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Optimization of Electromagnetic Absorption in
Laminated Composite Plates

Karel Mato$ and George J. Dvorak

Abstract—This paper analyzes an electromagnetic model of show applications to the design of layered absorbers on ship
radar-absorbing layered structures for several stacking sequences structures, consisting of glass/epoxy laminates and a spacer
of a woven glass/vinyl ester laminate, foam layers, and resistive {55y jnterleaved with carbon sheets. Elements of the electro-

sheets. It considers configurations that are either deposited on fi ttering th ded t ¢ h a desi
different backing materials or embedded in a laminated sand- magnetic scatlering theory needed 1o support such a design

wich plate. Through-the-thickness layer dimensions and sheet are incorporated into a genetic algorithm-based optimization
resistances offering the best signal absorption over a specified procedure for minimization of an objective function within a
frequency range are found for each configuration by minimizing  prescribed frequency band. Several absorbing layer configura-

an objective function with an enhanced genetic algorithm. The i applied either at the surface or within a sandwich plate
objective function includes selected values of minimum reflection S L.
structure, are optimized for normal wave incidence.

coefficients and novel weight function distributions. In contrast o=
to other optimization methods, this approach works with a The surface applications are represented by Jaumann-type
population of initially selected values of the objective function and absorbers, with an optimized distribution of both carbon

explores in parallel new areas in the search space, thus reducing sheet resistivities and foam spacer thicknesses deposited on
the probability of being trapped in a local minimum. The proce- a glass/epoxy laminate with a metallic and/or a free space

dure also yields the maximum reflection coefficient of—38.9 dB backi The classical J bsorb fi fi h
for a 0° incident wave passing through an optimized Jaumann acking. the classical Jaumann absorber configurations have

absorber deposited on a metallic backing in the 7.5- to 18-GHz been optimized with a genetic algorithm as shown, for example,

range, which corresponds to 5.2 times smaller reflected signal than by Chambert al.[12], [13].

a patented design. Two additional surface-mounted designs and  Using interior absorbing layers, separated by either two or

three sandwich plate configurations are analyzed in a frequency three foam spacers of optimized thickness and bonded to exte-

band used by marine radars. In general, the surface-mounted . . .

designs have much lower reflection coefficients. rior glass'/e'poxy Iamlnatt.es,. is shown to .offer arange of refleg:—
tion coefficient values within the prescribed bandwidth, albeit

Index Terms—Electromagnetic energy, genetic algorithm, . o atiractive as those provided by the surface absorbers.

Jaumann absorber, reflection coefficient, resistive sheet, sandwich
composite plate.
Il. ELECTROMAGNETIC THEORY

|. INTRODUCTION Electromagnetic waves in a free space or a dielectric medium

_ o are governed by a set of Maxwell’'s equations, which relate field
HE DESIGN of radar-absorbing materials is concernegh fiyx variables among themselves and to sources
with selection and spatial arrangement of dielectric and

magnetic materials that provide a specified impedance profile VxE—_ 0B V.B-0

to an incident wave [1], [2]. Theoretical foundations of the sub- ot’

ject are well understood [3], [4] and provide a basis for specific VxH=J+ @ V.-D=)p L
applications. Several solution techniques leading to closed-form ot’

expressions, as well as relatively simple optimization scheme
P Y P P w%ereE

have been proposed for maximizing absorption within a spegh [Vim is electric field intensityD[C/m?] denotes elec-
fied bandwidth [5]-[7]. Since the objective functions typicallyrIC displacement flux density{ [A/m] denotes magnetic field

mfensity,B[Wb/mZ] denotes magnetic inductiod]A/m?] is

selectegl In optimization problems of this k'.nd may have Seve{r_ee}ectric current density, ang[C/m?] denotes electric charge
local minima, it is preferable to use techniques that search (?r

the absolute minimum, such as genetic algorithms [8]-[10]. i %Tf(;tyi.c 'rl;]r;eterei:i\(;[:;)m:/%r:‘ett)lc constitutive equations for an
The present work shows how the genetic algorithm approac?h P 9 y

can pe enhanced and accelerated by incorporating novel weight D=ecE, B=puuH, J=0oFE @)

functions and a replacement procedure based on the augmented

simulated annealing. This is illustrated by comparisons withheree, = 8.854 - 1072 F/m, io = 0.47 - 10~¢ H/m are

some available results. However, our primary objective is fermittivity and permeability of the free space, = (e, €,

