IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-29, NO. 9, SEPTEMBER 1981

[10] K. C. Chang, V. Shah, and T. Tamir, “Scatterings and guiding of waves
by dielectric gratings with arbitrary profiles,” J. Opt. Soc. Amer., vol. 70,
pp. 804-813. (Refer to the bibliography therein for other solution meth-
ods.)

A. Gruss, K. T. Tam, and T. Tamir, “Blazed diclectric gratings with high
beam-coupling efficiencies,” Appl. Phys. Lett., vol. 36, pp. 523-525, Apr.
1980.

(1]

Anomalous Low-Loss Transmission in a
Gas-Confined Dielectric Waveguide for Millimeter
and Submillimeter Wavelengths

KAZUYUKI YAMAMOTO, MEMBER, IEEE

A bstract— A novel low-loss (gas-confined) dielectric waveguide for milli-
meter and submillimeter wavelengths was previously reported by the author.
The waveguide consists of a thin dielectric tube separating an internal
high-dielectric-constant gas from an external low-dielectric-constant gas.
The attenuation constant of this form of waveguide usually increases with
increasing tube thickness. The thick tube is indispensable for a mechani-
cally stable waveguide. In this paper, anomalous low-loss transmission
characteristics in a gas-confined dielectric waveguide with a thick tube are
described. Some conditions are theoretically found where the attenuation
constant of the waveguide with a thick tube is extremely low, due to tight
field confinement within the internal gas. A qualitative explanation of the
operation mechanism is also given.

1. INTRODUCTION

Dielectric waveguides have received considerable interest in
recent years for millimeter and submillimeter wavelengths trans-
mission media. The advantage of the dielectric waveguides is that,
in these wavelength regions, waveguide dimensions are of an
order that can be easily fabricated and handled. However, the
dielectric waveguide suffers from a fairly large attenuation. In

order to bring the dielectric waveguide to practical use, it is most -

important to reduce transmission loss.

In designing a low-loss dielectric waveguide, two loss mecha-
nisms, attenuation due to dielectric loss of materials and radia-
tion loss from bends, should be simultaneously reduced. The
transmission characteristics are closely dependent on waveguide
field distribution. The attenuation of the dielectric circular rod
waveguide is very small, if the wavefield energy exists almost
entirely outside the dielectric rod [1]. A small curvature of the
waveguide, however, will result in appreciable radiation losses.
The attenuation is decreased at the expense of radiation loss.

To overcome these difficulties inherent in the dielectric wave-
guide, the author previously presented a novel approach to obtain
a low-loss dielectric waveguide [2]. The waveguide consists of a
thin dielectric tube which separates an internal high-dielectric-
constant gas from an external low-dielectric-constant gas, as
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Fig. 1. Geometry and dielectric-constant profile of the gas-confined dielectric
waveguide. The waveguide consists of a thin dielectric tube which separates
an internal high-dielectric-constant gas from an external low-dielectric-
constant gas.
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shown in Fig, 1. The characteristic feature of this waveguide is
that the attenuation constant can be considerably reduced without
incurring a radiation loss increase, because most of the power
flows within the low-loss internal gas and not in the dielectric
tube. The low-loss properties of the gas-confined dielectric wave-
guide have been demonstrated theoretically and experimentaily.

Generally, gases, due to their low density, have much lower
dielectric constants and much smaller absorption coefficients
than solid dielectrics. If a dielectric tube is not so thin, most of
the power is confined within the tube and not in the internal gas,
and the waveguide suffers from a fairly large attenuation. The
advantage of the gas-confined guide is brought about only when
the tube is sufficiently thin. Thin dielectric tubes, however, in-
volve problems with mechanical stability.

In this paper, the transmission characteristics of a gas-confined
waveguide which consists of a relatively thick tube are presented.
It is theoretically shown that there exist novel and anomalous
conditions where most of the power travels within the internal
gas and where propagation loss is extremely small. These phe-
nomena were originally suggested by Marcatili [3]. His analysis
was limited to extraordinary conditions. In this paper, the
anomalous transmission characteristics are more accurately and
clearly described.

