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Abstract: The Doppler spectra of sea echoes, which contain abundant information on floating
scatterers, are important for exploring the characteristics of sea clutter. Using sea clutter data at
low grazing angles observed by a coherent ultra-high frequency (UHF) radar located on Lingshan
Island in the Yellow Sea, China, this study conducted detailed research on the characteristics of
Doppler spectra with multiple ocean parameters, including grazing angle, significant wave height
(SWH), and wave directions. The effect of sea echoes with different local normalized intensities on
short-time Doppler spectra was further studied. The results indicate that with increasing sea states,
the bimodal behavior of Doppler spectra, an evident phenomenon of Bragg scattering, gradually
weakens. The frequency shifts of the mean spectra increased linearly with increasing SWH and wind
speed, decreased linearly with increasing grazing angle, and decreased with the cosine value of the
relative wave direction angles. In comparison, frequency shifts of the short-time spectra increased
with increasing sea states and local echo intensities but fluctuated around a fixed value after reaching
a certain extent. For spectral widths, the grazing angle is a significant influencing factor, with its
broadening trend evident with a decrease in the grazing angle, whereas other ocean parameters,
such as wave direction and wind direction, have no apparent influence. Considering the major
contributions of the parameters, semi-empirical models for the mean spectral frequency shifts, mean
spectral widths and short-time spectral frequency shifts were proposed. By verifying the measured
data and predicted results, the models exhibited good prediction accuracy and applicability. The
proposed inferences and models are helpful for understanding low grazing angle UHF-band sea
clutter characteristics and improving target detection algorithms in offshore areas. These findings
supplement previous studies on sea clutter Doppler spectra.

Keywords: Doppler spectra; UHF; sea clutter; ocean parameters; spectral width; frequency shift;
semi-empirical models

1. Introduction

Sea clutter is a major source of interference in the radar detection of targets on the
ocean surface [1]. Employing Doppler processing of coherent radar sea returns is an
effective method for distinguishing targets from clutter [2]. However, some targets with
radial velocity and low radar cross section will have Doppler shifts that are not significantly
different from the Doppler spectra of the clutter. Thus, radar designers must have a detailed
understanding of the characteristics of Doppler spectra for all conditions that are likely to
be encountered [3,4].

Doppler characteristics from sea echoes have been the subject of extensive scientific
investigations over the past decades, and significant progress has already been made in
understanding the physical and statistical properties of Doppler spectra. Crombie [5]
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first discovered the Bragg scattering phenomenon from sea clutter in the high frequency
(HF)-band. From this discovery, the first-order and second-order Doppler models based
on a small perturbation method were established by [6-8]. Chen et al. [9] analyzed the
simulated echo Doppler spectra for various parameters based on a shore-to-air bistatic HF
radar model. Subsequently, more investigations focused on microwave bands. By analyzing
L-, X-, and Ku-band sea clutter, Plant and Keller [10] found evidence of Bragg scattering in
microwave Doppler spectra. Moreover, they hypothesized that Bragg scattering was the
main source of microwave sea returns at moderate incidence angles and low-to-moderate
wind speeds.

As the research progressed, some special characteristics of Doppler spectra, different
from Bragg scattering, were observed. By analyzing wave tank microwave data, Lee [11,12]
found a non-Bragg-scattering phenomenon and created a new Doppler model containing
three components, Gaussian, Lorentzian, and Voigtian, the last two components of which
correspond to non-Bragg-scattering mechanism. Walker [13,14] developed a more simpli-
fied Doppler model by analyzing wave tank and radar sea clutter data from a cliff. The
model provided a possible physical understanding of electromagnetic wave scattering by
assuming that the entire Doppler spectrum is the sum of Gaussian line shapes denoted by
three scattering mechanisms-Bragg, whitecap, and burst.

Moreover, Greco [15] described an autoregressive nonstationary process to model phys-
ical phenomena. Ward [3,16] proposed a temporally varying short-time Doppler spectra
model. Based on these studies, Zhang et al. [17] proposed a time-varying Doppler spectra
model with an additional velocity frequency shift that simulated short-time spectra well
with longer observation times and mean spectra under complex conditions. Watts [18] pro-
posed a more general approach to clutter simulation by representing the time and distance
evolution of the Doppler spectra. In recent years, using sufficient work by Watts [19,20]
and Rosenberg [21-23] on the sea clutter data of Ingara radar at middle and high grazing
angles, the “evolving Doppler model” was proposed and gradually extended from a single
Gaussian form to the bimodal form. Based on these models, Rosenberg [24] provided a
parameterized model that captured the observed behavior over all possible integration
times. Yurovsky et al. [25] proposed an empirical modulation transfer function parameteri-
zation for Ka-band sea clutter Doppler spectra based on polynomial fitting as a function
of observation geometry and wind. The above studies and models have well character-
ized the sea clutter spectral characteristics in microwaves and millimeter waves; however,
studies on the spectral characteristics in the ultra HF (UHF)-band have been limited, and
the consistency of its sea clutter spectral characteristics with those of microwaves has not
been clear.

In recent years, some measurements of sea clutter in coastal environments were also
carried out by researchers. Norland et al. [26] made a comparison of measured sea clutter
and wave rider buoy data in open sea and coastal waters and found that sea clutter in
coastal regions is spikier than that of open sea when the range resolution is becoming
smaller, which seriously affected small target detection. Del-Rey-Maestre et al. [27] made a
statistical analysis of bistatic sea radar clutter data acquired using a UHF radar located on
the Spanish North-west coast, and they found that the zero Doppler shift and values close
to it present high variability, which should be characterized by a non-homogeneous clutter.
Fabbro et al. [28] held a coastal measurement campaign in the Mediterranean Sea region,
and the mean Doppler spectra velocity is presented and analyzed according to grazing
and azimuth angles at the C- and Ka-band. Navarro et al. [29] proposed a novel method
based on filtering and interpolation approaches to estimate the sea state parameters in
shallow waters using X-band navigation radar. Reviewing the existing offshore sea clutter
measurement research shows the characteristics of discrete and unsystematic, especially
for the UHF-band sea clutter spectra; either the parameters are not comprehensive, or the
frequency band is not covered. This article happens to be a good supplement.

