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Abstract 

Under the irradiation of high resolution radar, the returned signal presents more non-
Gaussian and non-stationary characteristics, which decreases the performance of target 
detection based on sea clutter model. To overcome the limitation, a small target 
detection on sea surface based on cosine mean value (CMV) method is proposed in this 
letter. Firstly, the amplitude extremum of returned signal and the corresponding pulse 
sequence are extracted. Secondly, the raw radar returned signals are reconstructed. On 
the basis of simplified data, the CMV of each radar returned signal cell is obtained in turn. 
Finally, according to the difference of CMV between sea clutter and target, the 
generalized cell average (CA) detector is used to detect the target. The experimental 
results on measured data sets show that the CMV of sea clutter is larger than that of 
target. Furthermore, the scheme has good comprehensive detection performance for 
weak target under the conditions of low signal to clutter ratio (SCR) and high sea states. 
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1. Introduction 

Weak target detection on sea surface is of great significance for environmental protection, 
rescue and marine traffic monitoring, and becomes a major research direction of target 
detection [1, 2]. Under the irradiation of low resolution radar, sea clutter is normally modeled 
as a Rayleigh distribution [3]. Unfortunately, with the improvement of radar resolution, sea 
clutter presents non-Gaussian, non-stationary and nonlinear characteristics, showing a long tail 
[4]. This will easily to form false alarm and reduces the detection effect of small targets [5, 6]. 
Then, lognormal distribution, Weibull distribution and K distribution are proposed to model 
sea clutter. The above models of sea clutter distribution need to obtain the parameters in 
advance, however, the parameters are usually unavailable.  

To overcome the limitations of sea clutter modeling and detection methods, the returned signal 
feature extraction methods are employed for the target detection. Therefore, some scholars 
have proposed feature extraction methods for target detection. Li applied the temporal 
information entropy (TIE) method to small target detection on sea surface, but the detection 
performance will be affected by the interleaving of target and sea clutter [7]. Lo first analyzed 
the rough sea surface with fractal theory, and got a result that the fractal dimension of sea 
clutter was about 1.75 by box-counting dimension (BCD) method, yet the calculation process is 
complex and time-consuming [8]. To simplify the calculation process, Kamijo proposed a six-
point local grade of fractality (LGF) method for the target detection [9]. However, the fractal 
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dimension method can only be carried out in a proper non-scaling interval, which, in due course, 
limits its application. Aiming at the difference between the returned signal of sea clutter and 
target, a small target detection method based on cosine mean value (CMV) method is proposed 
in this letter. The CMV of sea clutter and target are extracted as feature quantities, and then the 
target detection is carried out with the generalized cell average detector. Experimental results 
demonstrate that our proposed method significantly improves the detection probability over 
several existing classical detectors in both low signal to clutter ratio (SCR) and high sea cases. 

The remainder of this letter includes: Section 2 is the framework of CMV method, including the 
signal reconstruction and the calculation of CMV. Section 3 is the target detection model and 
experimental background. Section 4 shows performance analysis and comparison experiments 
with the X-band radar data set. For a summary, see Section 5. 

2. Framework of CMV Method 

2.1. Signal Recnstruction 

In radar returned signal data set, there are usually a large number of vector signals with 
approximate isotropy, which is a redundancy for cosine value calculation and affects the 
calculation efficiency. In order to simplify the calculation and obtain better feature quantities 
of target, the local extremum method is used to optimize the data sets. This retains the key 
extremum information, and reconstructs the radar returned signal data matrix, which reduces 
the computational complexity and improves the performance of CMV method. The steps of 
reconstructing the time series matrix of radar returned signal data are as follows. 

Step1: Suppose S is the discrete time series of radar returned signals, S is defined as 
𝑆 = {𝑠(𝑛), 𝑛 = 1,2, ⋯ , 𝑁}.                                                       (1) 

Here, N is the number of radar returned signals. 

