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Abstract—Problems of the theory of radio absorbers (RAs) wolving
frequency selective surfaces (FSSs) are consideréddesign procedure for
these RAs is described that takes into account tmeultiparameter character
of the problem and allows one to determine the optial characteristics of ar
FSS that provide the maximal operating bandwidth. Rs for a range of 117
GHz are obtained on the basis of polymer compositdiled with carbonyl
iron and Co,Z ferrite, into which an FSS in the form of a bipei- odic array
of thin metal rings is embedded. It is shown that the applicatiof such ar
FSS allows one to increase the operating frequenchandwidth of a
magnetictype RA by a factor of more than 1.5 virtually almest without
increasing the thickness of the absorber. Substaatly, several types of FSS-
based layered magnetodielectric RAs have been produced by compressil
molding technique, including a 3-mmthick RA with an operating
bandwidth of
1.5- 2.7 GHz, a 2-mm-thick RA with an operating bandwidh of
1.7- 4.4 GHz, and a 1.6-mm-thick R with an operating bandwidth of
6.7-16.1 GHz.

Index Terms—Electromagnetic interference, electromagnetic shiding,
ferromagnetic materials, frequency selective surfaes (FSSs).

ADIO ABSORBING MATERIALS (RAM s) have been
R the subject of intensive study since the World WaH. The
irst studies were focused on military applicationsand reached
their peak in the 1970-1980s due to the developmeuitthe
Stealth technology. Recently, there has been a rema of in-
terest of the scientific community in RAMs, which § associated
with an increasing penetration of electronics intall areas of

modern life. There are a variety of electron device that radiate
electromagnetic energy into the environment, thus ausing many
serious problems such as electromagnetic inference (EMI),
electromagnetic compatibility (EMC), and a hazardos effect o
electromagnetic waves on living organisms. One dfi¢ main means fo
solving these problems is RAMs. The frequency inteal of 0.8410 GHz
in which many communication and information{ransmission system
operate, is of particular importance. There are a drge number o
publications [1]—[16] devoted to the design of RAMs in this and ottr
frequency intervals. An RA, which reduces the refletion of incident
electromagnetic wave (E1W), represents a layer (layers) of a RAN
placed on a metal surface.

Any RA operates in a limited operating frequency bad. The usua
method for expanding the operating frequency bandfoan RA consists
in using multilayer structures instead of singlelagr ones. However
this increases the thickness and the weight of RASoday there exis
several leading manufacturers of a wide assortmerdf RAs, such a
the FDK Corporation (Japan) and Laird Technology Canpany (USA).
Thin RAs offered by these manufacturers operate in narrow
frequency bands, while broadband RAs have thicknessf about 3060
mm. Thus, the design of thin and simultaneously biadband RAs is ¢
topical problem.

Any singledayer RA is characterized by a certain matching
frequency f, and matching thicknessd;, for which the reflection
coefficient is minimal. The values of Jf and dm can be determinec
either by graphical [16] or analytic [5] methods from the comple>
permittivity and permeability data. In [5], the values off, and dm
were determined br polymer composites filled with various types c
carbonyl iron (Cl). It was shown that the matchingfrequency can be
tuned within a wide range by varying the type and oncentration of
Cl. However, although the frequencies  belong to the relevan
microwave band, the absorption bands of the RA are relately
narrow. For instance, the ratio of the extreme fregencies of the
operating bands (measured at 20 dB level of the reflectior
coefficient) lies in the interval 1.5-1.8.

One of efficient methods for &panding the range of operating
frequencies of RAs is the application of FSSs todtdesign of RAs [6]—
[14]. The effect of FSSs on the reflection charaatistics of an RA
based on lossy dielectrics is demonstrated in [6hd [7]. In [8]—[10],
the authors considered an RA based on dielectrics and FSSs madk
resistive elements. In [11] and
[12] , the authors proposed a microgenetic algorithm (M®)
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Fig. 1. Radio absorbers with an FSS: (a) FSS embeddéedo a RAM, (b) FSS is separate
from a RAM by dielectric layers, and (c) the FSS struaire.

