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SUMMA RY

At millimeter wave frequencies conventional metal waveguide is extremely
lossy and very expensive . Dielectric waveguide may be an inexpensive and
practical substitute for many applications .

In this report, we investigate the properties of the hybrid HE 11 mode of a
cylindrical dielectric guide . In particu lar , the various forms of loss are dis-
cussed . Different models are utilized to describe loss due to absorption and
scattering, radiation from bends , and radiation due to surface imperfections.
A heat transfer model is used to predict the power handling capabili ties of a
dielectric rod .

To study the performance of an actual dielectric guide , an experiment was
done to measure the dielectric constant and attenuation factor of a dielectric
rod propagating a single mode at 70 GHz. The attenuation factor is related to
an equivalent loss tangent that takes into account all forms of loss. By com-
paring this loss tangent with available data for the intrinsic tan eS of the
dielectric material , one can estimate the relative importance of radiation
losses to those due to absorption .

The measurement technique utilizes a long section of dielectric waveguide
that can be probed anywhere along its length. The standing wavelength along
the rod is easily measured , and leads to a determination of the dielectric
constant. Measurement of the average power on the line as a function of position
provides the attenuation factor.

Measurements were done using teflon , polystyrene , and fused quartz rods.
Dielectric constant at 71.0 GHz was measured for all three materials. The
attenuation was measured for several different polys tyrene and teflon rods.
The results are consistent with published data for the materials at microwave
frequencies. In particular , the results indicate that radiation losses may be
insignificant.

The report concludes with a suninary of the theory of the dielectric wave-
gu i de, and a discussion of the problems that remain to be solved before dielectric
waveguide will become practical for use with millimeter waves. 
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An appendix includes numerica l calculations of the propagation vector versus
rod diameter for different values of ~ corresponding to teflon , fused quartz ,

and polystyrene .

~~ PAUL R. WESSEL
‘. By direction
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Chapter I

INTRODUCTION

H The use of millimeter waves for radar , radiome try, and comunications systems
is becoming increasingly popular. Because of their small wavelength , millimeter
waves provide greater resolution for tracking purposes than do l ower frequency
microwaves. There is no shortage of possible applications of millime ter waves ,
but there are a great number of technical problems to be overcome before many of
these applications become practical .

Roughly speaking , millimeter waves fall between 30 and 300 GHz. Conventional
mi crowave techniques can be used at the l ower end of this spectrum , but they become
impractical as the frequency increases . In parti cular , conventional metal wave-

• guide becomes extremely lossy , and the tolerances required for manufacture cause
the cost to be prohibitive . For example, the theoretical attenuation of a
rectangular guide at 12 GHz is about .03 dB/ft. At 30 GHz , it is about .15 dB/ft ,
and at 70 GHz is .5 dB/ft . In practice , the attenuation is about twice as much
due to mechanical imperfections and contamination of the conducting surfaces in

- 1 

the guide. There is one notable exception , however. The 1E01 mode of a
1

, cylindrical guide has extremely low loss due to the absence of tangential H
field at the walls of the guide. The use of cylindrical metal guide for a long
distance coniiiunications system is being investigated at Bell Laboratories. 1 In
general , the hi gh attenuation makes metal waveguide impractical for many large
scale systems. The lack of high power sources at these frequencies only compounds
the problem.

There are several alternatives to metal waveguide at millimeter wave fre-
quencies. They include microstrip, strip-line , image line , finline , microguide ,

1. Abele , 1. A. et al , “A High-Capacity Di gita l Communication System Using TE01Transmission in Circular Waveguide ,” IEEE Trans. Microwave Theory & Tech.,
Vo l. MTT-23, pp. 326-333, April 1975.

5
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and dielectric waveguide . Dielectric waveguide isn ’t nearly as sophisticated as
the other structures , and it has severa l drawbacks. Among other things , it
doesn ’t interface with circuitry easily, it can ’ t be etched , and it has poor
isolation characteristics.

However , dielectric waveguide merits study because it is so simple and
inexpensive . And , in theory , its attenuation can be made arbitrarily small by
reducing the dimensions of the guide .

Dielectric waveguide has been the subject of theoretical analysis since 1910.
when it was investi gated by Hondros and Debye.2 Ir recent years , it has been
used experimenta lly for measuring dielectric constants of materials at microwave
frequencIes .3 Dielectric wavegu ide will soon be used in the form of optical fibers
for telephone coninunications , and promises to revolutionize the communications
industry .4

In this technical report, we investigate the properties of the cylindrical
dielectric waveguide at millimeter wave frequencies . The objective is to study
the problems that are characteristic of any waveguiding structure in terms of the
dielectric cylinder , so that one may develop a basic understanding of the
advantages and limitations of any type of structure . The dielectric cylind er
is compared with metal waveguide, and with optical fibers when relevant. The
discussion is limi ted primarily to the properties of the HE 11 mode of the round
dielectric guide .

The technical report starts with a discussion of the theories of the lossless
dielectric slab and dielectric cylinder. The genera l solution to Maxwell’ s
equations is derived in terms of a discrete number of guided modes , and an
infinite continuum of radiation modes. The cutoff and propagation characteristics
of the guided modes are discussed in terms of a guidance condition . Particular
emphasis is placed on the properties of the dominant HE 11 mode of the dielectric
cylinder.

2. Hondros and Debye, “Electromagnetische Wellen an dielektrischen Drahten ,”
Ann . der Phys., Vol. 32, pp. 465-476, June 1910.

3. Cullen , A. L., and Gillespie , E. F. F., “A New Method for Dielectric
Measurements at Millimeter Wavelengths ,” Presented at the Symposium on
Millimeter Waves , Polytechnic Institute of Brooklyn , April 1959.

4. TIME Magazine , Science Section , March 22, 1976.
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The effects of loss are introduced using a perturbation technique . The
attenuation in a dielectric rod waveguide due to absorption and scattering is
described using the theory developed by Elsasser ‘in l 949.~ The theory of
radiation loss from bends and surface imperfections developed by Marcati li and
Marcuse at Bell Laboratories is briefly discussed. 6’7’8’9

To get a practical feel for the problems involved in using a dielectric gu i de ,
experimental observations of a cylindrical guide were made at 70 GHz. To verify
that the guide was performing in accordance with theory , measurements were made
of the dielectric constant and attenuation factor of severa l teflon , polystyrene ,
and fused quartz rods . By relating the results to the bulk dielectric constant
and loss tangent of the material being used , one can verify that the rod was
operating in the HE 11 mode . In additio n , the experimental determination of complex
dielectric constant is in i tself an important result, as there is not much data
available for materials at these frequencies.

Numerical calculations of the propagation characteristics of the HE 11 mode
are included in an appendix.

5. Elsasser , W. M., “Attenuation in a Dielectric Circular Rod ,” J. Appl. Phys . 20,
p. 1193 , December 1949.

6. Marcatili , E. A. J., “Bends in Optical Dielectric Guides ,” Bell System Technical
Jou rna l , pp. 2103-2132 , September 1969.

7. Marcuse, D., and Derosier , R.M., “Mode Conversion Caused by Diameter Changes
of a Round Dielectric Waveguide ,’ B.S.T.J. 48, No. 10 , pp. 3217-3232 ,
December 1969.

8. Marcuse , D., “Radiation Losses of the Dominant Mode in Round Dielectric
Waveguides ,” B.S.T.J., pp. 1665-1693 , October 1970.

9. Marcuse , D. , ‘Radiation Losses of Dielectric Waveguides in Terms of the Power
Spectrum of the Wall Distortion Function ,” B.S.T.J., pp. 3233-3242, December
1969.

