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Abstract

:

Obtaining Radar Cross Section (RCS) data, one of the essential parameters for aircraft design, generally takes a lot of time and cost. Measurement time and accuracy of measurement results may be affected depending on the RCS measurement method and environment. When it comes to the RCS measurement method, the direct approach, which measures RCS on a real item, is more accurate than the indirect approach, which is implemented through simulation. However, in consideration of balancing accuracy, time and cost, the indirect approach is more generally used due to its efficiency. In this paper, in order to find an optimized method for more improved prediction results of indirect approach in the high-frequency band, three prediction methods are proposed: the Prony method, the Matrix pencil method (MPM) and the Rational Function method. It is confirmed that the RCS prediction result utilizing the Prony method in the high-frequency band has the minimum error in the case of Prony and MPM Methods, which have not been utilized for RCS prediction in the high-frequency band, and the Rational function method with currently applicable cases are employed. The prediction methods are, respectively, applied to a model based on three military aircraft models such as Jet Plane, F-117 and Transport Plane, and its simulation is performed under identical conditions. The original data and the extrapolated data obtained from the methods are compared at a certain angle for each model, and the errors between the extrapolated data are also compared in order to verify the efficacy of the prediction methods.
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1. Introduction


The Radar Cross Section (RCS) of a military aircraft indicates the amount of signal reflected on an object by an electromagnetic wave applied by a radar, and its magnitude and likelihood of detection are elements that directly affect the viability of military aircraft in modern electronic warfare [1]. Because it is crucial for military aircraft to be able to avoid enemy radars in order to successfully carry out their critical duty in today’s warfare, all military aircraft are engineered to decrease the RCS.



Figure 1 depicts the form of the aircraft RCS detected, and Table 1 lists RCS values for a variety of targets, including 1 m2 for a person, 0.01 m2 for a bird, 0.00001 m2 for a bug and 0.1 m2 for an F-117 fighter [2,3]. The smaller the detectable size of the RCS, the less likely it is to be detected by hostile radar, increasing its viability.



In order to improve aircraft viability, it is required to lower the cross-sectional aircraft area detected by the radar by conducting research on the aircraft’s principal scattering sources and developing prediction technology for the Radar Cross Sectional Area. It is necessary to understand the key scattering sources and characteristics of the aircraft RCS as a first step in the reduction process. The RCS measurement, for instance, can be thought of as a basic step in monitoring the detected aircraft area.



The actual measurement method on a real target object and the indirect calculation method based on simulation make up the RCS measurement method. Due to constraints such as developing a real measurement environment and procuring space for it, as well as increasing the cost and time required to measure RCS at high-frequency, the actual measurement approach is difficult to execute. The indirect calculation method is divided into low-frequency scattering analysis and high-frequency scattering analysis. The finite Element Method (FEM) and Method of Moment (MoM) are the low-frequency scattering analysis whereas Geometric Optics (GO) and Physical Optics (PO) are the high-frequency scattering analysis. The low-frequency scattering analysis approach is capable of producing reliable analysis results; however, the analysis timetends to grow as the frequency increases. The error rate in high-frequency scattering analysis grows in the dB scale rather than the linear scale as compared to low-frequency scattering analysis [4,5,6,7,8,9,10,11,12,13,14,15].



Methods to precisely estimate the RCS at a high frequency based on the RCS observed at a low frequency have been researched as a supplement to existing indirect RCS measuring methods using simulation, including CST, in order to improve the time-consuming disadvantage of high-frequency bands. There is a case of predicting the RCS at high-frequency utilizing the Rational Function prediction method [16,17,18,19,20] based on MoM, one of the low-frequency scattering analysis approaches, as an example of the RCS prediction method at high frequency. However, because the prediction result is produced by only the Rational Function and its result is not compared with those of other prediction methods, it is difficult to confirm that the Rational Function is the best way to forecast RCS in the high-frequency bands in this case.



