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Electromagnetic Propagation into
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Abstract—A rigorous method for analyzing building construc-
tion materials, using finite-element techniques and an expansion
of fields in Floquet’'s modes, is exposed in this paper. It allows us to
precisely study the electromagnetic properties of buildings walls in
terms of transmission and reflection characteristics, which can be
useful in the design of wireless communication systems. First, we
present the influence of the wall's parameters, namely, its thick-
ness, the square side length, and the steel diameter of a concrete
grid. The influence of the angle of arrival of the incident wave and
the effect of considering the diffused field on the electromagnetic
properties are then presented.

Index Terms—Electromagnetic propagation, finite-element o _
method, Floquet modes, mobile communication. Fig. 1. Infinite reinforced concrete wall.

I. INTRODUCTION Two trends are generally adopted when studying metallic

O EVALUATE the quality of a wireless communication net_grids. The first one is based on the use of approximate formulas
d is only available for concrete mesh dimensions, which are

work, operators need tools to predict urban and indoor propa%’g— .
tion. Ray-tracing models are widely used in determining ele mall compared to the wavelength [1]. The second ane is based

tromagnetic properties of the radio channel. To develop this the use of rigorous numerical methods. The method of
method, the knowledge of transmission and reflection char omentwas successwely_employed n th_e study of grids of any
teristics of the construction materials are necessary. In mod&ifPmety [2_]' I-!owever, Fh's last methoq Is less suited to study
buildings, two types of walls are commonly employed, namelﬁmplex grids inserted into lossy multilayers. Thus, we have

concrete walls and reinforced concrete ones, which are typica osen to use the finite-element method (FEM) because this
orous method presents the advantage of being able to take

made up of a steel grid embedded in a slab of concrete. W ! ¢ | i dinh ities. T
using the ray-tracing method, multipath reflections and trang-o account complex geometries and inhomogeneities. 1wo

missions in concrete slabs are usually modeled by Fresnel ¢ q_quenues_of operation, i.e., 900 and 1890 MHz, are chosen
ficients, which is a rough approximation of the propagation. He to the |mport_anqe of the results for indoor and outdoor
get accurate propagation prediction, it is essential to precisé\fyeless communications.

determine the transmission and reflection coefficients of the ma-

terial involved, and this is the aim of the method presented here [l. THEORY

to enable the development of the ray-tracing technique by ok- Elementary Cell

taining the necessary coefficients. It is particularly important to . . o
compare the electromagnetic performance of concrete walls and* réinforced concrete wall is modeled as an infinite biperi-
reinforced concrete walls to evaluate the influence of the sté!c multilayer structure. The dimensions of the wall are con-
grid. From the other hand, when using simpler models, co&idered large enough compared to the wavelength. The wall is

ficients independent of the direction of arrival have to also tgmposed of a square grid immersed in a d'EIG_’Ct”C slab. More
derived in terms of diffuse fields. layers, corresponding to more complex materials, can also be

considered. The studied structure is a rginforced concrete wall
iluminated by a plane wave of wave vectay = *(k, ky, k.),
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for ae’** time dependency, whef. and7, are the geometrical >
structure period. This allows us to reduce the studied domain to y
an elementary cell by employing (1) as a boundary condition @fy. 4. Elementary cell and opposite sidewalls.
the lateral sides of the cell (Fig. 2).
B. Decomposition on Floquet's Harmonics —— m ) -
. . . - ™, . - —TM
The resolution of the Helmholtz equation having periodic i min [s] Mt
boundary conditions in the = 0 plane leads to a solu- . :
tion that can be written as the sum of an infinite discrete .
expansion of plane waves that are called Floguet's modes.
: M, _ — IM
These plane waves are orthogonal and their wave vectors e Mgl
Emn = "(kzmn, kymn, £k-mn) are functions of the incident Surface S, Surface S,
wave [3]
2rm Fig. 5. Network representation of the problem.
kacrnn = kac T
xr
21n, : .
kym =k, First layer :
ymn vt T, homogeneous dielectric
k emn kO kirnn kzrnn (2) Second layer : gl'ld

immersed in dielectric

Third layer :
homogeneous dielectric

Once these plane waves have been decomposed into TE and
TMwaves, itis possible to express the tangential fields to define
a complete and orthogonal set of TE and TM plane wave as
follows:

Fig. 6. Reinforced-concrete wall decomposed into three cascaded layers.

