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Abstract—Within the maximum likelihood method an optimal
algorithm for polarization target selection against the background
of interfering signal reflected from the earth’s surface is syn-
thesized. The algorithm contains joint operations of spectral
interference rejection and their polarization compensation by
means of certain combinations of interchannel subtraction of
signals of different polarizations. The physical features of the
elements of the polarization scattering matrix are investigated
for the technical implementation of the synthesized algorithm.
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I. INTRODUCTION

FOR many decades the problem of selection various,
especially small-sized, objects against the background

of the earth’s surface remains relevant in radar [1]–[5]. The
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existing means of Doppler selection of moving targets that
have a relatively high efficiency in detecting low-flying targets
in ground-based radars are not always applicable in airborne
radars due to the complex nature and relatively large width
of the Doppler frequency spectrum of interfering reflections
from the earth’s surface. Therefore it is of practical interest to
study the possibilities of using not only Doppler but also other
distinctive features of signals reflected from the earth’s surface
and selectable moving and stationary targets, in particular,
from power lines that pose a serious threat to helicopter flights
at low altitudes. These can be polarization distinctive features,
differences in the delay times of reflected useful signals and
interference, differences angular coordinates, intensity, texture
differences, etc [6]–[10].

In this paper, a case of the use of polarization distinctive
features is considered and the problem of developing new
optimal method for selection stationary targets against the
background of the earth’s surface is solved within the the
maximum likelihood method [11]–[14]. When selecting sta-
tionary targets, for example power lines, the use of Doppler
distinctive features is not possible because the spectra of
signals reflected from the earth’s surface and the spectrum of
the useful signal overlap significantly. In these cases additional
use of polarization differences is of interest. To perform the
selection of signals reflected from power lines it is advisable to
use the fact that the power lines will reflect polarized signals
[15]–[17] with directions of polarization coinciding mainly
with the directions of the wires.

II. PROBLEM STATEMENT, INITIAL DATA AND THEIR

STATISTICAL ANALYSIS

To solve the optimization problem the transmitted signal
will be represented in the following mathematical form

sµ (t) = ReṠ0µ (t) exp (j2πf0t) , (1)

where Ṡ0µ (t) is the complex envelope of the transmitted
signal, µ = (V,H) is the polarization index, f0 is the carrier
frequency. This form of signal presentation characterizes a
large class of narrowband and wideband signals. We will
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assume that the complex envelopes of the transmitted signals
are the same at both polarizations, i.e. Ṡ0µ (t) = Ṡ0 (t).

The received signal can be represented as the additive model
⇀
u(t) = ∥uk(t)∥ = s⃗(t, λ⃗) + n⃗(t) + η⃗(t), t ∈ (0, T ), (2)

where the useful signal s⃗(t, λ⃗) =
∥∥∥sk(t, λ⃗)∥∥∥ has a func-

tionally deterministic form [18]–[20] with respect to time
t and parameters λ⃗ = ∥λν∥, interference includes signals
n⃗(t) =

∥∥∥nk(t, λ⃗)∥∥∥ reflected from the earth’s surface and
internal white Gaussian noise η⃗(t) = ∥ηk(t)∥. The index
k = 1, 2 = (V V,HH), as well as the indices i and j below
correspond to the type of polarization of the received oscil-
lations (first letter) at a given polarization of the transmitted
ones (second letter).

The structure of the useful signal reflected from the se-
lectable object has the following form

sk(t, λ⃗) = Re Ṡ0k

[
t− tdel (t) , λ⃗

]
ejω0[t−tdel(t)]. (3)

In the simplest case, a set of parameters λ⃗ =
[tdel (Robj , ν, t) , ωobj(ν), ϕobj ] characterizes the position of
the target. These are the range Robj and speed ν associated
with delay time tdel and Doppler frequency shift ωobj , as
well as angular coordinates ϕobj . Obviously, for effective
polarization selection of useful signals against the background
of interference, they must have clearly pronounced correspond-
ing differences. Obviously pronounced polarization differences
have interference reflections from the earth’s surface and, for
example signals reflected from the wires of power lines, as
the polarization of these signals will match their direction.
High-speed targets will have pronounced Doppler differences.