TYOT

wr = (pl., ) are nondimensional complex relative material
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*[_tree space oL L= | satisfios his partcalar concition
T L =1,E = particular condition, bu
creates an arbitrary amplitude that ultimately cancels out when
Y, the reflection coefficient is calculated. The stepping sequence is
i G, B iterated until thel + 1 layer is reached, which is the free space
z, outside the structure. Thus, the reflection coefficiénof the
=1 x zf structure is simply
y
i in _Bf _
Free or metallic backing B EAva R[dB] = 201og | 2. @
Fig. 1. Composite laminated plate. L+1
wherew [rad/s] denotes circular frequency. All bold symbols [ll. DESIGN OF TAILORED MATERIAL SYSTEMS
represent vectors from?> FOR OPTIMAL EM PERFORMANCE

Evaluation of the reflection of an incident plane wave from
an infinite flat multilayer structure involves application ofm
boundary conditions, derived from Maxwell's equations, t

The objective of tailored material systems design is to
inimize the radar signature of marine structures. Although

h | solution for the electri q ic field i Selection of a suitable exterior shape can provide a dramatic
the general solution for the electric and magnetic field In eaghy e reduction over a limited range of aspect angles,

layer [3]. Consider a composite laminated plate composéd 0absorption of the incident electromagnetic energy is the main

_differgnt diele;]:tric Iayfers, as rs:_wolz/vn inFig. 1. It(ijs asrs]u;nebd ifle of defense against detection. The electromagnetic properties
Impedance sheets of zero thickness are sandwiched betw, Tbyered radar absorbing materials systems that provide a

the Iayers. Th.e complex form of the elgctric gnd magngticfiel f‘)eciﬁc impedance profile to an incident wave depend on
associated with a normal plane wave in a given layer is the layup sequence of dielectric and magnetic layers and
B = . emikz 4 ft . gihz their properties. The loss mechanism is typically provided

|FI| :Y|E| @ by carbon, which cqnverts the electromagnetic energy mtp
heat. Energy absorption, however, does not necessarily require

where £~ and E+ represent the amplitudes of forward angarbon. For marine radars operating in microwave frequency
backward propagating waves, akdis the layer intrinsic ad- fange of 8-12 GHz, the absorbed bandwidth can be increased

mittance. The boundary conditions which must be satisfied ¥ Protective sandwich plates that contain several resistive

the interfaces are sheets separated by a spacer foam. Selection of useful designs
A A and evaluation of their optimized dimensions for maximum
GEw=GE =7 absorption in a specified frequency range is described as follows.
H..—-H = 5 " o .
1 1=J ®) A. Definition of an Objective Function
where ¢ = 1/R® [0/U] is the sheet conductance, The goalis to find an optimized form of a real-valued vector
R = 1/G[Q/0)] is the sheet resistance, ag is cur- x — (4, ...1,} of v design variables corresponding to the
rent flowing in the sheet. thicknesses of the layes[m] and to the conductances =

A stepping procedure is developed by substituting (5) intg/ gs [5/0]] of the sheets. For example, for a four-layer sand-
(4), which yields expressions for the coefficier§, ;, £,  wich containing two resistive sheets, the vector has the form
in the terms offs;", ;. Only one case can be considered for

the normal incidence, where the coefficiefts , andE; ; are X ={hy,ha, b3, he, Gi, Go}, k=1,...,0=6. (8)

given by In the context of genetic algorithms, the vec®ris often

N P ik referr_ed to as &hromosom;eand the v.ariableg_k asgenes
T Y [Ez Y41 + Y+ G)e Floating point representation of genes is used in the present im-
- ik plementation. For the general design requirements outlined at
+E (Vg1 =Y+ G)e™ '] the beginning of this section, we select a normalized objective
. e~ thipiz ik functionf(X)e< 0,1 > as a sum of least squares of reflection
ElL, = Wit [Ez (Y41 =Y — G)e coefficientsR;; in decibels (7) through the frequency spectrum
. " i €< 0,ny >. If applied to a formulation involving oblique in-
+EF (Vg + Y - G)e’ 'z'] . (6) cidence, the objective function would have to be optimized for

) o R . anglesj €< 0,n, > of the incident wave. In this case
Arbitrary values of the coefficients of the fields" |, £;_, are

assigned in the first interior layér= 1, then the program steps 1 °

back from the first layer outward to calculate the value of each F(X) = Roor Z Z wiw;[Rumin = Rij]* + Zpk ©)
Ef, E;, Y1 e< 2, L+1 >.Forafree space backing beyond the ==t k=1

structure, no wave will be traveling back to the-1 layer, hence whereR,,,;,, is a desired reflection coefficient of the sandwich
Ef’ =0, Ef =latz =0,/ = 1. If there is a metallic backing plate,n s is the number of analyzed frequencieandn,, is the
instead of a free space, the total electric field must vanish, amdmber of analyzed anglgsThe normalization parameté, .

