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Abstract — In this study, 2D finite element (FE) solving
process with the conformal perfectly matched layer
(PML) is elucidated to perform the electromagnetic
scattering computation. With the 2D monostatic RCS as
the optimization objective, a sensitivity analysis of the
basic design parameters of conformal PML (e.g., layer
thickness, loss factor, extension order and layer number)
is conducted to identify the major parameters of
conformal PML that exerts more significant influence
on 2D RCS. Lastly, the major design parameters of
conformal PML are optimized by the simulated
annealing algorithm (SA). As revealed from the numerical
examples, the parameter design and optimization method
of conformal PML based on SA is capable of enhancing
the absorption effect exerted by the conformal PML
and decreasing the error of the RCS calculation. It
is anticipated that the parameter design method of
conformal PML based on RCS optimization can be
applied to the cognate absorbing boundary and 3D
electromagnetic computation.

Index Terms —2D conformal PML, monostatic RCS,
parameters optimization, sensitivity analysis, simulated
annealing algorithm.

I. INTRODUCTION

In FE computation for the electromagnetic
scattering, the local boundary condition refers to the
most extensively employed open-domain boundary
condition. As the scattering target turns larger and more
sophisticated, the more rigorous requirement of local
boundary condition are raised. How to build a high-
performance local boundary condition, save the spatial
scattering elements and enhance the solution efficiency
of finite element method (FEM) has always been
the hotspot in open-domain electromagnetic scattering
computation study. Perfectly matched layer (PML) [1-3]
refers to the optimal local boundary condition over the
past few years. Theoretically, the absorption effect of
PML is only determined by the thickness and the number
of layers of PML for the electromagnetic wave that
exhibits an arbitrary frequency and an incident angle.
Moreover, the conformal PML (CPML) does not disturb
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the sparsity of the system matrix, i.e., a property to
effectively store and solve the FEM solution of
electromagnetic scattering. Though the rectangular (2D)
or block (3D) PML [4-10] turns into the popular mesh
truncation boundary, a more efficient conformal PML
[11-13] absorbing boundary is built for the larger size
and more complex scattering targets. The conformal
method is capable of generating the mesh truncation
boundary that is consistent with the shape of scatterers
to minimize the scattering space between scatterers
and absorbing boundaries; thus, conformal PML can
effectively save the spatial scattering elements and
enhance the solution efficiency of FEM [14-17].
Accordingly, why conformal PML constantly arouses
the attention from researchers is explained. Due to the
above advantages and its outstanding role in the finite
element scattering computation, the conformal PML is
selected as the optimization design object, and the
absorption effect and calculation efficiency of conformal
PML are expected to be improved through the parametric
design and RCS optimization algorithm proposed in this
paper. Moreover, it is hoped that this study can provide
some research ideas and exploration direction for the
optimization design of cognate absorbing boundary
conditions.

In this study, to enhance the absorbing efficiency of
conformal PML and reduce the error of RCS calculation,
a method is proposed in the present study to optimize the
basic parameters of 2D conformal PML by the simulated
annealing algorithm. By typical numerical cases, the
availability and feasibility of the optimization design
method are verified. Considering its good availability
and applicability, the optimization design method in
this paper can be extended from 2D electromagnetic
computation to 3D electromagnetic computation.

II. FE SOLUTION OF 2D
ELECTROMAGNETIC SCATTERING WITH
CONFORMAL PML

Overall, the open domain electromagnetic scattering
problem can be addressed in the region surrounded
by the conformal PML. The conformal PML can be
considered a shell composed of lossy anisotropic media,
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exhibiting geometric similarity to the outer surface of
scatterers. In the construction of conformal PML (Fig.
1), the surface near the scatterer is termed as the inner
surface; besides, the outermost surface away from
scatterers is called the outer surface or back surface. On
the whole, the conformal PML is designed as the multi-
layer shells exhibiting different thicknesses to exhibit a
high absorbing efficiency. In the region of conformal
PML, the permeablllty and permltthlty are respectively

expressed as u= ,urA and &= gA In the local

coordinate system (&, <,,4,), the constitutive parameters
of conformal PML are defined in the complex stretching
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In the 2D case, assuming that the local coordinate

axis direction &; complies with the z-axis direction of
the global coordinate system; the parameters of the
conformal PML remains constant along the z-axis
direction; the constitutive parameters [15] of conformal
PML are defined as:

