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RESONANCE PHENOMENA IN A WAVEGUIDE-DIELECTRIC STRUCTURE

The physical processes occurring in the waveguide-dielectric structure that has the form of a
section of rectangular cut-off waveguide with dielectric insertion filling completely the cross section of
the waveguide are considered. There are travelling modes in the insertion.

The electromagnetic fields in the classic waveguide-dielectric resonator without devices for its
excitation and with coupling elements are calculated. The expressions for the reflection and
transmission coefficients of the structure under consideration are presented. The calculating results of
the distribution of the modulus of the electric field along the longitudinal axis of the cut-off waveguide
at the natural frequency and frequencies near to that are obtained. It is shown that the frequency
deviation from the natural value greatly reduces the electric field inside the resonance volume. The
positions of poles and zeros of the reflection coefficient are investigated with a fractional-rational
approximation. The obtained results are useful for measuring the properties of dielectric materials
using waveguide methods.
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PacecmatpuBaroTtest pu3nyecKkne Npouecchl, MMeIIIHe MeCTO B BOJHOBOAHO-IMIJIEKTPHYECKOil
CTPYKTYype B BHJAE OTpe3Ka MNPSAMOYT0JLHOI0 3anpeleIbHOr0 BOJHOBOAA C JHIJICKTPHYECKO
BCTaBKOii, IOJTHOCTHIO 3aNO/IHAIONIEl MoNepevyHoe ceyeHHe BOTHOBOAA. Bo BcTaBke cylecTBYIOT
pacnpocTpaHsIoImKecs: BOTHOBOIHbIE MObI.

AHaqu3upyeTcsi TMoOBeJdeHHe J1eKTPOMATHHTHOrO MO B  KJIACCHYECKOM BOJHOBOIHO-
AMIJIEKTPHYECKOM pe30HATope ©e3 y4eTa YCTpPOICTB /ISl ero BO30Y:KAeHHS, a TakKike HpH
HCNOJIb30BAHMM cHCcTeM cBA3H. IIpuBoAsiTCS BhIpaskeHus A pacyera K03(PpPUIHEHTOB 0TpasKeHUus U
NPOXOKACHUs uccaenryeMoii cTpykrypsl. IIpuBoasites pe3yabTaThl pacdera pacnpegeieHHs MOAYJIS
HANPSUKEHHOCTH 3JIEKTPHUYEeCKOro IoJisi BJ0Jb NPOJOJBLHOI OCH 3ampelebHOIO BOJHOBOAA Ha
PE30HAHCHOM 4YacToTe W HA 4acToTaxX, OIM3KHMX K Heil. JleMOHCTpUpYyeTCs, YTO OTKJIOHEHHE YACTOThI
3JIeKTPOMATHUTHOTO TMOJSl OT Pe30HAHCHOT0 3HAYEeHHsl NMPHBOAUT K 3HAYMTEIbHOMY CHHKEHHIO
HANPS’KEHHOCTH 3JIEKTPHYEeCKOro IoJsi BHYTPM pe30HaHCHOro o0néma. C mnoMombi0 ApoOHO-
PAUMOHAIBLHON aNNPOKCMMALMM MCCJelyeTcs pPAacHoJiokeHHe TMOJI0COB M  HyJeid (yHKUUH
ko3¢ punuenta orpaxkenusi. IlomydyeHHble pe3yJbTAThl SIBJSIOTCH MOJIE3HBIMH ISl TPOBedeHHs
HU3MepeHMii CBOICTB IHI/IeKTPHYECKHX MaTepHaI0B BOTHOBOJIHBIMH METOAAMH.

KiroueBble cj10Ba: BOJHOBOAHO-IAMAIEKTPUYECKAst CTPYKTYypa, DPE30HAHC, IPOOHO-palMOHAJIbHAS
annpoKCUMaLusl.

Posrasparorbes (isnyHi npouecu, ki Big0yBaoThcsl B XBUJIEBIIHO-AieIeKTPUYHIN CTPYKTYpi y
BH/i BiIpi3Ky 3aKpHTHYHOr0 MPSIMOKYTHOTO XBHJIEBOJY 3 /i€ IeKTPHYHOI0 BCTABKOIO, SIKA MOBHICTIO
3al0BHIOE NONIepeYHHUii epepi3 XBHIIeBOAY. Y BCTABLi iCHYIOTh XBHJIEBOJAHI MOIH, 1110 NOIINPIOIOThHCS.

