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The high-frequency hybrid sky-surface wave radar (HFSSWR) is a new kind of over-the-horizon radar system. Combining the
advantages of both the sky wave radar and the surface wave radar, HFSSWR has drawn much attention in recent years. But the
new system also brings new challenges. One of the most severe problems is that the heterogeneous environment makes a big
challenge for the sea clutter suppression processing. Due to the nonstationary properties of the ionosphere, the first-order sea
clutter statistics change significantly among range bins. So the new efficient sea clutter suppression method is required, and the
clutter characteristics analyses are also in urgent need of research in order to guide the design of the algorithm in the
background of HFSSWR. In this paper, utilizing the measured data set, we first analyse the range and spatial characteristics of
the nonhomogeneous first-order sea clutter in HFSSWR. Then, an improved main-lobe cancellation (IMLC) method based on
single notch space filter and correlation analysis is proposed to get training data which contains precise clutter information. A
main-lobe clutter canceller based on the single notch space filter has been developed to block the target component, and an
optimized correlation analysis (OCA) strategy is presented to choose the efficient training data. Finally, the method is examined
by measured data and the results indicate that the method has a good performance for broadening first-order sea clutter
suppression than the traditional method.

1. Introduction

High-frequency hybrid sky-surface wave radar is a novel
radar system and has developed to a new direction in HF
over-the-horizon radar (OTHR) areas. It is a natural combi-
nation of a sky wave transmitting propagation mode and a
surface wave receiving propagation mode [1]. The geometric
sketch map of the HFSSWR is shown in Figure 1. In recent
years, it has attracted OTHR researchers’ attention due to
the mixed propagation mode system [2–6]. Theoretically, it
can overcome the close-range blind zone and mitigate the
effect of the strong ionospheric modulation in HF sky-
wave radar as well as avoid the vertical ionospheric clutter
in HF surface-wave radar (HFSWR). However, challenges
have been brought in by the new radar configuration. One
of the most severe problems is the broadened sea clutter

contaminated by the ionosphere. In the case of ionosphere
destabilization, the Bragg peaks of the first-order sea clutter
broaden severely and have a complex shape. And the bistatic
radar system also exacerbates the effect as the Bragg fre-
quency changes with the bistatic and pitch angle in a cell.

The broadened first-order sea clutter which spreads in
angle and Doppler dimension will submerge the low-
velocity vessels which travel with the radial velocity close to
the Bragg lines [7]. In terms of the clutter suppression
algorithm design, research on the clutter characteristics is
required to give the breach of the problem. It is of vital
importance to study the properties of the clutter which need
to be suppressed and find the appropriate algorithm which is
efficient to do the suppression. So in this paper, the char-
acteristic analysis of the broadened first-order sea clutter
of HFSSWR is studied for the first time utilizing the
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measured data. The range and spatial characteristics have
been analysed to give the guidance of the clutter suppression
algorithm design. The range property influences how to
select the training data to estimate the covariance matrix of
the cell under test and the spatial property effects on how
to reject the target component. The main-lobe cancellation
(MLC) method has been presented to suppress the sea clutter
in HFSWR [8]. It achieves clutter suppression by obtaining
target-free training data to estimate clutter information in
the looking direction with the clutter in other directions. So
the clutter in the cell under test (CUT) can be cancelled by
the estimation, and the target signal can be protected at the
same time. The training data is obtained from a large amount
of range cell data which is required to be independent and
identically distributed (iid) with the test cell data [9–11]. In
HF surface wave radar, the sea clutter is rather stationary
with fewer disturbances from the ionosphere. So it is easier
to provide more valid training data in the range domain.
But in heterogeneous environments, like HF shipborne radar
and hybrid sky-surface wave radar, the clutter statistics
change significantly due to the highly variable nature of
radiowave propagation through the ionosphere [12], which
makes the cancellation method invalid. So in order to apply
the MLC method to suppress the sea clutter, the analysis of
the clutter’s range and spatial characteristics is needed and
how to select valid training data is the key problem in the
background of HFSSWR.