The UHF-band radar has a longer detection range and better anti-stealth than the
microwave-band radar, as well as better directionality than the HF /very HF-band radar.
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Thus, it has many applications for early warning, anti-stealth, and target detection. The
characteristics of UHF-band sea clutter, especially at low grazing angles and high sea states,
have received increasing attention. Most of the existing spectral models use the Gaussian
function to fit the line shapes of Doppler spectra, and frequency shift and spectral width
are particularly important parameters. Using the analysis of Ingara radar sea clutter data,
Watts and Rosenberg et al. [18-24] have studied the influence of ocean parameters and
radar parameters on frequency shift and spectral width. However, subject to the limited
amount of observation data and sea conditions, the comparatively perfect relationship was
not given. Based on the above factors, using a mass of sea clutter data measured using
a coherent UHF radar, this study conducted detailed research on the characteristics of
mean Doppler spectra at different sea states and short-time Doppler spectra at different
local intensities. The results indicate that the scattering mechanisms of UHF-band sea
clutter vary with the sea state; in particular, different scattering mechanisms correspond to
different intensity returns at high states. Moreover, considering the major contributions
of the parameters, semi-empirical models for the mean spectral frequency shifts, spectral
widths, and short-time spectral frequency shifts are proposed.

Compared to existent Doppler models and studies, the contributions of this paper are
as follows: Firstly, previous Doppler spectra studies were mostly focused on HF/VHF band
and microwave bands, with less concern with limited research on UHF band, spatially in
offshore area with low grazing angles. Additionally, this study just fills this gap. Secondly,
studies of Doppler spectra with a comprehensive association with ocean parameters are not
easily conducted, and the mass data of sea clutter and ocean parameters is the advantage
of this study. Finally, differential characteristics between high and low sea states could help
to improve the detection algorithms.

The remainder of this paper is organized as follows. Section 2 describes the measure-
ment principles, experimental equipment, and data collection and processing methods.
Section 3 presents the analysis results of Doppler spectra with multiple ocean parameters.
Section 4 proposes semi-empirical models for the mean spectral frequency shifts, mean
spectral widths, and short-time spectral frequency shifts. Finally, Section 5 presents the
summary of the main findings.

2. Materials and Methods

This section provides a description of the UHF-band radar and sea clutter data, as well
as the processing methods of Doppler spectra. The data used in this study were collected
from 6 August to 30 November 2014 at Lingshan Island, which is near Qingdao in the
Yellow Sea, China (Figure 1).

2.1. Description of Measurement and Data

The UHF-band experimental radar was installed on a cliff at a 430 m altitude on Ling-
shan Island. The radar parameters are listed in Table 1. The UHF-band experimental radar
was horizontally polarized transmit and horizontally polarized receive (HH-polarized)
with a 60 m resolution. As shown in Figure 1, the trapezoidal sea surface region marked by
white lines indicates the measurement scene from a radial distance of 2.5-12.3 km corre-
sponding to grazing angles with azimuths of 2-9° and 19-47° in the local east-north-up
coordinate system. The depth of seawater ranges from approximately 15 m to 25 m.

To obtain as much sea clutter data for various sea conditions as possible, the measure-
ments were taken daily from 6 AM to 10 PM. During the acquisition of sea clutter data,
oceanic and meteorological parameters of the measurement region, such as the significant
wave height (SWH), wave direction, wave period, temperature, wind speed, wind direction,
and humidity, were recorded using Datawell Waverider 4 and Lufft WS700-UMB located
on the sea surface (see Figure 1).
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Figure 1. Location of Lingshan Island and the measurement area. Insets show the equipment used to
collect sea clutter data and ocean parameters.

Table 1. Radar parameters during measurement.

Parameter Value
Polarization HH
PRF 1000 Hz
Frequency 456 MHz
Elevation angle —4°
Pulse width 10 us (0.4 us compressed)
Resolution 60 m
Height 430 m
Grazing angles 2° to 8°

Figure 2 shows the measurement values of oceanic and meteorological parameters
from 6 August to 30 November 2014; the data were mainly measured at medium and
low sea states with less than four sea states in the Douglas standard. Fortuitously, small
amounts of data from the fourth and fifth sea states were collected. As shown in Table 2,
according to the relative angles between the radar beam and wave or wind directions, Ag,
we define the relative wave or wind directions. In addition, the average length and period
of the swell were approximately 4 s.

Before data analysis, we first conducted data preprocessing to remove invalid data,
such as clutter signal-to-noise ratios < 10 dB and data with the same frequency interfer-
ence. After preprocessing, the total number of datasets of significant sea clutter was 9722.
According to the relationship of the radar relative wave direction angles in Table 2, we
provide the distribution of sea clutter data measured in polar coordinates at different wave
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heights and directions in Figure 3. Affected by nearshore islands, tides, and other factors,
most of the measured data is below three sea states, with data at two sea states being the
most numerous, whereas high sea state data were relatively few, with only 160 groups in
level 4 and 11 groups in level 5. In terms of the wave direction, the data for the oblique
wave were the highest, followed by the up wave, and the data for the down wave were the
least. Table 3 shows the statistical magnitude of the significant sea clutter data for each sea
state in the Douglas standard and wave direction.

3 360

EEEEEEFEFEEERRR

180

Wave Height [m]

Wave Direction [°]

180

Wind Speed [m/s]

Wind Direction [°]

0 Lk X H ‘A ! 3 !
06-Aug 09-Sep 01-Oct 17-Oct 04-Nov 25-Nov
Date

Figure 2. Oceanic parameters of the measurement region: significant wave height (SWH), wave
direction, wind speed, and wind direction from 8 August to 30 November 2014. The solid blue line
represents SWH and wind speed, and the dashed red line represents the wave and wind directions.

Table 2. Oceanic parameters and definitions of relative wave or wind directions.

Oceanic Parameters Value
Wind speed ws (m/s) 0.1-15
SWH h; (m) 0.1-3.0
up wave/up wind (—20° < Ag < 20°)
Wave/wind direction Ag (°) cross wave/cross wind (80° < A¢ < 100° and

260° < Ag < 280°)
down wave/downwind (160° < Ag < 200°)
oblique-cross wave/wind (other values of A¢)

Table 3. Sea clutter datasets at each sea state in the Douglas standard.

Condition of Sea Surface Parameters Number of Datasets
1st 1911
2nd 5654
Sea state 3rd 1986
4th 160
5th 11
up wave 2252
down wave 73

Wave direction Cross wave 1044

oblique-cross wave 6353
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Figure 3. The distribution of observed data in different SWH and wave directions is shown in polar
coordinates.

The measurement area of the sea clutter data used in this study belongs to an offshore
area, which differs from the wave characteristics of the open sea. For a fully developed sea
surface, wind speed and wave height have a strong correlation given by [1,30]:

hy = 6 x 0.005 x w? (1)

where w; is the wind speed in m/s at a height of 10 m above the sea surface and #; is the
SWH (m).

Figure 4a shows a comparison between the results calculated using Equation (1)
and the measured SWH data. The fitting results indicate that the measured data and
predicted results do not correspond well, with a correlation coefficient of 0.31, and thus,
the measurement area of the sea surface cannot be defined as a fully developed sea. Then,
we compared the measured SWH data and measured wind speed data in Figure 4b, and
the result shows that there is an approximately linear correlation between SWH and wind
speed, with a correlation coefficient of 0.63. It means that although the measured offshore
area is not a fully developed sea, SWH and wind speed still maintain a certain correlation.
Then, a fitting linear formula is given:

ws = 2.84 hy +2.69 )

As the liner correlation from Equation (2) shows, in the offshore area, the influence of
SWH and wind speed on the sea clutter Doppler spectra may be relatively similar.

