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Determining the Equivalent Impedance Boundary
Condition for Corrugated Coatings Based on the
Genetic Algorithm

Tao Sy Student Member, IEEEBNd Hao Ling

Abstract—A methodology based on the genetic algorithm (GA)
is proposed to determine the equivalentimpedance boundary con-
dition (IBC) for corrugated material coating structures. In this ap-
proach, rigorous solutions of the reflection coefficients at a number
of incident angles are first calculated using a periodic method of
moments (MoM) solver. The IBC model is used to predict the re-
flection coefficients at the same observation angles. The model co-
efficients are then optimized using the GA so that the difference
between the approximated and the MoM predicted reflection coef-
ficients is minimized. The GA proves efficient in obtaining an op-
timal IBC model. The resulting IBC model can be readily incorpo-
rated into an existing computational electromagnetics code to as-
sess the performance of the corrugated coating when mounted on
complex platforms.

Index TermsfpoatiHQS, genetic algorithm, gratings, impedance Fig. 1. Scattering from a corrugated coating structure backed by a conducting
boundary conditions. surface.

I. INTRODUCTION larization and incident angle. The standard IBC used for flat

T is well known that the impedance boundary conditioﬁoatings accounts for neither the aniostropic nor the angular be-
(IBC) approximation is an efficient way to model comple>baVi°r of the scattering characteristics of the corrugated surface.
structures such as material coatings and subskinline featur@ine improved impedance boundary conditions have been pro-

[1]-[3]. It replaces the original volumetric structure with aposedintheliterature,includingthe tensorimpedance boundary

surface impedance so that the problem dimension is redu&é’&‘dition (TIBC) [1] and the generalized impedance boundary

by one. Thus, large savings in computational resources cgidition (GIBC) [2], [4]. TIBC usually works only for a very

be achieved in the analysis of the original problem. Howevdyited range of incident angles. GIBC improves the accuracy
f the IBC model by including higher order derivatives of the

to determine a simple IBC for an arbitrary structure that 2 d h ; ) b iiv impl d
valid over a wide range of incident angles, polarizations arﬁ'& S,o,nt € surtace. Hovv_everz it cannot € easily Imp emepte
existing MoM solvers since it requires further reformulation

frequencies is a nontrivial task. In this paper, we set out 13 ) i o e
develop a methodology to determine the equivalent IBC modg)the integral equation. A resistive boundary condition (RBC)

for a corrugated coating structure backed by a conducti as bgen re.ported that works weI_I over large incident angles for
surface (see Fig. 1). The corrugation of the surface is assumidg-dimensional (2-D) planar periodic surfaces [5]. However, it

to be periodic in one dimension along theaxis. Of interest is is limited to surfaces with very small periods. Furthermore, the
an IBC model that is valid over a large range of incident angl&@o'clée for thfe pcr)]smon of thedequwalent impedance surface is
in both thef# and ¢ directions. Our objective is to establish™Ot 0bvious for the corrugated structure.

a robust methodology such that the resulting IBC model canOur proposed approach to this problem is based on the ge-

be used in place of the actual coating structure in subsequBfliC a][gorlthrr]T] (GA). Fwsg we fcompute the reflscuor; .Cogg"
analysis and design involving complex platforms. cients from the corrugated surface over a number of incident
The problem at hand is difficult since the scattering chara! ngles and polarizations using a perlqdlc methqd of momgnts
teristics of the corrugated surface is strongly dependent on M—OM) solver [6]. The resulting reflect.|0n coefﬂqents consti-
tute our reference data base. Next, a simple periodic IBC model
is proposed from which we can derive an expression for the re-
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Fig. 2. Equivalent impedance boundary problem, (a) Original structure, (b)
IBC Approximation.
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This paper is organized as follows. In Section Il, the MoM
solution of the problem, the IBC model formulation and the GA
optimization are discussed as the steps of the IBC determina-
tion. Numerical results are provided in Section Il to verify the
effectiveness of the approach in a number of corrugated geome-
tries. A 3-D scattering example is also given to demonstrate the
utility of the resulting IBC model.

