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Abstract- This paper proposes a new algorithm for detecting radar targets on the background clutter using a non-energy
polarimetry parameter, the elliptic coefficient. The probability density function of the elliptic coefficient is calculated for
two cases: target in clutter and only clutter. The algorithm ultilises a detector with two-level threshold which is calculated
based on the Neyman-Pearson criteria. In this paper, the detection threshold and the probability of detection are calculated
based on a given probability of false alarm, different signal to background clutter ratios, and with different polarimetric
features of the background clutter. Simulation results of the proposed algorithm shows the potential application of using
polarimetric elliptic coefficient in detecting small radar targets on the background clutter.
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1 INTRODUCTION

The detection of the target based on threshold is com-
monly used in radar. In that, the detection charac-
teristics, the probability of false alarm (Pr) and the
probability of detection (Pp), are determined from the
signal to noise ratio (SNR) and the optimum threshold
selection criteria.

In polarimetric radars, the detection is more com-
plicated because there are 2 signals at the output of
the antenna system, both of them need to be examined
for an accurate detection. The utilization of parameters
extracted from the scattering matrix (SM) or invariant
parameters of the SM will increase Pp compared to
the case where parameters are only determined based
on echoes from the radar cross section of target using
a single channel. The polarimetric information can be
utilized in radar applications such as: detection, classi-
fication, identification, target selection, to name a few.

The detection of small scale targets in background
clutter (sea surface, ground, etc.) is often complicated,
especially when the echoes from the targets are weak
as compared to the background clutter. In such cases,
the utilization of non-energy polarimetric parameters
has shown promising results. In recent years, several
algorithms of detecting small targets on the background
clutter using polarimetric information have been pro-
posed. This brings a new prospect in using polari-
metric radars for detecting small targets. Vachula [1]
developed statistical models which calculate all changes
in the polarization of an incident radar signal upon
reflection. He used these models to analyze a detec-
tor in which thresholds are various functions of the
polarization-related parameters known as Stock para-
meters [2]. In [3] and [4], Gromov used the elliptic angle

coefficient for a non-energy detection and selection of
signals from ground-based radars by passive radars on
satellites. Those papers showed potential applications
of polarimetric parameters in the radar detection, and
especially, in the target selection. In [5], Karnjsev used
the complex degree of anisotropy for detection, and this
parameter is calculated based on the linear polarization
basic where the circular polarization basic is perhaps
the optimum solution and should be used [6, 7]. The
author of [5] proposed the use of polarimetric ratio
for the detection, in that the priori information of the
probability density function must be known. Papers [8]
and [9], from experiment results, proved that the “po-
larization trace” does exist. The 2 papers also proposed
the use of this parameter for the detection of small scale
targets in the background clutter, especially in the sea
clutter. In the newest research on detection of target
in the background clutter based on the polarimetric
parameter [7], this parameter had not been used for
a particular application, but only for representing the
sign of target on the radar image.

This paper proposes a novel algorithm in which the
elliptic coefficient is used for the detection based on the
Neyman-Pearson criteria. In this paper, the detection
threshold and Pp are calculated based on a given Pr. A
two-level threshold is applied for the detection of small
target in background clutter based on polarimetric pa-
rameters.

The remainder of this paper is organized as follows:
Section 2 discusses the elliptic coefficient, Section 3
presents the statistical characteristics of the elliptic coef-
ficient based on circular polarization basic. Section 4
investigates the use of the elliptic coefficient for the
target detection. The conclusion is given in Section 5.
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2 TaE Errirric COEFFICIENT

In polarimetric radars, the main idea of scattered sig-
nals polarization parameters utilization is the use of
the radar objects polarization scattering matrix (PSM)
invariants. These invariants are the combinations of
PSM eigenvalues, which can be measured directly by
the simple algorithm in [6]. Measurements of two inva-
riants are sufficient: a full power of scattered signal and
a module of complex degree polarization anisotropy
(CDPA) of a radar object. The last parameter is closely
connected to the elliptic polarization coefficient of the
scattered wave [6]. The measurements of the invariants
for every cell of the radar map can be implemented in
real time.