2.2. Methods of Analysis

Fourier transform is the original method of Doppler spectra estimation; however, we
chose the Welch method, an improved method of classical spectrum estimation, to analyze
the Doppler spectra of sea clutter. The estimated equation is as follows:

L |M-— 2
MUL2 2 xiy(m)d(m)e 2" ®)

where S(f) is the Doppler spectrum, f is the frequency, xy (1) is the processed dataset, N
is the total length of xx (1), and 7 is the number of pulses in the data. We divided xy (1)
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into L segments, with M as the length of each segment, where L = (N — %) / M) L1

represents the number of segments, d () is the Hamming window, and U = %ZnM: !

is the normalization factor.
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Figure 4. (a) Comparison of measured SWH with predicted SWH. (b). Comparison of measured
SWH with measured wind speed.

Because we simultaneously analyzed the mean and short-time Doppler spectra, an
appropriate pulse length was selected. Considering that the mean wave period of swells
was approximately 4 s, and calculating the mean Doppler spectra of sea clutter using
Equation (3), the total length N was 50,000 pulses (50 s) and the length of segment M
and Hamming window d(n) were both 4096 pulses (4 s). While calculating the short-time
Doppler spectra, the length of the pulse number N was set to 4096 pulses (4 s), and the
lengths of segment M and Hamming window d(n) were both set to 1024 pulses (1 s),
and the overlapping region was set to 512 pulses. Figure 5 shows the workflow of the
data processing. The total pulse number of mean Doppler spectra is about 12 times the
total pulse number of the short-time spectra; thus, a mean spectrum contains dozens of
short-time spectra.

The frequency shift f. and spectral width By, are key parameters of Doppler spec-
tra. Here, we chose the centroid method as the clutter central frequency and bandwidth
estimation method. The equations are as follows:

_ o £s(f)df

T T Fea s 4
Je = st @

J72(f — fers(f)df
J72s(f)df

Since the PRF of sea clutter data is 1000 Hz, the integration interval of Equations (4)
and (5) is set to be from —100 Hz to 100 Hz. To investigate the influence of the normalized
intensity of local clutter on short-time Doppler spectra, Equations (4) and (5) were applied
to each range bin k, which can be associated with the normalized local clutter intensity,

Xx = x/{(x), where x is the time series of the clutter of the kth range bin and (x) is the
average value of x. We then plotted f.(X}) and By (Xj) as functions of X to investigate
any correlations.

Bw - (5)
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Figure 5. Workflow of data processing.

3. Results

This section presents the distinctions between the mean Doppler spectra at different
sea states and investigates the influence of the normalized intensity of local clutter on the
short-time Doppler spectra.

3.1. Analysis of Variation Characteristics of Mean Doppler Spectra
3.1.1. Comparisons of Mean Doppler Spectra at Different Sea States

Range-pulse intensity images of UHF-band sea clutter data at different sea states are
shown in Figure 6, with 50,000 pulses and range bins from 60 to 120, corresponding to low
grazing angles from 6.8° to 4.2°. As shown in the figure, at the same color axis scale, the
intensity of sea clutter at 2.7 m SWH is much stronger than that at 0.3 m SWH, and the
intensities of sea echoes vary significantly with different sea states.

The mean Doppler spectra in each range bin of the sea clutter data shown in Figure 6
were calculated using Equation (2). Figure 7 shows the range-Doppler images. At 0.3 m
SWH, the spectra have two evident symmetrical peaks at approximately 0 Hz in all range
bins, and the spectral widths are only 2.5 Hz (Figure 7a). In comparison, the spectra in
Figure 5b have much stronger intensity, broader spectral widths, and larger frequency
shifts, and the phenomenon of bimodal spectra disappears.

To obtain more apparent property differences of sea clutter Doppler spectra under
different sea states, we conducted a contrastive analysis of mean Doppler spectra at different
SWHs, from 0.3 to 2.7 m, in an up wave direction, as shown in Figure 8. The analysis
data was chosen at the 100th range bin, corresponding to a 4.1° grazing angle. From
the comparison of Doppler line shapes, the mean Doppler spectra of sea clutter were at
0.3, 0.6, and 1.2 m SWH; all had two different intensity peaks, and the bigger (smaller)
frequency shift was approximately 1.5 Hz (—2.9 Hz). In comparison, at 1.6 and 2.7 m
SWH, the phenomenon of bimodal spectra disappeared, and the frequency shifts soared to
approximately 8 Hz and 21 Hz, respectively, much bigger than those at lower wave heights.
Using Equation (4), the calculated spectra widths were 2.05, 2.7, 2.85, 3.5, and 5.4 Hz, which
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grows broader as wave heights rise. Similarly, the intensity of the power spectral density
also increases with wave height.

120 100 100
110 ¢ 80 80
5 100 | 60 @ 60
£ g
) o
S 00! 40 S 40
g g
52 801 20 ;\2 20
0 0
70+
—920 —20
60 - : : :
1 2 3 4 5
Pulse number x10* Pulse number x10*
(a) (b)
Figure 6. Examples of UHF-band sea clutter data at different sea states and range-pulse intensity
images. (a) 0.3 m SWH, the 1st sea state, and (b) 2.7 m SWH, the 5th sea state. The color axis scale
represents the range of sea clutter intensity; that is, the chromatic values of the color images indicate
the intensity of the sea echoes.
120 80dB 120 80
60dB 60
E 100 g 100
Q 40dB o) 40
3 3
3 o
< 80 20dB & 80 20
0dB 0
60 60
—60 —40 —-20 0 20 40 60 —60 —40 20 0 20 40 60
Doppler frequency[Hz] Doppler frequency[Hz]
(a) (b)

Figure 7. Range-Doppler images, comparisons of Doppler spectra at different sea states. (a) 0.3 m
SWH], the 1st sea state and (b) 2.7 m SWH, the 5th sea state. The color axis scale represents the range
of Doppler spectra intensity, spanning from —10 dB to 80 dB.

60 - M& 21Hz [—— SWH 0.3m]|
: s
n — SWH 0.6m

- -SWH 1.2m

Power density [dB]

Doppler frequncy [Hz]

Figure 8. Comparison of mean Doppler spectra of UHF-band sea clutter in the up wave direction at
different SWHss.



