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Abstract. In order to reduce the Doppler spread effect caused by ionospheric disturbance, sky wave over-thehorizon radar often detects ships in a short coherent integration time (CIT). In short CIT, an effective means to
detect ships is clutter suppression. Through the analysis of the real data, it is found that the sea clutter has a
strong correlation when the sea state is relatively stable, whether in long CIT or short CIT. To avoid estimating
clutter subspace dimension and clutter cancellation times of the available methods, an adaptive clutter suppression method based on sea clutter correlation is proposed. This method does not need to estimate the
parameters of the clutter, even when the Doppler frequency of the ship target is close to the sea clutter, the target
can be detected. Theoretical analysis and real data processing indicate that the proposed method can detect ship
target effectively.
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1. Introduction
Sky wave over-the-horizon radar (OTHR) operating in the
high frequency band (3–30 MHz) can provide over-thehorizon detection of targets on large surveillance areas
[1, 2]. Because the ship speed is slow, in order to detect the
ship target from the sea clutter background, it need to use a
longer coherent integration time (CIT) than the detection of
the aircraft target to improve the Doppler resolution of the
radar system. Normally, when OTHR is working with sea
detection mode, the required CIT is a few dozen seconds or
even a few minutes. However, there are two problems in
choosing long CIT for sea surface detection. The ﬁrst
problem of prolonging CIT is that it will reduce the OTHR
revisit times in surveillance area, and reduces the ability of
OTHR to detect multiple targets simultaneously. The second problem with extending CIT is that it increases the
probability of sea clutter Doppler spectrum broadening,
when CIT is long, the ionosphere is no longer stable, the
random and time-varying nature of the ionosphere will
cause the sea clutter to be extended in the Doppler domain
thereby smearing the presence of the ship target [3, 4].
Therefore, it is very important to study a useful method to
suppress the sea clutter so that the ship detection mission
can be executed with short CIT.
There are two ways to solve the problem of target being
covered by clutter: one is clutter suppression method,
which can suppress clutter as much as possible without

losing the energy of the ship; the other is to improve the
resolution of Doppler spectrum, which mainly uses high
resolution spectral estimation method to distinguish the
ship from clutter [5]. There are three kinds of clutter suppression methods: the ﬁrst is sea clutter cancellation
method, including Root method [6, 7] and APES cancellation method [8]; the second is eigenvalue decomposition
(EVD) method [9, 10]; the third is singular value decomposition (SVD) method [11–13]. In this paper, the problems
of three sea clutter suppression methods in practical
application are analyzed. Based on the strong correlation of
sea clutter, an adaptive sea clutter suppression method in
frequency domain is proposed, and the detection performance of the proposed method is studied with real data.

2. Problems of existing sea clutter suppression
methods
In the ocean echo of OTHR, the two Bragg peaks can be
represented by sinusoidal signals [14, 15], and the highorder sea clutter can also be approximated by a set of
sinusoidal signals [16]. Therefore, a sinusoidal model can
be used to describe the suppression process of sea clutter.
Suppose the number of echo pulses is N, at moment t, x ¼
½ xðt  ðN  1ÞDt Þ    xðt  Dt Þ xðtÞ T is the sampling
data of the range cell under test in a short CIT, where Dt is
sampling interval, ‘T’ is transposition operation. In general,
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x contains sea clutter, potential targets and noise. The sea
clutter of different orders are described by r sinusoidal
signals with frequency of f1 ; f2 ; . . .; fr . Assuming the Doppler frequency of the target is fT , the sea surface echo of
OTHR can be expressed as a matrix
32 3
2
c1
1
1