Meet the
Criterion?

Fig. 3. Flow chart of the GA.
Il. METHODOLOGY FORDETERMINING THE

OPTIMAL IBC MODEL in general functions of incident angle and spatial position. For

In this section, we describe the proposed methodology fidre IBC model to be useful for subsequent electromagnetic anal-
determining the equivalent IBC of a corrugated coating usingis, however, it is much preferable to model the boundary im-
the GA. In the first step, the reflection coefficients from th@edances as functions of spatial position only. We cannot prove
coating are computed using the MoM at multiple incident angléseoretically the existence of such a model for an arbitrary cor-
to serve as the reference data of the model. The MoM solutiugated structure. Instead, the applicability and limitation of this
for the corrugated coating structure in Fig. 1 has been formapproach will be explored numerically in Section Il1.
lated earlier in [6]. The formulation entails dividing one cell of In our IBC model, the periodic grating structure with period
the grating into different homogeneous regions according to theas shown in Fig. 2(a), is replaced by an equivalentimpedance
material layers as shown in Fig. 2(a). Boundary integral equasundary condition, which also has a perjads illustrated in
tions are first obtained for each region. Field continuity at regidfig. 2(b). Each surface impedance term can be expanded into
interfaces and periodic boundary conditions at cell boundarig@s-ourier series. Since the cross impedance tefmandZ,.,.
are then enforced. The fields in the top half-space are expanded usually very small, we shall treat them as constants and only
into a sum of Floquet harmonics and are matched to the fieldserpand the impedancés,, andZ,. as
the lower region so that the reflection coefficients can be found. - -

In the next step, a periodic IBC model is proposed, from 7. = Z aneszT"mc’ Z,. = Z bneszT"na;. )
which we can derive an expression for the reflection coeffi-
cients. In the final step, the optimal parameters for the IBC
model are obtained by minimizing the mean squared error peherefore, to fully describe the IBC model, we must determine
tween the two sets of reflection coefficients based on the Giie Fourier series coefficients., } and{b,, }.

These steps are described in detail below.

n=—oo n=—0oo

B. Solution to the Forward Problem of Scattering by
A. Periodic IBC Model the 1BC Model

The equivalent IBC relating the tangential electric and mag- Next, we derive the reflection coefficients resulting from the
netic fields for a planar coated surface can be written as [1]: Plane wave scattering from the IBC model given above. Under
plane wave incidence where

[ } N [ } [ } (1) ko =kgsinfsing, k= —kocos® and

ko = kosin § cos ¢
We shall adopt this model for the corrugated problem due to its
simplicity and usefulness for our applications. The model paach component of the tangential electric and magnetic fields at
rameters will then be optimized to emulate the properties of thee impedance surface can be expanded into a sum of Floquet
exact structure. Note that since the corrugated surface exhiliggmonics [7]. For example, the tangential electric field inthe
anisotropic scattering characteristics, the equivalent IBC multection is expanded as
also in general be anisotropic. Therefore, the cross impedance 0o
termsZ,, andZ. . are keptin our formulation to assess their im- E. = Ele ikeov 4 Z ET e ke ©)
portance. The boundary impedarig, 7. .., Z,..,andZ,, are s
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is the propagation constant of theth order harmonic (@)
along thez-direction. This Floguet harmonic is a reflected 1.00
wave with propagation constant$k,,, k;,,k.), where 0.90
ky, = kg —_kg - k%n. with the square root taken as positive 0.80 |
real or negative imaginary. The superscriptand » denote
respectively the incident and reflected field throughout this %70
paper. The harmonic ter¥“!c=7%:% is suppressed in (3) $0:60 1
andy is set to zero at the impedance surface for convenience. =y s |
Assuming that the coefficients of the higher order Floquet 5040
harmonics are negligible and applying this to other tangential ’
field components we get 0.30 1
N 0.20 1
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wherel'canbeF., H., E, or H,, and/N is a positive integer. 6(Cy=510 15 20 25 3(;[)35‘1 4645 50 55 60 65 7075 80 85
Substituting (2) and (4) into (1) and matching the coefficients ! e(’;t)a“gle

