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Abstract

:

In this paper, we analyze the radar cross section (RCS) of an integrated mast and present the optimized mast shape for RCS reduction. The RCS is simulated using commercial electromagnetic (EM) software based on the shooting and bouncing rays (SBR) method and the diffraction fields at the edges are also considered. Threat frequencies, threat regions and cardinal points are first defined considering the operational environments of a naval vessel. We calculate and analyze the RCS of the integrated mast in terms of the threat frequencies, the shapes of the integrated mast and the direction and polarization of the incident waves. The shape of the integrated mast is optimized based on the shaping technique. The optimized mast has low RCS properties in the primary threat sectors except for the exceptional angle regions.
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1. Introduction


The rapid development of radar technology has made it possible to detect the presence of enemy vessels early but it has become difficult to operate or hide without notifying the enemy of the presence of friendly naval ships. In other words, the survivability of friendly naval ships has also been threatened [1]. Thus, it is essential to apply low observable technologies to naval ships to avoid detection by enemy radar. Due to the fact that the smaller a radar cross section is (RCS), the better the naval ships can evade radar detection, RCS reduction is a very important factor in stealth technology [1,2]. Electromagnetic (EM) stealth technology focuses on reducing the RCS and it has become a vital design goal of tactical naval vessels [2,3,4]. The Zumwalt destroyer, a state-of-the-art United States Navy destroyer, is designed to have a remarkably low RCS. Although the Zumwalt destroyer is much larger than any other active destroyer or cruiser such as an Arleigh Burke-class destroyer its RCS is similar to a fishing boat. For this extreme stealth-oriented design, an integrated mast module system must be developed [5]. The dozens of radars, sensors and antennas installed on conventional naval vessels severely increase the RCS of naval vessels due to the influence of multiple reflections whereas the integrated mast consists of a housing that accommodates all major radars, sensors and antennas of naval vessels, which can dramatically reduce the RCS of naval vessels. As enemy radars in distant areas may only detect the integrated mast due to the curvature of the earth, the RCS of the naval ship and also the RCS of the integrated mast itself are very important in the stealth ship. Therefore, it is necessary to design the integrated mast with low observable characteristics.



The most practical techniques for designing the integrated mast with a low RCS include shaping techniques and radar absorbing materials (RAM)/radar absorbing structures (RAS). Extensive studies have been conducted to develop RAM/RAS for RCS reduction [6,7,8,9,10,11,12,13,14,15,16,17]. Composite radar absorbers have been fabricated and measured based on the composite material [6,7,8], the metasurface [9,10] and the reactive Salisbury screen [11]. Furthermore, the RCS of naval ships covered with RAM was numerically analyzed to evaluate its stealth performance [12,13,14,15,16] and the RCS of an integrated mast coated with multi-layered RAM was also analyzed [17]. However, they usually have a narrow absorption bandwidth and are too bulky and fragile in operational environments, which incurs astronomical costs for its ongoing maintenance. Furthermore, the surface of the integrated mast that can be coated with RAM/RAS is very limited due to the dozens of radars, sensors and antennas installed on the integrated mast. Therefore, RAM/RAS techniques are rarely applied to operational naval ships. On the other hand, shaping techniques must be used in stealth design because it is the most effective technique that can be used to reduce the RCS [2]. Shaping techniques are generally first used to have low RCS properties in the primary threat sectors before RAM/RAS techniques are applied. As the shape of the integrated mast is one of the most important factors and must be considered in the early stages of the concept/design, it is necessary to know in advance the characteristics of the RCS of the integrated mast and the naval vessel equipped with the integrated mast. To investigate the RCS characteristics of naval vessels, there have been many studies [13,18,19,20,21,22]. The RCS of naval vessels has been investigated [18,19] and its properties have been analyzed according to the side slope of the superstructure [13] and exterior equipment arrangement such as the sensor and radar [20]. However, related studies on the RCS of the integrated mast itself seem to be lacking. Although the previous studies were conducted to analyze the RCS of the integrated mast [21] and the simplified battleship equipped with the integrated mast [22] an investigation on the optimization of the integrated mast shape for RCS reduction has not been presented. Therefore, it is of great significance to optimize the mast shape for RCS reduction and to analyze the RCS of the naval ship equipped with the optimized mast.



