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A Method for Achieving Electromagnetic
Wave Absorption by Low-Loss Stratified
Construction Materials

Nozomu Ishii, Member, IEEE, Michio Miyakawa, Member, IEEE, and Koji Sakai

Abstract—For the safe and effective use of electromagnetic
waves, a method for designing construction materials having se-
lective electromagnetic wave absorption is needed. As an example,
the characteristics of a stratified construction material consisting
of two different low-loss materials (acrylic resin and glass) is
evaluated by numerical simulation, and the electromagnetic wave
absorption mechanism is determined. Furthermore, a method is
developed for designing stratified construction materials to realize
electromagnetic wave absorption at a desired frequency.

Index Terms— Construction material, cutoff frequency, electro-
magnetic absorption, low-loss material, nonradiative dielectric
waveguide, stratified media.

1. INTRODUCTION

HE OPTIMIZED design of electromagnetic (EM) wave

absorption in living spaces, is important for the safe and
effective use of EM waves. For this. reason, new construction
materials will be used to intercept EM waves at specific frequen-
cies while permitting transmission of other wave components
into the living space. However, the materials and living spaces
constructed of those materials need to be available at reasonable
cost. Of course, complete shielding is feasible, for example, by
covering the target space in RF absorber or a metal enclosure.
However, the goal is to obtain the desired EM wave absorption
characteristics within a specified space by using new construc-
tion materials, fabricated by combining two or more materials
and adjusting the spatial configuration [1]-[3]. As an example
of these materials, we focus on a stratified construction material
consisting of two low-loss parallel slabs or two material boards
laminated with an oblique boundary [3]. Through two-dimen-
sional (2-D) transverse magnetic (TM) finite-difference time-
domain (FDTD) simulation, characteristics of the frequency de-
pendent EM wave absorption were analyzed by evaluating the
EM wave absorption ratio at the back of the material. By in-
troducing an equivalent dielectric constant, reflection/transmis-
sion of EM waves from the stratified construction material for
normal incident TM polarization was analyzed. From the com-
puted results, the stratified material was demonstrated to exhibit
selective absorption characteristics. In addition to the analysis,
a method for designing selective absorption was established.
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Fig. 1. Composite construction material consisting of alternating layers.

The proposed absorbing materials may have the limits that
the absorption is not very large and its bandwidth is very
narrow, from a conventional EMC perspective. In general,
there are some methods to realize the EM wave shielding and
absorption, for example, to absorb the EM wave with absorbing
materials or shield it with matallic enclosure and to block the
EM wave with spatial filtering or FSS (frequency selective
surface). In this paper, we propose the new method for the EM
wave absorption which occurs at the cutoff frequency of the
higher modes generated on the interface of two materials. In
addition, the possibility and the principle of the sharp absorp-
tion are clarified. The proposed absorbing material is useful
for reducing the emission of the EM wave into surrounding
area at a lower cost, for example, in the transmitting wireless
system, to strengthen the shielding or the absorption by the
conventional methods. Moreover, the merit of the proposed
method is that the absorbing materials can be composed of
the construction materials with low loss, which are not more
expensive than the conventional absorbers.

II. FDTD ANALYSIS OF STRATIFIED
CONSTRUCTION MATERIAL

A. Numerical Model and Analytical Conditions

As shown in Fig. 1, we assume a layered composite material
consisting of two low-loss construction materials having dif-
ferent dielectric constants. The composite material has a peri-
odical structure with a period of 2h in the y direction, thick-
ness of d in the z direction, and spreads infinitely in the z di-
rection. An analytic model of the structure is shown in Fig. 2.
Only half a period of the stratified materials is sandwiched by
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Fig. 2. Equivalent model using electric walls (PECs).

TABLE 1
DIELECTRIC CONSTANT AND CONDUCTIVITY OF MATERIALS AT 1.5 GHz
| Material er | olSim]
A It Acrylicresin | €4 =2.6 | 0.002
B Glass ep =5.2 0.002

two electric walls a distance apart . To examine EM wave ab-
sorption by the material, the equivalent model in Fig. 2 was nu-
merically analyzed using 2-D TM FDTD techniques. Materials
A (hp <y < h)and B (0 < y < hp) are assumed to be
acrylic resin and glass, respectively. The dielectric constant and
conductivity of acrylic resin and glass at 1.5 GHz are listed in
Table I [4]. These values are assumed to be constant over the fre-
quency range used in the numerical analysis. Berenger’s PML
absorbing boundary condition (16 layers) [5] is built into our
FDTD code. As shown in Fig. 1, when the plane wave excited
by a Gaussian pulse is incident normally onto the surface of the
material, the reflected power P, is calculated at = —100 mm
in front of the material and the transmitted power F is calcu-
lated at = d+ 100 mm from the back of the material. Power
loss in the composite material P is then given by

P=F—-P.-F D

where P; is the input power, which can be estimated from P
with no material. The frequency range is limited to below 5 GHz
because mobile communication EM wave sources are assumed
in this analysis.