II. TRANSMISSION CHARACTERISTICS OF
GAs-CONFINED-GUIDE

The geometry and dielectric-constant profile of the gas-confined
guide are shown in Fig. 1. Guided modes along the gas-confined
guide can be analyzed in a standard manner. To clarify our
results, discussions are limited to TE,, modes propagation. As-
suming a field with the time and z dependence of €'(“*~#%), axial
field components of TE,,, modes can be expressed as follows:

Al (kr)  (ordJy(kr)), r<a
H,=4 S)(or)+TNy(or), a<r<b ¢))
CKo(vr),  b<r
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where the factor ¢*(“*~#2) is omitted and
k?=B>—e.ki  (ork?=e¢ ki —B2)
ozzetubek(z)——ﬁz
Y2 =B —ekd (2)

and kg is free-space wavenumber. Other field components ( Ed,
H,) are derived from H,, using Maxwell’s equations. The char-
acteristic equation is derived by matching tangential-field compo-
nents at r=a and r=». The existence of a nontrivial solution
leads to an eigenvalue equation which determines the dispersion
relation and field distribution of the waveguide.

The attenuation constant can be calculated by the perturbation
method, assuming that the power lost per wavelength along the
guide is small compared to the power traveling along the guide.
Assuming that the propagation loss arises only from the dielectric
tube and that gases arc lossless, the attenuation constant is
derived [2].

The attenuation constant is closely dependent on power flow
distribution. The power in the internal gas, in the dielectric tube,
and in the external gas are calculated and designated as P,,, Py,
and P,,, respectively.

It is convenient to introduce the normalized frequency, which
is most critical parameter in a dielectric waveguide. The average
dielectric constant where r<<b is given by [4]

Ezeln(%)2+stube{l~(%)2}. 3)

The normalized frequency of a gas-confined waveguide is ex-
pressed as follows:

2ab

U:}\—O"/G-——eex. (4)

When €, =¢.,, a gas-confined guide reduces to a conventional
dielectric circular wavegnide which consists of an internal high-
dielectric-constant gas and an external low-dielectric-constant
gas. The normalized frequency is defined as

2mwa
vrod:—xo_vem_eex . (5)

The cutoff wavelengths of TE;,, TE,, and TE, modes are
calculated by equating v=2.40, 5.52, and 8.65, respectively, in a
dielectric waveguide. When €., =€, a gas-confined guide reduces
to a conventional O-guide [5]. The cutoff wavelengths (A,) are
approximately expressed as follows:

Ao 2‘/2_7ra]/ 3 —1\/€ype ~€ex, for theTE ) mode
2(b—a)
Agon = ?‘/embe ~€cs fOrTEy, modesn=2. (6)

The radiation loss a, is approximately expressed as follows [2]:

2 RAy3
agR=5 (Ry)"Pexp | — S0l (7
2 6

where R is the radius of curvature and y is given in (2).

II1.

In order to demonstrate anomalous and interesting transmis-
sion characteristics of a gas-confined dielectric waveguide,
numerical evaluation will be given.

The attenuation constant for the TE,, mode, calculated as
functions of A, and b, is shown in Fig, 2. The loss decreases with

NUMERICAL RESULTS
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Fig. 2. Calculated attenuation constant in the gas-confined wavegmde for
TEq; mode as a function of Ag and b, where a=10 mm, €,, = 1.01, €, =2,
€ex =1, and tand,,,=10"* The attenuation constant increases with mn-
creasing b and with decreasing A.
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Fig. 3. Calculated fractional powers for TEq; mode in the internal gas, in the

dielectric tube, and in the external gas as a function of Ay and b, where
a=10 mm, €,,=1.01, €, =2, and €., =1 The power 1n the tube increases
monotomcally with increasing b and with decreasing A, which corresponds
to the behavior of attenuation constant in Fig. 2. The power in the internal
gas increases with decreasing b, which causes attenuation constant reduction.
A very thin dielectric tube, however, involve problems with mechanical
stability.