N . Z1/2 (_k'ymnaj + kmmny) —j(kemn@tkymny)
GTEnm,(L vy “TEmn k /Sl €
tmn °

hTErnn(L i YTErnn( —Zx é’TErnn(L w) (3) T T
/ / (8Th'1nln X hTMrn’n’) -Zdx dy = 07
0 0
= _ l)2 (ernnx + kynlny) — 5 (Kmonn @tk ymny) for (m, 7’L) 7& (m’, 71/) (7)
GTM"ln(m,y) - “TMmn / c
ktrn,n : Sl .
- o and normalized as
hT]\'Trnn(L v YTMmn ( —z X CT]\'Trn,n(L w) (4) T T
where /0 /0 ||gTEmn||2 drdy = |ZTEmn|
_wp r r - 2
ZTE"”L - k. / / ||6TMrnn|| dz dy = |ZTMrnn| . (8)
zmn 0 0
k.

ZTMmn = ZZ” For the problem exposed in Fig. 1, fields can be written as fol-

and lows.
2 1.2 2
ktrnn kacrnn + kyrnn (5) Forz <0
. . . k- —Jkzmn
with the orthogonality relations E(y,y,2) =apoe™ " GTEoo@c W F U € M (2, )
+ oo
/ Jkzmn ®
[7 [ (o e a0, o SR S (I

for (m, n) # (m’, n') (6) o @M N ] (9)
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Fig. 7. Reflection and transmission coefficients for walls of relative permittivity of 6, 7, or 8.
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Fig. 8. Reflection and transmission for walls of relative permittivity ot 50 - 25), (7 — 70 - 3),and ¢ — j0 - 35).

and The number of modes in the decomposition of the fields is in-
- b ks 0 gk finite, but for large values din| and|n|, the modes are evanes-
Hz,y,z) =agoe '™ hTEoo(w, 0T € Ao y) cent. Therefore, we can truncate the expansion, e.gn hdex

g ez to meo. The TE,,,,, and TM,,,,,, modes are propagative for
- > Z [ mn €T B, (2, 4) k2,..» > 0. We have to consider the following two cases de-
mETeo n=Tee pending onmg (Fig. 3).
i ~”MhTJ\Lm(ac,y)} « Caseamg < Aormg > Bwith A = —(T,,/27) (ko +
(10) ky)and B = (T,/2x)(ko — kz). All the TE,,,, and

TM,,,» modes are evanescent.
* Case b A < mg < B: Floguet's modes are propagative
for N1 < n < N2 with

Forz > d
+oo o0 2
jRzmn? 3
E(w y,2) = Z Z Cmn € IR CTEmn(ﬂlc u) - k(% - <k$ + ?m()) - ky
B - —jkimnz N = 27
+crnn € GTJWmn(l‘ y)] ?
A1) ang
2
2
2 <k + = ) — ky
+ u
Gk 2 L N = . 13
H(m,y,,.) - Z Z |: Cmn © o hTEmn(m:y) 2 2m ( )
m=—oc Nn=—oc T
/" —jk:

+Cn €75, (w,y)} * Thus, in certain conditions, there are propagative modes in non-

(12) specular directions. Their influence will be discussed later.
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Fig. 9. Propagative modes in normal incidence at 900 MHz and 1.8 GHz for a grid of Fériod

C. The FEM
, - : : T ST SN~
The E-field variational formulation of the electromagnetic o
problem of a domain having a volun§gcan be written in the T —_ TEO0+TMOO
f gasd .. 7T Higher order
orm .% 2 modes
1 . - Lo 5 —207
—curlE - curlE’ dv — k? / e k- E dv E s
Q Hr Q g
. . S -30
= jwio / (H x ﬁ) CE'ds (14) &
50 35
wheredf represents the boundary of the domg&inwhich has 0
to be verified for each test functioh’. In our FEM formula- Wall thickness in mm

tion, the domain to be studied is decomposed into tGtra"]edlglal. 10. Influence of higher order modes for a grid of 25-cm square length for

elements, and the electric field is decomposed on edge elem%rﬁ(g(mm incidence at 1.8 GHz.
[4]

E= Z CaBa (15) the infinite array is reconstructed with conforming meshes be-
edges a tween interfaces. Let us consider the elementary cell with oppo-

