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ABSTRACT

In high frequency surface wave radars, the detection capability is limited by the first-order
sea clutter spikes. The energy, location, and Doppler frequency of first-order sea clutter depend
on the sea states, which is difficult to model using a fixed expression to eliminate sea clutter.
Based on the characteristics of first-order sea clutter, the paper proposed a two-stage detector to
eliminate sea clutter. The approach shows the capability to eliminate uncertain first-order sea
clutter and detect targets in the vicinities of sea clutter in the Range — Doppler map.
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1. INTRODUCTION

First-order sea clutter, which has high energy spikes [1, 2] often masks other targets in the
close vicinities. As such the detection techniques based on the traditional Constant False Alarm
Rate (CFAR) principle [3] has low detection performance in Hight Frequency Surface Wave
Radar (HFSWR). As such, recently studies on HFSWR tend to focus on adaptive CFAR. The
main research directions and their limits include:

+ Presegmentation-based adaptive CFAR [4]: This method changes the reference window’s
size to suppress clutter. This solution is limited by the inability to determine the clutter regions to
perform an adaptive reference window. Also, the window size values do not guarantee the
optimality when the clutter characteristics cannot be described mathematically;

+ Adaptive CFAR method according to environmental aspects [5, 6]: Each CFAR technique
has certain advantages for different operating environment properties. Therefore, applying a
specific CFAR technique to one particular environment will improve the quality of the detector.
However, it’s difficult to determine the environment properties to use the correct CFAR method
for the sensor in practice.

+ Adaptive power regression thresholding [7]: This method reduces the energy fluctuations of
clutter spikes relative to targets nearby, thus reducing the impact of the high-energy clutter
domain on the average noise level. This is a support solution for CFAR techniques, but it is not
an adaptive CFAR.

+ Adaptative solution using prior knowledge of sea clutter-dominated regions [4, 8]: Studies
using available features of clutter spikes are two-stage detectors. These solutions focus on the
elimination of heterogeneousity caused by sea clutter in HFSWR. The energy equivalent method
[8] did not use the characteristics of first-order sea clutter. In [4], the sea clutter is fixed, given by
(1), and did not account for the sea current.

Therefore, the optimization and suitability of CFAR solutions applied to HFSWR s still an
open problem. According to [9, 10], first-order sea clutter in HF band is caused by the interaction
between radio waves emitted and sea waves, which is half the operating wavelength of the
radars, Ao. It consists of two peaks with high energy corresponding to the direction of movement
towards or away from the radar. The frequency of first-order sea clutter is expressed in (1) [11],
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however, outside of these frequencies, sea clutter has some uncertainties caused by the sea
current and is calculated by (2) [2, 12].

The paper proposed a two-stage adaptive CFAR (TSA-CFAR). The difference between the
proposed methods is that the detection and elimination of first-order sea clutter are done in the
presence of sea current. As such, the Doppler frequencies of first-order sea clutter will be
calculated using (2) which is not fixed. In Section 2, we will present the principle of the detector
in the first stage using the 3 detectors in parallel to detect all targets and first-order sea clutter. In
the second stage we will use first-order sea clutter’s characteristics to detect and eliminate it.
Section 3 is the implementation results based on simulations. The remarks and future research
will be presented in Section 4.

2. ATWO STAGE DETECTOR
The Doppler frequency, fBrl, of first-order sea clutter is calculated as [11]:

_+ |9
fBrl - i\/; (1)

In the presence of sea current, the Doppler frequency is expressed as follows [2, 12]:

fo = i\/i— 2, cosa (2)
L2

where: g = 9.81 m/s? is the gravitational acceleration, V, is the current speed, and o is the
angle between the current direction and the grazing angle of the radar.

We will detect and eliminate the sea clutter, which has the frequencies described in (2). The

detection process will be done will Range-Doppler data (RD map) [13]. The proposed TSA-
CFAR detector consists of 2 stages, and its general structure is illustrated in figure 1:
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Figure 1. TSA-CFAR detector’s general structure.

+ Stage 1: We use three sets of OS-CFAR in parallel, including one original OS-CFAR with
Cell Under Test (CUT) in the middle of the reference window [14], two OS-CFARs with CUT
located at the left and right borders of the reference window, respectively. Target detection
results are determined when any of the three OS-CFARs confirms the target’s existence in CUT.
The OS-CFAR technique was chosen because of its good performance in the case of many
closely positioned targets, and its parameter set is highly customizable during operation.
According to [14], the calculation for Ps, as a function of detector parameters is described as:

P :k(N](k—l)!(l'os +N —k)!
k (Tos +N)!

where: T, is the fixed detection threshold; N is the reference window size; k is the noise
assessment position after the reference cells have been ranked based on their energy level. It can
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be seen that with a selected P, there will be many usable sets of N, k, T, values as illustrated
in figure 2. This approach uses three sets of OS-CFAR simultaneously to detect all targets,
especially those located in the energy spike areas or two targets located too close to each other.
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Figure 2. The relations between the parameters in OS-CFAR.

