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Abstract: Onboard millimeter-wave radar is one way to improve helicopter flight safety at
low altitudes in difficult meteorological conditions. Low-altitude flight is associated with
the risk of collision with low-visibility obstacles such as power lines. Since power lines have
the property of polarization anisotropy;, it is necessary to use radar polarimetry methods
to increase the radar visibility of such obstacles for detection. This paper investigates the
possibility of identifying low-visibility polarization-anisotropic objects, such as power lines,
in polarimetric images obtained by onboard helicopter radars to warn the pilot about the
danger of a collision with a low-visibility object. Consequently, the use of a polarimetric
radar with a polarization modulation of the emitted signal, the two-channel polarization
synchronous reception of reflected signals and Eigenvalue signal processing in real time
was proposed, aiming to eliminate the dependence of reflected signals on the spatial orien-
tation of power transmission line wires. Additionally, an optimal algorithm for adaptive
polarization selection, obtained by the maximum likelihood method, was proposed to
detect such objects against the background of the underlying surface. The effectiveness
of the proposed algorithm was tested using computer modeling methods. Moreover, a
W-band polarimetric radar system was designed for experimental studies of this concept.
The developed radar system provides digital real-time signal processing and the recon-
struction of composite polarimetric images. It displays information about the polarization
characteristics of the objects in the scanned area and the results of their polarization selec-
tion. Therefore, the system informs the pilot about dangerous objects along the helicopter’s
route. Radar experimental tests in actual environmental conditions have confirmed the
proposed concept’s correctness and the proposed method and algorithm'’s effectiveness.

Keywords: image registration; image processing; polarimetric image; polarimetric radar;
eigenvalue signal processing; adaptive polarization selection

MSC: 60G35; 68U10

1. Introduction

Helicopters are indispensable due to their mobility in approaching hard-to-reach
places. They are widely used in firefighting, search and rescue operations, police and
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military operations, agriculture and construction, and medical transport [1]. Most helicopter
operations are carried out at low altitudes, which creates risks of collision with various
obstacles, especially in conditions of limited visibility, such as fog, rain and snow. Statistics
on aviation accidents worldwide show that the largest share of accidents and disasters
occur precisely during flights at low altitudes and during landing [2]. The highest level of
danger in low-altitude flights, especially in mountainous areas [3], is represented by objects
such as poles, towers, wires and power transmission line support [4,5].

To ensure the safety of helicopter flights at low altitudes, active [6] and passive optical
systems [7,8], as well as infrared [9] ranges, are employed, including artificial intelligence
methods [10]. However, the efficiency of such systems is significantly reduced in adverse
weather conditions [11]. Therefore, systems operating in the radio range are considered
the most promising for detecting low-visibility objects [12-14]. The radar cross-section
(RCS) of narrow objects, such as power lines, is small compared to the powerful reflections
from the underlying surface. Therefore, to detect them, it is necessary to increase the
radar resolution, for example, using aperture synthesis methods [15,16]. However, the
dependence of the signal power reflected by power lines on the polarization of the emitted
signal requires the use of polarization methods for their detection.

Quite interesting results were obtained by S. Futatsumori and N. Miyazaki [17-20]
using circularly polarized radars at 77 GHz and 94 GHz, which demonstrate the potential
of employing polarimetric radars to detect power transmission lines. The polarization
anisotropy of weak signals reflected by power lines allows the use of polarization selection
methods to improve the signal-to-noise ratio (SNR) [21,22]. In [23], an algorithm for
signal processing was developed for the polarization selection of small-sized polarization-
anisotropic objects against the background of the Earth’s surface. This algorithm uses
signals from two orthogonally polarized channels to receive radar signals. At the same time,
some studies [24] have shown that using a fully polarized radar is the optimal way to detect
low-visibility objects. Moreover, eigenvalue signal processing [25] is considered a solution
to the polarization selection of polarization-anisotropic objects given an observation’s
random angle. Therefore, it is widely employed in radar meteorology [26].

Most of the existing methods for detecting power transmission lines rely on circularly
polarized signals [17-20] and dual-polarized channel processing [23]. We propose a novel
eigenvalue-based method for polarization selection. Traditional techniques are limited by
specific observation conditions and SNR improvements [21,22]. However, our method,
unlike those approaches, uses full-polarization radar data [24] and eigenvalue processing to
robustly separate polarization-anisotropic objects, such as power lines, from a background
surface. This approach is particularly effective for detecting low-RCS objects at random
observation angles, offering a significant advantage over existing solutions.

This work aims to study the possibility of identifying low-visibility polarization-
anisotropic objects, such as power transmission lines, poles and towers, on polarimetric
images obtained by onboard helicopter radars to warn the pilot about the danger of
collisions with these objects.

The following tasks are accomplished in this work:

1. Increasing the efficiency of polarization-anisotropic object detection by combining
polarization selection methods with eigenvalue signal processing;

2. Testing the performance of the developed methods and algorithms by computer simu-
lation modeling and during physical experiments in real environmental conditions.

The rest of this paper is organized as follows: Section 2 presents the theoretical pre-
requisites for applying the polarization characteristics of various objects, the designed
method for the polarization selection of polarization-anisotropic objects and the proposed
processing block diagram with algorithmic operations. Section 3 presents simulation mod-
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eling results, confirming the surface model’s adequacy and the algorithm’s performance.
Additionally, radar experimental tests in actual environmental conditions are described and
demonstrate the method’s efficiency. Section 4 discusses the results obtained. Moreover,
the limitations of our methods are noted, and future research goals are set. Finally, Section 5
concludes this paper.

2. Materials and Methods

This section presents the theoretical prerequisites for applying the polarization charac-
teristics of various objects that can be located at different observation angles.

The section considers the geometry of the observation of the underlying surface by
radar and potentially dangerous objects for a flying helicopter moving at a certain height
for further signal processing and the formation of a high-resolution surface image. The
models of the received information signals are determined, the polarization scattering
matrix is recorded, and its representation in the form of eigenvalues and eigenvectors is
also developed for further use in eigenvalue signal processing. In addition, the optimal
method for the polarization selection of polarization-anisotropic objects is presented. Based
on the developed method, algorithmic operations are proposed, and a signal processing
block diagram is developed.