B. Results of FDTD-Based Computation

1) d = 150 mm, ha = hp = 20 mm: Reflectivity P,/ F;,
the transmissivity P;/P;, and the absorption ratio FP;/P; are
shown in Fig. 3, for d = 150 mm and h4 = hg = 20 mm. The
reflectivity and transmissivity can be seen to have a periodicity
with a certain frequency interval, due to the standing wave
produced in the material. We call the frequencies at which
steep absorption occurs “absorbing peak frequency.” It is ob-
served that the absorption ratio is almost constant across the
frequency range of interest, as shown in Fig. 3. The absorbing
peak frequencies exist discretely, for example, at 1.93, 2.12,
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Fig. 3. Power balance for the periodic structure of Fig. 2, where hq = hp =
20 mm, d = 150 mm.

TABLE 1I .
RELATIONSHIP BETWEEN f,1 AND P./P;, P,/ P;, P,/ P;
FORd = 150 mm, h = h4 + hp = 40 mm

ha:hp || fp1[GHz] | P/P; | Pi/P; | B/P;

1:3 1.747 0.229 0.477 0.294
1:1 1.935 0.123 0.493 0.384
3:1 2.268 0.008 0.775 0.217

240, ... GHz (also see Table IV). At the absorbing peak
frequencies, the reflectivity and transmissivity are relatively
small, as shown in Fig. 3. At the first peak frequency of
1.935 GHz, the reflectivity, transmitivity, and absorption ratio
become —21.0 dB, —3.1 dB, and —4.2 dB, respectively, when
h4 = hp =20 mm and d = 150 mm. Although the absorption
is not complete, 38.4% of the input power is dissipated in the
composite material, and the bandwidth of the absorbing peak
at 1.935 GHz is very narrow, about 1.0%-1.5% of the peak
frequency. ,

2) d = 150mm, h = ha = hp is Varied: According to
the composite ratio of the materials k4 : hp, the computed first
absorbing peak frequency f,1 and absorption ratio P;/P; vary
as shown in Table II, when d = 150 mm and h = hy + hpg =
40 mm. To reduce the absorbing peak frequency, the volume of
acrylic resin has to be larger than that of glass, i.e., the equivalent
dielectric constant needs to be larger. The absorption ratio varies
with the ratio h4 : hp, and absorption ratio in the case of h 4 :
hg = 1 : 1 is the largest of the three cases in Table II. The
first absorbing peak frequency fp1 and absorption ratio at the
frequency fp; are plotted against ~ as shown in Fig. 4, for the
ratiohs : hp = 1 : 1 and d = 150 mm. The most suitable A
to locally maximize the absorption ratio was found in the range
from b = 20 mm to A = 70 mm.

3) ha = hp = 20 mm, d is Varied: In Fig. 5, the first ab-
sorbing peak frequency fp; and the absorption ratio P;/P; are
shown as a function of d when hy = hp = 20mm. As d
is increased, the absorbing peak frequency decreases to about
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Fig.6. Value of P,/ P; at f,1 for various values of d and h, where h 4 1 hp =
1:1.

1.93 GHz, which is the lowest limit. A most suitable d for maxi-
mizing F,/ P; locally in the range below d = 150 mm is thought
to exist.

4) Py/P; Versus h, When h = ha + hg is Varied: When
both k and d were varied while maintaining the relation b4 :hp
= 1:1, the absorption ratio P,/ P; varied as shown in Fig. 6. The
thick line shows the locus of points for which the ratio P;/P;
is maintained at higher values. This gives the dependence of
material thickness on absorption ratio.

5) d=150mm, hy = hg = 20 mm, o is Varied: The fre-
quency characteristics of F;/P; for two materials having var-
ious conductivities, o are shown in Fig. 7 for d = 150 mm and

107

1

H o [S/m]
]

0.032

0.016

0.008

Frequency [GHz]

Fig. 7. Frequency versus Pi/ P; for various values of conductivity o, where
d = 150mm, ha = hg = 20 mm.

h4 = hp = 20 mm. Absorption ratio P;/P; is clearly almost
in proportion to conductivity o. However, the sharp absorp-
tion characteristics tend to disappear as conductivity increases.
Low-loss materials are concluded to be needed to realize these
sharp absorption characteristics.