1
.. 7
6 ejDt 2pf1

ejDt 2pfr
ejDt 2pfT 76
. 7
76
.
.
.
.
x¼6
6
54 7
4
..
..
..
..
cr 5
ejðN1ÞDt 2pf1    ejðN1ÞDt 2pfr ejðN1ÞDt 2pfT
sT
þn
ð1Þ
where c1 ;    ; cr and sT are the amplitude of the sea clutter
and the target respectively, and n is the Gaussian white
noise.
High-resolution spectrum estimation methods can solve
the problem of low Doppler resolution in short CIT, but
these methods are generally affected by the selected order
and the estimated covariance matrix. How to avoid false
peaks and reduce the computational complexity need to be
solved. In addition, the physical interpretation of highresolution spectrum is still unsatisfactory, which means that
there may be information distortion. Different from the
high-resolution spectrum estimation method, the sea clutter
suppression method solves the problem of low Doppler
resolution by suppressing the clutter components, in this
way, the signal-to-noise ratio is also improved. Therefore,
sea clutter suppression method has become an effective
means to detect ship target in short CIT, and has been
widely used, but there are still many problems.

2.1 Root method
Root method reconstructs the positive and negative sea
clutter components in time domain and subtracts the estimated components from the echo to achieve clutter suppression. The core of the algorithm is to accurately estimate
the amplitude, frequency and initial phase of the two ﬁrstorder sea clutter components. The amplitude a and frequency f of the clutter component are estimated directly
according to the peak value of the clutter in the Doppler
spectrum obtained by fast Fourier transform (FFT). The
initial phase / of the clutter is estimated by minimizing the
following formula
eð/Þ ¼

N 1 
X

xðnDt Þ  aej/ ej2pfnDt 2

ð2Þ

n¼0

Due to the low frequency resolution in short time and the
large spacing between spectral lines, the frequency of the
ﬁrst-order Bragg peak is usually not at the discrete frequency point, which will decrease the estimation accuracy
of frequency and amplitude, thus the initial phase cannot be
accurately estimated. With the increase of the cancellation
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times, the residual clutter will spread in the Doppler
domain, and the cancellation times and cancellation regions
are difﬁcult to determine, so it is easy to cause the target to
be suppressed incorrectly. APES cancellation method uses
spectrum analysis technique to estimate clutter amplitude,
frequency and initial phase at the same time, so as to
improve the accuracy of parameter estimation, but the
cancellation times and cancellation regions are still difﬁcult
to establish.

2.2 EVD method
Assuming that xi is the echo data of the ith range cell in N
pulse periods, i ¼ 1; . . .; M, Mis the number of reference
range cells, the covariance matrix is
R¼

M
1X
xi xH
i
M i¼1

ð3Þ

where ‘‘H’’ denotes conjugate transpose. The eigenvalue
decomposition is applied on R, the eigenvectors
u1 ; u2 ; . . .; ur corresponding to r large eigenvalues are
expanded to clutter subspace. The cell under test (xt ) is
projected to clutter subspace and ﬁltering the projection
component, the data vector y containing only the target and
noise can be obtained
y ¼ xt 

r
X

uH
i xt ui

ð4Þ

i¼1

The problem of EVD method is how to divide the subspace [17]. In theory, we can use the information theory
criterion [18, 19] to judge the dividing point between large
eigenvalues and small eigenvalues. However, the practical
effect of this method is not ideal and misjudgement often
occurs. In addition, the inﬂection point of eigenvalues
variation can be used as the boundary point between the
clutter subspace and the target/noise subspace. However,
when sea clutter is not stationary, the clutter eigenvalues
can easily diffuse into the target eigenvalue, and the
eigenvector corresponding to the target can easily be classiﬁed into the clutter subspace. As a result, the target will
be weakened or even suppressed.

2.3 SVD method
The process of SVD method is: (1) a Hankel matrix H is
constructed from the original time series data, the singular
values of H can be obtained via singular value decomposition. (2) The ﬁrst r large singular values represent most
energy of the clutter, and the rest singular values represent
target and noise. To cancel the clutter, the singular values
corresponding to the clutter are ﬁrst zeroed, and a reduced
0
rank Hankel matrix H can be constructed by the Hankel
rank reduction method [12], then a new series data with

