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Dielectric Image Lines*
S. P. SCHLESINGERT AND D. D. KINGH?

Summary—Some further studies on the dielectric image line are
presented. Following a verification of field purity for the conventional
image system, the effects of dielectric constant and dielectric geom-
etry on loss, dispersion, and field extent are examined. Results are
also discussed for an asymmetric line, i.e., the case of dielectric
binding medium partially submerged in an image surface.

INTRODUCTION

T IS the purpose of this paper to report further on

the properties of one type of surface wave line,
namely the dielectric image line.l1—%

The axial propagation of electromagnetic energy,
radially symmetric about a conducting or dielectric
binding medium, has been investigated and reported on
by many authors.5~17 These lines may be thought of as
“free” surface wave lines, as contrasted to a transmission
line whose electromagnetic field is confined.
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To overcome some of the objections of the com-
pletely free surface wave lines, one of the authors has
developed a modified line which uses a half round di-
electric rod mounted on an image plane.l:* The bound-
ary conditions dictated by the presence of this plane
support the existence of the desirable low-loss, no low
frequency cut-off HE;; mode, but exclude the higher-
loss undesirable modes of the E type. Thus a conven-
ient supporting surface defines, and partially confines,
the surrounding field. By choosing a reasonable rod
diameter to wavelength ratio, a fairly loosely bound
field with attendant low loss may be realized.* In addi-
tion, the conducting sheet acts as a polarization anchor,
and reduces the mode conversion problem. Various cir-
cuit components such as bends, junctions, and launch-
ers have been developed for image lines.?

Following a verification of field purity, the effect of
dielectric constant and guiding surface geometry on the
basic properties of the dielectric image line are discussed.
These basic properties include loss, field extent, and dis-
persion. Given a conducting plane upon which a dielec-
tric of some arbitrary cross section may be mounted,
one recognizes two general possibilities: the dielectric
may be mounted so that the plane is an image in a true
sense, or part of the dielectric may be recessed into the
conducting plane, producing what may be termed an
asymmetrical image system. Both cases will be treated
here.

FieLp Purity

The basic equations for round dielectric rod are re-
reviewed in the Appendix. The characteristic equation
involving the radial parameters p and ¢ and evolving
out of the application of boundary conditions (3) was
solved with #=m=1 for a broad range of dielectric
constant. These results are shown in Figs. 1 and 2.

The field purity of the HEy; mode with a half round
dielectric and image surface was substantiated experi-
mentally. Fig. 3 shows a comparison between the radial
decrement of axial field component as predicted from
the basic equations for the full round rod, and the meas-
ured axial field distribution for several half round poly-
styrene rods mounted on an image surface. The meas-
urements were made at 3 cm in an open resonator? with
the E-field sensing probe mounted on one end wall and
moved normal to the image surface. A thin slot in the
end wall so arranged produces no field perturbation
since for the HEy; mode only H, is present at ¢ =0.

ErrFECT OF DIELECTRIC CONSTANT

The effect of dielectric constant on loss, field extent,
and dispersion has received some attention in the litera-
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Fig. 1—Radial parameter ¢ as a function of 2a/X for round
rod of dielectric constant e.
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Fig. 2—Radial parameter ¢ as a function of 2a/\o
for round rod of dielectric constant e.

turels-1” but the range of dielectric constant considered
is rather limited, and the results are not presented in a
form so as to show the over-all effect of € on field binding
and loss in one composite curve. The authors have calcu-
lated rod characteristics for a rather broad range of ¢,
based upon the solution of the characteristic equation
for the HE{; mode.

The effect of dielectric constant on dispersive proper-
ties of a dielectric rod propagating the HE;; mode may
be determined by using in (5) the p, ¢ pairs that satisfy
(3). This results in the curves shown in Fig. 4. Note that
wavelength approaches asymptotically the value in-
trinsic in the medium. -
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Fig. 3—The radial field distribution at ¢ =0 showing the predicted
and measured decrement of field in db for four samples of half
round dielectric rod (e=2.56).
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Fig. 4—Effect of dielectric constant on the disper-
sion characteristics of round rod.

