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Fig. 3. Microwave shielding effectiveness of single-ply conductwe glass as a

functlorr of the nommal sheet resistance; the data points are as listed in [3].

lying somewhat closer to the upper, no-substrate limit, thus

validating the model and supporting some of the conclusions.

VI. CONCLUSION

Liao’s formula [1] for the shielding effectiveness of metal-coated

glass only applies to sheet resistances R, s 10 ii/u and does not

take into account enhancements that may occur under” resonant”

conditions. Metal-sheet reflections as evaluated in [2] dominate

the loss mechanism for low-impedance films, but microwave

absorption by the metal layer becomes increasingly significant

for higher sheet resistance coatings. The analysis that was carried

out in this paper assumes normally incident plane waves and

should be applicable to any EC-coated optically transparent

dielectric provided the thickness of the coating is much smaller

than the skin depth. The two formulas presented in (26a) and

(26b), which derive from the generaJ expression (25), allow us to

quickly assess the far-field microwave shielding performance in

the sense that they yield upper and lower limits for the attenua-

tion. For sheet resistances R, s qO/(fi – 1), either half-wave-

thick or low-dielectric-constant substrates provide optimum

shielding; for larger sheet resistances, on the contrary, quarter-

wave thicknesses in conjunction with high-permittivity dielectrics

result in enhanced attenuation. Substantial attenuation, however,

cannot be achieved with high-resistivity coatings, irrespective of

the

[1]

[2]

[3]

[4]

[5]

[6]

coating’s nature or the coating’s design.
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Flexible Circular Waveguides at Millimeter

Wavelengths from Metallized

Teflon Tubing

J. OBKZUT AND P. F. GOLDSMITH, SENIORMEMBER,IEEE

.&tract — Flexible waveguides for use at millimeter wavelengths have

been fabricated by deposition of a metallic film onto the composite-mod-

ified inside surface of Teflon tnbing. The attenuation characteristics in the

range 80 to 115 GHz show Iosses of the order of 0.1 dB/cm. Bending,

twisting, and rotating to the fimit of plastic mechanical stability (curvature

radius typically >8 cm) hate negligible effect on the attenuation, and

bend angles <45° produce relatively small changes in the insertion phase.

I. INTRODUCTION

Considerable effort has been devoted to the design and charac-

terization of dielectric waveguides for microwave frequencies,

which are analogous to opticaf fibers. Dielectric rods of Teflon

and polystyrene have been shown to operate at 71 and 74 GHz,

successfully supporting propagation of hybrid modes [1]. Flexible

millimeter waveguides consisting of Teflon core and Teflon

cladding, as well as polyethylene multilayer waveguides, have

also been demonstrated [2]. Polymeric dielectric waveguides are

inexpensive, flexible, and low in weight, and are therefore attrac-

tive for a variety of practical applications. Unfortunately, they

are subject to bending losses since the rod and cladding have

similar dielectric constants. Recently, flexible Teflon tubing filled

with a high-dielectric-constant powder of inorganic titanate salts

has been fabricated, having attenuation low enough to be attrac-

tive for short-distance transmission at 10 and 94 GHz [3]. How-

ever, there are certain problems associated with dimensional

imperfections and packing density irregularities, which result in

scattering, reflections, and creation of multiple hybrid modes.

Coupling to the TEII circular metallic waveguide is also an issue.

In this paper we have focused on an alternative, which is a

flexible composite consisting of thin-wall metal tubing encircled

by a protective polymeric coating. Recent developments in poly-

mer science enable materials in layered form to be tailored in

both composition and size in order to meet specific requirements

[4]. Upon doping, conjugated polymers can be made to exhibit

semiconducting, metallic, or even superconducting properties not

traditionaJly associated with these materials. This has resulted in

a wide range of new basic research and a rich potential for

applications in microelectronics and optoelectronics. We have

created surface compatibility y between the metal and the elastic

coating by forming a film of conducting polymer on the Teflon

surface. Such a modification makes Teflon accessible for metaJ

deposition or electroplating, with good adherence at the interface.

In this paper we present a brief summary of our fabrication and

measurement techniques and of results obtained in the 80–115

GHz band.

Manuscript received August 23, 1989: revised October 18, 1989. Thrs work

was supported by the National Science Foundation under Grant AST X8-1 5406.

J. Obrzut was with the Five College Radio Astronomy Observatory, Depart-

ment of Physms and Astronomy, University of Massachusetts, Amherst, MA

01003. He is now with the IBM Corporation, Department 21. 1701 North

Street, Endlcott, NY 13760.