7

Li  
- ~~~~~~~~~~~~ . .. - - 

.~~~~~~~~ - - .  .~~~~~~~~



-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ -
.

NSWC/WOL IR 77-115

• Chapter II

THEORY OF THE DIELECTRI C WA VEGUIDE

2.1 THE DIELECTRIC SLAB

To understand the behavior of a dielectric waveguide , it is necessary to
solve Maxwell ’s equations subject to the boundary conditions imposed by the
presence of the dielectric. For a non-conduct ing dielectric in a region where

there is no free charge or current , Maxwell ’s equations are

v x + 0 (2-la) v 0 (2-lc)
at

v x - 
~~~~~ = 0 (2-lb) v • = 0 (2-ld)
at

where 0 = cE B = (2-2)

To solve the field equations for a dielectric waveguide of uniform cross-

section , it is convenient to use the approach developed by Stratton .1° It is
possible to specify both the electric and magnetic fields in terms of a set of

Hertz vectors ~T and if* , such that

= + (2-3a ) = ~ l + IT 2 (2-3b )

= V x V x T I  (2-4a ) ~ l = C V X !’I (2-4c )
at

—2 ~fl — 2 — *E = - 1 v x — (2-4b) H = v x v x ~~ (2-4d )
at

10. Stratton , J. A., Electroma~qnetic Theor~ , McGraw-Hi ll , New Yor k , 1941 .

8
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where n and ;i are specified by

- 
:~ 0 (2-Sa ) - ue = 0 (2-Sb)

The vector ii can be related to the conventional scalar and vector potent ials
by

= -v  • (2 -6a) A = -
~~~~~ (2-6b )

:1 t

Equations (2- 3) , (2-4),  and (2 -5) const i tute a genera l solution to Maxwe l l ’ s
equations in homogeneous . non-conducting media where ~‘ and J are zero .

To describe the behavior of a di elec tr i c wave gu i de , it is sufficient to find
a set of Hertz vectors that are oriented paral lel  to the ax is  of the guide. Since
these vectors are unidirectional , equations ~~-5) become scala r equations. As an
illustrative example, consider the slab waveguide of Fi gure 2-1 .

We wish to describe a set of waves , propagating in the z direction , that are
guided by the slab. To simplify the discussion , we will treat :~ and H as being

d imensionless. The mathe matics w i l l  be unchanged , and appropriate scal ing factors
can always be added to the final solution . Let fl = n = ~ ~~~. Then (2-5) becomes

- u~ 
-
~~~

-
~~ 

= 0 (2-7)
at.-

Since ~ is dif ferent in the two reg ions x d and 
J 
x -. d , it will he

necessary to solve (2-7) in each of the regions using the proper value of ~
- .

Since we are interested in time-harmonic waves propagating in the z direction ,

let

~ihz - i. t .,
= f (x ,y)e (

~ -~ )

9
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(Xd 

,
,z

X = - d

FIG. 2-1 DIELECTRIC SLAB WAVEGUIDE

Ey

FIG. 2-2 FIELD PROFILE OF A WAVE ON A DIELECTRIC SLAB

10
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Expressing equations (2-4) in a Cartesian system and making use of (2-8),
we get

- = ±ih E1 = ±ih 
~~~~~ E’ = (k2 - h2)* (2-9a )• X x Y y Z

H1 
~~~~~~~~~~~~~ H1 

= 
~~
-

~~
—-

~~~~~~~ H1 
= 0 (2-gb)x pu ay y ~iw ay z

E~ = i pw ~~~ E~ = - l pw ~~~ E~~ 0 (2-lOa )

= ±ih H~ = ±ih H~ = (k2 - h2)~ (2-lob)

where k = ~~~ , and

+ ~-~k + (k2 - h2)~ = 0 (2-11)
ax 2 ay2

and r = &  + ~2, 1T . rj1 + IT 2

The si gnificance of this approach can be seen from equations (2-9), (2-10),
and (2-11). By solving a single scalar homogeneous wave equation , we are able
to find the general solution for the electric and magnetic fields of a dielectric
wave guide. Furthermore, the solutions are conveniently separated into TE and TM
waves. (In genera l , there is no TEM solution for a dielectric guide , due to the
impossibility of satisfying all of the boundary conditions simultaneously.)

To continue the analysis of the dielectric slab , solve equation (2-11) and
impose the boundary conditions that tangential E and H are continuous at the
surface of the slab . To simplify the analysis , let us restrict the solution to
be transverse electric (TE) and to be independent of y (i.e. - a/ay = 0). Making
use of equation (2-8), equation (2-11) becomes

11
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+ (~~ 
- h~)f(x) 0 (2-12)

and has the solutions

s in$x e~~~f(x) = x ( 2 — 1 3 )
cos8x e~

where

=
~~~ - h 2 =~~h~ — k 2 (2—14)

to describe a guided node , we would l ike the fields to decay w i th  inc reas inq
x, so that there is no electromagnetic radiation at large distances from the slab.
Therefore we let

-,
~xAe x~~ d

f(x) = AC~~
x x < -d

Bsin~x x l  d

The fields are

x ~- -d jxj d x d

= -1~~~Ae~ 
X Ey = iti , Bcost~x E~ = i~~~Ae~ ~

— ‘~
‘Ae ’

~ H
~ 

= ~~Bsin8x H
~ 

—~~Ae~~~

H = i h~ Ae~ 
X H

~ 
= I h~Rcos ;~ ~ = I h’~ Ae ‘I ~

where exp t~ ihZ - i t 1  is understood.

1 2
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Matching tangential E and H at x = d ,

I3Bcos8d = 
_
~Ae

_
~
d (2-l7a)

$2BsinBd _
~2Ae~~ (2-l7b)

Dividing (2-l7b) by (2-17a ) yields

tan~d = (2-18)

where V
y and 8 are functions of h defined by (2- 14).

Equation (2-18) is the guidance condition that determines the ei genvalues h ,
the propagation constant in the z direction. Since the tangent function is
periodi c, there are numerous values of h , each corresponding to a different TE
waveguide mode . In general

— h (2-19)

In terms of the phase velocity ce/k , this means that a wave travels fastest
in free space where ~ = ~~ But a wave propagating along a dielectric guide
moves faster than a wave traveling through an infinite dielectric. Each of the
guided modes propagates with a different phase veloc i ty.

By renormalizing ~~ we have

E~ = Acos8x l x i  < d

Ey = Acos8d e~~ ’~
’1
~ x d (2-20)

5 = Acos8d ~~~~~~ x -d

• The field profile for the lowest order mode as a function of x is sketched
in Figure 2-2. The Important thing to notice is that the fields evanesce outs i de
the slab. This means that no energy Is lost to radiation at large distances from

the slab. However, a substantial portion of the energy is propagating outside the

slab.

13
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Instead of choosing fields that decay with increasing x , we could let

f(x) = Ae~~ + Be~~~ (2-2la)

outside of the slab , and

f(x) = Csinox (2-21b)

inside the slab. Repeating the analysis , this leads to

Ey = Ae~1~ + Be~~~ (2-22a)

Ey = Ccosax (2-.22b)

where A , B, and C have been renormalized , and

= (~
2u c  - h2 ) l/2 = 

~o~o 
- h2 ) u/2 (2-23)

The propagation constant p can assume any value. Unlike the previous
example where h is a discrete elgenvalue determined by (2-18), h can now have any
value in the range

0 < h <  (2-24)

In general , there are two sets of solutions for the fields of a dielectric
waveguide . The first set includes all guided , or bound modes , which are a finite
set of waves characterized by discrete values of the propagation constant h.
These modes evanesce outside the guide and do not radiate . The constant h is
determined by a transcendental equation such as (2-18).

The second set of solutions is comprised of the radiation modes , or modes of
the continuum. 11 They are infinite in number , and can be described as incident
waves that are reflected at the dielectric in such a way that all boundary
conditions are satisfied . The value of h is now continuously variable , and does
not depend on a tran~.cendental equation .

11. Marcuse , D., “Mode Convers ion Cause d by Surface Imperfect i ons of a Die lec tri c
Slab Waveguide ,” B.S.T.J. 48, No. 10, pp. 3177-3215 , December 1969.

14
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The guided and radiation modes are ana ’ogous to the quantum mechanical

• solution for the wavefunctions of an electron in a potential well. The guided
modes or radiation modes, correspond to free el~ctrons , which can have any energy.

This analogy isn ’t as farfetched as it seems. For example , it can be shown
that the angular momentum per unit energy for a guided mode on a dielectric
cylinder is quantized in units of -nh~, where n is an integer and h is Planck ’s
constant divided by 2rr .12 However , the subject of quantized fields is not

H essential to the understanding of dielectri c waveguide and will not be considered
here.

Under appropriate conditions , the guided and radiation modes of the dielectric
waveguide can couple. However, for a perfectly unifo rm and lossless guide with no
bends or surface imperfections , the modes will not interact.
2.2 THE DIELECTRI C CYLIND ER

The boundary value problem of the cylindrical gu ide has been so1v~d by
several authors . The derivation presented here fol lows Stratton , and utilizes
the same approach tha t was used for the dielectric slab of section 2.1.10

However , here we will find a guidance condition that describes all of the modes,
rather than limiting the argument to a specific type of mode (i.e., TE or TM).

Consider the dielectric cylinder of Figure 2-3. The cylinder has dielectric
constant cj and permeability iii . The surrounding medium is characterized by
c = c~ and P P2. The radius of the cylinder is a.