Step2: Calculate the local maximum s𝑖(𝑝) and the corresponding pulse 𝑝𝑖,  𝑝𝑖 ∈ {1,2, ⋯ , 𝑁}, 𝑖 =
1,2, ⋯ , 𝐼, the subscript  i is the sequence of variables, and  I  is the total number of local maxima, 
thus the two-dimensional vector 𝑋(𝑖) is obtained. 𝑋(𝑖) is given by 

𝑋(𝑖) = [𝑠𝑖(𝑝) 𝑝𝑖]𝑇 .                                                                (2) 

Step3: Calculate the local minimum 𝑠𝑗(𝑝) and the corresponding pulse 𝑞𝑗 ,  𝑞𝑗 ∈ {1,2, ⋯ , 𝑁}, 𝑗 =

1,2, ⋯ , 𝐽, the subscript j is the sequence of variables, and  J is the total number of local minima, 
thus the two-dimensional vector 𝑌(𝑗) is obtained. 𝑌(𝑗) is given by 

𝑌(𝑗) = [𝑠𝑗(𝑞) 𝑞𝑗]𝑇 .                                                               (3) 

Step4:  𝑋(𝑖) and 𝑌(𝑗) are combined into a new matrix Z, which is sorted from small to large by 
second row. Z is defined by the following expression: 

𝑍 = {𝑍(𝑘)|𝑍(𝑘) = [𝑢𝑘 𝑣𝑘]𝑇, 𝑘 = 1,2, ⋯ , 𝐾}.                (4) 

Here, K=I+J. 

2.2. Calculaton of CMV 

The process includes the following three steps. 

Step1: The slope distance between 𝑍(𝑘)  and 𝑍(𝑘 + 1)  is calculated by Euclidean distance, 
which is recorded as 𝐷(𝑘). 𝐷(𝑘) is derived from the following equation: 

𝐷(𝑘) = √∆𝑢𝑘
2 + ∆𝑣𝑘

2 .                                                         (5) 

Here, ∆𝑢𝑘 = |𝑢(𝑘 + 1) − 𝑢(𝑘)|, ∆𝑣𝑘 = |𝑣(𝑘 + 1) − 𝑣(𝑘)| and  𝑘 = 1,2, ⋯ , 𝐾 − 1 . 

Step2: The cosine value of point k is calculated and recorded as C(k), see Figure 1. The formula 
is as follows: 

𝐶(𝑘) = 𝑐𝑜𝑠(𝜃𝑘) =
∆𝑣𝑘

𝐷(𝑘)
.                                                      (6) 
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Where 𝜃𝑘 is the angle between 𝐷(𝑘) and horizontal axis. 

 
Figure 1: Schematic diagram of CMV 

Step3: The mean value of 𝐶(𝑘) in the second step is calculated and recorded as C. The formula 
is as follows: 

𝐶 =
1

𝐾 − 1
∑ 𝐶(𝑘).

𝐾−1

𝑘=1

                                                         (7) 

 

3. Target Detection Model and Experimental Background 

3.1. Target Detection Model of CMV Method  

Sea clutter is a deterministic chaotic dynamic process with complex shape, which can be 
quantitatively described by multifractal dimension [4,10]. In this letter, CMV method is used to 
extract the signal characteristics of sea clutter. The complexity of sea clutter determines that 
CMV is generally large, while CMV of target radar returned signal is small because of its regular 
smoothness. 

CA detector has the characteristics of adaptive threshold adjustment, which can improve the 
performance of target detection [11]. Therefore, CA detector is selected to detect small target. 
When the number of range cells is large enough, an appropriate number of reference cells can 
be selected for detection. However, when the number of radar returned range cells is small, all 
the range cells except the one to be detected are considered as reference cells. The target 
detection process is shown in Figure 2, and T is the scale factor. 