AHani3y€eTbesl NOBeiHKA eJIeKTPOMATHITHOrO MOJISl Y KJIACHYHOMY XBHJIEBiHO-ieJeKTPUYHOMY
pe3oHaTopi 6e3 BpaxyBaHHSl MPHUCTPOIB 1Jisl HOro 30y/I:KeHHS, 2 TAKOK NPH BHKOPHUCTAHHI CHCTeM
3B’s13Ky. HaBoasiTbest BUpa3u 171 po3paxyHKy koedilieHTiB BitOMTTS Ta MPOXOIKeHHS AOCTiIKYBaHOI
cTpykTypu. HaBoasiThesi pe3yJbTaTH PO3PAXYHKY PO3HOALTY MOAYJISl HAMPY:KEHOCTi €JeKTPHIHOIO
NOJISA B3J0B3K NMOB30B:KHbOI OCi 3AKPHUTHYHOI0 XBHJICBOAY HA PE30HAHCHIN 4acTOTi Ta HA 4YacToTax,
O0JIM3BKHX /0 Takoi. /leMOHCTpyeThes, IO BiAXWJIEHHSI YaCTOTH €JIeKTPOMATHITHOIO NO0JIS Bin
Pe30HAHCHOTO 3HAYEHHS] BUKJINKAE 3HAYHE 3HUKEHHSI HANPY:KEHOCTi eJIEKTPUYHOTO TOJISI BcepeanHi
Pe30HaHCHOro 00’emy. 3a [10mMOMOrow Jpo0oBO-palioHAILHOI anmpokcuMauii  AOCTiIKy€EThCS
po3TallyBaHHsl MoOJaIOCiB Ta HYyJiB ¢yHkuii koediumieHty BinourTa. OTpuMaHi pe3yJbTaTH €
KOPMCHUMH /I TPOBeJdeHHs BHUMIipiB BJIacTHBOCTell [ieJleKTPHMYHMX MaTepiajiB XBHJIEBOAHUMH
MeTOolaMH.

KnrodoBi cioBa: jiesleKTpUYHO-XBHJIEBOJHA  CTPYKTypa, pe30HaHC, ApoOOBO-pallioHaNbHA
ampOKCUMAIIis.
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Introduction

In the present time, modern technologies and productions require the use of
dielectric materials. It is necessary to obtain information about the properties of the
dielectric material, such as its dielectric permittivity and its loss tangent. Various
microwave methods are used to solve this problem. Among them an important place is
occupied by devices using waveguide-dielectric structures.

Many papers [1-4] are devoted to the consideration of the devices on the basis of
waveguide segments with dielectric inserts. According to the authors, the first attempt to
produce a classification of the waveguide-dielectric systems was presented in [5]; there
the basic physical ideas were realized. However, according our opinion, such analysis has
only the proposition nature and, for example, the physical processes in a rectangular
waveguide with a dielectric insert have not been completely analyzed.

The purpose of this paper is considering the resonance phenomena in such systems.
The rectangular waveguide with a dielectric box completely filling the cross-section of
the waveguide has been taken as an example. The choice of the proposed structure is
determined by the fact that it has an analytic solution of the electromagnetic problem; the
results of the analysis can be generalized for more complicated cases.

Main part
Let us consider the classic pattern of the waveguide-dielectric resonator excluding
devices for its excitation. It is presented in the Fig. 1.

(@) (b)

Fig.1. A waveguide-dielectric resonator model without its excitation device (a) and the variation of the
cut-off waveguide excitation with dielectric filling inserts(b)

As known, the electromagnetic field components E,, H, and H. of the main type of
the mode Hjy in a rectangular waveguide are not zeroes. If the origin of the longitudinal
coordinate is situated in the middle of the dielectric insert, there are two cases in view of
the axis of symmetry of the system under consideration: the first one is the situation when
the magnetic wall is in the middle of the dielectric parallelepiped; and the second one —
when the electric wall is in the middle of the dielectric parallelepiped. In the first case the
electric field in the dielectric insert can be described by the expression

E, = Acos(jz) (1)

and the other case is

E, = Asin(yz). ()
The electric field outside the dielectric in both cases is described by the expression

EY) = dyexp(-ypz) 3)
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2\ 7\ Y ()
where A4, 4, are amplitude coefficients, y = (TJ a—[—j , Vo = (7} —(—j are
a a

propagation constants in a waveguide filled with a dielectric and in an empty one
respectively, a is the size of the wide side of the waveguide, A is the length of the
electromagnetic wave in the waveguide, ¢ is dielectric permittivity.

