz; this frequency can be
detected also when all the three absorbing panels are inserted, even if the amplitude of the harmonics decreases
while the losses increase. The lower part of the spectrum represents the effect of the very slow and not related
to the respiration movement of the body during the 40 seconds of the measurement.

5 Conclusions

In current work the feasibility of a rescue system based on RF radiation, able to detect the breathing
activities, in particular the respiratory frequency, was investigated.

In spite of the availability of many researches that present electromagnetics systems based on Radio Doppler
or UWB, it emerged the lack of an analytical model, useful to predict some important a priori design parameters,
mainly the choice between a continuous wave and a pulse system.

This choice would be done using one of the available electromagnetic simulators, but they all need a full
wave solution by a burden numerical tool, so necessitating the use of a supercomputer due to the big amount of
memory, CPU and computational time required.

On the other hand an analytical model would require some approximations to solve the integral and
differential equations: each approximation introduced has been motivated and validated by numerical simulation
or experimental measurement.

In particular the numerical simulation was helpful to validate the model in case of plane wave illumination,
due to the lack an anechoic environment in our laboratory where perform the test.

Once validated the model, it was used to predict some important a priori design parameter: the non-perfect
impedance matching between the antenna and the RF source and the multiple reflection of the surrounding
environment cause a phenomenon of destructive interference at certain frequencies, and such frequencies are
unpredictable: for this reason a frequency sweep based system was taken in consideration.

The model predicts also the frequency range in winch the electromagnetic system has the maximum
sensitivity and the maximum distance at which the victim respiration can be detected.

Using all these design parameters predicted by the model, a prototype was built up using the instrumentation
in our laboratories, in particular a Vectorial Network Analyzer, a Double Ridge horn antenna and a laptop for
the offline signal processing.
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With this system a set of measurements in a controlled environment was carried on to validate the model and
to detect the breathing activity in both lossless and lossy scenario.

Possible future developments may be the characterization of more complex and realistic environments
through a statistical analysis, such as in the case of an avalanche where the snow can be still approximated to a
homogeneous lossy medium, but the presence of rocks or tree trunks can create clutter, and then furtherly
degrade system performances.

Another improvement would be the real time breathing frequency detection, and the implementation of this
software directly into the VNA, increasing in this wave both the portability and the efficiency.

The final step would be the realization of a prototype using a dedicated hardware: in this wave the costs
would be reduced, and the maximum output power would increase and so the maximum distance at which the
victim breathing frequency could be detected.
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