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Abstract—T he rectangular dielectric waveguide (RDWG) tech-
niqgue has been previously described for the determination of
complex permittivity of a wide class of dielectric materials of ‘
various thicknesses and cross sections. This paper presents a n : \
unified RDWG technique for the determination of the dielectric : :
constant of materials. Some measurement results are reported _ _
in the W-band frequencies to demonstrate the usefulness of the ,

RDWG technique where other techniques are usually constrained : :
by the sample dimensions.
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tivity measurements.
Fig. 1. Effective index model of RDWG and sample.

I. INTRODUCTION . ) . ) .
waveguides and microwave calibration techniques for many

T HE most common methods used to determine the COy,ctical applications. Previous measurement results [4], [5]
plex permittivity of dielectric materials at millimeter ,ye peen reported for dielectric measurements in the 26-40-
wavelengths are usually based on free-space measuremepf 33_50.GHz frequency ranges for RDWG with dimen-

techniques. Comparison of the various free-space techniquges,o respectively equal to the WR-28 and WR-22 standard
[1] at near-millimeter wavelengths indicates that the req”"‘%’aveguide dimensions. In this paper, as well as extending the
minimum_ dimensions of the dielecj[ric samples are typica”@échnique to the-band frequencies, we also examine the

50-mm diameter to match the Fourier-transform Spectroscogifact of sample thickness on the variation in the dielectric con-
methods. The corresponding diameters are even largergign; with frequency. The purpose is to provide an attractive
enable use of monochromatic methods in the plane-waygenative to existing techniques where difficulties may arise
approach. due to sample dimensions and positioning problems. Several

Recently, a new technique [2] has been described to detgfzasrement results are presented to illustrate the flexibility
mine the complex permittivity of the dielectric materials usingq sefulness of the technique.

the rectangular dielectric waveguide (RDWG) technique. It is
a fast a_md eff|C|e.nt tech.nlque for measuring a wuje range_of Il. THE RDWG TECHNIQUE
dielectrics of various thicknesses and cross sections. Unlike _ _ o
the originally proposed cylindrical dielectric-waveguide bridge Consider the sample as a double step discontinuity in
technique [3], the RDWG technique treats the sample as?@ open dielectric waveguide, as shown in Fig. 1. Several
double-step discontinuity in an open dielectric waveguid@PProaches have been used to analyze the discontinuity prob-
Unfortunately, there is no easy solution to the open dielectri@m, as discussed in [6]. However, the solutions were far
waveguide discontinuity problems in three dimensions thé0 complex for our goal of the practical determination of
can be adapted for dielectric measurements. ThUS, a S|mwm|tt|V|ty of materials. The effective index model has been
method [4], [5] has been devised to recover the true dielectREOPOSed to represent the dielectric waveguides and sample
constant from the effective refractive-index measuremertéth their surrounding (air) as homogenous media with ef-
of the sample, which may be as small as the transvef€stive refractive indexes;, andno, respectively, [4], [5].
dimensions of the RDWG itself. Therefore, the complex transmission coefficient and reflection

The RDWG technique provides the measurement faciliti€9efficient due to the RDWG/sample/RDWG interfaces were
for a unified approach combining the theory of dielectrisonsidered as effective values, which included both the surface

. . . _and continuous waves.
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realized that the Nicholson—Ross formulation involves a com- - waveguide
bination of expressions of finite and infinite sample thickness i o output
for simultaneous determination of the complex permittivify / ¢
and permeabilityy.?, i.e., LLV—/q [
- — | — ]
E: = 62/61 (1) SN _ / —
o =+/c1ca (2) /
where sample RDWG

Fig. 2. The RDWG measurement setup.
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c 1\?
C2 =py € = — <R In f) (4)  In the above equationa. g andk.g are the real and imaginary
parts of the effective complex refractive index. Similatlyy r

andc, w, andd are the speed of light, angular frequency, angind ¢4 ; are the real and imaginary parts of the effective
the sample thickness, respectively. The complex transmissiimplex permittivity. The true dielectric constasit can be
coefficientZ” and reflection coefficient” can be calculated recovered iteratively when the calculated value of the effective
from the S-parameter measurements. The phase ambiguiBfractive index agrees with the experimental vatugsof the
associated with long samples may be resolved using a groggmples, which may have dimensions as small as the RDWG.
delay technique [8], which may also be valuable to redugsis can be accomplished by treating the small samples as
multimode dispersion. In (1)—(4}» andc; were defined for djelectric waveguides. The calculation can be simplified for
samples of finite and infinite thickness, respectively. Nicholsqgw-loss dielectric waveguides, i.ek.x < ner. FOr speed
and Ross assumed an infinitely thick sample to take infhd simplicity, we consider only the effective index method
account the behavior of the reflection coefficient, which 159] and Marcatili's method [10] as the approximate solutions to
an oscillatory function of the layer thickness with period ofhe wave equation of a dielectric waveguide. The calculation is
oscillation at every half-wavelength. In the case of absorbifgduced to the familiar plane-wave calculation for unbounded
materials, the amplitude of the oscillation decreases Contirhbmogeneous media if the sample has a sufficiently large cross