for the design of broadband RAs. In [13], the authrs investigated the
frequency and angular characteristics of the refletion coefficient of
the so<called Circuit Analog Absorbers, which are made ofresistive
films with frequency selective properties. These dbors showed tha
broadband RAs with small refledion coefficient can be designed fc
both normal and oblique incidence of TE- and TMpolarized waves
However, since the RAs considered in the abow#ted papers were
based on FSSs embedded in nonmagnetic materials, eth had
relatively large thicknesses. In [14], the control of the absorptio
characteristic of an RA with the use of an FSS idlustrated by an
example of polymer composites filled with differenttypes of CL The
theoretical methods for studying FSSs (including cascal FSSs in
dielectric medium) developed earlier in [17]423] allow one tc
calculate the characteristics of RAs with FSSs.

In the present paper, we describe a design procedeifor RAs basec
on polymer magnetic composites that include FSSs.oF different
regions of the frequency band 117 GHz, we use composites filled wil
different types of Cl and a ferrite of type @2Z. The measurec
reflection characteristics are compared with the reults of computation
by the method of integral equations.

Il.  Fundamental Consideration and Analysis

A. Approximate Theory for the Design of RA With FSS

Schemes of RAs with FSSs are shown in Fig. 1(a) aft). In the
scheme of Fig. 1(a), an FSS (1) is embedded intetlayer of a RAM
(2) placed on a metal plane (3). In the scheme ofgk-1(b), an FSS i
separated from the RAM by thin layers (4) of a lowloss dielectric. Ar
FSS in the form of a twodimensional array of thin metal rings is
shown in Fig. 1(c).

(a) (b}
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Fig. 3. Multilayered structure of RA with FSS

When choosing a preliminary structure of an RA, nanely, the type
of the FSS and the thicknessed+ and ¢2 of layers, it is expedient to
apply an approximate approach that takes into accaut the
generalized characteristics of an FSS in free spacthe resonance
frequency fo and the quality factor QQ. In this approach, one first
determines the equivalent impedancé. of the FSS embedded into an
infinite magnetodielectric with electric and magneic losses (Fig. 2(a)
and (b)) and then applies the transmission line témique to calculate
the reflection coefficient of the structure shownn Fig. 1(a). The
formula for the equivalent impedance [14] is expresed as
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where & = ¢’ — je” and . = p/ —~ ji'' are complex permittivity
and permcability, respectively;

QoL
Q= 010, (2)
Qp = (3)
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The reflection coefficientR of the RA with an FSS can easily be
obtained by well-known formulas from transmission ine theory.

When the FSS is brought close either to the metalane or to the
external surface of the RA, formulas (1)-(3) ceas¢o be valid. For
example, when the FSS is placed on the surface, thermittivity and
the permeability in these formulas should be replaed by their
averaged valueen = (1 +e)/2andp,m = (1 + fl/2.

B. Rigorous Theory

Consider the problem of reflection of a plane EMW fom a
multilayer structure shown schematically in Fig. 3.The structure
consists of four magnetodielectric layers placed aa metal plane and a
planar patch biperiodic metal array enclosed betwe® the second and
third layers.



The method of analysis is based on the numerical lation of an
integral equation of the first kind for the surface current in the metal
elements of the array. The integral equation is déved by a procedure
similar to that used in [17], [22], and [23].

The multilayer structure considered in the presenstudy is different
from the structures considered in [22] and [23] bdt in the position of
the FSS in the material and in the presence of a i@ plane on the
backside of the structure.

Since the integral equation for multilayer structures is too bulky, we
will use a recurrence expression for this equation.

Suppose that a plane EMW is incident on the structe. The
Cartesian coordinates of the electromagnetic fielah this wave
are proportional to exp{—j k ¢ r), wherek is the wave vector and th
dot denotes the scalar ppduct of vectors. Below, we will denote by
bar below a character twodimensional transverse vectors that hav
only x- and y-components. For example, we
denote the projection ofk onto the plane(x,y) by koo. It is obvious
that

koo = kein® cos pE + ksind sin ¢ 4)
where é and ip are the polar and azimuth angles that determine tr
propagation direction of the plane wave an&”y are the unit vectors
along the coordinate axes.