In a homogenous environment, it’s easy to detect a target using the set of 3 OS-CFARS. When
a target is masked because its energy is below the detection threshold in one OS-CFAR detector,
it will be detected in the other CFAR, which ranks the cells in the opposite direction. The
combination of detection results also ensures the detection of clutter formation in the range
profile. A sensor using a combination of 3 OS-CFARs, as illustrated in figure 3, will not miss
any targets, and we only use one type of CFAR detector. Also, all sea clutter information will be
detected as well after the first stage of the TSA-CFAR.

The second stage of TSA-CFAR uses the following criteria to detect first-order sea clutter [10]:

+ First criterion: The first-order sea clutter that appears will spread in a large range area;

+ Second criterion: The first-order sea clutter has a two-line spectral form:

- The negative Doppler frequency domains with its spectrum (Dx) and its spectrum
spreading (4x): D,, + Ax;
- The positive Doppler frequency domains with its spectrum (Dy) and its spectrum
spreading (4y): Dy + Ay;
The first-order clutter filtering steps are performed as follows:

+ Step 1: Determine the Doppler frequency, which can possibly be first-order sea clutter:
From the range-doppler map data in the matrix form of Ny X Ny with Ng, Nj is the number of
range cells and Doppler cells, respectively. Each Doppler frequency in the RD map is a vector
with Ng range cells. The vectors corresponding to D, + Ax and D,, + Ay will be checked in the
range dimension for the presence of possible clutter. Dx is the negative Dopplers. The central
frequencies D,, D,are calculated using (1), (2) and rewritten as (4):

D, =- i—A2V°cow
\/ﬂ% Ao
Dy= i—A%com
\/ﬂ% Ao
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Figure 3. The first stage of a TSA-CFAR detector.
A will be zero when there is no sea current, and it will be 1 when sea current presents.

Subtract two equations to eliminate the uncertainty of the sea current, obtained Dy as in (5)
corresponds to each value D, is checked.

D, =2 |2 +D, )
4z
The criteria for determining the frequency pair as the spectrum of first-order sea clutter is the
number of range cells that exist in target detection at D, + Ax and D,, + Ay must both exceed a
pre-selected threshold.

+ Step 2: The frequencies in the RD map are likely to be the spectrum of first-order sea clutter
will be further evaluated using the following condition: the number of consecutive detected range
cells in the suspected frequency exceeds a pre-selected threshold. Any detections that meet this
condition will be eliminated.

The final result left only the target markers, and all first-order sea clutter regions are
eliminated. The implementation of the TSA-CFAR using Matlab simulated data is presented and
evaluated in the next section.

3. PERFORMANCE ASSESSMENT OF TSA-CFAR IN HFSWR

To evaluate the detector’s performance, we generate a simulation database for an HFSWR
system consisting of 32 uniform linear array antenna elements with a carrier frequency of 3.5
MHz. We generated ten targets in the presence of first-order sea clutter. The targets are
positioned close to each other and close the clutter regions. The first-order sea clutter is
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generated with the following parameters: In the range between 0+50 km, there is no sea current.
The wind direction is 60° relative to the beam direction. In the range between 50+80 km, there is
no sea current. The wind direction is 0° relative to the beam direction. In the range between
80+250 km, the sea current presents with a wind velocity of 2 m/s. The wind direction is of 60°
relatives to the beam direction.
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Figure 4. Simulated RD Map in HFSWR.

After filtering and FFT processing, the received signals are presented in the form of a Range-
Doppler Map [1], illustrated in figure 4. As we can see, the sea clutter can appear randomly, not
just in the symmetrical form.

In HFSWR, sea clutter energy typically amounts to 33% of the energy values sorted by OS-
CFAR [15], along with the spreading spectrum characteristic of information processing through
Fast Fourier Transform (FFT), the N, k, and T, set will differ from the relationship in equation
(2). We investigated the [N, k, T,s] and selected the sets that meet the detection requirements,
which are:

[12;6;4], [12;8;3], [12;8;4], [12;9;3], [16;8;4], [16;8;5], [16:8;6], [16;10;3], [16;10;4],
[16;10;5], [16;12;3], [16;12;4], [16;12;5], [24:8;7], [24;8:;8], [24;8;9], [24;8;10], [24;12;4],
[24;12;5], [24;12;6], [24;12;7], [24;16;5], [24;16;6], [24;18;3], [24;18;4], [24;18;5], [24,18;6],
[32;16;3], [32;16;4], [32; 16;5], [32;16;6], [32;16;7], [32;16;8], [32;16;9], [32;21,;3], [32;21;4],
[32;21;5], [32;21;6], [32;24;3], [32;24;4], [32;24;5], [32;24,6], [32;24;7].