The line loss for a half round dielectric rod on an
infinite image surface consists of both dielectric loss and
the image plane conduction loss. The authors have de-
rived and experimentally confirmed the expression giv-
ing the conduction loss for the dielectric image line
propagating the HEy; mode.* The dielectric loss for the
full round rod for this case of n=m =1 was determined
by Chandler and Elsasser.*:!> For completeness both of
these results are summarized in the Appendix. The loss
functions R and R’, complex functions of the system
parameters, have been calculated for various values of €
as shown in Figs. 5 and 6.

Fig. 7 shows a family of curves showing the effect of
giving dielectric constant on dielectric loss at 9700 mc
and for an assumed loss tangent of 0.001. (The image
plane conduction loss, «,, has been shown to remain an
order of magnitude less than ay for reasonable values of
2a/\o and for wavelengths well into the millimeter re-
gion.* Fig. 7 shows that a4 tends to peak sharply for high
dielectric constant, with no gradual transition toward a
maximum. This can be attributed to the short intrinsic
wavelength within the rod, which provides very effective
binding. As the rod size increases, a lower average field
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Fig. 5—Dielectric attenuation factor R as a function
of 2a/\, for various values of e.
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density of the larger cross section reduces the loss.

Since all the pertinent parameters are calculated for
the HE;; mode and are on hand it would seem valuable
to construct a universal plot, showing the combined
effect of € on loss, field spread, and rod size, all normal-
ized for frequency and loss tangent. Fig. 8 is such a plot.
Here we have a dimensionless loss factor, £=agho/¢
shown as a function of e with field extent pz/A¢ and rod
size 2a/\g, as convenient parameters.

The ps, of Fig. 8 defines the “extent of field” and is
that radius at which the axial field density has decreased
by 20 db. This larger value was chosen in preference to
the e~ decrease proposed by Mallach since it places less
burden on precise measurement of small attenuations.

Fig. 8 shows that for a given size rod and constant
o a greater dielectric constant results in higher loss and
closer binding. If we keep field extent constant and in-
crease ¢, the loss will go down. We note in addition the
fact that for high values of ¢, a change of 0.1 wavelength
in diameter will give a much larger increment of loss
than at low values of e. This is important for broad-
band applications.

ErrFEcT oF DirLEcTRIC ROD CONFIGURATION

A dielectric image line resonator with provision for
axial field and guide wavelength measurement was used

Schlesinger and King: Dieleciric Image Lines

293

6:'1 TTTTTT T 7T TTTTITH 'I'llllj
o
-] ot —
[ - .
4f— -
: .
2 ._
'e 1.2
10 1053
§ e -
== 3
i . —
g N
= 3
¥ L ]
=1
i T
- -
p ]
o o= =
.0Bp— —
O7p— -
08— -
05~ -
04— -
03— -
02|
YN TRUU00 RN T 1 11 AU O I 1 0 T O NI S B I
U 2 3 4 567810 2 3 45678 10 20 30 4080 70
20/):—DIAMETER TO WAVELENGTH RATIO
o
Fig. 7——Attenuation db/meter vs 2a/X, for
various values of € at 3 cm.
100,
ool T T T T 11111 1 17T]
80—
70+
60}
50+
- P, _FIELD EXTENT
40~ .  RATIO
]
o DIAMETER TO
30p- =% WAVE LENGTH
0 ——
sl RATIO
_addy
20k £= § 08
2.0 WHERE:
A =" yerer
X~ WAVELENGTH
o % IN METERS
(=]
L or $- L0sS
« o TANGENT
[+ sl
e
(o]
&7
 gh-
R 15
Jsh
W
z
JaH
P
A%
3
2.5
2}
15 B
\ _ I S T O T Y A
.3 2 2 3 4 ] G 1 8 9 W

5
€-DIELECTRIC CONSTANT

Fig. 8—Normalized line loss factor, £, as function
of e for constant 2a¢/No and pr/No

to measure the characteristics of a variety of dielectric
cross sections (Fig. 9). We consider now some experi-
mental data for these various dielectric configurations.

First we consider structures lying on the image plane,
and thus the results may be applied to the free space
full cross section by the theory of images. Secondly we
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Fig. 9—Configurations of dielectric cross section.

consider the properties of a dielectric strip when par-
tially submerged into a trench in the conducting plane.
This produces an “asymmetrical image line”; the con-
ducting sheet serves to perturb the field distribution
within the rod because of the new boundary conditions,
but no longer acts to mirror truly the configuration of
field.

