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This paper deals with the problem of sea clutter suppression for shipborne high frequency surface wave radar (HFSWR) based on
the joint domain localized (JDL) adaptive processing algorithm. The performance of the novel method is compared with 2D FFT
plus digital beamforming (FFT-DBF) and orthogonal weight in different azimuths. The results based on simulated and real data
show that the novel method provides higher detection performance than others.

1. Introduction

HFSWR can be classified into onshore HFSWR and ship-
borne HFSWR according to the platform where HFSWR is
located.There aremany literatures about target detection and
tracking based on onshore HFSWR [1, 2]. When HFSWR
is mounted on a moving shipborne platform, the first-order
Bragg lines are spread in Doppler domain [3]. Besides, the
sea clutter spectrum is spatially temporally coupled with
each other.The background for the detection of high-velocity
targets such as aircrafts and missiles is still the high-order
sea clutter and noise because of their large Doppler shift.
These targets can be handled just like onshore HFSWR.
However, for the targets located among the spread first-order
sea clutter spectrum, they are more difficult to be detected.
The sea clutter suppression of space-time adaptive processing
(STAP) may be better than that of the cascaded space-time
processing.

STAP was proposed by Brennan and Reed in 1970s [4],
which was first used in the airborne radar, to suppress ground
clutter. To reduce the computational complexity of STAP,
reduced-dimension STAP is used generally. For the homo-
geneous clutter, reduced-dimension STAP methods mainly
contain JDL [5, 6], space-time multiple-beam (STMB) algo-
rithm [7], linear equations [8], and the two-data-set (TDS)
algorithm [9]. For the nonhomogeneous clutter, there are the
direct data domain (D3) [10], AR model [11], and so on.

Among the shipborne radar clutters, sea clutter is con-
sidered to be more complex. However, the research of the
sea clutter suppression for shipborne HFSWR is very limited.
The orthogonal weight algorithmproposed in [12] is effective,
but it is one-dimensional processing. The simulation of
STAP technique has been given based on a conventional
architecture of processing [13]. However, the computational
complexity of the conventional STAP is rather large.

Consider a line array antenna with 𝑁 spatial chan-
nels and 𝑀 pulses per coherent processing interval (CPI).
Conventional STAP algorithm uses all 𝑁𝑀 degrees of
freedom (DOF). In practice, 2𝑁𝑀 independent, identically
distributed (i.i.d.) secondary data samples are needed to
approach the optimal performance (−3 dB loss) [14]. Because
of the estimation error between real sea clutter covariance
matrix in interested range cell and the estimated one using
the samples around interested range bin, this method exists
the signal-to-noise ratio loss depending on the number of
secondary data samples to some extent. Obtaining such
a large number of i.i.d. samples is difficult especially for
shipborne HFSWR. Generally, if 𝑀 is 512 and 𝑁 is 7, that
needs at least 7168 range data samples to estimate clutter
covariance. Furthermore, even if i.i.d. samples are available,
the associated computation expensemakes this fully adaptive
algorithm impractical. Then, a reduced-dimension STAP
algorithm JDL is first used to suppress sea clutter of shipborne
HFSWR in this paper. Adaptive processing is restricted to
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Figure 1: Shipborne line array.

a localised processing region (LPR) in the angle-Doppler
domain for JDL, which reduces the DOF while retaining
maximal gain against thermal noise [6]. The reduced DOF
leads to corresponding reductions in the required samples
and computation load in the conventional STAP.

This work is organized in five sections. Section 2 intro-
duces space-time distribution of the first-order sea clutter
spectrum. Section 3 discusses the theory of JDL algorithm.
Section 4 introduces performance comparison and discus-
sion. Section 5 provides the conclusion.

2. Space-Time Distribution of the First-Order
Sea Clutter Spectrum

For the shipborne line array, the sketch map of the receiving
array is depicted in Figure 1. 𝑉𝑝 is the velocity of a platform
(m/s). 𝜙0 is the angle between the incident direction of
radar returns and the vector of the platform velocity. 𝑑 is
the distance between two receiving sensors (m). The storage
format of data is not one-dimensional for shipborneHFSWR,
but three-dimensional. The first dimension is the data of
sensors, the second dimension is the data of time-domain
sweeps, and the last one is the data of range bins. In this paper,
we only analyse the two-dimensional data in the range cell.