C. Mechanism of Steep Loss

With reference to the case of d = 150 mm and h4 = hp =
20 mm, the mechanism of the steep loss observed in Figs. 3 and
7 is discussed. When a plane wave is incident normally on the
material surface, an electric field component F; is produced at
the boundary to satisfy the boundary condition [6]. However,
this electric field cannot couple to the transmitted transverse
electromagnetic (TEM) mode in the materials. For the higher
modes that can be supported in the materials (TM,,, modes),
the E, produced at the boundary can couple to these higher
modes to support the F, along the boundary between the two
materials. Below the cutoff frequency of the higher modes, E;
along the boundary does not exist. However, at the cutoff fre-
quency at which higher modes begin to be supported, the EM
wave resonates in a direction perpendicular to the propagating
direction, but does not propagate. This resonance occurs in the
periodical direction, and the electric field intensity in the mate-
rials |E| is large. Therefore, the power loss in the materials

P = %// IE|2dS
Sz

is lafge, where S5 is the cross-section of Region 2. Steady-
state | F| distributions at 1.93 GHz and 2.02 GHz obtained by
FDTD-based computation are shown in Fig. 8(a) and (b), re-
spectively. These frequencies correspond to in and out of reso-
nance, respectively. From the figure, E, clearly exhibits a reso-
nance at 1.93 GHz, as can also be seen by the sharp absorption
in Fig. 3.

A major source of loss in the materials is the F, excited when
a plane wave passes through the materials. In contrast, absorp-
tion peak frequency is determined by the excited E, which is
parallel to the boundary surface and exhibits resonance charac-
teristics in the y direction. Sharp absorption characteristics are
not observed if the power loss by resonance becomes equal to
or less than that of plane wave propagation. This is the reason
for the steep absorption disappearing as conductivity increases.

@
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Fig.8. |E.| distribution at the frequencies corresponding to sharp and normal
absorption. (a) 1.93 GHz (at resonance). (b) 2.02 GHz (off resonance).

The absorption ratios from Figs. 3—5 are not necessarily large
enough, but it is increased by using slanted joining dielectrics
instead of the stratified ones. For example, the absorption ratio
of 77% is easily obtained according to the FDTD calculation
[3]. Therefore, the material with a high absorption ratio is ob-
tainable. It will be feasible to produce absorbing materials which
show a high absorption ratio in a wider frequency range by com-
bining appropriate raw materials with various shapes and sizes.

III. ANALYTICAL CONSIDERATION OF STRATIFIED
CONSTRUCTION MATERIAL

The absorption ratio of the materials has been analytically
estimated using an equivalent model, as shown in Fig. 2. We
first introduce an equivalent dielectric constant . to replace
the model by a simplified model consisting of an equivalent
medium. For the modes which are supported in the simplified
model, we analyze the reflection/transmission of EM waves in
the equivalent medium.

TABLE 1II
ha : hp VERSUS EQUIVALENT DIELECTRIC CONSTANT €.
FORE4 = 2.6,ep = 5.2

ha:hg [[3:1]1:1]1:3
ee || 325 ] 390 | 455

Fig. 10. Equivalent circuit representation of the material region.

A. Egquivalent Dielectric Constant

An equivalent circuit for the material region (Region 2) is
shown in Fig. 10. C4 and C'r denote the capacitances per unit
length of material A and B, respectively. The total capacitance
per unit length for material C is then given by-

(ha+hp)-1

d
ha-1 hg-1
=C4+ Op = eaco——— + epeg—
d d
using the static formula for the capacitance of a parallel plate
capacitor. From (3), the equivalent dielectric constant is given

by

C =¢.e9

3

_ caha+ephp

.= 4
Foa t o @

For the stratified structure consisting of acrylic resin and glass,
the equivalent dielectric constant &, is calculated for various ra-
tios of h 4 to h g, as shown in Table ITI. From (4), the equivalent
dielectric constant €, is independent of the thickness d of the
material.

B. Formulation of Reflection/Transmission in the Material

As shown in Fig. 9, an EM wave is incident normally onto
the material surface from Region 1 (free space, z < 0), and
reflected and transmitted waves are produced in Region 2 (ma-
terial, 0 < 2 < d). Only a transmitted wave exists in Region
3 (free space, x > d). TM,,,,, mode EM waves that support a
parallel electric field F, are acceptable as incident waves. The
wavenumber in the y direction %y, and the phase constant 52,
B¢ are given by

&)
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=\/k}— k2, Bl=.[ekd -

where kg = w/llp€g = w/c is the wavenumber in free space
and c is the velocity of light. In (6), the superscripts a and d
represent air and dielectric regions, respectively. The EM fields
in each region can be expanded by using modal functions for the
TM,, mode lossless parallel plate waveguide [7].