increasing A, due to weak field confinement. The attentuation
constant is reduced at the expense of radiation loss. The loss
decreases with decreasing b, due to weak field confinement
within the dielectric tube. If a tube is thin enough, most of the
power is confined within the internal gas. The waveguide suffers
from little radiation loss. The attenuation constant is closely
dependent on the power flow distribution. The fractional powers
in three parts (internal gas, tube, and external gas) are calculated
as a function of A,, and shown in Fig. 3. The power in the tube
increases with increasing b and with decreasing A, which corre-
sponds to the behavior of the attenuation constant in Fig. 2.
These features of a gas-confined guide TE,, mode transmission
are consistent with those of the HE|, mode transmission previ-
ously reported [2].

In order to bring this type of waveguide to practical use, a
mechanically stable dielectric tube is necessary. The low-loss
properties of the gas-confined guide obtained only when the tube
is very thin and fragile.

To overcome the difficulty inherent in a gas-confined guide, a
novel approach to obtain a low-loss transmission will be pre-
sented.

The attenuation constants for TE,, TE,, and TE; modes as
a function of A are shown in Fig. 4. The waveguide consists of a
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Fig. 4. Calculated attenuation constant in the gas-confined wavegmde for
TEq,, TEg,, and TEy; modes as a function of A, where ¢= 10 mm, =104
mm, €, =101, €. =2, €, =1, and tand,, =10 "% The wavegwde con-
sists of a relatively thick tube (5—a=0.4 mm). The attenuation constant for
TE,, mode increases monotonically with decreasing A,. The attenuation
constant for TE, mode, however, decreases with decreasing A from 1.6 to
1.2 mm, and that for TEy; mode decreases with decreasing Ay from 0.78 to
05 mm.
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Fig. 5. Calculated fractional powers in the internal gas, in the dielectric tube,
and in the external gas as a function of Ay for TEy, and TEy; modes, where
a=10 mm, »=10.4 mm, €, = 1.01, €,,,. =2, and €., =1. It should be noted
that the power in the dielectric tube for TEy, mode decreases with decreas-
ing A from 1.6 to 1.2 mm and that for TEq; mode decreases with decreasing
Ao from 0.78 to 0.5 mm, which corresponds to the behavior of the attenua-
tion constants in Fig. 4. The guided power is almost perfectly confined
within the internal gas in the above conditions, which simultaneously re-
duces the two losses, attenuation due to dielectric loss of a tube and
radiation loss from bends.

relativity thick tube (0.4 mm). The attenuation constant for the
TE,; mode increases monotonically with decreasing Ay The
attenuation constant for the TE, mode, however, decreases with
decreasing A from 1.6 mm to 1.2 mm, and that for the TE
mode decreases with decreasing A, from 0.78 mm to 0.5 mm. The
fractional powers in three parts as a function of A, are shown in
Fig. 5. [7]. The power in the dielectric tube for the TE;, mode
decreases with decreasing A, from 1.6 mm to 1.2 mm, and that
for the TE,; mode decreases with decreasing A, from 0.78 mm to
0.5 mm, which corresponds to the behavior of the attenuation
constants in Fig. 4. It is especially noted that the guided power is
almost perfectly confined within the internal gas in the above
conditions, which simultaneously reduces dielectric loss and
radiative loss.

Calculated radiation loss as a function of A, is shown in Fig. 6.
The radiation loss rapidly decreases with decreasing A. It should
be noted that the radiation losses for the TEy, and TEy; modes
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Fig. 6. Calculated radiation loss as a function of Ay for TEy, TEy,. and
TEg; modes, where ¢= 10 mm, b=10.4 mm, €¢,;, =1.01, €, pe =2, €, =1 and
bending radius R=20 m. The radiation loss rapidly decreases with decreas-
ing Ag. It should be noted that the radiation losses for TE¢, and TEy; modes
are low enough in the wavelengths regions where the attenuation constants
are very low, due to tight field confinement within the internal gas. The
radiation loss for TEj; mode is below 0.1 dB/km.

are low enough in the wavelengths regions where the attenuation
constants are very low, due to tight field confinement within the
internal gas. The radiation loss for the TE, is below 0.1dB/km
in this region.

