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Abstract

:

The Chebyshev approximation technique (CAT) combined with the MoM based on the electric-field integral equation (EFIE) and the Poggio–Miller–Chang–Harrington–Wu–Tsai (PMCHWT) integral equation is proposed to efficiently calculate the wide-band radar cross-section (RCS) based on passive bistatic radars (PBR). The EFIE-PMCHWT equations can be used to analyze the electromagnetic scattering of coated targets. The combination with CAT only requires computing the electric and magnetic currents at a few Chebyshev frequency points, which can be employed to obtain the electric and magnetic currents over the entire frequency band. In this study, the RCS values of a coated target calculated by the hybrid EFIE-PMCHWT-CAT based on passive bistatic radar (PBR) were found to be consistent with that calculated by the MoM based on the EFIE-PMCHWT. The validity of the hybrid method is verified by several numerical examples. Compared with the conventional MoM method, the hybrid method can greatly improve the efficiency for electromagnetic scattering problems over a wide frequency band.
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1. Introduction


In recent decades, passive bistatic radar (PBR) has been extensively studied for different applications with the non-cooperative illuminator because it has many advantages, such as good anti-comprehensive electronic interference, low cost, and so on. The research of PBR based on base station, FM radio [1], and satellite [2] has made remarkable achievements, and the prediction of the RCS of passive bistatic radars (PBR) [3,4] based on a non-cooperative illuminator has been proposed. One of the main issues based on the PBR is to predict the RCS of the coated target.



The coated target includes the dielectric/metallic composite structures, which have been widely used in many engineering applications [5,6]. Various coatings are usually mounted on stealth military equipment, microwave planar circuits, radomes, and wireless communication facilities [7]. The application of the method of moments (MoM) [8,9,10], which is a full-wave method, has reached maturity. The MoM has been widely adopted for calculating the RCS of perfect electric conductors. For the dielectric material problem, two methods based on the MoM have been proposed to solve the electromagnetic scattering problem, including the PMCHWT equation [11] and the volume integral equation (VIE) [12]. Meanwhile, many methods are proposed to analyze the EM scattering problems of coated target, such as the thin dielectric sheet (TDS) [13] method, shooting and bouncing ray (SBR) [14], impedance boundary condition (IBC) [15], and so on. In general, for the coated targets, the EFIE-PMCHWT integer equation [16,17,18] based on the MoM proposed by Sadasiva M. Rao et al. is more popular than others since the EFIE-PMCHWT integral equations can deal with the EM scattering problems of any arbitrary shaped conducting bodies coated with an arbitrary thickness. Compared with the VIE, the EFIE-PMCHWT integral equations only require meshing the surfaces of dielectric and metallic parts by using the triangles, which causes the number of unknowns of EFIE-PMCHWT to be much fewer than that of VIE. However, when obtaining the broadband radar cross-section, the traditional EFIE-PMCHWT integral equations need to calculate the currents for each frequency point, which makes it difficult to quickly calculate the electromagnetic scattering characteristics.



To overcome this problem, some theories are proposed. The first method is employing parallel computing [19,20], which means more requirements of memory and CPU. On the one hand, parallel computing extremely relieves the storage capacity of the hardware. On the other hand, the computing task is divided into multiple copies and executed on tens of thousands of CPUs at the same time, which can reduce the calculation time effectively. Other approaches involve employing a fast sweeping frequency algorithm, such as the asymptotic waveform evaluation (AWE) technique [21] and the Cauchy method [22]. In AWE, around the center frequency, the currents will be expanded in the Taylor series to improve the accuracy. However, AWE needs to calculate the higher derivative of the impedance matrix and incentive vector, which leads to the CPU time and memory requirements greatly increasing. Among these techniques, the CAT is more popular than others. Firstly, CAT [23,24] is easily combined with another traditional method, such as the finite element method (FEM) [25], finite element-boundary integral method (FE-BI) [26], fast multipole method (FMM) [27,28], FE-BI-multilevel fast multipole algorithm (FE-BI-MLFMA) [29], MoM-physical optics (MoM-PO) [30], and so on. Secondly, compared with AWE, for a desired frequency, by using the Chebyshev series to calculate the currents, there is no need to compute the high derivatives, which reduces the computational complexity.