We can defi ne a Hertz vector it = = ~pz , where

= f(r,B)e~~~ 
- i~t (2-25)

Equations (2-5a) and (2-5b) are now identical and become

~~~~ [r ~-!]+ ~~~~~~~~~~~ + (k2 - h2)f = 0 (2-26)

Using a separation of variables technique , let f(r,O) = f1(r)f2(O). Then

10. Stratton , J. A., Electromagnetic The~~y, McGraw-Hill , New Yor k , 1941 .
12. Kapany , N.S., and Burke , J.J. ., O~ptiç~] aveguides , Academi c Press , New

Yor k , 1972, p. 96.
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‘I

~~ ~2

FIG. 2-3 DIELECTRIC CYLINDER

‘ I ,
( 4 4 4 )

A/2

FIG. 2-4 HE 11 MODE OF THE DIELECTRIC CYLINDE R
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d / df1 \ /
r — (r - —-- J + ((k2 - h2)r2 - p2 j fi = 0 (2-27)

dr~~ dr/ /

d2 f
-_ + p2 f 2 = 0 (2-28)
d0

where p is a separation constant. Equation (2-28) is Bessel ’ s equation , and has
solutions

f1 (r) = Z~(ii~ - h 2r) (2-29)

where Z~, can be any of the fol lowing

J~(\r) Bessel function (2-30)

N~(\r) Neumann function (2-31 )

H1 (\r) Hankel function of (2-32)p firs t kind

2
H (\r) Hankel function of (2-33)p second kind

where A = (k~ - h2)½ .

Equation (2-28) is the wave equation and has solutions of the form

f2(~) = e
1
~~~ (2-34)

17

- - - -  ~~~,_ .-._ -~~~~- -~~~~~~~~ — ~~~~~~~~~~—V—-~~~ ~~~~~~~~~~~~ .- -~~ — . -~~~~~~~-—— —— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 
-
~~~~~~~~



NSWC/WOL TR 77-115

The general solution for q can be expressed as

= e~
n0Z~ (/ k2 - h2 r)e~

1
~~ 

- iwt (2-35)

-~ where the constant h is determined by applying the boundary conditions at the
.3 surface of the cylinder to appropriate solutions of Z~.

From the relationships (2-4) we have

= V x V x (2-36a ) H = H~—~- v x (2-36c)

E 2 -p~-~-V x ~z (2-36b) H~ = V x V x (2—36d)

In a cylindrical coordinate system , equations (2-36) reduce to

= ±ih~3 E~ = ±
~~~~

-
~

- E~ = (k2 - h2)~ (2-37a)

H~~= - 1~~~ H~ =
~~~~~~~~~~ H~~= 0  (2-37b)

= 
~~~~~~~ E~ = -i~~~ - E~ = 0 (2-38a )

H1 = = H2 = (k2 - h ’)~ (2 38b)

Note that the solutions are again broken up into TE and TM solutions , as
they were for the slab wavequide . Also note that aII r)/~

) 
~~~ In order for

the fields to be single-valued functions of 0, it is necessary for n to be an
integer. Since this is the case, it is possible to write the genera l solution
for the fields as a sunii~ation over the mode index n from n = -‘- to j”. The mode
amplitudes are a~ for the TM components and bn for the TE components. The general
solutions for the electric field are

18
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Er 
= ih Ya~~

fl - ~ ~nb y~ (2-39a )

= - 

~ ~
na~~ -iu~ ~b~~-~

fl (2-3gb )

= (k- - h2) Va~ (2-39c)

where all of the suniiiations are from n = - “ to “. The equations for the magnetic
field are similar.

These equations are the starting place for the analysis of optical fibers ,
and are referred to in many journal articles .

To solve for the fields of the dielectric cylinder , we must choose appropriat e
forms for in each of two reqions , r ‘.~ a and r a. Then we must use the boundary
conditions to match the solutions at r = a. For a satisfactory solution , the
fields E and H must decay for l arge r, and be finite on the axis. To insure this .
let

= J~(~~~~- h ~r) (1-40)

for r~~ a

and

- h~r) (2-41)

for r a

The Bessel function is finite at r = 0, and the Hankel function of the
fi rst kind decays for large values of r. It is convenient to keep Stratton ’s
notation and define

19
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k = k 
~ 

= ~~ (2—42a)

inside the cylinder

k = k~ = 
~~‘ 1 1 ’ t 2 (2-42b)

outside the cylinder

For r — a, the z components of the fields are

= V [J (\i r)a1 ]F (2-43a)

= V [J~(\ir)b ~JF (2-43b)

and for r~~ a ,

E = ~[H~(\2r)a~]F (2-44a)

= 2{H~(\2 r)b~]F (2-44b)

1: 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~

F
~ 

= exp~in0 + ihz - ItL~t~ (2-45)

The r and 0 components can be derived in a similar manner.
The boundary conditions are that tangential E and H must be continuous at

r = a. Matching the z components of E and H yields

= H~~~~~ (2-46a )

20
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• J~(u) b~ = H~(v)b (2-46b)

The 0 components are matched in the same way . However , the ex press ions are
more complicated. We get

nh . ip~w . nh
— J~(u)a~ + J~(u) b~ = — H~(v)a~ + H~~(v) b~ (2-47a)

ik~ . nh . ik~ nh
- 

~~~ 
J~(u)b~ = — H~~(v )a - —i- H~(v)b~ (2-47b)

u = X 1a v \ 2a (2-48)

The presence of a prime denotes differentiation wi th respect to the argument

of the function .

The set of equations (2-46) and (2-47) are a linear system of equations that

are satisfied by the mode coefficients a~, b~, a~, and b~. To have a nontrivial

solution, their determinant must be zero. This gives the guidance condition for

the dielectric rod.

J (u) P2 H’(v)l I k~ J (u) k~ Hiv)1
I — _____ - — 

n 
~ 

- — n = n2h2c~ (2-49)
Lu J~(u) v H~(v)J 1~

”
~ 
J~(u) p2v Hn(v)J

where c~ = (l/v 2) - (1/u 2), and the superscript has been deleted from the Hankel

functions of the first kind .

21
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This transcendenta l equation determines the mode propagation constant h.
Referring to equations (2-46), (2-47), and (2-49), there are several signifi -

cant observations that can be made. If either the set of coefficients an or bn
are arbitrarily :et to zero, then the equations have no solution except for the
case n = 0. This means that for n $ 0, only hybrid solutions with both E

~ ~
# 0

and H
~ /‘O 

are allowed . Because of this hybrid nature , modes are described by
the notation EHnm and HEnm~ 

depending on whether TE or TM waves dominate the
solution .13 The subscript n refers to the order of the wavefunction . For each
va l ue of n, there is an infinite number of roots for the propagation constant h.
These roots are designdted by the subscript m , where m is related to the number
of nulls in the field pattern.

For n = 0, the guidance condition reduces to two independent equations . These
are

U i  Ji (u) P 2 Hi (v)
— _ _ _ _  = —  (2-50)
u J0(u) v H~ (v)

arid

k~ J1 (u) k~ H~(v )
(2-51 )

p1 u J0(u) p2 v H~(v)

where the relationships J6(u) = J1 (u) and H6(v) = H1 (v) have been used .
From equations (2-47) with n 0, it can be seen that a0 and b0, the mode

coefficients for the n = 0 mode , are independent of each other. In addition , the
fields have no & dependence. Equation (2-50) describes the EH0~1 modes , which are
transverse electric and are also designated as TEQm~ 

Equation (2-51) describes
the HE~~ modes , which are transverse magnetic and are designated as TM0m• Unlike

the hi gher modes , which are hybrid in nature , the TE~~ and TM0m modes can ex i st
i ndependently of each other.

13. Ibid , p. 118.

22 
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The s i m p l e s t  n = 1 modes are the EH 11 and HE 11 modes , which for our purposes
can be considered i dentical . These modes have a unique property that can be seen

by investi gating the behavior of the propagation constant h as the rod diameter
is decreased.

For a dielectric rod that is infinite in diameter , all of the modes w i ll
propagate. As the diameter is decreased , the values of h corres pondin g to hig her
order modes become imaginary , and the modes are cut off. For a sufficiently small
radius , only the TE 01, TM01, and HE 11 modes w i ll propaga te . There i s a cr i t i cal
radius below which even the TE 01 and TM 01 modes w i l l  be cut off. However , the

HE 11 mode has no cutoff , and in theory can propagate on an infinitesimally small
rod . For this reason , the HE 11 mode is called the dominant mode . It is also

referred to sometimes as the dipole mode .

