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Pulse diffraction by a circular dielectric cylinder

Vasil Tabatadze®, Oleg Drobakhin®), Kamil Karaguha®©

In this article, the periodic pulse diffraction from the circular dielectric object radiated by the horn antenna is
investigated and experimental verification is provided. The pulse spectrum with Hamming weight function
(Hamming window) form occupies the frequency band of 38 — 52 GHz. The problem is solved using the Method of
Auxiliary Sources, and the results of the computer simulation are obtained. The fundamental advantage of the
method is to eliminate the singularity problem during the solution of the integral equation obtained by boundary
conditions on each scatterer. The comparison is done with the experimental data, which shows good agreement
between the simulation outcomes and the experimental ones. The correctness of the determination of the electric
size of the object by the analysis of the scattered pulse echo serves as the verification of the approach. The outcomes
reveal that less than a 3% deviation is observed between numerical and experimental analysis.

Keywords: electric size, horn antenna, MAS, object’s physical properties.

1. Introduction

Determination of location and the electrical and physical properties of materials via non-invasive approaches have been studied
for many years in numerous fields of engineering such as biomedical and military applications, remote sensing, security check,
through-wall imaging, and standardization [1, 2]. Direct and inverse scattering problems considering electromagnetic propagation
in layered media, object determination via scattering is a heavily studied concept for scientists and engineers. Specifically, two-
dimensional problems in electromagnetic scattering problems interest many researchers since there exist huge numbers of topics,
concepts, optimization techniques, and mathematical approaches to investigate different geometries, conditions, and cases in two-
dimensional problems [1]. Since the investigation of electrical-large three-dimensional objects requires still enormous computation
power, scattering by two-dimensional object play a very important role in understanding the radiation phenomena, engineering
design, and applications [3, 4]. In [3, 5], fast and accurate solutions for electric and magnetic field integral equations are proposed.
Especially buried objects in multilayered media and the determination of electric and physical properties of the buried material are
crucial work investigated theoretically, numerically, and experimentally [6]. Besides, deep learning increases its topicality on the
subject since it is very suitable for interpreting data, making sense of it, and completing missing data via deep learning [7].

To obtain the actual data via electromagnetic scattering from the region of interest, measurements should be conducted which
requires interdisciplinary work. Measurements can be done via several methods such as holographic, microwave subsurface
imaging, and UWB (ultrawideband) penetrating radar [8]. In [8], state-of-art approaches including artificial intelligence to
determine the object’s properties via electromagnetic wave propagation are presented. In [9], multi-frequency measurements are
obtained to determine the dependency on a longitudinal range regarding the reflectivity analysis. Besides, the holographic approach
in microwave theory was employed to obtain the size and shape of the buried object since the hologram contains the required
information [10]. Apart from the investigation of the buried object in multilayered media, waveguides or resonators can be
employed to determine the electric and physical properties of the materials [11]. Besides, experimentalists employ multifrequency
radar with time-domain signal synthesis in their studies to collect diverse information coming from each frequency. Such an
approach is very important for a buried dielectric object to catch the resonances and echoes [12, 13]. Apart from the previous
studies, also Prony method is employed to determine the electrical properties of the object in the region of interest or the wall [14].

The present study investigates direct scattering by a dielectric object located in a free space using a horn antenna to determine
its electrical and physical properties and is validated by experimental outcomes. The direct (or inverse) problem is solved by the
method of auxiliary sources (MAS) which utilizes the shifting of the sources from the actual surface to auxiliary surfaces. This
eliminates the singularity problems in the corresponding scattering integrals [15]. The methodology was first proposed by Georgian
mathematician Viktor Kupradze and then, Revaz Zaridze utilized the approach in electromagnetic scattering [16, 17]. Since then,
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the method is not only been used for the direct problem but also, for 2D and 3D inverse problems that are solved and validated by
the other methods [18, 19]. In [18], the characterization of the electrical properties of the dielectric objects is investigated by
employing the method of auxiliary sources. In [19], mathematical analysis of the electromagnetic scattering field is investigated
and the approaches are promising in employing the determination of the electrical properties of the objects. In this article, the
method of auxiliary sources is validated by the experimental outcomes. In the numerical analysis part, the novelty is that the horn
antenna is included together with the cylinder source.