Generally, only field extent and propagation velocity
properties are discussed, although the results of two
actual measurements of line loss are reported—one for
the symmetrical image and the other for the asymmetric
or “trench line” case.

The True Image

The properties of the dielectric image line with a half
round tube or rod have already been explored in terms
of the properties of the full round structure.’®% These
results may be summarized by noting that the dielectric
tube is more attractive than the solid rod from the
standpoint of loss and dispersion, but is somewhat less
attractive with respect to field spread and ease of fabri-
cation.

In choosing a cross section with which to work, we
seek one that is easy to fabricate, lends itself con-
veniently to the asymmetrical case, and shows promise
in binding the field. The rectangular dielectric rod meets
these requirements.

The use of some relative field binding index is de-
sirable for an arbitrary cross section. We define a bind-
ing effectiveness 71 as the ratio of the field radius for a
half round rod of the same material and cross sectional
area as the sample considered to the field radius of that
sample. Thus, 7> 1 indicates that the given material
and transverse configuration binds closer than the same
amount of material in a half round. It is also of interest
to establish an index which serves as a guide to loss
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Fig. 10—Dependence of N,/A¢ on the area of dielectric rod. Theoreti-
cal curve is for the half round rod; experimental points, for rec-
tangular rod.

properties. We define 7,, the loss index, as the ratio of
sample cross sectional area to the area of the half round
rod of the same field extent and material.

Rectangular rod: The field extent and guide wave-
length characteristics of seventeen samples of rectangu-
lar polystyrene rod were measured using the flat plate
resonator. In each case the counted number of half-
wavelengths yielded a value for A, for three or four
neighboring resonances, following which a careful meas-
urement was made of the radial distribution of axial
electric field component. The latter data when plotted
against radial distance-to-sample height ratio gave a
20-db field radius.

Dispersion: The mathematical solution for the circu-
lar dielectric as already outlined yields a convenient re-
lation between guide to free space wavelength and the
single principal dimension, diameter, provided that the
diameter is expressed in number of wavelengths. Thus
with a given rod size, the N;/\y characteristics may be
determined as a function of frequency, or given the fre-
quency the variation with size may be obtained.

Several attempts were made to find a single control-
ling dimension for the rectangular rod, with the final
result based on the intuitively evident fact that the
propagation properties should depend on the area of
dielectric. Fig. 10 shows how A;/A\; may be represented
as almost a single curve when plotted against the area in
square wavelengths. The curve actually drawn is for a
half round polystyrene rod. We note that propagation
velocity for the rectangular cross section is within about
3 per cent of the value for a half round rod of the same
area and dielectric constant. We see further that given
a certain area, the orientation has only a slight effect
within the approximate 3 per cent.

In the interest of clarity of presentation, the three or
four resonances read for each sample are not plotted in
the figure, nor is each point identified. The points are
not scattered, but if connected keeping either ¢ or &
constant, they would produce a closely bunched family
of curves.

Fig. 11 shows four of these curves plotted, including
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Fig. 11—The variation of A\;/Ne with dielectric area in number of square wavelengths for four sets of rectangular rods.

the neighboring frequency points, indicating that 4 /\?
is a good approximation for a normalizing dimensionless
ratio.

Field extent: The data representing field extent may
be plotted in several different ways to examine the
effect of varying each parameter. Attempts to correlate
the field extent of rectangular rods with circular rods
in terms of equivalent dimensions met with no success.
It was noted, however, that the radial field distribution
more closely approximated a Hankel function at larger
distances, which is what would be expected considering
that it is only close to the rectangular boundary that a
perturbation on radial symmetry will exist.

The most satisfactory method of showing the results
is illustrated in Fig. 12 where the field radius is plotted
as a function of sample width for various values of
height. There are a few important facts to be gained
from this family of curves. The first thing to be noted
is the evidence of a resonant effect, resulting in a loosen-
ing of the field where the width of sample approaches
3/8 inch (b/A¢=0.3); this dimension very closely ap-
proximates the half-wavelength at 9700 mc intrinsic in
the medium e=2.56. This suggests the possibility of a
transverse resonance with perhaps a null in the vicinity
of ¢ =0. The 1/4-inch wide sample shows a particularly
close binding.