Ny ng
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Localized frequency weight functions Incident wave
f[GHz] \ I f / n,
N M/
_ 0™ 53 =0
g Roin Composite plate
o
nyg

— 1
w;(1 b)\K)/— Wim
—PWin, Fig. 3. Proposed angle weight function in selected ranges of oblique incident

waves.
Broadband frequency weight functions

The last term)_; p; in (9) represents penalties to handle

f[GHz] ! 7 . -
constraints, such as the minimum and maximum thickness of
P the layers and the minimum and maximum conductance of the
Lo sheets
ol R
E ——— min hmin S hl S hmax
i n
0 : ! Gmin S Gl S Gmax- (10)
0<«W,; w;

For example, in designs discussed in Section V, we selected
w,(2a) \I —1 hmin = 2 mm for the foam layer anfl,,;,, = 5 mm for the lam-

> — Wi inate,h,ax = 30 mm for both materials@@,.;,, = 1/50 /0,
Gmax = 1/10000 U/0. Values of the remaining parameters

- — 1 Ruin, ma, g, f1, f2, v and selection of weight functions;,
w;(2b) o ;v“l';," w; are discussed in Section V.
_ lim

The penalty function p;, assumes, in general, the
form displayed in Fig. 4. Suppose that a variable
Fig. 2. Proposed frequency weight functions in selected frequency rangesf, — (h1~---7hL~Gl7~-~-GL), Vk €< 1.v > should not
exceed the allowable intervals (10)

denotes maximum reflectivity fak;; = 0, Y, px denotes sum
of penalty functions, and; andw, denote selected frequency

and angle weight functions. To formulate a penalty functiopy,, we first introduce a param-

The specific weight functions);, w; play a very important etery such that
role in the optimization procedure, as they may substantially in-
crease the efficiency of the optimization algorithm and provideX = Ix ¥ = 2z
the required shape of the objective function. In the absence of E pmin = Fl,max
weight functions, _the optimal solution is sought for in a Iarggince the constraints (11) are not violated in the closed interval
_search space, while the_ problem at hand calls fqr such solutug(ns< 1, we letpy, = 0 there, as shown in Fig. 4. Fer> (1+a),
in asmaller interval, defined by the radar bandwidthf,. Two e setp, = 6, butfory € (1,1+ a), we define
types of weight functions are developed in the present wor\ﬁ, ' ' '
as shown in Figs. 2 and 3. Fig. 2 displays the localized types (X _ 1>,3

Pr =7

Fk,min S Fk S Fk,max- (11)

(Fk,max - Fk) + 1. (12)

w;(1a) andw;(1b) that provide the shape of the objective func- 13)

tion required within a selected interval of the radar bandwidth

f1, fo. Efficient, low-reflectivity designs can be obtained in thisvhere «, 3, v, and § are user-defined parameters. A large
manner, but their utility is limited to the selected interval. Fig. Bumber is assigned to the parameter» oo, whereasy — 0

also shows the broad-band weight functian§2a) andw;(2b), and the parametey < 4. For example, in the solutions
which cover a wider frequency spectrum but may yield higheliscussed in Section V, for our case of a normalized objective
reflectivity peaks than the localized functions. Fig. 3 illustratdsinction (9),f(X)e< 0,1 >, we set3 = 5.0, andy = ¢ = 1.0.
proposed weight function selections;, for oblique incident For « = 0.05, the design variable, can exceed minimum
waves, where the weight coefficients may be distributed to infland maximum values by 5%, with the penalizatijgnof the
ence the optimal performance for specific angles of incidencaormalized objective functiof( X).

a
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1) Description of Main Steps of Algorithm 1:
a) Step 4: We already know from our earlier work [15],
[16] that a proper selection strategy may significantly influence
ultimate performance of the GA. The selection scheme should
X not be based on the exact fitness valfi¢X). In such a case,
the best individuals may appear in a large number of copies in a
population, so that after a small number of GA cycles, all indi-

Fig. 4. Proposed penalty function. viduals start to look alike and the algorithm usually converges
prematurely to a local minimum. Care must also be taken to
B. Optimization Techniques avoid overcompression, which not only slows down the GA per-

Genetic algorithms work simultaneously with a populatiofPrmance, but may resultin the loss of the global minimum [17].
of individuals, exploring a number of new areas in the seardiierefore, a linear scaling (shifting) of the fitness was incorpo-
space in parallel, thus reducing the probability of being trappéted into our sampling procedure
in a local minimum. This process is briefly described in

P g N = 1) (1X) = fuin(X)

Algorithm 1. 5i(X) = ( frnax (X) — Fanin(X)

Algorithm 1: Principle of genetic algorithm Wherefmin(X) and fmax(X) denote minimum and maximum

+1  (15)

1g=0 ) ) fitness within a population, respectively. Thus, the fitness of
2 ger?erate and evalyatg popula'tl.on P, of size N chromosomé;(X) € < fmin(X), fmax(X) > is linearly scaled

3 while (not t.err.nllnatlon-condltlon){ to the intervals;(X) €< 1, N >.