The interference signal formed by the reflections of waves
from many elements of the earth’s surface can be written in
the following form [21], [22]

nk(t) = Re Ċ
∫
D

Ġ (r⃗, t) Ḟk(r⃗, t) Ṡ0 [t− tdel(t, r⃗)]×

×ejω0[t−tdel(t,r⃗)]dr⃗,
(4)

where Ċ is the proportionality coefficient, including attenua-
tion of signals along the path of their propagation, transmission
coefficients of antenna-feeder paths, etc.; Ġ (r⃗, t) is the direc-
tional diagram of the antenna, which illuminates the surface
with its beam; Ḟk(r⃗, t) is the complex coefficient (specific) of
reflection (scattering) of waves from elementary surface areas.

Within the correlation theory the statistical characteristics of
interfering reflections of various polarizations are represented
by the matrix

Rn(t1, t2) = ∥Rn ij(t1, t2)∥ =

=

∥∥∥∥ ⟨nV V (t1)nV V (t2)⟩ ⟨nV V (t1)nHH(t2)⟩
⟨nHH(t1)nV V (t2)⟩ ⟨nHH(t1)nHH(t2)⟩

∥∥∥∥ .
(5)

The elements of this matrix are correlation and cross-
correlation functions of the following form:

Rn ij(t1−t2) ≈ σo
ij rFij(t1−t2) rG(t1−t2)ψ0(t1−t2), (6)

where rFij(t1 − t2) is the normalized correlation function of
the signals reflected from chaotically moving surface elements;

rG(t1 − t2 is the normalized correlation function practically
independent on the type of polarization and caused by multiple
Doppler frequency shifts during signal reflections from surface
elements located at different angles with respect to the velocity
vector of the aircraft in the range of angles of the directional
diagram; σo

ij is the radar cross section [23],

ψ0(t1 − t2) = 0, 5Re
{
ejω0(t1−t2)Ψ̇0(t1 − t2)

}
, (7)

Ψ̇0 (t1 − t2) =

∞∫
−∞

Ṡ0 [t1 − tdel] Ṡ
∗
0 [t2 − tdel] dtdel. (8)

III. OPTIMAL METHOD SYNTHESIS

Within the statistical theory of processing Gaussian random
processes for a functionally deterministic model of the useful
received signal [24], the solution of the optimization problem
of polarization target selection is found by the maximum
likelihood method, differentiating and equating to zero the
likelihood functional

∂

∂λi
P
[
u⃗|s⃗(t, λ⃗)

]
= 0, (9)

where

P
[
u⃗|s⃗(t, λ⃗)

]
= κ exp{− 1

2

T∫
0

T∫
0

[u⃗T (t1)−

−s⃗T (t1, λ⃗)]W (t1, t2)[u⃗(t2)− s⃗(t2, λ⃗)]dt1dt2},
(10)

W (t1, t2) = ∥Wij(t1, t2)∥ is the inverse matrix of inverse
correlation functions that can be found from the integral and
matrix inversion equation

T∫
0

RΣ(t1, t2)W (t2, t3)dt2 =I δ(t1 − t2), (11)

δ(t1 − t3) is the delta function, I is the unit matrix,

RΣ(t1, t2) = Rn(t1 − t2) +Rη(t1 − t2) =
=

∥∥σo
ij rFij(t1 − t2) rG(t1 − t2)ψ0(t1 − t2)

∥∥+
+0, 5N0ηδ(t1 − t2)

(12)

is the total correlation function of the earth’s interference and
internal noise of receivers, , N0η 1 and N0η 2 are power spectral
densities of the internal noises in every receiver channels.