In this paper, we first analyse the characteristics of the
nonhomogeneous first-order sea clutter in HFSSWR utilizing
the measured data to prove the necessity of the training data
selection method in Section 2. On this basis, in Section 3, we
develop a main-lobe clutter canceller based on a single notch
space filter to obtain the training data rejecting the target
information. Then, an improved training data selection
method, which we call the optimized correlation analysis
strategy (OCA) based on the spatial eigenvector, is developed
to suppress the broadened first-order sea clutter, shown in
Section 4. Finally, the method is examined by measured data
in Section 5 and the results indicate that the method has a
good performance for broadening first-order sea clutter sup-
pression than the traditional method. And the conclusion is
presented in Section 6. It is noteworthy that the basic frame-
work of the method is previously presented in [13], but there
are several key problems that need to be discussed together

with some new research progress as shown in this paper.
The analyses of the impact of amplitude-phase errors are
shown in Section 3.3, the simulation results of the broaden-
ing value of the first-order sea clutter are presented in Section
4.2, and a new clutter suppression experiment with a nonco-
operative target is shown in Section 5.2.

2. Characteristic Analysis of Broaden
First-Order Sea Clutter

The main-lobe cancellation method has been proposed to
suppress the space spread clutter of HFSWR in [8]. The main
idea of the method is to estimate the clutter in the looking
direction utilizing the clutter in other directions, and the
clutter can be cancelled by subtraction. In this case, the sec-
ondary data which is used to estimate the clutter information
in other directions must be target-free. And in adaptive
processing, the secondary data is usually collected from adja-
cent range cells. It utilizes two characteristics of clutter in
HFSWR. One is that the sea clutter characteristic in the range
dimension is stable so that there is a large amount of training
data which can be seen as independent and identically dis-
tributed with the cell under test. The other is the different
spatial characteristics of clutter and target. In HFSWR, the
space spread clutter has no directional property; it occurs
almost in every observation direction. On the contrary, the
target has a strong direction, the echo signal of the target only
receives from a certain area, so that the main-lobe clutter can
be suppressed by the clutter in the other side-lobe and the
target can be protected at the same time. However, in terms
of the background of HFSSWR, there are few researches that
have been done on these two characteristics. The analyses of
these properties are needed if the powerful method is going
to be applied in HFSSWR to deal with the clutter here.

So in Sections 2.1 and 2.2, we analyse the two clutter
characteristics utilizing the measured data of HFSSWR. It is
the foundation of the algorithm design.

The measured data is obtained through the HFSSWR
system in Central and Eastern China on June 10, 2015, and
then processed by matched filters in range, Doppler, and dig-
ital beam-forming in turn. Figure 2 gives a typical range-
Doppler spectrum.

We can see from Figure 2 that the clutter background is
complicated for the practical HFSSWR system. There are
typically 4 kinds of clutters which will have negative effects
on target detection. First is the strong direct wave clutter in
the close range area. Second is the spread ionospheric clutter
in the far-range area which covers a wide range of range and
Doppler bins. Fortunately, these two clutters usually occur in
the range regions of no interest. But in the regions of interest
for the HFSSWR system, there are two types of clutters which
are the major problems for clutter suppression processing.
The linear ionospheric clutter covers a few Doppler bins
which appears unpredictable. And the broadening first-
order sea clutter badly affects low-velocity vessel detection
if the vessels’ velocities are close to the Bragg peaks. So in this
section, we do research on the characteristics of the first-
order sea clutter in the background of HFSSWR. The
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Figure 1: Sketch map of HFSSWR.
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analyses of clutter characteristics will guide the design of the
clutter suppression algorithm.

2.1. Range Characteristics of Sea Clutter. To analyse the clut-
ter characteristics in the range domain, we first give a range
spectrum of a negative Bragg peak to show the intuitionistic
character in Figure 3.

We can see that the clutter signal power spectrum
changes rapidly in the range dimension and it is hard to
model the first-order sea clutter’s power spectrum. The first
several range bins are influenced by the strong direct wave.
The spread ionospheric clutter occurs in the far region and
covers a wide range bins as well as the Doppler bins (shown
in Figure 2).

The correlation analysis is an effective way to show the
signal characterization. In the range domain, the correla-
tion coefficient of the data in different range bins can be
calculated by

ηi,j =
1/Nf d

∑N f d
Zb i, f d Z∗

b j, f d

1/Nf d

2
∑N f d

Zb i, f d 2∑N f d
Z∗
b j, f d

2
, 1

where Nf d
is the number of the sample Doppler bin, i is

the reference range bin, j = 1, 2,… , R is the number of
whole range bins which are going to be analysed, Zb is
the sample data in the beam bin b with Doppler shift
f d, and ⋅ ∗ represents the complex conjugate operation.