Sådhanå

(2020) 45:179

Page 3 of 9

179

0

clutter components removed is constructed from H . In this
way, only the target and noise are contained in the echo,
and the clutter is suppressed. If the target is mistakenly
suppressed as clutter, the output signal-to-clutter-plus-noise
ratio (SCNR) will be reduced. Similar to the EVD method,
SVD method also regards the inﬂection point of the singular values as the boundary point between clutter and
target/noise. In the real data, the singular vectors of clutter
often diffuse into the target singular vectors, which results
in the clutter cannot be completely suppressed or the target
is weakened.
From the above analysis, all the aforementioned methods
need to estimate the parameters of clutter, and the performance of these methods will be greatly decreased once the
parameters of the clutter are inaccurate. To avoid the error
caused by inaccurate parameters, a new method of clutter
cancellation based on adaptive ﬁlter is proposed in this
paper.

3. Correlation of sea clutter in real data
This section mainly analyses the correlation of clutter in
real data, this data comes from the sky wave over-thehorizon radar of China. Figures 1 and 2 are range-Doppler
images of the same batch of real data under different CIT
conditions. The parameters of the real data are: the operating frequency of OTHR is 14.6 MHz, the bandwidth is 60
kHz, the pulse interval is 58 ms, the transmitted power is
420 kW and the sensitivity of the receiver is - 70*- 90
dBm. The CIT of ﬁgures 1 and 2 are 44.544 s and 5.568 s,
respectively. It can be seen that the two range-Doppler
maps contain a large number of sea clutters and ground
clutters, and there are also ship and aircraft targets in a few
range cells. The aircraft is a small aircraft, with a speed of

Figure 2. Range-Doppler image of real data with CIT ¼ 5:568s.

about 60 m/s; the ship is a large freighter, with a length of
about 160 m and a speed of about 15 m/s.
The two images have different CIT, so their Doppler
spectral resolution is also different. Compared with
ﬁgure 2, the aircraft and ship targets in ﬁgure 1 are
easier to distinguish from clutter. The main reason is
that long CIT can get more echo pulses, the more pulses, the higher Doppler resolution. However, long CIT
means that the surveillance area of radar becomes
smaller. In order to improve the multi-area surveillance
ability of radar, the target resolution ability in short CIT
should be improved.
For this real data, we use the following formula to calculate the correlation coefﬁcients of clutter between the
range cell under test and the ith neighbouring range cell [9]
gi ¼

Figure 1. Range-Doppler image of real data with CIT
¼ 44:544s.

xH
t xi
kxt kkxi k

ð5Þ

where xt is the range cell under test, xi is the ith range cell
adjacent to xt , we call it reference cell, gi is the correlation
coefﬁcient between the cell to be tested and the reference
cell. Figure 3a is the correlation coefﬁcient between the
400th range cell and reference cells. Figure 3b is the correlation coefﬁcient between the 750th range cell and reference cells. The CIT of the solid line and the dashed line
are 44.544 s and 5.568 s, respectively, and the number of
reference cells is 80. From ﬁgure 3, it can be seen that the
range correlation coefﬁcient of sea clutter has a ﬂuctuation
approximate to ‘‘periodicity’’, and the average correlation
coefﬁcient is about 0.7. Because the motion state of ocean
wave is relatively stable in a certain CIT, the variation of
range correlation coefﬁcient in different CIT is very small
and can be neglected. Therefore, sea clutter can be regarded
as a range-dimensional stationary clutter because of its
strong correlation in the range domain.
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Figure 3. Correlation coefﬁcient between the detected range cell and reference cells: (a) The 400th range cell, (b) The 750th range cell.