This paper’s main contribution to the prediction of the Radar Cross Section can be summarized as follows:



Firstly, since it takes a lot of time to measure the high-frequency band through CST, the prediction theory was used to improve the measurement time of the high-frequency band. It has shown that the RCS prediction time is significantly lowered when compared to the computation time of original aircraft data received through simulation. Furthermore, it found that there is no substantial difference in calculation time among the three theories.



Secondly, predictions in the high-frequency band have been made using three prediction theories, such as the Prony method [21,22,23,24,25,26,27,28], MPM [29,30,31,32,33,34,35,36], and Rational Function based on the indirect calculation method in order to verify the reliability and validity of the prediction theories. In addition, three representative military aircraft were applied to confirm the possibility and validity of the RCS measurement results according to the aircraft type, and through this, a mutual comparison of the three theories was performed. As a consequence of forecasting RCS, it was found that the Prony method has been validated as the method with the lowest RCS prediction error.



Lastly, the Prony method and MPM, which have never been employed as RCS prediction theories in the high-frequency band, are used to confirm their applicability as prediction methods in terms of valid prediction method extension at high frequency. As a result, it has been discovered that the Prony method is suitable for prediction, but the MPM may not be. The rest of this paper is composed of the following sections: Section 2 explains the theory of methods suggested for the RCS prediction. Section 3 describes the conditions and results of the simulation for RCS prediction. Section 4 presents the conclusions.




2. RCS Prediction Theories


2.1. Matrix Pencil Method


Matrix Pencil Method (MPM) is a technique that uses a signal and noise measurement model to estimate data through interpolation and extrapolation of sampled signals. The MPM’s basic form is based on the following form of a complex exponential function of the M-order sum:


  y  ( t )  =   ∑   i = 1  M   R i   e   s i  t   + n  ( t )   



(1)




where    R i    is the amplitude of the component, M is the number of modes and   n  ( t )    is the noise component. With the    α i    damping coefficient and    ω i    (   ω i  = 2 π  f i   ) angular frequency, the complex pole     s i    is defined as Equation (2).


   s i  = −  α i  + j  ω i   



(2)







The signal   y  ( t )    is modeled with N samples from Equation (1) as Equation (3).


  y  ( k )  =   ∑   i = 1  M   R i   Z i    k  ,  (  k = 0 , 1 , 2 , … N − 1  )   



(3)




where    Z i     can be defined as    e   s i  t     from Equation (1).



Using the signal data   y  ( k )    and the Pencil parameter L, we can define the    (  N − L  )  ×  (  L + 1  )    matrix    [ Y ]    as the form of a Hankel matrix from   y  ( k )    as Equation (4).


     Y   =         y  0      y  1      …     y  L        y  1      y  2      …     y   L + 1         …     …     …     …       y   N − L − 1       y   N − L       …     y   N − 1                N − L   ×   L + 1         



(4)







Pencil parameter L is a factor that impacts the complex exponential outcome as well as noise filtering, and it is usually set between N/3 and N/2. The singular-value decomposition (SVD) is applied to the matrix    [ Y ]    in order to extract the signal data from the noise signal as Equation (5).


   [ Y ]  =  [ U ]   [   ∑     ]    [ V ]  H   



(5)




where    [ U ]    and    [ V ]    are unitary matrices, while    [   ∑     ]    is a diagonal matrix, denoted by    [   ∑     ]  = d i a g  [   σ 1   σ 2  …  σ  M   0 …  ]   .



The number of modes M is determined by observing the ratio of the maximum singular values and the M order value as Equation (6).


     ∂ 2   σ M    ∂  σ  m a x     2    ≥   10   − 1    



(6)







It can be defined as    [   Y 1   ]    and    [   Y 2   ]    based on Equation (4) matrix    [ Y ]   , with    [   Y 1   ]    and    [   Y 2   ]    being stated in the form of eliminating the final column and first column from    [ Y ]    accordingly as Equation (7).


