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Introduction

Silicium fibers with small losses appeared in 1970.
This event has laid the foundation for modern optical
communication industry. However Si waveguides have
some nonlinearity which occurs when electromagnetic
waves interact with core of the waveguide [1]. This coreis
made of some material. To do away with this problem it
was begun to use hollow-core waveguides (HCW) with
walls of good reflectivity. In general, hollow waveguides
are an attractive alternative to solid-core fibers because of
the inherent advantage of their air core. The HCW isahole
in the solid medium. This hole is a cana where
microwaves can propagate.

Hollow waveguides have the following main
advantages: low insertion loss, ruggedness and small beam
divergence [2]. HCWs are also characterized by large
broadbandwidth at a certain waveguide radius. These
properties make them highly successful. HCWs have been
widely used in modern telecommunication infrastructure.

An electrodynamical analyze of different waveguides
[3-5] isimportant in creation of microwave devices.

In the last decade there has been huge interest in
composite materials with untraditional electrodynamic
characteristics, for example, negative permittivity or (and)
permeability and usage of these materials in waveguide
technique. The composite materials are created from
metallic structures in the form of spirals and strips that are
doted in basic material. These artificially made materias
are named metamaterials. The functional electromagnetic
properties of metamaterials arise due to the ability to
perfectly combine the resonant electric or (and) magnetic
characteristics designing the sub-wavelength resonator
elements (spirals, strips) [6].

In this article we consider dielectric and metamaterial
hollow-core cylindrical waveguides (HCWs).
Electrodynamical characteristics of the HCW depend on
the radius of the hole r, the surrounded medium

permittivity &% or &™ and permeability % or p,™ (later we

will designate as ™ and u®™), where upper indexes d,
m mean dielectric or metamaterial  medium
correspondingly.

The dispersion equation of the HCW

A solution of Maxwell’s equations to analyze HCW
(Fig. 1) is presented in this part. The method we have used
to solve our waveguide problem is based on two
approaches. The first is the coupled mode method and the
second is the partial area method.

The presentation of longitudinal components of the

electric field ES and the magnetic field H2 that satisfies
to Maxwell’s equationsin an air medium is as follows:

EZ = Adm (K21 ) exp(ime) )
H3 = By (KF 1 )exp(ime), @)
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Fig. 1. HCW model

where A;, B; are unknown arbitrary amplitudes, J,, is the
Bessel function of the m-th order, k¢ is the transverse

propagation constant of the air medium, r is the radius of
the HCW, m is the azimuthal index characterizing
azimuthal variations of the field, ¢ isthe azimuthal angle.



The presentation of longitudinal components of the
dectric E'™ and magnetic HS'™ fields that satisfies to

Maxwell’s equations in the dielectric or metamaterial
infinite medium is as follows:

ES"™ = AgHi (K™ ) exp(imep), &

HY™ = BoHpy (kI )exp(imep), (4)

where H,, — the Hankel function of the m—th order and the
second kind.

We have expressed azimuthal components E,, H,,

through  longitudina  components E,,H; and
equated tangential components to each other. The satisfied
follows E2 = ES'™,
HE = Hg'm, E;‘ = Eg'm, Hg = Hg'm. We have obtained
the system of algebraic equations which is homogeneous.
The condition of solvability of this system is the
requirement of equality of its determinant A to zero. The
determinant of the system yields the dispersion equation
for the waveguide under our consideration. This

determinant has fourth order and can be presented as
follows:

boundary conditions ae as
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where anm(kf-r),zsz(kf'mw), n and y are

= 0,(5)

L . . d,
derivatives of magnitudes » and y correspondingly, ef'™

and €2 are the permittivity of the dielectric, metamaterial

and the air medium correspondingly, u®™ and p? arethe
permeability of the dielectric, metamaterial and the air
medium correspondingly. Magnitudes kﬂ'm and ki are
related with the longitudinal propagation constant and the
permittivity and permeability of the dielectric,
metamaterial  or the ar medium as follows:

1/2 1/2
S S ) R S
where k = w/c — the wave number in the air medium, h is
the longitudinal propagation constant.
We have obtained the dispersion equations in the
form of a determinant and created a computer program in

MATLAB to investigate dielectric and metamaterial
HCWs.