The kernel of the integral equation for current in a conducting
element of the array is expressed in terms of Flogt functions, whict
are defined as follows:

Tf'f";nﬁ' (1’.1 y) - exp( ‘l“pq E) (5)

where
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Px and Py are the dimensions of the unit cell (periods) ofhe
biperiodic array.
Let us introduce two mutually orthogonal unit vectas njpq and flayq
by the formulas
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The symbol x denotes vector multiplication. The trasverse
coordinates of the electromagnetic field of the Fiuet mode:
propagating in a homogeneous medium with numben are expressec

in[17] as
) —"mpq

Honpo (@4, 2) = 088 b (i, T)‘»XP(:FJﬁ(n} ) 2 X by
(8)

B2y, 2) = Yy, y)exp(wﬁﬁi}

The subscriptsm — 1 andm = 2 correspond to TM- and TE-
modes. The upper and lower signs in (8) corresporid the

modes propagating in the positive and negative diotions of the axisz.
The quantities {3p$ are propagation constants of the Floquet mod¢
in a magnetodielectric medium with permittivity e, and permeability

[J‘p”) = \[k2enjtn ~ k2, Imﬁéz) < (O,

The quantities rj*pq are the characteristic admittances of th
traveling Floquet modes:
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In the absence of a metal array, the problem of tmasmission of a
Floquet mode with indices mpq through a multilayer
magnetodielectric medium is solvé easily, because there are no mo
conversion at the boundaries of the media and on ¢hmetal plane
Therefore, the fields in the nth layer are expresskas

EG) (2,9, 2)

= [a(”) exp(*j,ﬁéz}z) + b exp (jﬁf(,z”}z)}
bt d’pq(xa U)ﬂmpq
), ,9.2)
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The unknown amplitudes aand of counterpropagating Floque
modes can be determined from a system aflgebraic equations tha
are obtained from the continuity conditions for the vectors E* 4 and
H” 4 on the boundaries between media.

The kernel of the integral equation for current corains terms
expressed through the solutions of two auxiliary ettrodynamic
problems on the propagation of Floquet modes in a uoftilayer medium
without a metal array.

1. Consider a Floguet mode satisfying the condition #t the vector
E”y vanishes on the metal plane situated on the backdsi of the
multilayer magnetodielectric structure.

Denote byEmpqthe ratio of the field amplitudes and
EYyon the boundary with number n between layersn—1 andn lt is
obvious that

€48, =~k cot ({01)

The quantities Empq with n = 3, 2,1 are determined by swessiv:
application of the descending recurrence formula

(12

e = Mg
oo+ i) — (i - €0 exp{ -20851)
(7850 + €507 + (nfiy — &5k ) oxp (2588700

(13)



We also introduce

_ 2?;,%% CXp (—jg’}é‘;’)ln)
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This function possesses the following property: if we denotey
Ampgq the amplitude of the electric vectorE” 4 of a standing mode ol
the boundary with number n, then

= Bin) glm)

Ty T RRpy

Al (15)

2. Consider another field pattern of the Floquet modethat has a
form of a wave propagating in the negative directio of z in the left
half-space (a= 0 in expression (11)). Denote bySmpqthe ratio of
amplitudes of the vectorsKkmpq Kmlg on boundary n. On boundary
1 we have

FIE) I (1)

shpg T 'rfmpq' (16)

Here Smpq with n = 2,34 are determined by the following
ascending recurrence formula:

sty

rmpy | — o

mpg
(0 o8) — (08— i) exp( 2057
(”’Iv(r?gq + 51(?2(;) + (T-’?(:er; - ‘S'E;lrzq) exXp (_Q_jlfj‘?{,gjdn) ‘
(17)

Let us pass on to the problem of diffraction of a Bquet mode by
the structure shown in Fig. 3. We will assume thaa mode incident on
the structure has unit amplitude of the electric feld and is
characterized by indices (m\p\qf). Denote by H_~~ (x,y) and
H~~(x, y) the tangential components of the magnetic field othe left
and right of the metal array situated on boundary 3 In the unit cell of
the array, we introduce a vector functiong(x.y) by the formula