(O]

Region 1
E() = (e—jﬂim + rgll)ejﬂiz) sin kyny (7
B (_gmifie | 1) gitie
1(/;’[) .2: (——6 3Bn _|_1"£Ll)6313n )COSkyny ®
yn

HOY) = j:fo (e~jﬂ:z + I’S,,l)ejﬂﬁ“*) cos kyny.

yn

&)
Region 2

E.a(c?) _ (T(2)e—jﬁﬁz + I‘g)ejﬁ:‘”) sin kyny (IO)k

B = Jﬂ (~TPem%ie 4 DO ) coskyny (1)
_/n
H®) = Jweoee (T7§2)e~jﬁfﬁw " Fslz)ejﬂiz) cos kyny. (12)
yn
Region 3

B = (T<3)e—jﬂ:iw) sin kyny

(13)
@) _IPn (_ ), —isee
E;’; kyn( T,"e )coskyny (14)
HE) = JI‘:EO (T®e=37:2) cos kyny. (15)
yn

I‘%l) is the reflection coefficient for the reflected wave in Re-
gionl, I‘(Z) is the coefficient for the reflected wave in Region
2, T( ) is the coefficient for the transmitted wave in Region
2, and T( ) is the transmission coefficient for the transmitted
wave in Region 3. The modal functions are selected to satisfy
the boundary condition, or continuity of the normal component
of electric flux density at z = 0 and d. The remaining boundary
conditions are

(@) E?S},)Z = EX, B = HD atz =0

0 B = 50 HE = B ate = d,
All of the coefficients can now be determined. Suppose that 5%
is a positive real number, then the power loss in Region 2, Pl(i
can be written as

P2 =2 [[1Baas
S
_20n182 [ (B2 _
£ (08 + B’ (820
—singid {£(82)” - (= 162)°] cos pid
+2e.40Im [82] sin fLd)} an
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TABLE 1V
COMPARISON BETWEEN CUTOFF FREQUENCIES FOR LSM;,,, MODE OF
NRDG AND FDTD-BASED ABSORPTION PEAK FREQUENCIES

” Cutoff Frequency [GHz]

m 1 2 3 4 5
Egs. (19) or (20) || 1.96 | 2.13 | 2.38 | 2.69 | 3.04
FDID 193 | 212 | 240 | 277 | 3.16

] . 2
= [ (B 4+ o) 9P — (52— ) P

(18)

where the symbol Im| ] is a mathematical operator that selects
the imaginary part of a complex quantity. Power loss Pz ?) ex-
hibits sharp frequency characteristics if NV, in the denommator
of (16) vanishes. N,, = 0 yields

a d

eeﬁ’g“ = — jtan (ﬂ ) (19)
a d

Eﬁg = j cot (ﬂz ) (20)

Equation (19) is the characteristic equation of the odd L.SM,,.,,
modes of a nonradiative dielectric waveguide (NRDG) [8].
Equation (20) is the characteristic equation of the even LSM,,,,,
modes of NRDG. The zy-plane in Fig. 9 corresponds to the
cross-section of NRDG. At the frequency where resonance
begins, i.e., the cutoff frequency of the higher modes, power
loss increases rapidly. The peak frequencies obtained by FDTD
analysis in the case of Fig. 2 and cutoff frequencies of NRDG
at n = 1 calculated by solving (19) and (20) are compared in
Table IV.

In summary, we can find the absorbing peak frequency fp
by introducing an equivalent dielectric constant, as given by (4).
By replacing the composite material with an equivalent medium,
estimating the cutoff frequency of the corresponding NRDG and
solving (19) and (20), we can determine those peak frequencies.

IV. METHOD FOR DESIGNING STRATIFIED
CONSTRUCTION MATERIALS

In this section, we describe a method for selecting struc-
tural parameters to realize EM wave absorption at a specific
frequency in composite construction materials. Equations are
derived for determining h and d when the absorbing peak fre-
quency f, is given. Losses in the materials are ignored because
low-loss materials are essential for fabricating the composite
materials that have been discussed. From (4), if the composite
ratio of materials h4 : hp is kept constant, the corresponding
equivalent dielectric constant . becomes a constant that is
independent of d and h. The wavenumber kg in (6) is replaced
by the following k:

Ky = 2le. @1)
c
From (6)
Br = —j1/ k2, — k2 (22)
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TABLE V
SOLUTION OF EQ. (23) FOR d = 150 mm, WHERE
ha:hp=1:1, =390, f, =15GHz

m || 1 2 | 3
645 | 92.8

h[mm]

