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Dielectric Ribbon Waveguide: An Optimum
Configuration for Ultra-Low-Loss
Millimeter /Submillimeter
Dielectric Waveguide

C. YEH, reLLow, 1EEE, FRED I. SHIMABUKUROQO, MEMBER, IEEE, AND J. CHU, STUDENT MEMBER, [EEE

Abstract —Dielectric ribbon waveguide supporting the ‘HE,, domi-
nant mode can be made to yield an attenuation constant for this mode of
less than 20 dB /km in the millimeter /submillimeter-wavelength range.
The waveguide is made with a high-dielectric-constant, low-loss material
such as alumina or sapphire. It takes the form of thin dielectric ribbon
surrounded by lossless dry air. A detailed theoretical analysis of the
attenuation and field extent characteristics for the low-loss dominant
 HE,; mode along a ribbon dielectric wavegnide was carried out using
the exact finite-element technique as well as two approximate tech-
niques. Analytical predictions were then verified by measurements on
ribbon guides made with Rexolite using the highly sensitive cavity
resonator method. Excellent agreement was found.

1. INTRODUCTION

HE PHENOMENAL success of the dielectric fiber

as an ultra-low-loss optical waveguide has enticed us
to reconsider the viability of the dielectric rod as a low-loss
millimeter /submillimeter (mm/sub-mm) waveguide. A
survey of commercially available materials shows that two
classes of material may be excellent candidates as low-loss
dielectric materials for mm/sub-mm wave applications
[1]-[6]: (1) crystalline material such as quartz, alumina,
and sapphire and (2) nonpolar polymers such as poly-4-
methylpentene-1 (TPX), PTFE (Teflon), polyethylene
(LDPE), and polypropylene. Another way to minimize the
attenuation constant for the guided wave along a dielec-
tric structure is to use special waveguide configurations.
This paper will first provide a brief survey of commer-
cially available low-loss dielectric material and highlight
possible ways to reduce the loss factor. Then we will focus
our attention on identifying low-loss configurations. It is
shown that a properly configured waveguide can support
the dominant mode with a loss factor as much as 50-100
times below that for an equivalent circular dielectric
waveguide. A loss factor of less than 20 dB/km can be
realized with presently available material. This waveguide
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takes the form of a thin dielectric ribbon surrounded by
lossless dry air. Theoretical analyses have been carried
out based on three approaches: the slab approach [7],
Marecatili’s approach [8], and the exact finite-element ap-
proach [9]. Experimental verification of selected cases has
also been carried out using the unique ultra-high-Q di-
electric waveguide cavity resonator apparatus that we
developed [10]. Our investigation shows that it is feasible
to design a long-distance mm /sub-mm wave communica-
tion line with losses approaching 20 dB/km using the
dielectric ribbon waveguide made with commercially
available low-loss, high-dielectric-constant material.

II. A DiscussioN oN Low-Loss
DieLECTRIC MATERIAL

A series of very detailed measurements in the mm /sub-
mm wavelength range on the dielectric constants and loss
tangents of groups of promising low-loss materials has
been performed by the MIT “Mag-Lab” group in recent
years. Results of their findings were summarized in a very
comprehensive paper by Afsar and Button [1]. Afsar [3]
also presented his measured resuits on several very low
loss nonpolar polymers. A sample list of two types of
commercially available low-loss materials is given in Table
I. It can be seen that the polymer material in general has
a much lower dielectric constant than the crystalline ma-
terial. The best loss tangent is of the order of 107#. Using
a nominal dielectric constant of 2.0, the attenuation con-
stant for plane wave in this bulk material is 1.3 dB/m at
100 GHz, which is already better than the 2.4 dB/m loss
for conventional metallic waveguides at this frequency.
The attenuation constant for plane wave is calculated
from the following equation [11]:

o =8.686(m/e, /Ao)tand (dB/m). (1)
Here €, is the relative dielectric constant, A, is the
free-space wavelength, and tané is the loss tangent. Ac-
cording to (1), it appears that in addition to requiring as
small a loss tangent as possible, a lower diclectric con-
stant is also helpful in achieving lower loss. Hence, flexi-
ble nonpolar polymers such as LDPE (polyethylene) and
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TABLE 1