In previous works in MAS, pure sources such as a plane or cylindrical waves are employed as the incident fields [18]. However,
in this paper, a pulse source is used for the excitation and is located inside the horn antenna which gives better agreement with
experiments. The advantage of the proposed method is being more efficient in the sense of the computational complexity than the
well-known method the method of moments (MoM) [20, 21] since the sources are shifted from the real physical surface and the
singularity problems in the integral equations obtained by the boundary condition are eliminated. In the present study, Hamming
weight function is employed as the form of a spectrum of the incident signal from the horn antenna in a limited frequency band of
38-52 GHz. Then, echoes of the scattered field are measured and from the echo amplitude, width, and location, the electrical size
and/or properties of the object can be determined or predicted.

The study follows the formulation of the problem section in which the geometry of the problem and mathematical background
is provided. Then, details regarding the experiment are given. Later, numerical results and a comparison between the numerical and
experimental results are provided. Finally, the conclusion is drawn.

2. Formulation of the problem

The study investigates electromagnetic scattering by dielectric objects. A horn antenna is utilized for the source of
electromagnetic waves and measurement from the scattered field is also obtained from the horn antenna. Therefore, the theoretical
part is also developed for such scenarios. The main aim of this part is to be able to express the incident and scattered electric field
in a mathematical form. First, the incident electric field would be explained. Its frequency spectrum and the mathematical expression
are provided. Later, the scattered field is determined. Then, by boundary condition, a system of linear algebraic equations is
obtained. Then, as the last step, the MAS method mentioned in the second subsection is employed. The solution answers the
determination of the dielectric object's electrical size by electromagnetic scattering from the corresponding object.

A. Brief explanation of the incident field

In this section, the mathematical formulation and the geometry of the problem are provided. The study investigates the electrical
properties of the material by a periodic pulse as an incident electromagnetic wave with the spectrum of the Hamming Window.
Numerical analysis is done as the 2D problem. Therefore, the incident wave is considered as a line source with different and
weighted frequency components as (1). In other words, for each frequency component in the incident wave, there is a weighting
coefficient b, as provided in (2). It should be highlighted that, throughout the study, time dependency is e ~‘“* (w is the angular
frequency).

n=N

EPC(t0,y) = ) bUEIH (k& = 50 + O = yine)?) €727t )

n=0

Here, b(f;) stands for the spectrum of the incident signal, Hél)is Hankel’s function of the first kind and the zeroth order, the source

an",fn = Un-fon + f;, nis ranging from 0 to N, N+1 is the number of frequencies, and f, and

location is at (Xinc, Vine), kn = . ~
f1 correspond to the highest and lowest frequency in the predefined bandwidth. In our case f; and f;, are equal to 38 and 52 GHz,

respectively. As a result, we get a radio pulse that has the spectrum maximum amplitude at the 45 GHz frequency.

0.46 2T
b(f,) =1———cos (—-n),n =0..N.

0.54 N (2)

This form of Hamming window is not completely traditional, but it saves the amplitude of the peak in the time domain instead of
saving the energy under the envelope. The key point in this approach is that the incident wave has a frequency band in which the
weighting of each frequency component is determined by (2). Please note that, by changing N, one can change the period of the
pulse.

After defining the incident wave, we consider the scattered field. To obtain uniquely the scattered field components, the
boundary condition should be satisfied for all frequencies of the Hamming window. As a result, the scattered field at the desired
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point, at the given frequency is found. For each frequency, the scattered field component is denoted as E;"(f,, x,y). Then, the
envelope of the scattered signal in the time domain at the point (x, y, t) can be found as €;(t, x, y).

N
DB (f )it 3

n=0

€ (t,x,y) = abs

Here, t € [0,T] and T is a period.

The echo of the object of interest should not be overlapped with the incidence wave and with itself. That’s why we should take
a period of the signal long enough by inspection. The length of the echo is larger than the incident signal because, inside the object,
there are several reflections in the case of the dielectric. To describe electromagnetic scattering by the object, the propagating waves
are considered. Therefore, the non-negative frequencies are analyzed in the frequency domain.

In the following section, the details on MAS and scattered field expression and how the boundary condition is satisfied are
investigated. For each frequency, the analysis is done and their linear combination will provide the total field outcomes.