It was demonstrated in [6] that when a right-hand ci-
rcular polarization (RHCP) signal is radiated, a circular
polarization ratio of scattered left-hand circular polari-
zation (LHCP) and RHCP signals equals the CDPA of
radar object:

pie = cosu + s¥n¢x o« o—ix(26-%)
cosx — sinw

= tan(a+ %) x e X 2F3), D

where «, B are the elliptic angle and the orientation
angle of the polarization ellipse. A CDPA module is
closely connected to radar object polarization proper-
ties, as in [6]:
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where Aq, Ay are the eigenvalues of the radar object
PSM. However, the use of CDPA module is complica-
ted, because this value is determined on the interval
0 < |p| < co. We will carry out the linear-fractional
transformation of the CDPA module as follow:

piel 1 tan+§)—1
lpre|+1  tan(a+F) +1

=tana = K, (3)

where K, |prr| = ’E—;‘ are the elliptic coefficient and
the circular polarization ratio of the scattered wave
respectively. It can be seen that K is determined by
the eigenvalues of the radar object PSM. Therefore, the
radar object polarization properties are reflected in the
measured value directly. It is necessary to point out
that, at present, radar systems do not measure radar ob-
ject polarization properties directly. Instead, the elliptic
angle is determined on the interval —7/4 < a < 7v/4,
and then the elliptic coefficient is determined on the
interval —1 < K < 1 accordingly. In this case, K
receivers values —1, 0, and 1 when the radar object
are a trihedral corner reflector, a dipole, and a dihedral
corner reflector, respectively [6].

In the next section, we will present the statistical
characteristics of the elliptic coefficient based on cir-
cular polarization basic and the capability of using this
polarimetric parameter to detect small targets on the
background clutter.

3 STATISTICAL CHARACTERISTICS OF ELLIPTIC
COEFFICIENT BASED ON THE CIRCULAR
PoLARIZATION BAsic

For the target detection based on polarimetric parame-
ters, the statistical models of signals and background
clutter are necessary. Those models are well presented
in [10].

In the radar applications [8, 9, 11], the transmitted
signal is RHCP, the received signal is simultaneously
combined from RHCP and LHCP channels. The system
then determines the absolute value of the polarization
ratio as follow:

: L(t) ‘
Hl=|= 4)
|pRL(t)] ‘ER(t)
The elliptic coefficient is calculated as in [8]:
K(t)—M —1<K<1 (5)

Clpre(B)]+1

Simulation results with the target echoes from the
range gate 2 to 4 us are illustrated in Figures 1 and 2.
The results comes with assumptions that Eg(t) and
E;(t) components of the background clutter are sta-
tistical independence and they both have Gaussian
distribution with zero means. Figure 1 illustrates the
received signals from RHCP and LHCP channels. Fi-
gure 2 presents the evaluated values of K. Mean value
mg of K for the background clutter approximately 0,
and for the target in the background clutter nearly -0,4.

From [10], the general formula for the probability
density function (PDF) of the elliptic coefficient, W(K),
in the circular polarization basic with the RHCP trans-
mitted signal is complicated. In this paper, for sim-
plicity, the authors calculate for a special case, where
there is no correlation between orthogonal polarization
components, R = 0. The P]?F of W(K) in this case is

2 Eq;

given in (6), where a; = —3 - target to clutter power

ratio (TCR), in that i = 2 for the LHCP channel, and
i = 1 for the RHCP channel; b = % = E%% =
|P0RL|%- the parameter characterizes the total signal,
scattering both from target + background clutter, and

Pyr1 characterizes the polarimetric feature of the target;
W = %— characterizes the polarimetric feature of the

backgrgund clutter.

The PDF of the polarimetric parameter K on the
circular polarization basic, therefore, depends on the
following variables: a;, a; - characterizes signals on
the 2 orthogonal polarization channels; b - characterizes
the polarimetric feature of the total signal; and h, o7,
oR - characterizes the feature of the background clutter.
The dependence of the PDF of W(K) in Equation (6) on
variables a1, b, h are illustrated in Figures 3, 4, and 5.

As can be seen from Figure 3, with R =0, a; = 0.3,
b =5, different values of h represent different types of
background clutter. As h increases from 1 to co, mg ap-
proaches -1. As h decreases from 1 to 0, mg approaches
+1. When h = 1, the PDF W(K) is a symmetric function
in the domain K € [—1,1]. In the target detection, only
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Figure 2. Evaluated values of the elliptic coefficient K <
=
one value of / is needed, corresponding to one type of oo
background clutter.
Figure 4 shows that, with R =0, h =1, a4 = 1,
the PDF of K changes significantly as the polarimetric 0
characteristic of target, b varies. As b increases, mg -1 08
approaches 1. This happens when the radar object in
the form of dihedral corner reflector. In contrast, as b Figure 5. The dependence of the PDF W(K) on 4; with R=0, h =
decreases to zero, myg approaches -1, which happens Lb=5

when the radar object is a trihedral corner reflector.
With R =0, h =1, b = 5, Figure 5 demonstrates the
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Figure 6. The PDF of the elliptic coefficient K with different /> when
R = O, a =ay = 0

dependence of the PDF W(K) on a4y , which is the TCR
in the RHCP channel. As a; increases the PDF W(K)
becomes narrower, and my approaches the polarimetric
parameter of target. As a; decreases, the PDF W(K)
becomes wider, and my approaches the polarimetric
parameter of the background clutter.

