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Abstract — Models of open cylindrical multilayer gyroelectric-
anisotropic-gyroelectric waveguides are presented in this paper.
The influence of density of free carriers, temperature and the
presence of the external dielectric layer on the wave phase
characteristics of the models of n-GaAs waveguides has been
evaluated. Differential Maxwell’s equations, coupled mode and
partial area methods have been used to obtain complex dispersion
equation of the models of gyroelectric-anisotropic-gyroelectric
waveguides with or without the temperature sensitive external
anisotropic dielectric layer. The analysis has shown that the phase
characteristics are practically unchanged when the density of
electrons is equal to N = (107-5-10%) m3, d/r*= 0, the changes of
wave phase coefficients are obtained in the models of waveguides
with the external anisotropic dielectric layer. The largest
differences of wave phase coefficient are obtained when the density
of electrons is N = 102 m3, The external dielectric layer improves
the control of gyroelectric n-GaAs waveguides with temperature.

Keywords — Microwave propagation; Propagation constant;
Semiconductor waveguides.

|. INTRODUCTION

Waveguides are used in many types of microwave devices:
phase shifters [1], telecommunications [2] and many other [3].
Quickly evolving technologies require the development of new
structures of waveguides and research into new materials,
which could be used in the production of waveguides.

For example, [4], [5] use graphene-based waveguides to
address polarization issues. The model of a planar dielectric
waveguide with two-dimensional semiconductors is presented
in [6]. The authors have provided computational illustrations of
potentially strong effects and considered interesting
opportunities that may result from integration of 2D
semiconductors into dielectric waveguides.

The authors of [7], [8] have used the plasmonic material in
the investigation of waveguides. Results of [7] have
demonstrated that the hybrid plasmonics slot THz waveguide
provides significantly enhanced field confinement in low index
slot regions: more than five times that of traditional low index
slot waveguides.

Modes of dielectric or ferrite gyrotropic slab and circular
waveguides are investigated using analytical methods based on
Maxwell’s equations in [9]. The authors have used the
gyrotropic material of dielectric or ferrite type, where either the
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permittivity or the permeability tensor is altered by a
longitudinally applied quasistatic magnetic field. The solution
of fast phase shifter using ferrite waveguide is presented in [10].
The authors have designed waveguide for the ferrite phase
shifters of reduced diameter. The reduction of cross-sectional
size of the ferrite phase shifter was achieved by selection of
ferrite materials with wo(Br) equal to 0.28 and 0.42 for ferrite
rod and magnetic cores, respectively. The authors of [11] have
used the dielectric waveguide for the development of
continuously tunable w-band phase shifter.

External layers or shields are another important element of
waveguides.  Semi-shielded dielectric waveguides are
investigated in [12]. The cylindrical waveguide with an external
layer of metamaterial is presented and investigated in [13]. The
authors claim that the surface modes of a metamaterial
dielectric waveguide with comparable electric and magnetic
losses can be less lossy than the surface modes of an analogous
metal-dielectric waveguide with electric losses alone.
Metamaterial waveguide devices for integrated optics are
presented in [14]. The usage of different materials in
waveguides is widely described in many articles [15], [16].

The aim of this paper is to investigate wave phase
characteristics in  models of gyroelectric-anisotropic-
gyroelectric n-GaAs waveguides with or without a temperature
sensitive external anisotropic dielectric layer. It is also intended
to investigate how phase characteristics depend on the density
of free carriers and temperature in gyroelectric n-GaAs
waveguides, when only one temperature sensitive external
anisotropic dielectric layer is used.

Il. METHODS AND MATERIALS

A. Methods

The electrodynamical model of open cylindrical multilayer
gyroelectric-anisotropic-gyroelectric waveguides is shown in
Fig. 1. The model consists of several parts: Area 1 is the
gyroelectric material; Areas 2, and 2, are the external
anisotropic dielectric layers; Area 3 is a gyroelectric or air
material. The parameters of these areas are presented in the
caption of Fig. 1.