4. Adaptive clutter suppression method
The analysis of the real data in section 3 shows the variation of OTHR Doppler spectrum in neighbouring range
cells are slow, and the sea clutter has high correlation to its
neighbouring range cells, the correlation coefﬁcient could
be as high as 0.8–0.9 [9]. Based on this conclusion, a frequency domain adaptive clutter suppression (FACS)
method is proposed in this section.
For the received echoes in (1), matched ﬁltering and
range compressing are implemented in the range domain,
then we do FFT on the data in slow time domain so as to
obtain Doppler cells. Through the above operations, rangeDoppler data X can be obtained. In matrix X, in addition to
strong sea clutter and noise, there may be some targets. The
lth range cell (Xðl; :Þ) in X is to be detected, the matrix XR
is constructed by several range cells adjacent to Xðl; :Þ

h 

XR ¼ X l  I=2 þ 1; : j



Figure 4. Data matrix after FFT.

where W ¼ ½w1 ; . . .; wI T , the output (e) of the detected
range cell Xðl; :Þ is given by
e ¼ Xðl; :Þ  WH XR

Xðl  1; :Þj

where Xði; :Þ represents the ith row in matrix X, it is the
slow time data after FFT of the ith range cell, the size of
matrix XR is I  N. The range-Doppler data X is shown in
ﬁgure 4.
Because the clutter has good correlation in the range
direction, the clutter components of the range cell to be
detected can be estimated by weighting the data of the
reference cells. Assuming that the weight vector is W,

Xðl þ 1; :Þj




i
X l þ I=2 þ 1; :

ð7Þ

ð6Þ

where WH XR is the estimation of the clutter components of
the detected range cell. By subtracting WH XR from Xðl; :Þ,
the clutter can be rejected. It can be seen that W is
equivalent to an adaptive clutter ﬁlter, the key of the
method is how to estimateh thei vector W accurately. The

power of e in (7) is p ¼ E jej2 , when p reaches the min-

imum, the corresponding weight vector Wopt is the accurate
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estimation of W. By the derivation of the equation (7), the
solution of Wcan be obtained
Wopt ¼ R1
ð8Þ
l rl


where rl ¼ E XR XH ðl; :Þ is the cross-correlation vector
between the current detected range cell and neighbouring
range cells, Rl is the clutter covariance matrix, which is
estimated by multiple reference cells, Rl is estimated by


ð9Þ
Rl ¼ E XR XH
R
Constructing a weight vector wl of ðI þ 1Þ  1
dimension


1
wl ¼
ð10Þ
Wopt
.pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
wH
and wl is normalized as wNl ¼ wl
l wl .
The weight vector wNl is multiplied with the echo, and
then the clutter of the lth range cell can be suppressed
0

X ðl; :Þ ¼ wH
Nl ½ Xðl; :Þj
0

XR 

ð11Þ

where X is the range-Doppler data matrix after clutter
suppression.
Figure 5 is a schematic diagram of FACS method. From
ﬁgure 5, it can be seen that this method uses the correlation
of the adjacent range cells to eliminate the sea clutter
components of the detected range cell, and the effectiveness
of FACS is related to two factors: one is the correlation of
sea clutter in adjacent range cells, the other is the accuracy

179

of estimated weight wNl which can be calculated by minimizing the power of e in (7).

5. Experimental results
5.1 Doppler spectrum of real data after adding
ship target
In this section, SVD method, EVD method, Root method
and FACS method are used to process OTHR sea clutter
data, and their clutter suppression ability in short CIT is
discussed and analyzed. The CIT of real data is 5.568s and
the number of reference range cells is 45. In order to verify
whether the ship target appears or not after sea clutter
suppression by different methods, a ship target with signalto-clutter ratio (SCR) of - 20 dB is added to the short CIT
data, its Doppler frequency is 0.72 Hz. In the experiment,
the short data is expanded to 512 points by ﬁlling zero, and
then the Doppler spectrum is obtained through FFT. Figure 6a shows the Doppler spectrum before clutter suppression. It can be seen that the ship target with Doppler
frequency of 0.72 Hz is covered by sea clutter and cannot
be identiﬁed.
The parameters of the above four methods are chosen as
follows: in SVD method, the column number of Hankel
matrix is set to 15, and the 5 largest singular values are set
to zero; in EVD method, the rank of clutter subspace is set
to 10; in Root method, the clutter cancellation times is 7.
The proposed FACS method does not need to set parameters. The processing results of four methods are shown in

Figure 5. Schematic diagram of FACS method.
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Figure 6. Spectrum before and after clutter suppression: (a) Before clutter suppression, (b) Clutter suppressed by SVD and FACS,
(c) Clutter suppressed by Root and FACS, (d) Clutter suppressed by EVD and FACS.