= A O

Ax,y,z ZI:O ﬁ:| ) (3)
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where A denotes a 2 x 2 submatrix; J represents the

[14, 18]:

Jacobi matrix of 2D coordinate transformation. =s, /s,

and S=ss,.
The following derivation is expressed based on
the electric field E,. By substituting (4) into the wave

equation of 2D electromagnetic scattering problem,
the wave equation [15] with the conformal PML is
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where &,¢,,&, denote orthogonal local coordinate
components; r, and r, represent the principal radiuses
of curvature of a given point on the inner surface of
conformal PML [14]; =1, +¢, and 1, =1, + &, refer
to the principal radiuses of curvature of point lengthened
&, following the outer normal direction of the given
point; s indicates the complex stretching variable [14] in
the &, direction; t is the total thickness of the conformal

PML; o is the loss factor of the conformal PML; m
represents the extension order of complex extension
variable in the conformal PML.

Back of conformal
PML
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The corresponding functional expression is written

as:

ﬂ ( VE,«A+VE, —k?E, j (6)

Thus, in the conformal PML region Q, the element
matrix is expressed as:

K = ﬂ{ VNFeANS — kzﬂN,eole}dQ. @

If the triangular element is employed for the region
discretization, the matrix elements in (7) are expressed

as follows:
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Fig. 1. The construction of a conformal PML.

where A° denotes the area of element; I represents

the constant coefficient of element; f? is the source

function of element. For the specific calculation formula,
please refer to [19].



From the theoretical perspective, the electromagnetic
wave is completely absorbed at the back surface of the
conformal PML, which is expressed as:

=0, 9)
where r,, denotes the boundary of back surface of the

conformal PML. If the scatterer acts as a conductor, the
incident electromagnetic wave is overall reflected. Thus,
Dirichlet boundary conditions should be set on the
scatterer surface.

After the mentioned element matrixes are assembled
to form the global matrix [k] and the corresponding
boundary conditions and incident conditions are
substituted, the system equations as written in (10) can
be solved to yield the electric field distribution:

[KKE.}={b}. (20
The electric field solved is adopted to calculate the
single station RCS:

z l—‘CPML
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The normalized RCS can be a popular expression:
o/A=10lg(o/A). (12)
1. NUMERICAL CASE
In the present study, the incident plane

electromagnetic waves are defined as:
jko(xcoswi”c+ysinq)i"°)

P =¢ , (13)

where gomc denotes the incident angle. The wavelength of

incident plane electromagnetic waves is expressed as \.

To subsequently optimize the parameter of 2D
conformal PML, three numerical cases are presented in
this section based on two typical 2D scatterers.

Fig. 2. Meshed ovate.

Fig. 3. Meshed ellipse.

Case 1: As shown in Fig. 2, the width and thickness
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of conducting ovate are 5 A and 2.07 A, respectively. The
scattering area (the distance between the inner surface of
conformal PML and the surface of scatterer) exhibits the
thickness of 0.5 A. The mesh size reaches 0.05 A.

Case 2: Like the Fig. 2, the width and thickness of
conducting ovate are 15 A and 2.14 A respectively. The
thickness of scattering area is 0.5 A. The mesh size is
0.05 A

Case 3: As shown in Fig. 3, the major and minor
axes of conducting ellipse are A and 0.5 A, respectively.
The scattering area exhibits the thickness of 0.5 A. The
mesh size is 0.05 A.