      Y 1    =         y  0      y  1      …     y   L − 1         y  1      y  2      …     y  L        …     …     …     …       y   N − L − 1       y   N − L       …     y   N − 2                N − L   × L           Y 2    =         y  1      y  2      …     y  L        y  2      y  3      …     y   L + 1         …     …     …     …       y   N − L       y   N − L + 1       …     y   N − 1             N − L   × L     



(7)







These matrices    [   Y 1   ]    and    [   Y 2   ]    can be written as Equation (8).


    Y 1  =  Z 1  R  Z 2  ,    Y 2  =  Z 1   R 0   Z 0   Z 2     with    Z 1  =        1   1   …   1       z 1       z 2     …     z M       …   …   …   …       z 1       N − L − 1          z 2       N − L − 1        …     z M       N − L − 1                  N − L   × M       



(8)







The eigenvalue of    z i    can be calculated using the following Equation (9) in consideration of matrix pencil.


   Y 2  − λ  Y 1  =  Z 1   R 0   [   Z 0  − λ I  ]   Z 2  ,    (  M ≤ L ≤ N − M  )   



(9)







The eigenvalue of    z i    is    (   Y 1    +   Y 2  − λ I  )    where is the Moore–Penrose pseudo-inverse of    [   Y 1   ]   . We can find    ω i     by obtaining    z i    based on its eigenvalue from Equation (2). If M and    z i    are known, the amplitude    R i    can be simply calculated using Equation (10), which is the matrix form of Equation (3).


        y  0        y  1                …         y   N − 1             =      1   1   …   1       z 1       z 2     …     z M       …   …   …   …       z 1       N − 1          z 2       N − 1        …     z M       N − 1                  R 1         R 2              …          R M             



(10)







Based on the identified values of    R i   ,    ω i    and M, function   y  ( t )    can be completed through the complex exponential function of Equation (1). It is feasible to confirm the estimated value   y  ( k )    extrapolated in the high-frequency band by selecting ideal Pencil parameters L and M order.




2.2. Rational Function


The Rational Function is a method based on the Padé approximation that can be described using a system transfer function   y  ( s )    that is composed of the ratio of two polynomials   a  ( s )    and b   ( s )    as Equation (11).


  y  ( s )  ≃   a  ( s )    b  ( s )    =    ∑  i = 0  P   a i   s i     ∑  i = 0  Q   b i   s i     



(11)







When the LTI system’s function is modeled by imposing the equation at N frequency samples of the data as Equation (12), which is the ratio of   a  ( k )    and   b  ( k )    polynomials.


  y  ( k )  ≃   a  ( k )    b  ( k )    =    ∑  i = 0  P   a i   k j i     ∑  i = 0  Q   b i   k j i    ,    (  j = 1 , 2 , … N  )   



(12)







It is feasible to determine the value of    a i    and    b i    from the system function   y  ( k )   , which is a real number that satisfies the P and Q orders as in Equation (13).


    ∑   i = 0  P   a i   k j i  − y  ( k )    ∑   i = 0  Q   b i   k j i  = 0  



(13)







We derive Equation (14) by turning Equation (13) into a matrix form.


   C  [     a     b     ]  = 0   








where,


           [ a ]  =   [  a 0  ,  a  1   ,  a 2  …  a P  ]  T      [ b ]  =   [  b 0  ,  b  1   ,  b 2  …  b P  ]  T      C  =      1     k 1     …     k 1    P      − | y  | 1    2      − | y  | 1    2   k 1     …    − | y  | 1    2   k 1    Q       1     k 2     …     k 2    P      − | y  | 2    2      − | y  | 2    2   k 2     …    − | y  | 2    2   k 2    Q       ⋮   ⋮   …   ⋮   ⋮   ⋮   …   ⋮     1     k N     …     k N    P      − | y  | N    2      − | y  | N    2   k N     …    − | y  | N    2   k N    Q          



(14)







The singular value decomposition (SVD) can be applied to matrix [C] in Equation (14), and its result can provide us with an estimate of not just if the approximation makes sense but also the required values of P and Q. The SVD of matrix [C] results in Equation (15).


