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Thtroduction

The history of dielectric waveguides begins
back in 1910 with the publication of a theoretical
paper by Hondros and Debyel, who gave a mathemat-
ical. treatment of transverse magnetic mode propa-
gation in lossless dielectric guide. In the 1930ts
Southworth2 began experimental vwmk on these modes
while Carson, Mead, and Schelkunoff3 developed a
general theory which showed the etistence of ‘D3,
TM, and hybrid HE modes. During Worl War II,

!?
dielectric rod antennaa came into use. However,

dielectric waveguicks as transmission lines were
considered impractical at that time when the
shortest wavelengths in use were several centi-
meters long. The size of dielectric required
at tbse long wavelagths, and the problems of
support, radiation, and crosstalk, appeared to
be serious drawbacks to the practical utilization
of these guides. Furthermore, there was no great
need for dielectric guides, since dcminant-mode
metallic tides had sufficiently low loss while
flexibility could readily be obtdned by corru-
gated guides or by coaxia3 lines.

More reCently, with the advent of wavelengths
of one centimeter and shorter, there is renewed
interest in the lW loss and flexibility possi-
bilities of dielectric waveguide transmission.

Thus, C. H. Chandler and W. M. Elsasse#+of R.C.A.
have studied the attenuation of cficular dielec-
tric waveguides while a group in the Microwave

Laboratory of Northwestern University has con-
ducted a more detailed investigation of circtd.ar
dielectric rod and tube waveguides and has obtained
quantitative equations for the fields inside and
outside these guides. Experimental and theoret-
ical study of attenuation in thase guide was
also conducted by this group. A. G. Fo$ of the
Bell Telephone Laboratories haa also investigated
dielectric waveguide transmission but has concen-
trated on using them to replace retail.ic wavwuides
in bench setu~– at miJMme~er wavelengths. Ttis
work has resulted in sane beautifully simple
flexible waveguides, directional couplers and
hybrida. This papsx will &scribe some work done
at the Eksll Telephone Laboratories on low loss,
dielectric waveguides suitable for moderate
distanse transmission.

Dielectric Wavegui.de Modes

The theory of dielectric waveguide modes is
discussed in references 3 and 5, so that only
some general remarks will be made here. By a
waveguide mode, one generdl.y means a particular
electnxnagnetic field distribution which varies
exponentially in the direction of propagation,

“z where Y, the propagation constant, canas e
be real, imaginary, or complex. In the case of

a hollow metal waveguide, an infinite number of
modes can exist at all frequencies, these modes
propagating above cutoff (Yis imaginary) and
attenuating below cut-off ( Yis real). This set
of modes in a metal wave~de is complete so that
any arbitrary field configuration can be expressed
as a sum of the possible modes.

For lossless dielectric waveguides, R.B. Adl.er7
has shown that the propagation constant y can
never be real but must be imaginary, i.e., y Q j~.
This means that no real cut-off in the ordinary
metallic waveguide sense can occur, but it does
not mean that all modes can propagate at all fre-
quencies. It merely means that some modes simply
cease to exist below a certain critical frequency.
At a very high frequency where the waveguide is

MSOY wavelengths in diam~ the propagation con-
stant j~ approaches j(A)/EIPowhere E1 is the wave-

guide dielectric constant. This seems reasonable
since at these high frequencies the wave energy
is confined almost entirely inside the dielectric.
AS the frequency decreases, the pro~gation con-
stant decreases until a critical frequency is
reached where j~ = jw~ =free space propa-

gation constant. Below %his frequency the
dielectric no longer guich the wave and the
mode ceases to exist, unlike the metallic wave-
guide modes where below cutoff the propagation
constant becomes real. Therefore, ‘~cutofflt seems
to be a poor term to apply to this critical fre-

quency of dielectric waveguide modes. Adler7 has
suggested the term ‘Divergence frequencytt since
the wave diverges from the dielectric instead of
being guided by it at this frequency. From the
above it is evident that at any given frequency

O* a finite number of modes can exist. There-
fore, these modes cannot form a complete set
since an arbitrary field configuration cannot
be expressed as a sum of these modes but must
be ex~essed as the sum of the propagating modes
and radiating terms.