If we examine the effect of the width dimension on

binding quality by plotting the binding effectiveness
11, we get the curves shown in Fig. 13. In addition to
confirming the relatively good binding of the 1/4-inch
wide sample, the curves show a surprising regularity
considering the rather arbitrary manner of defining the
ordinate. To summarize the significance of Fig. 13 we
might say that given a sample of dielectric, there exist
several sizes of rectangular configuration which are at
least as effective in binding as the equivalent half round
rod of the same area. The trend of 5, leads to a similar
generalization, as regards a qualitative loss comparison.

Miscellaneous shapes: The main objection to the use
of half round dielectric tubing on an image plane lies in
the difficulties involved in fabrication and mounting.
Perhaps some more convenient transverse arrangement
of dielectric mass would simulate physically a hollow
tube, thus providing for a low-loss, moderately binding
substitute.

In an attempt to realize the above, a pair of long thin
rods were erected on the image plane in a manner quite
like a pair of tracks. (See Fig. 9.) Measurements were
taken on a set of rectangular rods each 3/16-inch high
by 1/16-inch thick mounted on the image surface at
various distances apart. From all appearances, guide
wavelength, and nonradiating field extent, the tracks
were propagating an HEy-like mode. Another arrange-
ment was tried whereby a 3/8-inch wide by 1/8-inch
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thick dielectric slab was mounted above the image sur-
face at various heights supported by polyfoam blocks
(Fig. 9). These attempts to improve field binding com-
pared to the same volume of dielectric formed as a tube,
were unsuccessful although the dipole mode was easily
established.

The properties of these configurations were not in-
vestigated further. It does seem that one advantage of a
track line would be the ease with which field binding
may be controlled. Thus in making slight bends in the
horizontal plane one could minimize radiation by bring-
ing the tracks together. This is most applicable at milli-
meter wavelengths where field spread in terms of many
wavelengths is a reasonable value, thus making it possi-
ble for one to start with widely spaced strips.

The Asymmetrical Image

The presence of a convenient conducting surface upon
which to mount various dielectric samples leads to the
consideration of an interesting question. What would be
the effect of gradually lowering a dielectric rod of some
convenient cross section transmitting with an HE;-like
mode, into an axial slot, or trench cut into the conduct-
ing surface? Possibly, the change in field configuration
brought about by the new boundary conditions within
the dielectric, a region of high electric flux density, may
result in an improvement in binding or loss for the re-
sulting transmission line. The set of rectangular rods al-
ready used may be conveniently utilized for an analysis
of this type. Fig. 9 illustrates the various configurations
studied.

The dielectric image line resonator was reconstructed
to provide a means of mounting the dielectric at various
depths. A 3/8-inch wide, 7/16-inch groove was milled
down the center of the conductor surface, and by the
insertion of suitable long axial inserts, the dimensions of
the trench could be varied. Due care was taken to insure
conductivity continuity by the application of conduct-
ing silver filler to the joints created.

Rectangular rod: Runs were made on three widths of
dielectric rectangular rod of various heights, lowered
into the image plane to a depth of 1/16, 1/8, and 3/16
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inch. In addition, a miscellaneous set of runs was con-
ducted including the odd geometries shown in Fig. 9,
plus a few measurements made on the full depth 7/16-
inch trough filled with dielectric material. In each case
it was possible to set up the HEy; mode, although for
certain arrangements the binding was too loose to be
practical.

Once again there are many ways that the available
data could be plotted. One arrangement of these data
shows that as a given size rod (a¢-+d is constant) is
lowered into the image plane, the field becomes more
and more loosely bound. (See Fig. 14 for dimensions
@, b, d.) A more interesting consideration might be the
following: given a rectangular configuration, what
would be the effect on field spread and binding effective-
ness of adding a base of ever-increasing depth submerged
beneath the image surface?