From the results, we can see that:

+ First, all N that is smaller or equal to 8 are not suitable to use in HFSWR because of the
spectrum spreading phenomenon that happens in FFT for target and clutter signals;

+ Second, the (N, k, T) relation closely follows formula (3), as expected with an OS-CFAR.
However, the k, T relation is somewhat different because the CUT’s position can sometimes be
in the spectrum spreading of the target. If we chose T according to (3), the threshold would be
higher than the target’s energy level, thus detecting it.

+ Third, k < 3N /4. This is consistent with the statistical estimates of the clutter energy in
HFSWR systems.

+ Fourth, the TSA-CFAR offers flexibility when choosing the parameter sets. This ensures
the practical application of the proposed solution.

Next, we will present the results of the detecting process in TSA-CFAR with the parameter
set: N=32,k=16;T =7.
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Figure 5. Detection results in TSA-CFAR for the first stage and second stage.
After the first stage of the TSA-CFAR, all targets are present in the detection map. And the
first-order sea clutter region also presents showing its symmetric two-line spectral form, as

illustrated in figure 5(a). Using these criteria, in the second stage, the TSA-CFAR implements the
algorithm described in Section 2 to eliminate all unwanted clutter. The filter criteria as follows:
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+ Spectrum spreading factor Ax = Ay = 8 [1];
+ Detection factor for possible first-order sea clutter TC1 = 20;
+ Threshold to eliminate clutter TC2 = §;

The final results are presented in figure 5(b). We can see that the clutter is eliminated, leaving
the real targets without missing any information. There are still some detection marks on the
map. They are random noise that can be further eliminated using correlation processing.

To further demonstrate the advantage of this approach, figure 6 presents the detection results
of the traditional OS-CFAR and Variability Index CFAR (VI-CFAR) [6] as a comparison. Figure
6(a) presents the detection results of a single OS-CFAR. As we can see, the traditional OS-
CFAR can not detect the targets in the vicinity of the clutter edge (target No2). It also presents
the clutter edges as false targets. Detections like that can be challenging to differentiate from real
targets. In figure 6(b), the VI-CFAR can not eliminate all the sea clutter, and the detection of
targets adjacent to the clutter region is unstable.
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Figure 6. Detection results using traditional CFAR and VI-CFAR methods.
4. CONCLUSION

HFSWR’s heterogeneous operating environment has set the requirement for the use of highly
adaptive CFAR detectors. Based on the CFAR technique and the shortcomings of the previous
studies, the paper proposed a solution to construct a two-stage TSA-CFAR detector. In the first
stage, using the detection results of 3 OS-CFAR, all targets, including the ones close to the first-
order sea clutter’s edge, are detected. Also, in this stage, the proposed method can fully detect all
first-order sea clutter. The information of this stage is the basis to evaluate, detect first-order sea
clutter, and elimimate it in the second stage. The authors presented the structure of the detector
and evaluated its performance using simulation data by comparing it with other approaches. The
simulations showed that the TSA-CFAR solution could detect the targets in the clutter vicinity
and eliminate all false detections caused by first-order sea clutter.

The future work includes surveying and evaluating the detection ability and studying the
method of parameter correction for a two-stage detector to have a small effective reflectance
area, and research on the construction of a full model of the HFSWR signal types based on actual
data usage.
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TOM TAT
Phwong phip loai bé nhiéu bién bac nhit trong b phat hién
cia ra da song bé mat tan so cao

Trong ra da séng bé mdt tan sé cao, kha ning phat hién muc tiéu bi giéi han béi nang

luong vueot troi cua nhiéu bién bdc nhdt. Do nhiéu bién bdc nhat ¢é nang luong, vi tri va
do dich tan phu thuoc vao trang thai bién, viéc su dung cong thirc c6 dinh tinh toan aé loai
b6 nhiéu nay sé khong dat dwoc hiéu qud. Dua vao cac dac trung riéng biét cua nhiéu
bién bdc nhat, bai bdo dé xudt mét bo phat hién hai giai dogn dé logi b6 nhiéu. Gidi phap
dwoc nghién ciru cho thay, khad nang loai bo nhiéu bién bdc nhdt bat dinh va phdt hién day
i degre nhitng muc tiéu nam lan cdn vi tri nhiéu trong ban do Cy Iy-Doppler.

Tir khéa: Tén sb cao; Ra da song bé mit; Nhidu bién; CFAR thich nghi.

Tap chi Nghién ciru KH&CN qudén sw, Sé 77,02 - 2022 29