ﬁgure 6b, c and d. It can be seen that: after using SVD
method, although ship target is exposed, there is too much
residual sea clutter. It is found in the experiment that if the
6 largest singular values are zeroed, although the remaining
sea clutter is less, the ship is also suppressed. When the data
is processed by Root method, there are still obvious
residual clutter, and if more cancellation is carried out, the
ship is also eliminated. EVD method can suppress clutter
completely, target appears at 0.71 Hz, but this method has
two application limits: the ﬁrst limitation is the clutter
subspace dimension is not easy to establish, inaccurate
dimension will seriously weaken the effect of algorithm,
the second problem is that eigenvalue decomposition
computation of the high-dimensional covariance matrix is
relatively large, which will reduce the efﬁciency of EVD
algorithm. FACS method has the same clutter suppression

effect as EVD method, but FACS does not need to determine the clutter parameters manually, and the performance
of FACS is very stable when sea clutter correlation coefﬁcient is greater than 0.6.

5.2 Range-Doppler image of real data after clutter
suppression
In the short CIT, the original range-Doppler image of the
real data is shown in ﬁgure 2. It can be seen that: in
addition to strong sea clutter and ground clutter, there are
also ship and aircraft targets in some range cells, especially
around 1750 km there is a ship target close to the sea
clutter, the Doppler frequency is about - 0.8 Hz. Because
CIT is only 5.568s and the number of accumulated pulses is
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Figure 7. Range-Doppler image after clutter suppression by
FACS method with CIT ¼ 5:568s.

not enough, the resolution of range-Doppler image is low,
so it is difﬁcult to separate ship target from sea clutter in
1750 km. Figure 7 is the result of clutter suppression using
the FACS method. The number of reference cells is 40. It
can be seen that sea clutter and ground clutter have been
completely suppressed. Aircraft target in 2780 km and ship
target in 1750 km are clearly visible. Especially for the ship
target in 1750 km, although its Doppler frequency is very
close to sea clutter, the energy of the target is not be
weakened when removing clutter. In ﬁgure 7, there are still
a few residual clutter, which mainly concentrate in the
clutter area and does not affect the detection of targets.
From ﬁgure 7, we can see the power of target is about 20
dB higher than that of the residual clutter.
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as 1 lW, that is, the unit is lW. The data length is 64, and
the number of reference cells is 40. In the EVD method, the
noise covariance matrix is replaced by the unit matrix, the
clutter covariance matrix is estimated by the reference
cells, and the rank of the clutter subspace is chosen as 2; in
the SVD method, the ﬁrst two large singular values are
zeroed; and the cancellation times of Root method is 2. The
results came from 100 Monte Carlo experiments, the SCNR
of the data processed by various sea clutter suppression
methods is shown in ﬁgure 8.
Figure 8 shows that under the condition of stationary sea
clutter, EVD and FACS method have the same performance
because of the strong correlation of sea clutter in adjacent
range cells. They are superior to SVD method and Root
method. The four methods have power attenuation effect on
target in - 0.5*- 0.35 Hz and 0.35*0.5 Hz, while in the
other frequency regions, hardly weaken the target. In the
non-clutter region, the attenuation of target power by FACS
method is slightly larger than that by EVD method, but
smaller than that by Root and SVD method. SVD method
removes target in - 0.6*- 0.15 Hz and 0.23*0.6 Hz,
especially, when the Doppler frequency of ship target is in
- 0.52*- 0.32 Hz, the target energy eliminated by SVD
method is the largest of the four methods. Root method
cancels the target in - 0.56*- 0.3 Hz and 0.3*0.6 Hz,
and in other Doppler frequency regions, the suppressing
effect on target is the most serious of the four methods.
Figure 8 illustrates that the FACS and EVD methods are
more effective than the SVD and Root method when the sea
state is stable, especially when the ship Doppler frequency
is close to the sea clutter, the clutter can be suppressed
without damaging the energy of the target.

