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MODEL OF E-POLARIZED WAVE PROPAGATION
IN THE MULTILAYER DIELECTRIC STRUCTURE
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B po6oTi po3rnsaaeTbca NUTaHHs BU3HAYEHHS AieNeKTPUYHOI MPOHMKHOCTI GaraToLlapoBMX AienekTpuy-
HUX CTPYKTYp NPV BUKOPUCTaHHI pafioxXBUNbOBUX IHTEPdEpPeHLiHNX MeTogiB. Big3HaueHo, Lo Y 3arasbHOMY
BUNaZKy Npy NPOBeAEHHI BUMIpIB iHTephepeHLiiHUMI MeTO4aMM OAHOMY BUMIPSIHOMY 3Ha4eHHHO KoedillieHTa
BifOWMTTA MOXe BiAnNoBigaTh 6e3niy 3HaYeHb AieNeKTPUYHOI MPOHMKHOCTI. Lis HeBM3HaueHICTb MOXe ByTun ycyHe-
Ha, AKLLO € MOX/IMBICTb NOMNePeAHbLOro BU3HAYEHHS BNAUBY Ha KOegilieHTV BiAOUTTA Pi3HUX napameTpiB 30H-
[YHUNX eNeKTPOMAarHiTHUX XBU/b. 30KpeMa € BaXNMBKUM OTPUMAaHHSA NonepefHbOT OLiHKM NAVBY KyTiB NagiHH:A
Ta nonspu3aLii Ha fianasoH 3MiHU KOeiLieHTIB BiAOUTTSA NpM 3MiHI OAHOr0 3 MapaMeTpiB CTPYKTYP.

B paHili poboTi po3rnafacTbCa BUNagoK, KoMK Ha GaraTtollaposy CTPYKTYPY Najae naocka enekTpomarHiT-
Ha XBWNA, Y AKiA MarHiTHe none NepneHAVKyNsApHO MAOWWMHI NagiHHA, To6To 3 E-nonspusauieto. MeTa pobotn —
po3pobka Mofeni nowmpeHHs E-nonspusoBaHoi enekTpoMarHiTHOI XBUAI CKpi3b GaratolapoBy AieNeKTpUuuHy
CTPYKTYPY Npv JOBINbHOMY KyTi MafiHHS i BU3HAYeHHS MeXi AianasoHy 3MiHW KoegilieHTa BIgOUTTS nNpw 3MiHi
[ieneKTpUYHOT NPOHUKHOCTI i Wwapis. Po3po6/ieHo MOAeNb PO3MNOBCIOXKEHHA E-NONspu30BaHOi eneKTpoMarHiT-
HOI XBWNi B [jBOLLAPOBIN AieNeKTPUYHIA CTPYKTYpPI, Ky po3TalloBaHO Ha MeTanesili OCHOBI 3 ifeanbHOK npo-
BIZHICTIO MPW [OBINbHOMY KyTi NafjiHHA eneKTPOMarHiTHOI XBWAi Ha Hel 3 NoBiTPA. Ha ocHOBI po3pobsieHoT Mo-
[ieni 3anponoHOBaHO METOZ BUMIpHOBaHHS BiHOCHOI AieneKTPUYHOT MPOHWKHOCTI Ta TaHTEeHCY KyTa fienekTpuy-
HMX BTpaT. [Noka3aHo, L0 Npy HOpPManbHOMY MafiHHI XBWAI MOAyNb KoediuieHTa BigoutTa ana H- n E-
nonapusauii ogHakoBi. TOMy 15 BU3HAYeHHS BifIHOCHOI AieNeKTPUYHOT MPOHMKHOCTI Ta TaHTeHCY KyTa fienekT-
PUYHKX BTPAT MO BUMIpPSHOMY MOZY/HO KoedpiLlieHTa Bi6UTTA HEOOXiLAHO NPOBOAUTY He TiflbKV NPy HOPMa/bHO-
MY, HO Ii CKICHOMY MafjiHHi efeKTPOMarHiTHOI XBuAi, Npy SKOMy MOAYNI KoegilieHTa BIigoutTa  6yayTb Bigpis-
HATUCA ANsa BUNaaKis H- n E-nonapmsauii.

KntoyoBi cnoBa: 6araToluaposi gienekTpuuHi CTPyKTYypu, E-nonapusadis, H-nonspusayis, gienekTpuiHa
MPOHWKHICTb, KOeMILieHT BigbUTTA.