Approbation of the computer algorithm for analysis of
HCW dispersion characteristics

Our computer algorithm is based upon the dispersion
equation Eqg. (5). We have found longitudinal propagation
constants h as roots of this dispersion equation. Testing of
our computer algorithm was made using data from the
article [7]. In this article dispersion characteristics of the
open cylindrical dielectric rod waveguide are given. We
have substituted these values of some magnitudes: = 4,
edM= 1,8=p9M=1 r = 10 mm in our computer
algorithm (in spite the fact, that there is the air medium
inside the HCW, &, = 4 to test the program). In Fig. 2 and
3 dispersion curves from the article [7] are designated by
the black dots. Dispersion characteristics of the dielectric
rod waveguide drawn by our computer program are shown
by the solid line.

In Fig. 2 we present dispersion characteristics from
the article [7] and dispersion curves drawn using our
computer algorithm for modes with the azimuthal index of
m=1.

Fig. 2. The dielectric rod dispersion characteristics of hybrid
modes, whenm=1, g*=4,r =10 mm

We see that the comparison of our calculations with
data from the article [7] has pointed out the high accuracy
of coincidence. In Fig. 2 we can see HE;;, HE;,, HEs,
EHy;, EH;,, EHy3 hybrid modes.

We have also tested our computer agorithm for
modes with the azimutha index of m = 0. In Fig. 3
dispersion characteristics from the article [7] and our
calculations for axis-symmetric modes with the azimuthal
index of m = 0 are shown.

Fig. 3. The didectric rod dispersion characteristics of axis-
symmetric modes, when m=0, =4, r =10 mm



In Fig. 3 we can see axissymmetric TMg;, TMgp,
TMgs, TEy, TEg,, TEg modes with azimuthal index of m =
0. Fig. 3 shows that our calculations and data from the
article [ 7] agree with one another.

The numerical results

Electrodynamical characteristics of the dielectric and
metamateridl HCW have been analyzed changing the
permittivity ™ and the permeability 1, *™ of the material
which surrounds the air canal. We have also calculated
dispersion characteristics of the dielectric and metamaterial
HCWs changing values of the radius (r = 1mm, 3mm,
10mm).

The permittivity and the permiability of the air media
inside the waveguide hole are ¢* = 1 and p? = 1
corespondingly. The azimuth index used making numerical
calculations is m = 1. Dispersion characteristics of the
dielectric and metamaterial HCWs drawn by our computer
program are shown by the solid line and black dots.

Dispersion characteristics of dielectric HCWs

Analyzing of the dielectric HCW has been realized in
the wide frequency range from 10 till 120 GHz. We have
got dispersion characteristics of the dielectric HCW, when
the permittivity is &%=11.8 (high-resistance
semiconductor n-Si) and the permeability isp,® = 1.
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Fig. 4. The dielectric HCW’ dispersion characteristic of the main
mode, whenr =1 mm, &%=11.8, %=1

In Fig. 4 we see, that the dielectric HCW with the
radius which is equal to 1 mm has got only one mode at the
wide frequency range (10-120 GHz). The main mode
cutoff frequency is about 94 GHz.
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Fig. 5. The dielectric HCW' dispersion characteristics, when
r=3mm, %= 118, po=1

In Fig. 5 we see, that the dielectric HCW with the
radius which is equal to 3 mm has got four modes in the
considered frequency range. The main mode cutoff
frequency is about 31 GHz, the first highest mode cutoff
frequency is about 62 GHz. The second and third highest
modes cutoff frequencies are about 84 and 116 GHz,
correspondingly.

Comparing dispersion characteristics shown in Fig. 4
and 5 we see, that the cutoff frequency of the main mode
strongly shifts from 95 GHz (r = 1mm) till 31 GHz (r =
3mm).

Fig. 6 points out that the dielectric HCW with radius
r = 10 mm is a many-mode waveguide. We see fifteen
modes at the frequency range 10-120 GHz. In this case the
main mode cutoff frequency is about 9 GHz. The second
and third highest modes cutoff frequencies are about 19
and 25 GHz, correspondingly.