The results are shown in Figure 4. In Figure 4(a), the
Doppler frequency is f = −0 3255Hz, which is the negative
Bragg peak, the beam direction is b = −6∘, and the reference
range bin is i = 86. We can see that the correlation coefficients
in this situation are at a low level among the whole range bins
except the reference range bin itself. This shows that the ion-
osphere’s statistical property changes rapidly during the
experiment time. The state of the first-order sea clutter is
not stable at even the adjacent range bins due to the iono-
spheric disturbance. This highly nonstationary environment
can be seen as a distinguishing feature for the sea clutter in
hybrid sky-surface wave mode compared with the simple
surface wave radar. In this case, there will be no training data
available which is required for common adaptive filter

methods. This sample starved scenario is called single dataset
situation, and the related method is presented in [12].

In Figure 4(b), the Doppler frequency is f = 0 3516Hz,
which is the positive Bragg peak, the beam direction is b
= 0∘, and the reference range bin is i = 77. The result dif-
fers from that shown in Figure 4(a). We can see that the
correlation coefficients in this situation are at a pretty
high level among the strong sea clutter range bins. It
shows that in range bins like this, the state of sea clutter
is relatively stable. This means that the ionospheric distur-
bance is not very severe and the state of the sea clutter is
more similar to HFSWR. The high correlation coefficients
indicate that the iid training data is accessible in some
specific range bins. But still, the influence of the iono-
spheric channel makes the sea clutter statistic changes
unpredictable. So how to find the effective training data
adaptively to do the clutter suppression in every single
range bin is the key problem. The method presented in
this paper is going to solve the problem in this situation.

2.2. Spatial Characteristics of Sea Clutter. To suppress the sea
clutter, there are a series of methods which have been pro-
posed. In terms of the HF surface wave radar, the main-
lobe cancellation method is a powerful method for sea clutter
suppression which makes use of the strong clutter spatial cor-
relation to obtain the target-free training data. The sea clutter
will be received in most beams, owing to the direction of
receiving antenna and the geographical environment. The
correlation is strong in most observation directions. This is
the significant difference from the spatial characteristics of
the target. The target can only be received in a certain direc-
tion which can be blocked by a well-designed blocking filter.

So the spatial characteristics need to be analysed if the
cancellation method is going to be applied to the HFSSWR.
Figure 5 shows the azimuth-Doppler map of the first-order
sea clutter and a noncooperative target in the 58-range bin
together. As we can see, the sea clutter occupies almost all
the observation directions which are about −40° to 45°

and the noncooperative target only exits in a direction
range of −15°~6°.
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One advantage of the main-lobe cancellation method is
that it can deal with the situation where the target is sub-
merged in the main-lobe. The method achieves the clutter
cancellation by estimating the sea clutter in the main-lobe
with the clutter in the side-lobe. So in order to get the accu-
rate estimation of the main-lobe clutter, it requires the clutter
data having a strong spatial correlation. The spatial correla-
tion can be calculated by

ηm,k =
1/Nf d

∑N f d
Zr m, f d Z∗

r k, f d

1/Nf d

2
∑N f d

Zr m, f d 2∑N f d
Z∗
r k, f d

2
, 2

where Nf d
is the number of the sample Doppler bin, m is the

reference beam bin, k = 1, 2,… , B is the number of whole
beam bins which are going to be analysed, and Zr is the sam-
ple data in the range bin r with Doppler shift f d .

Figure 6 gives the typical result of the first-order sea clut-
ter spatial spectrum and corresponding correlation coeffi-
cient. Figure 7 shows a noncooperative target’s spatial

spectrum as the comparison. We can see that the sea clutter
has a strong correlation in a wide direction scope, about 80
degrees, but the target has an obvious directionality. It should
be noted that the clutter energy decreases at the azimuth
range of -45° to about -36° which leads the correlation falls.
The decrease in the echo’s energy may be caused by an island
shadowing effect in that azimuth range. And the sea clutter
echo may be contaminated by the ionosphere which can also
lead to inhomogeneity in HFSSWR. However, in most azi-
muth scopes, the correlation remains high. This means the
clutter in most beams is homogeneous with the clutter in
the main lobe. So we can get the conclusion that the
main-lobe cancellation method is capable of suppressing
the sea clutter in the background of HFSSWR theoretically
for the application conditions which are satisfied based on
the results of Section 2.