J. Mar. Sci. Eng. 2023, 11, 1901 10 of 26

The above analyses indicated that in the up wave direction, the mean Doppler spectra
at high SWH were considerably distinct from those at low SWH, revealing different scatter-
ing mechanisms. The spectra of low SWH (0.3-1.2 m) have two evident peaks at about 0
Hz that match the Bragg scattering. However, at high SWH (1.6-2.7 m), the spectra only
have one peak, with bigger frequency shifts and broader spectra widths, different from the
scattering mechanism of Bragg scattering.

We compared and analyzed the mean spectra of sea clutter with different SWHs in the
cross-wave direction, as shown in Figure 9. Data was also chosen at the 100th range bin,
corresponding to a 4.1° grazing angle. Based on the comparison of Doppler line shapes, the
mean Doppler spectra do not exhibit significant differences as the SWH increases, with their
main peaks all being distributed near 0 Hz. In addition, except for the spectral line shape of
the 1.3 m SWH, the other spectra exhibited a significant bimodal phenomenon. In comparison,
the cross wave and up wave values for sea clutter Doppler spectra differ significantly.

60 T T T

50

40

30 F

20 -

Power density [dB]

—50 —25 0 25 50
Doppler frequncy [Hz]

Figure 9. Comparison of the mean Doppler spectra of UHF-band sea clutter in the cross-wave
direction at different SWHs.

Based on the above analysis, the bimodal phenomenon of sea clutter spectra has a
certain relationship with the sea states. The statistical results of the occurrence probability
of the bimodal phenomenon with different sea states and waves are presented in Table 4.
The intensity and frequency shifts of the primary and secondary Doppler peaks are also
presented. Sp; and Sp, represent Doppler spectral amplitudes (dB) of the main and
subpeaks, respectively, and Fx; and Fx; represent the frequency shifts (Hz) of the main
and subpeaks, respectively. AFx is the average difference in frequency shift between the
main peak and the subpeak.

Table 4. Statistical occurrence probability of bimodal phenomenon.

Probability of Bimodal
Sea States Spectra (%) Sp, (dB) Sp, (dB) Fx; (Hz) Fx; (Hz) AFx (Hz)
Up wave 22.68 43.43 37.28 0.98 —-1.95 5.49
1st sea state Oblique-cross wave 30.58 44.13 37.29 —0.98 0.98 497
Cross wave 27.08 44.78 36.00 1.91 0.10 5.20
Up wave 20.52 46.28 37.98 2.64 0.00 6.97
2nd sea state Oblique-cross wave 21.11 46.19 36.86 0.72 1.14 5.96
Cross wave 22.28 46.91 35.29 —-1.95 0.00 6.32
Up wave 7.95 48.32 38.02 5.41 11.72 8.12
3rd sea state Oblique-cross wave 4.78 47.98 45.11 2.31 3.29 6.25
Cross wave 4.36 47.64 41.27 —1.56 1.17 5.14
4th Up wave 2.35 55.13 44.20 11.21 18.69 9.77
th sea state Oblique-cross wave 1.10 47.48 40.61 6.18 15.95 9.94

5th sea state Up wave 0.74 63.56 52.29 12.83 22.42 11.87
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According to the comparative analysis in Table 4, the bimodal phenomenon of sea
clutter spectra was more common in the 1st and 2nd sea states, with a probability of 20-30%.
In contrast, when the sea states are greater than the 3rd level, the probability of the bimodal
phenomenon becomes <10%, much less than the 1st and 2nd sea states. In addition, the
bimodal phenomenon exhibited no obvious correlation with wave direction. The frequency
shift differences between the two peaks increased gradually with the rise in the sea state.
These results also show that the scattering mechanisms of UHF sea clutter differ in high
and low sea states.

3.1.2. Analysis of Frequency Shifts f. and Spectral Widths By, of Mean Spectra with
Ocean Parameters

The frequency shift is related to the radial velocity of the sea swell relative to the radar,
while the spectral width is related to the motion distribution of each surface component.
Based on the above comparison of sea clutter spectra line shapes with different SWHs and
wave directions, the frequency shifts and spectral widths of sea clutter spectra are closely
related to ocean parameters. Thus, using Equations (4) and (5), we calculated the frequency
shifts and spectral width results of the mean spectrum under different range bins for all
data. Then, comparative analyses of the variation tendencies with SWH, wave directions,
wind speed, and grazing angles were conducted.

Figure 10 shows the variation tendency of the frequency shifts and spectral widths
with the grazing angle in different sea states. Markers represent mean values of measured
data at different sea states, and lines represent curve fitting. As the grazing angle increases,
frequency shifts and spectral widths exhibit a decreasing trend close to the linear form. The
rate of change differs under different sea states. For frequency shifts, the rate of change
with grazing angles increased with increasing sea states; at the same grazing angle, the
frequency shifts increased significantly with the rise in sea states. However, for spectral
widths at lower sea states, the rate of change increases with increasing grazing angle. In
some grazing angle ranges, such as <4°, the spectral width of the high sea state, such as
the 4th sea state, has no obvious advantage over that of the low sea state, such as the 1st
sea state.

C

Frequency shift f [Hz]

v 1stSS |- v 1stSS
» 2nd SS « 2nd SS
o 3rdSS E o 3rd SS
o 4thSS = o 4thSS |
x 5thSS || = * 5thSS
—-=-1st CF S =-=-1st CF
-------- 2nd CF e s 20d CF
--3rdCF|| = - - 3rd CF
——4th CF & ——4th CF
—%—5th CF é +—5th CF ||
wn
. . . 0 ‘ ‘ ‘
6 8 10 2 4 6 8 10
Grazing angle 6 [°] Grazing angle 6 [°]
(a) (b)

Figure 10. Variation of (a) frequency shifts and (b) spectral widths for various grazing angles at
different sea states (SS) in the up wave direction. Markers represent mean values of measured data,
and lines represent curve fitting (CF).

Because the variation tendencies of the frequency shifts and spectral widths with the
grazing angles are approximately linear (Figure 10), they were fitted with the following
linear formulas:

fe=ab+b (6)
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where 0 is the grazing angle in degrees, f. is the frequency shift, By, is the spectral width,
and a, b, ¢, d are the coefficients of fit. Table 5 lists the fitting coefficients of these equations.
From the comparison results, the absolute values of coefficients 2 and b increase with an
increase in the sea state, whereas the absolute values of coefficients ¢ and d decrease with
an increase in the sea state. The results show that spectral frequency shifts and spectral
widths are not consistent with the dependence on ocean parameters.

Table 5. Fitting curve formula coefficients for frequency shifts and spectral widths with grazing angles.

