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Anomalous Low-Loss Transmission in a

Gas-Confined Dielectric Waveguide for Millimeter

and Submillimeter Wavelengths

KAZUYUKI YAMAMOTO, MEMBER,IB13E

A bstraet— 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 interrtaf

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 indkpensable for a mechrmi-

cally stable waveguide. In this paper, anomalous low-loss transmission

characteristics in a gas-confined dielectric wavegnide with a thick tube are

described. Some condkions are theoretically found where the attenuation

constant of the waveguide with a thick tube is extremely low, due to tight

field confinement witbin the internal gas. A quafkative explanation of the

operation mechanism is also given.

I. INTRODUCTION

Dielectric waveguides have received considerable interest in

recent years for millimeter and submillimeter wavelengths trans-

mission media. The advanta~e 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 art internal high-dielectric-

constant gas from an external low-dielectric-constant gas, as
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Fig. 1. Ccometry and dielectric-constant profile of the gas-confined dielectric
wavegoide. The waveguide consists of a thin dielectric tube which separates
an internal high-dielectric-constant gas from an extemaf low-dielectric-
constant gas.

shown in Fig. 1. The characteristic feature of this waveguide is

that the attenuation constant can be wnsiderably 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 experimentally.

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 wavegnide suffers from a fairly large attenuation. The

advantage of the gas-confined guide is brought about ohly 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 intemaf

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 TEO. modes propagation. As-

suming a field with the time and z dependence of e’(o~–~=), axial

field components of TEO~ modes can be expressed as follows:

[

AIO(Kr) (or~JO(~r)), r~a

H,= SJO(ur)+TNO(ur), ~<r<b (1)

CKO(yr), b<r
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where the factor e’(oc–~’) is omitted and

K2=~2—c,nk; (or~z=cink;-~z)

02=ctUbek:—fi2

yz=pz–%,k; (2)

and kO is free-space wavenumber. Other field components ( Erp,

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= b. 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 are 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 F’,., ~tUbe,

and PC,, 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]

,=6,.(;)2+,,.,, {,-(;) 2). (3)

The normalized frequency of a gas-confined waveguide is ex-

pressed as follows:

“=ym”
(4)

When e,u~, = C,X, a gas-confined guide reduces to a conventional

dielectric circular waveguide which consists of an internal high-

dielectric-constant gas and an external low-dielectric-constant

gas. The normalized frequency is defined as

“’”’” y-”
(5)

The cutoff wavelengths of TEO1, TE02, and TE03 modes are

calculated by equating v =2.40, 5.52, and 8.65, respectively, in a

dielectric waveguide. When (,X= c ,~, a gas-confined guide reduces

to a conventional O-guide [5]. The cutoff wavelengths (A ~) are

approximately expressed as follows:

A ,,Q1l=@ma/~-l ~s, fortheTEO,mode

2(b–a)
A,[on] = ~_ ~ -, forTEOn modesnZ2. (6)

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

()

R A;y 3
a~R=~(Ry)]’2exp –—

6712
(7)

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

III. NUMERICAL RESULTS

In order to demonstrate anomalous and interesting transmis-

sion characteristics of a gas-confined dielectric waveguide,

numericaf evahration will be given.

The attenuation constant for the TEOl mode, calculated as

functions of A ~ and b, is shown in Fig, 2. The loss decreases with

I
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Wavelength Ao (mm)

Fig. 2. Calculated attenuation constant in the gas-confined wavegmde for
TEO1 mode as a function of X. and b, where a= 10 mm, C,n= 1.01, ctu~e=2,
CC.=1, and tan 8fU~e= 10”. The attenuation constant increases with m-
increasingb and with decreasing Lo.
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Fig. 3, Calculated fractlond powers for TEOI mode in the interual gas, in the

dielectric tube, and in the extemaf gas as a function of XO aud b, where
~ = I o ~m, c = 1.01, e ,Ube =2, and c,, = 1 The power ur the tube increases,.
monotorucslly with increasing b and with decreasing X ~, which corresponds

to the behavior of attenuation constant in Fig. 2. The power in the internal

gas increases with decreasing b, which causes at tenuatlon constant reduction.