3. Improved Main-Lobe Cancellation Method

In this section, we introduce the improved main-lobe cancel-
lation (IMLC) method. The traditional main-lobe cancella-
tion method is developed from the generalized side-lobe
canceller (GSC) in [14]. It has been presented to suppress
the ionospheric clutter and the sea clutter for ocean remote
sensing by Xianrong et al. [15] and for target detection by
Zhang et al. [8, 16]. The framework of the method is shown
in Figure 8.

The first step of the method is to get the target-free train-
ing data in order to estimate the clutter plus noise covariance
matrix. By previous research, we found that the first-order
sea clutter in HFSSWR has a strong correlation in the spatial
dimension, so that we can utilize the clutter information
from other directions to estimate the clutter in the looking
direction. The training data used to estimate the clutter infor-
mation must contain no target information to prevent the
target self-elimination. The block matrix here is formed by
a single notch space filter. In some situations, there are ?mul-
tiple targets in one main-lobe direction, or the training data
of the sea clutter may contain not only one clutter
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information. In this case, a large degree of freedom (DOF) is
required. To ensure that the system has enough DOF, an aux-
iliary channel is built by way of a sliding subarray to obtain
the secondary data.

In a nonstationary environment, like HFSSWR, how to
select the efficient training data is a key problem in the clutter
cancellation method. So we propose a training data selection
strategy to improve the main-lobe cancellation method per-
formance for the HFSSWR sea clutter suppression. The
new framework of the IMLC is shown in Figure 9.

In Section 3.1, the data model of the IMLC method is
introduced briefly. In Section 3.2, a single notch space fil-
ter is used to block the target signal in the main lobe. In
Section 3.3, the analysis results of the amplitude-phase
error are given.

3.1. Data Model. For an N-element uniform linear array
(ULA) shown in Figure 10 which collects M data snapshots,

with element spacing d and carrier wavelength λ, the echo
data of the ith range cell can be expressed as [17]

xi = a i ss−t θ, f + c i + n i , 3

where ss−t θ, f = ss θ ⋅ sTt f is the target vector, ss θ =
1,… , exp j2π N − 1 d sin θ/λ T is the spatial steering vec-
tor, st f = 1,… , exp j2π M − 1 f T denotes the temporal
steering vector, a i is the target amplitude, c i denotes the
clutter, and n i denotes the noise which is nondirectional.
And ⋅ T denotes transpose.

The covariance matrix of the cell under test can be writ-
ten as

RCUT = E xCUTxHCUT = σ2t ss−tsHs−t + Ru, 4

where σ2
t = α i 2 is the power of the target, Ru = Rc + Rn

= E cCUTcCUTH + σ2nI, where σ2n is the noise power and I
denotes the identity matrix, and ⋅ H denotes the Hermi-
tian transpose.

In practical applications, Ru is unknown and has to be
estimated from the training data around the CUT.

R̂u =
1
K
〠
k∈Γ

xkxHk , 5

where K is the total number of target-free training data, and Γ
is the set of the training samples in the range domain. And
the aim of the proposed method is to select the most valid
training data.

3.2. Single Notch Space Filter. In order to block the target
information, a single notch space filter (SNSF) is proposed
as the block matrix. The least P-norm FIR filter is chosen
for its side-lobe response which is approximately equal. This
means that the clutter information in the side-lobe can be
kept maximally. The beam null steering points to the same
direction as the main-lobe so that only the clutter and the
noise in the side-lobe will be remained. The response is
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shown in Figure 11 withN = 16 and L = 10, the DOF is 7, and
the main-lobe direction is −15°.

In order to fully block the target component, the filter
needs to be well designed based on two principles. Firstly,
the depth of the filter should be deeper than the target power.
Secondly, the width of the filter should be wider than the
main lobe. In this case, we can assume that after filtering,
there are no main-lobe components left in the secondary
data. Here, they are antithetic conditions and should be care-
fully designed to ensure the filtering effect.