2.1. Polarization Characteristics of Radar Targets

The power of a signal reflected by an object depends significantly on the polarization of
the emitted signal. At the same time, the power of a signal received by a radar is determined
by the degree of alignment between the polarization characteristics of the radar’s receiving
antenna and the polarization of the signal reflected by the object. Therefore, polarimetric
radars are increasingly used to detect low-visibility radar targets against the background of
the radar receiver’s own noise and interference (clutter) from the underlying surface [27].

Analytically, the polarization of electromagnetic waves (EMWs) can be described, as
in [27], using a column vector of complex component amplitudes (Jones vector):

- E.| .
fo- ]
Ey

where E, and Ey are the complex amplitudes of two projections of the electric field on the
. . . - = . .
axis of the chosen coordinate system with orts 7 and n,, which may not necessarily be
real. The term wy = 27t fy denotes the carrier frequency of the signal oscillation, and £ is
variable time.
Complex amplitudes E, and E, and orthogonally polarized components form the

E _ [Ex'@ij‘| , (2)

Ey.gjlyy

polarization vector [27]:

where ¥, and ¥, are the phase components for E, and Ey.

To quantitatively describe the principles of EMW polarization, the conception of the
polarization ellipse is used [1] (see Appendix A.1).

During the reflection of an electromagnetic wave by a radar-sensed object, the elec-
tromagnetic field E, which surrounds the object, contains two waves—the incident Eg and
reflected (scattered) Ex. If we consider the fields ES and Eg directly near the object, then,
due to the vector representation of the fields, both the incident and scattered fields contain,
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in the general case, two orthogonally polarized components, which are represented on the

orthogonal polarization basis ¢(, y) in the form of E = Ex} .
Y
Appendix A describes the process of EMW scattering and the concept of a polarization

scattering matrix (PSM).

When receiving a signal with arbitrary ellipticity and orientation, dual-channel po-
larization reception is necessary to obtain the full power of the reflected signal, which is
important for solving the problem of detecting low-visibility radar objects.

The independence of the PSM in the form S{e,(p}/ given in Appendix A.2, from the

polarization basis can be achieved by its representation through its eigenvalues A1, Az and
eigenvectors (¢ [28], which are determined by the characteristic equation

. -
S-Tp=ACg (©)
and have the following form:
M et 0
A= w |, 4
[ 0 A2.61T2‘| ( )
— .
. cosOr —sinBg cos ¢
Ce=|.. x| , (5)
sin@g cosOg j-sindg

where ¢ and Of are the polarization parameters of the so-called [27] object’s own polariza-

tion. Physically, the eigenpolarizations in Equation (5), corresponding to the eigenvalues

in Equation (4) of the matrix in the form S {0,9) (see Appendix A.2), are characterized

by the absence of the reflected signal of the components that are orthogonally polarized

to the irradiating wave. In this case, the eigenvalues A1, Ay, of the PSM S represent the

complex reflection coefficients of an object when probed with signals corresponding to
—

its own polarizations. Moreover, the eigenvectors C ¢ in Equation (5), corresponding to
the PSM eigenvalues A1, Ay, are orthogonal by definition and form the proper in-phase
orthogonally elliptical polarization basis of the object, in which the reflected signal is maxi-
mized. Furthermore, the matrices in Equations (4) and (5) do not depend on emitted and
received polarization.

2.2. Polarization Selection of Radar Objects

Actual radar signals reflected by the Earth’s surface, vegetation and buildings have
random polarization, which depends on the shape of the object’s surface, its dielectric
constant and conductivity. Weak levels of signals reflected from power lines should be
detected against the background of the receiver’s own noise and strong reflection from
the underlying surface. The receiver’s own noise can be considered randomly polarized,
and reflections from the Earth’s surface have a particular polarization structure with
unknown parameters. At the same time, signals reflected by power lines correspond to
the polarization scattering matrix in the form S (m,v}(0), which is given in Appendix A.2.
Consequently, it is possible to detect the reflected signals against the background of noise
and interference [29].

The emitted signal has the following structure:

su(t) = Re[soy(t)exp{jwot}], (6)
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where Soﬂ(t) is a function that describes the shape of a complex signal envelope with
respect to the time variable t; = (V, H) is the polarization index, which corresponds to
the polarization of the sensing signal—vertical (V) or horizontal (H); and wy = 27tfy is
the carrier frequency of the signal oscillation.

5
The received signal Z(t) is a mixture of useful signals s (t, /\>, the interference

reflection from the Earth’s surface ﬁ(t) and the internal receiver noise F(t):

u(t) = ?(t,SZ) HORR10) )

where S_; is the corresponding PSM in the form S (H,v} (see Appendix A.2), which describes
the reflection characteristics of radar observation objects depending on the polarization of
radiation p.

The components of the vector defined in Equation (7) correspond to the type of
polarization of oscillations at the receiver input for a given polarization of radiation y.

Solving the problem of the polarization selection of signals against the background of
interference requires the consideration of the corresponding distinctive features. The signal
reflected from power lines has sufficiently pronounced polarization, unlike signals reflected
from the Earth’s surface. Passive interference from the Earth’s surface can be represented
in the following form:

ReC/ dEkR ( r t) 50;4 [t — tgel (t r)}exp{jznfo {t — b (t,?)} }d7, @)

ysdi’

where C is the proportionality coefficient, which takes into account factors such as signal
losses during their propagation and signal transmission through antenna-feeder systems;

G (7, t) is the antenna radiation pattern that forms on the surface of the area of its illumi-

nation; E rr and E us are scattered and incident field strengths on an elementary surface

areadr = dxdy; and t4, is the delay time in signal propagation related to distance 7.
The geometry of the formation of signals reflected by the surface is shown in Figure 1.

