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B po6oTi po3rmsagaeThesi MUTaHHS BU3HAYCHHS AICICKTPHYHOI MPOHUKHOCTI 6araTtomrapoBHX Ai€IeKTPHY-
HHUX CTPYKTYp. Bin3HaueHo, 110 ofHUM 3 HAWOLIBII PO3MOBCIOKCHUX METO/IB BU3HAYCHHS AiCJICKTPHIHOI PO-
HHUKHOCTI 0araTomIapoBUX CTPYKTYp € BUMip KOedillieHTiB BIIOHUTTS €IeKTPOMAarHiTHUX XBHJIb iHTepQepeHtiii-
HHMH METOfaMHu. Y 3arajlbHOMY BHUIAIKy IPH NPOBEICHHI BUMIPIiB iHTEpQEPEHIIHHIUMH METOAAMHU, OTHOMY
BUMIpSHOMY 3HAa4eHHIO Koe(illieHTa BIIOWTTS MOXKe BIiINOBifaTH Oe31id 3HAYECHb JieNeKTPUIHOI MPOHHKHOCTI.
LIst HeBH3HAYEHICTh MOYXKE OYTH yCYHEHA, SKIIO € MOX/IHMBICTh IONMEPEIHBOT0 BU3HAUCHHS BIUTMBY Ha KoedilieH-
TH BiIOUTTS Pi3HHX IapaMeTpiB 30HIYIOYHX ECICKTPOMArHITHHX XBHIIb. 30KpEMa € Ba)XKIHBHUM OTPUMAHHS II0IIe-
peOHBOI OLIHKM BIUIMBY KYTIB MagiHHS Ta MOJspU3auil Ha Aiama3oH 3MiHH Koeilli€eHTiB BIZOUTTS OpH 3MiHI
OJHOTO 3 IapaMeTpiB cTPYKTyp. Lle 103BoNsIE OTPHMATH MONEPEIHIO OLIHKY MEX Jiana3oHy 3MiHH KoedilieHTa
BIZOHUTTS IPU 3MiHI TapaMeTpy, SIKUH TOCITIIKYETHCSL.

V naniif poOOTi pO3MIITHYTO BUIANOK MAAIiHHS Ha 0araTOLIapOBY JiENEKTPUYHY CTPYKTYPY ILIOCKOI €IeKT-
POMArHiTHOI XBHJII, Y SIKiif MarHiTHe MoJie MePIEeHIUKYIAPHO IIONHHI naaiHHs, T00To 3 H-momspusariero. Merta
poboTH — po3pobka Mozerni momupeHHs H-1monspru3oBaHoi eeKTpOMarHiTHOI XBHIIII CKpi3b OaraTormapoBy mierne-
KTPUYHY CTPYKTYpPY IPH JOBLIFHOMY KyTi MaJiHHS i BU3HAYCHHS MEXi [Iiama3oHy 3MiHH KoedillieHTa BiIOUTTS
IIPY 3MiHi AieNeKTPHYHOI IPOHUKHOCTI ii mapiB. Po3pobieno Monens po3noBcromkeHHs: H-onsipu3oBaHoi enek-
TPOMArHITHOI XBHIII B JBOIIAPOBIH TieTEKTPUUHIH CTPYKTYpi, Ky PO3TAIIOBAHO HA METANECBiii OCHOBI 3 imeab-
HOIO NpoBifHicTIO. KyT maiHHs eleKTpOMarHiTHOI XBIJII Ha Hei 3 HOBITps € JOBUIBHUM. 3alpOIIOHOBaHA MOJEIb
JIO3BOJISIE OLIHIOBATH KOSDI[i€HT BiAOUTTS €IEKTPOMATHITHOI XBHIII [0 MapaMerpaM CTPYKTYPH 1 KyTy MaaiHHS
XBWI. MoJielnb Ja€ MOXKIIMBICT OTPUMATH aHAJITHYHY OL[IHKY MEXI Jliana3oHy 3MiHU KoedillieHTa BiIOUTTS mpu
3MiHI [i€TeKTPUYHOI MPOHUKHOCTI i TOBIIMHHU KOXKHOTO 3 IIApiB Ti€TEKTPHIHOI CTPYKTYPH. 3 BUKOPHUCTAHHIM
po3pobieHoi Mozeni Oyino OTpUMaHO 3aJIEKHOCTI MO/ KoedilieHTa BiTOUTTS Bix KyTa MaJiHHS Ta JieIeKTpH-
YHOI IPOHUKHOCTI JAPYroro mapy.