of the exponential terms, we obtain a set of equations relating

0.20
Ezrm Hacn anden
; - 0.18
Ezéno + Ezn
N 0.16
= ZZZH;n+ Z an—rnH;rn +anH;+ZzzH;6n0 0.14 1
m=—N 20.12 1
(5) £
—gp.lo
forn = —N to N. §,0 is the Kronecker delta. This set of equa- <y g |
tions can be written in matrix form as 0.06
Euv+E =Z, H +AH, + Hia+ Z,.H.uy (6) 0.04 -
where 0.02 1
r_ ” » 1T 0.00 - - r~a—r— .
E. = [EZ:*N 20 EZ:N] T ()= 5 10 15 20 25 30 35 4045 50 55 60 65 7075 80 85
HZ:[HZ.:,—N Hl H;,N] Incident angle
. . . I
H, = [H;;,—N 20 H;;,N] ©
g - G_N a_2onN a_n
Fig. 5. Comparison of reflection coefficients versus angle among: 1) the
exact MOM result; 2) the IBC derived from GA; and 3) the TIBC result. (a)
A=|an ao a_n a—= ao H-polarization. (b) V-polarization. (c) H-V cross polarization.
v — N ?
aon an ao an Following the same steps, we also arrive at the relationship for
EwTL! HwTL! anden
and
T . . . . . )
uy = [U,,N () U,N] s Up = Ono- BH; = E; — ZxxH;, + E;IIN — vaH;llN — H;b (7)
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For a plane wave, the tangential components of the fields in the < jf
z-directionE,., H, can be expressed in terms Bf andH. as 0.30 1 :f
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g T and r =T z 8 44
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where 0.00 S SRR
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Combine (6)—(8), the matrix relationship between the incident \f‘j\j&[\[
and reflected fields is written as 0.00 SRS SIS
. ()= 5 "10 15 20 25 30 35 4045 50 55 60 65 7075 80 85
EL _ I —Z..1 _ 0 A [T] Incident angle
HY 0 B I 7,1 (b)
0 a T —UN  —LgzzUN Fig. 6. Effect of incorporating the cross impedance terms in the IBC model
uy —Z..uy [ ] + 0 b generated from GA, (a) H-polarization, (b) V-polarization.
7
X [HZ} : (®)  multiplied to each of the reflection coefficients to arrive at the

correct answer. It is well known that in general layered coating

In (9), thez components of the scattered field can be direct
related to those of the incident field. We can therefore defi
the reflection coefficients for the different polarizations as

roblems, there is not a preferred position for the impedance
Srface. The solution can sometimes be improved by applying
the IBC at a position other than a natural interface in the struc-

RIM-TM _ Fg , RIM-TE_ _m o ture [4]. Therefore, by including the position of the IBC surface
Hi H:=0 o ¥ 1H=0 as an additional tuning parameter in our IBC model, we can fur-
RIE-TE = T Bico’ RIE-TM — o . ther improve the accuracy of the model.
z i =0 z i =0

(10)
To summarize, the reflection coefficients from the IBC moddt- Genetic Algorithm to Determine the Optimal
can be calculated by using (9) and (10)jf andb,, are given. 'BC Parameters