Likelihood functional (10) is transformed to the following
form

P
[
u⃗|s⃗(t, λ⃗)

]
= κ κ1e

Y (λ⃗)e−µ(λ⃗), (13)

κ1 = exp

−1

2

T∫
0

T∫
0

u⃗T (t1)W (t1, t2)u⃗(t2)dt1dt2

 , (14)

Y
(
λ⃗
)
=

T∫
0

T∫
0

u⃗T (t1)W (t1, t2)s⃗(t2, λ⃗)dt1dt2, (15)

µ[s⃗(t, λ⃗)] =
1

2

T∫
0

T∫
0

s⃗T (t2, λ⃗)W (t1, t2)s⃗(t2, λ⃗)dt1dt2. (16)
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The functional µ[s⃗(t, λ⃗)] , which depends on the ratio of the
signal and noise energies, does not depend on the parameters
λ⃗, since its main parameters are not energetic. Then the factor
e−µ(λ⃗) = k2 = const and instead of searching for the
maximum of functional (10) on a set of unknown parameters
λ⃗ it is necessary to find the maximum of the factor eY (λ⃗) or
the output effect Y (λ⃗) monotonically related to it.

In the coordinate form, the output effect (15) indicates
all the necessary algorithmic operations for received signals
processing

Y (tdel, λ⃗) =
2∑

i=1

2∑
j=1

T∫
0

T∫
0

ui(t1)Wij(t1, t2)×

×sj(t2 − tdel, λ⃗)dt1dt2.

(17)

With a specific physical content of (17) the circuit-technical
and software-algorithmic implementation of this expression
and the determination of its maximum on a set of parameters λ⃗
is sufficient to solve the posed problem of polarization objects
selection. Expression (17) presented in general form as an
algorithm contains the actions of both polarization and spectral
selection of moving objects in the presence of corresponding
polarization differences and differences in the Doppler shifts
of the frequencies of useful signals and interference.

For further research, it is advisable to represent this expres-
sion in the spectral form

Ẏ (jω, λ⃗) =
2∑

i=1

2∑
j=1

U̇i(jω)Ġ
∗
Wij(ω)Ṡ

∗
j (jω) =

= U̇V V (jω)ĠW11
(ω)Ṡ∗

V V (jω)+

+U̇V V (jω)Ġ
∗
W12

(ω)Ṡ∗
HH(jω)+

+U̇HH(jω)Ġ∗
W21

(ω)Ṡ∗
V V (jω)+

+U̇HH(jω)ĠW22
(ω)Ṡ∗

HH(jω),

(18)

where Ġ∗
Wij(ω) is the elment of inverse matrix of inter-

ference energy spectrum ĠW (ω) = Ġ
−1

RΣ
(ω), ĠRΣ

(ω) =
F{RΣ(t1 − t2)}, F{·} is the Fourier operator,

ĠW (ω) = ∆−1×

×
∥∥∥∥ σo

22Gn22(ω) +
1
2N0η 2 −σo

12Ġn12(ω)

−σo
21Ġn21(ω) σo

11Gn11(ω) +
1
2N0η 1

∥∥∥∥ ,
(19)

∆ = σo
11σ

o
22Gn11Gn22 + σo

11Gn11
N0η2

2 +

+σo
22Gn22

N0η1

2 +
N0η1N0η2

4 − σo
12σ

o
21Ġn12Ġn21

(20)

is the determinant of the matrix ĠRΣ
(ω), U̇i(jω) is the

spectrum of ui(t), Ṡ∗
j (jω) is the spectrum of sj(t2 − tdel, λ⃗).

In a concretized form equation (18) takes the following form

Ẏ (jω, λ⃗) = {U̇V V (jω)(σ
o
22Gn2(ω) + 0, 5N0η 2)∆

−1−
−U̇HH(jω) σo

21Ġ
∗
n21(ω)∆

−1} Ṡ∗
V V (jω)+

+{U̇HH(jω)(σo
11Gn1(ω) + 0, 5N0η 1)∆

−1−
−U̇V V (jω)σo

12Ġ
∗
n12(ω)∆

−1}Ṡ∗
HH(jω).