IV. SENSITIVITY ANALYSIS OF 2D RCS
As indicated from the deduction in the Section II,
the basic designed parameters of conformal PML
affecting RCS are the loss factor ¢, extension order m,
layer thickness d and layer number n, i.e.,
o~ f(6,md,n). (14)
To explore the effect of these basic parameters on
2D RCS, a sensitivity analysis for three numerical cases
in the Section 111 is conducted with the central difference
method. The basic formula is expressed as:
Fix) = F(x, +h)—F(x —h) Lo
2h
_F(+h)-F(x-h)
- 2h !
where the step size h is set to 1% of the corresponding
parameter. The sensitivity function F(x) can be

considered the RCS o in (14), while the variables X

can be considered one of the loss factor §, extension
order m, layer thickness d and layer number n in (14).
Supposed that the wavelength of incident
electromagnetic wave is setto 1=0.01m (only to provide
an exact input for program operation), the initial basic
parameters of conformal PML are set as =10, m=2,
d, =0.051, n=6, and the disturbance step size is set to

h=1% for the initial basic parameters of conformal PML,
the sensitivity function F(x;) can be calculated as listed

(15)

in Tables 1, 2, 3 at the different incident angles (pinc . For

example, in the sensitivity analysis process of case 1, the
disturbance 1% of loss factor at incident angle 0° is
substituted into (15), thus the sensitivity response of
RCS at incident angle 0° will be obtained shown as the
second row, second column cell of Table 1. In the same
way, the sensitivity responses of RCS at the other
incident angle will be calculated and listed in the second
column of Table 1 for the disturbance 1% of loss factor.
Similarly, the sensitivity responses of RCS for the
disturbance 1% of extension order, layer thickness and
layer number respectively can be obtained shown as the
third, fourth and fifth column of Table 1. Repeat the
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above sensitivity analysis process and the results are
shown in tables 2 and 3.

Obviously, for the 2D RCS with the conformal
PML, the most influential parameter is layer thickness,
while the effects of other parameters are relatively small.
Accordingly, the thickness of each layer will be adopted
as the main design variables for the RCS optimization.
Since the loss factor and extension order are the vital
design parameters of conformal PML, the loss factor
and extension order are still selected as design variables

Table 1: Sensitivity analysis results of case 1

ACES JOURNAL, Vol. 36, No. 6, June 2021

to exhibit the optimal absorbing efficiency in the
optimization analysis of next section. Theoretically, the
more conformal PML layers (more absorbing media)
will bring the better absorbing effect. However, with the
increase of the layer number of conformal PML, the
interlayer reflection error and the element number of
conformal PML also raise. Trading off the absorbing
effect, interlayer reflection error and the element number
of conformal PML, here the layer number of conformal
PML is set to 6.

Incident Angle/(°) Loss Factor Extension Order Layer Thickness Layer Number
0 -0.0216 0.1085 -4.1254 0.0391
5 0.0513 -0.1012 -1.7991 -0.0391
10 0.0806 -0.2090 30.6554 -0.0797
15 0.0065 -0.0235 -30.6450 -0.0083

20 -0.0338 0.0897 -70.2444 0.0353
25 0.0533 -0.0205 11.7344 -0.0138
30 -0.0167 0.0413 39.6296 0.0162
35 -0.0352 0.0790 0.1706 0.0295
40 0.0065 -0.0193 -14.6755 -0.0068
45 -0.0076 0.0314 6.4041 0.0115
50 0.0002 0.0012 36.7430 0.0002
55 0.0095 -0.0301 32.3789 -0.0110
60 -0.0025 0.0065 -8.8950 0.0027
65 -0.0110 0.0319 -27.2776 0.0118
70 -0.0059 0.0204 64.2721 0.0072
75 0.0003 -0.0007 -24.4353 -0.0005
80 0.0100 -0.0304 -22.0506 -0.0115
85 0.0097 -0.0307 -34.9960 -0.0115
90 0.0133 -0.0409 20.5271 -0.0152
Table 2: Sensitivity analysis results of case 2

Incident Angle/(°) Loss Factor Extension Order Layer Thickness Layer Number
0 0.0138 -0.0023 -9.2754 0.0078
5 -0.0007 0.0001 -50.3808 0.0029
10 -0.0010 0.0002 -89.3209 -0.0032
15 -0.0022 0.0004 85.3498 -0.0150