Kniouosi cnosa: H-nonspusayis, dierekmpuyna npoHukHicms, Koeiyicum siobummsi, 6aecamowaposi die-
JIeKMPUYHI CIMPYKIYPU.

This paper addresses the determination of the dielectric constant of multilayer dielectric structures. One of
the most-used methods for determining the dielectric constant of multilayer structures is reflection coefficient
measurement by interferometry. In the general case, in interferometry measurements to one measured value of the
reflection 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 coeffi-
cient. In particular, it is important to have a preliminary estimate of the effect of the incidence angle and the polar-
ization on the range of variation of the reflection coefficient with the variation of one of the structure parameters.
This allows one to estimate the boundaries of the range of variation of the reflection coefficient with the variation
of the parameter under study.

This paper considers the case where a plane H-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 H-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 H-
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. The
model allows one to estimate the reflection coefficient of the structure as a function of its parameters and the
incidence angle. The model also makes it possible to analytically estimate the range of variation of the reflection
coefficient with the variation of the dielectric constant and the thickness of each layer of the structure. Using the
model, the magnitude of the reflection coefficient was determined as a function of the incidence angle and the
dielectric constant of the second layer.

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

To study the properties or control parameters of various materials commonly
used methods to measure dielectric constant using electromagnetic waves at mi-
crowave frequencies.

The great scientific and practical interest in radar, radio communications, an-
tennas technology, the development of new coatings and many other applications

is needs to create electromagnetic models of objects that are randomly located in
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space in relation to the incident electromagnetic waves on their surface [1 — 6].

One of the most common subjects for the research of their dielectric properties
are arbitrarily arranged multilayer media with flat layers.

An important part of this researchers is to measure the dielectric constant of
individual layers and effectively dielectric constant of the object in general. One of
the methods for determining the dielectric constant is the measurement of the re-
flection coefficient by interference methods.

However, in the general case, one measured value of the reflection coefficient
can correspondence to many values of the dielectric constant [7]. This uncertainty
can be eliminated by determining the reflection coefficient at different parameters
of the probing electromagnetic radiation, the different polarization of the waves
and the angles of incidence.

When studying the effect of the polarization effect of a plane wave to the re-
flection coefficient, it is necessary to determine the plane of incidence of the wave.
This plane usually is defined as the plane that passes through the direction of wave
propagation and the normal to the interface.

Usually two separate cases are considered [7]:

— the wave has a polarization normal to the plane of incidence;

— the wave is polarized in the plane of incidence (the plane of polarization
and the plane of incidence coincide).

In this paper, we consider the case when a plane electromagnetic wave falls in
a multilayer structure, in which the magnetic field is perpendicular to the plane of
incidence of H-polarization.

The goal of the work — development the model of H-polarized wave
propagation in the multilayer dielectric structure at an arbitrary angle of incidence
and determination of the boundary of the range of change of the reflection
coefficient when the dielectric constant of its layers changes.

Consider the model of the layered structure, which is presented in fig. 1 and
which consists of two dielectric layers, on the surface of the metal.

d>

Fig. 1
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The first dielectric layer has a thickness d;and a dielectric constante;. The
second dielectric layer has a thicknessd, and a dielectric constant e, .

An electromagnetic wave with H-polarization falls on the surface of the multi-
layer structure from the air. We assume that the dielectric constant of aire, equal

to the dielectric constant of the vacuum. Let the normal to the wavefront of the
incident waveform an angle @with a perpendicular to the interface.

We introduce a coordinate system that begins at the boundary between air and
the first dielectric. The OZ axis is perpendicular to the interface and is directed to
the dielectric.

The OX axis is in the plane of incidence. The OY axis is directed along the
vector of the magnetic field of the incident wave.

In this case, the vector of the magnetic field of the incident wave has only one
component, which is described by the expression

Hy, = Hpe & @)

where H,, —amplitude multiplier; y — propagation constant electromagnetic wave

in the medium;§ — the distance from the origin to the wave surface.
The constant propagation y can be expressed through the dielectric constant of
the medium ¢ and its magnetic permeability p [8]:

g= jw.em,

where j — imaginary unit; @ — circular frequency.

As in most cases, the propagation of electromagnetic waves in dielectrics
must take into account its loss, dielectric constant of the medium conveniently pre-
sented as

e= e,edl- j4gd)

where ey - relative dielectric constant of the medium; tgd — dissipation factor.