Most of the modes in dielectric waveguides must
have longitudinal components of both E and H, and
these modes are usually designated as “hybridtt
modes and symbolized by the Northwestern Univer-

Sity @oUp by ~ if the field in a eross-
section resembles that of an H (TE) wave orE~
if it resemblee that of an E (TM) wave. It can be
shown that transverse electric or transverse mag-
netic modes can be propagated only if the fields
have axial symmet~.

The lowest order transverse electric, ml, and
transverse magnetic mode, TMol, can exist on a
polystyrene rod only if the rod is greater than
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0.626 wavelengths in diameter. Near this diemeter-
to-wavelength ratio, almost all of the wave energy
is in the spce surrounding the guide so that the
guide wavelength is very nearly the same as the
free space wavelength. However, se the diameter-
to-wavelength ratio increases, the guide wavelength
decreases rapidly and approaches the wavelength in
an infinite mediun of the dielectric at large dia-
meters as seen in Figure 1. One can also state
that the loss would increase (Figure 2) as the
guick wavelength decreases since both variations
depend upon the amount of the field energy inside
the dielectric.

Of ths hybrid modes, the HE~ mode has no
utivergence!t f~quency and C= be ProPaga~d

at sll frequencies regardless of diame@r.
Of course, at very low frequencies, this mode
becomes essentially a free space transverse
electromagnetic wave with practically no 10SS
and no guiding action by the dielectric. AZ the
diameter-to-wavelength ratio increases, the
guiding action improves and the guide wavelength
deviates appreciably from the free space wave-
length, as seen in Figure 1. Afield plot of the
HE~ mode is shown in Figure ~, and one can note
that this mode is very similar to the dcminant
TEU mode in circular waveguide. Figure 2 is a
curve of loss as a function of guide diameter as
calculated by the Northwestern University and
R.C.A. groups.4

Choice of Mode

A dielectric waveguide mode which is best
suited for microwave transmission should be easy
to launch, should have ICW1OSS, and shouldbe as
iamune as possible to mode conversion or radiation
due to the necessary manufacturing tolerances of
the guide.

Let us first consider the launching problem.
Since the ml mode has a field pattern which is
very similar to the dominant TE metallic waveguide
mode, launching can be very simply accomplished by
merely inserting the dielectric in a dominant mode
metal guide properly flared as shown in Figure 4.
All other modes mould require mods transducers for
launching.

AC to 10SS, it can be seen frcm Figure 2 that
the HE~ mode has 10U 10SS over a wider range of
diameters than the loss for the transverse modes
*ich rises very rapidly from zero to a rather
high value, so that very slight diameter changes
could cause very large changes in 10SS. Thus,
the HEII mode Fertits tider ~~ionfi toler-
ances and so ie to be ~eferred.

The ~ mode ti ~so to be preferred from
the mode conversion poti% of view. ~ the di-
electric diameter-to-wavelength ratio is low
(belcw .626 for polystyrcae), no mode conversion
CSSI take place since only the HEll mode can exist

OnthS guide. Guide diseenkinuikies will, instead,
cause wave radiation. This radiation is, however,

not as serious a problem in transmission as mode
conversion with its interference potentialities
would be.

We therefore see that the hybrid HEll mode is
superior for microwave transmission purposes to
all. other modes.

Guide Confi~ration

One of the first problems to be investigated
was tlw partied.ar guide configuration, (whether
rod or tube, of circular or rectangular cross-
section) which would give the lowest losses and
require the lowest tolerances on uniformity while
still confining the energy within a given area.

The relative merits of the rod and tube forma
of the dielectric guide can be obtained theoretic-
al..ly from the equations given by the Northwestern
University Group. With the aid ofS. P. Morgan of
the Laboratories, calculations were made of the
relative power flow in various regions for a par-
ticular rod and a particular tube whose losses
were nearly equal. The results indicate that the
rod confines the field better than the tube does
for the given dimensions.

W the other hand, the guide wavelengths a
much more slowly varying function of diameter for
the tube than for the rod so that dimensional
tolerances would not be as strict for the tube.
Homver, this advantage was not considered suf-,
ficient to warrant the added manufacturing
difficulties involved in tube fabrication.