In this paper, we analyze the RCS of an integrated mast and present the optimized mast shape for RCS reduction. To avoid the unnecessary RCS spikes in the RCS pattern of the naval ship equipped with the integrated mast and to minimize the multiple reflections caused by the interaction with the mast and the naval ship we optimize the integrated mast considering the shape of the naval vessel. The stealth performance of the optimized mast is checked through the analysis of the RCS of a naval ship equipped with an integrated mast. The RCS is simulated using commercial electromagnetic (EM) software based on the shooting and bouncing rays (SBR) method and the diffraction fields at the edges are also considered. First of all, we define the threat frequency and the threat region by considering the operational environments of the naval vessel such as the shape of the ship and the radar signals coming from the enemy radar. We then simulate and analyze the RCS of the integrated mast in terms of the threat frequency, the integrated mast shape and the direction and polarization of the incident waves. The integrated mast shape is optimized in the consideration of the defined threat region. As the RCS reduction cannot be done for all incident angles in the spherical coordinate system, cardinal points are defined as exceptional angle ranges. The integrated mast is designed to have low RCS properties in the primary threat sectors except for the exceptional angle regions and the improvement of the RCS of the naval ship equipped with the optimized mast is confirmed.




2. Analysis Procedure


The SBR method is a well-known high frequency approximation technique that is efficiently capable of predicting the RCS of large objects such as naval ships based on the determination of the equivalent current densities induced on the surface of an illuminated perfect electric conductor (PEC) plane [23,24,25]. In this study, The RCS was simulated using commercial electromagnetic (EM) software based on the SBR method and the diffraction fields at the edges were also considered.



The integrated mast can dramatically reduce the RCS of a naval vessel. In the stealth design of a naval vessel, not only the RCS of the naval ship but also the RCS of the integrated mast itself is very important. This is because enemy radars in distant areas may only detect the integrated mast located on top of the naval ship due to the curvature of the earth. Therefore, it is essential to design the integrated mast with low RCS characteristics in the stealth design of a naval vessel. The goals of shaping are to have specular reflections of the EM field in a direction away from the enemy radar and this technique is the most representative and effective technique that can be used to reduce the RCS [2]. The shaping technique is usually used first to design the shape of the integrated mast with low RCS properties before other techniques such as RAM/RAS are applied. In other words, the shape of the integrated mast is one of the most important factors in the stealth design of a naval ship and must be considered in the early stages of the concept/design. Figure 1 shows an overall procedure to design the integrated mast shape. As the integrated mast mounted on a naval ship must have stable structural characteristics, the base width and length are determined by the superstructure of the naval ship. In addition, the ranges of the size and slope of the surface of the integrated mast are determined by the size, performance and installation concept of the many antennas and sensors to be installed on the surface of the integrated mast. In other words, the basic size and shape of the integrated mast are set by the naval ship and the antennas and sensors and the ranges of the size and shape that can be redesigned are constrained. Therefore, the shape of the integrated mast is optimized within these constraints by the iterative redesign. First of all, the cardinal points, which are the exceptional angle regions and the expected threats such as the frequencies, polarizations and detection ranges of enemy radars, are defined for operational requirements. In a naval ship, the main concerns are generally radar signals coming from distant patrol aircraft, other ships and sea-skimming anti-ship missiles with radar seekers usually near or slightly above the horizon as seen from the ship. In other words, the threat regions are usually 0° to 360° in the azimuth plane and very limited in the elevation plane. The RCS of the integrated mast should be reduced in all azimuth planes due to the defined threat regions but RCS reduction cannot be achieved for all incident angles in the spherical coordinate system. As mentioned above, this is because shaping is limited because of the dozens of radars, sensors and antennas installed on the integrated mast. Therefore, a definition of the cardinal points that are exceptional angle ranges are also needed with considerations for the operational environments of the naval vessel such as the shape of the ship and the radar signals coming from the enemy radar. Figure 2 shows an example of the cardinal points of a naval ship. As shown in Figure 2, the cardinal points for the naval ship in the azimuth plane are generally in the regions of the bow, the starboard, the port and the stern. After that, the RCS of an initial model of the integrated mast is calculated and analyzed. In order to evaluate the RCS of the integrated mast, the RCS pattern and the representative RCS values such as the geometric mean and the arithmetic mean [3,4,21,22] are used. The geometric mean and the arithmetic mean are given as follows, respectively.