Figure 1. Geometry of formation of signals reflected from surfaces and objects.
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The problem of optimizing the signal selection method in a polarimetric radar can be
represented via the maximum likelihood method [24] by solving the following equation:

d - = -
a/\il’[u/s (t,/\) } =0, )

—
where P[ﬁ / ?(t, A)] is the likelihood function. The solution of Equation (9) is presented in
Appendix B.1.

Given the development of the equation, it becomes clear that we should look for
—

5
the maximum of the multiplier exp{Y(A)} or a directly related output effect Y(A). In
—

coordinate form, the output effect Y(A ) is expressed as follows:

N2 2 T T -
Y(tger, A) =) Z/o /0 ui(t1)Wij(t, t2)sj(t2 — taer, A)dtrdty, (10)
i—1j=1

where t;, is the delay time associated with the distance to the observed objects.

The internal receiver noise #;(t) can be considered white noise, independent of other
noise and independent of passive interference from the Earth’s surface n;(t).

Furthermore, it is necessary to consider the energy parameters using the correla-
tion matrix of the receiver’s internal noise, described in Appendix B.2, to construct the
output effect.

Since the Fourier transformation of the convolution is equal to the product of the
images, Equation (10) can be written in the following form considering the energy spectra
G (w) given in Appendix B.2:

N, .
. . Gi’l 7’72 R 0 L*
¥ (juo ) = Ul 225 (o, ) - D225, (o, 1) v
. . an
. G o« *
+U4 (jw) %511 (jw, X) _ %21(60)521 (]W,X)

The analysis of Equation (11) shows that correlated interference can be compensated
in a radar system with the separation of the electromagnetic wave into two polarization-
orthogonal components, for example, horizontal (H) and vertical (V), with dual-channel
reception due to the so-called virtual Poelman adaptation [30] (Figure 2). The input signals
of orthogonal components of electromagnetic waves are summed with a weighting factor K,
which is selected to ensure the equalization of the amplitudes at the input of the adder for
further compensation. In the technical implementation of the circuit shown in Figure 2, it is
necessary to adjust the complex transmission coefficient K using the correlation processing
of signals in polarization-orthogonal channels.

uout (t)

u,(t) z

u,(t) K

Figure 2. Poelman’s principle of virtual adaptive selection.
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Some assumptions and simplifications were made to obtain a method for the op-
timal polarization selection of a polarization-anisotropic object against a polarization-
isotropic background.

Let us assume that both channels of the receiver are identical, which means that the
internal noise of the receivers is equal in variance, with Ny1 = Nyz2 = Np. Then, the received
signals have a similar structure and differ only by coefficient, as can be observed in the
following expression:

S11(jw) = 152 (jw) = vSo(jw) (12)

where 7y is an intensity factor, which represents a real value.
As observed in Appendix B.3, the output effect of the polarization interference com-
pensator is denoted as

oy S(er) |
Y(jcu, A) =—F3 {Cl(w)uz(]'w) - Cz(w)ul(]'w)}r (13)
where N
C1 (w) = ')/(U'QG,Q(CU) + 20> — 0’126,112((4]), (14)
C(w) = - (UlGnl(w) + % - 7021G121(w)>, (15)

The part [Cl(w)lb (jw) — Ca(w)Uy (]w)} in Equation (13) performs passive inter-
ference compensation by subtracting signals with a different polarization and consid-

.k —
ering the weighting coefficients (14) and (15), and the multiplier S (jw, )\) provides

matched filtering. This method requires the preliminary estimation of parameters in
Equations (14) and (15), or the ensuring of their measurement in real time.

Signals u1(t) and uy(t), which are written in Equation (13) in the form of spectral
functions U, (jw) and Us (jw), contain in their structure the following: informative signals,
the internal noise of the receiver and passive interference reflected from the Earth’s surface.
Therefore, to apply Equation (13), it is necessary to determine the intensity multiplier in
real time <y, which is unknown.

In the absence of polarization-anisotropic objects, the radar observes only interference
from the underlying surface, with n;(t) = o;v;(t) or n;(jw) = o;v;(jw), where v;(t) denotes
a random process with variance equal to 1. Considering this condition and the calculation
in Appendix B.4, the output effect is represented by the following formula:

Y02, = 022<[1/1(t) - rlzvz(t)]z>, (16)
Consequently, Equation (16) can be represented in the form
A(t)= {‘7227”110) - (71(72721712(”} - {010'27127’110) - Uf”z(f)} =
= 0103 [v1(t) = r1v2(t)] = 0207 [riava (1) — va(1)).
Let us introduce coefficient « = 0y /0»; then,
AE(t) = o3 {[n1(t) — argyna(t)] — afripny (t) — any(£)]}. (17)

Considering that the variances o7, 0y and correlation coefficient r,; are spatial func-
tions and have a time dependence, the method of the optimal polarization selection of a
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polarization-anisotropic object against a polarization-isotropic background is written in
the form

AZ(t) = o5 (){[u1 (t) — a(t)ria(F)ua(t)] — () [ria(t)uy (£) — a(t)uz ()]}, (18)

where A(t) is the residual from interference, which is not compensated by the algorithm.
This residual should theoretically be zero when observing a homogeneous polarization-
isotropic surface. The term a(t) = o7 (t)/02(t) is the variance ratio of o?(t) and o3 (t) for
signals in the orthogonal polarization receiving channels 11 (t) and u(t), and r1(t) is the
correlation coefficient of signals in two orthogonal polarization receiving channels.

The resulting method corresponds to the structural diagram of the polarization signal
selector shown in Figure 3.

w,(t)=s,(t,K)+n,(1)+n,(t)
O

‘ AE(1)
(1) =8,(1, 1) +n,(1)+ny(1) :
o = o, -
= 7-12—> — B O J
A
= O

Figure 3. Structural diagram of the optimal method of polarization selection for polarization-
anisotropic objects on a polarization-isotropic background.