In this paper, a novel hybrid EFIE-PMCHWT-CAT algorithm is proposed for fast wide-band RCS computation of arbitrarily shaped 3D-coated targets based on the PBR. In the proposed hybrid method, the currents at any frequency point of the whole broadband can be obtained by calculating the currents at the Chebyshev frequency sampling node since there is no need to calculate the RCS of every sweeping point, which avoids the problem of wasting time. The result is consistent with that of EFIE-PMCHWT based on the MoM.



The remainder of this paper is organized as follows. The EFIE-PMCHWT formulation of arbitrarily shaped 3D-coated targets based on the PBR is established in Section 2. The formulation of the CAT application to EFIE-PMCHWT is explicitly derived in Section 3. Finally, three examples are presented in Section 4 to verify the accuracy and efficiency of the hybrid EFIE-PMCHWT-CAT algorithm, and the conclusion of this work is drawn in Section 5.




2. Wide-Band EM Scattering of Coated Target Based on Passive Bistatic Radar


Consider the wide-band EM scattering problem of coated target based on the passive bistatic radar for a desired frequency band   [  f a  ,  f b  ]   in Figure 1. The wavenumber will vary from    k a    to    k b    with frequency  f . The target is illuminated by the non-cooperative illuminator and the satellite and base station are chosen as non-cooperative illuminators.    {   E  i n c   ,  H  i n c    }    and    {   E  s c a   ,  H  s c a    }    represent the incident wave and scattering wave, respectively.



Figure 2 shows an example of a dielectric-coated PEC embedded in a background medium with parameters   (  μ 0  ,  ε 0  )  . The perfect electrical conductor is immersed in a dielectric coating with parameters   (  μ 2  ,    ε 2  )  . Let   ∂ c  ,  ∂ d  , and   ∂ n   represent the perfect electric conductor, dielectric region, and background medium region. The surface of dielectric and perfect electric conductor is denoted by    S d    and    S c   , and   (  μ 1  ,  ε 1  )   represents the electromagnetic parameters of   ∂ c  . The target is excited by an incident wave that comes from a non-cooperative illuminator.    n ^    is the outward normal unit vector. By introducing the equivalent surface principles, two equivalent problems are formulated.



The equivalent external problem is shown in Figure 3a. The electric field and magnetic field of the region   ∂ d   are assumed to be zero, and the permittivity and permeability of the region   ∂ d   are the same as that of the region   ∂ n  . Equivalent electric current    J d    and magnetic current    M d    are generated outside surface    S d   . Two currents are defined as Equation (1).


   J d  =  n ^  ×  H  s c a      M d  =  E  s c a   ×  n ^   



(1)







With the boundary conditions, the following equations can be obtained:


     [   E d    e  (  J d  ; k ) +  E d    e  (  M d  ; k ) +  E  i n c    ]    tan   = 0  



(2)






     [   H d    e  (  J d  ; k ) +  H d    e  (  M d  ; k ) +  H  i n c    ]    tan   = 0  



(3)







Figure 3b shows the equivalent interior situation. The electric field and magnetic field of   ∂ n   are assumed to be zero, and the permittivity and permeability of   ∂ n   are the same as that of the region   ∂ d  . Outside the surface    S d   , currents are noted as   −  J d    and   −  M d   . The outside surface of the conducting electric current    J c    is introduced. With the boundary conditions, the following equations can be obtained:


     [   E c    i  (  J c  ; k ) +  E d    i  ( −  J d  ; k ) +  E d    i  ( −  M d  ; k )  ]    tan   = 0  



(4)






     [   H c    i  (  J c  ; k ) +  H d    i  ( −  J d  ; k ) +  H d    i  ( −  M d  ; k )  ]    tan   = 0  



(5)






     [   E c    i  (  J c  ; k ) +  E d    i  ( −  J d  ; k ) +  E d    i  ( −  M d  ; k )  ]    tan   = 0  



(6)







In (2)–(6), the superscript  e  and  i  represent the field in the equivalent external problem and interior external problem. The subscript  d  and  c  mean the field motivated by the currents of the dielectric and conductor.      [ · ]    tan     represents the tangential component.  k  represents the wavenumber. Combining Equations (2)–(6), we can obtain a set of equations:


    n ^   ×  [   L 1  (   J  d  ) +  L k   (    J  d   )  +  K 1  (   M  d  ) +  K k   (    M  d   )  -  L k   (    J  c   )   ]  =   n ^   ×   E   i n c    