   Geometric   mean  =  1 N   (  10   log   10    σ 1  + 10   log   10    σ 2  + ⋯ + 10   log   10    σ N   )    dBsm .  



(1)






   Arithmetic   mean  = 10   log   10    (   1 N    ∑   k = 1  N   σ k   )    dBsm .  



(2)







The representative RCS value is one of the most important stealth parameters because it is used to determine the probability of survivability. As evaluation results may differ depending on the type of the representative RCS value, at least two representative values should be used and the performance should be evaluated comprehensively. Whether the goal is achieved or not should then be checked and an analysis on the major causes of the RCS increase based on the ray path and the RCS hotspot should be performed. The parts of the integrated mast that should be optimized are defined and they are redesigned using the shaping technique. The integrated mast is redesigned with low RCS properties in the primary threat sectors except for the cardinal points. The RCS reduction is basically achieved by adjusting the side slope of the integrated mast. Corner reflectors such as dihedrals, trihedrals and cavities should be absolutely avoided in a low RCS design as they extremely increase the RCS because of the influence of multiple reflections. In particular, for a naval ship equipped with an integrated mast, unnecessary RCS spikes can be generated by the integrated mast and the RCS can be increased due to the multiple reflections caused by the interaction of the mast and the ship. The side slope of the integrated mast is designed with the same slope of the superstructure of the naval ship to avoid unnecessary RCS spikes. In order to minimize the multiple reflections caused by the corner reflectors formed by the integrated mast and the superstructure or deck, the intersecting surfaces of the corner reflectors should be designed with acute or obtuse angles. It is also necessary to reduce the RCS by removing or minimizing the round shape of the integrated mast such as cylindrical and spherical structures and truncated cones. Finally, the integrated mast is iteratively redesigned to obtain an even better shape. The optimized mast should be designed to focus the reflected EM fields on the cardinal points and it should be in harmony with the naval vessel itself so that the RCS pattern of the naval vessel is not changed by the integrated mast.




3. Analysis Results


According to the aforementioned rules in Section 2, we defined the threat frequencies of the L-, S- and X-band and the threat regions of 0° to 360° in the azimuth plane and 0° to 10° in the elevation plane, respectively. The cardinal points were also defined as ±5° in the forward, starboard, port and stern regions in the azimuth plane. Figure 3 shows the geometry and dimension of the initial shape and optimized shape of the integrated mast, respectively. The length, width and height of the initial integrated mast were 10 m, 10 m and 12.5 m, respectively, and those of the optimized mast were 10.95 m, 10.95 m and 15.1 m, respectively. The details of the dimensions of the initial and optimized design are shown in Figure 3. The physical size of the optimized mast was a little larger than the initial integrated mast. We analyzed the RCS of the integrated mast using the asymptotic solver of CST Microwave Studio based on the SBR method, which included the diffraction fields at the edges [26]. We assumed that the integrated mast and the naval vessel were a PEC. The maximum number of reflections was set to five and the mesh consisted of curved triangles and the normal tolerance/degree was set to five. The simulation was carried out on a PC (Dual Intel Xeon CPU E5-2640 v4 at 2.40 GHz, 256 GB memory).