The problem of the guide cross-section wae not
treated theoretically because of the very great
difficulties involved in solving tb dielectric
waveguide problem for other than circular cross-
sections. However, exprimenta with circular
guides by A. G. Fox had already shown that these
were unsuitable for transmission purposes because
internal strains, dimensional non-vniformityj and
bends caused the ~ dipole mode to change polar-
ization. It was therefore decidedto use rectang-
ular or oval cross-section guides. Depolarization
effecte are minimized with these cross-sections
because the guide wavelengths differ for the two
perpmdicular axes of the cross-section. Our work
thus complements the work done at other laborator-
ies on the mathematically simpler circular rod
waveguide.

Attenuation Measurements at 2.& 000 Kc

The theory of circular dielectric rod waveguide
attenuation has been discussed by IILsasserk and by
the Northwestern University grou$ for polystyrene
with results shown in Figure 2, but no theoretical
stu~ has been made for attenuation in rectangular
dielectric guides because of its extreme ccmpletity.
An experimental study of this problem was therefore
undertaken. At was expected that the attenuation
of a rectangulea- guide with the E vsctor along tho
long dimension would be equal. to the attenuation
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of a cficular guide of diameter somewhat smaller
than the long rectangular dimension. Similarly,
with hhe E vector along the short dimension, the
loss was expected to be equal to the loss of a
circular guide of diameter somevd’mt larger than
the short dimension.

The measurements were made using two different
methods. The first involved the strtig~forwafi
scheme of directly measuring the loss of a guide
sufficiently long to give results of fair accuracy.
‘i’his was rather difficult to do because long
lengths of uniform cross section are not easy to
obtain. Furthermore$ long lengthe of line are
unwieldly and require a long unobstructed path.
However, several long length measurements were
made both on samples cut from sheet stock and
then heat welded to form a suitable length line,
andaleo on lengths extruded bya commercial
exlmuding firm.

The results of the long line measurements are
shown in Figure 5. The line constructed from
sheet stock was rectangular in shape with dim@-
sione of 0.095ft x ,l!%’l. The loss was measured
at 2&,0C0 MC for various Iengthe of line, resolt-
ing in an average loss measurement of 0.05 db/ft.
for the &ectric field parallel to the long
dimension. The radius of field extent was
measured ratkr roughly so that no great quan-
titative accuracy is claimed for it. However,
the measurement does indicate that large metal
or absorbing plates could be brought to within
1 1/2” of the guide with no noticeable effect
(kssthanlx~ Onthetransfission. @eco-fld
also rotate the polarization of the receiving
horn a full 360° with respect to the sending horn
in a35 ft. line without affecting the received
output. ‘l’his line could also take a 45 ft.
radius of curvature with less than 1% effect on
output *

The commercially manufactured line was oval in
shape and had dimensions Of 0.086” x 0.155” with
a variation of te005’t. l!ecauae of the smaller
dimensions of the extruded line and because i$s
cross-section was oval rather than rectangular~
the field extended over an 8“ diameter rather than
the three-inch diameter obtained with line made
frcm shwt stock. For the same reason, the ex-
truded line was also expactedto have a substan-
tiiQy lower lose than the hand-made lime. It wss
therefore surprising to measure a loss of 0.05
db/ft. for this line as well.

The ooly reasonable explamklon for khis h$gh
loss is that the extruded ~lystyrene had an in=-
hsrently higher loss tangent due perhaps to im-
purities introduced by the exbrusion machine.
Meaeurenents confirmed our Suspicions and showed
that. at 3,003 mc the sheet stock had a loss
tangent of 0.0ci)6 while the extruded material
had a lOSS tengent of 0.0022. It was therefore
evident that di&ectric waveguide measurements
made with extruded polystyrene would be pessi-
mistic. Steps were therefore tabn to obtain a

better grade of material fran another source.
However, this new material arrived after the
present 24,000 mc measurements were terminated.

The second method of measuring dielectric
waveguide loss involved a resonant line technique

;Y;z:ytsk;y;izi;%%sz:.c. .
waveguide is placed betwen tw parallel plane
reflectors, thus forming a resonator which
effectively multiplies the length of the guide.
Transmission through the resonator takes place
when it is a multiple number of half wavelengths
long. By measuring the Q of the transmission
peaks as a function of length of line, one has
sufficient information to mlctiate the dielectric
waveguide attenuation.