The Maxwell’s complex differential equations, coupled
mode and boundary conditions methods are used in order to
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obtain the complex dispersion equation of models of multilayer
gyroelectric-anisotropic/isotropic-gyroelectric ~ waveguides.
The longitudinal components of electric and magnetic fields in

. gl gl . .
gyrotropic core are E7~ and H3™ respectively. The equations

of longitudinal components of electric and magnetic fields in
gyrotropic core are presented in [17].
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Fig. 1. The electrodynamical model of the open cylindrical multilayer
gyroelectric-anisotropic-gyroelectric waveguide, where: g?l is the complex

permittivity tensor of gyroelectric core; p?l

is the complex permeability of

adl

gyroelectric core; p;™" is the permeability of the first anisotropic dielectric

~adl

layer; € is the complex permittivity tensor of the first anisotropic dielectric

layer; p';‘dz is the permeability of the second anisotropic dielectric layer; g";‘dz

is the complex permittivity tensor of the second anisotropic dielectric layer;
g?z is the complex permittivity tensor of gyroelectric material; Efz is the

complex permeability of gyroelectric material; By is a vector of magnetic flux
density; R; and R; are the radii of the anisotropic dielectric layers, d; and d, are
widths of the anisotropic dielectric layers and r9 is the radius of the gyroelectric
core.

The longitudinal components of electric and magnetic fields,
which satisfy Maxwell’s equations in anisotropic dielectric
layers (Areas 2; and 2) of the model (Fig. 1), can be presented
as:

EO [ A3 (K5 19) + A Yo (K5 1) Jol®; o)

HE O] B I (K519 + Bt Y (55 19) |6, (2)

where Ai; A,,; and By,;; By, are unknown amplitude
coefficients for different external dielectric layers;
Jm(gild' '2r9) is the Bessel function of the first kind of the

kad,i

with the K759

m-th  order complex arguments

Ym(gidl' izrg) is the Bessel (Neumann) function of the second

kind of the m-th order with the complex arguments; K"ﬂ’ i2 are
numbers of the transversal waves in anisotropic dielectric
layers; m is the first (azimuthal) index of the hybrid mode,
which describes the constant component of the longitudinal

wave by the azimuthal perimeter coordinate ¢; j=+/-1 is the

complex number; i is the number of external anisotropic
dielectric layers (i = 1; 2 (these numbers mean lower index of
second area of the model)).

Numbers of transversal waves in the anisotropic (isotropic)
dielectric layers can be presented as:

K = ke -2 ®)
ai_ |9 (2 adi 2
aa, | < ad, |
ki = (ke 7)) @)
=XX

where y =h'—jh" is the complex propagation constant (here
h' =Re(y) =2n/Aw is the phase coefficient and Ay is the

wavelength of the waveguide modes; h"= Im(y) is the
attenuation coefficient); k = w/c is the wave number in a
vacuum; &7 and ¢2%'" are diagonal elements of tensors of

the anisotropic dielectric layers for the different external
dielectric layers.

Area 3 of the model (Fig. 1) could be isotropic (for example,
it could be air), anisotropic or gyroelectric material. The
longitudinal components of electric and magnetic fields in the
isotropic material are:

is _ ) (1, 15,9\al@-
E® = AHP (Kro)el?; (5)
HY = AgHP (kBro)el?, ©)
where A; and Ag are unknown amplitude coefficients;
Hgf)(gijrg) is the Bessel (Hankel function of the second kind)
function of the third kind of the m-th order with the complex
argument; k' r9 is the number of transversal waves in the

isotropic material. The number of transversal waves in the
isotropic material can be presented as:

KB = kel -y, (7)
where girs, uirs are the complex permittivity and permeability
of the isotropic material. &° = ILtirS =1 means that Area 3 of the

model is air. gis >1 ,uirs >1 means that Area 3 of the model is
an isotropic material.
The longitudinal components of electric and magnetic fields
in the anisotropic material are:
2 jo.
E = AH®) (kTir9)el?; (8)
HE™ B/ HP (kTor9)el?, (©)

where B, is the unknown amplitude coefficient; Kﬂz are

numbers of the transversal waves in anisotropic material.
Numbers of the transversal waves in the anisotropic material are
similar to equations (3) and (4). The main difference is only in

e5y and &3 expressions. Area 3 is the isotropic material and

numbers of transversal waves are equal (k7 =k%% =k" ) in

the anisotropic and isotropic material if the diagonal elements
of the complex tensor of anisotropic material are equal

(San _n _gis
ZXX T Zzz T 2r
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The longitudinal components of electric and magnetic fields
in the gyroelectric material (Area 3) are:

ES :[gg A7Hm(Kﬂir9)+§7Hm(K9l2rg)}er' (10)

2 2 2 2 0
H) =[A7Hm(K(‘Lrg)+Dg E7Hm(ﬂ2rg)}e”’, (12)
where Kgﬁ , are numbers of the transversal waves of the

second gyroelectric material; ggz and 992 are H- and E- waves
mixing ratio of the hybrid waves. Expressions of