Fig. 14, showing the field spread for three rectangular
rods of different widths, indicates an appreciable tight-
ening of field only for the case of the 3/8-inch rod. Re-
calling that this width sample operating on the plane
showed symptoms of a transverse resonance of 9700 mc,
(see Fig. 12), we may explain the apparent improvement
in terms of a destroying of this condition for transverse
resonance, by the substitution of a short circuit for the
open circuit that existed at the side walls of the rod for
the completely symmetrical case (d=0). This is further
substantiated by Fig. 15 which shows an improvement
in the binding effectiveness coefficient for the 3/8-inch
wide rod sample; however, the coefficient never quite
reaches unity.

We observe further from Fig. 14 that a 1/4-inch wide
rectangular rod with heights of 1/8 and 3/16 inch does
show some decrease in field extent when provided with
a submerged base of 1/16-inch depth. The rod with the
height of 1/8 inch is perhaps worthy of note since, as
shown in Fig. 15, there results a 10 per cent increase in
binding effectiveness.

In an effort to check this apparent high efficiency in-
dicated in the latter case, two actual line loss measure-
ments were made by methods described elsewhere,* for
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samples of various widths 5/Xo and heights @/No. ¢=2.5, No=3.1 cm.
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Fig. 15—Binding effectiveness, 1, s a function of depth, d/xo, for various widths b/Ao and heights ¢/Xo. e=2.5, Ao=3.1 cm.

the 1/4X1/8-inch rod, with and without the 1/16-inch
submerged floor. The results of this measurement are
shown in Fig. 16, where a decrease in loss of some 30
per cent is indicated for the dielectric rod with more
mass mounted asymmetrically, compared to the smaller
size rod with the same upper configuration mounted on
the image surface. In addition we note the surprising
fact that the lower loss sample has the more tightly
bound field by about 20 per cent (see Fig. 14).

A complete set of curves was made showing the A;/Ao
ratio as a function of area, expressed in number of
square wavelengths. These curves are not given here
because the results showed in each case that the dis-
persive properties of the rectangular rod dielectric image
trench line remain essentially independent of the depth
of penetration into the image plane for binding medium
of constant height @. In other words if we plot all the
results for the asymmetrical case using directly the set



298
4r
L -( L+
N N

020~ 1"

i " " 8
019 a L

L 6 3 |'_'_J_
ol +=mlllles

I ‘s _ls
o= a d=,05°E‘/METER -i- i
o18— Q=14,500) —%—g

L, 018+ = DB,
% %[ 9497085 " METER

014 — (Q=10,380)
013~

L
ongf—
on—
oo+ 4 10 Lo 1 1. 1y
% i6 26 30 30 56 50 70

L- LENGTH OF RESONATOR(CM)

Fig. 16—Experimental curves for separating line loss from miscel-
laneous end losses, L/Qr vs L, for a symmetric and an asymmetric
dielectric image line with rectangular dielectric as binding me-
dium. e=2.56, Ao=3.1 cm.

of axes of Fig. 10 with depth as a parameter, the curves
will all lie within the aforementioned 3 per cent of the
expected value for a halfl round rod of equal area. This
is true for the 1/4-inch wide samples and holds also to a
lesser extent for the 3/8-inch wide samples, even though
the added area beneath the surface resulted in a closer
field binding.

Miscellaneous shapes: The properties of various odd
shapes (Fig. 9) were measured, but the results will not
be given in detail since the characteristics followed the
same general trend as described in the last section for
the rectangular rod asymmetrical image line. For exam-
ple, the binding properties of a small semicircular rod
were not enhanced by the presence of the buried rec-
tangular base, whereas the larger size rods showed some
improvement for small bases, but generally the improve-
ment was not spectacular.

The case of a full 7/16-inch deep trench filled with
polystyrene rod was investigated.!® For two widths,
1/4 and 3/8 inch, the simultaneous existence was noted
of a closely bound low-Q trench mode of propagation
and a high-Q, loosely bound nonradiating HEy-like di-
pole mode. Taking advantage of the inherently different
guide wavelengths, it was a simple matter to utilize the
resonator as a mode filter.

CoONCLUSIONS

The dielectric image line consisting of a half round
dielectric rod mounted on a conducting surface of in-
finite extent propagates the nonradiating HE;; mode
with a field distribution as predicted from the symmetry
of the defining equations and confirmed experimentally,
that is, identical to the free-space dielectric transmission
line. The presence of the image surface provides for sup-
port and limits the contaminating modes to the H type.