B. Direct problem solution using the MAS

Here, the main aim is to express the scattered field components in a mathematical form and satisfy the boundary conditions on
the surface of each object for total fields. To solve the proposed problem, the MAS is employed [18], [22]. In conventional MAS,
the sources representing the scattered field are shifted through the auxiliary surface and boundary conditions are still satisfied on
the actual surfaces [18]. This approach eliminates the singularity problems in radiation integrals. In the regularized form of MAS,
Hankel’s function (Green’s function in 2D problems) is regularized and singularity problems are solved by regularizing the kernel
of the radiation integrals (Hankel’s function) [19]. For smooth surfaces, MAS gives better results, whereas the regularized form of
MAS is also suitable for discontinuous or complex surfaces.

For two-dimensional geometries, Green’s function of Helmholtz’s equation as given in (4) is Hankel’s function.

Vzu + kzu = —6(9(' - xinc)é‘(y - yiTLC) (4)

Here u can be the z component of the electric or magnetic field. The solution of (4) will be Hél)(k\/(x — Xinc)? + OV = Yinc)?)
with some constant. Then, if there exists a scatterer in the regions of interest, the scattered electric field can be expressed in terms
of the convolution of Green’s function of the governing equation and the induced current on the scatterer which models the scatterer
in the free space as (5):

ES(p) = f J@YHP (klp - p'Dal (5)
S

Here J(p") is the induced current on the scattering surface modeling the obstacle and S is the surface of the scatterer (Please refer
to Fig. 1). Then, for MAS, the scattered field is approximated as [17, 23]:

BS(0) = ) J(0HS (Klp = o) ®)

Please, notice that, p;’ is a vector that denotes discrete points on auxiliary surfaces as given in Fig. 1.
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Fig. 1. Geometry of the problem, dielectric circular cylinder and the horn antenna.
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In Fig. 1, the 2-D geometry of the scatterer surfaces (physical (solid line) and auxiliary (dashed lines) surfaces (contour in 2D
case)), horn antenna, and position of the incident source are provided. As it is understood from the figure, there exists a dielectric
two-dimensional scatterer in the space, and a line source is employed as the incident electric field
En¢(x,y) = H(El)(k\/(x — Xinc)? + (Y — Yinc)?). The horn antenna is used to guide the incident electromagnetic field. The
scattered field is also measured from the horn antenna. Such scenarios are investigated by MAS since the verification by experiment
is aimed at similar scenarios.

The relative permittivity of the dielectric is given by e€,., and outside is the vacuum. The sources on the outer auxiliary surface
represent the field inside the object, whereas the inner ones stand for the field outside the object. It should be highlighted that the
horn antenna surface is considered to be perfect electric conducting (PEC) and outside the dielectric object, the incident and
scattered fields exist; however, inside the object, there is only a single field component. In Table 1, dimensions regarding the
geometry of the problem are provided.

Table 1. The parameters and their dimensions

Parameter Parameter Parameter Parameter
symbol value (mm) symbol value (mm)
d, 46 d, 5.2
d, 120 R 15and 19
ds 120 dg 03R

The electric field outside the object can be expressed as (7) [18, 19]:

Ng
B (03) = ) X0 H® (o O = X0)? + 0 = y1?) ©
n=1

Np
+ ) YuRH (k Ja—+ - y::)Z) +E(x,7)
n=1

Here, Hél) is the Hankel functions of the first kind and zeroth order. RH is the regularized Hankel’s function [19]. The first term at
the right side of (4) represents the scattered field due to the dielectric object and X:* are the unknown complex-valued amplitudes
of the auxiliary sources distributed on the inner auxiliary surface S;, at the points (x3, yi,,). The second term at the right-hand side
of (7) stands for the scattered field due to the horn antenna and Y,,-are the unknown complex-valued amplitudes of the auxiliary
sources distributed on the horn and waveguide surface S, (x1;, yir) are the collocation points on the horn and waveguide’s surface.
Since the horn antenna surface is not smooth, regularized Hankel function is preferred as mentioned above.