P. F, Goldsmith is with the Five College Radio Astronomy Observatory,

Department of Physics and Astronomy. University of Massachusetts, Amherst,

MA 01003, and with the Mdhtech Corporation, South Deerfield, MA 01373.

IEEE Log Number 8933005.

0018 -9480/90/0300-0324 $01.00 01990 IEEE



IEEE TRANSACTIONSON MICROWAVETHEORYAND TECHNIQUES,VOL. 38, NO. 3, MARCH1990 325

Fig. 1. Cross section of silver-plated waveguide. The electroplated silver

layer, indicated by Ag, appears bright, while the unprocessed Teflon, lc-

cated to the left and indicated by T, appears much darker. The defhrori-

nated Teflon layer between them is very thin and is hsrdly visible on this

photograph.

II. FABRICATION

Tubing of poly(tetrafluoroethylene) was obtained from a stan-

dard electronic supplier [5]. Modification [6] of the surface inside

the Teflon tubing before metallizing was accomplished by filling

it with a potassium complex of benzoin &anion, as described in

[7]. The solution of the potassium complex was prepared by

mixing 2 g of potassium tert-butoxide dissolved in 40 ml of

dimethylsulfoxide, with 0.5 g of benzoin dissolved in 10 ml of

dimethylsulfoxide. The dark-ptuple solution of the potassium

complex was transferred into the Teflon tubing which had been

equilibrated to a temperature of 550 C. The reaction was allowed

to proceed at the temperature 50–55°C for 8 hours, after which

the complex was removed; the tubing was then washed with

tetrahydrofurane and water and dried under art inert argon

atmosphere. The process which takes place at the polymer sur-

face involves electron transfer from benzoin-dianion to poly-

(tetrafluoroethylene) with loss of fluoride (defluorination). This

produces a metallic-gold-colored thin film of conducting conju-

gated polymer analogous to that of polyacetylene or poly(phenyl-

enevinylene) [4], [8]. In contrast to Teflon, the surface after

modification is hydrophilic-like, and acquires the desired adher-

ence to metals. The formation of a very low resistance metallic

film was accomplished by electroless plating of platinum, copper,

or silver using electroless baths of nominal composition [9]–[11].

The variation of plated metals had no significant effect on

wavegnide properties, although deposition of multimetal layers

such as platinum and then silver resulted in slightly’lower attenu-

ation. From a practical viewpoint we focused on silver-plated

waveguides which consist typically of a 2– 3 pm electroless silver

layer deposited onto a 0.1–0.2 ~m tick modified Teflon surface.

A cross section through the waveguide is shown in Fig. 1.

III.’ MEASUREMENTS

Measurements of the attenuation of the flexible millimeter

wavegnide were made over the frequency range of 80 to 115

GHz. The output of a swept microwave source (Hewlett Packard

Model 83550A) covering approximately 13 to 19 GHz was fed to

an active frequency doubler (Avantek Model AMT 401X2) hav-

ing a power output of about 50 mW. The 27 to 38 GHz output of

the doubler was fed to a frequency tripler (Millitech Model

swEm SOURCE
13 GHz-19GHz

EIlRectangular/
CIRCULAR — ---

ADAPTOR \
\

\
\
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Fig. 2. Schematic of instrumental setup for attenuation measurements in the

range 80– 115 GHz using cascaded frequency multipliers.

MUT-10) having an output power of approximately 0.5 mW. The

signal in the 81 to 114 GHz range was detected by a biased

Schottky diode using an adapted &xer of the type described in

[12]. This construction, with the 27.5 kHz modulation of the

Hewlett Packard HP 8757A measurement system, provides a

dynamic range exceeding 35 dB, beyond the normal attenuation

of about 15 dB inserted to guarantee good detector linearity.

A block diagram of the insertion 10ISSmeasurement system is

shown in Fig. 2. The attenuation of each sample was determined

by first normalizing to the power transmitted through a pair of

TEIO (rectangular waveguide) to TEII, (circular waveguide) tran-

sitions. The additional loss of the flexible millimeter waveguide

was determined in general by insertiryg the sample being evalu-

ated into the circular ends of the adapters. A small discontinuity

between the adapters and inserted Teflon tubing resulted in an

additional loss and reflection, which were, however, quite small

and also were very reproducible. The phase measurements were

carried out using a HP 8510 network analyzer with a frequency

extender covering the frequency range of 93 to 95 GHz.