For shipborne HFSWR, platform motion causes the shift
of Doppler frequency. Under ideal conditions, the space-time
distribution of the first-order sea clutter spectrum in the
receiving sensors can be denoted by two lines [12] as

𝑓𝑑 = 𝑓𝑑𝑝 cos𝜙0 ± 𝑓𝐵, (1)

where𝑓𝑑𝑝 = 2𝑉𝑝/𝜆, 𝜙0 ∈ [0, 𝜋],𝑓𝐵 ≈ 0.102√𝑓0, 𝜆 is the radar
wavelength (m), and 𝑓0 is the carrier frequency (MHz).

From (1), the Doppler frequency spread of the spectrum
of the first-order sea clutter in the receiving sensors should be
[−𝑓𝐵 − 𝑓𝑑𝑝, −𝑓𝐵 + 𝑓𝑑𝑝] and [𝑓𝐵 − 𝑓𝑑𝑝, 𝑓𝐵 + 𝑓𝑑𝑝].

3. Joint Domain Localized (JDL) Processing

For certain range cell, defining the sample vector in the time
domain x𝑛 = [𝑥𝑛1 ⋅ ⋅ ⋅ 𝑥𝑛𝑀]

𝑇 for sensor 𝑛, the whole sample
vector (𝑁𝑀 × 1) is given by

x = [x𝑇
1
, x𝑇
2
⋅ ⋅ ⋅ x𝑇
𝑁
]
𝑇

. (2)
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Figure 2: Localized processing region in JDL.

According to the definition above, the output of x at
the azimuth 𝜙0 and Doppler frequency 𝑓𝑑0 can be obtained
through the following equations:

𝑥0 (𝜙0, 𝑓𝑑0) = s𝐻x,

s = s𝑡 (𝑓𝑑0) ⊗ s𝑠 (𝜙0) ,

s𝑡 (𝑓𝑑0) = 𝑒
𝑗2𝜋𝑓𝑑0𝑇𝑟[0,1,...,𝑀−1]

𝑇

,

s𝑠 (𝜙0) = 𝑒
𝑗2𝜋(𝑑/𝜆) cos(𝜙0)[0,1,...,𝑁−1]𝑇 ,

(3)

where s𝑠(𝜙0), s𝑡(𝑓𝑑0) are steering vectors with azimuth 𝜙0

and Doppler frequency 𝑓𝑑0 in the space and time domains,
respectively, 𝑇𝑟 is the pulse repetition period, and ⊗ denotes
Kronecker product.

In JDL, radar signals are processed in the angle-Doppler
domain. The signal vector, corresponding to the angle-
Doppler of interest is transformed to a single point in the
angle-Doppler space. A LPR, as shown in Figure 2, is formed
around the signal point and interference is suppressed in this
region.

In Figure 2, the LPR covers 𝜂𝑎 angle bins and 𝜂𝑑 Doppler
bins. The adaptive weights are calculated by

w = R−1s0, (4)

where R is the estimated covariance matrix corresponding
to the LPR of interest and s0 is the steering vector for the
adaptive process.

In Figure 2, the process is finished by the following
matrix:

T = [hn ⊙ s𝑡 (𝑓𝑑−1) , hn ⊙ s𝑡 (𝑓𝑑0) , hn ⊙ s𝑡 (𝑓𝑑+1)]

⊗ [s𝑠 (𝜙−1) , s𝑠 (𝜙0) , s𝑠 (𝜙+1)] ,
(5)

where hn is Hanning window (𝑀 × 1) and ⊙ represents the
Hadamard product.
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Figure 3: Spread spectrum of real first-order sea clutter.

So,

s0 = T𝐻s,

xLPR = T𝐻x,

R = 𝐸 [xLPRxLPR
𝐻
] .