It is known [3], that any radius vector that is drawn from the beginning of the
Cartesian coordinate system to an arbitrary point on the wave surface can be de-
fined by the expression:

r ! !
F=iyX+ lyy+ iz
1
y» I, — unit vectors of the corresponding coordinate axes.
Accordingly, the projection of this vector in the direction of the normal to the
wave surface has the form

I I
where i, i

r [ r! r!
X= r'—ﬂz xcos(n, iy) + ycos(n,iy)+ zcos(n,i,)

1 .
where n — unit normal vector to the wave surface.
Given this, expression (1) can be written as:

H =H.e g[xcos(r\{,}:)+ ycos(rrl,iy)+ zcos(rr1,i[z)]
y= Hpe . )

For H-polarization of an electromagnetic wave, the normal to the wavefront of
the incident wave lies in the plane of incidence XOZ and forms an angle @ with the
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perpendicular to the plane between the layers. This allows writing the trigonomet-
ric functions in the exponent (2) as follows:

cos(rrl,ix)z sin(q) , cos(rq,iy): 0, cos(ﬁ,iz): cos(q) .

Accordingly, the expression for the Y-component of the magnetic field of the
incident wave in the air might be written as

H;O — Hg e g,(xsing+ zcosq) @3)

where Hg — the amplitude of the magnetic field of the incident wave in the air;
go — propagation constant electromagnetic wave in the air.

Similarly, might be present expressions for the Y-component of the magnetic
field of the reflected wave in air

H;/O — H(_) e g, (xsing¥ zcosqy) ’

where Hy — the amplitude of the magnetic field of the reflected wave in air; qy —

the angle of the reflection wave in the air.
The resulting magnetic field in the air is the sum of the magnetic fields of the
incident and reflected waves

HO — ng_ g, (xsing+ z4¢osq) + H(') e g, (xsing¥ zcosq}“)'

Repeating the algorithm of the above transformations, might be write the
expressions for the resulting magnetic field of the wave in the first and second
layers of dielectrics:

H1 — H1+ e g,(xsiny + zcosy ) + Hl- e g,(xsiny ¥ zcosy 3)

H2 - ng' g,(xsiny + zcosy) + Hé e g,(xsiny ¥ zcosy 3)

where H;, Hf, H; - the amplitudes of the total magnetic field value, magnetic
field of the incident wave and magnetic field of the reflected wave in the first die-
lectric; H,, H; , H, — the amplitudes of the total magnetic field value, magnet-

ic field of the incident wave and magnetic field of the reflected wave in the sec-
ond; y - the angle between the normal to the wavefront of the incident wave at

the boundary of the first layer and the normal to the plane of the interface between
the first and second layers (z= d;); y ¥ — the angle of the reflection wave in the
first layer; | — the angle between the normal to the wavefront of the incident
wave at the boundary of the second layer and the normal to the plane of the inter-
face between the second layer and metal plate (z= d; + d,); j ¥ — the angle of the
reflection wave in the second layer.

To obtain the algebraic equations for the unknown amplitudes H, and H ,
n= 0,1, 2 we will use the boundary conditions for the tangential components of
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the magnetic and electric fields on the surfaces of the boundaries of the considered
media.

The condition of equality of magnetic tangential components in the plane
z = 0can be written in the form

H(—)f'e- goXsing + H(—) e- goxsmqyz Hf e- g,Xsiny + H]__ e- g,xsinyy ) (4)

Equation (4) must be true in any coordinates x.

This can be done only if the exponential factors containing coordinates X,
equal.

This leads to the equations:

doSiNg= gosingy= g;siny = g;siny §
where it follows
sing = sinqgy, siny = siny , gosing= g,siny . (5)
Accordingly, when z= 0, the boundary conditions for magnetic fields take

the form:

Hg + Ho = HY + Hj (6)

Expressions for the components of the electric field can be obtained from
Maxwell's equations in differential form [3]:

In the future we will be interested only in the tangential component of the
electric field E,, so we will present it through the tangential component of the

magnetic field H, :

xT T T (7)

Taking into account (7), we can write expressions for the resulting electric
fields in air Eg, in the first E;and in the second E, layers of dielectrics, accord-

ingly:

COS( , i - ing-
EO - gq q g_h;-e go(xsing+zcosq) _ HO e g,(xsing- zcosq) 1
Jwe,

E = g, cosy z_ﬁe- g,(xsiny +zcosy ) _ H e g,(xsiny- zcosy)n
- l 1 Er
JWey

E, = 9, COSj g_ue g,(xsinj +zcosj ) _ Hé e g,(xsinj - zcosj ) _
Jwe, B

It should be noted, that since the third layer in this structure is a metal with
ideal conductivity, the electric field E; in it is zero