Using this resonator technique, loss measure-
ments were made on the commercially extruded
polystyrene guide. With the electric vector
polarized along the 0.155” dimension, the loss
was measumd to be 0.049 clb/ft., which is in good
agreement with tke long line measurements. The
field extent as measured in the resonator also
agreed with the long l%ne measurement. With the
electric vector along the 0.08611 dimension, tke
field was confined to a diameter of appro~tely
14 inches, while the loss dropped to 0.025 db/ft.

Attenuation Measurements at 48.O(X) Mc

The attenuation nwasurements at @ kmc were
taken in two ways: The first was the long ltie
technique discussed earlier. The second mrbhod
made use of a movable directional coupler that
makes it possible to take measurements at any
point along the line. The use of the directional.
coupler, however, presented various difficulties.
The line supplied by the manufacturer, with a
cross section nominally 0.05611 x 0.l&2”, showed
a periodic tensional variation. These varia-
tions by changing the eoapling factor, produced
an oscillatory cmn~nent in the power nwaaured
along the transmission line. In order to obtain
unifom dimensions and a, smaXLer cross section,
the polystyrene was accurately eized. However,
the oscKllatery component persisted, and Ltwas
necessary to use the average of a number of
measurements to obtiain the transmission loss.
We have attributed the remaining oscjll.ations’
to variations in the dielectric constant which
caused variations in the coupling coefficient.
The changes in the dielectric constant can be
correlated with the dimensional variations that
ws~e presen% in the unsized polystyrene.

The ks of a100~ of 0.056” xO.l&r~ polysty-
rene Hne supported every 61 by nylon thread
varies from 2& to 30 db/100 ft. with E perpen-
dicular to the large dhensione of the guide.
With E along the large dhension, the loss
measured variea from 94 to 120 db/100 ft. The
larger values of attenuation were obtained when
the relative humidity was in the vicinity of100%.
The alignment of the line me not critical, even
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with E perpendicular to the large dimension of the
guide. Displacing the center of a 10QI line bylf
did not give an observable increase in attenuation.
Howaver, Msplacing tlw center of a 2t section by
lN resulted in an added loss of 0.5 db. Specify-
ing the effect of misalignment in a unique way is
somewhat difficult. The radiation loss due to
uniform circular bends is of little practical.
interest, since accidental. misalignment does not
produce uniform bends. We have given here the
lceses caused by displacing the guide supports.
It should be borne in mind, homver, that these
losses are influenced by the mechanical properties
of the line, since these properties determine the
skuqmess of the bend for a given displacement of
the supports.

The field extent for polystyrene line sized to
rectangular cross section of 0.038n x 0.1.141~ vias
experimentally found to be about 1.511 in radius.
The loss of a 1001 of this dielectric waveguide,

supported every 61 by nylon thread, is 4.5 db/100
ft. with E along th small dimension of the guide.
All tb values given here are believedto be cor-
rect within ?0.2 db. Introduction of a360°
twist s~ced over 12t resulted in a loss of
approximately 1 db, tit the twist did not produce
appreciably any crces-polarization (more than
20 db mwn).

The last waveguide considered was polystyrene,
0.03211 x 0.096)! in cross section. A 1061 section
of thie guide supported every 4: by nylon thread
gave atranemission ices of about 0.7 db/100 ft.
The alignment of the Une was quite critical.
The displacement of one of the supporting threads
byl’1 resulted in an additional. ices of approxi-
mately 2 db. line only every 1.2t
increased t~ loss to Introduction of a

90° twist spaced over12’ resulted ina loss of
0.5 db. A 180° twist in 12! produced a cross-
polarization component which was ap~oximately
20 db down. Displacemsmt of the line did not
produce any observable cross-polarisation.

The experimental. results are summarized in
Figure ‘7.

Launching

A> stated previously, tk ~ mode can be

launched on a dielectric wavegui.de by inserting
the tapered end of the waveguide inside a
dominant-mode rectangular metal guide with
attached horn as shown in Figure 4. A number
of experiments were performed to determine the
opthuu horn dimensions for 10WIOSS launching.
Qualitatively, it can be stated that both the
length and flare angle of the horn are important
andmuet be optimized. For the .095” x .156”
guide with the E vector along the long &ension$
the best results were obtained with a 10I! long
horn and a 20° flare angle. The launching loss
for this horn was about 0.75 db/horn.