Fitting Curve Formula

Sea States f.=ab+b w=c0+d
a b c d
1st —0.11 1.19 —0.65 6.23
U 2nd —021 2.59 —0.39 493
d,P wave 3rd —0.50 7.73 —0.27 481
irection 4th —0.81 13.79 —0.14 418
5th ~-1.16 18.50 —0.004 5.20

Compared with the up-wave direction, we continued to analyze the variation tenden-
cies of cross-wave frequency shifts and spectral widths with the grazing angle, as shown in
Figure 11. Correspondingly, in the cross-wave direction, the frequency shifts of different sea
states have almost no change with the grazing angle, while the spectral width still increases
slightly with the increase in the grazing angle, with only 2 Hz increments and without
obvious differences between the different sea states. Therefore, the sea clutter spectra vary
very weakly with ocean parameters in the cross-wave direction, consistent with the results
shown in Figure 9.

10 . . i i
1st SS v 1stSS
2nd SS —_ « 2nd SS
3rd SS T 8 o 3rdSS
athss || . o 4thSS

6 -

Spectral width B
=

4 6 8 2 3 4 5 6 7 8
Grazing angle ¢ [°] Grazing angle 6 [°]
(a) (b)

Figure 11. Variation of (a) frequency shifts and (b) spectral widths with grazing angles at different
sea states in the cross-wave direction. Markers represent mean values of measured data.

According to the above comparative analysis, under the cross wave direction, the
influence of factors such as grazing angle and sea state on sea clutter Doppler spectra can be
ignored, whereas, in the case of the up wave direction, grazing angle and sea state influence
the frequency shift and spectral width; the influence of the grazing angle is particularly
significant. In view of the significant difference between the up wave and the cross wave,
the wave direction is an important parameter affecting the sea clutter Doppler spectra.
Furthermore, to explore the change rule of frequency shifts and spectral width with SWH
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and wave direction, we compared and analyzed the results with SWH under different
wave directions.

Considering that the grazing angle has a great influence on Doppler spectra, we chose
sea clutter data in the 60th range bin, corresponding to a 6.86° grazing angle, and the 100th
range bin, corresponding to a 4.11° grazing angle, for the analysis. In addition, we divided
the range of oblique-cross waves in Table 2 in a more detailed manner, including 20-40°,
40-60°, and 60-80°. The SWH changes from 0.1 to 2.7 m.

Figure 12 shows a comparison of the frequency shift results. The figure shows the
fitting curve of the data, which was fitted in a linear form.

fe=ghi+m (8)

where ¢ and m are the coefficients of fit, and their values are listed in Table 6. From the com-
parison results, the increase in SWH increases the frequency shift, and the increase in wave
direction angle A¢ decreases the frequency shift; the trend of frequency shift increasing
with SWH gradually becomes smaller, that is, the value of g is gradually decreased. In the
cross wave (hereafter CW when accompanying wave directions) 80-90 wave direction, the
frequency shift does not change with SWH; that is, the value of g is 0. Moreover, the value
of g shows a good correlation with cos Ag. The value of m shows little trend correlation
with cos Ag and takes a value of 0 under CW 80-90. By comparing the values of coefficient
g under grazing angles of 6.8° and 4.1° (Table 6) in the same wave direction, the change
rate of spectral frequency shifts with SWH becomes larger as the grazing angle decreases,
which is complementary to the results in Figure 10.

o

‘ : ‘ 60 : :
Data Fitting Curve Data Fitting Curve
o —UW . ) —UW
. - - CW20~40 E 40| ° - - CW20~40
. CW40~60 = ox e CW40~60
¢ - CW60-80 oy o —--CW60-80
. ——CW80~90 i:;) 0l ——CW80~90
>N
Q
c
3
g 0
—
A B‘ | ‘ | ‘ s
0.5 1 1.5 2 25 3 0 0.5 1 1.5 2 2.5 3
SWH h, [m] SWH h, [m]
(a) (b)

Figure 12. Spectral frequency shifts at different wave directions, varying with SWH. (a) 60th range bin,
corresponding to 6.8° and (b) 100th range bin, corresponding to 4.1°. Markers represent measured
data, and lines represent CF. UW represents the up wave direction, and CW 20-40 represents the
oblique-cross wave direction with a relative angle of 20—40°; CW 40-60, CW 60-80, and CW 80-90
represent the wave direction of the corresponding relative angle.

Similarly, we compared the spectral widths of different wave directions with SWH, as
shown in Figure 13. The data were fitted linearly:

By = nhy +t )

where #n and t are the coefficients of fit, and the values are listed in Table 6.

In contrast with the frequency shifts, when SWH was <1 m, spectral widths were more
discrete, and at higher sea states, the values were relatively concentrated. The spectral
width showed an overall increasing trend with SWH, but the increasing trend was relatively
small compared with the frequency shift. In addition, using the values of n and t listed in
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Table 6, the effect of the wave direction on the spectral width becomes relatively weak. By
comparing the coefficients under the two grazing angles, the spectral width at the smaller
grazing angle changed slightly more slowly with SWH than with the larger grazing angle,
even when the initial value was higher. At 6.8°, the spectral width was mostly <5 Hz,
whereas at 4.1°, a considerable portion of the spectral width was >5 Hz. These phenomena
indicate that the SWH and grazing angle have more significant effects on the spectral width,
whereas the wave direction has a less significant effect on the spectral width.

Table 6. Fitting curve formula coefficients for frequency shifts and spectral widths with SWHs.

Fitting Curve Formula

Range Bin Number, 6 (°) Wave Direction, Ag (°) f.=ghi+m Bu=nh+t
g m n t
Up wave 5.57 —1.89 1.36 1.42
Cross wave (20—40°) 4.37 —147 1.36 1.42
60th range bin, 6.8° Cross wave (40-60°) 3.89 —-1.23 1.36 1.42
Cross wave (60-80°) 2.52 —1.87 0.84 1.41
Cross wave (80-90°) 0 0 0.84 1.41
Up wave 7.51 —2.48 0.84 2.75
Cross wave (20—40°) 6.80 —2.73 0.76 2.62
100th range bin, 4.1° Cross wave (40-60°) 5.91 —1.78 0.58 2.66
Cross wave (60-80°) 4.97 —3.62 0.28 3.29
Cross wave (80-90°) 0 0 0.19 2.84
T - ) 20 T T T  ——
o UW . o UW
o CW20~40 | o CW 20~40
CW40~60 1 —. 15 : < CW 40~60
" v CW60~80/| R~ “ v CW 60~80
« CW80~90 = $o. g ¥ | O « CW80~90
o T 10 o S —
o E
%4 : : s 5
A - g 5 4
* VY 2
] . | | | 0
0.5 1 1.5 2 2:5 3 0 ; : 3
SWH /1f [m] SWH ht [m]
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Figure 13. Variations of spectral widths at different wave directions vary with SWH. (a) 60th range bin,
corresponding to 6.8°. (b) 100th range bin, corresponding to 4.1°. Markers represent measured data.