Frequency [GHz]

Fig. 11. Frequency versus absorption ratio P / P;for a specified frequency of
1.5GHz, whereh = 64mm, hs : hg =1:1,64 =2.6,6p = 5.2.

is obtained. From (19), (20), and (22)

ey k2, — k2
B3 ’

form=1,2,....

d__2_ (m— 1

= + tan™!
B 2

(23)

When m is an odd number, (23) corresponds to (19), i.e., odd
LSM,,.., mode. When m is an even number, (23) corresponds
to (20), i.e., even LSM,,,,, mode. The relationship between k.,
and A is given by (5) so that (23) is the design equation for de-
termining d and h when the absorbing peak frequency is given.
Firstly, h is chosen so that the absorbing frequency coincides
with the desired value. For example, the values of h that satisfy
(23) at 1.5 GHz are given in Table V for d equal to 150 mm.
Fig. 11 shows the frequency characteristics of absorption ratio
P,/ P; for 64 mm as obtained by FDTD based computation. In
this computation, rounded values of h are used due to the cell
size in the FDTD analysis. From this figure, the absorbing peak
frequency can be seen to have been specified precisely. There
are two reasons why the resultant peak frequencies are slightly
different from the specified values. One is the difference in A
values. That is, the numerical model for FDTD analysis is rep-
resented by use of the unit size of a cell, regardless of accuracy
of the calculated value for k. Use of an equivalent dielectric in-
stead of two laminated dielectrics may be the second reason.
Secondly, large absorption cannot be obtained if only the pa-
rameter h is varied. To discuss this problem further, both & and
d need to be determined by (22) over the range of h and d in
which the absorption ratio is large (cf. Fig. 6). If h and d are
chosen properly, absorbing peak frequency will match the spec-
ified frequency well. The relation between d and h for n = 1
is shown in Fig. 12 when the peak frequency is set to 1.5 GHz.
In the case of d = 150 mm, for example, the steep absorption
can be seen graphically to be observed at three frequencies cor-
responding to m = 1, 2 and 3 in Table V. Moreover, from the
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Fig. 12. h — d design diagramforhs :hp =1:1,64 =2.6,65 =5.2.

condition that the argument of the root in (23) has to be zero or
positive, & is found to be limited to within the range
A Ao

Z<h = 24
5 Shsg (24)
where X\ = Ao/ /€. is the effective wavelength in the material
region. The allowable range of h corresponding to Fig. 12 is
from 50.6 to 100 mm. This limitation on h must be adhered to.
Furthermore, as easily seen from Fig. 12, if d is included in the

range

(m—=1)Ad <£d < mAd (25)
steep absorptions occur. From (23), Ad is given by
Ad = i (26)

r/EckZ — k2,

For example, Ad is 60.4 mm in the case of Fig. 12.

V. CONCLUSION

In this study, we have demonstrated that relatively large EM
wave absorption at a specified frequency can be induced in strat-
ified construction material consisting of two kinds of low-loss
materials. Through 2-D TM FDTD analysis, the electric field
component that propagates perpendicularly to the incident wave
is shown to be produced at the boundary between the two dif-
ferent construction materials. Resonance phenomena occur in
the transverse components, which are perpendicular to the di-
rection of propagation. Therefore, relatively large absorption is
induced in low-loss materials in which resonance plays an im-
portant role.

By introducing an equivalent dielectric constant, the reso-
nance phenomenon was analyzed to determine the relationship
between resonant frequency and cutoff frequency of higher
modes of a parallel plate waveguide. This was done by solving
a boundary problem related to the reflection/transmission of
three layers in the parallel plate waveguide. Finally, we found
the important relationship and showed that relatively large
absorption can be realized at an arbitrary frequency.
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In conclusion, we have described a method for designing
stratified construction material to induce EM wave absorption
at a desired frequency. Up to now, the application of composite
materials has been limited because of a narrow bandwidth and
incomplete shielding effects. Although the absorption is not
so complete as compared to the traditional RF absorber, it is
increased by choosing the appropriate shape and sizes of the
components (raw materials) or by changing the combination
of those components. In transmitting stations for TV broadcast
and wireless systems, a few dB absorption of the EM wave
can be achieved using composite construction materials. This
is useful for reducing the emission of EM waves into the
surrounding area at.a lower cost.

In this paper, we dealt with the case of a normal incident TM
wave impinging on the composite construction material. How-
ever, to diminish the incident waves, which can be .generated
inside the building, we need to include the case of oblique inci-
dence of plane waves of both TM and TE polarizations in our
analysis. From this point of view, we will examine the oblique
incidence problem in future work.
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