In the same manner, the electric field inside the dielectric can be found as:

N
En () = ) X2 HE (I & = X307 + 0/ = Viun)?) ®)

n=1

Again, X3%¢ are the unknown complex-valued coefficients of the auxiliary sources spanned over the outer auxiliary contour S,,,;
in points (x2,,;, v, ). The magnetic field components inside and outside the scatterer can be expressed with the same approach. By
Maxwell’s equation (9), the magnetic field can be obtained:

rot E = —iwuﬁ )
where w is the angular frequency, u is permeability, and rot is the curl operator.
After that, to obtain the unknown complex amplitudes in field expression, the boundary conditions should be applied on the

dielectric surface and horn antenna. For the dielectric interface, (10) should be satisfied on the surface whereas, the total tangential
component of the electric field should be nullified on the PEC surface (horn antenna) as (11).

Ei (Xtril' yg) = Eout (Xg' yg)'
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(10)
Hin (ng yg) = Hout (XZII’ yg)

Eyy (%h,y) =0 (11

In other words, the tangential components of the total electric and magnetic field are continuous on dielectric surface S (xJ,y%)
whereas, the total tangential electric field should be zero on the horn antenna surface S, (xj, yr). After satisfying the boundary
conditions for specified observation points, a system of linear algebraic equations is attained, and then, by inversion, the unknown
complex-valued coefficients of unknowns Xi*, X2%, and Y, are found. Keep in mind that the time complexity of the matrix
inversion in MatLab is 0(n?). This gives the ability to find the field distribution inside and outside the dielectric scatterer.

3. Experimental setup details

Real measurement was carried out for two samples of Plexiglas dielectric cylinders of 180 and 148 mm in height and 38 and
30 mm in diameter, respectively, which are marked as objects 1 and 2. Time-domain signals were obtained by synthesizing from
measurement data of the scalar reflection coefficient on the frequency grid in the range of 38-52 GHz. Synthesis of time-domain
signals was carried out using the discrete Fourier transform. In the frequency domain, a Hamming weight window was applied to
eliminate spurious side lobes in the time domain. Information about the phase of the useful signal under interest was stored due to
the use of the Fourier-holography principle in frequency-time space [24], where the source of the reference signal is the reflection
from the junction of the waveguide and the horn. A horn with a length of 120 mm and aperture size of 46x46 mm as a probe and a
waveguide with a cross-section of 5.2x2.6 mm was used. Such a horn design ensures that the useful reference reflection dominates
over the reflection from the aperture, which introduces interfering components. This fact simplifies the interpretation of the
synthesized signal in the time domain.

Signal of reflected wave

Signal of incident wave

Y 4 Digital scanning
device

Scanning axis
9 Personal

{ Probe computer
Y

— — Sweep
AL generator

WLJ

Digital interface >

B
>

X
Fig. 2. Experimental setup

The experimental setup [12] consists of a sweep generator, the output signal of which propagates through a scalar reflectometer,
which consists of two directional couplers. The first directional coupler with an appropriate detector allows us to get information
about the power of the signal that is fed to the radiator. To receive the reflected signal, the same horn is used for radiation. The
second directional coupler with a detector is designed to measure the power of the signal that returned to the waveguide after
reflection from the object under study. Both detectors are assumed to operate in quadratic mode. The ratio of the power of the
reflected signal to the power of the radiated signal makes it possible to estimate the value of the inserted reflection coefficient in
the presence of a reference reflection. The signals measured by the detectors are converted into digital form in the digital interface
and transferred to a personal computer. The movement of the object under study in the direction perpendicular to the radiation axis
is performed using a stepper motor, which is controlled via a digital interface from a personal computer. Thus, scanning of the
object is provided not by moving the probe past the object, but by moving the object past the probe.

The measurement procedure involves placing the object at the desired point in space, carrying out measurements in the
frequency band on a discrete grid, repeating the measurements the number of times specified by the program, applying median
averaging, data transformation from the frequency domain to the time domain, moving the object to the next spatial position,
repeating the measurements. Instead of the discrete Fourier transform, methods of parametric spectral analysis can be applied, in
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particular, Prony’s method [25], and the maximum likelihood method [13] with increasing the order of the model, they have a higher
level of resolution.