3.3. Analysis of Amplitude-Phase Error. There are some limits
of the main-lobe cancellation method. As discussed in the
above section, the single notch filter needs to be carefully
designed based on the two principles. And the degree of free-
dom is limited by the practical system as well. But one of the
most severe problems is the amplitude-phase error in the
receiving antennas.

The amplitude error will change the level of the
side-lobe response, and the phase error will cause the
decrease of the notch depth. In some extreme situations,
the notch may even disappear due to the heavy phase error,
so that the target information will be remained in the train-
ing data which will lead to target self-elimination. The com-
pensation of the amplitude-phase error is essential before
the signal processing. Here, we give the analysis of the
amplitude-phase errors’ impact on the single notch filter to
guide the compensation processing.

First, we give the simulation result of the phase error’s
impact. The phase errors are set to be uniformly distributed
pseudorandom numbers in different scopes to represent the
different error levels. Figure 12 shows the response of the sin-
gle notch filter with different phase error levels. The red circle
line is the ideal response with no phase error. The black
square line is the response with the phase error in the −0 5
 0 5 degree scope. The blue asterisk line is the response with
the phase error in the −1 1 degree scope while the pink
diamond line is that in −2 2 . We can see that with the
phase error increase, the response becomes worse. The depth
of the notch reduces, and the side-lobe responses are not
equal any more. This will lead the target component to

remain in the training data and affect the validity of the clut-
ter suppression method.

Then, we give the simulation result of the amplitude
error’s impact. The amplitude errors are also set in different
scopes. The impact of the amplitude errors on the single
notch filter response is shown in Figure 13. The ideal
response with no amplitude error is still shown with the red
circle line. And the black square line, the blue asterisk line,
and the pink diamond line represent the amplitude errors
in −1 1 dB, −2 2 dB, and −5 5 dB scopes, respec-
tively. It can be seen from the simulation result that the
impact of amplitude errors is on the inequality of the
side-lobe response. It hardly affects the depth and direction
of the notch.

In conclusion, the amplitude-phase error is a key prob-
lem which will affect the clutter suppression result. So it is
necessary to do the compensation processing before signal
processing to ensure the amplitude-phase consistency. In
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the practical system, the allowed margin of the amplitude
error is ±2 dB while the phase error is limited at ±1°.

4. Improved Training Data Selection

Generally, the STAP method requires at least twice the DOF
samples of training data to obtain an accurate covariance
matrix estimation [18]. But in the practical HFSSWR system,
it is difficult to provide enough training data which is inde-
pendent and identically distributed with the CUT. The non-
stationary property of the ionosphere causes the fluctuation
of clutter characteristics in range bins, discussed in Section
2.1. This makes the conventional main-lobe cancellation
method become invalid in the heterogeneous environment.
In this section, the improved training data selection method
is introduced based on an optimized correlation analysis
strategy (OCA) using spatial eigenvectors to choose the effi-
cient secondary data. This strategy tells how to define the
parameter kmentioned in Section 3.1. The aim of the method
is to find the strong correlation data to be selected as the
training data that is more consistent with the clutter statistic
distribution, under the premise of limited training samples.
And in HFSSWR, the first-order sea clutter will broaden
due to the ionospheric contamination and bistatic system
configuration. So in order to fully express the clutter infor-
mation, the localized processing region (LPR) has been intro-
duced into the IMLC. And the simulation results of the
broadening value of the first-order sea clutter are presented
to improve the selection of the LPR.

In Section 4.1, the proposed optimized correlation
analysis strategy is introduced. During the OCA process-
ing, the LPR is used to better represent the clutter infor-
mation. So in Section 4.2, how to define the range of the
LPR is discussed.

4.1. Optimized Correlation Analysis Strategy. In the case of
HFSSWR, the first-order sea clutter data in the range domain
change significantly due to the nonstationary properties of
the ionosphere based on the analysis results in Section 2.1.