Comparing dispersion characteristics shown in Fig.
4-6 we see that the cutoff frequency of the main mode
strongly shifts from 95 GHz (r = 1mm) till 9 GHz (r =
10mm). Comparing dispersion characteristics of the second
highest mode from Fig. 5 and 6 we see that the cutoff
frequency strongly shifts from 62 GHz (r = 3 mm) till 19
GHz (r = 10 mm). The same tendency of displacement of
the cutoff frequency we can observe for al the highest
modes. We can make a conclusion that the larger radius of
the dielectric HCW is the smaller values of the main and the
highest modes cutoff frequencies are.
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Fig. 6. The dielectric HCW' dispersion characteristics, when

r=10 mme%=11.8, p,%=1
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Fig. 7. Dependence of the normalized propagation constant h/k on

the radius of the dielectric HCWs at the frequency of f =95 GHz

Fig. 7 presents a dependence of ratio of h and k
values (normalized longitudinal propagation constant h/k)
on a dielectric HCW radius. We can see that this



dependence is very strong till radius is equal to 2 mm.
This dependence is appreciable till a radius is equa to
5 mm. The curve of this dependence is saturated after r =
7.5 mm.

Dispersion characteristics of metamaterial HCWs

In this section we present an electrodynamical
analyses of metamaterial HCWs. Metamaterial in this case
is initialized with medium which a unit cell consists of
three layers. There are three strips in the first and the third
layers, and two ringsin the second layer [8]. Certain values
of the metamaterial permittivity ¢™ and permeability ™
aregivenintable 1.

Table 1 Values of the metamaterial permittivity and permeability
at the 75-115 GHz frequency range (region of “humps’ is shown
in grey color) [8]

f, GHz g™ T
75 -41.25 1.17
77.5 -37.5 1.17
80 -35.83 1.17
82.5 -33.75 1.17
85 -32.5 1.25
87.5 -31.25 1.33
20 -30 15
92.5 -35 2
95 -27.5 1.83
97.5 -7.5 1.25
100 -5 -0.5
102.5 -10 -0.5
105 -8.75 0.17
107.5 -8.75 0.33
110 -10 0.5
1125 -10 0.5
115 -10.83 0.5

Dispersion characteristics of metamaterial HCWSs
have been analyzed in the frequency range of 75-115 GHz
because only in this range we know the values of
magnitudes g™ and p,™.

Firstly we have analyzed the case when radius of the
metamaterial HCW is 1 mm.
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Fig. 8. The metamaterial HCW’ dispersion characteristics of the
main modewhenr =1 mm

In Fig. 8 we see, that when r = 1mm, there is only the
one mode in the metamaterial HCW. The cutoff frequency

of this main mode is f, = 75.83 GHz. A very interesting
strong effect when magnitudes of the permittivity ™ and
permeability p," of metamaterial simultaneously become
negative is observed. We see a “hump” of the dispersion
characteristicin Fig. 8.

In Fig. 9 we see, that when r = 3 mm, there are 4
modes in the metamaterial HCW.
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Fig.9. The metamaterid HCW’' dispersion characteristics,
whenr =3 mm
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We cannot determine the cutoff frequencies of the
main mode and the first highest mode. The main reason of
it is that values of the permittivity and permeability of the
metamaterial are known after f = 75 GHz. We have also
analyzed dispersion characteristics of the metamaterial
HCW with r = 10 mm.
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Fig. 10. The metamaterid HCW' dispersion characteristics,
when r =10 mm
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In the Fig. shown in the article [8], we can see the
tendency of diminution of the permittivity curve at the
frequency range (100 -104 GHz) and the tendency of the
growth of the permeability curve at the same frequency
range. This is the reason of the presence of “humps’ in
Fig. 8-10. The regions of “humps’ are shown in these Figs.
in grey color. The “jumps’ of the dispersion curves shown
in Fig. 8-10 can also be explained by the presence of the
double-negative permittivity and permeability at the
frequency range (100-104 GHz). At this frequency range
the argument of the Hankel function is aways real. At
frequencies, when phenomenon of double-negativity is
absent, the argument of the Hankel function is always the
imaginary quantity.

Comparing Fig. 8-10 we can come to the conclusion,
that the larger radius of the metamaterial HCW is, the



larger number of modes propagated in such waveguide is.
When radius of the metamaterial HCW was 1 mm, there
was the one main mode in the waveguide (see Fig. 8),
when radius of the waveguide was 3 mm, there were 4
modes in the waveguide (see Fig. 9). When radius of the
metamaterial HCW was 10 mm, there were 14 modes in
the waveguide (see Fig. 10).

We have graphically viewed dependence of the
normalized propagation constant h/k on radius of the
metamaterial HCW at the frequency of f = 95 GHz. The
got result for the main mode is presented in Fig. 11.
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Fig. 11. Dependence of the normalized propagation constant h/k
on the radius of the metamateridl HCWs at the frequency
of f =95 GHz

In Fig. 11 we see, that the larger radius of the
metamaterial HCW s, the larger value of the normalized
propagation constant h/k for the main mode is.