5.3 Output SCNR comparison under stationary sea
clutter condition
In order to compare the performance of various sea clutter
suppression methods under stationary sea clutter condition,
the output SCNR of different methods is given with different target velocities. Deﬁne the output SCNR as
SCNR ¼10 log ES0 EC0 þW 0 , where ES0 is the target
energy after sea clutter suppression, EC0 þW 0 is the energy of
residual clutter and noise in the sea clutter region after
clutter suppression. The Doppler frequency of the target
varies from - 1.5 Hz to 1.5 Hz with the step size of 0.0375
Hz. Other simulation parameters are: OTHR transmission
frequency is 18 MHz, it means Doppler frequencies of the
positive and negative Bragg peaks are 0.43 Hz and - 0.43
Hz, and their signal-to-noise ratio is 45 dB and 35 dB,
respectively. The noise is white Gauss noise with mean
value is 0 and variance is 1, for Gaussian white noise,
power and variance are equal, according to the sensitivity
of real radar receiver, it is reasonable to set the noise energy

Figure 8. Output SCNR after clutter suppression by four method
(sea state is stationary).
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5.4 Output SCNR comparison under nonstationary sea clutter condition
Generally, OTHR echo is easily polluted by ionosphere
disturbance [20], and sea clutter tends to be unstable. Next,
the SCNR after clutter suppression is analyzed under the
condition of non-stationary sea clutter. The simulation
parameters are consistent with section 5.3. In order to
simulate non-stationary sea clutter, the sea clutter of each
range cell is processed as follows: adding - 5*5 dB random disturbance on the amplitude, adding - 0.1*0.1 Hz
random disturbance on the frequency and adding p*p
random disturbance on the phase, so that the correlation of
sea clutter of adjacent range cells will be reduced. The result
is shown in ﬁgure 9, it shows that the performance of FACS
method and EVD method is almost the same. When sea
clutter is non-stationary, the correlation of adjacent range
cells becomes weaker, the performance of both EVD and
FACS decrease. Root method and SVD method do not utilize the correlation of sea clutter, nor do they need reference
cells, so the power attenuation of target in non-clutter area is
less than the previous two methods. However, SVD method
weakens the target most severely in the Doppler region of
- 0.52*- 0.3 Hz and 0.35*0.52 Hz. Root method suppresses the target more severely in the Doppler region of
0.33*0.6 Hz than EVD and FACS method.
Under the condition of non-stationary sea clutter, the
simulation results show that SVD method is better than
FACS method, because the clutter dimension of SVD is set
artiﬁcially by the accurate parameters of the simulation
clutter, but it is difﬁcult to estimate the clutter dimension
accurately when processing real data, so the effect of SVD
method in engineering application is relatively poor. FACS
method does not need to set parameters artiﬁcially, so its
performance in simulation experiment is consistent with
that in practical application. In a word, when the sea clutter

Figure 9. Output SCNR after clutter suppression by four method
(sea state is non-stationary).
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is non-stationary, more effective clutter suppression methods need to be studied.

6. Conclusions
In this paper, the correlation of sea clutter in different CIT
is analyzed. The analysis of the real data shows that even
the CIT is short, the clutter in the adjacent range cells still
have a strong correlation. The problems of SVD method,
EVD method and Root method are analyzed, in order to
avoid the clutter parameter estimation error of the three
methods, based on the strong correlation of sea clutter,
FACS method is proposed. FACS method does not need to
estimate the clutter parameters and the clutter cancellation
times, has almost the same clutter cancellation performance
as the EVD method, and can detect the ship target whose
Doppler frequency is close to the sea clutter. It should be
pointed out that if the sea state is bad, the correlation of sea
clutter will be reduced, the performance of FACS method
and EVD method will be degraded, SVD method and Root
method also cannot effectively suppress sea clutter in real
data. In this case, a combination of multiple methods may
be used to eliminate the clutter of a single range cell.
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