The RCS was simulated in the azimuth plane and in the elevation plane at intervals of 1° in the L-, S- and X-band, respectively. The RCS results of the initial model and the optimized mast are illustrated in Figure 4 and Figure 5 as three-dimensional RCS patterns, respectively. The scattering mechanism was mainly composed of specular reflections and edge diffractions. As shown in Figure 4, the RCS of the initial model had many spikes regardless of frequencies and polarizations. The major spikes of the initial model occurred at 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315° in the azimuth plane for the elevation angles of 10° and 15° due to the side slope and the chamfered edges. However, as the spikes at 0°, 45°, 90°, 135°, 180°, 225°, 270° and 315° in the azimuth plane when the elevation angle was at 10° were in the threat regions, they had to be eliminated or minimized for stealth design. To eliminate or minimize the spikes, we reduced the chamfered edges at 45°, 135°, 225° and 315° in the azimuth plane and left only a minimum space for antenna installations. The side slope of the integrated mast was redesigned with the same slope as the superstructure to focus the spikes on the cardinal point. Moreover, the top radius and the height of the truncated cone were modified to reduce the RCS. The shape of the integrated mast was minutely changed in all parts and the overall size of the integrated mast was slightly increased. As shown in Figure 5, the RCS of the optimized model had four or eight major spikes in the azimuth plane when the elevation angle was at 15° regardless of frequencies and polarizations but the spikes were not in the threat regions. To compare both the results of the initial and the optimized shape, their RCS patterns in the azimuth plane for the elevation angles of 0° and 10° in the L-, S- and X-band were plotted and are shown in Figure 6, Figure 7 and Figure 8, respectively. Note the results at the elevation angle of 0° in the L-, S- and X-band. Due to the impact of the scattering by the truncated cone on the top of the integrated mast, both the results for the initial mast and the optimized mast had four spikes in the threat regions, which were at around 45°, 135°, 225° and 315°, but they had relatively uniform values in the rest of the regions. Furthermore, the RCS (red and solid line) of the initial integrated mast was larger than that (blue and dashed line) of the optimized mast in the threat regions. At an elevation angle of 10°, the RCS patterns of the initial integrated mast were also generally larger than those of the optimized mast and also had four spikes in the threat regions among the eight major spikes. On the other hand, the RCS spikes of the optimized mast were removed or minimized in the threat regions. In order to obtain the representative RCS values of the integrated mast, the geometric mean and the arithmetic mean were used. The geometric mean and the arithmetic mean were calculated based on all azimuth angles except for the cardinal points in a particular elevation angle and are listed in terms of the elevation angle in Table 1 and Table 2, respectively. The geometric mean and the arithmetic mean of the optimized mast decreased by a maximum of 25.39 dBsm and 46.46 dBsm and by an average of 12.63 dBsm and 14.57 dBsm, respectively, compared with those of the initial mast. The representative RCS values of the optimized mast were improved overall. However, the geometric mean for the VV polarization at an elevation angle of 3° in the X-band and the arithmetic mean for HH polarization at an elevation angle of 0° in the S-band were degraded by 1.66 dBsm and 2.1 dBsm, respectively. It may seem that there were a few problems with the optimized mast but there were not. This was because, as mentioned in Section 2, the shape was limited due to the dozens of radars, sensors and antennas installed on the integrated mast, which might make it impossible to reduce the RCS for all incident angles in the spherical coordinate system. The geometric mean and the arithmetic mean also might have different results because the geometric mean had the dominant value for the large values and the arithmetic mean had the dominant value for the small values. Note the results in Figure 7a. The RCS (solid line) of the initial integrated mast had mostly larger values than those (dashed line) of the optimized mast but smaller values at azimuth angles of 45°, 135°, 225° and 315°. Therefore, the arithmetic mean of the optimized mast was larger than that of the initial mast due to the RCS values at the elevation angles of 45°, 135°, 225° and 315°. This was why the geometric mean and the arithmetic mean had different results as shown in Figure 7a.