4. Results of the numerical experiments and comparison with the real experiment

Based on the above-described mathematical model the computer program was created in MATLAB and the numerical results
are obtained. The calculations are done on the processor Intel(R) Core(TM) i7-8700K, CPU (3.70 GHz), and installed RAM 32.0
GB. For each figure, results are obtained approximately in 20 seconds. The case when the circular dielectric cylinder has the
permittivity e = 2.56 4+ 0.04i is considered. The object is irradiated by the horn antenna. The Incident field propagates along the
x-axis in the negative direction. As it was mentioned in the theoretical part, the incident field is a periodic pulse with the spectrum
of the Hamming window. The source of this pulse is located in the middle of the waveguide. The scattered field is measured near
the horn-waveguide connection at 1cm from the horn inside the waveguide. The period of the pulse repetition is T=3.57 ns.

Figure 3 shows the comparison of the numerical and experimental results. Object 1 is at a distance of 390 mm from the junction

€5t x|

|E§"C(t,x,y)+£§(t,x,y)|>
on the X and Y axis are given. On the left figure, we see two peaks. The first peak corresponds to the reflection by the front part of
object 1 and the second peak corresponds to the reflection from the rear part of object 1. The wave covers the distance from the
front part to the rear part two times and the permittivity of the object determines the speed of the wave which is inversely
proportional to the square root of the permittivity. So, the distance between the first and the second peak gives the ability to
determine the electric size of the dielectric object. The right figure corresponds to the reflections from the front and back parts of
the cylinder in the Y section. The right figure is like the image of the object. For the first case, the radius of the object R is taken as
15 mm. If we initially know the permittivity of the object, we can find its radius with a precision of 1%. We see very good agreement
between the simulation outcomes and the experiment results. The extra peaks in the experimental graph are caused by interaction
with the measurement equipment. An experiment was conducted not in the Anechoic chamber that’s why there are reflections also
from the objects around.
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Fig. 3. The scattered signal at the waveguide along X and Y axes at a distance between the object and the junction of the waveguide
d=390 mm, experimental and simulation results, R=15 mm.
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Fig. 4. Scattered signal at the waveguide along X and Y axes at a distance between the object and the junction of the waveguide
d=350 mm, experimental and simulation results, R=15 mm.
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Figure 4 stands for the comparison of the numerical and experimental results. The object is at a distance of 350 mm from the
junction of the waveguide and the horn or 230 mm from the horn aperture plane. Dependences of the reflectivity (|T'|) on the x and
y axis are obtained. The radius of the object is R=15mm. Here also we can find the object radius with a precision of 1%.

Figure 5 reveals the comparison of the numerical and experimental results. The object is at a distance of 300 mm from the
junction of the waveguide and the horn or 180 mm from the horn aperture plane. Dependences of the Reflectivity on the X and Y
axis are provided. The radius of the object is R=15mm. Here we can find the object radius with a precision of 2%.
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Fig. 5. The scattered signal at the waveguide along X and Y axes at a distance between the object and the junction of the waveguide
d=300 mm, experimental and simulation results, R=15 mm.

Figure 6 again shows the comparison of the numerical and experimental results. Object 2 is at a distance of 450 mm from the
junction of the waveguide and the horn or 330 mm from the horn aperture plane. Dependences of the Reflectivity on the X and Y
axis are given. The radius of the object is R=19 mm. Here we can find the object radius with a precision of 3%.
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Fig. 6. The scattered signal at the waveguide along X and Y axes at a distance between the object and the junction of the waveguide
d=450 mm, experimental and simulation results, R=19 mm.

5. Conclusion

In this article, there was considered the diffraction problem of the periodic EM pulse irradiated by the horn antenna, by the
dielectric circular cylinder. The method of auxiliary sources was used for the solution of the stated problem. The dielectric circular
cylinders of 2 different radii were considered and their electric size was determined by the analysis of the pulse echo. The simulation
results are compared to the experimental ones and good agreement between the simulation and experimental results is shown. In
the future, we plan to consider the case when the object is behind the dielectric slab. The correctness of the determination of the
electric size of the object by the analysis of the scattered pulse echo serves as the verification of the approach. The outcomes reveal
that less than a 3% deviation is observed between numerical and experimental analysis. Since we reached a good agreement with
the experimental and numerical analysis. In the future, the proposed approach can be used to obtain the scattering data for different
scenarios to train a neural network that can be employed in unknown object recognition by electromagnetic waves.
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