H~(z,9) - H (%) = 2 x gz, ). (18)

The function g(x,y) is proportional to the surface current and is
different from zero only in the domainS' occupied by metal.
Introduce

~ 1 :
Gupe™ B / j Vog (B, W) g(&, Y drdy (19
P.P,
SJ

where the asterisk denotes complex conjugation. Thequired integral
equation is expressed as

~ )] {1 (2
3 3 S i=mpy (1) (1)
[y g-fan:q + 6'%‘112"? gm’p’q’ + 6m’p’q’
X it gt (T Y pgrgr, T, 4 € 5. (20)

When a plane wave is incident on the structure, theeflected field is
expressed as a superposition of Floquet modes with

) “” EL T T T

L ! . 0.0 a L
Ly 1 " 10" '3 10’ w0° 10"
Erequency (Hz) Frequency (Ez)
g' 30 T r "ag T
25 ]
1
10° - 1 1
0E ]

N 4
" 7 10 E:_-‘:'x-}-—_._,_._m____ 3
3 —
0E 2
. .
2 10
(33 1
[} L 1 1 ‘fﬂ" L L L
' 1 w* w" 10’ 1w 10° o™
Frequency {Hz) Frequency (Hz)

Fig. 4. Electromagnetic characteristics of RAMs; (1) Material I, (2) Material
11, (3) Maienal 111, and (4) Material TV,

dices m, pg. The amplitudes of these modes are represented ierms
of the solution of integral equation (20) by the fomula

27}(0)
Popgmip'gt = -1+ m 67fbm’6pp’5r;q’
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where 6{j is the Kronecker delta.
The components of the matrix of reflection coeffignts of a plan
incident wave are expressed in terms @fnpqrmipiqr as follows:

T11 = 7100100, T12 = C0sPragoi00
i

r21 =
cOs

57100200: 722 = 7200200- (22)

Here m and 7#22 are the copolarization reflection coefficientsy*12 is
the cross-polarization reflection coefficient for aTM-wave, and 7+21 is
the cross-polarization reflection coefficient for aTE-wave.

Integral equation (20) is solved numerically by the Galerkin
method.

C. An Example of Calculating an RA With an FSS

The aim of the analysis is to determine the effeobf the FSS
characteristics (/0,Qo0) and the position of the FSS in the material
(¢1/n2) " the operating bandwidth of the RA. To this end, we
calculated the frequency dependence of the refleoti coefficient from
the RA for the scheme shown in Fig. 1(a) and for aRSS in the form of
a biperiodic array of thin metal rings embedded ina radioabsorbing
material representing a polymer composite filled wh carbonyl iron—
Material 1l described in Section IIlLA. The electromagnetic
characteristics of Material Il are shown in Fig. 4.

The dimensionsD+,D 2, and P for several variants of FSS and the
values ofd\ and <¢2 used in the calculations are given in Table I. Thi
table also presents the resonance frequencies



TABLE |
COMPUTED PARAMETERS OF RA BASED ON MATERIAL Il FOR d =

FSS posilion, !
Variant mm e, Dy, Dy, Jo, 12 I VWA W s
number & . mm mm mm  GHz GHz GHez T
mrm mm
1 2.3 55 6.3 19 28 - - -
2 10 10 6.3 38 4.2 28 28 - - -
3 5.3 32 3.6 i3 2.8 284 314 287
4 4.4 2.6 3.0 40 2.8 - - -
5t 1.35 0.65 2.2 16 2.1 42 092  2.86 B3¢ 297
6 0.5 1.5 8.7 38 4.3 27 6.0 2.76 7.28 2.64
7 0.0 2.0 16.0 5.8 6.4 17 11.9 271 671 248

* Iy und D are the inner and outer sides of a square ring, respectively,
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Fig. 5. Reflection coefficient of RA calculated for norral and oblique incidence of TE anc
TM polarized waves.

fo and the Qfactors Qo of these FSSs in free space calcula
according to [22], as well as the extreme frequeres /min and /max a
a level of —10 dB of the reflection coefficient.