   [ U ]   [   ∑     ]    [ V ]  H   [     a     b     ]  = 0  



(15)




where U and V are unitary matrices. The square root of a matrix     [ C ]  H   [ C ]    is the singular value of matrix C. The right null space of matrix C is P + Q + 2 − R, which belongs to the null space if R is a number of nonzero singular values. As a result, in order to create a null space 1-dimensional unique solution, P and Q must meet the following Equation (16).


  R + 1 = P + Q + 2  



(16)







Given P, Q and Equation (16), the   N ×  (  P + 1  )    matrix [A] and   N ×  (  Q + 1  )    matrix [B] can be written as a relational representation of   N ×  (  P + 1  )    matrix [C], as shown in Equation (17).


   [  A − B  ]   [     a     b     ]  ≡  [ C ]   [     a     b     ]  = 0  



(17)







The total least square (TLS) approach can be used to solve Equation (17). Only matrix [B] is affected by measurement/computational errors in the transfer function evaluation in this situation. Therefore, QR decomposition is employed to accommodate the nonuniformity of noise. The matrix’s QR decomposition yields as Equation (18).


   C  [     a     b     ]  = Q  [       R  11        R  12        0     R  22        ]  = 0     R  11   a +  R  12   b = 0   ,    R  22   b = 0   



(18)







From Equation (18), we can find the value of  b  by using the SVD of    R  22   b = 0 ,   and then the value of  a  can be known by applying the confirmed value  b  to equation    R  11   a +  R  12   b = 0  . Once  a  and  b  are known, system equation   y  ( s )    can be a completed system function of (11). By selecting optimum parameters P and Q, it is possible to confirm the output   y  ( k )    extrapolated in the high-frequency range.




2.3. Prony Method


The Prony Method, proposed by Baron de Prony in 1795, is a technique for modeling a linear sum of damped complex exponentials to uniformly sampled signals. The method is commonly employed as a signal analysis and system identification technique. It is especially widely utilized in the fields of power system electromechanical oscillation, biomedical monitoring, radioactive decay, radar, sonar, geophysical sensing and speech processing. The Prony Method estimation equation is written as a complex attenuated sine function with   y  ( t )    as output under the l total number of damped exponential components as Equation (19).


  y  ( t )  =   ∑   i = 1  l   A i   e   (   σ i  t  )    c o s  (  2 π  f i  t +  ∅ i   )   



(19)




where    A i    is amplitude,    σ i    is damping coefficient,    ∅ i    is phase,    f i    is frequency.



We can express the   y  ( k )    as a form of N samples of   y  ( t )    as Equation (20).


  y  ( k )  =   ∑   i = 1  l   c i   μ i    k    k =  (  0 , 1 , 2 , … N − 1  )   



(20)




where    c i    and    μ i    are linear predictive coefficients, which can be expressed as Equation (21).


    c i  =    A i   2   e  j  ∅ i      ,    μ i  =  e   (   σ i  + j 2 π  f i   )  T     



(21)







In Equation (20), each coefficient can be obtained through three steps: linear predictive modeling, finding the characteristic route and finding a linear equation solution.



As the first step, we can rewrite Equation (20) as a linear prediction model as Equation (22).


  y  [ k ]  =  a 1  y  [  k − 1  ]  +  a 2  y  [  k − 2  ]  + … +  a l  y  [  k − l  ]   



(22)







By letting k = l, l + 1, l + 2…N−1 in Equation (22), we can write the equation as Equation (23).


  y  [ l ]  =  a 1  y  [  l − 1  ]  +  a 2  y  [  l − 2  ]  + … +  a l  y  [ 0 ]   



(23)







We convert Equation (23) into a matrix of the form as Equation (24).