(21)
In the Fig. 1 it is shown a scheme that implements the

optimal output effect of polarization-Doppler target selection
represented by expression (21). This block diagram should

include a measuring unit for the elements of the scattering
covariance matrix∥∥σ̇o

ij

∥∥ =

∥∥∥∥ σ̇o
11 σ̇o

12

σ̇o
21 σ̇o

22

∥∥∥∥ . (22)

Fig. 1. Block diagram of the polarization-Doppler target selection system

Matched filtering of signals reflected from selectable targets
occurs in blocks Ṡ∗

V V (jω) and Ṡ∗
HH(jω), Doppler spectral

rejection of interference in blocks Ġ∗
Wij

(ω) and polarization
compensation in adders, which take signals of different polar-
izations of opposite signs with appropriate weight coefficients
equalizing their root-mean square values. Thus, the obtained
algorithm and the corresponding scheme contain operations
and devices for mixed polarization and spectral Doppler in-
terference compensation and the extraction of useful signals
from the background radiation.

IV. ANALYSIS OF THE DEVELOPED METHOD

To clarify physical essence of the method (21) and operation
principles of polarization selection it is advisable to addition-
ally introduce some simplifications and assumptions that do
not significantly affect the efficiency of the problem solution
and its physical and algorithmic essence, but significantly
simplify the mathematical calculations.

From the analysis of the obtained method (21) it follows
that the main operations of the received signals processing
depend on the form of the correlation function (6) and its
spectral representation. It is nessesary to analyze the physical
features of the correlation of interference signals at different
polarizations.

It can be assumed that if the reflected oscillations of
different polarizations are weakly correlated then in this case
the normalized correlation functions with different indices
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may also differ significantly. Such a case can occur when
the reflected signals are formed by various surface elements,
for example, thin stems of vegetation with a predominantly
vertical or horizontal position and reacting differently to
random gusts of wind. If fluctuations in vertical and horizontal
polarizations are created by the same surface elements, (for
example, leaves with comparable dimensions in length and
width, or the same thin stems of vegetation, but with certain
slopes not with strict horizontal or vertical orientations), then
a high correlation of reflected signals of different polarizations
and real practically identical (independent of index numbers)
functions should be expected. Note that it is the case of high
correlation of oscillations of different polarizations that is of
practical interest, since only when they are highly correlated
there is effective compensation for interference reflections
from the earth’s surface. With zero correlation there is no
interference compensation.

Note also that in (6) the autocorrelation functions rFii(t1−
t2) and rFjj(t1 − t2) are even with maxima at the values
of the arguments (t1 − t2). In the general case, the form
of mutual correlation functions rFij(t1 − t2) can differ sig-
nificantly from the form of autocorrelation functions. They
can be asymmetric and their maxima can be at the values
of the variables t1 ̸= t2. However, from simple physical
considerations, it can be assumed that since the reflected
oscillations of different polarizations are formed to a large
extent by practically the same surface elements, the maxima
of the mutual correlation functions are at the same points as the
maxima of the autocorrelation functions. In addition, it can be
assumed that with a high degree of correlation of oscillations
of different polarizations, the forms of the mutual correlation
functions are close to the forms of autocorrelation and are
even. In this case, the effective mutual scattering cross sections
σ̇o
ij can be considered real, and the function

rFij(t1 − t2) ≈ rF (t1 − t2) (23)

is real and independent on the type of polarization of the
received signals.

The total correlation function can be represented as follows

RΣij
(t1 − t2) =

= σo
ijφ(t1 − t2) + 0, 5N0ηiδ(t1 − t2) =

=
√
σo
i σ

o
j rij φ(t1 − t2) + 0, 5N0ηiδ(t1 − t2),

(24)

where φ(t1 − t2) = rF (t1 − t2) rG(t1 − t2)ψ0(t1 − t2), σo
ij =√

σo
i σ

o
j rij , rij is normalized correlation coefficient of received

signals of different polarizations.