Aa the dielectric cross section becomes smeller
and the field outside the dielectric becomes
larger, launching becomes relatively more diffi-
cult. This was particularly true in the l+8,0C0mc
launching experiments. Thus, for the .056’? x .l@
guide having a radius of field extent d about 0.4
inches, a conical horn with an axial length of 51!
and a diameter of 1 3/4’1 gave a launching has of
1.0 db. The same horn hada launching 10SS of
5.1 db for the emeJIO.032° XO.096° guide.
In order to reduce this loss tol.5 dbfor the
latter guide, a Zlli long horn having two flare
angles with a 4tf diameter opening was reqaired.
In order to further reduce this loss, various
schemes using lenses and tapered dielectric
waveguides were tried without success.

Guide Shield

A ckielectric waveguide requires an electrical
and mechanical shield to protect it from electrical

crosstalk and from rain, snow> etc., as well as to
permit the guide to operate in a non-absorbing dry
atmosphere. However, this shield need not nmet
the very close mechanical tolerances which multim-
ode metallic waveguicles require.

Shielding experiments were performed using the
resonator techniqpe. A metal shield was found to
result in many spurious resonances due to coupling
between the hybrid dielectric mode and the metal

guide modes. It is therefore felt that metallic
shields will be unsatisfactory and will result in
mode cross-couplings.

The best shielding will therefore be obtained
with a lossy tube of large diameter so as not to
intersect any of the ener~ surrounding the di-
electric. Since no lar e diameter commercial

7tubes Were,available, 1 2tt plywood was tried and
fcmnd satisfactory.

Guide Supports

Tests were conduoted, using both the resonator
and the long line techniques, to determine possible
means of supporting dielectric waveguides. Thin
nylon threads were found quite suitable. Thin
polgfoam sheets were also tried and found satis-
factory only if they were aynznetrical about a plane
perpendicular to the electric vector and about a
plane perpendicular to the magnetic vector. These
supports were l/41f thick, 10t~ square and placed at
ten-inch intervals along a 150 ft. length of .095~l
x .15611 polystyrene line without perceptibly ti-
creasing the transmission loss. However,
asymmetrical polgfoam supports produced large
losses due to radiation.

The support problem for vertical runs is not
solved by the polyfoam sheds and further work ie
required. tie possible solution is to insert a
wire in the center of the dielectric guide in
order to add strength to the dielectric whUe
only slightly petimbing ths hybrid mode. T&+@
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made at 21+,0CX) MC showed that a .025’1 diameter
wire center in a .146” diameter polyethylene guide
does not add much to the electrical loss while
considerably improving on the scmewhat poor
mechanical properties of dielectric wavegui.des.
However, where mode purity is imptiant, this
wire-dielectric guide is as yet impractical since
the wire permits the propagation of a closely con-
fined, high loss, TM mode of the Goubau type.
This latter objection may ~rhaps be eliminated
by using a center tie of high r%sistivity.

Another possible eolution to the support prob-
lem is the dielectric image guide. Since the
field distribution of the HEll mode possesses
a plane of symmetry, onq can split the dielectric
rod in two and use an image plane as shown in
Figure 6. Of course, this tiage plane adds copper
losses to the normally present dielectric losses
of a dielectric guide. However, since the field
intensities are relatively low, conduction current
densities, and thsrefore copper losses, will be
low too. D. D. -$ has published sane experi-
mental results on this type of guide.

Conclusions

For short distance trsnmsission on bench setups
(at frequencies above 21+kmc) where very low loss
is a comparatively unimportant factor, the flexi-
bility, ease. of manufacture, and low cost of
dielectric waveguides, have already proven to
be of very great value by the work of A. G. Fox.

For moderate distance transmission, such as up
to an antenna afew hundred feet from the signal
source, one ~ frequently be willing to sacrifice
transmission efficiency in order to obtain an in-
expensive and reliable transmission line. For
this application, dielectric waveguides may be
attractive if one can effectively solve th
problem of supporting the ~ide vertically.
The dielectric image guide appears to be par-
ticularly suitable for this application.

For long distance transmission, one could
justify the use of dielectric guides if they
could compete with the circular electric TEOI
mode trsasmission in circular metallic waveguide.
The latter can provide low-loss transmission in a
relatively mnaller space than the dielectric guide
can. Although further work on dielectric mave-
guides would be required before a quantitative
comparison could be made of these two low-loss
long-distance transmission means, it does appear
that the circtiar electric mode in metallic wave-
guides is suprior for this service.
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