   [      y  [ l ]        y  [  l + 1  ]        y  [  l + 2  ]       ⋯      y  [  N − 1  ]       ]  =  [      y  [  l − 1  ]      y  [  l − 2  ]     ⋯    y  [ 0 ]        y  [ l ]      y  [  l − 1  ]     ⋯    y  [ 1 ]        y  [  l + 1  ]      y  [ l ]     ⋯    y  [ 2 ]       ⋯   ⋯   ⋯   ⋯      y  [  N − 2  ]      y  [  N − 3  ]     …    y  [  N − l − 1  ]       ]   [       a 1         a 2         a 3       ⋯       a l       ]   



(24)




where Equation (24) can be expressed as d = Da.



We can assume linear prediction coefficients vector  a  under N > 2l condition in consideration of a = D/d from Equation (24).



As the second step, we can estimate the roots    μ i    in Equation (20) on the basis of known coefficients vector a. In order to compute the    μ i   , characteristic equation showing the relation between  a  and    μ i    can be established as Equation (25).


  Q  ( μ )  =  μ l  −  a 1   μ  l − 1   − … −  a  l − 1   μ −  a l  =  (  μ −  μ 1   )   (  μ −  μ 2   )  …  (  μ −  μ l   )   



(25)







The generalization of Equation (25) is the same as Equation (26).


  Q  ( μ )  =   ∏   i = 1  l  ( μ −  μ i  )  



(26)




where we can find the roots    μ i   .



As a final step, the linear prediction coefficients    c i    can be estimated by inserting    μ i    into Equation (20). The form of the matrix of Equation (20) with the roots    μ i    as in Equation (27).


        y  0        y  1        y  2            …         y   N − 1             =      1   1    …    1       μ 1    1       μ 2    1      …      μ l    1         μ 1    2       μ 2    2      …      μ l    2        …     …     …     …        μ 1     N − 1        μ 2     N − 1       …      μ l     N − 1                c 1         c 2         c 3        …        c l         



(27)




where Equation (27) is able to be represented as Y = UC.


  Y =       y  0        y  1        y  2           …        y   N − 1             ,     U =      1   1    …    1       μ 1    1       μ 2    1      …      μ l    1         μ 1    2       μ 2    2      …      μ l    2        …     …     …     …        μ 1     N − 1        μ 2     N − 1       …      μ l     N − 1         ,     C =        c 1         c 2         c 3        …        c l         



(28)







We can find coefficients    c i     through C = U/Y relational expression.



In a situation where    c i    and    μ i    are known, we can find the    A i   ,    σ i   ,    ∅  i     and    f i    by inserting the linear predictive coefficients (   c i   ,     μ ^  i   ) into Equation (21), which can complete   y  ( t )    equation. The output   y  ( k )    can be anticipated by selecting the appropriate l order, which is extrapolated in the high-frequency band.





3. Simulation Analysis Condition and Results


This chapter is divided into Section 3.1, Situation Environment describing Military aircraft models and Hardware and Software conditions, and Section 3.2, Simulation Results. The Section 3.2 is composed of “Prediction result by model on a specific angle”, “Comparison of prediction error results by model in all directions”, “Comparison of simulation time based on prediction theories and Prediction results in all directions at 7 GHz”.



3.1. Simulation Environment


The RCS prediction simulations were run on three military aircraft models, with data collected using CST STUDIO 2016 software and analyzed using MATLAB 2014 on CPU E3-1231v3, RAM 8GB, GPU R9 280X hardware configuration.



Three aircraft models and three prediction theories were used for each aircraft to verify the accuracy of the predictions and to support the more objective findings. F-117, Transport Plane and Jet Plane are selected as the representative military aircraft models, respectively defined as Class IV and III in MIL-STD-1797A [37]. Extrapolation based on three prediction theories, such as MPM, Rational Function and Prony method, was used to predict RCS data at high frequency for each model.