ously with increasing sample thickness. When the samplegisction which all the fields travel within the sample.
infinitely thick, the reflection coefficient becomes a constant

equal to the modulus of the reflection coefficient at the IIl. EXPERIMENTAL ARRANGEMENTS
front surface of the layer. However, for a nonabsorbing or
very low-loss finite-length sample where multiple reflectio

prevails, inclusion ofc; in (1) only degrades the accuracx}g

A dielectric sample is placed in direct mechanical contact
etween the two RDWG’s made of poly—tetra—fluoro—ethylene
in the simultaneous determination of complex permittivit TF.E)' as shoyvn in Fig. 2. The horn launcher was used to
and complex permeability. In the following, the free-spa rovmi}e mechanical support for the RDWG and to Iaunph only
permeability is assumed by setting. = 1 + 40 in all the £, mode along the_RDV\{G. !Each RDWG was linearly
calculations. Specifically, the complex permittivity was Calt_apered on one end for |nsert|<_)n into the waveguide through
e horn launcher. For mechanical reasons, the protruding part

culated directly from (4). The Nicholson—Ross method wa : .
only used to calculate the complex transmission coefficientsS each of the RDWG's was fabricated to 2.62 mnl.42 mm,

terms of the complex reflection coefficients frafparameter w ich IS slightly Iarg_er than the standard WR-10 wavegu@e
measurements. This approach does not eliminate the osg"pensmns. The calibration was based on the thru-reflection
‘ : L . line (TRL) calibration technique [11] in conjunction with an
latory effect of the reflection coefficient for low-loss thin :
y HP8510C vector network analyzer. In the RDWG technique,

I but iding th il help t d
samples, but avoiding the use ef will help fo reduce e zero-length thrustandard was implemented by defining

the instabilities of the Nicholson—-Ross method for low-los librati I the bl £ direct tact bet
samples of sufficient thickness at integer multiples of or{ € callbration Qane as the plane of direct contact between
the two RDWG's. A copper plate was used as tieflect

half-wavelength in the sample. dard with which a short circuit lized b tac
Returning to the RDWG technique, the effective comple?gan ard with which a short circutt was realized by contacting
L ) the plate to the front of each RDWG. Finally, tliee standard
permittivity may then be defined as .
was a three-quarter-wavelength RDWG spacer at the midband
N ¢ 1\? frequency. A single long RDWG fabricated from PTFE was
Cet =\ g T/ ®)  cut into several parts to provide two RDWG's for insertion

] o ] into the horns and several RDWG spacers.
The effective complex refractive index is related to the effec- ol the calibration and measurements were made using an

tive complex permittivity by HP8510C vector network analyzer in stepped continuous wave

(6) (CW) mode where a synthesized frequency may be obtained at
each data point. For this work, 201 measurement points were

1/2
Nl = {1[ /EZHR + €20, + e R} } (7) sufficient to demonstrate the RDWG Fechnique for dielectric
2 measurements in th#’-band frequencies.

* .
Ner = Teff + jkeff
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Fig. 3. Comparison between measured and calculategr for a

frequency, GHz

10.39-mm-thick PTFE with cross-sectional dimension equal to 2.62 mf@r different thickness and cross section.