(6)

In a practical situation, R can be estimated by using
secondary data from range cells surrounding the range cell of
interest. 3∘ spacing is chosen in the angle domain.The spacing
of Doppler frequency is 0.0037Hz. And the adaptive weights
in (4) are used to find a statistic for detection by hypothesis
testing.The paper uses the modified sample matrix inversion
(MSMI) statistic [6]:

𝜌MSMI =


w𝐻xLPR



2

w𝐻s0
, (7)

where xLPR (𝜂𝑎𝜂𝑑 × 1) is the angle-Doppler data vector from
the LPR in the range cell of interest.

4. Performance Comparison and Discussion

In order to evaluate the performance of newmethod, the real
data is from the shipborne radar experiment conducted from
6 to 10 September, 1998, on theYellow Sea ofChina.Thewhole
experimental system was mounted on a large barge, towed by
a tugboat.

Based on the measured radar data, the spread spectrum
of first-order sea clutter at 4th sensor and 17th range bin
(2D FFT) is shown in Figure 3. What is more, the space-time
spectrum of sea clutter at 17th range bin (FFT-DBF) is also
shown in Figure 4. The number of real data file used here is
1057. In addition, the units of the third dimension in all the
figures are normalized amplitude in dB.

In Figure 3, it is the first-order sea clutter spectrum
between the two red lines. The first-order spectrum spreads
obviously. In Figure 4, the space-time coupling of first-order
spectrum is very strong. So the target located in Figure 4

1

0.8

0.6

0.4

0.2

0

−0.2

−0.4

−0.6

−0.8

−1
−0.4 −0.2 0 0.2 0.4

0

−10

−20

−30

−40

−50

−60

−70

−80

A
zi

m
ut

h
c
o
s
(𝜙

0
)

Doppler frequency (Hz)

Figure 4: Space-time spectrum of real sea clutter. - - denotes the
theoretical value of first-order sea clutter in (1).

is hard to be detected no matter only in spatial domain or
frequency domain. This provides a good theoretical basis for
the application of STAP algorithm.

In order to prove the truth of JDL algorithm for shipborne
HFSWR, the parameters of simulated and measured data are
introduced as follows. The pulse repetition interval (𝑇𝑟) is
0.26 s, the distance of two receiving sensors (𝑑) is 14m, the
carrier frequency (𝑓0) is 5.283MHz, bandwidth (𝐵) is 30 kHz,
the number of receiving sensors (𝑁) is 7, the number of
sweeps (𝑀) is 1024, the velocity of platform (𝑉𝑝) is 5m/s,
and the frequency resolution is 0.0037Hz. The azimuth of
first-order sea clutter is approximately 80∘ when Doppler
frequency is −0.2044Hz. The positive and negative signs
mean that first-order sea clutter or targets move towards and
away from shipborne HFSWR, respectively. For simulated
targets, they are all added at 17th range bin, Doppler frequen-
cies are all −0.2044Hz, and the azimuths are 95∘ and 130∘,
respectively. Besides, the SCNR (signal to clutter plus noise
ratio) of added target is −15 dB. It can be obtained by (8).
𝑥𝑛𝑚 in (9) does not contain any targets, and the added signal
matrix is also shown in (10):

SCNR = 20 log
10
(
𝑝 𝑠

𝑝 𝑐𝑛
) , (8)

𝑝 𝑐𝑛 =
1

𝑀𝑁

𝑀

∑

𝑚=1

𝑁

∑

𝑛=1

𝑥𝑛𝑚
 ,

(9)

sig = 𝑝 𝑠 (s𝑠 (𝜙0) s𝑡 (𝑓𝑑0)
𝑇
) , (10)

where𝑝 𝑠 is the amplitude of added signal,𝑝 𝑐𝑛 is the average
amplitude of clutter plus noise, and sig is added signal in the
range cell of interest.

4.1. Simulated Sea Clutter Plus a Simulated Target. In this
part, the performance is compared among JDL, FFT-DBF,
and orthogonal weight [12]. First, the space-time spectrum
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Figure 5: Space-time spectrum of simulated sea clutter plus a
simulated target.
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Figure 6: Compared Doppler results (simulated sea clutter, target
azimuth 95∘).

of simulated sea clutter with a simulated target (azimuth 95∘)
is shown to prove the validity of simulated data in Figure 5.