The RCS of a naval vessel equipped with each mast was also analyzed to evaluate its stealth performance. Figure 9 shows the geometry and dimension of the naval vessel used in the simulation. The length, width and height of the naval vessel were 152.1 m, 18.14 m and 24.9 m, respectively. The RCS patterns (red and solid line) of the naval vessel equipped with the initial mast in the azimuth plane for the elevation angles of 0° and 10° in the L-, S- and X-band were plotted and are shown in Figure 10, Figure 11 and Figure 12, respectively. The results with the optimized mast (blue and dashed line) and without the mast (black and dotted line) were also plotted and can be seen in the same Figures, respectively. The naval ship generally had large RCS values in the regions of the bow, the starboard, the port and the stern. The physical size of the naval ship was very large but the RCS of the naval ship itself was relatively very small due to the superstructure and the hull form, which had sloping sides. Although the integrated mast was mounted on the naval ship, the RCS results with and without the mast were very similar as seen in Figure 9a and Figure 10b. However, the RCS was seen to be larger in the order of no mast, optimization mast and initial mast. Additionally, the RCS pattern for the initial mast was found to have four additional spikes in the threat regions at an elevation angle of 10° (see Figure 10c,d, Figure 11c,d and Figure 12c,d). From these results, it could be seen that the scattered field was mainly composed of the influence by the integrated mast with a relatively small physical size rather than the naval ship. In the same manner as the representative RCS value of the integrated masts, the geometric mean and the arithmetic mean of the naval ship equipped with each mast were calculated and are listed in Table 3 and Table 4, respectively. The geometric mean and the arithmetic mean of the optimized mast decreased by a maximum of 24.05 dBsm and 34.83 dBsm and by an average of 10.42 dBsm and 9.97 dBsm, respectively, compared with those of the initial mast. As for the result of the integrated mast itself, there were a couple of cases where the representative RCS values of the optimized mast were larger than those of the initial mast but it could be seen that the RCS values of the optimized mast improved overall. From these results, it could be seen that the optimized mast had low RCS properties and minimally affected the RCS patterns of the naval vessel. As the geometric mean and arithmetic mean also might have had different results, we confirmed that the RCS characteristics should be evaluated comprehensively.




4. Conclusions


We analyzed the RCS of an integrated mast and presented the optimized integrated mast shape for RCS reduction. We also checked the stealth performance of the optimized integrated mast shape though the computation of the RCS of a naval ship equipped with the integrated mast. The RCS of the integrated mast was investigated in terms of the threat frequency, the integrated mast shape and the direction and polarization of the incident waves. The optimization of the integrated mast was conducted for RCS reduction based on the shaping technique. The integrated mast was designed to have low RCS properties in the primary threat sectors except for the exceptional angle regions. The geometric mean and the arithmetic mean of the optimized mast were reduced by a maximum of 25.39 dBsm and 46.46 dBsm and by an average of 12.63 dBsm and 14.57 dBsm, respectively, compared with those of the initial mast. We also analyzed the RCS of a naval vessel equipped with the integrated mast and confirmed the improvement of the RCS. The geometric mean and the arithmetic mean of a naval ship equipped with the optimized mast were improved by a maximum of 24.05 dBsm and 34.83 dBsm and by an average of 10.42 dBsm and 9.97 dBsm, respectively, compared with the case of the initial mast. We confirmed that the optimized mast had relatively small RCS values in the threat regions except for the cardinal points and minimally affected the RCS patterns of the naval vessel. These results can be used to develop an integrated mast for stealth vessels.
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Figure 1. Optimization procedure. 
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Figure 2. Cardinal points of the naval vessel. 
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Figure 3. Dimension of the integrated mast. (a) initial mast, (b) optimized mast. 
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Figure 4. Three-dimensional radar cross section (RCS) pattern of the initial mast. (a) HH polarization in the L-band, (b) VV polarization in the L-band, (c) HH polarization in the S-band, (d) VV polarization in the S-band, (e) HH polarization in the X-band, (f) VV polarization in the X-band. (Unit: dBsm). 
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[image: Applsci 11 02819 g004]







[image: Applsci 11 02819 g005a 550][image: Applsci 11 02819 g005b 550] 





Figure 5. Three-dimensional RCS pattern of the optimized mast. (a) HH polarization in the L-band, (b) VV polarization in the L-band, (c) HH polarization in the S-band, (d) VV polarization in the S-band, (e) HH polarization in the X-band, (f) VV polarization in the X-band. (Unit: dBsm). 
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Figure 6. RCS pattern of the integrated mast in the azimuth plane in the L-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°. 
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Figure 7. RCS pattern of the integrated mast in the azimuth plane in the S-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°. 






Figure 7. RCS pattern of the integrated mast in the azimuth plane in the S-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°.
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Figure 8. RCS pattern of the integrated mast in the azimuth plane in the X-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°. 






Figure 8. RCS pattern of the integrated mast in the azimuth plane in the X-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°.