For the practical implementation of the theoretical method, a signal processing algo-
rithm was developed in a digital signal processor (DSP), shown in Figure 4.

r | R
X P
: f
X
u,(t)
° 1 Z G, A_
X b £ s !
= & X 102 ¢ — e Ag(1)
| X I _,\/—62 *
léz(t) f 4
Ll >< rIZMI(t) S >< L
> o -uy(1)

Figure 4. Structural diagram of the sequence of operations for DSP implementation.

The input of the signal processor algorithm shown in Figure 4 should be supplemented
directly with the output signals of dual-channel polarization radar receiver—for instance,
when the radar operates in circular polarization—or with the results of the eigenvalue
calculations (see Equation (4)) obtained from measurements on an arbitrary polarization
basis of the PSM S (0,9} (see Appendix A.2). The algorithm shown in Figure 4, in the time

interval T, calculates variance estimations 07, 05 and signals u1(t), u>(t) in polarization-
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orthogonal reception channels. Additionally, this algorithm calculates the correlation
coefficient between polarization channels r15(t) and the adaptation coefficient a(t) that
computes the output signal AZ(t), in which interference from the underlying surface and
local spatially distributed objects should be suppressed. The signal reflected by a small
polarization-anisotropic object should retain its amplitude. The output signal should be
superimposed on the image of the terrain obtained by the radar to highlight the present
invisible objects endangering the flight.

The constant of integration T provides the adaptability of the algorithm. The adapt-
ability coefficient &« and the correlation coefficient 1, depend on time ¢ and the constant
of integration T, which should be determined by computer modeling considering the
technical characteristics of the radar.

3. Results

This section presents simulation modeling results for a certain surface model and
signals formed during reflection. Experiments using a polarization radar system in actual
environmental conditions to confirm the surface model’s adequacy and the developed
algorithm’s performance are also described. Based on the experiments’ results, polarimetric
images were reconstructed, and various processing methods were compared.

3.1. Method and Results of Computer Modeling

The shape and polarization characteristics of the reflected radar signal depend on
many factors, namely, the parameters of the radar (length of the radiated wave, width of the
radiation pattern, duration and shape of the pulse) and the conditions of observation (angle,
distance to the object, angle of site and azimuth, polarization of sensing and reception).
Also, the reflected radar signal’s characteristics depend on the object’s profile and its
electrophysical properties (dielectric permeability and conductivity). All the listed factors
must be considered when modeling polarimetric signals to obtain reliable results.

Nowadays, various methods are used to model signals reflected by the underlying
surface [31]—the two-scale scattering model is the most common [32,33], as well as the
combined approach [34,35], which uses a combination of several methods.

We employed a multi-scale model of surface heights to model radar signals reflected
by the underlying surface h(x, y) [36]. In this model, the Earth’s surface is represented as
a randomly connected surface of elementary facets, as shown in Figure 5, having a given
correlation structure R(x, y), corresponding to the type of surface (water surface, flat sand
and rough terrain, among others). The geometric dimensions of the facets are much smaller
than the wavelength of the radar signal.

h(x,y)

Figure 5. General view of the surface model.
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For a given flight altitude and radar parameters (width of the radiation pattern,
operating frequency, pulse duration and polarization of radiation, among others), the
distances to each of the elementary facets of the surface and their observation angles are
calculated (Figure 1). For each elementary site, the reflection coefficients of electromagnetic
waves are calculated using the Fresnel coefficients, considering the orientation of each
facet relative to the radar and the given electrophysical properties of the surface (complex
permittivity). Each point on the surface is considered a source of secondary waves. The
signal reflected in the direction of the radar is calculated as a set of complex signals
reflected by each facet, considering the distance to them and the shading of individual
surface sections [37] according to Equation (8).

The resulting spatial-temporal distribution of electromagnetic waves is divided into
two orthogonally polarized components according to the orientation of the radar antenna
in space. The processing procedure of the radar signals is subjected to time discretization
according to the sampling frequency of the radar’s analog-to-digital converters, considering
its amplitude, frequency and noise characteristics. The methodology in [38] is taken as a
basis for simulating signals in the V and H channels reflected from the surface and received
by radar. An example of a surface fragment with elevation differences of £0.1 m and a
pixel size of 1 mm x 1 mm is shown in Figure 6. Figure 7 shows the received signals in
the V and H channels of the receiver as a result of modeling the signals reflected by such a
surface. In Figure 7, u1(t) represents an

y

0

Figure 6. Fragment of a surface model.

u (1), u,(1)

4 p—! I i I
\—— H-polarized signal

3 —— V-polarized signal

2

]

0 L

190 200 210 220 230 240 250 260 270 280 X,m

Figure 7. A signal reflected by the surface.
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H-polarized signal and u;(f) represents a V-polarized signal.

To test the algorithm’s effectiveness for detecting polarization-anisotropic objects
against the background of the Earth’s surface, signals reflected by a power line wire with
a diameter of 32 mm, placed above the surface at a height of 10 m, were simulated. A
fragment of the Earth’s surface with power lines with a height difference of 0.1 m is shown
in Figure 8. One pixel on this picture has a surface measuring 1 mm x 1 mm. To calculate
the reflected signals, a well-known model [39] of radar signal reflection by power line wires
was used, considering the influence of the underlying surface [40] and the presence of noise
from radar receivers. An example of signals in the V and H channels of the radar receiver is
shown in Figure 9. In this figure, at a distance of 218 m, the maximum level of interference
from the underlying surface is observed (position 1). The amplitude of the signals in the V
and H channels reflected by the power line wire at a distance of 250 m (position 2) is three
times smaller than the maximum reflection from the underlying surface.

y

0 X

Figure 8. Fragment of the Earth’s surface model with power lines.

(1), uy(1)

o — H-polarized signal
— V-polarized signal

0.8

0.6

0.4

0.2

1 1 1 1

200 210 220 230 240 250 260 270 x, m

Figure 9. Received signals from the Earth’s surface (label 1) and power line (label 2).