This relationship is utilized by the GA to calculate the reflection In the GA, the parameters to be optimized are first encoded
coefficients for a given sample ¢f,,} and{b,,} and compare into binary form. A set of the encoded parameters is known as a
them with the reference data obtained from the MoM solutiachromosome. The basic idea of GA is to generate a pool of chro-
to optimize the model parameters. mosomes, discard the bad ones, keep the best ones and let them
Two comments are in order. First, although the reflection cevolve to produce better chromosomes. The evaluation of each
efficients are derived for th€'E, /TM, polarizations, they can chromosome is performed by a cost function which, in this case,
be easily transformed to the more conventional vertical (V)/hais chosen to be the mean-squared error between the MoM com-
izontal (H) polarizations with respect to the surface. Second, wated reflection coefficients and those solved using (9) and (10)
have assumed the position of the IBC surface i &t0 inthe withthe(Z..,a,,b,, Z..,d) parameters decoded from the cor-
above formulation. However, if the IBC surface is at the positioresponding chromosome. Chromosomes in the pool are ranked
y = —d [as shown in Fig. 2(b)], a factor af7?*+? should be according to the cost function. The best ones are selected in pairs
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Fig. 7. Effect of increasing the model order in the IBC model generated from GA. (a) Amplitude, H-polarization. (b) Phase, H-polarization. (gjléymplit
V-polarization. (d) Phase, V-polarization.

to act as parents of the next generation. Reproduction of child@mples. Thus, the eight-bit binary 00000000 denetgs, and
chromosomes is based on specific rules of heredity and mutd111111 represen$s). Z.. andZ,, are relatively small and
tion. The process of selection and reproduction is repeated uttigir real and imaginary parts vary fros0.17, to 0.179. The

a set of satisfactory parameters is found or the generation lirdistanced is limited between the upper and lower boundaries of
is reached. The flow chart of the GA is shown in Fig. 3. Detailetthe coating so that the resulting IBC model will not cause any
discussion of the GAs can be found in [8]. ambiguity in its applications.

In the IBC model for the corrugated coating, the parametersin the beginning of the GA, a number of chromosomes
to be optimized are the coefficients of the Fourier expansjon are randomly generated. Each chromosome is decoded into
andb,,, the cross impedancés ., Z,.,. and the position of the parameters. ., a,, b,, Z., andd. The reflection coefficients
impedance surfacé. Each of the parameters,,b,,, Z.. and are then computed using (9) and (10). The cost function gives
Z . consists of a real part and an imaginary part. We assuméa mean-squared error between these reflection coefficients
symmetric structure so that, = a_,,,b, = b_,. For an ap- and their corresponding MoM solution
proximation truncated to th&'th order, the total number of real
numbers istN + 9. The number of bits contained in each pa- _ 2
rameterB is adjustable. IB is too large, the convergence of GA Cost= Z Z ‘RPI - Rgl "
will be slow. If B is too small, the accuracy of the calculation
will suffer. In the examples given in this paper, we choBse 8 ) ]
to be efficient in both speed and accuracy. In order to encode W{gere fio denotes the MoM solution of the reflection co-
unknown parameters into binary form, the minimum and magfficients at a specific observation anglé,¢) and Py, P»
imum possible values of each parameter are required. For §xthe polarizationTE. /TM. (or V/H). The fitness value
ample, the values for the real and imaginary parts of the Fourfr €8ch chromosome is given by
seriesa,, andb,, are estimated to be in the range fready,
to 379, which is found to be reasonable in the numerical ex- F(C;) = c1 — c2 Cos(C;)

0, P, l%
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Fig. 8. Higher order reflection coefficients simulated by the IBC model0{lajrder, H-pol. (b) First order, H-pol. (€)th order, V-pol. (d) 1st order, V-pol.

wherec; andc, are constants an€; is theith chromosome I1l. NUMERICAL EXAMPLES

in the population. This fithess value is used in ranking the

chromosomes and selecting of parents for the next generatioin this section, some examples are presented to demonstrate
[8]-[11]. There are several standard ways of selection. the effectiveness of the method. The first example is a deep tri-
this paper, the roulette wheel selection is used in which thagular grooved grating with relatively small period. The ge-
probability of each chromosome to be selected is proportiorahetry of one cell of the grating is shown in Fig. 4(a) where
to its fitness value. the periodp = 0.067\g andh; = 0.22Xg,he = 0.017A¢.