Some conditions are found where the attenuation constant of
the waveguide with a relatively thick tube is extremely low due to
tight field confinement within the internal gas.

IV. DiscussioN

The novel low-loss transmission characteristics, which are quite
suitable to a practical waveguide line, will qualitatively be dis-
cussed. As the dielectric constants of the internal gas and the
tube are higher than that of the external gas, as shown in Fig. 1,
the delivered power is confined within the internal gas and the
tube. If the tube is thick, the power is almost confined within the
tube and transmission properties are similar to O-guide propaga-
tion. If the tube is thin, the power is considerably confined within
the internal gas and transmission properties are similar to those
of a dielectric rod waveguide consisting of an internal high-
dielectric-constant gas and an external low-dielectric-constant
gas. Anomalous transmission characteristics are closely related
with the difference between the above two waveguide properties.

The electric field distributions for the TE,, and TEy, modes
are calculated as a function of distance from the origin (r), as
shown in Fig, 7. The electric field in the tube (a<<r<b) monoton-
ically increases with decreasing A, for the TE,, mode. For TE,,
mode, however, the electric field distribution is complicated and
strongly dependent on A;. When A, is small (A, =0.5 mm), the
strongest electric field is in the tube. When A, approaches to 1
mm, the field distribution is drastically changed. The electric field
is mostly confined in the internal gas, and the field in the tube
becomes fairly weaker. These features are also found for the TEq;
mode.

The electric field E¢(r<a) changes as I|(xr) when A is small
and as Jy(xkr) when A, is near the cutoff wavelength. & is
calculated as a function of A, for the TE,,, TE,, and TE,
modes as shown in Fig. 8. Solid lines correspond to the case when
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Fig. 7. Calculated clectric field distribution as a function of A for TEq; and
TE,, modes, where a= 10 mm, 5=10.4 mm, ¢,, =101, €y =2, and €, = 1.
The electric field in the tube monotonically increases with decreasing A, for
TEq, mode. For TEy, mode, however, the electric field distribution changes
drastically. When A is small (Ag =0.5 mm), the field is almost confined in
the internal gas, and the field in the tube becomes weaker. These features are
consistent with the attenuation constant in Fig. 4. The anomalous transmis-
sion characteristics are explained by the difference of cutoff frequencies
between O-guide and dielectric rod guide.
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Fig. 8. Calculated wavenumber k. Solid khnes correspond to the case that
H_=Aly(xr) in (1) and k?=p? —¢kj in (2) Dotted lines correspond to
the case that H, =AJy(kr) in (1) and «2 =¢,,k} —B? in (2). For TE, and
TEy; modes, there exist wavelengths regions where x~0 38 mm~! on the
dotted lines and E,~0 at »=a=10 mm. For TE; mode, however, the
region where k~0.38 mm™' is not found.

the propagation constant B> /€ k, and the field changes as
I(x#). Dotted lines correspond to the case when
V& ko =B= E5 ko and the field changes as J;(xr). For the TE;,
and TEy, modes, there are some wavelengths regions where
k~0.38 mm ' on the dotted lines. E, changes as Jy(x7), then E,
approaches to zero when r=¢=10 mm (xr=3.8), which is con-
sistent with the behavior of E, when Ag=1 mm for the TEy,
mode in Fig. 7. It is found that ka~3.8 when 0.8 mm=A,<1.6
mm for the TEy, mode, and 0.5 mm=<A,<0.7 mm for the TE;,
mode. These wavelengths regions approximately correspond to
low-loss transmission in Fig. 4 and tight field confinement within
the internal gas in Fig. 5.

Cutoff wavelengths of the TEg,, TE,, and TEy; modes are
shown in Table I. Cutoff wavelengths of a gas-confined guide are
approximately determined by v. If the dielectric constant dif-
ference between €., and €, is neglected, the cutoff wavelengths
are determined by (6). If €, =€, they are calculated by v,04.