§92; 992; KEﬁ; Kizz are presented in [17]. The gyroelectric

material transforms into the isotropic material if the magnetic
flux density is equal to 0 (Bo=0 T) because elements of the
complex tensors are equal £92 =% = ¢!* and §9X)2, =0. Area 3
of the model could be the anisotropic material as well, when

2= 6% =™ and ggx)zl =0. In this case, numbers of the

gz _
Exx ~Exx' &z

transversal waves in the second gyroelectric material will be the
same as in the anisotropic material 55’_21=Kj“_‘1 and

ngzzg"i”z, in other words, the main equations of the

longitudinal components of electric and magnetic fields in Area
3are (10) and (11).

The azimuthal components of electric E%l'ad‘ (D.1s,an,92 54

magnetic ﬂ?pl'ad’(i)'is'an‘ 92 fields in different materials (areas
of the model Figure 1) could be obtained from longitudinal
components Egl'ad’(i)'is'a”'gz and Hgl'ad'(i)'is’a”'gz. Certain

part of these azimuthal comments was presented in [17].

The complex dispersion equation is obtained by using
boundary conditions. The complex dispersion equation of the
model of multilayer gyroelectric-anisotropic-gyroelectric
waveguides (Fig. 1) is the 12-th order determinant (see Fig. 2)
expression D = det[gjk] =0, where j is a column and k is a

row index of determinant and a;, are complex elements of

determinant.

The determinant consists of four parts: the part, which is
noted by “g1”, includes elements of determinant, which indicate
the EM wave propagation in gyroelectric core; the part, which
is noted by “adl”, includes elements of determinant, which
indicate the EM wave propagation in the first anisotropic
dielectric layer; the part, which is noted by “ad2”, includes
elements of determinant, which indicate the EM wave
propagation in the second anisotropic dielectric layer, and the
last part, which is noted by “g2”, includes elements of
determinant, which indicate the EM wave propagation in the
gyroelectric material.
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Fig. 2. The complex dispersion equation of models of multilayer gyroelectric-
anisotropic-gyroelectric waveguides.

The boundaries between the four areas are noted by
“gl-adl”, “adl-ad2” and “ad2-g2”. “gl-ad1” is the boundary
between the gyroelectric core and the first anisotropic dielectric
layer. “ad1-ad2” is the boundary between the first anisotropic
dielectric layer and the second anisotropic dielectric layer.
“ad2-g2” is the boundary between the second anisotropic
dielectric layer and the gyroelectric material.

The analysis of the presented model shows that the developed
model is more universal than presented in other works [17],
[18].

B. Materials

Only one temperature sensitive external anisotropic
dielectric layer was selected in this investigation case. The
thickness of the external anisotropic dielectric layer was equal
to da/rs+ do/rs = d/r* = 0.3 (here di/r* = dJ/r* = 0.15), where r*is
the semiconductor (gyroelectric) core, r"=1mm. The
temperature sensitive external anisotropic dielectric layer
consists of TM-15 and non-magnetic Rbix(ND4)D2PO4
ferroelectric dielectrics both of which are mixed by using
(Maxwell’s-Garnet’s) material mixing expressions [19], [20].
The filling ratio of permittivities of dielectrics — Ng is 0.75 [19],
[20].

The permittivity of TM-15 dielectric is e? =15. The
permittivity of non-magnetic Rbix(ND4)D2PO, ferroelectric
depends on temperature, the dielectric properties of
Rb1-«(ND4)D,PO4 were investigated in paper [21].

In this investigation case, Area 3 of the electrodynamical
model of open cylindrical multilayer gyroelectric-anisotropic-
gyroelectric waveguides (Fig. 1) is air and its permittivity and
permeability are equal to 1.
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I1l. RESULTS

The models of n-GaAs gyroelectric waveguides were
analyzed when the mobility of electrons varied depending on
the temperature [22]:

un=0.94(300/T) m®Vv1s?,
where T is the absolute temperature of the semiconductors.

The dielectric constant of n-GaAs semiconductors was equal
to & =13.1 and effective mass was equal to m” = 0.067me,
where me is the rest mass of electrons.

The phase characteristics are presented for the main type
HE1; and the first higher type EH11 waves. Other higher type
waves are parasitic and have not been explored. The phase
characteristics of the models of the gyroelectric waveguides are
presented as dependencies of the normalized phase
coefficient — h'r® on the normalized frequency — fr®.