4  select m individuals to M, from P,

In selecting then = 10 individuals from a populatio®’, for

(apply sampling mechanism) mating and copying into the mating pabll,, we implemented

5 alter M, (apply genetic operators) the sampling mechanism calleemainder stochastic sampling

6 greate and evaluaFe » Py“_ from M, without replacementRSSwoR), commonly calledoulette
(insert  m new individuals into Poi) wheel[17]-[19]. There areV intervals on the roulette wheel.

; ) 9=9+1 These intervals are not even as in a normal roulette wheel,

but equal to the probability of selection of each individual.

o . . For a maximization problem, this probabilify};(X') for each
For our optimization problem, the populatio®;, i nromosome is defined by

Algorithm 1 becomes a family of possible configurations

of a sandwich composite laminated plate. For example, in o e(X) B 1

four-layer plate with the chromosome defined by (8), we hav}’i(X) - ENei(X)7 e (X) = P+ 5;(X)’ 5i(X) 20

a population ofN members ! (16)
f1(X1), X1 = {h!, B3, b3 b1, GL,GL} whereag;(X) = s,(X) when solving a minimization problem.

. . The parametet is a small positive number that eliminates the
: : : possibility of division by zero. In the sampling procedure, the
fi(X:), X; = {h{, b, hi, b, G, Gy} = P, fitnesss;(X) of the selected individugl €< 1,m > is set
. . . equal to zero after each spin (selectignip prevent multiple
selections of the same chromosome in the next spiag + 1,
(14) VI = . .
where f;(X;) denotes value of the objective function or D) StepS5:Withreference to (8), (10), and (11), we denote
“fitness” of theith chromosome. The first populatidh, can @ parent chromosome by = {z1,...,z,} and an offspring
be created randomly, but an informed choice incorporat@y X = {z1.....x}. The variables:;, k €< 1,v > repre-
within the starting chromosome (SC) might decrease t§€nt thicknesses of the layers and conductances of the resistive
number of GA iterations for an otherwise random populatiofh€ets. Two types of genetic operators are applied to & 10
(XfC,Xz, ...random - -, X y) € P,. A detailed description individuals in the current mating podl/,: a mutation operator
of the starting chromosom& 3 is given for solved examples that generates an offspring by changing a single variable in a
in Section V. parent chromosome, and a crossover operator that creates an off-
The mating poolM, represents a space for reproduction gfpring by combining variables of two parent chromosomes.
offspring and consists af, > 2 chromosomes. The termination The type of operator (mutation and/or crossover) is selected
condition in Step 3 of Algorithm 1 is determined by a chosewith a certain probability, depending on the population and
number of GA iterations or by a population convergence critgdating pool size. Let’,,, and P.,, be chosen probabilities
rion. The optimization examples in Section V were solved withf selection of the mutation and crossover operators in the
population sizeV = 600, and withm = 10 chromosomes in genetic algorithm cycle, respectively. A crossover operator is
the mating poolM, in each algorithm cycle. The terminationselected if a random number< P, r €< 0,1 >. In the
criterion was set at 6000 genetic algorithm iterations and a caypposite case > P..,, a mutation operator is applied. The
vergence criterion was not used. probability of mutation was set &, = 0.7 = P, = 0.3

fn(Xn), Xy = {hjlv,hév,hév,hf, G{V,Gév}
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for all optimization problems. The various types of mutation 0.0r— T
and/or crossover operators for floating-point representation, ; \ - ;‘,ap‘;{;‘n?;‘:;j’:;’::n’n absorber
such asuniform mutation, boundary mutation, nonuniform 109 N s T
mutation, simple crossoveand simple arithmetic crossover 8 i \ Weight functiop
are selected uniformly through genetic cycles. Details regarding § ~2%% N, N Win=S
construction of these genetic operators can be found in [18] % i A f=6 | f,=18 ]
and [20]. g 00 N P S S S ]
c) Step 6: The replacement procedure in our algorithm, § : \,' T
where individuals in the mating pool replace the unfit chromo- % ’40'0: i h
somes in a population, is subject to the Metropolis criterion :Z : : \/ \ /\ /:
from theaugmented simulated annealing meti{@a&A) [21]. '50'05""1"'"' — ]
This criterion allows, with a certain probability, a worse off- [ Metallic backing /
spring to replace its better parent, and the probability is reduced 085 20 40 60 80 100 120 140 160 180