After two chromosomes are selected, they mate to generatee coating material is MagRAM with material constasts=
children. This is realized by the process of crossover in whichld.35 — 70.28 andy,. = 1.525 — 71.347 at the frequency of 10
break point is randomly chosen in the chromosomes and the t@blz. Seventeen observation angles are selected which include
chromosomes are switched at that point. Mutation is imposedrmal incidence and the combinatiorfof 20°, 40°, 60°, 80°
at this point so that new genes appear in the next generatiand¢ = 0°,30°,60°,90°. In this example, we séf,.,. and”_ .

The mutation rate, which is the portion of bits to be randomiy (1) to zero andV = 0 in (4) to make the model compa-

changed, is also an important parameter in GA. Experimemgble with TIBC. The co-polarization reflection coefficients for
show that a mutation rate of 5-8% is often efficient in the cathe H-pol and V-pol incidence are plotted in Fig. 5(a) and (b),
culation. respectively, and the H-V cross-polarization reflection coeffi-

The process of evaluation, selection, and reproduction is @ents are plotted in Fig. 5(c). In the figures, thaxis is divided
peated until a desired mean-squared error is achieved or a mato sections of different incident anghe which varies from 5
imum generation is reached. For a population of 400 chromim-85’ in steps of 10. In each of the section, the grating angle
somes, théth order IBC (i.e. /N = 0) takes 10-20 generations¢ varies from 0 to 9C¢°. The matching of the reflection coeffi-
to converge to the optimum while the second-order IBC takegents between the GA approach and MoM solution is good at
200-400 generations. most incident angles, even near grazing incidence. The value of
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Fig. 10. Geometry of the corner reflector.

describe the IBC. This will lead to a higher computation cost.
Fig.9. Error ofthe IBC model as a function of material constant <’ —je’/.  Thus, the higher order model is not recommended unless the
Oth-order one is intolerable or the period is large compared
to the wavelength. Generally speaking, the IBC model can be
improved by increasing the model order whether or not the
d is found to be0.027 )\, from the tip of the groove 08.21)¢ cross-impedance terms exist. But with the cross-impedance
above the ground plane. The TIBC result is also generated teyms, the required model order is usually smaller than that
using the reflection coefficient at normal incidence to derive theithout them.
equivalent boundary condition. The impedance surface is placedVe further investigate a structure with a period larger
at the plane of the conductor backing. It can be seen that than half a wavelength, which results in higher order Flo-
TIBC results deviate significantly from the reference solutioquet-mode reflection at some incident angles. The rectangular
away from normal incidence. With the same complexity of thgroove shown in Fig. 4(b) has a perigd = 0.85)¢ and
boundary condition, GA achieves a much better matching bler = hs = 0.42)¢. The material constant asg = 10.5 — 52.2
cause more observation points are used in the modeling and&ed..,. = 2 — j0.3. TheOth and 1st order reflection coefficients
cause of the additional degree of freedom in the position of thee plotted in Fig. 8(a) and (b), respectively. It is shown that the
IBC surface. Floguet modes are also well characterized.

Next, we compare the IBC approximations with and without In the final example, we investigate the limitation of
the cross impedance teriig,, andZ. .. The structure is arect- the IBC model. We consider a triangular groove shown in
angular groove as shown in Fig. 4(b) with a period 0.17)\, Fig. 4(a) with p = 0.33)g and h; = ho = 0.08\g. The
and a groove depth df; = ho = 0.042),. The material con- optimal IBC model is found using the GA for different
stants are,. = 8.3 — j2.4 andu,. = 2 — j0.9 at 10 GHz. The coating materials. A second-order IBC model with cross
same observation points are used as in the previous exampigedance terms is used and the optimal model parameters
The Oth order(IN = 0) IBC is determined and the comparisorare determined by running GA to convergence. After the
between the reflection coefficients is illustrated in Fig. 6. Witmodel is found, the root mean squared (RMS) error of
the cross impedance included, the accuracy of the approxintze IBC-predicted reflection coefficients over the selected
tion is improved. angles are computed. Fig. 9 shows the RMS error of the