(7)






    n ^   ×  [  −  K 1  (   J  d  ) −  K k   (    J  d   )  +  1   η 1    2     L 1  (   M  d  ) +  1   η 2    2     L k   (    M  d   )  +  K k  (   J  c  )  ]  =   n ^   ×   H   i n c    



(8)






    n ^   ×  [   L k  (   J  d  ) +  K k  (   M  d  ) -  L k   (    J  c   )   ]  =  0   



(9)







The operators    L i  ( X )   and    K i  ( X )   are written as:


   L i  ( X ) = j  k i   η i    ∬   (  1 +     ∇ ∇  ′     k i    2     )      G i  ( r ,  r ′  ;  k i  ) × X (  r ′  ) d  s ′   



(10)






   K i  ( X ) = −   ∬  X ( r )    × ∇  G i  ( r ,  r ′  ;  k i  ) d  s ′   



(11)




where    G i    and    k i    are noted as


  G ( r ,  r ′  ;  k i  ) =    e  − j  k i   |  r −  r ′   |      4 π  |  r −  r ′   |     



(12)






   k 1  = 2 π  f a  / c    k i  = 2 π f    ε 2   ε 0   μ 0     



(13)







By using the triangle to mesh the surface of the perfect electrical conductor and dielectric, the electric currents     J  d  ,   J  c    and the magnetic current     M  d    may be approximated as:


   J d  =   ∑  n = 1    N d      α n   f n     



(14)






   M d  =   ∑  n = 1    N d      β n   f n     



(15)






   J c  =   ∑  n = 1    N c      γ n   f n     



(16)







   f n    represents the RWG basis functions.    α n   ,    β n   , and    γ n    are unknown coefficients. The parameters   N d   and   N c   are the number of RWG basis functions on the dielectric surface and metallic surface, respectively. The RWG basis function is defined on a pair of triangles. Therefore, to determine the values of   N d   and   N c  , we need to search the number of common edges according to the coordinates of the three vertexes of each triangle.



To convert Equations (7)–(9) into a matrix equation, we test Equations (7)–(9) with RWG basis functions. The matrix is noted as:


   [      Z    J d   J d     ( k )          Z    M d   J d     ( k )            Z    J c   J d     ( k )        Z    J d   M d     ( k )      Z    M d   M d     ( k )      Z    J c   M d     ( k )        Z    J d   J c     ( k )          Z    M d   J c     ( k )            Z    J c   J c     ( k )     ]   [     I J  ( k )      I M   ( k )       I C   ( k )     ]   =   [      V   J    ( k )        V   M    ( k )       0     ]   



(17)







 Z  is a   ( 2  N d  +  N c  ) × ( 2  N d  +  N c  )   matrix;  V  includes the information of incident wave;  I  denotes unknown current densities.




3. Hybrid EFIE-PMCHWT-CAT


When we predict the RCS for wide-band EM scattering, the traditional MoM based on the EFIE-PMCHWT integer equation needs to calculate the current value of every frequency point. The computation time is greatly increased. By introducing the Chebyshev approximation technique, the hybrid EFIE-PMCHWT-CAT is implemented to achieve fast sweeping as follows:



Firstly, for the certain band   k ⊂  [   k a  ,  k b   ]   , we calculate the Chebyshev points      k ˜   e   , shown in Equation (18).  E  represents the truncated order of the Chebyshev series.


     k ˜   e  = cos  [    ( 2 e − 1 ) π   2 E    ]    e = 1 , 2 , … , E  



(18)







Secondly, we calculate the Chebyshev frequency sampling points by making the coordinated transformation of      k ˜   e    from the interval   [ − 1 , 1 ]   to the desired band    [   k a  ,  k b   ]   .


   k e  =  1 2   [     k ˜   e  (  k 1  −  k 0  ) + (  k 0  +  k 1  )  ]  ,      k ˜   e  ∈  [  − 1 , 1  ]   



(19)







The matrix Equation (17) can be noted:


  Z (  k e  ) I (  k e  ) = V (  k e  )  



(20)







We obtian the Chebyshev sampling point currents density by solving Equation (20). By Chebyshev approximation, the current densities    I J  ( k )  ,    I M  ( k )  , and    I C  ( k )   can be written as:


   I J  ( k ) ≈   ∑  l = 0   E − 1     c l   T l  (    k ˜   e  )   −    c 0   2     



(21)






   I M  ( k ) ≈   ∑  r = 0   E − 1     c r   T r  (    k ˜   e  )   −    c 0   2     



(22)