The results of rigorous calculation of the reflectin coeffcient from
the RA for normal incidence of EMW are shown in Fig 5(a){d) by
solid lines. The numbers of curves in the figuresocrespond to the
numbers of variants in Table |. The number “0” dendes the cas
when there is no FSS in the composite. This curvétains its minimum
at the matching frequency. The dashed curves corrpend to variant 3
calculated by the approximate method described inestion I1.A.

Fig. 5(a) shows the frequency dependencef the reflection
coefficient from the RA for several values ofo and the same values ¢
Q — 2.8 andd\/dz= 1. An increase in the resonance frequency of t
FSS leads to a gradual change in the frequency demience of the
reflection coefficient. First, an additional minimum arises in the left
part of curve 1, which then moves to the right andsimultaneously
becomes deeper (see curve 2). In this case, the maiinimum slowly
moves to the right and becomes shallower. Then bothinima become
equal in amplitude (see curve 3), in which case the absorpti
bandwidth at a level of 10 dB attains its maximum. The resonanc
frequency of the FSS embedded in the material is ade to the
matching frequency of the RA, = 4.7 GHz.

Fig. 5(b)-(d) represent the frequency dependence diie reflection
coefficient for three values ofd\ / <é2 when the values ofo and Qo
guarantee the maximal operating bandwidth. Calculabns show that
these values ofo and Qo depend on the ratiod+/é2 as follows: the
greater this ratio, the larger the value offo, and the smaller the Qo -
For example, whend\jdz = 0,fo = 17 GHz andQo =11.9, and when,
/"2 =2,fo = 42 GHz andQo = 0.92. Note that Q-factors >1.2 can be
obtained with an FSS with circular metal rings, whie Q-factors
smaller than 1.2 can be obtained with an FSS withgsiare rings. The
value of Qo = 0.9 is the minimum possible value dfie Q-factor for an
FSS with square rings.

According to variants 3, 5, 6 and 7 in Table |, thenaximal relative
operating bandwidth of the RA weakly depends on thgosition of the
FSS in the material in a rather wide range of valug of di/cfe = 0-2,
although any position of the FSS corresponds to spiéic values of the
generalized characteristics of the FS$o and Qo). This situation also
occurs with other types of RA made of materials Illl, and 1V, whose
compositions and characteristics are presented ineStion TIT. A.

Fig. 5(b)-(d) also shows the frequency dependencethe reflection
coefficient for an oblique incidence of TE- and TMpo- larized waves
by dotted line and dash-and-dot lines, respectivelyAs the angle of
incidence $ increases, the reflection coefficiendif TM-polarized waves
decreases, whereas that for TE-polarized waves iresses. However,
the value of the reflection coefficient averaged @v both polarizations
varies little, up to 'ff = 45°. However, at angles of incidence above 60°,
the value of the reflection coefficient for TM-polaized waves starts to
increase and approaches unity as& —» 90°.

To illustrate the role of FSS in expanding the opeting frequency
bandwidth of a magnetic-type RA, we consider an alsber structure
in which FSS is situated on the surface of the RAvgriant 7). Fig. 6
shows the frequency dependence of the equivalentraittance Yo of a
layer without an FSS (Fig. 6(a)), equivalent admitince Y. of the FSS
on the surface of the layer (Fig. 6(b)), and the suYo + Y. (Fig. 6(c)).
These functions are also shown in the Smith charfig. 6(d)), where
curve 1 corresponds toY o, curve 2, toYe, and curve 3, toYQ + Ye. At
the matching frequency #, the imaginary part of Y o vanishes, while its
real part is close to unity, which guarantees lowaflection coefficient
(—27 dB) at this frequency. The deviation of frequecy to either side
from /1, leads to a small variation of



TABLE I
COMPUTED PARAMETERS OF RA BASED Ox MATERIAL TTFOR o = . (VARIANT 8) AND d > d o (VARIANTS § AND 1())