A fixture to hold the flexible waveguide which included a

tapered circular waveguide section was also fabricated. One end

was made with a standard UG387/U llange pattern and circular

waveguide 3.18 mm in diameter to match the diameter of the

round end of the circukr-to-rectangtikr adapters. The circular

waveguide in the fixture was tapered to the 2.7 mm inside

diameter of the flexible waveguide, and provjded a step increase

in the outer diameter which allowed accurate insertion of the

Teflon tubing,

IV. RESULTS AND DISCUSSION

A number of samples of differing lengths were prepared ac-

cording to the procedure given in Section II. All waveguides had

inside diameter equal to 0.27 cm, which corresponds to a cutoff

frequency for the TEII mode of 65.9 GHz. The cutoff for the

next higher mode (TE21 ) is 109.2 GHz. The insertion loss was

measured using the setup shown in Fig. 2 and the results, along

with measurements of dc resistance, are summarized in Table I.

The samples exhibit significant variation of insertion loss with

frequency, but as show-in Fig. 3 this behavior is not a mono-

tonic function of frequency, and it is not consistent from sample

to sample. It may be a result. of processing variations producing

differing waveguide surfaces. All measurements are consistent

with a loss of 0.14 dB/cm over the 80 to 115 GHz range. This

value is comparable to those obtained for solid dielectric wave-

guides by Jablonski [1] extrapolated to the appropriately higher

frequency. The attenuation for the flexible metallic waveguide is
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TABLE I

INSERTION Loss MEASUREMENTS FOR FLEXIBLE WAVEGUIDE SAMPLES

IN 80–115 GHz FRSQUENCY RANGE

Length DC ResMance Loss Average Loss

(cm) (L?) (dB) (dB/cm)

14 1.5 1.75 + 0.25 0.15

26 2.5 3.5*1 0.13

40 6.9 6.0+2 0.13

All waveguide samples have inner diameter equaJ to 0.27 cm.

The range of insertion loss for each sample N the variation with

frequency.

o -———––––––––––––––––– -–––––-
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FREQUENCY (GHz)

Fig. 3, Measured insertion loss asafunctlonof frequency of two samples of

flexlble cmcular wavegmde. The upper curve M for the 14-cm-long sample

and the lower curve M for the 40-cm-long sample.

almost the same as that obtained by Bruno and Bridges [3] for

powdered-core dielectric waveguides. While considerably higher

than the theoretical values for rectangular silver waveguide, the

measured values areonly about factor of 2 greater than typically

measured for rigid waveguide.

The metallic layer shown in Fig. 1 has a thickness between 3

and 5 pm, considerably larger than the skin depth in a good

conductor such as silver (p =1.6X 10– 6 Q. cm). The dc resistance

measurements yield values for the ratio of the thickness of the

conducting layer to its resistivity, t/p, in the range 7–12, which

with this nominal value of resistivity gives an effective thickness

of O.1–0.2 pm. It thus seems likely that the effective resistivity is

considerably higher than the value given above for silver. Even

with a much higher value of resistivity, the skin depth will be

smaller than or comparable to the thickness of the conducting

layer, so we apply the standard formula for attenuation in a

circular waveguide [13], which for the dimensions of the samples

here yields a theoretical loss of 0.016 [p/l.6 x 10-6 0 ~cm]05

dB/cm. The average measured loss from Table I is a factor of 8.6

larger than that expected if the resistivity were that of silver, so

we infer an effective resistivity that is greater by a factor of

approximately 70. Using this value in the relation for t/p, we

find the effective thickness to lie in the range 8–14 pm. The fact

that this is larger than that indicated by the visual appearance of

the conducting layer suggests that a portion of the millimeter-

wavelength loss is due to surface roughness, an effect seen in

rigid metallic waveguides as well [14], [15]. If a factor of 2 excess

loss is assigned to surface effects, the effective thickness of the

conducting layer is close to 3 pm, entirely consistent with that

found from the optical photograph.

We determined the effects of bending the waveguides by

moving the attenuator and detector in Fig. 2 relative to the

source. For the 26 cm sample, small bends ( < 30°) produced

quite small changes in the insertion loss. A bend of 90° with an 8

cm radius of curvature produced a change in the insertion loss of

<1 dB across the measurement range. This change may be due to

deformation of the waveguide and production of cross-polarized

energy. There was not a major difference in the loss as a function

of the plane of the bend of the waveguide.