This paper addresses the determination of the dielectric constant of multilayer dielectric structures by ra-
diowave interferometry. In the general case, in interferometry measurements to one measured value of the reflec-
tion coefficient there may correspond an infinity of dielectric constants. This ambiguity may be resolved by first
determining the effect of different parameters of the probing electromagnetic wave on the reflection coefficient. In
particular, it is important to have a preliminary estimate of the effect of the incidence angle and the polarization
on the range of variation of the reflection coefficient with the variation of one of the structure parameters.

This paper considers the case where a plane E-polarized electromagnetic wave, i.e. a wave whose magnetic
field is perpendicular to the incidence plane, is incident on a multilayer dielectric structure. The aim of this work
is to develop a model of the propagation of an E-polarized electromagnetic wave through a multilayer dielectric
structure at an arbitrary incidence angle and to determine the range of variation of the reflection coefficient with
the variation of the dielectric constants of the layers. The paper presents a model of the propagation of an E-
polarized electromagnetic wave in a two-layer dielectric structure. A metal base, which is an ideal conductor,
underlies the structure. The electromagnetic wave is incident from the air at an arbitrary incidence angle. Based
on the model, a method is proposed for measuring the relative dielectric constant and the dielectric loss tangent.
It is shown that at a normal incidence the reflection coefficient magnitude is the same both for H- and E-
polarization. Because of this, determining the relative dielectric constant and the loss tangent from the measured
reflection coefficient magnitude calls for measurements not only at a normal incidence, but also at an oblique
incidence, at which the reflection coefficient magnitudes will be different for H- and E-polarization.

Keywords: multilayer dielectric structures, E-polarization, H-polarization, dielectric constant, reflection
coefficient.

The current level of development of interference microwave [1-8] material
control techniques shows their great potential for measuring the properties of mul-
ti-layer dielectric constant.

Work [8, 9] noted that, in general, many dielectric constant values can corre-
spond to one measured coefficient of reflection when measuring multilayer con-
stant.

Therefore, it is very important to obtain a preliminary estimate of the impact
of the angle of incidence and polarization on the range of changes in reflection
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coefficient when one of the structure parameters changes.

In [9], we considered the case of the case of a drop of a flat electromagnetic
wave into a multilayer structure in which the magnetic field is perpendicular to the
plane of the drop with E-polarized.

To obtain a complete estimate of the influence of polarization on the reflec-
tion coefficient, in this work, we consider the case when a plane electromagnetic
wave is incident on a multilayer structure, in which the magnetic field is perpen-
dicular to the plane of incidence with electron polarization.

The aim of this work is to develop a model of the propagation of an E-
polarized electromagnetic wave through a multilayer dielectric structure at an arbi-
trary incidence angle and to determine the range of variation of the reflection coef-
ficient with the variation of the dielectric constants of the layers.

In order to develop an e-polarized electromagnetic wave propagation model,
the same layered structure was considered as in the work [9].

It is presented in figure 1. This structure consists of two layers of dielectric
located on the surface of the metal. Layer 1 has thickness d; and dielectric constant

e, . Layer 2 has thickness d, and dielectric permeability e, .

z
g |6
X
S 1 o
"g 2 o of
Fig. 1

Let the angle of incidence of the electromagnetic wave (the angle between the
normal and the wavefront of the incident wave and perpendicular to the plane of
the partition of the media) be equal g . Enter the same coordinate system as in [9].
However, now the OY axis will be directed along the vector of the electric field of
the incident wave.

In the case in question, the vector of the electric field of a wave at any point at
the coordinates X, y, z has a single component E,, which is expressed through the
constant propagation of the electromagnetic wave in the medium y and the distance
from the origin to the wave surface &

E,(x,y,2)= E,e >0y

where Eo — amplitude factor; g — propagation constant
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The distance from the origin to the wave surface equals the projection of the

radius-vector 1, which is drawn from the origin to a point on the wave surface at
the coordinates X, y, and z on the direction of the normal to the wave surface.
Therefore, in this case, the value & is defined by the expression

§ = xsin 6+ zcos 0.

This results in an equation for the incident wave

+ + A~ (x-sinq+2z-cOS
EyO — Eoe 9o (xsing q)

where Ey+0— Y-component of the electric field of the incident wave in the air;

E, — amplitude of the electric field of the incident wave in the air.
A similar approach to air-reflected wave gives the following equation

- _ E-pa-90(xsing’-z-cosq’)
E,, =Eq€

where E ; —Y-component of electric field vector of the reflected wave in air; E;
—amplitude of the electric field of the reflected wave in air.