After analyses of SWH on the sea clutter Doppler spectra, the influence of wind
speed was conducted. Figure 14 shows the variation tendency of the frequency shifts and
spectral widths with the wind speed in different wind directions at the 100th range bin,
corresponding to a 4.1° grazing angle. Similar to the tendency with SWH, frequency shifts
show a linear form increase with wind speed at upwind direction and oblique-cross wind
direction and show little trend at cross wind direction. Spectral widths have nearly no
tendency with wind speed in all wind directions.

The fitting curves were fitted in linear forms:

fe=rws+p (10)

By = uhi +4q (11)
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where 7, p, u, and q are the coefficients of fit, and the values are listed in Table 7. The
value of r shows a good correlation with wind direction, which is similar to coefficient g.
Coefficients u and q show no variations, similar to n and ¢. The phenomenon shows that
the influences of wind speed on Doppler spectra in the offshore area are similar to SWH, as
shown by the linear correlation from Equation (2). So, the effect of SWH on the spectra can
be somewhat representative of wind speed, and the subsequent analysis and modeling in
this paper mainly use SWH.
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< 30| o ——Up Wind EN 20+ o — — Oblique-Cross Wind [
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z z
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>~ — 7
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g & ]
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. 15
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Wind speed w, [m/s] s
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Figure 14. Variations of frequency shifts and spectral widths at different wave directions varying with
wind speed, at 100th range bin, corresponding to 4.1°. (a) Variations of frequency shifts. (b) Variations
of spectral widths.

Table 7. Fitting curve formula coefficients for frequency shifts and spectral widths with wind speed.

Fitting Curve Formula

Range Bin Number, 6 (°) Wind Direction, Ag (°) f.=rws+p By=uhi+q
r p u q
up wave 1.16 —0.44 0.055 3.39
. 5 oblique-cross wave 0.42 —0.71 0.036 3.11
100th range bin, 4.1 cross wave 024 203 018 393
down wave —3.58 2.02 0.014 3.02

3.2. Analysis of Variation Characteristics of Short-Time Doppler Spectra
3.2.1. Comparisons of Short-Time Doppler Spectra at Different Sea States

From the above analyses, the mean Doppler spectral characteristics of sea clutter
have a significant correlation with SWH, grazing angle, and wave direction and are sig-
nificantly different between high and low sea states. To further explore the source of this
difference, we divided the long sequence xy () into L-segment short sequences, with each
segment having M pulse, according to the process in Figure 3. The length of each short
sequence was approximately equal to the mean wave period, and the short-time Doppler
spectra corresponding to the short sequence were estimated. Simultaneously, to investigate
the influence of the normalized intensity of local clutter on short-time Doppler spectra,
Equations (5) and (6) were applied to each range bin, k, which can be associated with the
normalized local clutter intensity, Xy = x/(x). We then compared the differences between
the short-time spectra of sea clutter with different local intensities.

Figure 15 shows a successive series of sea clutter data at different SWHSs, both in the
range bin of 80. The intensities were normalized to mean values. The time series of the
clutter exhibited periodic fluctuations of approximately 4 s, consistent with the mean wave
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Normalized intensity X

periods of the dynamic sea surface. In comparison, at a wave height of 2.7 m, the time series
was much rougher than that at 0.6 m and had some larger peaks with strong intensities
that were approximately seven times greater than the mean of the surrounding clutter,
as indicated by the pink circle. While calculating the short-time Doppler spectra of sea
clutter using Equation (3), the total length N was chosen as 4096 pulses, close to the wave
periods, and the length of segment M and Hamming window d(n) were both chosen to be
1024 pulses.
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Figure 15. Normalized intensity of sea returns in the 80th range bin, corresponding to grazing angle
5.1° in the up wave direction. (a) 0.6 m SWH and (b) 2.7 m SWH.

Figure 16 presents short-time Doppler spectra versus time images from the data in
Figure 15. Figure 16a shows that 0.6 m SWH had two evident peaks at approximately
0 Hz, and the spectral intensity, frequency shift, and spectral width were almost unchanged
with time. Figure 16b shows that at a 2.7 m SWH, the phenomenon of bimodal spectra
was difficult to observe. The spectral intensity, frequency shift, and spectral width vary
with time. At approximately 40 s, as indicated by the black circle, the short-time spectra
have a much larger spectral intensity than the adjacent cells, which corresponds to the
strong intensity sea echoes, as indicated by the pink boxes in Figure 15b. Furthermore, we
compared the Doppler line shape of the strong and weak echoes of the 2.7 m SWH and the
general echoes of the 0.6 m SWH (Figure 17). Short-time spectra at 2.7 m SWH had much
larger frequency shifts and spectral widths than those at 0.6 m SWH. The line shape of the
weak-intensity sea echoes short-time spectrum was a single peak, and the frequency shift
was approximately 11.7 Hz. However, the line shape of the strong-intensity sea echoes
also had two peaks with different spectral intensities, and the frequency shift of the deputy
peak was similar to that of the weak-intensity sea echoes, which were much smaller than
the main peak at 21.48 Hz.

The short-time spectra of the UHF-band sea clutter are relevant to the local intensity
of sea echoes. As shown in Figures 15a and 16a, at low sea states, the intensity of sea
echoes and short-time spectra varies little with time, and the mean Doppler spectral line
shapes were similar to the short-time spectra with two evident symmetrical peaks and
small frequency shifts. However, in high sea states, the time series of sea echoes were much
rougher, leading to considerable variation in the short-time spectra, creating single-peak
mean spectra with broad spectral widths and large frequency shifts.
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Figure 16. Short-time spectra versus time images of sea returns in range bin 80. (a) 0.6 m SWH and
(b) 2.7 m SWH. The color axis scale represents the range of Doppler spectra intensity.
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Figure 17. Mean Doppler spectra of UHF-band sea clutter in the up wave direction at different
significant wave heights.

3.2.2. Influence of Clutter Intensity and Ocean Parameters on Frequency Shifts f; and
Spectral Widths B of Short-Time Spectra

Using Formulas (4) and (5), we calculated the frequency shifts fs and spectral widths
B; of the short-time spectra for all data over all range bins from the 1st to 5th sea states.
Comparative analyses of the variation tendency with normalized intensity X, SWH and
wave directions were then performed.

Figure 18 shows the changes in the short-time spectra frequency shifts and spectral
widths with normalized mean values X} in the up-wave direction. Figure 18a,b show the
calculated results of the frequency shifts and spectral widths, respectively, and Figure 18c,d
show the mean values of the frequency shifts and spectral widths for every 0.1 interval
range of X}, respectively, used to represent the variation tendency with the normalized
intensity Xj.