20 -0.0008 0.0001 -132.4588 0.0681
25 0.0020 -0.0003 41.3835 -0.0079
30 -0.0031 0.0005 11.0661 0.0107
35 -0.0019 0.0003 -12.1974 -0.0131
40 -0.0012 0.00018 -39.7161 0.0214
45 -0.0010 0.0002 20.7344 -0.0048
50 -0.0007 0.0001 -7.0409 -0.0044
55 0.0002 -0.00001 -13.4454 -0.0018
60 0.0002 -0.00001 5.4368 0.00005
65 -0.0003 0.00001 -12.5664 0.0004
70 0.0003 -0.000002 -10.9907 0.0006
75 -0.0002 0.00001 1.6422 0.0006
80 0.0001 0.0002 5.3411 -0.0015
85 -0.00001 0.00001 -9.9341 0.0004
90 0.0001 -0.00001 16.2334 -0.0007
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Table 3: Sensitivity analysis results of case 3

730

Incident Angle/(°) Loss Factor Extension Order Layer Thickness Layer Number
0 0.0480 -0.2231 4.5503 -0.0810
5 0.0479 -0.2239 -17.1200 -0.0808

10 0.0467 -0.2201 52.8826 -0.0784
15 0.0393 -0.1881 27.5349 -0.0654
20 0.0243 -0.1191 0.7037 -0.0396
25 0.0064 -0.0358 -46.5160 -0.0097
30 -0.0086 0.0357 20.2953 0.0149
35 -0.0176 0.0816 -27.5811 0.0297
40 -0.0176 0.0877 -96.7805 0.0303
45 -0.0106 0.0588 52.7488 0.0192
50 -0.0029 0.0189 2.0418 0.0050
55 0.0053 -0.0305 2.5652 -0.0116
60 0.0111 -0.0653 -32.7123 -0.0225
65 0.0082 -0.0476 -16.9139 -0.0153
70 -0.0001 0.0003 -4.4872 0.0013
75 -0.0069 0.0386 -11.6805 0.0140
80 -0.0096 0.0535 -21.9851 0.0185
85 0.0098 0.0551 -75.5233 0.0186
90 -0.0100 0.0558 19.6414 0.0187

V. OPTIMIZATION ANALYSIS OF 2D RCS
Given the sensitivity analysis results in the
previous section, the thickness of each layer d,, loss

factor § and extension order m are employed as
the optimization design variables. The optimization
process aims to minimize the average error of 2D RCS
calculated by the conformal PML and ABC absorbing
boundary (the solution results with the conventional
ABC absorbing boundary are considered the baseline).
For the geometric symmetry of the examples, the
incident angle is set to 0° ~90°. To enhance the
calculation accuracy, the incident angle interval is
set to 1°. Accordingly, the optimization function is
expressed as:

i=90

Z |O-CPML - O-ABC|

__ =0
f(di,5,m)_ o1 (16)
The constraints are set as follows:
0.054<d, <054
1<6<100 (17)
1<m<20

Given the efficiency and the stability of the
optimization iteration, the simulated annealing
algorithm (SA) [20] exhibiting the high stability in the
global optimization algorithms is employed to search
the optimal parameters of conformal PML. The
optimization flow chart is illustrated in Fig. 4.

Enter the basic design parameters of
conformal PML. the incident angle and
wavelength. geometrical information
and boundary conditions of scatterers

]

Calculate the monostatic RCS
and take the minimum value
.
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Fig. 4. SA optimization flowchart of 2D RCS with the
conformal PML.
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As indicated in the flow chart, the optimization
program is compiled and run in MATLAB. Considering
that the computation time cost for optimization
will vary with the computer hardware configuration,
here the number of iterations is used to show the
optimization process and calculation efficiency. The
optimization processes of three numerical cases are
illustrated in Figs. 5, 6, 7. It is obvious that for the
different shape and size scatterers (case 1, 2, 3), SA
optimization algorithm can enter the convergence state
in 100 iterations and obtain the convergence solution
in 200 iterations. Moreover, the convergence process
of SA optimization algorithm is very smooth.
Therefore, SA algorithm can be applied into the RCS
optimization solution of complex and 3D scatterers.

Best Function Value: 0.0214592
0.0214635

0.021463
0.0214625
0.021462
0.0214815

0.021461

Function value

0.0214805

0.02146

0.0214595

0.021459
0 50 100 150 200 250

Iteration

Fig. 5. RCS optimization process of case 1.