The adaptive polarization selection method was simulated for a wire with a diameter
of 32 mm at a distance of 250 m against the background of the underlying surface. The
simulation was carried out for two radar variants—with circular polarization in radiation
and dual-channel polarization reception on an H, V basis; and with V, H radiation mod-
ulation and polarization dual-channel reception on an H, V basis with the measurement
of the polarization scattering matrix S (m,v) (see Appendix A.2) and its eigenvalues Ay, Ay
presented in Equation (4). The simulation results are shown in Figure 10, where Figure 10a
shows the result of processing by the algorithm that utilizes the output signals of the
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receiver (H, V—channels) with circular polarization in sensing. The figure shows that this
algorithm does not sufficiently suppress reflections from the Earth’s surface (labeled as 1),
but although these reflections are present, the power line wires (labeled as 2) can be ob-
served. Figure 10b shows the result of processing by the algorithm using Equation (18) and
eigenvalue processing A1 (t), Ap(t). In this case, the algorithm better suppresses reflections
from the Earth’s surface (label 1), and the output signal AZ(t) at the point of placement of
the power line (label 2) significantly exceeds the signals from the Earth’s surface.

Ag(1)
8 —

190 200 210 220 230 240 250 260 270 280 x,m

(a)
AL(1)
1500 )
1000
500 [ 1
0 | el LI L. L J I I )
210 220 2

190 200 30 240 250 260 270 280 x,m

(b)

Figure 10. Results of polarization selection of a power line with (a) circular polarization in sensing
and (b) full-polarization sensing and eigenvalue signal processing. Labels 1 and 2 represent the
position of the corresponding labels in Figure 9.

The simulation experiment results demonstrated significantly higher efficiency when
eigenvalue signal processing was used compared to the variant of circular-polarization
sensing. Nonetheless, this requires experimental verification in full-scale conditions.

3.2. Experimental Equipment

For experimental studies, a W-band radar (Figure 11) was developed with a
polarization-isotropic antenna diameter of 120 mm and an orthomode converter sepa-
rating the received signal into vertically and horizontally polarized components. Through
the circulators of V and H, a pulse transmitter with a power of 5 W, a duration of 50 ns
and a frequency of 94 GHz is connected to the channels of the orthomode converter. The
switch ensures the connection of the transmitter either alternately to V and H channels or
simultaneously. At the same time, a signal with circular polarization is emitted.

The reflected signal is divided into V and H components, which are transferred by
mixers to an intermediate frequency of 2.2 GHz, amplified at an intermediate frequency and
detected by logarithmic detectors. Video pulses are converted into digital format by analog-
to-digital converters ADS4229 with a sampling frequency of 250 MHz and processed by a
signal processor, which is implemented on the FPGA XC7A50T-2FGG4841 of the Artix-7
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family. This ADC generates a data stream of 6 Gbit/s. The processing of such a signal
cannot be performed in real time using a classical DSP, which is why an FPGA was used as
a processor. A feature of the FPGA is that the algorithm is built directly on the structure
of the internal connections of the microcircuit. In this case, a possible indicator of the
complexity of the implemented algorithm is the number of slices (basic structural units
of the FPGA) used in the FPGA. Thus, the proposed algorithm occupied 5,645,643 slices,
and this number will not significantly differ when using another microcircuit. The total
delay for obtaining the calculation result is about 3584 clock cycles, which, at a frequency
of receipt of compartments of 250 MHz, is about 14.3 ps. Using the performance of such an
FPGA allowed the experiment to be conducted in real time during flight time and helped
the pilot observe dangerous objects without delay.

The radar is placed in a housing with a built-in scanning mechanism in the 30° azimuth
sector and a software-controlled tilt angle.

B 7 18 —{ 9
r“‘(i)"a_l l
O>+ 2 10 |, Radar

/ Image
; : 78 9

Figure 11. Structure of the experimental radar. 1—Cassegrain Reflector Antenna; 2—Orthomode

>

w
N
&)
»

W

A4

Transducer; 3—Y-Junction Circulators; 4—Pin Diode Switch; 5—pulse transmitter; 6—Phase-Locked
Oscillator; 7—Mixers; 8—intermediate-frequency amplifier with logarithmic detector; 9—analog-to-
digital converter; 10—digital signal processor.

3.3. Experimental Results

For experimental verification of the developed methods of signal processing, a full-
scale experiment was conducted to measure the reflected signals, process them in real
time by a signal processor used in the radar system and reconstruct synthetic polarimetric
images of the terrain when sensing it with a circularly polarized signal and a polarization-
modulated (V, H) signal. The objectives of the experiment are listed as follows:

e To obtain synthetic polarization images during terrain probing with a circular polar-
ization signal and synchronous reception of orthogonally polarized (V, H) reflected
signals sy (t), si(t), and to visualize their amplitude in GB channels of the RGB image.

e To apply the polarization selection algorithm based on Equation (18) to signals
u1(t) =sy(t), up(t) = sy(t), and to visualize the result of polarization selection
ACry (t) in the R channel of the RGB image.

e To obtain synthetic polarization images during terrain probing with a signal with
polarization (V, H) modulation and synchronous reception of orthogonally polarized
(V, H) reflected signals. Then, to perform the reconstruction based on the measure-
ments of the polarization scattering matrix S (m,v) (see Appendix A.2) as well as the
calculation of eigenvalues in each image element Aq, A, (see Equation (4)) and to
visualize their amplitudes in GB channels of the RGB image.

e To apply the previously mentioned polarization selection algorithm to signals
uy(t) = Aq1(t), ua(t) = Az(t), and to visualize the result of polarization selection
A, (t) in the R channel of the RGB image.

e To compare the information content of the images obtained by the two methods.
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e To evaluate the performance and efficiency of the polarization selection method us-
ing directly measured signals in polarization-orthogonal (V, H) channels and using
eigenvalues in signal processing.