The cr i t ical  radius below which ill modes except the HE 11 mode are cut off
is given by 14

J0(x) 0 (2-52a)

x = 2
~
a(cr - l)

~
/\o ( 2-52b )

where a is the critical radius

is the free space wavelength of
the propagating wave

is the relative dielectric cons tant ~
-
~~~/ t

-
1

In this report , we w ill consider only dielectric rods smaller than this

critical diameter. We will be concerned only with the propagation characteristics

of the dominant HE 11 mode . The f i eld pattern of the HE 11 mode is sketched in

Figure 2-4.

14. IbId , p. 150.
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The experimental analysis will be based on a dielectri c rod suspended in air.
Thus we can let

1~t i  
= P2 P 0 (2—53a )

= £0 (2-53b)

k2 = ~(u0c0)
1 = 2~T/X 0 (2-53c )

k1 = ~( p e ~ )½ = 27T/Xi (2-53d )

:~ 
where A 0 is the free space wavelength , and A 1 is the waveleng th we would expect
if the die lectric medium c i extended infinitely in all directions.

It is convenient to le t  h , the propagation constan t along the axis of the rod ,
be defi ned as 

—

h = 27r/A (2—53e )

where A without a subscript refers to the characteristi c wavelength of a wave
propagating down the rod.

The g u i d a n c e  c o n d i t i o n  for  the H E11 mode is plotted in Figure 2-5 as a
function of A/A 0 and rod diameter. It is plotted for three values of diele ctric
constant corresponding to fused quartz , polystyrene , and teflon. From the fi gure ,

it can be seen that the phase velocity approaches the limiting value of c/(cr
½)~

where C
r 

= c/c0, and c is the speed of light.
We have not solved for the radiation modes of the dielectric cylinder. Thes e

modes are derived from solutions for that do not decay for large r (such as the
Neumann functions). However , instead of being plane waves , as was the case for the
dielectric slab , the radiation modes will be a superposition of cylindrical waves .
The radiation modes of the dielectri c cylinder are discussed in more detail by
Marcuse. 15

15. Marcuse , D., “Radiation Losses of the Dominant Mode in Round Dielectric
Waveguides ,” B.S.T.J. , pp. 1665-1693 , October 1970.

24
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•‘ . 3 ATTENUATION

The theory of the previous sect i o ns assumed that the d ie iect r i & materia l and
surround i nq med i um were lOSSl t ’sS . Thi ~ i’. cer t a in ly  not the ca st ’  for a real
structure . An actual d~e1ectric quide will have absorpti on , sc- a t tt ’r~’iq, and

radiation losses. If the rod diame ter is above the cutoff diameter , there w i l l

al so be some enerqy exchanqetl between the di f frrent mode’, , re’, u 1 t i nq i n  mode

conversion loss .
To make an experiment al evalu ation of di ci t’c t r i wa vt ’qu i tie • it wi 11 he

- . necessary to measure the at tenua t ion , and where j ’os~ i hi (‘ , to determ i ne it s sourc e .

To model the loss theoret ical ly,  we w i l  I treat the effects of loss as a perturba-
tion to the propa gation characteri ‘~t 1. -s  of the HF 1 1 mode . Specifically, we will

assume that the BOde propaqa ti on cons t ant h ls unchanqed . Al I form s of loss w i l l
• be lumped together as an equiva len t b tanq&’nt of the material and WI 11 1 ead

to an effective attenuat ion factor ~~ .

Consider a plane wave prop aqat i nq in an in finite di electric med i um where

= 
~~~

‘ - 1~ 
‘ ‘

The W av e I s tie termi ned by

= 
1 YE 

(.‘-5s)
,~t :

U w i l l  be o the form

= x p ( ‘~~: - - i t) (~
‘ - 

~t )

where ‘~ 
= 

~~~~~~~~~ . Le t  t ing 4 i t ~

— 
‘ 

~ = — ,
_‘
;~~ 

‘ . ~~~~ ‘ ‘ ( ~‘—57 )

I
,
-. 
h

~~~
..- — 
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Assuming low loss , ct << B and c ’’ <<c ’, we get

B 2ct ~,‘j~~T (c ’’/c ’) (2-58)

Defining c/c0 
= and c ’’/c ’ = tan S , and assuming C I c , equation (2-58)

becomes

2c tan ~ (2-59)

is the free space wavevector , and

= 2ff/A0 (2-60 )

The final result is

2ci (2ir./A 0 )v’ç tan S (2-61 )

where

E = E0exp(-ctz ± iBz - i~it) (2-61 )

~ is the voltage attenuation per unit length , and 2c~ is the power attenuation
per unit length.

We can relate this to the round dielectri c guide by equating B with h.
However, the attenuation factor ct was derived by assumi ng that the dielectric
medium extended Infinitely in all directions . In the case of a dielectric guide ,
part of the power is propagating outs i de of the guide and won ’t be directly
attenuated by the dielectric. But since the field strength outside the guide is
determined by the field strength inside the guide , power loss within the dielectric
will result in attenuation of both the internal and external fields. One can take
this into account by applying Poynting ’s Theorem. Consider the section of wave-
guide in Figure 2-6. If all of the power is propagating in the direction of the

27 
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FIG. 2-6 SECTION OF DIELECT RIC WAVEGUIDE
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rod, then the net power flow into the volume element dV is

~in = fE x H dA 1 (2-62a)

The power leaving the vo l ume is

~out 
= fE x I-~ • d~2 (2-62b)

The energy dissip ated is

fE • J dv , where J = (2-62c)

(o need not be an Ohmic conductivity ; in the case of a lossy dielectric ,
o = ~ae tan 

~~.)

Conservation of power requires that

ft ~~~ ~~~• dA 1 
- f~ x ~~~• d~2 = f t.  J d V  (2-62d )

Defining ~ JE x H - dA , and takin g the limit as Az -
~ 0, equation 2-62d

becomes

= f~ - J dA (2-62e )

Redefining c to be the power attenuation factor (as opposed to voltage
attenuation), we have

1 d’7= i d i  2-63a

This leaves 2ir c~’ -f f E J ç~dpd0f E .J d A  0 0
= - -—--~~~~~ — ----—- - - -—-—V.

~~~~~
-— —.- - - — - - - - - - -- -

~~~~
- (2-63b)

f~~x H . d A  2~f f E H - E H p dp dt~0 0  ~~ e p

29
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If the medium outside the dielectri c is lossless , the current density J
will be zero for p ‘a. Thus the integra l in the numerator need only be evaluated
between 0 < p < a.

By introducing the free space impedance n0 = /p0/c0, and relating the con-
ductivity a to the loss tangent of the dielectric , equation 2-63b can be rewritten

a o ~R c  ~~~~~~~~~~~~~~ cr tan
~ 

R (2-64a)

where
2’r a
f I 

I~i
2
/n pdpdO

R = _______————-- — - — — -- -- - (2-64b)

f I E l i 0 - E0H pdpdO

R can be calculated for the HE11 mode from the following equations. 16

c - 1 f2 + (l/p2) - (1/pb ) 4UV
+ (U 2 + V 2 ) x  + ——

q2 (l/p2) + (l/q2) Pb

R = ____  ____  .
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ ____ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - (2-65)

2V 2V
UX(c + V2) + UY( l + V2) + —- (c + U2) - — (1 + U2)

p ’1 q ”

C(p 2 + q2)/(c - l)}½ = (2lTa/A 0) (2-66 )

U = = ((cq 2 + p2)/(q2 + ~ 2 ) } ½ (2-67)

V = [(cf + g)/(f + g)}½ (2-68)

X = f2 + (2f + 1 )/p2 - l/p ’1 (2-69)

16. El sass er, W. M., “Attenuation in a Dielectric Circular Rod ,” J. App i . Phys . 20,
p. 1193 , December 1949.
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~

y = ..~~2 
- (2g - l)/q2 + l/q ’1 (2- 70)

J~ (p ) H~~(q)
- - 

f =  g = - (2-71)
qH~(q)

The signifi cance of equations (2-65) through (2-71 ) is that we can relate
the observed attenuation factor of a dielectri c rod to the bulk loss tangent of

- the dielectric material.
In practice , R is found by measuring the rod diameter , the guide wavelength