So the adjacent range bins cannot provide the MLC required
iid data. The echo data in one range cell often consists of
different components of target, sea clutter, and noise. The
output of the SNSF in Section 3.2 contains no target informa-
tion, and the power of the background noise is weaker than
the strong sea clutter. So the strong eigenvalues in one LPR
represents the sea clutter characteristic in the Bragg peak
region. In ideal situations in which the sea clutter is pure
and no other interference exists, there will be only one dom-
inant eigenvalue corresponding to the sea clutter. But due to
the ionospheric contamination, the first-order sea clutter is
not pure; there may be more than one dominant eigenvalue.
The optimized correlation analysis strategy proposed here is
to select the effective neighbouring range cells to be the train-
ing data. The strategy utilizes the eigenvectors which have
greater contribution to calculate the correlation coefficient
with the CUT and then select the range cell data whose coef-
ficient is greater than the threshold to be the training data.

The OCA strategy is operated as follows:

(1) Select a two-dimensional angle-Doppler localized
processing region (LPR) for one-range cells and
convert to a column vector XA−D = x1, x2,… , xT

T,
where T = p × q is the size of the LPR, p is the number
of the angle domain data, and q is the number of the
Doppler domain data

(2) Calculate its space-time covariance matrix R

R = XAD ⋅ XT
AD 6

(3) Do the eigenvalue decomposition (EVD) of R, and
get T eigenvalues λ = λ1, λ2,… , λT

T and the corre-
sponding angle-Doppler joint domain normalized
eigenvectors ξ = ξ1, ξ2,… , ξT

T

(4) Calculate the contribution value of each eigenvec-
tor and find the eigenvector ς with the maximum
value to represent the clutter characteristic in the
current range cell by the following equation λiξ

H
i

XA−D, i = 1, 2,… , T

(5) Do the process on K range cells based on steps (1)
to (4) and obtain the K normalized eigenvectors
ς = ς1 ς2 … ςK

T

(6) Calculate the correlation coefficient ρij between the
eigenvector ςi for the range cells under test and other
range cells

ρij = ςHi ςj, j = 1, 2,… , K 7

(7) Select the effective training data Xc f =
xr,1 xr,2 … xr,k whose correlation coefficient

is continuously greater than the threshold η from the
range cell around the cell under test
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4.2. Localized Processing Region Discussion. The broadening
first-order sea clutter can cover a few Doppler bins, so in
order to extract the accurate sea clutter information, a local-
ized processing region data is taken into account for the first
step in Section 4.1. The size of the LPR is shown in Figure 14.

The size of the LPR is worthy to be discussed. In the azi-
muth dimension, based on the analysis results in Section 2.2,
the first-order sea clutter has a strong spatial correlation in
the azimuth dimension. The correlation is in a high level in
a few azimuth bins. This means that spatial clutter informa-
tion can be better expressed utilized a few azimuth bins.
But the more LPR data are used, the heavier the computa-
tional cost will be. So in practice, we take p = 3. In the Dopp-
ler dimension, the first-order sea clutter will broaden in
hybrid sky-surface wave mode owing to the bistatic radar
mode and ionospheric phase contamination. So the size of
LPR in Doppler bins should be calculated by the Bragg fre-
quency range.

In [6], the Bragg frequency range of the broadening
first-order sea clutter is calculated

±0 102 × 10−3 f 0 ⋅ cos βH′/2 + f ion min,

±0 102 × 10−3 f0 ⋅ cos βH′/2 + f ion max ,

8

where f0 is the carrier frequency, βH′ is the modified bistatic
angle, and f ion is the Doppler shift caused by the ionosphere.

Figure 15 gives the simulation result of the broadening
range of the first-order sea clutter. The comparison has been
made between the measured data and the theoretical calcula-
tion. It is the result of the No. 53 range bin, and main-lobe
direction is 0°. The carrier frequency is 10.91MHz, and the
modified bistatic angle is 14.41°. From Figure 15, we can see
that the theoretical value matches the measured data very
well. And the parameter q can be calculated by dividing the
range of Equation (8) by Doppler resolution, which is
0.013Hz. We can get q ≈ 7 in this situation.

5. Experimental Results

The measured data is used to verify the effectiveness of the
IMLC method. The results are compared with the DBF
method and traditional main-lobe cancellation method.

The measured data is collected from a 16-element ULA with
a 10-meter element interval. The transmitted signal is the
phase-coded signal with a carrier frequency of 10.91MHz,
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Figure 14: Size of the LPR.
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bandwidth 40 kHz, and pulse repetition frequency of
66.67Hz.