   I C  ( k ) ≈   ∑  p = 0   E − 1     c p   T p  (    k ˜   e  )   −    c 0   2     



(23)







Among Equations (21)–(23),    T l  (    k ˜   e  )  ,    T r  (    k ˜   e  )  , and    T p  (    k ˜   e  )   are Chebyshev polynomials.    c l   ,    c r   , and    c p    denote the unknown coefficients. They are defined as:


   c  ( l        , r , p    )  =  2 E    ∑  e = 0  E    I  ( l , r , p )   (  k e  )    T (       l , r , p    )  (    k ˜   e  )  



(24)






   T 0  (    k ˜   e  ) = 1 ,  T 1  (    k ˜   e  ) =    k ˜   e   



(25)






   T  e + 1   (    k ˜   e  ) = 2    k ˜   e   T e  (    k ˜   e  ) −  T  e − 1   (    k ˜   e  ) , 2 ≤ e ≤ E  



(26)







To improve the accuracy of the numerical results, we usually use Maehly approximation to replace the Chebyshev polynomial expansion of the currents. The substitution process is as follows:


   I  ( J , M , C )   ( k ) ≈  R  L M   (    k ˜   e  ) =    P L  (    k ˜   e  )    Q M  (    k ˜   e  )    



(27)






   P L  (    k ˜   e  ) =   ∑  i = 0  L    a i   T i  (    k ˜   e  )   =  a 0   T 0  (    k ˜   e  ) +  a 1   T 1  (    k ˜   e  ) + … +  a L   T L  (    k ˜   e  )  



(28)






   Q M  (    k ˜   e  ) =   ∑  j = 0  M    b j   T j  (    k ˜   e  )   =  b 0   T 0  (    k ˜   e  ) +  b 1   T 1  (    k ˜   e  ) + … +  b M   T M  (    k ˜   e  )  



(29)







 L  and  M  denote the Chebyshev polynomial expansion order of the    P L  (    k ˜   e  )   and    Q M  (    k ˜   e  )  .   E = L + 2 M  . The unknown coefficients    a i    and    b j    can be obtained by:


   {     a 0  =  1 2   b 0   c 0  +  1 2    ∑  j = 1  M    b j   c j         a i  =  c i  +  1 4   b i   c 0  +  1 2    ∑  j = 1  M    b j  (  c  j + i   +  c   |  j − i  |    ) ,   i = 1 , 2 , … , L        



(30)






     [     c L  +  c  L + 2            c L     − 1   +  c  L + 3       …    c  L − M + 1   +  c  L + M + 1        c  L + 1   +  c  L + 3            c L  +  c  L + 4         …    c  L − M + 2   +  c  L + M + 1         …             …                 …      c  L + M − 1   +  c  L + M + 1      c  L + M − 2   +  c  L + M + 2     …    c L  +  c  L  + 2  M        ]    ×      [     b 1       b 2      …      b M       ]  = − 2  [     c  L + 1        c  L + 2       …      c  L + M      ]     



(31)







We can calculate    a i    and    b j   , substituting into Equations (27)–(29), and obtain the currents densities at each frequency point, and then the RCS can be efficiently calculated for the expected frequency band.



To help readers understand the hybrid algorithm more clearly, a flowchart was made to show the total process, as shown in Figure 4.




4. Numerical Results and Error Estimation


In this section, to validate the accuracy and applicability of the hybrid method, we investigated the RCS of three coated targets. The Sub6 base station was used as a non-cooperative illuminator for the first and second examples. For the final example, a satellite illuminator was used to verify the result. All computations were carried out on a PC with an Intel Core i7-7700K CPU and 48.0 GB RAM.



Error analysis was performed for the L. The error function and Euclidean norm are given by [31]:


   {    e r r o r =    ‖  R C  S  i + 1   − R C  S i   ‖     ‖  R C  S i   ‖         ‖  R C  S i   ‖  =     ∑  p = 1  k      |  R C  S i   |   2            ,   i = 1 , 2 , … , 7  



(32)







In Equation (32),   R C  S i    is the RCS value calculated by EFIE-PMCHWT-CAT-L = i.  k  represents the number of frequency points.