- A , and the free space wavelength A 0. This allows one to calculate c from the
-
~~~~~ guidance condition (2-49), after which the remaining equations can be solved .

1 
The attenuation in a dielectric cylinder is directly proportional to R. R as a
function of rod diameter is plotted in Fi gure 2-7 for polystyrene with a loss
tangent of .001 .

2.4 RADIATION LOSS

Al though it is a critical issue , the problem of radiation from bends and
surface imperfections is very complicated , and only a basic outl i ne of the problem
will be presented here. This disucssion is based on the work of Marcatili and
Marcuse at Bell Laboratories.6’7’8’9 They are principally concerned wi th optical

H fibers, but their theories are general and apply at mil limeter wave frequencies.
In fact, Marcuse and Marcatili have veri fied some of their ideas experimentally
using teflon rods at 55 GHz.7

6. Marcatili , E. A. J., “Bends in Optical Dielectri c Guides ,” Bell System
Tec hnical Journal , pp. 2103-2132, September 1969.

7. Marcuse , 0 . ,  and Deros ier , R.M., “Mode Conversion Caused by Di ameter Changes
of a Round Dielectric Waveguide ,” B.S.T.J. 48, No. 10, pp. 3217-3232,
December 1969.

8. Marcuse, 0., “Radiation Losses of the Dominant Mode in Round Dielectric
Wavegu ldes ,” B.S.T.J., pp. 1665-1693, October 1970.

9. Marcuse , D. , “Rad iati on Losses of Dielectr i c Wave guides in Terms of the Power
Spectrum of the Wal l Distortion Function ,” B.S.T.J., pp. 3233-3242, December
1969.
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FIG. 2-7 ATTENUATION FACTOR AS A FUNCTION OF ROD DIAMETER
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Radiation can be caused either by surface imperfections or bends in the
dielectri c rod. Mathematically, a bend is ,just the limiting case of a very long
surface imperfection . The mechanism for radiation is the coupling of the discrete ,
guided modes to the continuous , unguided modes . This occurs at surface imperfec-
tions and bends due to the impossibility of matching all of the boundary conditions
using only guided modes.

The radiation from bends can be understood by considering the behavior of an
equiphase wave front of a guided wave going around a bend. The fields extend
outside of the rod , as shown in Figure 2-8. Much like skaters playing crack the
whip, the part of the wave furthest outside the rod must increase its veloc ity
the most to maintain the phase of the wave front. To maintain equiphase , we must
have

hR A O k(R + xr)A0 (2-72)

where h is the propagation constant of a guided wave and k is the propagation
constant of a wave in free space. R is the radius of curvature of the rod , and

x r 
is the radial distance from the center of the rod.
At the position

X r = (h - k ) R /k (2 -73)

the veloc i ty of the wave front is equal to the speed of light. To make it around
the curve , all of the energy in the region x > X r must propagate faster than the
speed of light. This is impossible , and all of the energy in this region is
radiated. Marcatili and Miller have proposed an approximate model to determine the
amount of attenuation due to radiation one can expect from a bend in a slab wave-
guide .17 They define a characteristic length

Z c 
= a 2 /2A (2-74)

17. Marcatili , E. A. J., and Miller , S. E., “Improved Relations Describing
Direc tiona l Control in Electromagneti c Wave Guidance ,” B.S.T.J., pp. 2161 -
2188, September 1969.
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FIG. 2.8 BEND IN A DIELECTRIC WAVEGUIDE
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FIG. 2-9 SURFACE IMPERFECTIONS OF A SLAB WAVEGU IDE
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is the distance ove r which a beam of light will remain collimated if it has a
transverse field width a and wavelength A . They relate this to the powe r decay
rate exp ( -ct z) , wh ere z is the lon gitud ina l d i sta nce a long the wavegui de at the
bend.

The amount o f energy radiated i s E
L
/ET)  where E1 is the amount of energy

propagat ing at x > X r I and E
T 

is the tota l energy . In a two dimensional system ,

E
L 

= F2 (x)dx (2-75a )

E1 
= F (x)dz (2-75b)

The quantity F2(x) corresponds to the energy density of the field distribution.
For small x , e xp (-c & z )  1 - 2c& z. The fractional power loss is

2az c 
= E1/E1 (2-76a )

or

= EL/(2zcET) (2-76b )

It should be pointed out that this ~ corresponds to power attenuation due to
radiation , unlike the previous section , where 2ct was the power attenuat ion due to
loss wi thin the dielectric material .

Using this approach , it is possibl e to estimate the radiation loss of a
rectangular dielectric waveguide using the field solutions for the unbent guide
to solve for E

1 
and ET. A more rigorous approach to the problem of radiation

from a rectangular guide has been used to verify the validity of this approximate
method)8 However , this method is not very useful for the c ircular dielectric

• guide because of the problem of solving for E1 and ET in a three dimensional

18. Marcatili , E. A. J., ‘Bends in Optica l Dielectri c Guides ,” B.S.T.J .,
pp. 2103-2132 , September 1969.
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geomet ry . It is also difficult to determine an appropriate value for the
correlation length a. However , this approach does offer some insight into why
radiation occurs .

For a large diameter rod capable of propagating more than one mode , mode
coupling at a bend will often be more important than radiation . Since we are
concerned only with single-mode guides , this isn ’t a problem .

More important than bends is the problem of radiation from surface imper-
fections. It’ s possible to make a strai ght dielectric guide , but there will
always be some surface roughness , no matter how smooth the finish. This problem
has been studied extensively, and involves the solution of coupled mode
equations. 19 ’20’21 The theory is stra i ghtforward . One solves the bounda ry value
problem using an infinite sum of guided and unguided modes to match boundary

conditions at the irregular surface. If a s i ngle gu i ded mode is or ig i na l l y
propagating on the line , the degree to which i t  cou p les to other modes because
of the surface imperfections can be calculated using Fourier techniques. The

mathematics of this is beyond the scope of this report , but we w i l l  quote two
si gnificant results.

The surface imperfections on a dielectric guide can be described mathematically

as a wall distortion function .22 The function is just a mathema tical representa-

tion of the surface profile of the guide . Consider the slab waveguide of Figure

2-9. If the height of the surface S above the z axts is f(z), an d the avera ge
thickness of the slab is d , the wall distortion function is defined by

W = f (z )  - d (2-77)

19. Snyder , A. W., “Coupling of Modes on a Tapered Dielectri c Cylinder ,”
I.E.E.E. Trans. Microwave Theory and Techniques , 18, No. 7 , pp. 383-392 ,
July 1970.

20. CollIn , R. E., Field Theory of Gu i ded_Waves , McGraw-Hill , New York , 1960.
21. Marcuse , 0., “Mode Conversion Caused by Surface Imperfections of a

Dielectric Slab Wavequide ,” B.S.T.J. 48, No. 10., pp. 3177-3215 , December
1969.

22. Marcuse , D. , “Radiation Losses of Dielectric Waveguides in Terms of the
Power Spectrum of the Wal l Distortion Function , ” B . S . T . J .  48 , No. 10 ,
pp. 3233-3242, December 1969.
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The Fourier transform of the wall distortion function is

~(O) 
= 

~ f [f(z) - d]e~~O2dz (2-78)

where L is the length of the slab , and 0 represents a spatial frequency . The

spatial frequencies 0 will cause radiation loss only if

h - k < 0 < h + k  (2-79)

where h is the propagation constant of the mode , and k is the free space wave-
vector k

If the Fourier transform of the wall distortion function has no spatial
frequencies in this range , then there will be no radiation loss. This result

is not as simple as it seems , and an interested reader is urged to consult the
orig inal literature .22 The important conclusion , however , is that surface
Imperfections don ’t necessarily result in radiation , and that radiation may
turn out not to be a problem .

Marcuse has also calculated the radiation losses from a round dielectric
guide propagating the HE 11 mode .

23 He has included the effects of random wall
imperfections in terms of a correlation function. Let the power propaqating on
a dielectric rod be P. The power attenuation constant is related to the frac-
tional power loss ~P/P by

= ( l /L)~P/P (2-80)

where L is the length of the rod .
It is possible to find the normalized power loss as a function of the RMS

deviation in the radius of the rod and a correlation length. If ~ is the RMS

22. Marcuse , D. , “Radiation Losses of Dielectric Waveguides in Terms of the
Power Spectrum of the Wall Distortion Function ,” B.S.T.J. 48, No. 10 ,
pp. 3233-3242, December 1969.

23. Marcuse , D., “Radiation Losses of the Dominant Mode in Round Dielectric
Waveguides ,” B.S.T.J., pp. 1665-1693 , October 1970.
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deviation in the radius a of the rod , the normalized power loss is

V. P = (a~/A
2 L ) ( ~P/P) (2-81)

Marcuse has calculated P as a function of B/a for a teflon rod using an
exponential correlation function , where B is the correlation length. This is

reproduced in Figure 2-10 for several values of ka , where k = 2rr/X 0. The
correlation length B for a given guide will generally be unknown . But the
function P turns out to be bounded from above , and it is possible to compute
the worst case loss for a given value of A or vice versa .

As an example , suppose we want a teflon guide wi th no more than 10 dB/km
radiation loss. Let the radius of the guide be 1mm , and assume the worst case

value of P .25 , corresponding to ka = 1.5. From equations (2-80) and (2-81),

we have

(a 3/A 2 L ) (~P/P) = (a 3
~ )/A2 = .25

= 10 dB/k rn = 2.3 x IO~~ neper/meter

3 -9a 10 meter

A = .003 nih

Therefore , the guide radius must be uniform to within .31 . Hopefully, the
va l ue of P will be substantially lower than worst case .

2.5 ISOLATION
Since the fields of the dielectric wavequide extend outside of the guide ,

they may interact with the external environment. For a practical system , this
will be very important , and may pose serious problems .

One possible solution is to clad the dielectric with another dielectric
material , as is done with optical fibers . The dielectr ’c constant of the cladding
is lower than that of the actual guide , but hi gher thar, the dielectric constant
of free space. The field solutions inside the guide are basically unchanged ,
but the external fields are localized by the cladding , and are less likely to

38
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FIG. 2.10 NORMALIZED RADIATION LOSS DUE TO SURFACE IMPERFECTIONS
OF A CIRCULAR DIELECTRIC GUIDE AS A FUNCTION OF CORRELATION
LENGTH FOR c - 2.05
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interact with the externa l surround I nqs . Cl add I nu may not he’ the’ answer • however ,

and the sped fic solut ion to the problem wi l l depend on the particuLe r app li ion

for wh ich the dielectric guide is being used .

The external field energy has been compu ted for t he’ HE mode . tIie tota l

stored energy wi thin a g I von radi us r is

IS

f 5 i~ E~ + Ii 0H.H* r drdt)
0 0

4 w

I 5 t- .i* ÷ ~i11U.H* t~ (IrdO
0 0

where c c 1 for r ‘- a , and , for r - _

W has been computed toe- r a • .‘a , 5a • and 1 Da for pci vs tv rt’lu’ • fused art:

and te flon. These cal cul  at I otis ~ert’ i nc luded in the append e • and are plot t t’d for

r a in Fiqure ~-- ll. Note the si teil lar ity between W and R from Figure .~~- 7 . W
is the stored ener~y, while R relates to the Poynt ing power. There is approxi -

mately a factor of .‘ di fference’ between the two quant 1 tIes.

.‘.6 POWER HANDL ING CAPABILITIES
The power hand ) int3 capab i lit I t ’s o a die I oct r Ic wave ’ .iu ide may dopend on

severa l different fat- I or’; . s~- e’ss I ye power absorption may cause ’ the matt’rl a 1 to

increase in temperature’ and melt .  Or the dit ’ le ’t- t , - ic  ‘ trength of the ma tt’ rial

can be exceeded . causIng a I oca Ii zed breakdown . In an optic al t i her, the wave-
length of the ii gh t Sc ) sma ll that sca t te,’ i fi t ) is  important . The’ powt’t’ t rans —

miss ion is then limited h~ the t hi~t’sh~~i d power I ey e’ I at whi ~-h s t h t m l a (t ’d Raman
and Rn 1 b u m  scatte ’r$nt~ occur .

The dic ’lectnl c strength of a mate’ri al Is typ i ~-a liv spec I fled at low freque’nc lt ’s

or 0. C . At mmii c rowa ye freque’nc 4 es • the’ di ~l t ’ c I re~ strength may be suhstan t I ally

di t t  ercie t • c ansi nq t he ma I e’t~ I a 1 to break doWn at much l ower field iii I ens it I
Whether t h i s  I s  i ndeed the case’ toe nO 1) i mt’te’r wave’’, wi l l be di t tit -ul t to

~1e teem I no until Ii~ gh power ~ 
y~, s become’ ava 4 1  ~ i t ’  -

.3
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The problem of dielectric heating can be solved approximately to yield a
rough estimate of the power that can be dissipated by a cylindrical dielectric
guide . The approach used here will be to find the power level that will cause
the temperature at the center of the rod to reach its melting point. The
electromagnetic energy absorbed in the rod will be treated as a uniform source
of heat throughout a cross-section of the rod . The heat diffuses to the outside
of the rod, where it is dissipated by radiation and convection .

Heat conduction in the steady-state is described by

V 2T = -q/K (?-83)

where I is the temperature , q is the heat generated per unit volume , and ~ is the

thermal conductivity of the dielectric. In a differential length \ z . the heat
generated is

AP = qAV = ct P \z (~‘ -$4 )

where a is the power attenuation per unit length , AV is the differential volume
element :~

2.\z, a is the radius of the dielectric rod , and P is the amount of
power propagating down the guide . Equation (2-83) become s

V 2T = -ctP/(~a~~) (:-$5)

• We would like to solve this equation to find P as a function of T~, the
temperature at the center of the guide . The maximum value of P wi l l he determined
by setting T0 T~1~ the melt ing temperature of the dielectric. This is one of

the two boundary conditions necessary to sol ve the problem .
For the steady-state , we can assume that all of the generated heat is

diffused to the surface of the rod . So at the surface of the guide , we have the
second boundary condition ,

= -~~ 
‘