Crystalline Material [4]-[6] Dielectric constant Loss tangent
ZnS (at 100 GHz) 8.4 2%1073
Alumina (at 10 GHz) 9.7 2%107%
Sapphire (at 100 GHz) 9.3-11.7 4% 1074
Quartz (at 100 GHz) 3.8-4.8 5% 10—j
. KRS-5 (at 94.75 GHz) 30.5 1.9%1072
KRS-6 (at 94.75 GHz) 285 23%1072
LiNbO, (at 94.75 GHz) 6.7 8% 1077

Polymer Material [1]-[3] Dielectric constant Loss tangent
Teflon (at 100 GHz) (PTFE) 2.07 2% 107*
Rexolite (at 10 GHz) 2.55 1x1073
RT-Duroid 5880 (at 10 GHz) 22 9% 107
Polyethylene (at 100 GHz) (LDPE) 2.306 3x107*
TPX (Poly-4 methylpentene-1) (at 100 GHz) 2.071 6x107*
Polypropylene (at 100 GHz) 2.261 7x107¢

PTFE (Teflon) may be good choices for making low-loss
mm/sub-mm waveguides. However, this conclusion can
be deceiving because it is based purely on the low-loss
property of the waveguide material; i.e., only bulk mate-
rial loss is considered and the effect of waveguide config-
uration on losses has not been included. If the configura-
tion effect is taken into account, material with lower
dielectric constant may not offer the advantage of lower
attenuation constant as indicated by (1). (Detailed consid-
eration will be given to this in Section II1.)

One way to construct low-loss waveguide material is to
use an artificial dielectric [12], [13]. The artificial dielec-
tric may be composed of alternate longitudinal layers of
low-loss, high-dielectric-constant material such as quartz
and air. One may also interpret this approach as a way of
altering the configuration of guided wave structure, which
will be addressed in the next section. The artificial dielec-
tric material may also be constructed with small particles
(size < A,) of low-loss, high-dielectric-constant material
such as small quartz or sapphire spheres suspended in air.
For example, the dielectric constant and loss tangent of
sapphire at 100 GHz are 10 and 4X107*, respectively.
Roughly speaking, if a volume contains 10% sapphire
powder (small spheres), the equivalent dielectric constant
would be approximately 2, and the equivalent loss tangent
could be reduced to 4x 107> Thus high-dielectric-con-
stant, low-loss crystalline materials are excellent candi-
dates for the construction of artificial low-loss dielectric
materials.

Returning to our discussion of polymers, it is known
that the molecules that make up a typical molecular
crystal are bound together by strong valence forces and
are held in their correct places in the lattice by much
weaker van der Waals forces. The major absorption
mechanisms in nonpolar polymers in the mm /sub-mm
region are [3]:

1) resonances of normal modes of macromolecular
helices;

2) absorption spectrum of impurities such as catalyst
residues, antioxidants, ionic impurities, plasticizers,
catalyst residues, and other additives;

3) amorphous behavior of polymers.

Recognizing the mechanisms that are generally respon-
sible for the absorption spectra of these polymers in the
mm /sub-mm /far-infrared region, one may selectively im-
prove the loss characteristics of a given polymer. For
example, impurities may be controlled and reduced; other
ions may be introduced to stiffen the long chain molecules
so that the chain-twisting vibrations in the mm-wave fre-
quencies may be dampened, reducing the absorptions at
these frequencies; and the amorphous characteristics of
the polymer can be altered by using different cooling/
melting processes.

It will be shown in the following section that a high-
dielectric-constant material with low loss tangent is the
preferred material for the construction of specially config-
ured ultra-low-loss waveguides.

II1.