The effect of bending on the phase of the 26 cm sample was

determined in the 93 to 95 GHz range by measuring the change

in the insertion phase for different bend angles. For angles <450

the change in phase was less than 150. The change increased

rapidly for larger bend angles, and was 65°–800 for angles of 90°

and 180°. The phase change is plausibly a result of deformation

in the guide cross section, but was not critically dependent on the

plane in which the waveguide was bent.

v. SUMMARY

We have presented a novel method of fabricating flexible

TE1l-mode circular millimeter waveguides from Teflon tubing.

The attenuation in the 80–115 GHz range is approximately 0.1

dB/cm and appears highly stable with respect to a bending

radius of curvature as small as 8 cm. We expect that the insertion

loss will be reduced by better. surface processing techniques. The

change in phase is relatively modest for bend angles <450. This

technology should prove very useful for a wide range of applica-

tions, including scanning antennas and near-field measurement

systems, as well as general laboratory use.
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Experimental Evaluation of Existing CAD Models for

Microstrip Dispersion

R. A. YORK AND R. C. COMPTON, MEMBER, IEEE

Abstracf —Mlcrostrip dispersion measurements covering a variety of

different substrate materials and line impedances were carried out rising

the gap-coupled resonator pair method. The results were compared against

nine microstrip dispersion models. The results indicate two models that are

consistently accurate and are therefore recommended for CAD applica-

tions.

1. INTRODUCTION

Despite the obvious need, there have been relatively few pub-

lished measurements of dispersion which have been complete

enough to form the basis of a thorou@ evaluation of the differ-

ent models. A collection of published dispersion measurements

has been compiled by Atwater and compared with various mod-

els [1]. However, the errors introduced in extracting data from

these published curves are comparable to the errors in the models

themselves. With the increasing importance and use of CAD

programs, it is necessary to choose from among these models. We

have made many measurements of microstnp dispersion, over the

range of 1– 18 GHz, covering a variety of substrate materials and

line impedances. Measurements were made (Fig. 1) using the

method of gap-coupled resonator pairs [2].

For convenience, the CAD models chosen for evaluation are

designated as follows: Jansen [3], Kobayashi [4], Yamashita [5],

Hammerstad [6], Prarnanick [7], Getsinger [8], Edwards [2],

Carlin [9], and Schneider [10].

II. EXPERIMENTAL RESULTS

Typical measurement results are shown in Fig. 2. The error

bars in this figure were calculated using a measurement uncer-

tainty of + 1 MHz in frequency and +0.05 mm in length,

corresponding to about 0.8 percent, or ~ ().05 in the measured

permittivity. Also given for comparison are calculated effective

perrnittivities using the analysis of Denlinger [11]. In order to

compare the various models, a figure of merit was assigned as the

average percent difference between the measured data and calcu-

lated result.

Extrapolating the measured dispersion curves to zero fre-

quency gave the static effective pertnittivity ceff (0), from which
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Fig. 1, Gap resonator pau for dispersion measurements. By measuring the

resonaut frequency of the two resonators end effects can be canceled.
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Fig. 2. Typical results of measurement, including theoretical results for com-

parison. The figure of merit for the Denlinger model in thrs example is 0.34

percent deviation.

the substrate dielectric constant could! be determined. This was

important since the substrate permittivity was known to deviate

from the manufacturer’s specifications,

In all, 18 separate resonator pairs were fabricated and mea-

sured, encompassing eight different sclft substrate materials and

three different line impedances. The physical specifications of

each of these are given in Table I. The data were gathered in each

case using au HP 851OA and au HP 5343 frequency counter, and

the expected experimental error as mentioned earlier was calcu-

lated to be = 0.8’ percent. The models which give the most

consistently accurate results are the Jansen [3] and Kobayashi [4]

models. In every instance they are within the limits of experimen-

tal uncertainty. They yield rms errors of 0.71 percent and 0.73

percent respectively, which are significantly lower than the rms

errors of 2.3 percent and 2.5 percent presented in [1]. The larger

error values in [1] include errors introduced in retrieving data

graphically from published graphs. The Edwards model [2] is

fairly consistent also, while the rest show varying accuracy be-

tween measurements. A more thorough discussion of the various

dispersion models and measurement techniques has been given

recently in [12].

111. CONCLUSIONS

Several dispersion models have been evaluated in order to

select the most promising for inclusion in CAD programs. It was

found that the Kirschning and Jansen [3] and Kobayashi [4]
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