If there is no target in the background clutter, a; =
a, = 0, the orthogonal polarization components of
the background clutter follow the Rayleigh distribution,
Equation (6) will becomes:

W(K,R,h)
4(1 - R>)H*(1 - K?)[(1-K)2+(1+K)?H?] (@)
{1(1 = K)2 4 (1 + K)2h2] — 4R2K2(1 — K2)2}%/2

From Equation (7), the dependence of the PDF of K
on variables R, h is illustrated in Figure 6.

Figure 6 shows that, when there is no target on the
background a; = a; = 0 and R = 0, as & increased, the
PDF W(K) moves to the left side, and vice versa. When
h =1, W(K) is a standard distribution.

For the sea clutter, paper [12] shows that 07 =~ 3.
This is also confirmed by the experiment results in [7,

2
9]. Therefore, h? = % ~ 1 and R = 0 in this case. As a
results, the PDF of I? of the sea clutter is a symmetric

function in the domain K € (—1,1) . The Equation (7)
now becomes:

1-K?
(14 K2)?
The PDF of K of the sea clutter is shown in Figure 7.

W(KR=0h=1)= 8)

4 THE TARGET DETECTION BASED ON ELLIPTIC
COEFFICIENT

From Equations (6) and (8), the PDF W(K) of K can be
built on both 2 cases: only sea clutter exists - W (K)
and there is a target in sea clutter - Wsc4¢(K). They are
shown in Figure 8.

The detection algorithm is as follow: within the dom-
ain of K from [—1,+1], an interval of K for the sea
clutter AKs. = [Kp, Kg] is set. Let we assume the value
of the measured K, which corresponds to one radar cell,

1r
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0.8

K

Figure 7. The PDF of K of the sea clutter with R =0, k> =1

25

W, (K)

-0.2 0 0.2
K| K Kr

Figure 8. The difference between PDFs of K in two cases: 1. target
in sea clutter, and 2. only sea clutter

|
Decision of detected target} Decision of absent target
|

LT

|
|
|
|
|
|
{ Kg +1
|
|
|
|

T
-1 Ky I
I
I
I
I

Figure 9. The decision of detection based on measured elliptic
coefficient, K

is Ko. If Ky is out of the interval [K;,Kg], or in other
words Ky € ((—1,Kr) U (Kg,1)), we then decide that
there is a target within that radar cell. Otherwise, the
decision is no target. The decision of detection based on
measured elliptic coefficient is illustrated in Figure 9.

If the Neyman-Pearson criteria is used for determi-
ning the detection interval (the two-level threshold), the
interval AK;. is chosen so that the probability of the
event K € ((—1,Ky) U (Kg,1)) is equal Pr. The area
within the detection interval and the function W (K)
corresponds to the given Pr and equals the marked area
in Figure 8.

KL 1
Pp = Ppy + Py = / Wae (K)dK + / Wee(K)AK  (9)
X1 Kr
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Figure 10. The dependence of the threshold K on a given proba-
bility of false alarm

Table 1
THE THRESHOLD Kg CORRESPONDING TO SEVERAL GIVEN Pr

Pr | Detection threshold range

0.1 [ [-06, 0.6]
02 | [-0.5,0.5]
03 | [-04, 0.4]

04 | [-0.34, 0.34]
05 | [-0.27, 0.27]

With an assumption that the PDF of the sea clutter is
as described in Figure 5, K| and K can be considered
additive inverses, or K| = —KR. Therefore, Equation (9)
can be rewritten as follow:

1
Pr = Pr1+ Pra =2 [ Wee(K)dK (10)
Kg
The probability of missed detection is
Kr
Py = / Wiest(K)dK. (11)
Ky

The probability of detection is

Kr
Pp=1-Py=1- /WSCH(K)dK, (12)

Ky
where Wi.4+(K) is calculated from the equation (6).
With the PDF of K of the sea clutter as described in

equation (8) and a given Pr, the detection threshold
can be determined by solving the following equation:

1 1
1-K?
P — 2/WSC(1<)d1< - 2/ TR 4K (13)

Pr =1 — |sin(2arctan KR)| (14)
From Equation (14), the threshold Ky is

in(1—P

arcsin( r) ] (15)
2

The dependence of the threshold Kg on Pr is illus-

trated in Figure 10 and Table L

Kg = tan [

Po(®.Pey)

Figure 11. The dependence of the probability of detection on the
polarization characteristic of the total signal b with a given Pr and
a; = 0.3

Pp0.Pey)
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Figure 12. Probability of detection corresponds to given probability
of false alarm with a; = 1 and different values of b

Figure 10 shows that if Pr increases, the detection
range is narrower, and vice versa. The optimum thres-
hold, therefore, depends on Pr. If Ws4+(K) has the
PDF as in Equation (6), Pp can be determined from
the detection threshold, as described in Equation (16).
This equation is received by substituting Equation (15)
into Equation (12).