E;= 0.
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Therefore, the boundary conditions £, = E; in the planez= d; + d, can be
reduced to the equation

He 9,(d,+d,)cosj _ Héegz(dﬁdz)cosi =0. (8)

From equation (8) for the reflection coefficient at the boundary between the
second dielectric layer and the metal, we have

Hy _ - 2g,(d,+d,)cosi
Rz — _i: e 92( i+ d,)cos] ' (9)
H2

For a plane with a coordinate z= d,of the equality of the tangential compo-
nents of the magnetic field H; = H,and the electric field £, = E,, the following
pair of equations can be obtained

H1+ e g,dcosy H; egldlcosy — H;e' g,dicosj H; egzd1c051 , (10)

g, cosy g"f . g,d,cosy ) Hl_ egldlcosy 1L
1

_ . (11)

0,COS) 1 + - g,dcosj - ,0,d,cosj
= 2220 r e G0eos | g0dcos) 1
e, }142 2 B

Dividing (11) by (10), and using (9) we can obtain the expression for the re-
flection coefficient at the boundary of the first and second dielectrics (z = d,)

1 - = e 29,d,cosy (12)

where
_ egycosj M- Rye%hod
e,0; COSY 511+ R262g2dlcOSJ E .

(13)

The similarity of (5), write the ratio between the values of the angles y and
J the expression (12) and (13)

g;siny = g,sinj . (14)
At the boundary of air and the first dielectric layer, (z= 0) the boundary
conditions for the electric field have the form of E, = E; when

oS N . oS + ]
%o q(HO' Ho)= J y(Hl' Hi).
0 1

Dividing (14) by (6), taking into account (12), we can obtain the expression
for the reflection coefficient Ry = H, /Hg of the considered two-layer dielectric
structure on a metal basis

RO = ]'__qo (15)
1+ 0
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where

— €09, COSY ?311' ng (16)
elgocosqﬂl+ Rt

From (6) and (14) we obtain

siny = g—Osinq , sinj = g—Osinq.

01 9

The latter relations allow us to express through a given angle g of incidence
trigonometric functions cosy and cosj , which are included in the expression for

the reflection coefficientsR,, R;, R,

2
cosy = ,[1- >IQ‘ﬁglsinz , (17)

2
L / ol . 2
= [1- . 18
CoSj %gzglsm q (18)

The common numerical solution of expressions (9), (12), (1.28), (15) — (18),
allows to determine the reflection coefficient by the parameters of the structure
and the angle of incidence of the electromagnetic wave, as well as to obtain the
corresponding dependences.

In particular, in fig. 2 shows the dependence calculated for the modulus of the
reflection coefficient Ryon the angle of incidence & for several values of the rela-

tive permittivity eyof the second dielectric layer.
Model calculations were performed for the frequency of electromagnetic
waves f = 8 GHz and the following values of the structure parameters: ey= 1,

tgdy = 0 (air); ey= 2, tgd, = 0, d; = 5 mm (the first dielectric layer), ey= 2 -5,
tgd, = 0,3, d, = 100 mm (the second dielectric layer).
R,

1,04
0,8
0,6
0,4

0,2

0,0
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As can be seen from fig.2, the largest range of change of the modulus of the
reflection coefficient R, from the surface of the structure, when changing the rela-

tive dielectric constant of the second dielectric layer ey, is observed for the angles

of incidence close to 8= 50 deg.

In particular, in the region of the angle of incidence & = 50 deg. the range of
change of the modulus of the reflection coefficient, with a change in the relative
dielectric constant of the second dielectric layer, is much wider than with a normal
incidence of the electromagnetic wave (€= 0 deg.).

More precisely, at a normal angle of incidence there is almost no sensitivity of

the reflection coefficient R, to change ey.

Conclusions. A model of H-polarized wave propagation in a multilayer die-
lectric structure for an arbitrary angle of incidence was developed, and the limit of
the range of change of the reflection coefficient at the change of the dielectric con-
stant of its layers was determined.

The developed model makes it possible to determine the coefficient of reflec-
tion of electromagnetic waves from a multilayer dielectric structure by its parame-
ters and the angle of incidence of the wave on the surface of the structure.

The model allows to obtain an analytical estimate of the range of the coeffi-
cient of change of reflection and reflection when changing the dielectric constant
and thickness of each of the layers of the model of the dielectric structure on a
metal basis.
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