Reducing the loss tangent of the bulk material will
certainly improve the attenuation constant of a guided
wave along a dielectric waveguide made with such mate-
rial. It appears that other major factors that can influence
the attenuation characteristics of guided wave along a
dielectric structure are the size and shape of the wave-
guide. The attenuation constant for a dielectric waveguide
with arbitrary cross-sectional shape is given by the follow-
ing expression [11]:

Low-Loss CONFIGURATION STUDY

a=8.686m(1/A,)(L,+ Ly) (dB/m) (2)
where
Liy=(e1p)tand, 4R, (3)
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Here, the subscripts 1 and 0 refer, respectively, to the
core region and the cladding region of the guide, ¢, , and
tanéd, , are, respectively, the relative dielectric constant
and the loss tangent of the dielectric material, A, is the
free-space wavelength, € and u are, respectively, the
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Fig. 1. Configuration loss factor ;R as a function of normalized
frquency for an elliptical Teflon rod supporting the dominant ;HE,,
mode. Here A is the cross-sectional area, Ay is the free-space wave-
length, a is the semimajor axis of the elliptical rod, and b is the
semiminor axis. Note that flatter rod yields a smaller configuration
loss factor for the same cross-sectional area.

permittivity and permeability of free space, e, is the unit
vector in the direction of propagation, 4, and 4, are,
respectively, the cross-sectional areas of the core and the
cladding region, and E and H are the electric and mag-
netic field vectors of the guided mode under considera-
tion.

If the core and cladding regions contain similar dielec-
tric material, as in the case of optical fiber waveguide, the
attenuation constant a will be relatively insensitive to the
geometry of the guide because (R, + R,) will be insensi-
tive to the geometry of the guide. For this case, the
attenuation of the wave is determined totally by the loss
tangent of the material, and the guide configuration is
unimportant. On the other hand, if the cladding region
(region 0) contains low-loss dry air or is a vacuum, then
the loss factor €, R, which is sensitive to the guide config-
uration and the frequency of operation, will play an
important role in determining the attenuation constant of
the mode guided by the dielectric structure. This loss
factor €; R, could vary from a very small value to \/a ,
which is the case for a plane wave propagating in a
dielectric medium with relative dielectric constant e;. So,
for a given operating frequency, the smaller the factor
€,R,, the more desirable the configuration. As an exam-
ple, the €,R, factors for an elliptical Teflon dielectric
waveguide supporting the dominant ,HE;; mode as a
function of the normalized cross-sectional area for differ-
ent (major axis)/(minor axis) ratios are given in Fig. 1. It
is seen that a mere flattening of a circular dielectric rod
along the maximum intensity of the electric field lines for
the dominant ,HE,, mode can improve the €;R; factor
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(hence, a) by a factor of 2 or more [11]. It appears that
flattening the circular dielectric rod tends to redistribute
and spread out the electric field intensities in such a way
that the factor [,(E,* E;*)dA in (4) (hence, @) is substan-
tially reduced. This deduction leads us to the conclusion
that a very flat elliptical cylinder or simply a thin ribbon
may be an extremely attractive low-loss configuration.

A. Wave Guidance Along a Dielectric Slab

Let us now turn our attention to the problem of wave
guidance by an infinite flat plate as shown in Fig. 2. Two
types of dominant modes may exist on this structure: the
TM mode (with E,, E,, H,), which is the low-loss mode,
and the TE mode (with H , H,, E ), which is the high-loss
mode. The field components for these modes are given
below [7], [12]. (Since only the symmetric modes are
considered, the following field expressions, applicable in
the region y > 0, are used.)

TM Wave: In region 1 (the core region),

—JB
E®D = Bcos p,y
Py
EM=Bsinpy
— jweq€
H®=——"—Bcosp,y (5)
Py
and in region 0 (the cladding region),
EO® = :J_Bce —Poy
Y Po
ES)) = Ce PoY
H)EO) = :_Jﬁ(ﬁce —Poy (6)
Po
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with
k= w’ueqe k? = w’ue e

po=B"—ki and pi=ki-p"