The resulting electric field E;in the air is the superposition of the incident
and reflected waves

£ +a-Yo(xsing+z-cosq) —A—0g(x-sing’-z-cosq")
E,=Eje™ +E e .

By analogy, it is possible to write the expressions for the resulting electric
field in the first and second dielectrics:

E1 — El+e—gl(xsiny+zcosy) + El—e—gl(xsiny—zcosy) ' (1)

E2 — E;e—gz(x-sinj +2-C0Sj ) + Ez—e—gz(x-sinj —2-c0Sj ) (2)

where E;, E;", E; — the resultant electric field, the electric field amplitude of the
incident wave and the electric field amplitude of the reflected wave in the first lay-
er; E,, E;, E, — the resultant electric field, the electric field amplitude of the

incident wave and the electric field amplitude of the reflected wave in the second
dielectric.
The relationship between angles y andj in equations (1) and (2) in the first

and second dielectrics and the angle g was given by the ratios obtained in [9]:

siny = g—osinq , sinj = g—osinq.
&1 82
We use boundary conditions for tangential components of magnetic and elec-

tric fields on the boundary surfaces of the studied media for to derive algebraic
equations for unknown amplitudes E= and E, (n=0,1, 2).

The condition of the tangential components of the electric field in the plane
z =0 is written as

+~—0gXsing —A—00XSIiNQ __ = +4-0iXsiny —A—0pXsiny
Ese ™ +Eje ™" =Ee™Y +Ee™ . (3)

113



Considering the equation g,sing =g,siny , obtained in [9], the equation
(3) can be written as
E, +E, =E +E,. 4)

The expressions for the components of the magnetic field can be obtained
from Maxwell’s equation for a monochromatic electromagnetic wave with a circu-
lar frequency W :

rote = - jmwH (5)

where E — the complex vector amplitude of electric field; H — the complex vector
amplitude of magnetic field.
When considering the continuity conditions at the boundary of the layers, it is

sufficient to consider only the tangential component of the magnetic field H, .
It follows from equation (5) that an expression for H, can be written in
terms of E :
1 ©E
H=—— .
jwm 0z

(6)

Here and further we shall assume that the magnetic constant of the air, first
and second layer equals the magnetic permeability of the vacuum p.
Considering equation (6), we have:

HO _ _go Cosq [Ege—go(xsinq+zcosq) _ Eo—e—go(xsinq—zcosq):' (2.12)
jwm,
H o= — gl Ccosy [E+e—gl(xsiny+zcosy) _ Efe—gl(xsiny—zcosy)il (2 13)
1 - 1 1 y .
jwm,
H2 _ _g2 C0oSJ I:E;efgz(xsinj +2C0sJ) Ez—e—gz(xsinj —zcosj):l (2.14)
jwm,

where H,, H,, H, - the resulting magnetic field in the air, the first and the second
media.
The third medium is a perfectly conductive metal, so the electric field E; in it

IS zero.
The requirement of continuity of the tangential component of the electric field

in the plane z =d, +d, , which has the form E, = E, , is reduced to
E;e—Gz(dl‘*'dz)COSj + Egegz(d1+dz)005j =0. (7)

From equation (7) for the coefficient of reflection R, at the border of the sec-
ond dielectric and metal layer we obtain

N H2_ _ —Zgz(d1+d2)cosj

= H, =—e . (8)

RZ
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For a plane z =d, of tangential components E, =E, and H, = H,, the fol-
lowing pair of equations are obtained:
E;e—gldlcosy n El_egldlcosy E e -9, d,cosj n E_ 9, d,cosj , (9)

-g9,d _ g.d - —g,d,cos]j __g,dcosj
g, cosy (Efe g,dicosy E l1eosy ) =g, C0Sj (E;e g dicosi Ezeg2 cos] )-(10)

Dividing (10) by (9) and considering the (8) the expression for the coefficient
of reflection Ryin the plane z =d, , i.e. at the border of the first and second die-
lectric

_ E17 _ 1- ql e—291dlcosy

= 11
YE 1+q (1)
where
g,C0sj [ 1— R
17 g, cosy | 1+ R g% (12)
1 2

On the boundary of the air and the first dielectric, boundary conditions for the
magnetic field have the form H, = H,, from which follows

gocosq(E; —E;) =g ,cosy (E —E)). (13)

Dividing (13) by (4) and considering the (11) the expression for the coeffi-
cient of reflection R, = E; /E;

1-q
R =-_0 14
° 1+q, (14)
where
g,cosy (1-R;
= . 15
% g, Cosq [1+R1J (15)

The functions cosy and cos J , which are included in the ratios for reflec-
tion coefficients Ry, R, R, , can be represented by a given angle of incidence ¢,
as shown in paper [9]:

cosy =, [1- >I<‘goglsm g, cosj = ,[1- >I<‘goglsm q.
81 2

The joint solution of the expressions (8), (11), (12), (14), (15) makes it possi-
ble to find a reflective coefficient of the structure under consideration on the basis
of the parameters of the multilayer structure and the angle of the incident of the
electromagnetic wave on it.