These phase characteristics were received, when the
polarization of the electromagnetic waves is left-hand
exp(+jmg), where m is the first azimuthal index of hybrid
waves, m = 1.

The phase characteristics of the models of the gyroelectric,
semiconductor and  semiconductor-dielectric  n-GaAs
waveguides with different densities of electrons N = 10'7;
5-10%8; 5-10'% 10%%; 10%* m2 and temperatures T = 125; 150;
175; 200 K are presented in Figs 3-11.

Wave phase characteristics of n-GaAs semiconductor-
dielectric devices when the density of electrons is equal to
N = 10Y; 5-10® m= are presented in Figs 3 and 4. These
characteristics are almost the same in both figures.

The phase characteristics are shifted to the lower frequencies
when temperature T increases, but the variation of wave phase
coefficient remains the same within the operating frequency
range. Therefore, the usage of n-GaAs is not useful in phase
shifters as it reduces the limits of the phase shifter.

The phase characteristics of the semiconductor and
semiconductor-dielectric waveguides when the density of
electrons is equal to N =15-10*° m™ are presented in Figs 6
and 7.

(12)

h'r® | n-GaAs; By=1T
| dire=0; N=(107;5-20%%) m™
T = (125 - 200) K

0.02 0.04 0.06 fr*, GHz'm

Fig. 3. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor waveguides, when Bo =1 T; N = (10Y-5-10%) m3,
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hre T, n-GaAs; Bo=1T
— 125K
4 4
-- 150K

39... 175K
2 1-- 200K

d/r’=0.3; N=10"m™

T

0.02 0.04 0.06 fr°, GHz'm

Fig. 4. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor-dielectric waveguides, when d/r*=0.3; Bp=1T; N = 107 m™3,

h'r® T, n-GaAs; Bp=1T P>
5 {— 125K
Ry
4l 150 K -
- 175K EHy
3 4
—--- 200K
2 4
l 4
0 dir*=0.3; N=510"m">

0.02 0.04 0.06 fr®, GHz'm
Fig. 5. Wave phase characteristics of models of gyroelectric n-GaAs

semiconductor-dielectric ~ waveguides,  when  d/r*=0.3; By=1T;
N=510%m?.
The insignificantly bigger phase shift to the lower

frequencies side appears when temperature T is changing in the
models of the waveguides without an external anisotropic
dielectric d/r*=0 layer compared with the characteristics,
which are given in Fig. 4.

h'rs T; n-GaAs; Bo=1T
51— 15k
44-- 150K
EH

34+ 175K ;

--= 200 K
2 4
1 4
0 d/r’=0; N=5-10°"m™

0.02 0.04 0.06 fr, GHz'm

Fig. 6. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor waveguides, when d/r*=0; Bo=1T; N=5-10*m=,

The significantly larger change of the phase coefficient of the

main type HE11 wave is obtained by using an external dielectric
layer Rbi«(ND4)D2PO.. The phase characteristics of the
semiconductor-dielectric  waveguides with the external
dielectric layer are presented in Fig. 7. It could be seen that
wave phase characteristics are shifted to the lower frequencies
when the external anisotropic dielectric layer is used.
The bigger phase shift is obtained in the models of waveguides
with the external anisotropic dielectric layer because the
relative dielectric permittivity of one of the external dielectric
layers depends on the temperature and frequency.
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Waves phase characteristics when the density of electrons is
equal to N=102m= are presented in Figs 8 and 9. The
comparison of Figs 3, 6 and 8 shows that the biggest phase shift
in waveguides without the external anisotropic dielectric layer
d/r* =0 is obtained when the density of electrons is equal to
N =102 m=2(Fig. 8).