by a “temperature” paramet#t as the procedure converges to Frequency [GHz]
the global minimum. An inverse roulette wheel routine is useg_, 5 pert ) fh rented and optimized J
. . . . I . . 19. o. erformance comparison o e patented and optimize aumann
with the |.nvejrt.ed f|tn§ss of |nd|V|dgaIs, vyh|ch prowdes e _psorbers in the frequency range of 818 GHz.
weakest individuals in the populatiaR, with a higher proba-
bility to die out. Replacement of the individuals in the popu- TABLE |
lation with those from the mating podll, — P, is realized =~ THICKNESSh; [mm] OF FoAM AND RESISTANCE R} = 1/G[(2/0]] oF
. . . . . . . SHEETS INJAUMANN ABSORBER
if the fithess of an offspring in the mating pool is higher than

that of those marked for dylng OLHI‘ (X/) < 5; (X), or if the Solution || before optimization: Ryq; = —32 dB || after optimization: Rpqr = —39 dB
probab”ity of accepting i$ < Py, 7 €< 0,1> layer || thickness h; | resistance R = 1/G; | thickness k; | resistance R} = 1/G;
1 3.56 236 3.56 236
/ 2 3.56 471 3.52 481
P.. = exp (_ [5:(X") — 5:(X)] ) (17) 3 3.56 943 3.56 943
T 4 3.56 1508 3.26 1543
5 3.56 2513 3.79 2567
wheres;(X) is defined in (15). The temperatuf® is brack- 6 336 9425 418 2465
eted byTyi, < T < Twax, WhereT,,;, is the value at the ter-
mination of the process, arifl,... should be chosen such that ELECTROMAGJEAT?C'-'\EAAEERIAL PROPERTIES
the ratio of accepted solutions to all solutions is approximately
equal t00.5 ~ 50%. Temperature decrease is controlled by Permittivity, e || Permeability, pur
Tyr1 = TeoorTy, Wherel, = Ty = Tiax, g = 0. This process Material e | e w | wl
is called thecooling scheduleAll parametersl iy, Teoo1, and Woven E-glass/vinyl ester || 3.07 | 0.056 || 1.0 0.0
Tmax Must be suitably chosen; therefore, the annealing schedule™  Core foam, spacer 1.03 | 00001 || 1.0 0.0

requires some experimentation depending on the optimization

problem, number of members in the populatiyn and max-

imum number of iterationg,,,... For all optimization examples

in Section V, with a normalized objective function and first av- To verify the efficiency of our approach, we first optimized

erage value of fitness in a population approximately equal to 0tBe six-layer Jaumann absorber with the metallic backing

we set this cooling schedule &5,.x = 0.05, Thoo1 = 0.999, [11]. The patented configuration, shown schematically in the

andT,,;, = 0.00001. inset of Fig. 5, consists of six dielectric foam spacer layers
2) Convergence of the Genetic Algorithr@onvergence de- Of thickness 3.56 mm and six resistive sheets of different

pends strong|y on the information stored in genes of Chrom@SiStiVitieS. The second and third columns of Table 1 list

somes in the popu|ati0n_ If the popu|ation does not Contaﬁhe foam Iayer thicknesses and resistivities of the carbon

the information necessary to reach the expected results, m§ageets. Electromagnetic properties of the foam layer appear

tions are only one way to create them. The genetic algorithifh Table Il. Only normal incidence was considered and the

then needs a large number of generation cycles. The numfi&t population , was assembled ofV = 600 randomly

of iterations can be reduced by several useful techniquescigated chromosomes. However, one chromosahje was

convergence of the algorithm is very slow, one can restdignerated using the patented parameters, which are listed in

the optimization process to create any missing informatioh@ble I. The broad-band frequency weight functioi2a) was

which is represented by genes composing the chromosoniggd together with the following parameters in the objective

The several best members of a population are copied to fHaction (9).

next population, and the remaining individuals are created « Number of design variables = 12, X = {h1, ..., hg,

randomly to input new information. The optimization process  Gi,...,Gg}.

then continues with the same optimization parameters, or cane f € (2,18) GHz, number of frequencies; = 100.

be started again from the beginning. This process is called * Za = 0.0, nhumber of angles:,, = 1.

reoptimization, or reannealing for ASA [21]. ¢ Ryin = —50.0 dB.