. site periodic surfaces, and L, (Fig. 4).
whereu, are edge elements and the degrees of freedoate  gquation (17) has lines corresponding to the degrees of

the circulation of the electric field on the associated edges. Thgedom located on the sidewalls e.g., those involving edge
Galerkin procedure leads to the following relation: on L, and edge on L,. The currents/; and.J; must be known

1 . ~ o to solve (17). Agj corresponds t@ by the translation vectdr,
vm, Z Cn /Q Zcuﬂwm seutlty, — ke, - wn | dv the periodicity condition gives the relations

= _ _—iRT
= jwpo / (H x ﬁ) @y ds  (16) Jj=—eF (19)
1219
which can be written in a matrix form as a sparse linear system
_ IRT
[G(e) = jwpo(J) (17) e (20)

where the vectofe) contains the degrees of freedegion the _Inserting these conditions in the linear §ystem given by (17),
edges, andJ) describes the Neuman-type boundary conditiodscan be seen that degrees of freedom likean be expressed

given by only as a function of the degrees of freedom likd&his can be
interpreted as i, and L, are merged, recreating an infinite
J, = / (ﬁ « ﬁ) 4B, ds (18) mesh by wrapping opposite side walls onto each other.
o2
whereii is the normal vector entering the domain D. Network Representation

The studied domaif has to be bounded. We already have As fields in free space are written as expansions on Floquet's
defined the lateral sides of the cell, at which periodicity condmodes, free space can be considered as a waveguide whose
tions are applied. To simply express the boundary conditions eigenmodes are Floquet's harmonics. We saw that these modes
the sidewalls of the elementary cell, the mesh is created in swarle orthogonal, propagative, or evanescent, exactly as in conven-
away that meshes on opposite surfaces are identical. Thustibpal waveguides. The wave propagation in the direction of the
translating this elementary cell with respectktt, 2 andk7, 3, incident wave before and after the walls can be represented by



RICHALOT et al. ELECTROMAGNETIC PROPAGATION INTO REINFORCED-CONCRETE WALLS 361

0n
5]
-2
o ~10]
N B
g ~4 - S -
.% g
a 8 —20-
g ™7 3
@ & 25
= Sy
o [}
& g . . o . B
= — With grid -30- -—— With grid
-------- Without grid ------ Without grid
-10- -35-
T T T T T T T T 1 -40 T T T T T T T T 1
2 40 80 80 100 120 140 180 180 200 20 40 60 80 100 120 140 160 180 200
Wall thickness in mm Wall thickness in mm
(@)
0q 0
_2-— _5_
— UL
% o .
m
St
o 4 o -10+
o
= §
7] & 15
= g -
E Q
7] 2
£ ) . ‘> —20
g g —— With grid ] —— With grid
=N e Without grid ool Without grid
—-10
T T T T T T T 1 -30 T T T T T T T 1
40 80 8o 100 120 140 160 180 200 40 80 80 100 120 140 160 180 200
Wall thickness in mm Wall thickness in mm
(b)
0q 0+
o —— With grid -5
T%? 2 Without grid &
o A
5
4 57
g 3
a ‘D —20
g ] —— With grid
& _ 1 A\~ S N g ]t e Without grid
_25_
-5 T T T T T T T ] -30 T T T T T T T 1
40 60 80 100 120 140 180 180 200 40 60 80 100 120 140 180 180 200
Wall thickness in mm Wall thickness in mm

©

Fig. 11. Transmission and reflection at 900 MHz for a normal incidence for a grid having a square side length of: (a) 5, (b) 15, and (c) 25 cm.

a network whose ports are excited by Floquet modes [4]. FigFtelds are expressed in terms of voltages and currents on
shows the corresponding scheme. the surfacesS; and S, as

In order to determine the scattering matrix for this net-,
work, we calculate the impedance matrix by imposing maglfj-(w,y,z)

netic fields on the ports. The resolution of a sparse system L ALl -

leads to the determination of fields for each excitation. The — Z Z [VnanTEmn(W,y) + anCTl\ﬁmn(w,y)}
impedance matrix is then determined as follows: when the T Timin = Timin 29
port ¢ on surfaceS; or S, (Fig. 2) is excited by the nor- (22)

malized magnetic fieldh; of the associated Floquet's mode,
and all others ports are open circuited, the resolution of the
system gives the electric fiel®® in the whole domair2. Hz, 4, )