The scene shown in Figure 12 was chosen for the experiments. It contains a large
building (labeled as 1), transmission line supports (labeled as 2 and 3), wires between them
and vegetation. The radar was placed at a height of 37 m above ground level; the terrain
was scanned in a 30° sector. The distance to the nearest point of the building (label 1) was
278 m, while the transmission lines labeled 2 and 3 were at 208 and 383 m, respectively.

Figure 12. Scene for constructing a radar image. Label 1 represents the nearest point of the building,
labels 2 and 3 are the transmission line supports.

An example of a synthetic image of this area obtained during its probing with a
circular polarization signal, with received orthogonally polarized (V, H) signals, is shown
in Figure 13. In contrast, a synthetic image from the polarization-modulated signal with
the measurement of the polarization scattering matrix and visualization of its eigenvalues
is given in Figure 14. The labels 1, 2 and 3 on the images mark the position of the objects
shown in Figure 12. The result of the polarization selection of objects by the developed
algorithm is displayed in the red channel of the RGB images.

500,m

Figure 13. Polarimetric image with circular polarization in sensing. The labels denote the objects
described in Figure 12.
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An analysis of the experimental data shows that when using a circularly polarized
signal for terrain sensing, the reflected signals “react” to the orientation of reflecting objects,
which is manifested in a change in the color of the pixels in the image. At the same time,
the power transmission line wires and support (label 3) are practically invisible. However,
the radar’s energy potential is theoretically sufficient for their detection, as evidenced by
the marks from objects, particularly vegetation, that can be seen at a greater distance.

500,m

Figure 14. Polarimetric image with eigenvalue signal processing. The labels denote the objects
described in Figure 12.

The polarization selection algorithm selects practically all the objects observed in the
image (see red highlights in Figure 13), regardless of their nature; i.e., in the process of
sensing with a circular polarization signal, reflections from most objects are polarization-
anisotropic. The use of eigenvalue signal processing (Figure 14) significantly (by at least 3
dB) reduces the noise level in the polarimetric image and gives the image more contrast.
Figure 14, unlike Figure 13, shows that there are inconspicuous objects, in particular, power
transmission line wires. The polarization differences in reflections from metal and concrete
structural elements are noticeable on the roof of the building (the building has a metal fence
around the perimeter of the roof). Furthermore, the reflections from vegetation are more
noticeable. In addition, the detection range of objects at large distances increases.

The polarization selection algorithm highlights building boundaries and poorly visible
objects, such as poles and power transmission line wires (see red highlights in Figure 14).
However, it ignores polarization-isotropic reflections from vegetation. As an example of
the polarization selection algorithm’s operation, Figure 15 demonstrates a fragment of
one row of the image shown in Figure 14. In this example, the pulses reflected from the
power transmission line wires at 348 m (blue—vertical polarization; green—horizontal
polarization) and the output signal of the polarization selector (red) are observed. It can
be seen that using the adaptive algorithm allows for a significant reduction in the level of
signal fluctuations and an increase in the probability of detecting low-visibility polarization-
anisotropic radar objects. A point worth mentioning is that determining the numerical
values of the probability of detecting power transmission line wires against the background
of the Earth’s surface and objects requires further specialized experiments.
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Figure 15. Instantaneous realization of reflected signals. The red signal is the output signal of the
polarization selector, and the blue and green signals are acquired correspondingly by vertical and
horizontal polarization.

4. Discussion

One way to increase the safety of helicopter flights at low altitudes in difficult meteo-
rological conditions is by employing onboard radars in the millimeter range of radio waves.
Detecting inconspicuous obstacles, such as power lines, requires using radar polarimetry
methods that allow their radar visibility to increase, since power lines have the property of
polarization anisotropy.

The use of circular polarization in sensing partially reduces the dependence of the
reflected transmission line signal’s power on its observation angle but results in the loss of
at least half of the sounding signal’s power.

A more effective approach is the polarization modulation of the probing signal in
combination with the reflected signals’ two-channel reception on an orthogonal polarization
basis. The polarization scattering matrix measured at the same time contains all the
power of the reflected signal but depends on the viewing angle of the radar object. This
dependence can be eliminated by calculating in real time the eigenvalues of the polarization
matrix of scattering, which are invariant to the orientation of the radar target in the plane of
incidence of the electromagnetic wave. The two signals obtained in this case, corresponding
to the two eigenvalues of the polarization scattering matrix, are polarization-orthogonal,
depending on the shape of the radar object, and can be used for the polarization selection
of inconspicuous radar targets against the background of the Earth’s surface.

The polarization radar characteristics of the Earth’s surface, vegetation and ground
objects, such as buildings and other constructions, including transmission lines, are not
sufficiently studied today in the millimeter range of radio waves. Therefore, for selecting
inconspicuous objects against the background of the Earth’s surface, an adaptive algorithm
of polarization selection is proposed, analytically obtained under the assumption that the
polarization characteristics of power lines are different from the polarization properties of
the underlying surface.

Assessing the performance of the developed algorithm for processing signals received
by polarimetric radar using computer modeling methods showed its effectiveness on data
obtained by known methods.

For experimental studies, a prototype of a helicopter polarimetric radar capable
of emitting signals both under circular polarization conditions and with polarization
modulation was designed.
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The two-channel polarization reception of reflected signals allows for the reception
of their full power. The hardware algorithm for adaptive polarization selection was im-
plemented using the DSP-reconstructed eigenvalue signals. The radar primarily scans the
environment and obtains a radar color image that visualizes the helicopter’s position for
the pilot, as well as the location of objects on the terrain and their polarization properties.
The reconstruction of an image that represents the results of polarization selection in the
red channel of the RGB image allows focus on inconspicuous objects that differ in their
polarization properties from the surrounding terrain and, as a result, the detection of
obstacles that are dangerous for flight with a high probability.

Developing a dataset that can characterize such objects based on their electrophysical
properties would allow the problem of recognizing radar objects on polarimetric radar
images to be investigated in the future. The results obtained in this study show the
prospects of this area of research.