F8S position,
mim

dy, da,
mr mm

P,
mm

Variant
number

Dy,

mm

Dy,

mimn

5

GHz

Reflection
coclticient in
operating band,
dB

fMJX

- S Tra

Siaes
GHz

fkf({){ ]
Glz

L0 1.0 79 2.8

33

7.3

—

3.67 5.8 1.58

1.4 1.4 9.7 3.8

25.5

5.4 245 4.57 1.87

1.6 1.6 12.1 4.1
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Fig. 6. Equivalent admittance as a function of frequency(a) admittance of a layer withou
an FSS (Y), (b) admittance of an FSS on the surface of a laygjYe), (c) the sum o
equivalent admittances of the layer and the FSS (Yo +.) and (d) the Smith chart for Y,
(1), Ye (2), and Yo + Ye (3).
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Fig. 7. Reflection coefficientof RA calculated with parameters that guarantee a maxnal
bandwidth at a reflection coefficient of —15 and —20 B.

the real part of admittance; however, the absolutevalue of the
imaginary part |ImYo| rapidly increases, thus leadng to the increase o
the reflection coefficient. When an FSS is placednhcan RA layer, the
admittance of the RA is given by the sum ¥+Y,, where the imaginary
parts of Yo and Y. have opposite signs and compensate each other.
a result, the imaginary part of the sum Yo + ¥ approaches zero in i
wide frequency range, the operating bandwidthof the RA increases
and the reflection coef

ficient as a function of frequency has a shape ofdouble-hump curve.

Note that one can reduce the reflection coefficierdf an RA down to
—20 dB in a relatively wide frequency band (Table l). Calculations
have shown that this can be attained at high Q ofhe FSS in the
following two cases: wherd — dy, (variant 8 in Table Il) and whend >
(variants 9 and 10 in Table Il). The frequency depedence of the
reflection coefficient for these variants is showim Fig. 7.

D. Design Procedure of an RA With an FSS

Now, let us describe the design procedure of an Rwith an FSS,
which allows considering the multivariable characte of the task.

First, we choose an RAM for which the matching fregency lies in
the required operating frequency band of the RA. Naurally, the
complex permittivity and permeability of this material are already
known. The matching frequencies  correspond to matching
thicknessesdr,, which are equal tod\ + d,. Next, we choose the ratio\
/d, within the interval 0-2. Applying the transmissiondine method, we
determine fo and Qo that guarantee the maximal operating
bandwidth. The next step consists in choosing thee of a stopbanc
FSS, i.e., choosing the period, as well as the skapnd size of
individual elements of the two-dimensional array. A mandatory
requirement imposed on FSS is the stability ofo and Qo under
different polarizations and angles of incidence o&n electromagnetic
wave. According to [18], an FSS with elements in éform of circular
and square rings or Jerusalem crosses exhibits higingular stability.
In the case of circular or square rings, the periocand the size of ele-
ments of the FSS for given values b and Qo can be obtained by the
methods described in [17]—[22].

The shape of the rings is determined by the requitkvalue of Qo -
For example, a value of Qo > 1.2 is obtained in FS$nade of circular
rings; to obtain Qg < 1.2, one should use FSSs with square rings.

After evaluating all the basic parameters of the FS, we $ould
determine them accurately by rigorously calculatingthe reflection
coefficient; in this way we can take into accounthe effect of gaps
between metal elements of the FSS and the RAM. Thawith, to
compensate the effect of these gaps, it sufficesrémluce the resonance
frequency of the FSS by proportionally increasing e dimensions of
the FSS structure(D1,D2, and
Pl

The procedure described allows one to determine thgarameters of
the FSS and thus expand the —10 dB-bandwidth of &inh single-layer
RA of thicknessdm matched to free space at



TABLE in
The Main Characteristics ofRA Samples

FS5 position,
mm
Sample  Material P Oy, Dy, SLraw- Syaaxs S
number  number mm mm  mm GHz GHz» Siow
dy, iy,
mm mm
1 I 15.0 .o 13.0 1.0 2.0 1.05 2,70 2.6
2 1 15.0 B.0 10.0 1.0 2.0 1.2 274 23
3 1 15.0 7.0 9.0 1.0 1.0 1.8 4.14 2.3
4 1 12.0 7.0 LAY 1.0 1.0 1.7 4.4 2.6
5 1L 15.0 1.0 13.0 1.0 1.0 4.5 72 1.6
6 1I 12.0 T.0 8.0 1.0 1.0 4.8 7.6 1.6
7 n 12.0 55 7.0 1.0 1.0 i1 7.4 24
8 11 10.0 5.0 6.0 1.0 1.0 34 5.6 1.6
9 il 2.0 53 35 0.65 .90 8.7 16.1 24
13 1A% 13.0 4.5 6.5 1.00 2.00 5.3 9.8 1.9