Then, the compared results are also shown in Figures 6
and 7. Because Hanning window is applied to range trans-
form, the real target information is mainly contained in the
neighbouring 3 range cells. Here, R is estimated using 14
secondary data cells on both sides of the range bin of interest,
neglecting the first range cell on each side. The estimation
methods of R are identical in both simulated and real data.
From the two figures, FFT-DBF cannot detect the target.
However, comparedwith orthogonal weight, the amplitude of
sea clutter around the target is lower, and the first-order sea
clutter is suppressed more greatly for JDL. So JDL provides
the best performance of the three techniques considered.
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Figure 7: Compared Doppler results (simulated sea clutter, target
azimuth 130∘).
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Figure 8: Space-time spectrum with a simulated target (real clutter
data file 1057, target azimuth 130∘).

4.2. Real Sea Clutter Plus a Simulated Target. The real sea
clutter data is from file 1057; then a simulated target with
azimuth 130∘ is added to the real clutter data. The position of
the target is showed in Figure 8. It depicts the Doppler results
in Figure 9. After that, a target with the azimuth 95∘ is added
to the real clutter data. The Doppler results of three methods
are provided in Figure 10. From the figures, it is obvious that
the performance of JDL is better than othermethods in terms
of the amplitude of sea clutter.

4.3. Measured Data. In this part, measured data is applied
to illustrate the validity of JDL. The number of real data file
is 1128. The Doppler frequency of the target is −0.2044Hz.
The azimuths of real target and the first-order sea clutter
are approximately 95∘ and 80∘, respectively. The position of
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Figure 9: ComparedDoppler results (real sea clutter, target azimuth
130∘).
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Figure 10: Compared Doppler results (real sea clutter, target
azimuth 95∘).

the target is shown in Figure 11. In azimuth 95∘, the Doppler
results of three methods are shown in Figure 12. From the
figure, the SCNR of JDL is the highest, so the performance
of sea clutter suppression is the best.

4.4. Performance Analysis. The performance of three meth-
ods is compared in different azimuths using simulated and
real data. The conclusion can be drawn that the performance
of sea clutter suppression for JDL is better than othermethods
from the Doppler results. This is because orthogonal weight
suppresses sea clutter in one dimension, and FFT-DBF does
not suppress sea clutter, but JDL suppresses sea clutter in two
dimensions (STAP).Whether the performance of orthogonal
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Figure 11: Space-time spectrum with a real target (target azimuth
95∘).
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Figure 12: Compared Doppler results (target azimuth 95∘).

weight outweighs that of FFT-DBF depends on the azimuth
spacing between targets and the first-order sea clutter. For
example, when the simulated target is far away first-order
sea clutter in azimuth such as 130∘, it can be seen that
the suppression effect of orthogonal weight is better than
FFT-DBF from Figures 7 and 9. However, the advantage of
orthogonal weight degrades when the target is near the first-
order sea clutter in azimuth such as 95∘ (first-order sea clutter
and the target are within the same main beam) in Figures 6
and 10. This is because there is almost no loss of target gain
for orthogonal weight when the azimuth of the target is far
away first-order sea clutter. However, the suppression of sea
clutter near the target for orthogonal weight results in loss
of target gain, which is unfavourable for target detection.
Because the orthogonal weight technique causes a notch in
the azimuth of first-order sea clutter when the first-order sea
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clutter is lied in the same main beam with the target. The
phenomenon is called main beam split. Then the main beam
looks like two beams.The split in the main beam of the target
leads to difficulty in azimuth estimation. But the problem for
orthogonal weight can be solved by amplitude comparison of
the two split beams [12].

5. Conclusion

In this paper, JDL algorithm is first applied to sea clutter
suppression of HFSWR.The simulated and real data are used
to test the performance of JDL, FFT-DBF, and orthogonal
weight, which is compared in different azimuthes. Compared
with FFT-DBF andorthogonalweight, the performance of sea
clutter for JDL is the best.The advantage of JDL is more obvi-
ous when the target is near first-order sea clutter in azimuth.
However, JDL algorithm is only available in homogenous
environments [6], and its performance depends on the
accuracy of estimated covariance matrix of sea clutter plus
noise (R).
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