A limitation of the adaptive polarization selection method is the signal-to-noise ratio
(SNR), which must be SNR > 1. This condition limits the ability to detect thin wires whose
diameter is smaller than the radar wavelength, particularly 3 mm. A common problem for
W-band radars is the presence of intense precipitation on the signal propagation path, both
causing signal attenuation in water and creating powerful interference reflections.

5. Conclusions

Polarimetric radar system tests in actual environmental conditions have shown that the
radar operating mode with polarization-modulated signal emission followed by eigenvalue
signal processing provides higher-contrast and more informative radar images of the terrain
than when using only circular polarization in sensing. In addition, adaptive polarization
selection identifies low-visibility radar objects more effectively when using preliminary
eigenvalue signal processing against another variant that directly uses the radar receiver’s
output signals.

The results of the conducted experimental studies have shown that further efforts
should be directed at studying the polarization characteristics of real radar objects, such as
the Earth’s surface, vegetation of various types, buildings, structures and equipment.
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DspP Digital Signal Processor

EMW  Electromagnetic Waves

FPGA  Field-Programmable Gate Array
PSM Polarization Scattering Matrix
RCS Radar Cross-Section

SNR  Signal-to-Noise Ratio

Appendix A
Appendix A.1. Polarization Ellipse Parameters

To quantitatively describe the polarization of EMWs, the geometric parameters (ellip-
ticity angle ¢ and orientation angle ) of the polarization ellipse (Figure A1) are used [1],
with the value of the ellipticity angle being as follows:

b T T
9":”’Ctg<a>’<”€ il

where b and a are semi-major and semi-minor axes of an ellipse; and the orientation angle
6 is the angle between ort 7 x and the semi-major axis of the ellipse, limited by the range
6 € [0, mT].

Figure A1. Polarization ellipse.

Appendix A.2. Polarization Scattering Matrix

To describe the relationship between the scattered Eg and the incident Eg fields, the
use of four complex values is required:

ERX = SXX'ESX + syx'ESy/ERy = Sxy'Esx + Syy'Esy/

which form the so-called polarization scattering matrix (PSM) S of size 2 x 2 [27] as follows:

Br — $.Es, § = ls Sxy], (A1)
yx S]/y
which describes the reflective properties of an object for orthogonal polarizations x, y.
However, the values of the PSM elements depend on the choice of orthogonal polar-
izations x, y and the angles of object observation.
In radar, an orthogonal-linear polarization basis is usually used, which consists of
vertical (V) and horizontal (H) polarization. The polarization characteristics of a radar
object for a given polarization basis {H, V'} are described by the PSM of the type

: S S
S{Hvy = [ SHH SHV] , (A2)
VH vv

and, for the case of single-position radar, S HV = S VH-
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While the original linear polarization basis of the EMW is rotated by an angle 6, the
PSM in Equation (A2) is transformed as

. . . . T
Sty = Qo-Sin,v) Qo (A3)
where

- cos® sin®
Qo = [sine cos 6]'
If we change the ellipticity of the polarization basis to an angle ¢, the PSM of

Equation (A2) is transformed as

. . . . T
S{p} = Qo S{n,v} Qy, (A4)

where

: [ cos¢ j- sinq)l
Q,= | .
j-sing  cos ¢
In the general case of the transition from a polarization basis { H, V'} to the polarization
basis {0, ¢}, the PSM values in Equation (A2) are transformed as

. . . T\ . T
S{er(l)} = qu (QB.S{H,V}'Q0> 'Q([)/ (AS)

Expression (A5) demonstrates the main problem of describing the polarization prop-
erties of a radar object using the PSM in Equation (Al)—the elements of the matrix S
depend on the mutual orientation in the plane of the wavefront of the radar antenna and
the radar object.

Let us consider the simplest example that illustrates the problem of the radar mea-
surement of signals reflected by an object. Suppose the object of radar sounding on the
polarization basis { H, V'} is a linear wire oriented in the { H, V'} plane at an angle 0 relative
to the axis 71 H- The theoretical PSM of such an object is well known:

A6
sin 0- cosO sin? 0 (A6)

Sy (0) = L[

cos? 0 sin O0- COSG}

where L is the electrical wire length.
If 6 = 0°, with the wire oriented horizontally, then matrix (A6) takes the form

: o 10
S¢avy(0°) =L [O 0] ,
and according to (A2), the radar will receive the reflected signal only with the horizontal
polarization of sensing and reception.
For a vertically oriented object, such as a telecommunications tower, the angle 8 = 90°,
and the theoretical matrix (A6) will take the form

: 00
S 90°) = L .
(1,v1(90°) lo 1]
The radar will only receive the reflected signal when sensing and receiving are verti-
cally polarized.
When the radar operates in circular polarization, the angle ¢ in Equation (A4) will
have the value ¢ = 45°. When sensing a polarization-anisotropic object with the PSM in
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Equation (A6) according to Equation (A4), we will receive only half of the power of the
circularly polarized signal upon reflection.

Thus, the presence of polarization anisotropy in signals reflected from several objects,
which may pose a threat to flight safety, requires a change in the radiation’s polarization
for the stable detection of such objects, in particular the angle of signal orientation 6, by an
amount that is at least approximately equal to 90°.