frequency fm. If necessary, one can reduce the reflection coeiffent of
this FSS-based RA down to —20 dB in a wide frequencband by
optimizing three (Qo; /0> andd) rather than two (Qo and /o atd =
dm) RA parameters.

in. EXPERIMENTAL SETUP

A. Materials and Samples

The basic components for the fabricabn of soft magnetic polyme
composites are the following fillers: Cl powders otypes HQ and E<
(BASF, Germany), ferrite powders of type Cez
(BagCo2Tio.8Fe22.9041) (Ferrite Domen Co, Russia), glas
microspheres of type MSVP A9 (NPO Stekloplastik, Rssia) and a
polymer binder—a silicon elastomer SYL-GARD 184 (Dow Coming
USA). The glass microspheres were used to improveet homogeneit
of the Cl particle distribution in the composite, & well as to control it
complex permittivity. Individual layers of polymer composites wer
fabricated as follows. First, the basic componentaere mixed in the
required proportion to give a homogeneous mixture.Then, the
mixture was placed in a press form and cured for for hours at
temperature of 80° C. After curing, thefinal product was extracted
from the press form.

In this work, we used four types of polymer compoggés, which hac
the following compositions and density:

Material I: 50 vol. % ES and 50 vol% SYLGARD 184,p = 4.43

glen®;
Material II: 40 vol. %. HQ, 15 vol. % MSVP A9, and 45 vol. %
SYLGARD 184,p = 3.64 g/cn;
Material IlI: 30 vol. %. HQ, 20 vol. % MSVP A9, and 50 vol. %
SYLGARD 184,p = 2.93 g/cn;
Material IV: 50 vol. % Co,Z and 50 vol. % SYLGARD 184,p =
2.98 g/cm.

These polymer composites have low dielectric lossiege spective o
the filler type. However, magnetic losses of Cl féd composites ar
higher when compared with composites based ono2Z (Fig. 4).

The FSS represents a two-dimensional grating of rigxshapec
conducting elements (Fig. 1(c)).

The main characteristics of RA samples, as well dse dimensions
of the FSS (PDi, andD2) and its position in the RA structure(d+ and
¢2) are shown in Table Il1.

The RA samples were designed from polymer compositayers and
an FSS. The use of several layers of compositesdifferent thickness
allowed one to vary both the thickness of a sampknd the position of
the FSS in the sample.

B. Test Apparatus

The complex permittivity and permeability of polyme composites
were measured by an Agilent E49991A RF Impedance/ aferial
Analyzer in the frequency range of 0.01-2 GHz andba resonator
method involving R2 scalar network analyzers, in th frequency range
of 2-17 GHz.

The reflection coefficient of the samples was meamd by a
reflectometer [24] in combination with an HP 8720CVector Network
Analyzer in a laboratory anechoic chamber. To incrase the accuracy
of these measurements, we applied the technique sifibtracting the
background level and the time-domain separation othe reflected
pulse.

IV.  RESULTS AND DISCUSSION

The measured reflection coefficients as a functioaf frequency for
ten samples are shown by solid lines in Figs. 8-TPhe numbers of the
curves in these figures correspond to the numberd samples in Table
IIl, and the number “0” indicates that a sample does not contain an
FSS. The sample thicknesses are close to the matchthickness. Fig.
10 clearly illustrates the variation of the frequery dependence of the
reflection coefficient as the size of the rings desases (which
corresponds to the increase in the resonance frequey of the FSS).
This variation qualitatively reproduces the variations of computed
curves in Fig. 5(a). The main difference is that th size of the rings for
calculated curves is approximately half that for te measured ones.
This result is attributed to the fact that the computations did not take
into account the gaps between metal elements of tHeSS and the
RAM. The results of rigorous calculations, which t&e into account the
above gaps, are shown
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Fig. 8. Measured (solid curves) andomputed (dotted curve) reflection coeffi cient verss
frequency for samples 1 and 2.
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Fig. 9. Reflection coefficient versus frequency for mples 3 and 4
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Fig. 10. Measured (solid curves) and computed (dotteclirve) reflection coeficient versus
frequency for samples 5-8.

by dotted lines in Figs. 8, 10, 11, and 12 for samples 2,9, and 10
respectively.