TE Wave: In region 1 (the core region),

D
Hy(”= tided cos p,y
P

H®=Dsinp,y

jop D

E®="""cos p,y @

P
and in region 0 (the cladding region),
HV(O) = EFe —Poy
’ Po

HZEO) = Fe —PoY

E® =1 pomror, (8)
by

We have assumed that the expressions for the field
components of all modes are multiplied by the factor
exp(jot — jBz), which will be suppressed throughout.
Here B and w are, respectively, the propagation constant
and angular frequency of the wave, and z is the direction
of propagation of the wave. Matching the tangential elec-
tric and magnetic fields at the boundary surface y=1b
yields the dispersion relations for the symmetric TM and
TE modes, from which the w— 8 characteristics for these
modes may be found. The dispersion relations and the
ratios of unknown coefficients are as follows.
™ Wave:
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Fig. 3. Configuration loss factor ;R as a function of normalized

frequency for a dielectric slab of thickness 2b supporting the domi-
nant TE, and dominant TM, modes and for a circular rod of radius b
supporting the dominant HE,; mode for various dielectric materials.

Referring to (4), one may also calculate the configura-
tion loss factor R as follows:

€; pob €;
tanp,b=—-""= p%+p5=k§(——1)
€ P1 €p
B e_‘pUb
c sinp,b’ ©)
TE Wave:
Pob €1
anpp-20 e pgoa( 2]
I 41 €o
D e Pob
— = . 10
F  sinp,b (10)

RTM) _ (Pob)3
2(p,b)(kob)(BD)
b\? b\?
2pb[1+ i) —|1- i sin2p,b
b Py
1{ pob 351 . . 9
2\ b e—(2p1b+sm2p1b)—|—sm pb
1 0
(11)
R(TE>:l_9£ Pob ’
2 Bb \ pb
(2p;b +sin2p,b)
IR . (12)
(ﬁ) 5(2p1b+sin2plb)+sin2p1b

As expected, one can easily show the limiting case for
RO and R™) ag (2b /) -0 it is

RT® = ROM 1 / /e .
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Fig. 4. Ratio of the configuration loss factor for TE, and TM,, versus
the normalized frequency for various dielectric materials. Note that
the effect of higher dielectric constant material on the ratio is much
more pronounced.

Although R™ and R™® approach the same limit as
2b /A, approaches o, the behavior of R™ versus 2b /A,
and that of R versus 2b /A, are very different. Fig. 3
gives plots of €, R™, ¢, R™ versus 2b /A, for different
values of €,. The normalized coefficient R B s
used because it is proportional to the attenuation con-
stant o«™»TE) For a given 2b/A, and e€,,&,R™, in
general, is significantly lower than ¢, R™, indicating that
the dominant TM, mode is the low-loss mode. The ratios

of [, R™)]/l¢, R(TM)] versus 2b /A, for three values of

€, are shown in Fig. 4. It is of interest to note that the
ratio is higher for higher ¢,. For example, at the nominal
operating frequency of 2b/Ay,=0.1, when ¢,=2.04
(Teflon), the ratio €, R™®/e, R™ is 6; when e, =2.55
(Rexolite), the ratio is 10; and when e =4 (quartz) the
ratio is 19, indicating that the loss factor for the TM,
mode is 19 times smaller than that for the TE, mode for
material with a higher dielectric constant. This fact ap-
pears to suggest that high-dielectric-constant material with
low loss tangent is the most desirable material for low-loss
dielectric waveguides.

Since the field guided along a dielectric waveguide

without cladding material extends into the region beyond
the dielectric core; it is of interest to learn the relation-
ship between the loss factor €,R and the field extent
beyond the core region. In Fig. 5, the loss factor ¢ R is

plotted against the normalized field extent beyond the

core surface, expressed by the distance 4 from the core
surface at which the power density of the guided mode
has decayed to 1/e of its value at the core surface divided
by the free-space wavelength. So, given €,R and €, one
may obtain the normalized distance from the core surface
at which the guided power has decayed to its 1 /e value at

~results for the , 1 ’
guide with high aspect ratio. It is also expected that at
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Fig. 5. Configuration loss factor ;R as a function of normalized
power decaying distance d /Aq. Here d is the 1/e power decaying
distance from the surface of the slab or rod, as appropriate. Note that
for high-dielectric-constant materials, the power decaying distance is
much shorter for a slab guide than that for a c1rcular rod guide for the
same configuration loss factor,

the core surface. For example, if e(R i1s 0.1 and ¢, =4.0
(quartz), d /Ay=0.26 for the low-loss TM, mode on a
slab, d /Ay =0.38 for the HE;; mode on a circular rod,
and d /Ay = 0.41 for the high-loss TE mode on a slab.