5.1. Measured Data Plus a Simulated Target. Firstly, we inject
a simulated target at no. 45 range cells, 0.3516Hz Doppler
frequency, and degree of 0°. In this case, the modified bistatic
angle is 14.6248°. At this Doppler frequency, the target is
completely submerged by the broadening first-order sea clut-
ter which makes it impossible to be detected.

Figures 16 and 17 show the range-Doppler plots of the
DBF method and IMLC method, respectively. By compari-
son of the two figures, it can be seen that the broadening
first-order sea clutter has been largely suppressed and the
target can been seen, although it is not isolated due to the
clutter residual. This situation which is the most severe situ-
ation for target detection shows that the IMLC is a very pow-
erful method to suppress the clutter and protects the target
information. Also, it can be seen that some suspected targets
have been removed together with the clutter. This can be
explained that the azimuths of the suspected targets are
largely mismatched with the main lobe at this direction. If
the main lobe turns to the azimuths of these targets, they will
be protected by the SNSF.

Figure 18 shows the Doppler profile results of no. 45
range cells obtained by 3 different methods. The DBFmethod
and the MLC method are taken here as comparisons.
Figure 18(a) is the suppression result with no target injected.
It shows clearly that due to the effect of the ionospheric prop-
agation channel, the traditional MLC method has nearly no
effect on sea clutter. The IMLC method can suppress the
sea clutter to a large extent; it is weakened by the maximum
of 30.3 dB for the positive first-order sea clutter and about
23 dB for the negative first-order sea clutter. Figure 18(b)
shows that IMLC can protect the target while suppressing
the clutter and the improvement of SCNR is up to 22 dB. It
makes a great advantage for detecting the low velocity vessels
which are submerged by the sea clutter in the main lobe.

5.2. Measured Data with a Noncooperative Target. Then, we
found a noncooperative target in the measured data to show
the effectiveness of the proposed method in practical
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Figure 18: Suppression results for clutter and clutter plus target.
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situations. The noncooperative target is at the no. 76 range
cell, 0.4036Hz, and the target direction is -15°.

Figures 19 and 20 show the comparison of the DBF
method and the IMLC method. Figure 20 shows that the
IMLC method can suppress the broadening first-order sea
clutter effectively and protect the target in the main lobe.
The method is proved to be a useful way to suppress the
sea clutter in the background of the HFSSWR. The method
brings a great benefit on SCNR improvement.

To show the cancellation result more clearly, the Doppler
profile of the target range cell is shown in Figure 21. Com-
pared with the DBFmethod, it can be seen that the sea clutter
has been greatly suppressed. The negative Bragg peak has
been weakened by 26 dB, and the positive Bragg peak result
is 27 dB. And we can see that although the target suffers a lit-
tle SNR loss due to the limitation of the training data, SCNR
has been improved from 3.1 dB to 18.8 dB. This will benefit
the following target detection processing.

6. Conclusions

In this paper, an effective clutter cancellation algorithm,
IMLC, is proposed for broadening first-order sea clutter sup-
pression. It applies the main-lobe cancellation method to the
clutter suppression with the background of HFSSWR. More
detailed problems have been discussed, and new simulation
and experimental results have been given on the basis of
the conference paper. The range and spatial characteristics
of the first-order sea clutter in HFSSWR are first discussed
to guide the suppression algorithm design. The analysis
results show that the influence of the ionospheric channel
makes the sea clutter change unpredictably in the range
domain. In some situations, the state of the first-order sea
clutter is not stable at even the adjacent range bins. And in
the spatial domain, the first-order sea clutter shows the high
correlation property in most observation directions. This
forms the theoretic foundation of the MLC method. In order
to solve the degradation of the traditional MLC method
caused by the ionospheric nonstationary property, we

improve the method to select more efficient training data. A
single notch space filter is chosen as the block matrix, and
the influences of the amplitude-phase error have been shown.
An improved training data selection method based on spatial
eigenvector correlation analysis, which we call optimized
correlation analysis strategy, is proposed. The broadening
Bragg frequency of the first-order sea clutter in HFSSWR is
taken into consideration. The experimental results, utilizing
the simulated target as well as the noncooperative target,
show the effectiveness of the algorithm which can suppress
the first-order sea clutter and improve the SCNR of the tar-
get. For further application, the IMLC algorithm can be used
in other situations facing a similar challenge.
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