4.1. A Coated Composition


A coated target composed of a cuboid and a flare is shown in Figure 5. Through predicting the RCS of a simple target, the efficiency of the proposed EFIE-PMCHWT-CAT algorithm can be validated. The detailed size of the target is shown in Figure 6. The relative permittivity and dielectric loss tangent of the dielectric are 3.0 and 3.6, respectively. The perfect electric conductor and dielectric are modeled by 558 and 650 triangles, resulting in 2787 unknowns. It is illuminated by a   θ θ   polarized incident wave   (  θ  i n c   ,  φ  i n c   ) = (   101  ∘  ,   234  ∘  )  . The scattering angle is   (  θ  s c a   ,  φ  s c a   ) = (   102  ∘  ,   229  ∘  )  .



To compare the accuracy of the EFIE-PMCHWT and EFIE-PMCHWT-CAT, we computed the RCS frequency response from 1 GHz to 9 GHz with an interval of 0.1 GHz. Figure 7 shows the variation in the RCS with frequency. It is observed that the result is better with the increase in the order L. The MoM (EFIE-PMCHWT), AWE, and EFIE-PMCHWT-CAT numerical results are shown in Figure 8. The results of the EFIE-PMCHWT-CAT are in good agreement with those obtained by the MoM (EFIE-PMCHWT) and AWE.




4.2. A Coated Boat


Nowadays, fast prediction of the bistatic RCS of a complex target based on ocean scenarios is essential. In the second example, we consider a simplified boat (PEC) covered by the dielectric, and the posture and size of the model is illustrated in Figure 9 and Figure 10. The relative permittivity and dielectric loss tangent are 3.0 and 3.0. The surface of the perfect electrical conductor and dielectric is discretized with 568 and 698 triangles, which leads to 3027 unknowns. The working frequency is 2–10 GHz and the interval is 100 MHz. The incident angle is   (  θ  i n c   ,  φ  i n c   ) = (   101  ∘  ,   234  ∘  )  , and the scattering angle is   (  θ  s c a   ,  φ  s c a   ) = (   102  ∘  ,   229  ∘  )  .



Figure 11 shows the   θ θ   polarized wide-band RCS of frequency response from 2 GHz to 10 GHz obtained by the EFIE-PMCHWT and EFIE-PMCHWT-CAT with three different orders (L = 2,4,6). It is observed that the result is better with the increase in the order L. Figure 12 shows the calculated RCS of the model, where the results of the MoM (EFIE-PMCHWT), AWE, and EFIE-PMCHWT-CAT are compared. The results calculated with the three methods are basically consistent.




4.3. A Coated Missile Modet


In the third example, a missile is coated with the dielectric with a thickness of 3 mm. The posture and detailed size of the missile are shown in Figure 13 and Figure 14. The example further demonstrates that the hybrid algorithm is capable of providing clear and meaningful RCS for modern stealth equipment. The relative permittivity and dielectric loss tangent are 3.0 and 4.0. The surfaces of the perfect electrical conductor and dielectric are discretized with 618 and 964 triangles, resulting in 3819 unknowns. The incident angle is   (  θ  i n c   ,  φ  i n c   ) = (   28  ∘  ,   37  ∘  )   and the scattering angle is   (  θ  s c a   ,  φ  s c a   ) = (   93  ∘  ,   106  ∘  )  . The working frequency is 1 G–11 G, and the interval is 100 MHz.



Figure 15 shows the   θ θ   polarized RCS of the frequency response from 1 GHz to 11 GHz obtained by the EFIE-PMCHWT and EFIE-PMCHWT-CAT with three different orders (L = 1,3,7). It is observed that the result is better with the increase in the order. Figure 15 shows that the results of the EFIE-PMCHWT-CAT are in good agreement with those of the EFIE-PMCHWT. Validation of the proposed method is substantiated by comparing it with other approaches, such as the AWE and MoM (EFIE-PMCHWT). Figure 16 suggests that the result of the proposed method is in conformity with that of the AWE and MoM (EFIE-PMCHWT).



Using three examples, we found that the result is more accurate with a higher-order L. The reason is that the Chebyshev–Gauss sampling frequency points store more information on the currents. When the order L is low, Equations (28) and (29) show fewer expansion terms of the current density, leading to the difference between new currents and the original currents being large. According to Equation (33), an error analysis is shown in Figure 17 for the order L. The results suggest that the accuracy of the proposed algorithm can be guaranteed when the order L increases.