A very thm dielectric tube, however, revolve problems with mechauicd

stabdlty.

increasing A ~ due to weak field confinement. The attenuation

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 (intemaf 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 X ~, which corre-

sponds to the behavior of the attenuation constant in Fig. 2.

These features of a gas-confined guide TEO, 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 necessag. The low-loss

properties of the gas-confined guide obtained only when the tube

is vety 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 TEO,, TEOZ, and TE03 modes as

a function of I ~ 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
TEO1, TE02, and TE03 modes as a function of Ao, where a= 10 mm, b= 10.4
mm, C,D=l.O1, Ctu~c=2, c,-, = 1, and tan 8tu~e= 10”. The wavegmde con-
sists of a relatwely tluck tube ( b — a = 0.4 mm). The attenuation constant for

TEO1 mode increases monotomcally with decreasing AO. The attenuation

constant for TE02 mode, however, decreases with decreasing k ~ from 1.6 to

1.2 mm, and that for TE03 mode decreases with decreasing A. from 0.78 to
O 5 mm.

TE02

E

Powermuierti got
lPtn/Pl

18
:
3 Power1“atm,lp

lPex/Pl
E

-2
= 10
s
z
g

163 Pow:&r dlelecmc

(Ptube/P)

05 I 15

Ao (mm]

TE03

‘v

Id

L
Pex/P

I62

\
Ptube/1

18

05

AO (mm)

Fig. 5. Calculated fractional powers in the internal gas, in the dielectric tube,

and in the external gas as a function of A ~ for TE02 and TE03 modes, where
a= 10 mm, b= 10,4 mm, c,n= 1.01, ctube=2, and 6.X = 1. It should be noted

that the power in the dielectric tube for TEOZ mode decreases with decreas-

ing L ~ from 1.6 to 1.2 mm and that for TE03 mode decreases with decreasing

A. 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

TEO1 mode increases monotonically with decreasing Ao. The

attenuation constant for the TE02 mode, however, decreases with

decreasing A. from 1.6 mm to 1.2 mm, and that for the TE03

mode decreases with decreasing AO 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 TE02 mode

decreases with decreasing A. from 1.6 mm to 1.2 mm, and that

for the TE03 mode decreases with decreasing X ~ 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 TE02 and TE03 modes

TEO E02

)

Wavelength Ao (mm)

Fig. 6. Calculated radiation loss as a function of A. for TEO,, TE02. and

TE03 modes, where a= 10 mm, h= 10.4 mm, C,n= 1.01, c1ube=2, cc, = 1 and

bending radius R =20 m. The radiation loss rapidly decreases with decreas-

ing Xo. It should be noted that the radiation losses for TE02 and TE03 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 TEOI 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

intemaf gas. The radiation loss for the TEO1 is below 0.1 dB/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

8uitable 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 hig&

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 TEO1 and TEO1 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 X ~ for the TEO, mode. For TEoz

mode, however, the electric field distribution is complicated and

strongly dependent on Ao. When A. is small (X. =0.5 mm), the

strongest electric field is in the tube. When X. 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 TE03

mode.

The electric field E@(r<a) changes as ll(~r) when k. is small

and as J1( ~ r) when A. is near the cutoff wavelength. ~ is

calculated as a function of A. for the TEOI, TEOZ, and TE03

modes as shown in Fig. 8. Solid lines correspond to the case when
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Fig. 7. Calculated electric field dmtribution as a furrctlon of XO for TEOI and

TE02 modes, where a= 10 mm, b= 10.4 mm, c,. = 1.01, ctube=2, and c,.= 1.