It could be seen from Figs 8, 9 and Table | that the widest
working frequency range in the models of the waveguides
without the external dielectric layer is obtained when the
temperature is equal to T=200K. The widest working
frequency range in the models of the waveguides with the
external anisotropic dielectric layer is obtained when the
temperature is equal to T = 175 K. Working frequencies range
of the models of the waveguides with the external anisotropic
dielectric layer becomes wider as the temperature rises until
175 K. The widest working frequency range is equal to
Afr®=0.0284 GHz'm, at T = 175 K. The working frequency
range begins to narrow at higher than 175 K temperatures. Such
variation of working frequency range is related to the properties
of n-GaAs semiconductor and Rb1-x(ND4)D2PO. ferroelectric.

h'r® T; n-GaAs; Bp=1T L
51— 15k ;
44-- 150K
3.+ 175K

—--- 200 K
2 4
1 4
0 d/r*=03; N=510°m=

0.02 0.04

Fig. 7. Wave phase characteristics of models of gyroelectric n-GaAs

0.06 fr®, GHz'm

semiconductor-dielectric ~ waveguides, ~when  d/r*=0.3; By=1T,
N=5-10°m=3
h'r® 1 T; n-GaAs; Bp=1T
4 |— 125K
-- 150K

1. sk HEx

2 1--- 200K

1 4

0 dir*=0; N=10"m"

0.02 0.04 0.06 fr*, GHz'm

Fig. 8. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor waveguides, when d/r*=0; B =1 T; N =10 m™,

hr® | T, n-GaAs; By=1T o

— 125K ;

4 4
-- 150K EHy,

371... 175K

2 {--- 200K

l 4

0 d/r*=0.3; N=10"m™

0.02 0.04 0.06 fr®, GHz'm

Fig. 9. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor-dielectric waveguides, when d/r*=0.3; By =1 T; N =10 m"3,

The working frequency range of models of n-GaAs
waveguides with and without the external dielectric layer when
the density of the electrons is constant N = 102° m~3 at different
temperatures are presented in Table I.

TABLE |

WORKING FREQUENCY RANGES OF N-GAAS SEMICONDUCTOR AND
SEMICONDUCTOR-DIELECTRIC WAVEGUIDES WHEN N = 10%° M3

T,K 125 | 150 | 175 | 200
dir*=0 23.0 | 241 | 241 | 244
d/r*=03 | 199 | 220 | 284 | 196

Af, GHz

It can be also noticed that the values of tensor of the relative
dielectric permittivity significantly increase to thousands when
the density of electrons in models of n-GaAs semiconductor and
semiconductor-dielectric ~ waveguides is increased till
N =10% m=3 Such increase of the values of tensor of the
relative dielectric permittivity causes distortions in phase
characteristics of the waves. The obtained wave phase
characteristics are presented in Figs 10 and 11. These
characteristics are significantly shifted to the side of higher
frequencies.

It is difficult to determine working frequency range Afr® of
the models of semiconductor and semiconductor-dielectric
waveguides with such phase characteristics. Phase shifters
would not be able to work with such variation of characteristics,
because the gyroelectric phase shifters must operate in a
specific working frequency range.

hrs T; n-GaAs; By=1T

7 {— 125K
- - 150K

6
- 175K

5 |
--- 200K

4 4
3 4

9 d/r’=0; N=10"m>
0.14 0.16 0.18 fr’, GHz'm

Fig. 10. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor waveguides, when d/r*=0; Bo=1 T; N = 10?* m,

h'r T; n-GaAs; Bo=1T et
7{— 125K : ’
61- - 150K
Sl amk
Y1200k
- , . .
3 ./, P
.~
2] et N, EHy
1 ,
0 dir*=03; N=10" m™
0.08 0.10 0.12 0.14 0.16 fr%, GHz'm

Fig. 11. Wave phase characteristics of models of gyroelectric n-GaAs
semiconductor-dielectric waveguides, when d/r*=0.3; Bo=1 T; N = 10? m™,

It is possible to use models of n-GaAs semiconductor and
semiconductor-dielectric waveguides in the manufacture of
phase shifters when the density of electrons is equal to
5-10¥ m=3and 102 m3,
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IV. CONCLUSIONS

The phase characteristics are practically unchanged in the
models of n-GaAs semiconductor waveguides when the
temperature varies from 125 K to 200 K and the density of
electrons is equal to N = (107-5-10%) m=. Changes in wave
phase coefficients are obtained in the models of waveguides
with the external anisotropic dielectric layer.

The largest differences of wave phase coefficient on
temperature are obtained in the models of n-GaAs gyroelectric
waveguides when the density of electrons is increased till
N=10"m=3

Control using temperature is more effective in the models of
n-GaAs semiconductor-dielectric waveguides in comparison
with the models of n-GaAs semiconductor waveguides, because
the external anisotropic dielectric layer consists of
Rb1x(ND4)D2PO4 ferroelectric, whose dielectric permittivity
depends on temperature T. Therefore, this external anisotropic
dielectric layer improves the control of thermal gyroelectric
waveguides and models of phase shifters.
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