The Jet Plane, as illustrated in Figure 2a, is the first model for RCS prediction, and its dimensions are 1390 mm × 943 mm × 319 mm. The assessment of Jet Plane’s RCS response from 6 GHz to 7 GHz was performed using about 24 data points at 50 MHz intervals from 4.8 GHz to 5.9 GHz. At angles of 21 degrees, 30 degrees, and 80 degrees, the results of different prediction methods were compared.



The Transport Plane model in Figure 2b is the second model for RCS prediction, and its dimensions are 673 mm × 548 mm × 190 mm. The RCS prediction response of the Transport Plane model was estimated in the same high-frequency band as the first model using around 80 data points at 50 MHz intervals from 3 GHz to 5.9 GHz. At angles of 18 degrees, 43 degrees and 177 degrees, the results of different prediction methods were compared.



The F-117 model in Figure 2c is the third model for RCS prediction, and its dimensions are 129 mm × 82 mm × 15 mm. The RCS prediction response for F-117 from 6 GHz to 7 GHz was approximated using 91 data at 50 MHz intervals from 2.5 GHz to 5.9 GHz. At angles of 15 degrees, 33 degrees and 153 degrees, the results of different prediction methods were compared.




3.2. Simulation Analysis Results


The simulation results confirmed how similar the anticipated values were to the results of CST simulation in the high-frequency band at each angle or all angles. The predicted values were represented by the result value y(k) in case optimized parameters such as pencil parameter L for MPM, P and Q for Rational Function, and l order for Prony Method are applied in the theories.



The prediction error at a specific angle and prediction error in all directions were only highlighted in the 6 GHz to 7 GHz band because the prediction findings to be found in this study are in the high-frequency band (6 GHz to 7 GHz) based on data in valid low-frequency bands such as 4 GHz to 5 GHz.



3.2.1. Prediction Result by Model on a Specific Angle


RCS simulation results using CST show that the RCS value gradually converges to a specific level as the frequency increases. The RCS prediction value at 6 GHz to 7 GHz also follows the CST data and tends to converge to a specific level.



Original data simulated at 21 degrees of the Jet Plane model is compared to values predicted using MPM, Prony and Rational Function in the high-frequency band from 6 GHz to 7 GHz, as shown in Figure 3, the forecast result obtained using the Rational Function method matches the actual data, and its error rise in proportion to frequency increment does not exceed the –10 dB as shown in Figure 4. The Prony method follows the original data better than the Rational Function method’s result, and its error is kept below the average of −12 dB, which is better than the result of the Rational Function method. Meanwhile, compared to the original data, MPM has a larger deviation with increasing frequency, and its inaccuracy climbs to more than −5 dB above 6 GHz and tends to diverge.



In the high-frequency band from 6 GHz to 7 GHz, values from the original data, which was simulated at 18 degrees of the Transport Plane Model, are compared to predictions made using MPM, Prony and Rational Function theories. The forecast result achieved using the Rational Function approach is depicted in Figure 5, which is consistent with the original data. Its error increase as a function of frequency increment does not exceed the –10 dB, as shown in Figure 6. The Prony method data can closely resemble the original one, which is equivalent to or greater than the Rational Function prediction method’s output, and its inaccuracy is similarly within –10 dB. MPM, on the other hand, deviates from the original data as the frequency rises, and its error rises by more than −5 dB over the prior error.



As shown in Figure 7, data predicted using the Rational Function and Prony method at 153 degrees of the F-117 Model follow the original data in the high-frequency band of 6 GHz or more, and its error is kept within the average of –15 dB as shown in Figure 8. The Prony method is more accurate than the Rational Function when it comes to original data. Meanwhile, the data predicted by MPM has a tendency to diverge without tracking the original data, with an inaccuracy of more than −6 dB above the 6 GHz band.