B. Wave Guidance Along a Dielectric Ribbon

Recognizing the fact that the dominant .HE,, mode
guided along a flat dielectric ribbon with aspect ratio
greater than, say, 10 must behave similarly to the domi-

-nant TM, mode guided along a dielectric slab and that

the only significant differences must be due to the fring-
ing fields at the edges of the flat ribbon guide, one may
make use of the slab results to obtain the approximate
..oHE;; modes along a dielectric ribbon

very low frequencies, because of the large field extent
around the guiding structure, implying that the field pat-
tern for an infinite plate would be substantially different
from that for a ribbon structure, the loss factor behavior

- for infinite plate and ribbon will also be very different.

This very low frequency region would not be the region of
interest because the mode is too loosely guided for any
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Fig. 6. Configuration loss factor ¢, R as a function of normalized
frequency for a dielectric ribbon with width 24 and thickness 25 for
various dielectric materials. This calculation is based on the slab
approximation for which all fields external as well as internal are
confined within a width of 2a. Note, for a given normalized frequency,
the dramatic difference between the configuration loss factor for a
ribbon supporting the low-loss TM wave and that for a circular rod
supporting the HE;, mode, especially for higher dielectric constant
material.

practical applications. The loss factor €, R is plotted
against the normalized area, A(e, —1)/A%, where A is
the cross-sectional area of the guide, in Fig. 6. It can be
seen that there is a dramatic difference between the loss
factors for the ribbon TM (,HE ;) mode, the ribbon TE
(,HE,)) mode, and the circular rod HE,, mode for the
same normalized area. The loss factor for flat ribbon
guide supporting the ,HE;; mode could be as much as
100 times smaller than that for a circular rod guide
supporting the HE,; mode. Furthermore, for a rather
broad region of normalized area, the loss factor, €, R, is
reasonably flat for the ribbon guide while it is rather
steep for a circular rod guide, indicating that the ribbon
guide possesses rather stable low-loss behavior for any
possible fluctuation in operating frequencies or cross-
sectional area changes.

Another way of demonstrating the advantage of ribbon
guide over circular rod guide is shown in Fig. 7, where the
loss factor ratio, €, R (for circular rod)/€,R (for ribbon),
is plotted against the normalized cross-sectional area.
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Fig. 7. Ratio of the configuration loss factor for circular rod and
ribbon versus the normalized frequency for ribbon of various aspect
ratios and for different dielectric materials. Note that for e, =10 and
a /b =20, the ratio at A(e; —1)/A% = 0.35 is as high as 600.

Again, a dramatic difference is seen. For example, from
Fig. 7 with e, =10 (sapphire), if the normalized area is
0.35, the ratio could be as high as 400 for a ribbon with
aspect ratio of 20:1, indicating that the loss factor for a
ribbon guide could be as much as 400 times less than that
for a circular rod. These curves also show the advantage
of using high-dielectric-constant and low-loss-tangent ma-
terial to construct the waveguide structure. Fig. 8 demon-
strates this.

A major concern of any open guiding structure is the
field extent outside the core region. The fact that the loss
factor for a flat ribbon can be made so much smaller than
that for an equivalent circular rod is primarily due to the
spreading of the guided power in the lossless outer (non-
core) region. But the distinguishing feature of a ribbon
guide is its expanding surface area, which enables the
guided mode to attach to it. This feature is very much
unlike the case for the circular rod, which possesses very
minimal surface area; hence, its guided mode (in the
low-loss region) tends to be loosely attached to the guide
and can easily detach itself and become a radiated wave.
How rapidly the power density of the guided mode decays
from the core surface is shown in Fig. 9 for the four
low-loss guiding materials. In this figure, the normalized
distance, d /A, is plotted against the normalized area.
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Here, d is the distance from the core surface at which the
power density of the guided mode has decayed to 1/e of
its value at the core surface. For a typical operating range
0.2 < Ale, —1)/A3 <1.0), the normalized field extent,
d /Ay, is less than 0.5. In other words, it is safe to
conclude that most of the guided power is confined within
a region whose outer boundary is situated at least one
free-space wavelength away from the core boundary. For
millimeter or submillimeter operation, this requirement is
easily accommodated.