[image: Applsci 11 02819 g008]







[image: Applsci 11 02819 g009 550] 





Figure 9. Geometry and dimension of the naval vessel. 






Figure 9. Geometry and dimension of the naval vessel.
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Figure 10. RCS pattern of a naval vessel equipped with the integrated mast in the azimuth plane in the L-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°. 






Figure 10. RCS pattern of a naval vessel equipped with the integrated mast in the azimuth plane in the L-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°.



[image: Applsci 11 02819 g010]







[image: Applsci 11 02819 g011 550] 





Figure 11. RCS pattern of a naval vessel equipped with the integrated mast in the azimuth plane in the S-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°. 






Figure 11. RCS pattern of a naval vessel equipped with the integrated mast in the azimuth plane in the S-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°.



[image: Applsci 11 02819 g011]







[image: Applsci 11 02819 g012 550] 





Figure 12. RCS pattern of a naval vessel equipped with the integrated mast in the azimuth plane in the X-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°. 






Figure 12. RCS pattern of a naval vessel equipped with the integrated mast in the azimuth plane in the X-band. (a) HH polarization at an elevation angle of 0°, (b) VV polarization at an elevation angle of 0°, (c) HH polarization at an elevation angle of 10°, (d) VV polarization at an elevation angle of 10°.
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Table 1. Geometric mean of the integrated mast. (Unit: dBsm)






Table 1. Geometric mean of the integrated mast. (Unit: dBsm)





	
Frequency

	
Elevation Angle

	
Initial Mast

	
Optimized Mast




	
HH

	
VV

	
HH

	
VV






	
L-band

	
0°

	
1.69

	
1.75

	
−4.04

	
−4.13




	
3°

	
11.23

	
10.40

	
−2.78

	
−2.15




	
5°

	
15.74

	
16.32

	
−1.37

	
−4.90




	
7°

	
18.02

	
17.55

	
3.28

	
4.89




	
10°

	
16.91

	
17.00

	
6.02

	
4.89




	
S-band

	
0°

	
−1.21

	
0.03

	
−5.03

	
−3.91




	
3°

	
5.68

	
7.08

	
−8.94

	
−11.60




	
5°

	
14.92

	
15.37

	
−4.49

	
−8.07




	
7°

	
20.05

	
20.34

	
−2.31

	
−0.37




	
10°

	
11.50

	
13.60

	
0.57

	
3.78




	
X-band

	
0°

	
−3.99

	
−3.63

	
−11.12

	
−9.88




	
3°

	
−2.21

	
−12.35

	
−9.18

	
−10.69




	
5°

	
6.41

	
7.92

	
−8.85

	
−4.24




	
7°

	
20.22

	
20.14

	
−5.17

	
−1.99




	
10°

	
1.87

	
−0.54

	
−4.99

	
−4.32
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Table 2. Arithmetic mean of the integrated mast. (Unit: dBsm).






Table 2. Arithmetic mean of the integrated mast. (Unit: dBsm).





	
Frequency

	
Elevation Angle

	
Initial Mast

	
Optimized Mast




	
HH

	
VV

	
HH

	
VV






	
L-band

	
0°

	
5.11

	
4.30

	
4.20

	
−1.55




	
3°

	
11.78

	
10.52

	
3.34

	
0.12




	
5°

	
16.24

	
16.58

	
3.77

	
0.42




	
7°

	
18.33

	
17.73

	
7.58

	
6.74




	
10°

	
31.58

	
31.58

	
8.68

	
6.52




	
S-band

	
0°

	
1.35

	
0.68

	
3.45

	
−1.38




	
3°

	
7.30

	
7.65

	
1.35

	
−3.32




	
5°

	
15.20

	
15.48

	
1.63

	
−2.41




	
7°

	
20.21

	
20.42

	
3.77

	
2.66




	
10°

	
34.73

	
34.74

	
6.95

	
6.64




	
X-band

	
0°

	
−0.74

	
−1.53

	
−1.81

	
−8.56




	
3°

	
2.46

	
−0.14

	
−0.64

	
−5.98




	
5°

	
7.71

	
8.48

	
−5.33

	
−3.35




	
7°

	
20.26

	
20.15

	
0.39

	
−0.30




	
10°

	
44.33

	
44.33

	
−1.78

	
−2.13
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Table 3. Geometrical mean of a naval vessel equipped with the integrated mast. (Unit: dBsm).