3.2.2. Comparison of Prediction Error Results by Model in All Directions


Total errors represent deviation between CST data and prediction results in the 6 GHz–7 GHz. It tends to increase when predicting RCS in the 6 GHz–7 GHz band through prediction theory in all directions, but most of them are stabilized and maintained over a certain part.



The inaccuracy grows as the frequency increases in the Jet Plane model, and its error in all directions is displayed in Figure 9. The error is proportional to frequency growth and is stabilized at −3 dB and −2 dB levels in the Prony method and Rational Function, respectively. However, in the case of MPM, its error tends to increase much more than −2 dB.



The Rational Function maintains the inaccuracy below −7 dB or less when the frequency increases in the Transport Plane model, as shown in Figure 10. In the case of the Prony method, the inaccuracy tends to stay around −12 dB. Regarding the MPM case, there is a propensity for an inaccuracy to fluctuate above −2 dB.



The inaccuracy in the F-114 model grows with frequency, and its error in all directions is indicated in Figure 11. As the frequency increases, the Rational Function maintains the error below −8 dB, whereas the Prony method gradually increases but tends to converge at −12 dB. In the meantime, in the case of MPM, its error tends to exceed –5 dB.




3.2.3. Comparison of Simulation Time Based on Prediction Theories


Three prediction theories were applied to three military aircraft in order to reduce the amount of time needed in the high-frequency band as assessed by CST. The measurement times of aircraft applied with the three prediction theories were then verified in order to confirm whether or not they were much shorter than those obtained from the CST simulation. The measured time was found through the index presented in the simulation software.



In the high-frequency band, the measurement time required an average of 60 h or more for each model using the CST STUDIO software, and the measurement time increased with higher frequencies.



When each prediction theory was applied to each aircraft model, Table 2 shows the measurement duration of each prediction method per model in the time-consuming 6 GHz to 7 GHz high-frequency band. It required a minimum of 1.342 s and a maximum of 1.699 s for the Rational Function, a minimum of 1.298 s and a maximum of 1.767 s for MPM and a minimum of 1.363 s and a maximum of 1.688 s for the Prony method. It was found that the time measured through prediction theories in the high-frequency band was within a few seconds.



As a consequence, given that the measurement time of the original data in the high-frequency band using CST was taken 60 h or more, the computation time measured using prediction theories was faster than the time measured using CST in the high-frequency range. It was confirmed that the measurement using prediction theory is able to greatly reduce the necessary time. It was also discovered that there was no difference in simulation time between prediction approaches, including the Prony method in the high-frequency range.




3.2.4. Prediction Results in All Directions at 7 GHz


The original RCS data measured in the omnidirectional condition at 7 GHz was compared to the RCS data predicted by each prediction theory under the same conditions.



The findings of the comparison where each prediction theory was applied in the three models indicated that the prediction data to which the MPM was applied in all models hardly follows the original data and that there are many divergences, as shown in Figure 12, Figure 13 and Figure 14. Especially the Jet Plane model in Figure 12 has a deviation throughout the full range compared to the original data, while the Transport Plane model in Figure 13 has divergence at ±140 deg and ±170 deg. At ±30 degrees and ±150 degrees, the deviation in the F-117 model tends to grow compared to the original data in Figure 14.



The Rational Function’s prediction data largely follows the original data; however, there are some deviations Figure 12 shows deviations from the original data at numerous angles, including ±20 degrees and ±100 degrees in the Jet Plane model, and Figure 13 shows deviations at multiple angles, including ±45 degrees and ±115 degrees in the Transport Plane model. Figure 14 also illustrates deviations from the original data at multiple angles, including ±30 degrees and ±150 degrees in the F-117 model.



Meanwhile, the forecast data to which Prony Method is applied has minor deviations at a particular angle, but it generally follows the original data and is the most similar to the original data of the three prediction theories. The Jet Plane model of Figure 12 shows deviations at some angles compared to the original, but it follows the original data well. There are variations at ±50 degrees and ±70 degrees in the Transport Plane model of Figure 13, but overall it looks similar to the original data. Figure 14 shows the F-117 model following the original data from several viewpoints.