IV. THEORETICAL VERIFICATIONS

In the previous section, the solution for a plane slab is
used to form the solution for a ribbon with high aspect
ratio. Further refinement of the slab solution can be
obtained using an approximate approach developed by
Marcatili [8]. He formulated an approximate solution to
the problem of wave guidance by rectangular dielectric
structures by ignoring the matching of fields along the
corners of the rectangular dielectric structure. By match-
ing the tangential electric and magnetic fields along the
four sides of the rectangular core region, and assuming
that the field components in the core region vary sinu-
soidally in the two transverse directions along its major
and minor axes (those in upper and lower regions outside
the core varying sinusoidally along the direction for the
major axis and decaying exponentially along the direction
for the minor axis, and those in the left and right regions
outside the core varying sinusoidally along the direction
for the minor axis and decaying exponentially along the
direction for the major axis), one may obtain a dispersion
relation from which the propagation constants of various
modes may be calculated. For the low-loss TM wave, the
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propagation constant 8 can be found by solving the
following equations:

m—2tan [k, /(K2 ~ k3 - k2)"7]

X

I

2ak

X

2bk

¥y

m—2tan | (k, /&) / (ki — k3~ k2)
B =k} — k2 — K2,

1 /2]

(13)

Here, 2b and 2a are, respectively, the height and the
width of the ribbon guide; k7 = w’ue e and k3 = w’ueye.
The configuration loss factor R{{M) .. is

Rﬁxgatlhzlll/[\/M/e|1p|] (14)

with
1= (we,B) _Qab{(kxky)z[l —sinc(2k a)]
-[1—sinc(2k,b)]
+(k? = k2)’[1+sinc(2k,a)] [1+sinc (2k,b)]
+(Bk,)’[1+sinc(2k,a)][1 —sinc(Zkyb)]}

I,= (kf — k Jab(we, B) “'1+sinc(2k,a)]
-[1+sinc(2k,b)]
+ (k12 — k_%)a(weoﬁ) -1
(K}~ k3~ k2) " *[1+sinc(2k,a)] cos? (k,b)

¥
+ (k3 = k2)b(weeB) (ki — kG- k2)
-cos? (k,a)[1+sinc(2k,b)].

To compare the configuration loss factors R{ND, . with
R™ (according to the slab model), Fig. 10 is introduced.
In this figure the normalized configuration loss factors for
both models are plotted against the normalized area. It is
seen that, for a normalized frequency larger than 0.1 and
b /a >3, the loss factors for both models are quite close
to each other, indicating that the slab model approxima-
tion approaches Marcatili’s approximation. One also ob-
serves that as the aspect ratio increases for the rectangu-
lar dielectric waveguide, as expected, the loss factor based
on Marcatili’s approximation approaches that based on
the slab model. The fact that Marcatili’s curves are above
the slab model curves is worth noting; it means that the
nonuniform distribution of the electric field intensity
within the rectangular core region tends to increase the
configuration loss factor. This conclusion is consistent
with our previous conjecture that achieving a uniform
distribution of the electric field intensity within the core
region promotes the low-loss behavior of the guided mode.
Hence, flat ribbon with high aspect ratio appears to be
the optimal configuraiion in achieving a low loss factor.