Best Function Value: 0.363673
0.395

0.39
0.385
0.38

0.375

Function value

0.37

0.365

0 50 100 150 200 250
Iteration

Fig. 6. RCS optimization process of case 2.
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Best Function Value: 0.324646
0.324656

0.324654 —

0.324652

0.32465 | =

Function value

0.324648

0.324646
0 100 200 300

Iteration

Fig. 7. RCS optimization process of case 3.

In Figs. 8, 9, 10, the 2D Monostatic RCS before
and after the optimization for three numerical cases
are compared with the conventional ABC absorbing
boundary [19]. The parameter optimization results of
2D conformal PML are listed in Table 4. Table 5 lists
the average errors of 2D monostatic RCS calculated by
the conformal PML and ABC absorbing boundary. As
revealed from the results, for the different shape and
size scatterers (case 1, 2, 3), 2D monostatic RCS with
the conformal PML after optimization is closer to the
RCS with the ABC absorbing boundary compared
with the RCS with the conformal PML before
optimization. The main reason is that SA algorithm
can search the optimal parameters of conformal PML
to minimize the interlayer reflection error and the
average error of RCS calculated with the conformal
PML and ABC absorbing boundary at the different
incident angles. Therefore, the parameters optimization
method of conformal PML based on SA is capable of
obviously reducing the error, and the RCS calculation
results with the optimized conformal PML are more
consistent with the calculation results that exhibit the
ABC absorbing boundary.

—— ABC
W - - - Confarmal PML before optimizat

Incidence angle/(®)

Fig. 8. 2D monostatic RCS before and after the
optimization for case 1.
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RCS/(dB
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- = Conformal PML befor

— ABC
= =« Conformal PML before optimization I~

Contormal PML after ¢

Conformal PML after optimization

0 10 20 30 40 50 60 70 80

Incidence angle/(°)

Fig. 9. 2D monostatic RCS before and after the
optimization for case 2.

Incidence angle/(°)

Fig. 10. 2D monostatic RCS before and after the
optimization for case 3.

Table 4: Parameter optimization results of 2D conformal PML

Ooti Layer Thickness/(*1) Loss | Extension
pa. 1st Layer | 2nd Layer | 3rd Layer | 4th Layer | 5th Layer | 6th Layer | Factor Order
Initial 0.05 0.05 0.05 0.05 0.05 0.05 13 2

Example1 | 0.0727 0.4746 0.4538 0.4769 0.4582 0.3865 5.9995 3.8061
Example 2 | 0.1248 0.4868 0.0711 0.0500 0.0841 0.1219 942601 | 1.5402
Example 3 | 0.0508 0.3656 0.3655 0.4369 0.3536 0.1923 |26.9301| 15.8849

Table 5: Average errors of 2D monostatic RCS calculated by the conformal PML and ABC

Errors Example 1 Example 2 Example 3
Before Opti. | After Opti. | Before Opti. | After Opti. | Before Opti. | After Opti.
Average error/(dB) 2.5399 0.0214 2.8547 0.3637 1.2343 0.3246
Reduction
percentage of 99.1574 87.2596 73.7017
average error /(%)

VI. CONCLUSION

In the present study, the constitutive parameters
of 2D conformal PML and FE solving process of
electromagnetic scattering with the conformal PML
are elucidated. For three numerical cases based on two
2D scatterers whose shapes are originating from the
typical scattering targets [19], the sensitivity analysis
of the basic design parameters of conformal PML
(e.g., layer thickness, loss factor, extension order
and layer number) is conducted by applying the 2D
monostatic RCS as the objective function. Given the
results of sensitivity analysis, the thicknesses of each
layer are taken as the major optimization design
parameters. Since the loss factor and extension order
are also the vital design parameters of conformal PML,
the loss factor and extension order are still considered
the design variables in the optimization analysis.
Lastly, the optimized design parameters of conformal
PML with small calculation errors and high absorbing
efficiency are conducted with the optimization method
based on SA algorithm. Sequentially, the 2D monostatic
RCS before and after the optimization for three

numerical cases are compared with the conventional
ABC absorbing boundary. The numerical results
suggest that the parameter optimization method of
conformal PML proposed in the present study
possesses the high absorbing performance, also can
provide the optimization scheme and technical
reference for parameter design of cognate absorbing
boundary and 3D electromagnetic computation.
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