To clarify the physical essence of the obtained algorithm
(21) we will assume that the channels for receiving the
vertical and horizontal polarizations are identical with the
same internal noise N0η1 = N0η2 = N0. We also consider
the structures of useful selectable signals to be the same
ṠV V (jω) = ṠHH(jω) = Ṡ0(jω). In this case, the output

effect of the optimal processing system is as follows

Ẏ
(
jω, λ⃗

)
= UV V (jω) Ṡ∗

0 (jω)∆
−1×

×
{
σo
2Gφ(ω)−

√
σo
1σ

o
2r12Gφ(ω) + 0, 5N0η

}
−

−U̇HH(jω)Ṡ∗
0 (jω)∆

−1×
×
{√

σo
2σ

o
1r21Gφ(ω)− σo

1Gφ(ω) + 0, 5N0η

}
.

(25)

It is necessary to analyze the synthesized algorithm in two
limiting cases. In the first case it is assumed that the internal
noise ηi(t) = 0 and correlation coefficients r12 = r21 = 1.
The equality r12 = r21 = 1 is valid, for example, for the
models of small-scale and large-scale surfaces and indicates
the synchronism in time of fluctuations of signals of different
polarizations reflected from the same chaotically moving el-
ements of a randomly inhomogeneous surface. Then there is
a complete compensation of the interference, which indicates
the operability of the algorithm, in which the main operation
is the weight subtraction of signals of different polarizations

Ẏ1

(
jω, λ⃗

)
=

= UV V (jω) Ṡ∗
0 (jω)Gφ(ω)∆

−1
{
σo
2 −

√
σo
1σ

o
2

}
+

+U̇HH(jω)Ṡ∗
0 (jω)Gφ(ω)∆

−1
{
σo
1 −

√
σo
1σ

o
2

}
.

(26)

In the second limiting case, we assume that only the first
condition is satisfied, ηi(t) = 0. Then

Ẏ1

(
jω, λ⃗

)
= UV V (jω) Ṡ∗

0 (jω)Gφ(ω)∆
−1×

×
{
σo
2 −

√
σo
1σ

o
2r12

}
+

+U̇HH(jω)Ṡ∗
0 (jω)Gφ(ω)∆

−1
{
σo
1 −

√
σo
1σ

o
2r21

}
.

(27)

The factor Ṡ∗
0 (jω)Gφ(ω)∆

−1 in (25) and (26) corresponds
to Doppler selection that contains operations of matched
filtering (multiplication by Ṡ∗

0 (jω)) and operations of spectral
rejection of interference by decorrelation Gφ(ω)∆

−1 or, which
is the same, by creating a dip in the amplitude-frequency char-
acteristic of the receiver in the frequency range occupied by the
interference Gφ. The expression in curly braces and partially
the structure of the determinant ∆ is mainly responsible for
polarization selection.

V. ANALYSIS OF THE ACCURACY OF POLARIZATION

SELECTION

To analyze the degree of polarization compensation of the
background radiation of the earth the equation (27) is written
in the form of residual interference from the earth

∆nresid(t) =
(
σo
2 −

√
σo
1σ

o
2 r12

)
nV V (t)+

+
(
σo
1 −

√
σo
1σ

o
2 r21

)
nHH(t),

(28)

where ni(t) = σo
i νi(t), νi(t) are mutually uncorrelated ran-

dom processes with unit variance.
The dispersion of the residual noise after compensation has

the following form

σ2
resid = σo

1

{(
1− r2

) [
1 + α2 − 2αr

]}
, (29)

where α =
√

σo
1

σo
2

is the ratio of the effective scattering
cross-sections of reflected signals from the surface at different
polarizations, r12 = r21 = r.
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As a compensation coefficient for interference caused by
reflections from the earth’s surface, we take the function
inverse to expression (29) and normalized to σo

1

γ(r, α) =
1

(1− r2)[1− 2αr + α2]
. (30)

The graphs of this function depending on the correlation
coefficient r for various ratios α of the effective scattering
cross-sections of the interference of various polarizations are
shown in Fig. 2.