As shown in Figure 18a,c, the frequency shift gradually increased with X, and when
X > 10, the increasing trend gradually became less evident and was stable at approximately
15 Hz. In addition, the variation tendency of f; was related to the sea state; higher sea states
exhibit larger frequency shifts. Finally, the case of the 1st sea state had almost no changes.
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Figure 18. Frequency shifts and bandwidths of short-time spectra depend on the normalized in-
tensity of sea echoes in the up-wave direction. (a) Frequency shifts of data at different sea states.
(b) Spectral widths of data at different sea states. Variation tendencies of (c) frequency shifts and
(d) spectral widths.

The values of the spectral width Bs have great dispersion in the range of 3 < X < 5,
with some >10 and some <2 (Figure 18b). When X} was greater than six and Bs was
distributed at approximately 4 Hz. As shown in Figure 18c, the variation in Bs with X} was
not obvious. The range of Xj < 5 exhibited an increasing trend, whereas X > 5 showed a
significant oscillation pattern.

These phenomena indicate that the frequency shift f; of the short-time spectra has a
strong correlation with the sea state and Xj, whereas the spectral width Bs of the short-time
spectra has a weak correlation with the sea state and Xj.

To explore the influence of the wave direction on f; and B, Figures 19 and 20, respec-
tively show the variation tendency with the normalized intensity X under different sea
states and multiple wave direction angles. In the case of higher sea states, the increasing
trend of f; with X was less likely to be affected by the wave direction. At the 4th sea state,
the f; in all wave directions except CW 80-90 showed a significant increasing trend, and
at the 3rd sea state, the up wave, CW 20-40, and CW 40-60 showed an increasing trend.
At the 2nd sea state, only the up wave was evident, and the frequency shift of all wave
directions was approximately 0 Hz at the 1st sea state.
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Figure 19. Frequency shift variation tendencies of short-time spectra with a normalized intensity of
sea echo at different wave directions. (a) 4th, (b) 3rd, (c) 2nd, and (d) 1st sea states.
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Figure 20. Spectral width variation tendencies of short-time spectra with a normalized intensity of
sea echoes at different wave directions. (a) 4th, (b) 3rd, (c) 2nd, and (d) 1st sea states.
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The performance of B in the other wave directions and that in the up wave direction
were relatively similar. With an increase in X}, the distribution of Bs was first discrete and
then concentrated, mainly distributed around 4 Hz, and did not have a clear relationship
with wave direction.

4. Discussion
4.1. Semi-Empirical Model for Frequency Shift f. and Spectral Width By, of Mean Spectra

Based on the analysis of the influence of ocean parameters on the mean Doppler
spectra characteristics, the frequency shift f. and spectral width By, are related to the
grazing angle, sea states, SWH, and wave direction. The semi-empirical models for the
frequency shift f. and spectral width B, and the above parameters are summarized.

With an increase in the grazing angle 6, the variation tendencies of the frequency shift
fe linearly decrease (Figure 10); with an increase in SWH, f. tended to increase, and with
an increase in the wave direction angle Ag, f; tended to decrease (Figure 12 and Table 6).
Moreover, the value of coefficient k shows a good correlation with cos Ag, and at the CW
80-90 wave direction, the values of k and m were both 0. Considering this, a semi-empirical
model of f. was designed based on Equation (8). Due to the good correlation between f,
and cos Ag, the value of cos Ap at CW 80-90 was 0. Therefore, the semi-empirical model
was modified as follows:

fe = (ght + m)cos Ap (12)

where the coefficient g is related to grazing angle 6 and wave direction angle A, and the
coefficient m is related to grazing angle 6. The frequency shift f; of all data were fitted with
the SWH and wave direction, and the values of the coefficients ¢ and m were calculated
using the least squares method. Then, the relationship between the coefficient g, grazing
angle 0, and the wave direction angle Ag and the coefficient m and grazing angle 6 were
statistically analyzed, as shown in Figure 21.
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Figure 21. Variation tendencies of coefficients k and m with grazing angle 6. Calculated results of
(a) coefficient ¢ and (b) coefficient m. Markers represent calculated results, and lines represent CF.

The calculated results of the model coefficient g show a linear decreasing trend with
the increase in the grazing angle 6 (Figure 21a). For different wave directions, the decreasing
trend slope of ¢ was basically the same, and the starting value matched sin A¢. Therefore,
the following formula was used to characterize the coefficient g:

g = —1196 +13.17 —sinAg (13)

As Figure 21b shows, the calculated results of coefficient m increase with the rise of
6, with a changing trend close to the logarithmic form. For different wave directions, the
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values of m were aliased together; that is, the wave direction has little influence on m. Then,
the following formula was used to characterize the coefficient m :

m=—631+2441n0 (14)

By substituting Equations (13) and (14) into (12), the semi-empirical model expression
for the frequency shift f. of the mean Doppler spectrum was obtained.

fe=((—1.196 +13.77 — sin A@)h; — 6.31 +2.44 In0)cos Ag (15)

where Ag is the relative angle (°) and sea swells /; is the SWH (m).

The accuracy of the semi-empirical model for f. was verified by comparison with
measured data. Figure 22 shows three examples of the verification results. Accuracy was
judged using the R-square, which is a test of goodness of fit. The test results, most of which
were >0.7, indicated that the model was in good agreement with the data.
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Figure 22. Model prediction results with data validation example. (a) 4.1° grazing angle in the up
wave direction. (b) 5.6° grazing angle in the cross-wave direction with a relative angle of 20—40°.
(c) 6.8° grazing angle in the cross-wave direction with a relative angle of 60-80°. Markers represent
data, and lines represent model prediction results.

According to the results in Figure 13 and Table 6, the wave direction has little influence
on the spectral width B,; hence, the wave direction factor was ignored. The results in
Figure 10b and Table 5 show that the trend of B, with 8 was close to linear. Therefore, a
semi-empirical model for By, was assumed in Equation (9). Although the variation in By,
with h; was more discrete, it was generally close to a linear trend; therefore, we assumed
that coefficients n and ¢ had linear variation trends with SWH.

Based on Equation (9), the spectral width By, of all data was fitted with 6, and the values
of the coefficients n and t were calculated using the least-squares method. The variation
trends of coefficients n and t with SWH h; were then statistically analyzed. As shown in
Figure 23, an increase in /; linearly increases the variation tendencies of coefficients 7 and ¢.
The fitting formulae are as follows:

n =0.1h; — 0.4 (16)

t = 0.26h + 4.64 (17)

By substituting Equations (16) and (17) into Equation (9), the semi-empirical model
expression for the spectral width By, of the mean Doppler spectrum was obtained:

By = (0.1 — 0.44)6 + 0.26h; + 4.64 (18)
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Figure 23. Variation tendencies of coefficients n and t with grazing angle . Calculated results of
(a) coefficient n and (b) coefficient . Markers represent calculated results, and lines represent CF.