18 F, J. Zucker, “The guiding and radiation of surface waves,”
Proc. Symp. on Modern Advances in Microwave Techniques, Poly-
technic Inst. of Brooklyn, Brooklyn, N. Y., vol. 4; 1954,
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An evaluation of a loss factor £ for a broad range of
values of the dielectric constant e suggests that low
losses and reasonable extent of field may be realized by
the fabrication of the binding medium using a material
of low dielectric constant. This is particularly desirable
at millimeter wavelengths since the increased size of rod
for a given set of properties makes handling and fabrica-
tion more convenient.

Although there is evidence of a resonance for a trans-
verse dimension approaching intrinsic half wavelength,
there are a few sizes of rectangular dielectric rod which
may be used as the binding medium for a dielectric
image line with resulting increase in binding and loss
effectiveness. The guide wavelength for a line with this
configuration of cross section is within about 3 per cent
of the value for a half round rod of the same area and
dielectric constant.

The possibility of efficient surface wave transmission
by means of an asymmetrical image system has been
examined. The results were not conclusive. For one case,
a rectangular “trench line” with the dielectric partially
submerged into the image sheet, propagated the HEy
mode with lower loss and closer binding than a sym-
metrical rectangular line with a dielectric having the
same area above the plane.

APPENDIX

Basic EguaTtions FOR DIELECTRIC Rob

We assume axial field variations in dielectric me-
diums 1 and 2 as follows:

E. = AJ.(pp/a) cos np
H, = BJ,(pp/a) sin n¢
E,, = CK,(gp/a) cos nd
H,, = DK,(go/a) sin n¢ (1)
where
K.} = (p/a)? = w’ney — B°
K.’ = (jg/a)’ = wues — B (2)

Determination of the other field components in the
usual manner followed by the application of boundary
conditions at the rod surface, p=a, yields finally:

F+olf+5 —n1/¢+ ¢/pHA/p* + 1/¢5) =0 (3)
where
LW K/
pTu(p) T gKu(g)
Two additional expressions may be derived; these are:
2 2\ 1/2
2a/No = 1/7F<P T Q_) 4
e—1
p2 + QQ )1/2
A/Ao = [ ——-) .
/Ao <p2 e (5)
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IMaGE LINE Loss D= l:UX(e aVY 4 UV 4 v
The total line loss for the dielectric image line in + EV_< LT 2V(1 + yz)
nepers/meter is given as: p he ) g* o
a,0 a /2
> 2Rsf | & X H,|2dp + adf f | E1 |*pdpdg
, 1=1,2 0,a dp=r/2 0 —x/2
o = —
2 a,o /2
2 f f | E: X H,| pdpde
=1,2 0,a —7/2
or finally U= 1\3
= 60.5( L) R 4 27.3(L4\ R iy
“= O TR y- [ o]
where (wf+ 2
2 1 1
a=line loss db/meter, X =74 <fJ; 4——4
«=loss tangent of dielectric rod, ? p
R, =1image surface resistance, (2g — 1) 1
Co=~pz/ €6 =0/ €, S 7 E
Ao =1ree-space wavelength, meters, ) SQS 4+ 3)
a4 =conductivity of dielectric rod. f(Iudy) = ? & P3 {][ + JO(P>J1(P)}
The functions R and R’ are defined as: V2 (e — 1) 1 (57— 3) 1 s e
M e A
P P+ 3 p? 30
D 2 TQT 4+ 3) )
fUHH) = — -~ "% {Hi+ Kolg) Ka(g)}
” 1 [fulm f(HlHo)] 3 g
= ; Vie—1) 1 (I*=3 11
E‘f J2(p) Kq(q) _’_Hlb_;_T__&HO____;___M~K12(q>
. g +q) 3 q 3 ¢
uv
. 5 - <% - 1)
pe — 1 a ? B ;_“L )
N = T = (UV ~1)
) q* 1 + 1 J
I _— 4 o0
L ¢ I = f J2(2)dZ  H, = f K2(Z)dZ
WUV ’ ‘
+ WV + UDX + } » -
Pt I = f JR(2)dZ — Hy = f KoX(2)dZ.
0
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