The above results, shown in Fig. 10, reaffirm the valid-
ity of the slab model in providing a good theoretical
guideline for designing ultra-low-loss ribbon dielectric
waveguides.
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To further validate the slab model, an exact approach
based on the solution of Maxwell’s equations by the finite
element approach is used to calculate the configuration
loss factor. According to this finite element approach [9],
the governing longitudinal fields of the guided wave are
first expressed as a functional as follows:

=Y 1,
=1

2

1 €0 1/2
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dxdy (15)
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Fig. 10. Configuration loss factor versus normalized frequency for the
dielectric ribbon waveguide. Results are obtained according to two
approximate methods: the slab approximation and Marcatili's approxi-
mation, and one exact method: the finite element method. Within the
region of interest, Le., 0.3 < Ale— 1)/A% < 2.0, results from approxi-
mate methods agree very closely with those from the exact method for
flat ribbon with a /b > 10, where 2a is the width and 2b is the
thickness of the ribbon; only when a /b <6.4 arc the differences
noticeable. This graph shows that the approximation approaches can
be used with confidence to predict the configuration loss factor
behavior for thin ribbons.

where
Bc y> -1

Y€

Here €, is the dielectric constant in the pth region, é, is
a unit vector in the z direction, and c is the speed of light
in vacuum. The symbol p represents the pth region when
one divides the guiding structure into appropriate regions.
Minimizing the above surface integral over the whole
region is equivalent to satisfying the wave equation and
the boundary conditions for E, and H,. In the finite
element approximation, the primary dependent variables
are replaced by a system of discretized variables over the
domain of consideration. Therefore, the initial step is a
discretization of the original domain into many subre-
gions. For the present analysis, there are a number of
regions in the composite cross section of the waveguide
for which the permittivity is distinct. Each of these re-
gions is discretized into a number of smaller triangular
subregions interconnected at a finite number of points,
called nodes. Appropriate relationships can then be de-
veloped to represent the waveguide characteristics in all
triangular subregions. These relationships are assembled
into a system of algebraic equations governing the entire
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cross section. Taking the variation of these equations with
respect to the nodal variable leads to an algebraic eigen-
value problem from which the propagation constant for a
certain mode may be determined. The longitudinal elec-
tric field, E{?, and the longitudinal magnetic field, H{P,
in each subdivided pth region are also generated in this
formalism. All transverse fields in the pth region can
subsequently be produced from the longitudinal fields. A
complete knowledge of the fields can be used to generate
the configuration loss factor according to (4). Results are
also shown in Fig. 10, where the configuration loss factors
for four rectangular ribbon guides with aspect ratios of
3.1, 6.4, 11.8, and 20 are plotted as a function of their
normalized areas. In the same figure, results based on the
slab model, as well as on Marcatili’s approximation, are
also given. It is seen that when the aspect ratio is 3.1 the
curve based on the exact analysis is substantially below
those based on Marcatili’s method or on the slab model.
As expected, however, the agreement is better for higher
frequencies and for rectangular guides with higher aspect
ratios. In fact, one may conclude from the above illustra-
tion that, for ribbon guide with large aspect ratios
((height /width) > 5) and for the frequency region
[area(e, — 1) /(free-space wavelength)®] > 0.3, the configu-
ration loss factor calculated according to Marcatili’s
method or the slab model gives an extremely good ap-
proximation to the true value and may be readily used to
design low-loss ribbon dielectric waveguides.

V. EXPERIMENTAL VERIFICATIONS

This exceptionally low loss behavior of the dielectric
ribbon waveguide supporting the dominant ,HE;; mode
will now be verified by measurements. A newly designed
dielectric waveguide cavity resonator which is capable of
supporting the dominant mode is used [10]. A schematic
diagram of the measurement setup is shown in Fig. 11.