Table 3. Geometrical mean of a naval vessel equipped with the integrated mast. (Unit: dBsm).





	
Frequency

	
Elevation Angle

	
Initial Shape

	
Optimized Shape

	
Without Mast




	
HH

	
VV

	
HH

	
VV

	
HH

	
VV






	
L-band

	
0°

	
3.95

	
2.89

	
0.96

	
−1.07

	
−2.15

	
−6.13




	
3°

	
11.98

	
11.08

	
2.54

	
1.86

	
−1.98

	
−2.74




	
5°

	
16.05

	
16.61

	
3.28

	
1.07

	
−1.72

	
−2.60




	
7°

	
18.13

	
17.88

	
5.90

	
6.18

	
0.12

	
−1.99




	
10°

	
17.62

	
17.30

	
8.42

	
6.89

	
2.34

	
0.92




	
S-band

	
0°

	
1.16

	
1.08

	
−1.72

	
−2.27

	
−6.99

	
−11.47




	
3°

	
6.77

	
7.88

	
−2.81

	
−4.88

	
−7.27

	
−8.26




	
5°

	
15.23

	
15.57

	
−0.56

	
−3.02

	
−7.43

	
−7.66




	
7°

	
20.07

	
20.23

	
0.78

	
1.31

	
−5.23

	
−6.44




	
10°

	
12.30

	
13.91

	
3.58

	
5.27

	
−2.66

	
−4.30




	
X-band

	
0°

	
−3.05

	
−2.97

	
−9.23

	
−8.68

	
−18.13

	
−21.46




	
3°

	
−0.87

	
−8.51

	
−6.37

	
−7.61

	
−15.17

	
−16.32




	
5°

	
6.79

	
8.35

	
−7.11

	
−2.86

	
−15.30

	
−16.68




	
7°

	
20.15

	
20.20

	
−3.90

	
−0.82

	
−14.55

	
−15.82




	
10°

	
3.58

	
1.76

	
−2.44

	
−2.04

	
−12.03

	
−13.07
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Table 4. Arithmetic mean of a naval vessel equipped with the integrated mast. (Unit: dBsm).






Table 4. Arithmetic mean of a naval vessel equipped with the integrated mast. (Unit: dBsm).





	
Frequency

	
Elevation Angle

	
Initial Shape

	
Optimized Shape

	
Without Mast




	
HH

	
VV

	
HH

	
VV

	
HH

	
VV






	
L-band

	
0°

	
11.10

	
8.75

	
11.00

	
8.04

	
9.99

	
7.26




	
3°

	
13.72

	
12.53

	
10.11

	
8.99

	
9.18

	
8.48




	
5°

	
17.10

	
17.63

	
10.27

	
8.91

	
9.06

	
7.77




	
7°

	
18.89

	
18.67

	
11.21

	
10.86

	
9.22

	
9.06




	
10°

	
31.70

	
31.86

	
13.24

	
12.78

	
10.64

	
11.07




	
S-band

	
0°

	
9.89

	
8.83

	
10.62

	
8.47

	
9.12

	
7.83




	
3°

	
10.62

	
11.33

	
8.67

	
8.58

	
8.12

	
8.05




	
5°

	
16.00

	
16.23

	
8.48

	
8.03

	
7.44

	
7.63




	
7°

	
20.45

	
20.52

	
8.70

	
8.69

	
7.42

	
7.56




	
10°

	
34.69

	
34.66

	
10.80

	
10.91

	
8.35

	
9.27




	
X-band

	
0°

	
9.66

	
8.69

	
9.89

	
8.44

	
9.32

	
8.20




	
3°

	
8.78

	
7.87

	
8.79

	
8.27

	
8.06

	
8.03




	
5°

	
9.81

	
10.21

	
7.05

	
6.92

	
6.71

	
6.39




	
7°

	
20.26

	
20.36

	
7.28

	
8.10

	
6.43

	
7.07




	
10°

	
44.39

	
44.41

	
9.57

	
10.48

	
8.77

	
9.94
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