In the third example, the IBC of different orders areptimal IBC model as a function ot and &/, which
obtained for the structure shown in Fig. 4(b) where= are the real and imaginary parts of the coating relative
0.42X9, hy = 0.25)g and hs = 0.17Ag. The coating material permittivity ,. 1, is set to one for all the coatings. We
is the same as that in example 2 but the period is much largdrserve that the IBC model works best for high-contrast
and the groove is deeper. The reflection coefficients prhigh-loss materials. For low-contrast or low-loss materials,
dicted by theOth-order and second-order model are plottethe model error can be large. This behavior is very similar
in Fig. 7. While the approximation by th@éh-order model is to conventional IBC models for planar coatings.
fairly satisfactory, the second-order model further improves We now apply our derived IBC model to a three-dimen-
the result and the matching is better at most incident asional (3-D) scattering problem. Consider the corner reflector
gles. The price of the improvement is the computation timas shown in Fig. 10. The monostatic radar cross section
For the Oth-order modeling, it takes only a few minutes fo(RCS) is calculated for both the uncoated reflector and that
the GA to converge while the second-order IBC takes mooeated with the MagRAM structure described in example
than 1 h on an SGI O2 workstation (R10000/155 MHz). The groove of the coating is either parallel or perpen-
Another consequence as the order of the model is increaskcllar to the incident direction. Both cases are computed
is that the resulting IBC will show more spatial variationfor comparison. Note that the solution for such a structure
This implies that when the IBC model is utilized in subseis very complicated if we try to use the exact MoM for-
guent analysis using numerical electromagnetics solvers, thalation. Instead, we use ttgh-order impedance boundary
impedance surface must be divided more finely to faithfullgondition obtained from example 1 to replace the corrugated



SU AND LING: EQUIVALENT IMPEDANCE BOUNDARY CONDITION FOR CORRUGATED COATINGS BASED ON GA

381

coating structures in scattering problems. The periodic struc-
ture is replaced by a periodic IBC on a virtual surface. The
boundary impedance and the position of the surface are opti-
mized by matching the reflection coefficients to the rigorous
numerical solution at a number of incident angles. Similar
to traditional IBC models, this approach is most effective
when the coating material is high loss and of high con-
trast. The resulting IBC model generated by this algorithm
can be incorporated into an existing computational electro-
magnetics code to assess the performance of the corrugated
coating when mounted on complex platforms.

Compared with other IBC approaches, the method de-
scribed above has several advantages. First, the boundary
impedance is assumed to be anisotropic so that the same
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Fig. 11. RCS of the corner reflect¢f = 10 GHz). (a) H-polarization. (b) 2]
V-polarization.
3]
[4]

absorber. We assume that the size of the plate remain thg;
same after the IBC replacement. The RCS is computed using
FISC [12], which is a 3-D MoM code based on the fast (6]
multipole method [13]. Comparisons of the RCS at several
elevation angles are shown in Fig. 11 for both the H- and
V-polarizations. The result shows the effect of coating, which
lowers the overall RCS level for both polarizations. We fur- [g]
ther observe that a 30-dB RCS reduction can be achieved for
both polarizations over the range of elevation angles froml[
20° to 75’ if the grating is oriented parallel to the incident 10
wave.

(7]

[11]

IV. CONCLUSION [12]

In this paper, an impedance boundary condition model iém]
derived based on the GA to approximate arbitrary corrugated

model can be applied to oblique incidence from any arbitrary
angles. Second, it is possible to build in spatial variation of
the boundary impedance by adjusting the number of terms
used in the Fourier series expansion. By using more terms,
the IBC model can be made more accurate. In addition, the
position of the impedance surface can also be optimized.
By solving for the best position of the impedance surface
as one of the model parameters, the accuracy of the model
can be improved.

Numerical experiments show that the IBC approximation
N ; can be improved if some of the parameters of the GA are
/ carefully chosen. These parameters include the incident an-

at which the rigorous solution is obtained, the range

of each model parameter, and the mutation rate, etc. The
GA can also be accelerated with carefully chosen parame-
ters and a well-designed cost function.
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