A dielectric rod resonant cavity consists of a dielectric
waveguide of length d terminated at its ends by suffi-
ciently large, flat, highly reflecting plates that are perpen-
dicular to the axis of the guide. Microwave energy is
coupled into and out of the resonator through small
coupling holes at both ends of the cavity. For best results,
the holes are dimensioned such that they are beyond
cutoff. At resonance, the length of the cavity, L, must be
m\, /2 (m an integer), where A, is the guide wavelength
of the particular mode under consideration. By measuring
the resonant frequency of the cavity, one may obtain the
guide wavelength of that particular guided mode in the
dielectric waveguide. The propagation constant, 8, of that
mode is related to A, and v, the phase velocity, as
follows:

(16)

The Q of a resonator is indicative of the energy storage
capability of a structure relative to the associated energy
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! TABLE 11
RexOLITE STRIP WAVEGUIDES (€, = 2.55, tan § = 0.9 X 1073)
2a 2b L Area
(cm) (cm) a/b (cm) (cm?)
WG1 0.767 0.251 3.1 20.32 0.193
WG2 1.072 0.167 6.4 20.32 0.180
WG3 1.40 0.14 10.0 60.96 0.195

dissipation arising from various loss mechanisms, such as
those due to the imperfection of the diclectric material
and the finite conductivity of the end plates. The common
definition for @ is applicable to the dielectric rod res-
onator and is given by

|14
O=w P (17)
where o is the angular frequency of oscillation, W is the
total time-averaged energy stored, and P is the average
power loss. Three Rexolite dielectric strip waveguides
were fabricated and placed in a parallel-plate resonator.
The dimensions of these waveguides are listed in Table II.
The measurement procedure was described in a previous
paper [10]. The coupling was such that only the dominant
mode was excited, and the primary loss mechanism in the
resonator was the diclectric loss. A swept signal was
coupled into the cavity, and the output took the form of a
series of narrow resorances; the resonant frequencies and
half power bandwidths were measured with the spectrum
analyzer. At each resonance the Q is given by

J
o5,

where f,, is the mth resonance and Af,, is the half-power
bandwidth at that resonance. Plots of the measured Q’s
for these waveguides are shown in Fig. 12. As explained
in [10] the primary loss mechanism in this measurement
configuration is the dielectric loss, and the measured Q is
the dielectric Q. For this case the relation between « and
0 is [10], [14] ‘

(18)

a=(v,/v,)8/(20) (19)
and the measured ¢, R is given by
eR=(v,/v,)(B/Q)/(w/ne tand)  (20)
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where B, v,, and v, were measured as described in [10]
and tan § is the value previously determined for Rexolite.
A plot of the external power density distribution across
the three waveguides using an electric probe is shown in
Fig. 13. The height of the probe was positioned such that
the power level was 10 dB below the level at the surface
of the waveguide. At this level the Q was not significantly
affected by the presence of the probe. Plots of the exter-
nal power density decay away from the surface of the
waveguide are shown in Fig. 14, along with the calculated
values. Plots of the measured €,R’s for the Rexolite
rectangular waveguides are shown in Fig. 15 along with
the calculated values for these waveguide dimensions.
Excellent agreement was found for all three samples used
in our experiment.

VI. ConcLusioN

This investigation shows that, by using a high-aspect-
ratio (a /b >10) dielectric ribbon waveguide made with
high-dielectric-constant (e; >9) low-loss (tan &, =10 *)
material, it is possible to design an ultra-low-loss
mm /sub-mm wave transmission system with the following
features [15]:

* Extremely low attenuation constant for the domi-
nant guided mode—the attenuation constant can be
made lower than 10-20 dB/km in the mm /sub-mm
wavelength range.

* This low-loss waveguide structure can be made with
known low-loss dielectric material such as alumina,
quartz, or sapphire—no major breakthrough in re-
search on low-loss materials is needed to achieve the
target of less than 10-20 dB /km for the attenuation
constant.

¢ The guide can be made flexible; ie., it can turn
corners.

* The guide is economical and easy to manufacture.

* The guide is EMP resistant.

* Unlike metallic structure, this guide presents a rela-
tively low scattering profile.
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Fig. 13. External power density distribution for the guided mode for

three Rexolite waveguide samples.

* It is easy to couple power into and out of the
guiding structure.

* Using photolithographic techniques, circuits can be
conveniently etched on waveguide surface.

Realization of our ultra-low-loss dielectric waveguide will
encourage further development in the perfection of a new
class of low-loss dielectric waveguides and components
for use in the mm/sub-mm wavelength range.
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