Appendix B

—
Appendix B.1. Development of Output Effect Y (/\)

-
In Equation (9), P [;[ / K (t, )\)} is the likelihood function, which has the following

form:
: O/T[BT(IH) e (t,Xﬂw(tl,tz) PT(tz) e (t,Xﬂdtldb} -
_kexp{—ZZ/T/O {ul (h) —s; (f,x>]wij(t1/t2)[u]‘(t2)—s]«<t,X>:|dt1dt2}/

i=1j=1

(A7)

where W(ty, ty) = ||Wjj(t1, £2) || is the matrix of inverse correlation functions.
The inverse matrix of correlation functions W can be obtained from the integral-matrix
inversion equation:

T
/R tl,tz tz, tg)dtz =1x 5(1’1 — tg), (A8)
0
where R is a correlation matrix, I is an identity matrix and 6(#; — t3) denotes the Dirac delta

function.
Let us represent the function (A7) in the following form:

P {IZ/? (t,Xﬂ - kkwxp{Y(X) }exp{—y (X) } (A9)

T T
e =3 [ [ WG )i e}

() //HT ()W tlft2?<f )dtldtz, (A10)
() 2/ / ﬁT<t X) (flffZ)?(t A)dndtz

—
The function exp{ —U (A) }, which depends on the signal and noise energy ratio,
—

where

does not depend on the parameters A, since its main parameters are not energetic and can
be considered a constant. Therefore, to solve Equation (9), we should look for the maximum

— —
of the multiplier exp { Y (/\) } or a directly related output effect Y (A) .
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Appendix B.2. Development Matrix of Energy Spectra Gy (w)

The interference correlation matrix R can be written as the sum of the corresponding
matrices:

Rz(tl — tz) = Rn(tl — tz) + Rq(tl — tz) = H(Ti]'ri]'(tl — tz)” + Rﬂ(tl - tz), (A11)

and the correlation matrix of internal noises that are independent of each other is given in
the form

N N, O
R,(t, b)) = —L5(t; —tr) = || 1 5(t; —t
y(t, t2) > (th — t2) 0 Np (tq — t2)

Let us rewrite Equation (A8) considering the introduced simplifications:

/ W(t — )Ry (ts — t3)dty =1 5(t1 — t3) = / W(DRx(t—T)dt =18(t), (Al2)

where T = t] — tp.
Equation (A12) is a convolution equation that can be solved using the Fourier trans-
form:
Gw(w)Gry (w) = T= Gw(w) = Gl (w), (A13)

where Gg, (w) = F{Rx(7)} is an interference energy spectrum in matrix form.
Applying the Fourier transform to the matrix of correlation functions given in Equation
(A11), we obtain the matrix of interference energy spectra.

N, :
71Gy (w) + 5+ (712Gn12(w2\]

GRzu GR):lZ
: 021Gn1(w) G (w) + 2

Gr, (w) = = . (A14)

GR221 GRzzz

In Equation (A14), G, (w) and G:lz(w) are equal, and spectra G,11(w) and, accord-
ing to the Fourier transforms of the autocorrelation functions, G, (w) are considered real
numbers. Based on this, it can be concluded that o9, = 077.

The inverse matrix of energy spectra is found using Equation (A13) and has the
following form:

Ny

) - - 1 Ny2 i
G (w) = Gwy, (@) Gy (W)]| _ 2 72Gn(w) + 5 UlZGnlz(‘;\)Iqu . (A15)
Gwy, (W) Gy, (w) —1Gi(w)  01Gp(w) + —
where
Ny»2 N1 NyiNp L
A = 0102G;1Gpp + UlGanU + thanT’7 1 19091 Gr12G

is a determinant of the matrix of energy spectra.
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. —
Appendix B.3. Development of Output Effect Y (jcu, A)

The output effect of the polarization interference compensator in Equation (11) can be
rewritten in the following form:

*

N G N . ' o
i (ju. 1) - uZ(,-w){w?mvso (1) - 225t 1, 7) }+
: G No o 5 .* -
_f_ul(]'w){m”l(z)ﬂso <jw, /\) — %ﬂ(w)yso <jw, )\) } =

L * G
Uz (jw) {7 ((sznz 0) - Ulanu(w)} + 1S <]w, /\)
— 5

+U; (jw) |09 Gn (w) + % - 7U21Gn21(w):|

L —
SO (](,U, A>
G

= ——— Gl (jw) - @)l ()],

Appendix B.4. Development of Equation (16)

The correlation function of such processes can be written as

1 r12

[(vi(t1)vj(t2)) ]| = ro(t1 — 1) (A16)

1’211 !

where 7y (t; — t;) is determined by the observed surface profile.
Then, the output effect of the polarization interference compensator in Equation (13)
can be represented as

Yo (jw) = i{[glvl (jw) + 11 (jew)] [’)f (a%G(p(w) - 1\210) — 0102712G<p(w)} S:) <]YU, X) - )

+loaa(je) + ()] |76 @) + 5 = yorear Go(@) |5 (jur 1) .

Assuming that there is no receiver noise, which is acceptable with a high signal-to-
noise ratio, the output effect of the polarization interference compensator is as follows:

*

Y, (jw) = % {011'/1 (jw) (022 — 0102r21> + vy (jw) <012 — (71021’12)} Gq,(w)S (jw). (A18)

Considering that the Fourier transform is a linear operation, and the addition and
subtraction operations can be performed independently of the integration operation, the
residual non-compensated interference given in Equation (A18) can be defined as

(;r(t) =0 (0’22 — 0'10'21’12)1/1(t) + o0 (0’12 — 0'10'21’21)1/2(t) =

) ) (A19)
= (0’2 — 0'10'27’12)?11 (t) + (0’1 - 0'10'21’21)7’[2(f).
Expression (A19) can be represented in the following form:
AE(t) = [03nm(t) — oarana(t)] + [03na(t) — ovopripny (1)) =
= (710’22 [1/1(1’) — 1’211/2(i’)] + 0'2(712[1/2(t) - 7’121/1(1’)] = (A20)

= 0’10’22[1/1“) — 7‘211/2(t)] — 0'20'12[7'121/1(t) — Vg(t)],
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Let us find the minimum of the variance in Equation (A20):

OB = ([em (1) = ma(t)) = ([xornn (t) — oava(H)”) =

= (x2012v2 (1)) + (02?v3(t)) — 20109x (ny (t)na (1)) = (A21)

2

= X201 — 20109x11p + 02° = min.

The next step is to calculate the derivative of Equation (A21) and set it equal to zero:

do? 1
Z’;’” = 2xt712 2000112 =0 = x = (%7’12 = &7’12/ (A22)

and then,

Y02, = < [Zﬁznl(t) - nz(f)]2> = < {02011/1(1?) - (727121/2(1‘)]2> = 022<[V1(t) - Vlzvz(t)]2>,

%
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