Analyzing dispersion characteristics of the dielectric
HCWs we can draw an interesting conclusion: ratio of h

and k values for these waveguides can be %sl (see

Fig. 4-7). Such waveguides is possible to use as delay
lines. The same ratio for the metamaterial HCWs can be

% >1 (see Fig. 8-11). Therefore modes propagated in the

metamaterial HCW, when % =1 arethe fast.

After we have compared dielectric and metamaterial
HCWs with each other we can mention that these
waveguides work in one mode regime, when their radiusis
1 mm. However when value of the radius increases till r =
10 mm, dielectric and metamaterial HCWs work in the
many-mode regimes.

Comparing Fig. 4 and 8 with each other we can
notice that the cutoff frequency of the man mode
propagated in the dielectric HCW (f. = 95 GHz) shifts
relatively to the value of the cutoff frequency of the main
mode propagated in the metamaterial HCW (f. = 75.42
GHz). Vaues of the dispersion characteristics for all
higher modes also differ strongly.

Comparing values of the dispersion characteristics for
the main and the highest modes, shown in Fig. 5 and 9, we
see that the difference of these values is not so strong. The
same comparison for the dispersion characteristics (Fig. 6
and 10) shows that difference of the normalized
propagation constant values is appreciable. It can be
explained in the following way. When radius of the

waveguide isr = 1 mm, the electromagnetic wave energy
propagates in the air canal and in the surrounded medium.
For that reason permittivity and permeability of the
surrounded medium strongly influences the HCW
dispersion characteristics. In the case of the large
waveguide radius almost all electromagnetic wave energy
propagates inside the air canal. The surrounded medium
influence in this case becomes appreciable.

Comparing Fig. 7 with Fig. 11 we can make a
conclusion that in both cases dependences are very strong
till r = 2mm. However a dependence of the normalized
propagation constant h/k on a waveguide radius r in the
didlectric HCW earlier becomes saturated. Such case takes
place when radius of the dielectric HCW is 6 mm. The
dependence of the magnitude h/k on the waveguide radius
in the metamaterial HCW dowly grows till r=10 mm. We
also see that a magnitude h/k (Fig. 11) becomes larger than
one when r becomes larger than 4 mm. We should notice
that the normalized propagation constant h/k of the main
mode of the metamaterial HCW has larger values than the
same one of the main mode of the dielectric HCW. For
example, when r = 1 mm value of the normalized
propagation constant in the dielectric HCW is 0.15, the
value of the same parameter in the metamaterial HCW is
0.68. We seethat it is 4.53 times larger.

Conclusions

1. We have got solution of Maxwell’s equations to
analyze dielectric and metamaterial HCWs and
obtained a dispersion equation for these waveguides.

2. We have created the computer algorithm in MATLAB
to analyze HCW dispersion characteristics. This
computer algorithm has been tested using data from
the article[7].

3. We have investigated HCW'’s dispersion
characteristics changing values of the permittivity,
permeability and radius. Numerical results have
showed that the larger radius of the dielectric and
metamaterial HCWs is the larger number of modes
propagated in the waveguide is.

4. We have found out the value of the dielectric and
metamaterial HCW’ s radius when only the main mode
can propagate in the waveguide.

5. Theratio of h and k values for the dielectric HCW and
the metamaterial HCW (till r = 4 mm) is

%sl.Therefore the dielectric HCW and the

metamaterial HCW (till r = 4 mm) work as delay
lines. When radius of the metamaterial HCW is larger
than 4 mm, modes propagated in it are the fast.

6. The larger difference between dielectric and
metamaterial HCW'’s dispersion characteristics is the
smaller value of the waveguide radiusis.