IV. JAUMANN ABSORBERTEST CASE
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0.0 . : : \ ,
L TN e, 4 N
-50 ;f/_\\’\ o - /‘7/ “I
L \ 27 2 / p
- - @ -10.0f \ s S T + ]
Free or metallic backing k=3 3 \ X Vil \ / !
5 -150f L N At
2 e K h N S
Type C Type D £ § \ ! | \
Q =200} 1 At
[+] L f [}
8 Type A ! i ll
g —25.0: " v : l, ]
. . = L | ]
Free or metallic backing & -300F i --- w(1a) - A;: Only foam h, ]
X :: ....... w(1b) — A,: Only foam h; ]
Woven E-glass/vinyl ester -35~°: Free%space " —— w(1b) - Az Allh,
| Foam Core Material 40,0kt ; ? i

2. 40 60 80 100 120 14.0 160 18.0

— Resistive Sheet
Frequency [GHZ]

Fig. 6. Examples of analyzed embedded and surface mounted absorber
configurations. Optimized absorbers, Type A

dimensions in [mm]

TABLE Il
PARAMETERS USED IN OPTIMIZATION OF TYPE A—D ABSORBERS
Absorber w; Wim | P f fa Rpin | Lines in ~
Type GHz | GHz | dB | Figs.7-9 i
A; — C - free backing || wi(la) | 5.0 - | 80 [12.0 | —25.0 | dashed
Ay — C; - free backing || w;(1b) | 3.0 | 2.0 | 8.0 | 12.0 | —25.0 | dotted by
Az — Cs - free backing || w;(1b) | 3.0 | 1.5 | 7.0 | 13.0 | —25.0 | solid © ~
D; - free backing || wi(la) | 5.0 | - | 7.0 | 15.0 | —45.0 | solid 5
D, - free backing wi(la) | 5.0 | - | 6.0 | 18.0 | —45.0 | dashed Y 2 ®
D, - metallic backing || w;(2a) | 5.0 | - | 6.0 | 18.0 | —45.0 | dotted s
. ) h ot = 8827 h ot = 62.08
» Angle weight functionw;(1) = 1.
» Frequency weight functiom;(2a), fi = 6.0 GHz, fo = ) o )
18.0 GHz 50 Fig. 7. Reflection coefficients of embedded Typk layups, with sheet
: » Wim = 9. resistivities and foam and/or laminate thicknesses optimized using different

The optimization procedure was repeated several times witkigh functions in the 8- to 12-GHz range.
similar outputs. Slightly better results were obtained with a
reoptimization that included one of the fittest Chromosomer%asonable range, no attempt was made to include mechanical
gh?hbestl_rgsl_ult (_)bt;lneg foL_thhe_Jj_unlannthatt)stﬁrber IS Sh%\@formance criteria, such as strength or stiffness, in the opti-
yﬂ et' SOl ";f? in tlg. tr,1W7I05 Itn 'fg gSH atthe rr;]axwgu ization procedures. Electromagnetic material parameters are
redec |(()jnf coe ?ﬁ";ndénf f ~- 10 d d_ ) z{r;r;ggd;sh €8ted in Table II. Due to lack of needed material property data,
reduced from-3.L. 0 the patented design ' ; the .all electromagnetic properties forveoven E-glass/vinyl ester
reflected signal is 5.2 times smaller than the patented desi re taken from Mumbyet al. [22], as equal to those for an
Optimized values of the design variables are listed in the fourf] oxy resin and e-PTFEE-gIéss fibers Similar material data
and fifth columns of Table I. The Jaumann-type absorbers h presented by Mooret al. [23] for kevlar or Astroquartz
also been optimized with other genetic_algorithms; for ex""mplﬁ’loers and epoxy resin. The material parameters are assumed to
by Ch‘.””.“bers“ al_. [12], [13] who obtainedfyax = —20 dB remain constant through the frequency spectrum of the incident
reflectivity bandwidths for three- and/or four-layer absorbersw(,ive

The sets of weight function parameters aRgd,;, values
V. ExaMPLES needed in (9) were selected on the basis of parametric studies

The described optimization procedure was applied to seveaald applied to each of the Typg, B, andC absorbers; their
numerical examples related to applications in laminated san@lues appear in Table Ill, together with those selected for the

wich plates exposed to marine radars, which usually operdige D absorbers. The initial populationg, were created

in the frequency range of 8-12 GHz. Only the normal incidenandomly for all sandwich plates. Typé and B absorbers
waves are considered in the computations. In a typical configemploy, respectively, two and three resistive sheets completely
ration, a foam layer is sandwiched between two layers made dfrmbedded inside the sandwich plate. Only one of the three

wovenE-glass/vinyl ester laminate. Interleaved resistive carboesistive sheets is inside the core in TyBe while the other
sheets are added to create an absorber. Fig. 6 shows the configa-reside at the foam-laminate interfaces; hence, this layup

rations of three embeddéd—C') and one surfac@D) absorber, sequence should be as easy to fabricate as that of Mype

optimized herein under different assumptions and constraintype C' adds two resistive sheets at both outer surfaces of

Although the laminate and core thicknesses were kept withirttee laminates to the Typd3 configuration, for a total of
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Fig. 9. Reflection coefficients of embedded Tygé layups, with sheet
istivities and foam and/or laminate thicknesses optimized using different
gh functions in the 8- to 12-GHz range.