For the TE; mode, the cutoff wavelength of O-guide is fairly
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TABLEI
CUTOFF WAVELENGTHS OF TE, MODES
0-quide Dielectric rod Gos—cor?flned
waveguide wavequide
Deelectric €,2Eex,y 14| €c=En, r<a Er% €y r<a
constant =€ tube 1 KD € ox OLT Etube 10<r<b
profile =€ ex s DT Eexs BT
TEq 8 9mm 26Imm | 79Imm 9 3mm
Mode | TEgp 08 114 334 | 64
TE 04 073 220 092
o Eq (5) |Eq (4u Rigorous eigen
Approxmation Eq (6) Vrod (or V1=240, TE, | value equation
552, Tk,
865, TEgs

0=10mm, b104, £,n-101, Eube=2, EFox*l

The cutoff wavelength of O-guide for TEy, mode is fairly larger than those
for TEg, and TEy; modes The normalized frequency defined by the dielectric
constant difference between the internal and external gases, 0,04, at the TEg,
mode cutoff wavelength of O-guide 1s much smaller than v,4 at the TEy, or
TE; mode cutoff wavelengths of O-gwide: vroq =0.71, TEq1; 0300 =7.9, TEga:
¥poq = 15.7, TEg;. The cutoff wavelength of the gas-confined guide for TEy,
mode 15 similar to that of O-gnide. The cutoff wavelengths of the gas-confined
guide for TE, and TEy; modes are fairly larger than those of O-gude. These
facts suggest that gas-confined waveguide transmission for TEg, or TEg,
modes 15 quite different from O-guide transmission

larger than that of circular rod waveguide and is approximately
coincident with that of the gas-confined guide. For the TEy, and
TE,; modes, the cutoff wavelengths of O-guide are smaller than
those of the gas-confined guide. This fact suggests that O-guide
propagation is no more observed in the region between the cutoff
wavelengths of the O-guide and the gas-confined guide. When A,
is larger than the cutoff wavelength of O-guide, the field is
scarcely confined within the tube, and it is strongly confined
within the internal gas. The reason is that the normalized
frequency v,,q, Which is defined by the dielectric constant dif-
ference between the internal and external gases, is fairly large.
For example, v, 4 =7.9 when A;,=0.8 mm (=the TEg  mode
cutoff wavelength of O-guide). These wavelengths regions may
extend from the cutoff wavelength of O-guide to that of dielectric
rod waveguide. They are 0.8-1.14 mm for the TEj, mode, and
0.4-0.73 mm for the TE,; mode. These regions approximately
correspond to small attenuation constant in Fig. 4 and tight field
confinement within the internal gas in Fig. 5.

V. CoNCLUSION

Novel low-loss propagation supported in a gas-confined dielec-
tric waveguide is described. The waveguide consists of a thin
dielectric tube separating an internal high-dielectric-constant gas
from an external low-dielectric-constant gas. In order to bring the
waveguide to practical use, the following requirements should be
satisfied: 1) attenuation due to dielectric loss of materials is
small, 2) radiation loss from bends is small, and 3) the waveguide
consists of a relatively thick tube so that it can be mechanically
stable.

Transmission characteristics of TE;, modes are theoretically
investigated. The attenuation constant, power flow distribution
and radiation loss are calculated. Some operation conditions are
found where these requirements are simultancously satisfied.
Even if the tube is relatively thick, the power is almost perfectly
confined within the internal gas in these conditions, which drasti-
cally reduces attenuation and radiation loss. These anomalous
transmission characteristics are explained by the difference of
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cutoff frequencies between O-guide and circular rod waveguide.
A gas-confined dielectric waveguide will have practical applica-
tion to low-loss transmission lines and high-Q resonators in the
submillimeter wavelengths region.
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Composite Dielectric Waveguides with Two
Elliptic-Cylinder Boundaries

EIKICHI YAMASHITA, SENIOR MEMBER, IEEE, KAZUHIKO
ATSUKI, anp YOSHIKI NISHINO

Abstract—1t is shown that the propagation constants of composite
dielectric waveguides with two different elliptic-cylinder boundaries, such
as the recent single-polarization optical fibers, are computable by the
point-matching method. Numerical results are shown for various combina-
tions of the dielectric constants.