 
Figure 2: Flow chat of CA detector based on CMV 

3.2. Experimental background  

The measured data sets employed in the experiments are the IPIX radar returned signals 
released by the McMaster University [12].  The data sets were collected in 1993 conducted at a 
site in OHGR, Dartmouth, Nova Scotia, on the eastern coast of Canada. Each data set used 
contains 14 range cells, and the data length in each range cell is 131 072. Four polarization 
modes are adopted in the datasets, including horizontal transmission and horizontal reception 
(HH), horizontal transmission and vertical reception (HV), vertical transmission and vertical 
reception (VV), and vertical transmission and horizontal reception (VH). The target is a small 
floating ball with 1m in diameter and surrounded by wires. The selected files are #17, #280 
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and #54 datasets with wave heights of 2.1m, 1.4m and 0.7m respectively. In #17, the radar 
returned signals of the target are located in the 8-11th range cells, while in #280 and #54, the 
radar returned signals of the target are located in the 7-10th range cells, as shown in Table 1. 

 

Table 1: Details of data sets used in the experiments 

File 
Target range cells 

Waves (m) 
Primary Secondary 

#17 9 8,10,11 2.1 
#54 8 7,9,10 0.7 

#280 8 7,9,10 1.4 

4. Performance Analysis and Comparison Experiments 

4.1. Performance analysis 

In this section, the CMV of each range cell of the selected three data sets is calculated, and the 
results are shown in Figure 3. It can be seen that the CMVs of range cells in HH and VV 
polarization modes are higher than those of range cells in other polarization modes, while the 
CMVs of target range cells are lower than those of sea clutter only range cells in three data sets. 
According to the scattering theory, the target surface is lack of self-similarity compared with 
the sea surface, and the target generally has regular geometry [8]. Combined with the chaos 
fractal theory, the existence of the target disturbed the initial state of the radar returned signals, 
reduced the irregularity and non-stationary characteristics of sea clutter [4], and changed the 
CMV of the sea clutter range cell. Hence, compared with the sea clutter, the radar returned 
signals from the target surface is more dispersed, which results in the smaller CMVs of the 
target range cells. Under the different conditions of sea states, the target range cells can be 
distinguished from the sea clutter range cells effectively, which shows that the CMV method can 
extract the feature information of sea clutter. In order to further study the performance of CMV 
method, in HH polarization mode, the data set of #17 is divided into segments of length L in the 
form of  

𝑆𝑤,ℎ = 𝑆(𝑤, [𝑡 × (ℎ − 1) + 1: 𝑡 × (ℎ − 1) + 𝐿]) .            (8) 

Where w and h are the number of the range cells and segments respectably, and t is moving 
step of the segments[13].  
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Figure 3: CMV resulting from three sea states: (a) #17 sea with 1.7m waves  

 (b) #54 sea with 0.7m waves (c) #280 sea with 1.4m waves. 

Figure 4 shows the range-segment-amplitude diagram of #17 in HH polarization mode, and 
Figure 5 shows the standard deviation of CMV in different range cells. The conditional 
parameters are 𝐿 = 4 096, 𝑡 = 4 096, 𝑤 = 1,2, ⋯ ,14 and ℎ = 1,2, ⋯ ,32. For easy observation, 
the amplitude value of  Figure 4 is equal to 1-C(k). It can be seen from the figures that the 
amplitudes of 8-11th range cells are higher than those of other range cells, and the standard 
deviation of CMV in sea clutter range cells is lower than that in target range cells. To obtain the 
optimal detection performance, we analyzed the influences of the data length L, repetition rate 
Rp (determined by the moving step t) and scale factor T (influence the threshold), which are the 
three main parameters affecting the calculation results.  

 
Figure 4: Range-Segment-Amplitude diagram of #17 in HH polarization mode 

 
Figure 5: Standard deviation of CMV 
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Firstly, the parameter of data length L is considered. Let t = 128, T= 1, and L= 5 120, 6 144, 7168, 
8 192, 9 216, 10 240 respectably. The detection probability (Pd) and false alarm probability (Pfa) 
results are shown in Table 2. It can be seen that when L increases to 9 216, the change of Pd and 
Pfa is no longer obvious, which is the result of radar returned signal modulation by complex sea 
surface structure. Hence, the reasonable L is 9 216 in the measured sea clutter data. 