The extreme frequenciesnin and max orthe operating frequency bands
at a level of —10dB of the reflection coefficient are shown in TabléE.
One can see that the type of material allows one to vary the operating
frequency bands of RAs over the region from 1 to 1%GHz. For
instance, operating frequency bands for samples madof Material |,
which is characterized by the maximal values oé #, and ", lie in a
lower frequency domain than those for samples made of oth
materials. For example, for sample 1the operating frequency band i
1.05-2.7 GHz with the ratio of extreme frequenciegaximin = 2.6.
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Fig. 11. Measured (solid curves) and computed (dotteclrve) reflection coeficient versus
frequency for sample 9.
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Fig. 12. Measured (solid curves) and computed (dashinve) reflection coefficient versus
frequency for sample 10.

Samples 9 and 10, which are made of Materials IE anlV, re-
spectively, have higher operatig frequency bands. For example, th
operating frequency band of sample 9 is 6.76.1 GHz with the ratio of
extreme frequencies 2.4. For samples4.,-7, and 9, this ratio lies withir
the range 2.3-2.6. These results do not doadict the bandwidth
estimates by using the data in Table I.

V. CONCLUSION

We have demonstrated the efficiency of applicatiorof FSSs tc
controlling the characteristics of thin RAs based o polymer magnetic
composites in the range of frequencies from 1 to I3Hz. Two types o
Cl that differ in electromagnetic characterigics and a microwave
ferrite with Co 2Z-type structure have been used as fillers of RAMs.

Approximate analytic expressions for calculating tle refledion
coefficient from an RA with an FSS and a rigorous heory of
multil ayer magnetodielectric structures with FSS allow oa to carry
out a full design of microwave absorbers.

As FSSs, it is recommended to take biperiodic array of meta
elements in the form of circular or square rings, kcause th
characteristics of these arays are stable with respect to the angle
incidence of EMW.

In the approximate calculations, we have used geraized
characteristics of FSSs (the resonance frequency &nd the Qfactor
QQ), and the electromagnetic characteristics of the mat®l into
which an FSS is embedded.



The results of rigorous calculation of the reflectn coeficient,
based on the solution of an integral equatioby the Galerkin method,
do not contradict the results of calculations obtaied by the
approximate method.

We have shown that, for any position of the FSS ithe RA layer,
there exist optimal values of generalized charactestics of the FSS tha
provide the maximal operating bandwidth at a reflection coefficent of
—10 dB or lower.

We have proposed a design procedure for thin RA + $S
structures that allows one to take into account aakge number of
parameters of the problem (the characteristics oftte material and the
parameters and position of the FSS). First, one detmines the
thickness of the RA, which is equal to the matchinghickness of the
given RAM. Then, one chooses the position of the 59n the RAM
layer and determines the generalized charactestics of the FSS, whicl
are optimal for the given position. Finally, one d&ermines the size o
the FSS structure by rigorous calculation and makegorrections to
take into account the gaps between metal elementstbe FSS and the
RAM.

Substantially, several types of FSS-based layered agnetodi-
electric RAs have been produced by compressing mahg technique,
including a 3-mm-thick RA, a 2-mm-thick RA, and a

1.6- mm-thick RA with —10 dB bandwidths of 1.05-2.7
GHz,
1.7- 4.4 GHz, and 6.7-16.1 GHz, respectively.

Thus, we have shown both theoretically and experimerita that
the application of an FSS allows one to increase ghopemting
frequency bandwidth of a magnetictype RA by a factor of more thar
1.5 virtually without increasing the thickness of he absorber.
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