7. We discover a strong abnormal effect in dispersion
characteristics of the Metamateriad Hollow-core
Cylindrical Waveguides with simultaneously negative
the permittivity &™ and permeability p™ of this
material. We assume that this effect can be
successfully used for creation of microwave devices,

for example, switches.
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Development of computer algorithms for electrodynamical analyses of different waveguides is important nowadays due to the fact
that these can be created from the newest materials with complicated dependences of the permittivity and the permeability on
frequencies and waveguides can have nanometers sizes. We present the dispersion equation for analyzes of dielectric and metamaterial
hollow-core cylindrical waveguides (HCWSs). The main objective of our work is to anayze dispersion characteristics of the dielectric
and metamaterial HCWs. We have analyzed dispersion characteristics of single-mode and many—mode dielectric and metamaterial
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Pa3BuTHe KOMITBIOTEPHBIX AITOPUTMOB AN 3IEKTPOAMHAMHYECKOTO aHANIM3a pa3lUYHBIX BOJHOBOJOB SBIAETCA aKTyaldbHOMN
3ajaueil Hallero BPEMEHH, T. K. BOJHOBOJBI MOTYT OBITh M3TOTOBJIEHBI M3 HOBEHIINX MATEPHANOB CO CIOXKHBIMU 3aBHCHMOCTSIMU
JUANIEKTPUIECKO M MarHUTHOM NPOHHMIAEMOCTH OT 4YacToThl. Kpome TOro, OT[enbHbIE 3JIEMEHTHI BOJHOBOAA MOTYT OBITh
HAaHOMETPOBBIX Pa3MEPOB, MO3TOMY TOJIBKO ITyTEM PAaCUETOB MOXHO NMOJ0OpaTh TpeOyeMble NEKTPOANHAMHYECKHE XapaKTEPUCTHKU
BOJIHOBOJA. B cTarthe mpercrasisercs MUCHEPCHOHHOE YpaBHEHHE JUIS aHAIN3a JUAICKTPHYCCKUX W METaMaTePHAIBHBIX ITyCTOTENBIX
muHAprdIecknXx BoiaHOBONOB (ITIIB). OcHoBHas mens Hamed paboThl 3aKiIOYaeTCs B aHAIN3E JUCIIEPCHOHHBIX XapaKTEPUCTUK
JIIeKTpHdeckoro 1 MeramarepuansHoro IIB. B crarse mpencraBieH aHain3 JUCHEPCHOHHBIX XapaKTEPHCTHK OTHOMOIOBOTO U
MHOIOMOJIOBBIX ~JTUIJEKTpUYECKOro U MeramarepuansHoro IIIB. 3aBUCMMOCTM HOPMHPOBAHHOW IPOJOIBHOM IOCTOSHHOM
pacIpoCTpaHeHUss OT pajuyca BOJHOBOJA OBUIM IOJIydeHBI JJISI AWIJIEKTpHUeckoro M MeramarepuansHoro IIIB. Hcnoms3ys
noJTy4deHHbIe rpaduuecKkue pe3ysibTaThl, ObLIO IPOBEICHO CPAaBHEHHE CBOWCTB AMAICKTPUIECKOTro U MertamarepuaibHoro I1IB. M. 11,
616:1. 10 (Ha aHIIIHICKOM sI3bIKe; pedepaThl Ha aHTJTMHCKOM, PYCCKOM U JIUTOBCKOM 513.).

L. Nickelson, T. Gric, S. Asmontas, R. Martaviéius. Dielektriniy ir metamedziaginiy tuséiaviduriy cilindriniy bangolaidziy
elektrodinamineé analize // Elektronikair elektrotechnika. — Kaunas: Technologija, 2008. — Nr. 2(82). — P. 3-8.

Kompiuteriniy algoritmy, skirty ivairiy bangolaidziy elektrodinaminel analizei atlikti, plétra dabar yra laba aktuai, nes
bangolaidziai gali buti pagaminti i§ naujausiy medziagy, turinciy sudetingas dielektrinés ir magnetinés skvarbos priklausomybes nuo
daznio, ir gali turéti nanometrinius dydzius. Pristatoma dispersiné lygtis, skirta dielektriniy ir metamedziaginiy tusciaviduriy cilindriniy
bangolaidziy (TCB) elektrodinaminei analizei atlikti. Platiai aprasoma dielektriniy ir metamedziaginiu TCB dispersiniy charakteristiky
analizé. Pateikta vienmodzio bei daugiamodzio dielektriniy ir metamedziaginio TCB dispersiniu charakteristiky analizé. Normuotos
isSilginés sklidimo pastoviosios priklausomybés nuo bangolaidzio spindulio buvo gautos dielektriniam bel metamedziaginiam TCB.
Naudojant gautus grafinius rezultatus, buvo atliktas dielektriniy bei metamedziaginio TCB savybiu palyginimas. I1. 11, bibl. 10 (anglu
kalba; santraukos angly, rusy ir lietuviy k.).