Table 2: Effects of different L on Pd (%) and Pfa (%) 

File #17 #54 #280 

L Pd Pfa Pd Pfa Pd Pfa 

5 120 84.70 18.72 88.12 9.29 76.27 11.08 

6 144 87.62 14.74 90.23 8.57 76.36 10.34 

7 168 91.00 10.69 91.46 7.24 76.83 9.81 

8 192 93.18 8.11 92.48 6.71 76.74 9.29 

9 216 94.52 6.41 93.68 6.58 77.75 8.90 

10 240 94.50 5.52 93.52 6.56 77.78 9.14 

 

Secondly, the parameter of data repetition rate Rp is considered in the experiment. The file #17 
is selected and compared with L=6 144, 9 216 in HH polarization mode. The detection 
probability and false alarm probability are calculated when the data repetition rate is 0%, 
12.5%, 25%, 50%, 75% and 87.5%. Let T=1, the results are shown in Table 3. It can be seen that 
the detection probability and false alarm probability change little. This indicates that the 
feature extracted by CMV is used for target detection, and the influence of data repetition rate 
is small. After comprehensive consideration, the optimal selection length of the segment is 
L=9216 and the moving step is t=128. 

 

Table 3: Effects of different Rp on Pd (%) and Pfa (%) in #17 

L 6 144 9 216 

Rp Pd Pfa Pd Pfa 

0 85.71 16.67 94.64 7.86 

12.5 86.96 16.96 91.67 7.33 

25 87.50 12.86 92.65 5.88 

50 84.15 16.87 95.37 5.19 

75 86.59 14.76 93.87 6.04 

87.5 87.42 14.97 94.10 5.85 

 

Thirdly, the effect of scale factor T is also considered in the experiment. According to the 
different T values, the corresponding receiver operating characteristic (ROC) curves of Pd and 
Pfa are obtained with L=9 216 and t=128, as shown in Figure 6. It can be seen that the false 
alarm probability increases from 0 to 0.1, and the detection probability increases rapidly from 
0 to 0.8. Under the condition of low false alarm probability, the proposed method still maintains 
good detection performance. 
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Figure 6: ROC curve of #17 in HH polarization mode with L=9 216 and t=128 

4.2. Comparison experiment 

In this section, the SCRs of #17 and #280 in HH polarization mode are 18.3dB and 4dB 
respectively [14], and the relevant parameters are shown in Table 1. Using the overlapping 
segmentation scheme L=9 216 and t=128 in (9), 953 specimens are generated in each range 
cell. The proposed scheme is also compared with BCD [8], TIE [7] and LGF [9] methods, and the 
results are shown in Table 4.  

Table 4: Pd (%) and Pfa (%) of several detection methods 

Method 
#17 #280 

Pd Pfa Pd Pfa 

CMV 94.52 6.41 77.75 8.90 

BCD 80.40 34.35 35.23 50.84 

TIE 89.22 20.72 41.55 43.91 

LGF 60.39 19.51 82.61 16.69 

 

Under the condition of high SCR, the detection probability from high to low is CMV, TIE, BCD 
and LGF, and the false alarm probability from low to high is CMV, LGF, TIE and BCD. Under the 
condition of low SCR, the detection probability from high to low is LGF, CMV, TIE and BCD, and 
the false alarm probability from low to high is CMV, LGF, TIE and BCD. In the second case, the 
detection probability of LGF method is slightly higher than that of CMV method, but the false 
alarm probability is much higher than that of CMV method. The experimental results show that 
the comprehensive performance of CMV is better than other methods mentioned above. 

5. Conclusion 

In this letter, we proposed a CMV method to solve the problem of small target detection in sea 
clutter under the condition of high resolution radar with low incidence residual angle. The 
results show that the CMV of the small target range cells is lower than that of the sea clutter 
range cells, and the CMV is relatively stable in the sea clutter range cells. In addition, the CMV 
method does not need to establish the parameters of sea clutter model or transform in 
frequency domain, which reduces the complexity of calculation and improves the 
computational efficiency. Therefore, the CMV method not only has good detection performance 
under the condition of low SCR and high sea states, but can detect the small target range cells 
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in four polarization modes. This method shows good detection characteristics in the measured 
data set, and is a beneficial supplement to the traditional detection method. 
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