We have for each porj Mmax  Mmax - o
- . = Z Z [InlnhTEmn (l‘, y) + I’rnnh’T]\'Tmn (J}, y):|
Zij :/ (hj X ﬁ) - E9 ds, (22) M=Mmin N=Nmin
S1+S2

(23)
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Fig. 12. Transmission and reflection at 1.8 GHz for a normal incidence with a grid having square side length of: (a) 5, (b) 15, and (c) 25 cm.

with (24), shown at the bottom of this page, and (25), shown The calculated scattering matrix contains all the informa-
at the bottom of the following page, we find the relatioion about the transmission and reflection properties of the

between the impedance and admittance matrices structure for the chosen incident field. We can then find the
reflection and transmission coefficients.
[S] = ([Z] + []])—1 (2] - ) (26) E. Cascade Connection of Layers
The studied structure can be seen as composed of three cas-
where [I] is the unit matrix. caded biperiodic layers: the first and third are layers of homo-

mn

nl _ 2 : 2 : / —jkzmnz / Jkmnz) " —Jkzmnzy 7 Jkmnz)
E(.,, Y, z) — |: (CL ¢ . brnn errET ) CTR o (2, y) + (arnn € T+ brnn errEm ) CTM 0 (2, ¥)
M=Mmin "=Nmin

(24)
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Fig. 14. At 1.8 GHz.

geneous dielectric, the second is composed of a square grid im-
mersed in a dielectric (Fig. 6). It is interesting to study them
separately in order to reduce the volume of the domain treated
by the FEM. If two layers are characterized by their scattering
matricesS; and.S,, the scattering matrix of the two cascaded
layers is given by

Sy 0 512
[S]= | 2 21 2 -2 =1
So1 591 Sy So1 - S

Fig. 17.

[Sl] — E%l El?
21 522
=2 =2
[SQ] — 511 ;12 (28)
21 22

Furthermore, the wall is composed of homogeneous dielectric
layers whose scattering matrices can be determined analytically.
The scattering matrix of a dielectric layer of dielectric constant

Fig. 16.
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e, and thicknessis diagonal by block. Each block correspondsig. 18. ¢ = /6 (polarization TE).

MNmax

— !
o= [ @

M=Mmin N=Nmin

Mmax

— —Jkzmnz _ 7/ Gk zmnZ
H(ac brnn € )

e 1" — K amn Z
hTEmn(a},y) + (arnn e’

1o ka2 T
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(25)
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The interface between two dielectric layers of dielectric con- -
stants:,., ande,., is also defined by a scattering matrix diagonal M B = » ® o

by block, and we have for th€E,,,,, mode
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Fig. 21. ¢ = x/3 (polarization TM).

zr Er cr e
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These considerations considerably reduce the size of the com-
putational system to be solved. Only the second layer is studied
through numerical simulation and does not need any another
treatment when the thickness of the wall is varied.

Ill. RESULTS
A. Dielectric Characteristics

The knowledge of dielectric parameters of the wall is neces-
sary to determine the transmission and reflection coefficients.

-1

Transmission in dB

— With grid
-------- Without grid

T T T T T T T 1
60 80 100 120 140 180 180 200
Wall thickness in mm

These parameters vary with the material, environmental condlig 23 piffuse field.

tions (temperature, moisture content, etc.), and the frequency.
Therefore, it is not easy to determine them precisely, and we

have to know their influence on the results. coefficients is not negligible (Fig. 7). It increases with the in-
We can notice that the influence of a variation of 30% of therease of the wall thickness because of the variation of the prop-
real part of the permittivity on the reflection and transmissioagation velocity within the wall. The dielectric losses are null
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TABLE |
TRANSMISSION SIMULATED AND MEASURED IN DIFFUSE FIELD

Frequency (GHz) Transmission (dB) simulated | Transmission (dB) measured
1 -30.3 -30.1

5 -17.0 -14.9

10 -11.7 -11.0

15 -8.6 -9.6

20 -6.5 -9.6

for a real permittivity and increase with the imaginary part dfon, and the power transmission coefficients in diffuse fields
the permittivity (Fig. 8). are given by [5]