In order to evaluate the possibilities of the model, calculations were made to
determine the relationship of the reflection rate module to the angle of incident g

for the relative dielectric constant e of the variable range from 2 to 4.
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On fig.2 the calculated dependencies of the coefficient of reflection module
on the angle of incident q for the threee, =2, e, =3, e, =4 relative dielectric

constant values are shown.

IR

1,0
0,8 4
0,6
0,4
0,2
. 6, rpan

0,0 T T T T T T T T T

0 10 20 30 40 50 60 70 80 90

82'=2;. .. .82':3;_ - 82':4
Fig. 2

As can be seen from Figure 2, with E-polarized, the widest range of modulus
change in the coefficient of reflection at a change in the relative dielectric constant
of the second dielectric corresponds to the normal incidence of the electromagnetic
wave (q = 0).

Comparison of these results with the results for the H-polarization coefficient
reflection ROH in research [9] (fig. 3), shows that the intersection points of the

curves corresponding to the different relative dielectric constant values e, for H
and E- polarized correspond to different incidence angles g.

&7
1,0 4
0,8
0,6 1
0,44
02
0,0 T T T T T T T T T
0 10 20 30 40 50 60 70 8 90 6, Tpam
& =2— = §&'=3;" - -&'=4
Fig. 3

The comparison of the results presented in Fig. 2 and Fig. 3 also shows that
for 6 = 0, the modules of the reflection coefficients for H and E- for H and E-
polarized are the same.

We will prove that this fact is true in the general case.
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Indeed, in (8) and in equation R, = :—i: g 28 (G L)Y £om 9] follows
2
that R,. =—R,,, (hereinafter the lower index E denotes the corresponding value

for E-polarized, and the lower index H denotes the H-polarized).
If g =0 the functions cosJ =cosy =1 therefore the expressions obtained

= _ 29,d, cosj
in[9] g, = €9, C0sJ [ 1 Rzez —— |, and equation (12) take the form:
e,g, cosy | 1+ R,e 2

_ 29,0,
Oy = €0, [1 Ry @ ]’ (16)

e,0, | 1+ R, e
P 1- RzEezgzd1
==5 —=——. 17
qlE gl [1_’_ RZEe2g2d1 ( )
Considering the definition for propagation constant [8], for the ratio €9 in
€.0:
(16) we obtain
202 9 (18)
€.0: 0
Considering equation (18) and equality R, =—R,,, for g, :
1+R, %) 1
Oy = g_l[ 2 20,4, ] = (19)
g9, 1- RZEe Gie

Put up the (19) to the equation R, = H 1_—qle' 28,000 ohtained in [9].

Hf 1+ q

Compare the result with (11). It follows that there is equality R, =—-R,, .

Similarly, it can be shown that q;,, = qi and R =—Ry, ie. |Rg|=|Ryl.

1E

Thus, it is shown that, in a normal incidence of a wave, the module of the co-
efficient of reflection for H and E-polarized is the same.

Therefore, in order to determine the relative dielectric constant and dissipa-
tion factor, the coefficient of reflection of the measurement should be carried out
not only at the normal incidence but also at the inclination incidence of the elec-
tromagnetic wave, when the reflectance modules will be different for H and E-
polarized.

Conclusions. The paper presents the model of the propagation of an E-
polarized electromagnetic wave in the two-layer dielectric structure. The model
allows one to estimate the reflection coefficient of the structure as a function of its
parameters and the incidence angle in case the electromagnetic wave is incident
from the air at an arbitrary incidence angle.
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It is shown that, in order to determine the relative dielectric constant and dis-

sipation factor, the coefficient of reflection should be defined not only at the nor-
mal incidence but also at the inclination incidence of the electromagnetic wave,
when the reflectance modules will be different for H and E-polarization.

Based on this model as well as the model described in work [9], a method for

measuring relative dielectric constant and dissipation factor was proposed.
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