I. INTRODUCTION

Composite dielectric waveguides, or dielectric-rod structures
composed of a few dielectric materials, are expected to be appli-
cable to the transmission of optical waves and microwaves.

Composite dielectric waveguides having two semicircular di-
electric regions were discussed in a previous paper [1} where the
propagation constants of various transmission modes were com-
puted by applying the point-matching method to interface condi-
tions between two dielectric regions and a microwave model
experiment to confirm numerical results was described.

Recent investigations of single-polarization optical fibers [2],
[3], have attracted our attention to multicylindrical boundary
structures such as an elliptical core with circular cladding and a
circular core with elliptical cladding, The detailed analysis of
wave propagation characteristics along such dielectric waveguides
is complicated compared with one-boundary structures [4]-[6],
but it is important.

Ferdinandoff and Bulgarien discussed dielectric waveguides
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with elliptical cross sections and derived approximate characteris-
tic equations for some extreme cases [7]. However, they have not
indicated any numerical data of waveguide characteristics or
computational feasibility to support his method.

This paper shows the applicability of the point-matching
method to the modal analysis of some composite dielectric wave-
guides with two elliptic-cylinder boundaries including two cross-
ing boundaries.

II. THE METHOD OF ANALYSIS

The cross-sectional view of various dielectric waveguides is
shown in Fig. 1(a)-(j). The first structure, a circular dielectric
rod, as shown in Fig. 1(a), is a historical one which was analyzed
by Hondros and Debye seventy years ago [4] with the method of
the separation of variables. Electromagnetic fields inside and
outside of the rod in this case were expressed by using Bessel’s
and modified Bessel’s functions, respectively.

The second structure in Fig, 1(b), a rectangular diclectric rod,
can no longer be treated with the method of the separation of
variables. Goell [8] applied the point-matching method to the
analysis in order to satisfy interface conditions imposed on
electromagnetic fields, and used a linear combination of Bessel’s
functions to express the fields.

This method was employed to analyze the wave propagation
along optical fibers with deformed boundaries such as a chipped
circle as shown in Fig. 1(c) [5]. The numerical results of this
analysis were also confirmed by a microwave model experiment
[5].

A composite dielectric waveguide as shown in Fig. 1(d), was
analyzed by modifying the point-matching method so as to treat
three dielectric regions [1]. A microwave model experiment indi-
cated data supporting the consequent analytical results {1].

Optical fibers of a circular core with an elliptical cladding and
those of an elliptical core with a circular cladding as shown in
Fig. 1(e) and (f), were fabricated by Kaminow et al. [2] and
Matsumura et al. {3] for maintaining a state of polarization over
an extended length. The cross sections of core-cladding structures
as shown in Fig. 1(e)-(h) belong to a class of composite dielectric
waveguides. These structures can be expressed by a combination
of two different elliptic-cylinder boundaries as shown in Figs. 2
and 3. ‘

First, we employ the circular cylindrical coordinate systems
(r,8,z) and assume the propagation factor exp(jwf—jBz) in
each field function. Then, the fundamental wave equations are
given by

82

13 .
5,2 5 i=1,2,3

2 E
_ 2 2 zt —
602 ﬁ +k1 ){Hu} 0’
1)

where the suffix 1 denotes the central dielectric region with the
highest dielectric constant, the suffix 3 the outside diclectric
region, and the suffix 2 the remaining dielectric region. Therefore,
the dielectric constants of the three regions are related by

138
ror

€€ €76 (2)
Then, the wavenumber of each region is given by
' k2 =w%py, i=1,2,3. (3)
The propagation constant 8 should be in the range
k,>B>k,. ©)]
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