From Equation (16), Pp depends on b as illustrated
in Figure 11, and on Pr as illustrated in Figure 12.

Figure 11 shows that Pp depends on the polarization
characteristic of the total signal b. With the same given
Pr, if b increases, Pp also increases. As can be seen in
Figure 8, when b increases, the PDF Ws.+(K) is shifted
toward -1. The PDF of K of target + clutter is shifted
further away from the PDF of K of the sea clutter. With
the same b, if Pr increase, Pp increase as well. This
relation is illustrated in Figure 12 and Figure 13.

Figure 13 shows the dependence of Pp on 4;. It can be
seen from the figure that Pp increases if a; increases.
With the same given Pr, for example Pr = 0.2, if b
increases, Pp increases. The implication is that the more
different the polarimetric parameters of targets to those
of the sea clutter, the higher the Pp is.

If the polarimetric parameter of target is similar to
those of sea clutter, the probability of detection even
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K)% + (1 + K)?h?|

atbh(1 — K)?

(1—K)Z+ (1+K)212

(16)

}dK

Figure 14 compares Pp of the Gromov method [3, 4]
to the proposed method with the given Pr = 0.1. The
total signal is TCR = a? + a3 = a3(1 + b?), in which a2
and a3 = a3b? are TCSs of the 2 orthogonal polarization
channels. Table II shows the differences of the proposed
method compared with the Gromov’ method [4, 13].

It can be seen from the Figure 14 that Pp of the
proposed method is higher than that of the Gromov
when the total signal from target and background
clutter is small (e.g. TCR < 11.5 dB). If TCR = 4
dB, the proposed method introduces Pp = 0.65 while
the Gromov method introduces Pp = 0.18. In contrast,
when TCR increases (e.g. TCR > 11.5 dB), the Gromov
method shows higher Pp. This is because the proposed
method relies on the polarization feature of the target,
which does not strongly depends on the strength of the
reflected signal but on the shape, size and the electric-

Kg
Ppb = 1-Py=1- / Wae s (K)dK
Ky
K
B /R RA-K? a1 K2 4 (1K)
~ 0K AP K Pl -
L
2 2 21,212
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Figure 13. The probability of detection based on a;
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Figure 14. Probability of detection of the Gromov method Vs the
proposed method

decreases when ajincreases. The reason for that is: if
a1 increases, the distribution W(K) is narrower, and
the distribution of K parameter of both sea clutter and
target is similar to that of sea clutter only. This, in
turn, results in the increase of miss detection and the
decrease of Pp.

Figure 13 also shows that Pp increases significantly
when a; < 1, but it increases negligibly when a; > 1.
This is different from the common methods of target de-
tection based on threshold, in which Pp first increases
gradually at small 2; and then increases significantly at
large a; later.

physical nature of the target. The Gromov’s method, on
the other hand, depends on the polarization and power
of the reflected signal. Pp of the proposed method
depends on a1, b, h, R and Pr while that of Gromov
method depends on TCR, the given gy and Pr.

5 CoNcLusiON

In this paper, the problem of detecting target in back-
ground clutter using the eliptic polarimetric parameter
is addressed. The PDFs of K parameter for two classes
of target: target in sea clutter and only sea clutter
have been investigated. Based on those models, a novel
method of detecting target in the sea clutter, using
interval threshold of polarimetric parameter based on
the Neyman-Pearson criteria, is proposed. Simulation
results show that Pp based on the polarization para-
meter K not only depends on the strength of returned
signal but also strongly depends on the polarization
parameters of the target, b, and the background clutter,
h. The comparison of the proposed method and the
Gromov method in [4] and [13] is also implemented.
The results shows that, at large TCR the Gromov’s met-
hod introduces higher probability of detection, while at
small TCR from 0 — 11.5dB, the proposed method intro-
duces stable Pp from 0.6 — 0.7, and is higher than that
of the Gromov. The proposed method, therefore, could
be preferable in situations where the TCR is small.
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Table II
COMPARISON OF THE PROPOSED METHOD WITH THE GROMOV METHOD

Gromov method [4]

Proposed approach

- Detect signal with the given elliptic angle of signal of interest
on the internal noise

- Detect target on the background clutter based on the polari-
metric parameters

- Polarimetric parameter used:
- 2.Ey.Ey.sin(9)
e=05 G

- Polarimetric parameter used:
_ PRIt
KO =

- The interval of detection increases when Pr increases

- The interval of detection decreases when Pr increases

- Detect target when measured polarimetric parameter is in
detection range

- Detect target when measured polarimetric parameter is out of
detection range

- Can be applied in passive radar systems

- Can be applied in active radar systems which transmit RHCP
signal and receive RHCP and LHCP orthogonal polarization

channels
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