0.7 0.75 0.8 0.85 0.9 0.95 1

0

10

20

30

40

50

Fig. 2. Graphs of the compensation coefficient of interference reflections
from the earth’s surface γ(r, α)

From the Fig. 2 it follows that the degree of interference
compensation increases with an increase in the correlation
coefficient r and it is maximum at α = 1, i.e. with the same
dispersion of interference reflections of different polarizations.

VI. SIMULATION MODELING OF THE POLARIZATION

SELECTION ALGORITHM

Modeling of the operation of a radar with polarimetric
selection of power lines was carried out in the Matlab software
package. The model assumes that an antenna is located on
board the aircraft, which is oriented in the direction of flight
and performs an azimuth scan. Due to the small size of the
onboard antenna and the wide beam of the directional pattern,
not only power lines, but also the surface in the form of urban
buildings, roads and steppe, fall into the observation area. The
following flight parameters were chosen for the simulation:
flight altitude h = 500 m, range of elevation angles of the
antenna directional pattern θ = 50◦ ÷ 80◦, pulse duration
τ = 5 ns, resonant frequency of radiation f0 = 37 GHz,
size of the onboard antenna L = 20 cm. For the selected
parameters, the calculation of the observation area, range
resolution and elevation resolution were performed.

The model of the true radar image of the surface, which
is usually adapted for the user by equalizing the contrasts,
is shown in Fig. 3. Power lines are specially highlighted in
yellow in the image.

Fig. 3. Model of a true radar image with power lines (highlighted in yellow)

The model of the spatial distribution of radar cross section
(RCS) over the surface at horizontal polarization for its various
parts is shown in Fig. 4. Four types of surfaces were proposed
and described on the Table I.

TABLE I
SURFACES PARAMETERS.

surface type RCS model

steppe σo
1 = σo

2 = −θ − 15 dB

concrete road σo
1 = σo

2 = −0.08 · θ − 29 dB

urban buildings σo
1 = σo

2 = −0.12 · θ − 14 dB

power lines σo
1 = −0, 3 · θ − 15 dB

σo
2 = −0.3 · θ − 10 dB

q

RCS

i

Fig. 4. Model of spatial distribution of RCS over the surface

In the Fig. 5 it is shown the residual noise on vertical
polarization as a result of the primary processing of the
received signals.

The result of applying the algorithm (27) with the correla-
tion coefficient r = 1 is shown in Fig. 6. The obtained result
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VVn

q

i

Fig. 5. Residual noise on vertical polarization as a result of primary processing

confirms the high degree of compensation, as shown in Fig.
2. If the correlation coefficient r = 0, 9 then you can see in
Fig. 7 uncompensated noise that will increase with decreasing
r. Thus, the obtained theoretical results in Fig. 2 are fully
confirmed by simulation modeling.

Fig. 6. Radar image of power lines for r = 1

VII. CONCLUSION

The algorithm of polarization target selection, synthesized
within the maximum likelihood method, against the back-
ground of interfering reflections from the earth’s surface,
makes it possible to select targets based on the use of po-
larization distinctive features of reflected signals and sources
of interference. The polarization selection algorithm, which
contains certain combinations of interchannel signal subtrac-
tion, is distinguished by a significant novelty. A feature of the
obtained algorithm is also the need to know the preliminary
estimates of the elements of the polarization covariance matrix

Fig. 7. Radar image of power lines for r = 0, 9

of interference. In this regard, their physical characteristics
were investigated with a high degree of correlation between
interfering reflections of various polarizations. All the obtained
results are confirmed by simulation modeling.
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