~~~~ ASK,  
= a (~ _8tS )

where •\S is a unit element of surface area .

1 -)S.. (~
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By syninetry, the 0 directed component of the temperature gradient is zero.
Thermal diffusion along the axis of the guide will be unimportant , so the z
component can also be ignored . Equation (2-83) reduces to

~
2T l~T ceP

— ÷—  + - — = 0  (2-87)
~r

2 rar ira 2K

where I = T~ at r = 0, and ~~~~~ = -ctP/(2ITaK) at r = a.

The solution for T0 is

+ ceP/(411K ) (2-88 )

is the surface temperature of the guide , and is determined by the ambient
temperature and the effectiveness of convection and therma l radiation . The problem
of finding I Is discussed in detail by Holman , and only the results will be
presented here. If T~, is the ambient temperature outside the rod , then

ceP a2 a
T =—  — + ---— + 1 (2-89)0 a2 4K 2ht

where h
t 

is an equivalent heat conduction coefficient that combines the effects
of radiation and convection .

We can defi ne ht by

ht 
= hr + hc (2-90)

hr is determined by the Stefan-Boltzman law of black-body radiation , and h
~

is derived using fluid mechanics .

24. Holman , J. P., Hea t Transfer , Fourth Edition , McGraw -Hill , New York , 1976.
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~~~ 
hr ~a(T, + T

~
)( T

~ 
+ I,, ) (2-9la)

h l.32[(T
~ 

- T~)/(2a)}
U4 (2-91b)

f is the emissiv ity of the dielectric, and a = 5.67 x io 8 Watt / rn2 °K 4

Unfortunately , hr~ 
hc~ 

and K are all functions of temperature . However , the
dielectric rods are only a few millimeters in diameter at most , and

T — T O - T  (2-92 )

As an example , consider a 2 mm teflon rod with a loss tangent of 5 x l0~~.
From the theory of section 2.3, a is found to be .0048 neper/cm. The melting
point of teflon is 321°C, and the therma l conductivity is [4.86 x io .6 i + 2.53
x 10 ’3JWatt/cm 0K.2S Depending on what va l ue one assumes for ~~~, P will be in the
neighborhood of 100 to 200 Watts. Reducing the loss tangent of the material will
substantially increase this amount , as will decreasing the rod diameter.