The required tangential component H, of the magnetic field is:

Y

H, =-4 sin(y-z) in the first case and H, =4 cos(y-z) in the second.

Outside the dielectric it is H )(C) =-4 y—oexp(— }/02) , where @ — cycle frequency, y is the

JOU
permeability of the medium. The boundary conditions for the tangential components E), H, of

the electromagnetic field can be satisfied only in the plane z = é due to the symmetry of the

system with the origin of z-coordinate in the center of dielectric slab, where L is the thickness
of the dielectric insert. In the first case, the boundary conditions for E, and H, are

A cos(y%j =4, exp(— Yo %) and Ay sin[y%j =AyYo exp(— Yo %j , respectively.

The condition for determining the natural frequencies is obtained via dividing the
first expression by the second one

ctg(7§)=7l. @)
0

The similar expression for the second case is

rg(y%) - —ylo. )

Such approach of similar ideology was used by the authors of papers [6] with
certain complications in satisfying the boundary conditions at the ends of waveguide
systems with a dielectric filling.

A necessary condition for the initiation of resonance properties, as it is known, is the
abrupt intensity changing of the electromagnetic field in a resonant volume with
respective frequency changing. It should be noted that there are two radically different
physical natures of the manifestation of resonant properties for the considered model. In
the first case the resonance system is formed by a segment of a standard waveguide with
traveling mode in the corresponding frequency band. In the other case, the waveguide
segment is cut-off one without any traveling mode but a traveling mode exists in the
dielectric insert. For the first case the equations for determining the natural frequencies
have complex solutions, so natural frequencies also must be complex. This corresponds to
the loss due to the electromagnetic energy radiation. It is a radical difference from the
other case, in which the presence of the cut-off waveguide eliminates the radiation loss.

In our paper we consider the case with the cut-off waveguide as the simplest version
for calculations. The size of the wide side of the waveguide ¢ = 12 mm provides a
dominant mode in the 3-cm wave-range. Let us suppose that hypothetical dielectric
material has the dielectric permittivity € = 80 and thickness L = 10 mm, under conditions
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of absence dielectric losses ( tgd = 0 ). In the case of the solution with magnetic wall (4),
the chosen geometrical and electrical parameters of the system give the value of natural
frequency f = 10242 MHz. At this frequency the distribution of the electric field

strength modulus along the longitudinal axis from the point of symmetry in the dielectric
insert and in the part of space outside is shown in Fig. 2a. The influence of the frequency
changes on the distribution of the electric field strength modulus is illustrated in Fig. 2b.
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Fig. 2. The electric field strength modulus along the longitudinal axis of the cut-off waveguide at
resonance frequency fr =10242 MHz (a) and near it / = 9600 MHz (b) for parameters of dielectric

insert: ¢ =12mm, L/2 =5 mm, £= 80

The view of the field with L/2 = 5 mm is considered in this figure due to the

system symmetry. As we can see from Fig. 2b, the frequency deviation of the
electromagnetic field from the natural one leads to a slight decrease of the strength only
in the plane of the dielectric permittivity jump. Hence, it is clear that such simplified
model of the waveguide-dielectric resonator can not give a full description of the
physical processes occurring in this structure.

Obviously, for more complete description of processes in such structure it is
necessary to take into account the devices for excitation of the cut-off waveguide
inserts connected to the dielectric sample. There are several versions of the devices for
excitation of cut-off waveguides. For example, in [8] a sharp change of sizes of the
cross section in H-plane is used; according to [9] multilayer dielectric filling of the cut-
off waveguide can be used; using coaxial transition is presented in [6]. For the
succeeding analysis we shall use the model that has been shown in Fig. 1b, as the
simplest one for the electromagnetic calculation.