S . w4 /2
B. Influence of Grid Dimensions Thiftuse = 2 / / (Treg. ., +Trng, ) sin(26) dO dy

We have studied the influence of some critical parameters T Jo 0
of the grid on the transmission characteristics of the wall anghereZrg andZry; are the power coefficients for TE and TM
compared the results to those obtained for walls without gridpolarized incident plane wavésand¢ angles define the inci-

1) Square Grid Side LengthTo know the influence of the dence direction as defined in Fig. 15. To calculate the coeffi-
grid for usual square grid side length and wall thickness, v@éents, we discretize the angle variation7ifi36 and simulate
simulate walls for a mesh having a square side length varyitite problem for each associated incidence.
from 5 to 25 cm, and for wall thickness varying from 20 to The precision of our method has been verified for a steel grid
200 mm. This study is made at 900 MHz and 1.8 GHz for @f diameter 0.7 mm and mesh size 4.7 mm in the air. The results
normal incidence and a relative permittivily = 7 — j0 - 3. of our simulations are compared in Table | to measurements
The steel diameter is 3 mm. As shown in Fig. 9, the number Bfade in a stirring mode chamber [5]. Good agreement of the
propagative modes in free space increases as a function off@gults can be noticed.
square side length. We have then studied a wall, whose square size length is

For a periodicity of 25 cm, there are 16 propagative high@0 cm, steel diameter 8 mm, wall thickness 40 mm, and rela-
order modes at 1.8 GHz. Fig. 10 shows that their influencetige permittivity e, = 7 — j0 - 2 at 900 MHz.
negligible, as for all the other cases we deal with in this paper. The influence of the direction of incidence of plane waves

Transmission and reflection coefficients, as well as losses(inig. 15) has first been studied in the plape= 0. Figs. 16 and
the wall, are given in Figs. 11 and 12 for concrete with or withodt7 show that, in the TE-case, the transmission decreases when
agrid. One can see that the influence of the presence of the ghié incidence direction becomes oblique, as in the TM-case, the
cannot be neglected for the chosen dimensions. maximum of the transmission is not obtained for a normal inci-

2) Steel Diameter:For a relative permittivity,. = 7—j0-3 dence.
and a square grid of side length of 12 cm, steel diameters of 2The influence of the variation of is then shown foé = = /6
and 4 mm are considered. Results obtained at 900 MHz and (F&s. 18 and 19) and = « /3 (Figs. 20 and 21).

GHz are shown in Figs. 13 and 14. We can see that the influencd he transmission properties as a function of wall thickness
of steel diameter variation has a negligible effect at 900 MHRave been studied for the test case of normal incidence, and
while at 1.8 GHz, the attenuation is more important when tiiesults are given in Fig. 22. Furthermore, this structure has been

diameter is bigger. studied using a diffuse field concept, and results are shown in
Fig. 23. It can be seen from these two figures that results are
C. Diffuse Fields nearly identical for the case without grids, while, for the case

Due to the multireflections phenomena involved in urban ar?é a wall with grids, the diffuse field concept gives different

indoor propagation, the electromagnetic fields have to be Cc)rﬁsults. This is due to the presence of more reflections on the

sidered as the resultant of the incidence of a number of pl réds. The res_ults also show that the presence of grids modifies
waves having different propagation directions and polarizatior%g.e transmission properties of the walls.

Taking an infinite number of plane waves, this phenomena is
well described by the concept of diffuse fields, for which each
direction of propagation is equiprobable. This concept is moreTo study precisely reinforced-concrete walls, a method based
commonly known in a mode stirred chamber and can providea the FEM has been employed. Due to the biperiodicity of the
good figure of merit on reflection or transmission characteristudied structure, the studied domain was reduced to an elemen-
tics when the incident field is not clearly known. As the mestary cell by the use of biperiodic boundary conditions, and fields
is square, thep-angle sector can be restricted in the calculan the open domain were decomposed on Floquet's harmonics.

IV. CONCLUSION
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The studied structure is entirely described by its associated st
tering matrix of small dimensions. An extensive study of ele«
tromagnetic properties of reinforced-concrete walls showed tt
the dielectric permittivity has to be determined precisely, ar
that the influence of the grid cannot be neglected. It is shov
that wall dimensions and the properties of incident field, mainl
its angle of incidence and the effect of considering it as a d
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