Fig. 8. Reflection coefficients of embedded Tyg® layups, with sheet
resistivities and foam and/or laminate thicknesses optimized using diffen%ﬁfi
weigh functions in the 8- to 12-GHz range.

TABLE IV

five resistive layers. As indicated by (10), constraints werdHICKNESSESh, [mm] OF LAYERS AND RESISTANCESR; [€2/L] OF SHEETS
. . L . FOR TYPE A ABSORBERS

prescribed on the maximum and/or minimum thickness of the
individual foam and laminate layers, and on the resistivities Solution Lominete [ Foom | Fesm [ Founm | Leminate [ gy | Ry
the carbon sheets. Moreover, the laminate layers thickness \ w,(1a)-4;: foam by | 127 | 739 | 776 | 1432 | 127 | 423.79 | 755.57
prescribed as equal to 12.7 mm, (0.5 in), except in the Typ wi(1b)-Ap: foam by || 127 [ 2483 [ 2312|1492 | 127 | 518 | 168.17
As, Bs, andCj3, where the laminate thickness was optimize _wi(1b)-As: each b, || 1253 | 1995 | 7.01 | 1442 | 8.17 || 50.19 | 332.30
together with the foam layer thicknesses and sheet resistivities.
However, the total thickness;,; of the sandwich plates was

left unconstrained. This produced many different total thick-

nesses. with ODtImIZ.ed absorption prOpe.rtleS' Structural S.trenngCKNESSEShl [mm] oF LAY-II;:?;EDY?ESISTANCESR,S[Q/I:I] OF SHEETS
and stiffness requirements that may impose other thickness FORTYPE B ABSORBERS
constraints could be included in the present procedure. ' A

Results obtained for the embedded configuratidr€’ with Solution e | T | MR [ Peme | Rt (R RS
free backing are shown in Figs. 7-9 and Tables V-V, |y{l9-Bufoamh | 127 |1331] 221 | 127 | 50 | 50 | 17501

w;(1b)-By: foam hy 12.7 2.0 7.21 12.7 77.16 | 50 | 185.0

each figure, the dashed lines represent reflection coefficier
w;(1b)-Bs: each by 12.49 18.26 | 8.85 5.0 10000 | 50 | 158.07

computed with thew;(1a) weight function, fixed laminate
layer thicknesses of 12.7 mm (0.5 in), and optimized foam
thicknesses and sheet resistivities; the resulting configurations

are denoted ad;, B;, andC;. The dotted lines show reflection TABLE VI

coefficients computed for the same free and fixed variables withiHicknessesh; [mm] oF LAYERS AND RESISTANCESR:[(2/ ] OF SHEETS
the localizedw; (1b) weight function, resulting in configurations FORTYPE ' ABSORBERS

denoted asd,, By, and Cs. Finally, the solid lines refer to Sorution Lo B (G (oo | 5 | B | B | B | B

results obtained from solutions optimizing both foam laye w,(1a)-cy: foam h | 127 | 7.27 | 1445 | 127 || 2655 | 10000 | 477.5 | 784.89 | 10000
and laminate thicknesses as well as sheet resistivities w_wi(15)-Co: foam by || 127 | 2.0 | 681 | 127 || 735 | 50 | 50 | 221.97 | 10000
the |eSS |Ocalizedl}i(1b) frequency Welght fUnCtion. These w;(1b)-C3: each Iy 244 | 12.78 | 9.39 5.0 758.0 | 63.68 50 145.31 | 10000
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T 77T T TABLE VI
-5.0 P —— D, - free backing THICKNESSESh; [mm] OF LAYERS AND RESISTANCESR; [©2/J] OF SHEETS
2100 Q\. -—— D, - free backing FORTYPE D ABSORBERS
T _150 AT D, - metallic backing ......,// ol Lo | Tom [T [ B | 5 | R = i
£ 200 \ \.‘ / | Type Di-free || 1270 | 6.697 | 6.744 | 6.748 || - | 438.175 | 791.146 | 2549.775
8 i N 1 Type Do-free || 12.70 | 5.637 | 5.417 | 5.314 || 50.0 | 277.335 | 755.521 | 2992.971
§ -0 Tyoe D \"x / Type Do-metallic || 12.70 | 5.463 | 5.480 | 5.463 || 50.0 | 277.335 | 755.521 | 3006.05
3 _300 A -
§ ol B |\ T
= -35.0 |- b e ST
77/ R e GV Bk T P— :
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b v Fig. 11. Convergence of the genetic algorithm for Type with free space
backing.
Pyt = 32.89 hyot =29.07 (free) much lower reflection coefficients than the above Tyge<,
=29.10 (metallic) with R,.. = —30.6 dB for Type D, within 8- to 18-GHz