25. Brandrup and Ininergut , editors , Po]ymer Hand book , Second Ed it i on ,
Wi ley & Sons , New York , 1975.
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Chapter 111

EX PERIMENTAL OBSERVATION S

3.1 INTRODUCTION
Before we can legitimately use the theory of the HE11 mode to describe the

behavior of an actual guide , it will be necessary to verify that the HE11 mode
actually propagates when a wave is launched on a dielectric rod . From Chapter 2,
we know that for a given d/X0 and c , the HE11 mode will be characterized by a
certain A/A 0. If we assume that the HE11 mode is propagating, then measurement
of d/X0 and A/A0 will yield a value for c. If this c agrees with the known £

for the material , we can be sure that the HE11 mode is propagating. We can look
for the presence of other modes by probing the standing wave pattern on the rod .
Since each mode has its own characteristic wavelength , the presence of more than
one mode will be readily apparent. This method has been used by Cullen and
Gillespie to study the properties of a glass rod at 33 GHz.26

Unfortunately, values for c at 70 GHz are not available for most materials.
However , dielectric constant varies slowly wi th frequency , and we can approximate
c with a value measured at a lower frequency (i.e., 25 GHz). The difference in

between each of the lowest order modes is substantial enough that only
approximate agreement between the observed and known values for e is necessary
to confirm the presence of the HE11 mode . Once this is verified , we can assume
that the observed value of c is the actual dielectric constant of the material
at 70 GHz. Thus measurement of d/A 0 and A/A..~ will yield a previously unknown
value for c at 70 GHz, as well as verify the presence of the dipole mode.

The attenuation characteristics of the dielectric rod are of critical
importance in determining the practicality of using the rod as a waveguide. In
Chapter 2, it was seen that knowledge of the loss tangent of the dielectric will

26. Cullen , A. L., and Gillespie , E. F. F., “A New Method for Dielectric
Measurements at Millimeter Wavelengths ,” Presented at the Symposium on
Mil limeter Waves , Polytechnic Institute of Brooklyn , Apri l 1 959.
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yield an attenuation factor for the guide . However, this does not include the
- 

- 
attenuation due to radiation , which may be signifi cant. In most cases , data
for tan S at 70 GHz isn ’t available. Thus it is desirable to measure the attenua-
tion directly. We can relate this measured attenuation to an equivalent tan 5’

that will include the effects of radiation . In those cases whe re the intrinsic
loss tangent of the material is known , comparison of tan S with tan 5’ will al low
one to determine how much energy is lost to radiation .

The method used to determine the guide wavelength and attenuation factor is

relatively simple. A klystron is used to excite the HE11 mode on a long section
of dielectric rod . A probe that can move up and down the length of the rod on a
motorized cart is attached . The movement of the probe is synchronized with a

chart recorder so that one can plot the average power propagating on the rod as
a function of position . The power decays exponentially as the probe moves down
the line , thus yielding the attenuation factor . If a metal reflector is attached

to the end of the dielectri c rod , a standing wave is set up and the guide wave-
length can also be determined.

Figure (3-1) shows the apparatus used . The dielectric rod is butted against
the metal waveguide and is held in place by four set screws . The other end of the
rod is pulled taught and held with a clamp . For the fi rst experiments , the probe
consisted of a short piece of dielectric rod butted into a metal wavequide con-

tainin g a diode detector. This dielectric probe is placed in proximity to the rod

bein g measured. In later measurements , the probe was a piece of metal wavegu ide

with a hold drilled through the top . The dielectric waveguide passes through the
- 

- hole , thus coupling the longitudinal E field of the HE11 mode to the TE 10 mode
of the rectangular guide . Other probe configu rations were tried , but this was
the most successful

It is essential that the dielectric rod be i ng measured be as long as possible.
If the dielectr ic rod is too short , the attenuation may be too little to measure

accurately . In addition , the VSWR caused by a reflection at the end of the rod
w i ll increase significantly and make the attenuation seem lower than i t reall y
is. (The probe will detect the sum of the incident arid reflected waves; this sum

does not decay exponentiall y, as examination of basic transm ission line theory
will show. If the rod is sufficiently lonq , the initial wave w i ll decay enough
so that a refl ection at the end of the rod will be insignificant).

46
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3.2 EXPERIMENTAL RESULTS -

The ve ry first experiment was to determine that the diel ectric rod was
Inde ed acting as a waveguide. This is the case , as can be seen from Figure 3-2.
The top curve was plotted by pointing a transmitting and receiving horn at each
other and moving the two horns apart. The gain of the horns Is high enough that
a standing wave pattern is set up. As the horns move apart , the ampl itude of the
received signa l decreases greatly. The length of the top curve in the figure
corresponds to about 15 cm movement of the rece iv ing horn, The free space wave-
length can be computed by counting the number of oscillations.

The second curve was made by placing a polystyrene rod between the trans-
mitting horn and a stationary reflector. A dielectric probe was placed In proxi-
mity to the rod and moved along Its length. Note that the amplitude Is no longer
a strong function of position . In addition , the characteristic wavelength has
decreased , corresponding to the slower phase veloc ity of the wave traveling through
a dielectric medium. The changes in amplitude along the path are due to variation
in the separa tion between the probe and rod . Since we are looking at a standing
wave patte rn , adjacent minima are separa ted by A/2 , not A.

The next experiment was to measure the dielectric constants of fus ed quartz ,
polystyrene , and teflon . The results are shown In Figure (3-3).

MATERIAL Fused Quartz Polystyrene Teflon
Rod diam . 1.09 rein 2.38 mm 2.01 rein

d
~ 

1.95 rein 2.62 rein 3.24 rein

d/A 0 .259 .563 .477

~‘~~o .980 .811 .947

C 3.75 2.53 2.00

c(25 GHz)28 3.78 2.56 2.08

—— 
Figure 3-3 Measurement of Dielectric Constant at 71.0 GHz - -

28. VonHippel , A., Dielectric Materials and Applications , M.I.T. Press and John
Wiley & Sons , New York , 1 954 .
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The guide wavelength was measured by probing a section of dielectric rod. A 0 was
determined by measuring the frequency of the klystron with a cavity wavemeter. The

— rod diameter was measured with a micrometer. c Is computed us ing a Fortran program
to find a best fit to the guidance condition of the HE11 mode. The quantity d

~
corresponds to the critical diameter above which higher order modes begin to
pr opagate.

Since the measured and known values for c are in close agreement for all
three material s, we can be sure that the observed mode is actually the HE11 mode.

To see if anythi ng unusual happens when the rod diameter exceed s 
~~ 

the
standing wav e patterns were probed for four rods with d > d

~
. Interference

patterns were observ ed in all four cases. The results are shown in Figure 3-4.
There are several possible explanations for what is going on. One is that

the TE01 and TM01 modes are also propagating . This may be the case for the
3.24 inn polystyrene. But for the teflon and 2 mm fused quartz rods, the beat
length is too long to be mode interference. In these cases, it may be that the
rods are elliptical in cross-section , Instead of being circular. When this

• happens, the HE11 mode is split up into two modes, each polarized along a different
axis of the ellipse. The two polarizations will each propagate with a slightly
different phase velocity , accounting for the long beat l ength. This effect is
discussed In more detail by Cullen and Gillespie. 26 The 3 mm fused quartz may be
exper ienc i ng the same phenomena , but it isn ’t clear from the short length of the
plot.

The final exper iment was to measure the at tenuation c harac ter i stic s of
various rods. This was done by probing the rods for a distance of one to 1 1/2
meters along their length. Figure 3—5 shows the average power as a function of

— length for 1.5 meters along a polystyrene rod. This particular rod is made of
Rexol ite 1422 , which is polystyrene that has become crosslinked from exposure to
radiation .

Figure 3-6 shows a tabulation of the resul ts for an assortment of poly-
styrene, Rexol ite, and teflon rods. To check the measurements against theory ,

26. Cullen , A. L., and Gillespie , E. F. F., “A New Method for Dielec tric
Measurements at Millimeter Wavelengths ,” Presented at the Symposium on
Mill imeter Waves ,” Polytechnic Institute of Brooklyn, Apr il 1959.
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the loss tangent is computed for the various polystyrene and Rexolite rods. This
was not very difficult, as the numerical calculations for attenuation as a function
of rod diameter have already been done by Elsasser 16 for ~

- 2.56 (see section
2.3). The results are plotted in Figure 3-7. The solid lines represent the

theoretical calculations for various values of tan 5. The experimental data also
includes measurements made at 24 GHz by Chandler .27

Some of the l arger rods exceed the critical diameter , and more than one mode
may be propagating. Since the attenuation of each mode is sligh tly different, the

experimental data for these rods may not represent the true attenuation of the lW 11
mode . However , the results for the lar ger rods are cons i s tent enough to war ran t

their inclusion .
The computer value s of tan 15 appear to be self consistent, thus supportin a

the validity of Elsasser ’s theory . However, there is no independent data for tan
5 of polystyrene at 70 GHz with which to compare these results. There i s a
possibility that some of the attenu ation is due to radiat ion , arid that the measured
tan ~S’ is higher than the intrinsic tan S of the material. Measurements of tan - S

have been made for polysty rene and Rexo lite at 25 GHz,28 and for polystyrene at

400 GHz.29 Although the data reported in Von Hippe l varies substantially from
sample to sample , it is clear that tan 15 rises dramatically between 24 and 400

GHz. At 24 GHz, tan S is roughly 5 x at 400 GHz , tan is is reported as

6 x 1O~~. Our experimental data indicates that tan ,S is approximately l0~ at
72.70 GHz. The indication s are that radiation loss is not significant.