4. Conclusions


The indirect calculation method is preferred over the actual measurement method in RCS measurement due to cost and time constraints. However, the method has various drawbacks, including increased analysis time and increasing inaccuracy with frequency increment. To compensate for these flaws, researchers have lately attempted to predict RCS at a high frequency using prediction theories. The Rational Function is one of the prediction theories that have been recently studied for RCS measurement, and it was found that its prediction result has accuracy within the allowed error range in the high-frequency band throughout the study.



In this paper, the RCS data in the high-frequency band is predicted using not only the Rational Function prediction theory introduced in previous papers but also the Prony and MPM prediction theories that have not been used in RCS high-frequency measurement on aircraft models such as Jet Plane, F-117 and Transport Plane in order to find the most efficient RCS measurement method. Through the use of prediction methods on models, comparative research of prediction methods was conducted. In terms of measurement time, all prediction methods have been demonstrated to be significantly faster than the measurement time of the original data obtained in the CST simulation. In addition, as for the accuracy of each prediction method’s outcome, three prediction methods, such as Prony, MPM and Rational Function, are applied to three different types of aircraft models in order to predict RCS at high-frequency band, and the prediction results are compared to one another, confirming that the Prony method closely follows the original data and has the least error among them.




5. Future Works


Several theories were considered when selecting the prediction theory to be applied for this study, but in the end, the theories with somewhat effective prediction results were compressed into three.



Based on this prediction theory, it is founded that the Prony method has a good result in RCS prediction at high-frequency under restricted conditions, such as three prediction methods and three military aircraft models in this paper. However, in order to generalize that the method is optimal, it is required to conduct an expanded study in addition to the three prediction methods and aircraft models applied in this paper.
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Figure 1. Detected RCS shape of military aircraft [2]. 
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Figure 2. RCS Measurement Model. (a) Jet Plane; (b) Transport Plane; (c) F-117. 
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Figure 3. Jet Plane RCS prediction results at 21 deg. 
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Figure 4. Jet Plane RCS prediction errors at 21 deg. 






Figure 4. Jet Plane RCS prediction errors at 21 deg.



[image: Aerospace 09 00734 g004]







[image: Aerospace 09 00734 g005 550] 





Figure 5. Transport Plane RCS prediction results at 18 deg. 
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Figure 6. Transport Plane RCS prediction errors at 18 deg. 
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Figure 7. F-117 RCS prediction results at 153 deg. 
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Figure 8. F-117 RCS prediction errors at 153 deg. 
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Figure 9. Jet Plane Prediction error results in all directions. 
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Figure 10. Transport Plane Prediction error results in all directions. 
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Figure 11. F-117 Prediction error results in all directions. 
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Figure 12. Jet Plane Prediction results in all directions at 7 GHz. 
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Figure 13. Transport Plane Prediction results in all directions at 7 GHz. 
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Figure 14. F-117 Prediction results in all directions at 7 GHz. 






Figure 14. F-117 Prediction results in all directions at 7 GHz.



[image: Aerospace 09 00734 g014]







[image: Table] 





Table 1. Typical RCS values [3].
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	Object
	RCS [m2]





	Human
	1



	Small Bird
	0.01



	Bug
	0.00001



	B-2 bomber
	0.01
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Table 2. Simulation time comparison among CST and prediction theories.
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Method

	
Frequency

(GHz)

	
Time




	
Jet Plane

	
Transport Plane

	
F-117






	
CST

	
6–7

	
60 h

	
80 h

	
85 h




	
Rational Function

	
6–7

	
1.342 s

	
1.462 s

	
1.699 s




	
MPM

	
6–7

	
1.298 s

	
1.330 s

	
1.767 s




	
Prony

	
6–7

	
1.363 s

	
1.348 s

	
1.688 s
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