Table 1 shows the CPU time and memory requirement of the three examples. Table 1 shows that the CPU time gradually increases with the higher order L for EFIE-PMCHWT-CAT, but compared with the conventional MoM (EFIE-PMCHWT), the CPU time significantly decreases. When the results of EFIE-PMCHWT-CAT and the MoM (EFIE-PMCHWT) are in good agreement, the reduction in the CPU time of three examples is 71.8%, 68.4%, and 71.6%. The memory requirement is basically the same compared to EFIE-PMCHWT-CAT with MoM (EFIE-PMCHWT). By comparing the EFIE-PMCHWT-CAT and AWE, the memory requirement can achieve 75.9%, 77.8%, and 72.9% reductions for the three examples, and less CPU time is required.





5. Conclusions


An effective hybrid method is proposed to solve the wide-band EM scattering of the coated target based on the non-cooperative illuminator. By introducing the idea of the Chebyshev approximation technique, the CAT combined with the MoM based on EFIE-PMCHWT only calculates the electric and magnetic current coefficients at the Chebyshev–Gauss frequency sampling points. Compared with the traditional MoM, the proposed hybrid method can greatly reduce the CPU computation time, and the variation in the memory requirements may be negligible. Three examples are presented to show the efficiency and accuracy of the hybrid method. Since the wide-band electric and magnetic currents are obtained, the hybrid method can be used to compute the RCS at any angle and any frequency point. It should be noted that if the RCS curve contains a null value and sharp shape, the hybrid method with low order cannot obtain accurate results over the desired frequency band and a higher order is needed.
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Figure 1. Illustration of the passive bistatic radar system based on a non-cooperative illuminator. 
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Figure 2. Configuration of perfect electrical conducting coated with dielectric. 
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Figure 3. (a) Equivalent external problem (b); equivalent interior situation. 
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Figure 4. The EFIE-PMCHWT-CAT flowchart. 
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Figure 5. The posture of the coated target based on Sub6 base station illuminator. 
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Figure 6. The geometry of the coated target. 
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Figure 7. RCS frequency response of the coated target by using three different orders of EFIE-PMCHWT-CAT and EFIE-PMCHWT. 
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Figure 8. RCS frequency response of the coated composition of the MoM (EFIE-PMCHWT), AWE, and EFIE-PMCHWT-CAT. 
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Figure 9. The posture of the coated boat based on Sub6 base station illuminator. 
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Figure 10. The geometry of the coated boat. 
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Figure 11. RCS frequency response of the coated boat by using three different orders of EFIE-PMCHWT-CAT and EFIE-PMCHWT. 
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Figure 12. RCS frequency response of the coated boat of the MoM (EFIE-PMCHWT), AWE, and EFIE-PMCHWT-CAT. 
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Figure 13. The posture of the coated missile based on satellite-borne illuminator. 
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Figure 14. The geometry of the coated missile. 
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Figure 15. RCS frequency response of the coated missile by using three different orders of EFIE-PMCHWT-CAT and EFIE-PMCHWT. 
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Figure 16. RCS frequency response of the coated missile of the MoM (EFIE-PMCHWT), AWE, and EFIE-PMCHWT-CAT. 
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Figure 17. Convergence curves for order L. 
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Table 1. The total CPU time and memory requirement of three examples.
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Examples

	
Method

	
Memory (MB)

	
CPU Time (s)






	
Coated composition

	
EFIE-PMCHWT-CAT_L = 2

EFIE-PMCHWT-CAT_L = 3

	
338.0

338.3

	
1296.9

1621.6




	
EFIE-PMCHWT-CAT_L = 6

MoM (EFIE-PMCHWT)

	
338.4

327.4

	
3477.2

12,345.3




	
AWE

	
1343.6

	
6439.2




	
Coated boat

	
EFIE-PMCHWT-CAT_L = 2

	
395.3

	
1471.5




	
EFIE-PMCHWT-CAT_L = 4

	
395.6

	
2382.9




	
EFIE-PMCHWT-CAT_L = 6

MoM (EFIE-PMCHWT)

	
395.7

395.2

	
4680.8

14,819.3




	
AWE

	
1768.9

	
7986.5




	
Coated missile

	
EFIE-PMCHWT-CAT_L = 1

	
1186.9

	
4225.5




	
EFIE-PMCHWT-CAT_L = 3

EFIE-PMCHWT-CAT_L = 7

MoM (EFIE-PMCHWT)

	
1187.4

1188.2

1186.6

	
6430.7

7185.7

25,319.6




	
AWE

	
4378.6

	
12,768.5
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