The electric field in the tube monotonically increases with decreasing A. for

TEOt mode. For TE02 mode, however, the electric field distribution charrges

drastically. When A. is small (AO = 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 0-guide and dielectric rod guide.
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Fig. 8. Calculated wavenumber K. Solid hnes correspond to the case that

H: =.410(rcr) in (I) and IC2 =62 – c,nk~ in (2) Dotted lines correspond to

the case that H: =AJo(Kr) in (1) and IC2 =c,nk~ –/32 in (2). For TE02 and

TE03 modes, there exist wavelengths regions where JC-038 mm– 1 on the

dotted lines and E+ -O at r=a = 10 mm. For TEO, mode, however, the

region where ~-0.38 mm– 1 is not found.

the propagation constant ~~fiko and the field changes as

~l(K r). Dotted lines correspond to the case when

&kO >~z&kO and the field changes as J,(~r). For the TEO,

and TE03 modes, there are some wavelengths regions where

IC-0.38 mm-1 on the dotted lines. E+changes as JI(Kr), thenE+
approaches to zero when r= a = 10 mm (ISr= 3.8), which is con-

sistent with the behavior of E+ when ~0 = 1 mm for the TEOZ

mode in Fig. 7. It is found that ~a-3.8 when 0.8 mm~~o ~ 1.6

mm for the TE02 mode, and 0.5 mm SXo ~ 0.7 mm for the TE03

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 TEO1, TEOZ, and TE03 modes are

shown in Table I. Cutoff wavelengths of a gas-confined guide are

approximately determined by u. If the dielectric constant dif-

ference between e,n and c.. is neglected, the cutoff wavelengths

are determined by (6). If c ~Ube= ceX, they are calculated by o,Od.

For the TEO1 mode, the cutoff wavelength of O-guide is fairly

TABLE I

CUTOFFWAVELENGTHSOFTEO,, MODES

~
profde ‘Ee,, b<r E,,, b<r

TEOI 89mm 261mm 791mm 9 3mm

Mode TE02 08 I 14 334 I 64

TE 04 073 220 092

~
o=lOmm, b:!04, EI, =IOI , ~t.L,, =2 , g.,= I

The cutoff wavelength of O-guide for TEO1 mode is fairly larger than those

for TE02 and TE03 modes The normahzed frequency defined by the dielectric
constant difference between the internal and e~tem~l gases, %j. at the TEOI

mode cutoff wavelength of O-guide n much smaller than Orod at the TE02 or

TE03 mode cutoff wavelengths of O-gurde: Orod = 0.71, TEOI; Orod = 7.9, TEw:

u,O,.I = 15.7, TE03. The cutoff wavelength of the gas-confined guide for TEO,

mode IS similar to that of O-guide. The cutoff wavelengths of the gas-confined

guide for TE02 and TE03 modes are farrly larger than those of O-gmde. These

facts suggest that gas-confined waveguide transmission for ‘rf302 or ‘r’f303

modes M 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 TEOZ and

TE03 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 o

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 urO~, which is defined by the dielectric constant dif-

ference between the internal and external gases, is fairly large.

For example, o,Od= 7.9 when A o = 0.8 mm (= the TEOZ 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 TE02 mode, and

0.4–0.73 mm for the TE03 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 TEo~ modes are theoretically

investigated. The attenuation constant, power flow distribution

and radiation loss are calculated. Some operation conditions are

found where these requirements are simultaneously satisfied.

Even if the tube is relatively thick, the power is almost perfectly

confined within the intemaf 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, SEN1ORMEMBER,IEEE,KAZUHIKO
ATSUKI. AND YOSHIKI NISHINO

Abstract—It 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 showo 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 Bnlgarien discussed dielectric waveguides

Mamrscrrpt received November 26, 19S0: revised April 1, 1981. This work

was supported in part by the 1979 NTT Research Contract on dielectric

waveguide analysn.

The authors are with the University of Electro - Communications.

Chofu-shi, Tokyo 182, Japau.

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-match@g

method to the modal analysis of some composite dielect$c 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. l(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. l(b), a rectangular dielectric 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. l(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. l(e) and (f), were fabricated by Krtminow etal. [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 carJ 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, t9, z) and assume the propagation factor exp(jur–j~z ) in

each field function. Then, the fundamental wave equations are

given by

(1)

where the suffix 1 denotes the centraf dielectric region with the

highest dielectric constant, the suffix 3 the outside dielectric

region, and the suffix 2 the remaining dielectric region. Therefore,

the dielectric constants of the three regions are related by

C,>C2 <,>63. (2)

Then, the wavenumber of each region is given by

k;=u2c,p0, i=l,2,3. (3)

The propagation constant ~ should be in the range

kl>~>k~. (4)
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