The overall conclusion to be drawn is tha t dielectric waveguide can be

desi gned to have l ower loss than metal waveguide at these frequencies , simply by
decreasing the diameter . The polystyrene has substantially more loss than the

16 . Elsasser , W . M., “Attenuation in a Dielectric Circular Rod ,” J. Appl . Phys.
20, p. 1193 , December 1949.

27. Chandler , C. H., “An Investigation of Dielectric Rod as Wa ve Gu i de ,’
Journal of Applied Physics , 20, p. 1188, December 1949.

28. VonHippel . A. . Dielectr Mat e i  and pplications , M.I .T. Press
and John Wiley & Sons , New York , 195T.

29. Breeden , K. H . ,  and Sheppard . A. P., “A Note on the Millimeter and
Submillitneter Wave Dielectric Constant and Loss Tangent Va l ue of
Some Coninon Materials ,’ Radio Science , Vol . ~~, No. 2., February l96~.
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tef lon , primarily for two reasons . The teflon has a slightl y lower dielectric

cons tant, resulting in less energy propagating within the rod for a given diameter.

in addition , teflon is a nonpolar polymer. This makes it relatively inert in the

presence of an external field. Polystyrene , on the other hand , is extremely polar.
Thi s resul ts in a strong interac t ion between the individua l molecul es a nd the
appl i ed electric field , whi ch i n turn causes l oss. 30

‘I

30. P. Debye, Polar Molecules , Dover Publications , New Yor k , NY , 1945.
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Chapter IV

SUMMARY AND CONCLUSIONS

In this report, we have approached the subject of the dielectric wavequide

- - from both a theoretical and experimental point of view. Even though the discussion
has been limited to the dominant mode of the cylindrical guide , the theory is

• complicated and the mathematics difficult. Although they seem straightforward ,

the experimental techniques involve a great deal of numerical analysis , and

• require a thorough understanding of basic theory .
Our discussion provides a qualitative understanding of the basic behavior

of a dielectric waveguide. The experiments have confirmed that the basic theory
is sound , and that the use of dielectric rods for making millimeter wave trans-
mission lines is not unreasonable .

To summarize briefly, the behavior of a dielectric waveguide is determi ned
by the electrical and magnetic properties of the material , and by the physical
structure of the waveguide . For a homogeneous , non-magnetic material , the major
difficulty lies in the solution of Maxwell’ s equations subject to the appropriate
boundary conditions. The most important property of any dielectric wavequide is
that the field solutions can be separated into a discrete set of guided modes,
and a continuous set of radiation modes. Each guided mode is characterized by
an elgenvalue h and a phase velocity w/k. The guided modes decay at large
distances from the guide and do not radiate energy . However , a substantial
portion of the energy of the guided mode propagates outside of the guide.

The attenuation factor of the guide depends on the loss tangent of the
dielectric material • and on the extent to which the energy of the mode is
contained within the dielectric. By reducing the guide dimensions , the relative
amount of energy propagating outside of the guide is increased , and the attenuation
factor is decreased. The limiting factor in reducing the attenuation is the
critical guide cross section below which a given mode is cutoff and doesn ’t
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propagate. The dominant mode of the circular guide has no cutoff , and in principle ,
the attenuation of this mode can be made arbi trarily small.

Radiation loss is caused by the coupling between gu ided and radiation modes.
This occurs at bends in the guide or at surface imperfections . A perfectly stra i ght
guide wi th no surface imperfections will not radiate . If the spatial freqi.iencies
of the Fourier transform of the surface profile of the guide are not in a g’ven
frequency range , then radiation due to surface imperfections will be mini mu~.
Radiation at bends is due to the impossibility of a wave front propagating around
a bend at a speed greater than the speed of light. For l arge diameter guides ,
mode coupling will often be more important than radiation .

The amount of power absorbed by a dielectric guide depends on the loss
tangent , the homogeneity of the material , and the field distributions inside the
gu ide. The ability of the guide to dissipate energy will depend on the size and
shape of the guide , the thermal conductivity of the dielectric , and the effective-
ness of convection and thermal radiation at the surface of the guide . For the
steady state , one can approximate the maximum amount of energy that can be
dissipated by a gu ide without its melting. However, inhornogeneities in the
dielectric wil l  probably cause localized breakdown of the rod at much lower power
l evels , so that this analysis is only approximate .

In this study , we have experimentally determined the dielectric constants of
samples of fused quartz , polystyrene , and teflon at a frequency of 71.0 GHz. The
results are consistent with values of Er measured at other frequencies . The
attenuation factor was measured for various dielectric rods at 71.7 GHz. The
attenuation factors for polystyrene were related to an equiva lent loss tangent
for the material that includes the effects of both radiation and absorption loss.
Comparison of this result with other data indicates that radiation loss probably
is not si gnificant.

There is a major problem that has only been touched on in this report. The
manufacturing techniques have a very large effect on the electrical properties of
a material , and there is often a large disparity between the electrical properties
of variou s samples of the same material. Unless the chemical and mechanical
properties of a dielectric sample are also specified , it is not accurate to say
that the measured electrical properties represent the true properties of anything
except the particular sample used in the experiment. For example , the degree of
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crystal l inity of a teflon rod may be different than that of a teflon slab , because
of the different manufacturing processes involved . Consequently, the complex
dielectric constant of a tef lon slab will be slightly different than that of a
teflon rod . The amount of impurities will have a major effect on the electrical

- 
, properties. But the amount of impurities also varies strongly between samples .

-
~~ Unles s a materia l is specifically designed for electri cal appli cations , it

is unlikely that it will be very pure . For instance , plasticizers are routinely
added to many polymers (i.e. - polystyrene ) to improve their mechanical properties.
The addition of a plasticizer will change the dielectric constant and raise the
loss tangent.

• The materials used in the experiments were not designed with millimeter wave
applications in mind , and there is no doubt that their properties at millimeter

- -• wave frequencies can be improved . In addition to decreasing the amount of
impurities in the materials , techniques such as cross-linking the polymers or
casting the materials in a vacuum instead of air will substantially improve the

- 
- t dielectric and attenuation characteristi cs of the materials.

The effect of temperature on dielectric properties is also a major problem
that will have to be solved.

The point is that the development and understanding of materials is a critical
issue in the design of practical dielectri c devices. This is true for any structure
be it dielectric waveguide , stripline , microstrip, or whatever.

In this report, we have shown that a dielectric rod waveguide can guide a
wave wi th an amount of attenuation that is lower than that of a rectangular meta l
gui de. The dielectr ic waveguide has poor isolation, and is difficult to interface
with other structures. But it is extremely inexpensive compared to other
struc tures , and is simple from a physical point of view.

Further work needs to be done in several areas. The theory needs to be
extended to higher order modes and to topologies other than the circular rod.
The measurement techniques must be improved until they are simple , accurate , and
versatile enough for general use in analyzing materials. The study of materials
is of critical importance , as the practicality of any structure will be determined
by the material ’s properties . And finally, the design of components such as
antennas , phase shifters , delay lines , and couplers , is a wide open area .
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Dielectric wavegulde may not be the ultimate wave g uiding str ucture , but there
is no doubt that it wil l be usefu l for some applications , par t i c u lar ly antennas

and long distance transmission lines. Ten years ago , few people would have
believed that optical fibers would be pr actical for telephone c ommunications . ‘

But the widespread use of such fibers is just around the corner. Ten years from
now , the use of dielectric waveguide at millimeter wave frequencies may be just as
practica l.
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- .  
- Appendix A

NUMERICAL COMPUTATIONS

Solutions to the guidance condition of the HE11 mode have been calculated
for va lues of c corresponding to teflon (2.08), polystyrene (2.56), and fused
quartz (3.78).  The data is tabulated on the following pages.

The diameter factor refers to the distance from the rod within which the
fractiona l interna l energy was computed. The calculation of the fractional
interna l energy i s discussed in chapter 2.

21 and Z2 are calcu la t i on  para meters that  are related to the Hankel and
Bessel functions that describe the electric and magnetic fields . 
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