The accuracy of the semi-empirical model for B, was verified by comparison with
measured data. Figure 24 shows three examples of the verification results. Accuracy was
also verified using R-square. The test results, most of which were >0.6, indicated that the
model was in good agreement with the data.
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Figure 24. Model prediction results with data validation example. (a) 0.7, (b) 0.9, and (c) 1.2 m SWH.
Markers represent data, and lines represent model prediction results.

4.2. Semi-Empirical Model for Frequency Shift f; of the Shot-Time Spectra

Based on the analysis results from Figures 18-20, the spectral width Bs of the short-time
spectra has a weak correlation with the sea state, normalized local intensity X and wave
direction angle A¢. The frequency shift f; of the short-time spectra has a strong correlation
with the sea state and X}, but a weak correlation with the wave direction. Therefore, only a
semi-empirical model of f; was studied, and the main parameters were restricted to the sea
state and Xj.

In Figure 25, the frequency shift f; of the short-time spectra in the mixed-wave direc-
tion with changes in X for different sea states was calculated. The results showed that
when the sea state was in the 1st level, f; was almost 0. With a sea state higher than the
2nd level, as Xj increases, f; first increases linearly and then maintains a certain value.
However, the range of increase and value of maintenance varies according to the sea state
level. A semi-empirical model of f; should take the form of a piecewise function.
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Figure 25. Variation tendencies of frequency shift f; with normalized intensity Xj in a mixed wave
direction.

Further exploring the results, the range of f; that increases with Xj in each sea state
was just right two times the values of sea states. In the increasing range, the relationship
between the slope and sea-state level was fitted. In the non-increasing range, the value of
fs related only to the sea state level. Therefore, we provided the following piecewise form
as a semi-empirical model of f;:

(—0.355 +2.53) X} +4.41S — 1134 X, <25,5=2,3,4,5
fo = {4585 —4.16 X, > 25,5 =2,3,4,5 (19)
0 S=1

where S is the seat state level, S = 1,2,3,4,5, and X is the local normalized intensity.

As shown in Figure 26, Equation (19) is compared with the data, and the goodness-of-
fit test value is given. At the 2nd, 3rd, and 5th sea states, the semi-empirical model fit the
data results relatively well, but in the 1st and 4th sea states, the fit results were worse.
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Figure 26. Variation tendencies of frequency shift f; with normalized intensity Xj in a mixed wave
direction. Markers represent data, and lines represent model prediction results.
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4.3. Discussion of Semi-Empirical Models

The models in this paper are analyzed by correlating the clutter data with several
environmental parameters and then given in the form of summary functions based on
better fits. Certain scattering mechanisms are also reflected.

For example, the frequency shift f. is modeled as shown in Equation (15), which is
correlated with several factors such as grazing angle, azimuth angle, and wave height. The
frequency shift is related to the radial velocity of the scatterer away from and close to the
radar, and when the grazing and azimuth angles are smaller, the radial velocity between
the scatterer and the radar is more pronounced, and obviously, the frequency shift is larger.
As shown in Equation (2), the SWH shows a linear relationship with the wind speed in the
nearshore region, so the wave height also represents the speed of the wave motion to a
certain extent. Thus, the frequency shift gets larger as the SWH gets larger.

The spectral width characterizes the dispersion of the scatterer motion speed in the
radar beam irradiation unit, which is independent of the azimuth angle, has some corre-
lation with the SWH, and shows a strong correlation with the grazing angle, as shown in
Equation (18). Mechanistically, when the grazing angle is smaller, the sea surface echo in-
tensity is closer to the noise, and therefore, its spectral width will be wider. The sea surface
breaking waves increase with the SWH, which leads to the increase in the discrete scatterers
in different velocity directions on the sea surface and then creates a wider spectral width.

The short-time spectrum is mainly concerned with the effect of transient state wave
changes on the spectra, where normalized local intensity Xj is introduced. In general,
the transient changes in sea surface echoes are a reflection of the transient changes in the
structure of the waves, and the strong echoes generally correspond to the phenomena
of spills and spiking, which are also reflected in the changes in the state of the spectra.
From the model of Equation (19), there is a significant difference in the short-time spectral
frequency shift fs with the local normalized echo Xj under different sea states. The wave
structure changes drastically in high sea states, which are prone to local strong echoes,
while the wave structure is relatively stable in low sea states, which have a low probability
of local strong echoes.

It should be noted that, although we have done an exhaustive analysis and tried to
give the functional form of the model as much as possible, from the measured results, the
dispersion of the data and the range of variation are still very large, and there is still room
for further improvement of the modeling method in this paper.

5. Conclusions

This study determined the Doppler spectral characteristics of UHF-band offshore sea
clutter using different ocean parameters, such as grazing angle, significant wave heights,
and wave directions. The data considered in this study were collected from 6 August to 30
November 2014 at Lingshan Island. The oceanic parameters of the measurement region
were recorded during the acquisition of sea clutter data.

Using the analysis results of the mean Doppler spectra characteristics of sea clutter, we
found that with an increase in SWH, the bimodal phenomenon of the mean Doppler spectra
gradually disappeared, and different scattering mechanisms were present in high and
low sea states. The frequency shift decreased with increasing grazing angle and increased
with increasing SWH. In addition, f, was well matched with the value of the cosine of
the relative wave direction angle A¢. The spectral width By, of the mean Doppler spectra
decreased with increasing 6, and has a slight tendency to increase with ;. When h; was <1
m, the values of B;, were more discrete, and at higher sea states, the values were relatively
concentrated. A has a less significant effect on By,.

From the analysis of the short-time spectra, its line shape was found to be relevant
to the local intensity of sea echoes. The spectral width Bs of the short-time spectra had a
weak correlation with the sea state, normalized local intensity X, and wave direction angle
Ag. The frequency shift f; had a strong correlation with the sea state and Xy, but a weak
correlation with Ag.
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In this study, we proposed semi-empirical models for f;, By, and f; that considered the
major contributions of the parameters, as listed in Equations (12), (15), and (16). According
to these models, f. is a function of k¢, 6, and A¢. By is a function of i and 0. fs is a
piecewise function of the sea states S and Xj. A comparison of the model results with the
measured data showed that the models have high prediction accuracy and applicability.

The results of this study have important applications for understanding UHF-band
sea clutter characteristics and are supplements of previous studies on sea clutter Doppler
spectra target detection in offshore areas. Differential characteristics between high and
low sea states could help to improve the detection algorithms for small targets at low
gazing angles. Although we have tried to give the functional form of the model as much as
possible, from the measured results, the dispersion of the data and the range of variation are
still very large. Although this study gave an exhaustive analysis of the influence of ocean
parameters on Doppler spectra and tried to give the functional form of the semi-empirical
model as much as possible, limited to the linear functional form of the model, the fitting
effect is not good for the spectral width in discrete range. Subsequently, the basic form
of the model can be improved, or a deep learning network can be introduced to obtain a
better fit.
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