Using the boundary conditions for the E,, H, components of the electromagnetic
field in the planes of dielectric permittivity jumps, we can obtain the expressions for the

—yod d —yL L
. 1+R e 7% + e’ e e’ (
complex transmission 7 = . ! . 2 (e rod r3e70d ).end and
1+ 7 1+n 1474
- -1 - ~ 1+ -1 _
reflection R =4~ coefficients for this structure, where ¢ _nlrth , 7 =47 ,~2r0d ,
q+1 7o 1-1 g+1
1+ -1 _ 1+ -1 _ )
q1=7_0. rz, ’”2:(12 e 27L, 2:L' r3a r3=q3 e 2;/()61', C]3=}/—O,andd 18
y 1-n gz +1 7o 1-13 q3 +1 7

the length of the unfilled part of the waveguide, L is the length of the central dielectric
insert. The longitudinal distribution of the electric field strength along the cut-off
waveguide with three dielectric parallelepipeds has been calculated.
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Fig. 3 shows the corresponding results. Geometrical and electrical parameters are
the size of the wide side of the waveguide a = 12 mm, the length of the external
dielectric parallelepipeds L, = 20 mm and permittivity & =10, the length of the

unfilled part of the waveguide d = 10 mm, the length of the central parallelepiped L=
10 mm and its dielectric permittivity &= 80. The estimated resonance frequency is
10250 MHz for this configuration. The distribution for the resonance frequency is
presented in Fig. 3a.

Fig. 3b shows a longitudinal distribution of the electric field strength for the same
system, but the frequency of the electromagnetic field is 10000 MHz. The comparison
of Fig. 3a and Fig. 3b shows that, as it follows from the theory of resonance
phenomena, the deviation of the electromagnetic field frequency from the resonance
value induces sharp reduction of the electric field strength inside the resonant volume in
contrast to the results which have been obtained for the simple model.
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Fig. 3. The electric field strength modulus along the longitudinal axis of the cut-off waveguide
structure that has been shown in Fig. 1b at resonance frequency /= 10250 MHz (a) and near it

f =10000 MHz (b) with structure parameters: ¢ =12 mm, d =10 mm, L =10 mm, & =10, ¢ =80

Some difference in frequencies for the first and the second models can be
explained by the fact of coupling device effect on the resonance phenomena in the
second model. The following example will show this effect. Let us consider the case
where the dielectric insertion is a film of the thickness of 0.1 mm and all the other
parameters remain unchanged. The results of calculation of the longitudinal distribution
of the electric field strength for the length of the unfilled part of the waveguide d =10
mm has been shown in Fig. 4a and corresponding ones for d =25 mm are presented in
Fig. 4b. Length d =10 mm corresponds to the resonant frequency of 9943 MHz and
d =25 mm corresponds to 9752 MHz; it can be explained by changing the influence of
the coupling constant of the exciting element on the resonance volume. For d =25 mm
the electric field strength increases by about an order of magnitude and oscillations of
the electric field strength appear in the area of the first dielectric parallelepiped.

Moreover, the range between the minimum and maximum values of electric field
strength has increased in tens times in comparison with the case of L = 10 mm. In the
case of d =10 mm, L=10 mm the frequency deviation of the electromagnetic field
from the resonance value leads to a sharp decrease of the electric field strength (Fig. 5).

For a comparison, the natural frequency for the first model (with the same
geometrical sizes and electrical parameters of the central dielectric parallelepiped)
determined from the equation (4) is 9750 MHz. It practically coincides with the
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frequency (9752 MHz) for the second model with d = 25 mm. Thus, their natural
frequencies determined from the simplest equation (4) coincide with the natural
frequencies of the second model with sequential decreasing of coupling coefficients.
The values of the poles and zeros have been obtained by fractional-rational
approximation [10] of the structure reflection coefficients as functions of frequency. It is
well known that the positions of the poles coincide with resonance frequencies. The fact of
convergence of the values of the poles and the calculated resonance frequencies confirms
that the considered dielectric waveguide structure really manifests resonance phenomena.
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Fig. 4. The distribution of the electric field strength modulus along the longitudinal axis of the cut-off
waveguide structure ( ¢ =12mm, d =10 mm, L =0.1 mm, & =10, &£ =80) has been shown in

Fig. 1b with various d : d =10 mm, f;=9943 MHz (a), d =25 mm, fr=9752 MHz (b)
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Fig. 5. The electric field strength modulus along the longitudinal axis of the cut-off waveguide structure
(a =12mm, d =25mm, L=0,1 mm, & =10, & =80) at frequency / =9600 MHz

Conclusions

As was shown, not every dielectric waveguide system, which has a resonance-like
frequency dependence of the reflection or transmission coefficients, is actually a
resonator system. The results have shown that the waveguide-dielectric system with a
coupling element, which was presented by the completely filled dielectric parts of the cut-
off waveguide, was the resonator. It was evidenced by the sharp reduction of the electric
field strength modulus at the deviation of frequency from the natural one. The obtained
results are useful for express measurements of dielectric material parameters with
waveguide methods.
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