Fig. 4. Variation in the measured dielectric constant of PTFE with frequency

x1.42 mm.
w 13.0 ]
IV. RESULTS AND DISCUSSIONS E 120 T
The variation in the measured and calculated effective § ié'g — 1, e
refractive index for the PTFE sample with frequency is il- 2 90 WA LA R
lustrated in Fig. 3. As before, all the results assume single 3 80 R
EY, mode of propagation. The calculation of the effective s 70 B ‘
refractive-index values require input values of the true dielec- 80 & 9 95 100 105 110
tric constant’, which atW-band frequencies has a mean value frequency, GHz
of 2.000:0.002 when measured using a Nicholson—Ross—Weir GV
technique [7], [8]. The required values for a PTFE sample, 40- 330 S ;
mm long, fitted tightly in a WR-10 waveguide, were obtained ; 305 |y e SRR N
from (4) by setting.,- = 1+30. Except for the lower and upper g 190 |; ngﬁth ST Liguid Crystal Qoiy'mgr'
limits of the frequency range, Fig. 3 shows very close agree- g 315 AP M U A M e g
ment between the effective index method and the experimental 2 5, == " = "A'” ; |
values obtained using the RDWG technique for a 10.39-mm- £ 5 s FWoongan, . ermriNAimion i Al
thick RDWG spacer. Therefore, the effective index method S L0 e | Nylon LT
was used to recoves’ values from all effective refractive 80 8 90 95 100 105 110
index n.y Measurements. Fig. 3 indicates the propagation of frequency, GHz.
higher order modes above approximately 99 GHz. However, (b)
the measurement uncertainties were considerably lower than
those below 80 GHz. Thus, to reduce the variatior’inwe o 20 T I Methyl Methacryalate
consider only 170 measurement points between 80-110 GHz. & 248 || | MI[\AA L } j ’_i
The variations in the dielectric constant with frequency are £ 246 iR ¥ = TR
shown on expanded scales in Figs. 4 and 5. Fig. 4 compares § 244 d } S I
th ; . . =t w‘,' “‘NIJ
e reconstructed’ values for the spacerd] used in Fig. 3 804 | R
with two other samples of different thicknes8:(19.20 and 3 N B !
: . ) 2.40 ‘ .
C: 6.86 mm), but same cross-sectional dimension of 50 mm g0 & 90 95 100 105 110

x 50 mm. As expected, the reconstructédalues are in very

good agreement with the hollow waveguide technigue, giving
a reproducible mean value of 2.080.002 for the RDWG
spacer. The measi values for the PTFE labelel andC are
1.998 and 1.962 and are within same standard erretC0001.
The reduced sensitivity in the determinationsbfon sample

frequency, GHz

(©

Fig. 5. Variation in dielectric constant with frequency for several low-loss
samples. (a) Alumina. (b) Liquid crystal polymer. (c) Methyl methacrylate.

C is due to the reduction in the sample thickness. However,Fig. 5(a)—(c) illustrates the profile of the dielectric constant
the problem can be overcome by constructing sampleith  with frequency of several dielectric samples of various thick-
a cross section equal to the RDWG cross section. This hassses and cross sections. Except for the “WESGO” alumina
been previously reported in [4] and [5]. The idea was 1995 and “ICI” methyl methacryalate, all the samples were
match then.g of the sample to the RDWG by changingobtained from Polypenco Engineering Industrial Plastics Ltd.,
the cross-sectional dimensions of the PTFE. However, forK. The mear’ values and the corresponding error bound for
samples made of materials of higher dielectric constant thaach sample are given in Table I. Also included in Table | are
the RDWG, the cross-sectional dimension would be smallgre respective cross sections and thicknesses of the samples.
than the RDWG to match the effective refractive index whei€xcept for alumina, the variationds" were within the order
interference between the two RDWG’s has to be taken intd 10~2. The table showsAe’ smaller for all the low-loss
account. Further details of this issue can be found in [6] amdaterials. The effect of multiple reflection was obvious in
the references therein. alumina which, being the thinnest, recorded the highkest
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TABLE | V. CONCLUSIONS
MEAN MEASURED VALUES OF THE DIELECTRIC CONSTANT L . .
FOR 170 MEASUREMENT POINTS BETWEEN 80—110 GHz The results indicate that the dielectric constant of samples
. of both small and large transverse dimensions can be deter-
thickness ”‘:;:n;“:l‘;’:al g | A mined with excellent accuracy using the RDWG technique
at W-band frequencies. The major benefit is that, unlike
PTFE A 10.39 mm 262 mm x 1.42 mm 2.0004 | 0.0021 alternative techniques, it provides a measurement method that
TR TRT P p— 5557 10,0003 is simultaneously very quick, simple, cheap, and nondestruc-
tive.
PTFE C 6.86 mm 50 mm x 50 mm 1.9622 | 0.0019
Polyethylene 2.11 mm 50 mm x 50 mm 2.3631 | 0.0036
ACKNOWLEDGMENT
Methyl 3.56 mm 4.96 mm x 7.25 mm 24609 | 0.0019 . . . .
Methacryalate The kind assistance obtained from J. Shipman, N. Bant-
1 = ing, and R. Hawkes in the construction of the dielectric
N 13.31 50 50 3.0656 | 0.0007 - . . .
yon i i waveguides and waveguide horns is greatly appreciated by
Liquid crystal 5.29 mm 50 mm x 50 mm 3.1524 | 0.0018 the authors.
polymer
Alumina 0.40 mm 4.03 mm x 10.05 mm 97615 | 0.0866
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