bandwidth, andR?,,,.. = —36.2 dB for Type D, in the 7.5- to
Fig. 10. Reflection coefficients of embedded Type layups, with sheet 14.5-GHz interval. Good absorption was obtained for both free
resistivities and foam and/or laminate thicknesses optimized using differe‘ﬂtld metallic backing of Typ®,, with very similar optimized
igh functions in the 8- to 18-GH . . . ’ -
weigh functions i fhe £-10 zrange design variables. Such a result suggests good efficiency of
electromagnetic absorption for this structure regardless of

weight functionw;(1a) provides more uniform reduction of backing. AlthOUQh employing only three foam layers and three
the reflection coefficient within the frequency rangieand f or four resistive sheets, the Typieabsorbers offer performance
(Fig. 2). On the other hand, the;(1b) weight function yields comparable to that of the optimized Jaumann absorber with six

low-reflection coefficient values close to the middle of théoam layers and resistive sheets.

f,— f, bandwidth. Constraining the laminate layers thickness Fig. 11 illustrates the rgte of convergence of the optimization
values, as may often be dictated by structural requireme [ocedure that was applied to the Typl absorber. Fitness

tends to impair absorption capacity. Removing this constra|0§ the best chromosome in a randomly created population is

results in lower reflection coefficients, but also in thinneﬂk).: 0'.408 and |tdrops_tcf(X): 0.103 atcompleuon ofthe
%?rtﬂmlzatlon process. This represents 25.2% improvement over

outer laminated layers; these may be accommodated in cert . L o
structural parts. Comparison of the results shows that the Tyr gdom design of 'the best individual and 14'5.A) |mprovem§nt
ver the average fitness of the chromosomes in the population,

Ay and A, absorbers have the highest reflection coefficie
values in the selected frequency range. Adding the third resistWQeref(X) = 0.760 — f(X) = 0.110.
sheet and using the Ty, or By configurations improves the
performance somewhat. However, the surface resistive sheets
in Type C; and C, absorbers yield negligible performance A modified genetic algorithm, enhanced by the ASA replace-
improvement. The most significant reduction in the reflectioment procedure and the novel weight functions, is used here in
coefficients is obtained by including the laminate thicknessegsign of optimized radar absorbing sandwich structures for ma-
among the optimized variables. This provides.. < —15dB rine applications. Efficiency of the procedure has been tested
in both TypeB3 andCs; and R,,x < —13.7 dB in Type A3. by optimizing the patented Jaumann absorber consisting of six
Inspired by the superior performance of the Jaumann atielectric foam layers of constant thickness and variable resis-
sorber, we analyzed several surface absorbers of Dypeith tivities of six resistive carbon sheets. When both the sheet re-
either free or metallic backing. Fig. 10 and Table VIl presersistivities and foam layer thicknesses were included among the
the results, with three resistive sheets and free backing in Tyggtimized variables, our procedure yieldBd,.. = —38.9 dB;
D+, and four sheets and either free or metallic backing in Typke reflected signal is 5.2 times smaller than the patented design
D,. The presented surface absorber configurations provitethe 7.5- to 18-GHz frequency range.

are denoted asl3, B3, and C3. As expected, selecting the

VI. CONCLUSION
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Similar surface absorbers, Tyge, consisting of only three  [9]
foam layers and three and/or four resistive sheets, were also
found to be very effective. Typ® absorbers yielded reflec-
tion coefficientsR,.x = —30.6 dB in the 8- to 18-GHz fre-
quency range for Typ®, andR,,,.x = —36.2 dB in the 7.4- to
14.5-GHz bandwidth for Typ®;. [11]

For applications that require placing of the absorbing layers
within a sandwich plate with glass/epoxy laminate faces, thé'2l
present results suggest three design alternatives involving
different numbers of absorbing layers with optimized resis{13]
tivity values and spacer thicknesses (Figs. 7-9). However,
the high permittivity and thickness of the laminate surfac 14]
layer impairs the absorbing capacity of the embedded designs.
Although the design optimization was constrained within[15]
the narrower 8- to 12-GHz bandwidth preferred by someqg
marine radars, we found the lowest value of the reflection
coefficient of only R,.. = —15.0 dB. Of course, higher
values would be obtained in a broader frequency range. |ﬂ7]
contrast,R,.x = —30.6 and —36.2 dB was reached in the
same narrower bandwidth with the Typedesigns (Fig. 10).

[10]
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