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Abstract—The rectangular dielectric waveguide (RDWG) tech-
nique 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
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.

Index Terms—Dielectric constant, dielectric waveguide, permit-
tivity measurements.

I. INTRODUCTION

T HE most common methods used to determine the com-
plex permittivity of dielectric materials at millimeter

wavelengths are usually based on free-space measurement
techniques. Comparison of the various free-space techniques
[1] at near-millimeter wavelengths indicates that the required
minimum dimensions of the dielectric samples are typically
50-mm diameter to match the Fourier-transform spectroscopy
methods. The corresponding diameters are even larger to
enable use of monochromatic methods in the plane-wave
approach.

Recently, a new technique [2] has been described to deter-
mine the complex permittivity of the dielectric materials using
the rectangular dielectric waveguide (RDWG) technique. It is
a fast and efficient technique for measuring a wide range of
dielectrics of various thicknesses and cross sections. Unlike
the originally proposed cylindrical dielectric-waveguide bridge
technique [3], the RDWG technique treats the sample as a
double-step discontinuity in an open dielectric waveguide.
Unfortunately, there is no easy solution to the open dielectric-
waveguide discontinuity problems in three dimensions that
can be adapted for dielectric measurements. Thus, a simple
method [4], [5] has been devised to recover the true dielectric
constant from the effective refractive-index measurements
of the sample, which may be as small as the transverse
dimensions of the RDWG itself.

The RDWG technique provides the measurement facilities
for a unified approach combining the theory of dielectric
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Fig. 1. Effective index model of RDWG and sample.

waveguides and microwave calibration techniques for many
practical applications. Previous measurement results [4], [5]
have been reported for dielectric measurements in the 26–40-
and 33–50-GHz frequency ranges for RDWG with dimen-
sions respectively equal to the WR-28 and WR-22 standard
waveguide dimensions. In this paper, as well as extending the
technique to the -band frequencies, we also examine the
effect of sample thickness on the variation in the dielectric con-
stant with frequency. The purpose is to provide an attractive
alternative to existing techniques where difficulties may arise
due to sample dimensions and positioning problems. Several
measurement results are presented to illustrate the flexibility
and usefulness of the technique.

II. THE RDWG TECHNIQUE

Consider the sample as a double step discontinuity in
an open dielectric waveguide, as shown in Fig. 1. Several
approaches have been used to analyze the discontinuity prob-
lem, as discussed in [6]. However, the solutions were far
too complex for our goal of the practical determination of
permittivity of materials. The effective index model has been
proposed to represent the dielectric waveguides and sample
with their surrounding (air) as homogenous media with ef-
fective refractive indexes and , respectively, [4], [5].
Therefore, the complex transmission coefficient and reflection
coefficient due to the RDWG/sample/RDWG interfaces were
considered as effective values, which included both the surface
and continuous waves.

It is well known that the results obtained from the original
combined transmission–reflection technique for coaxial line
proposed by Nicholson and Ross [7] diverges for low-loss
dielectrics at frequencies corresponding to integer multiples
of one half-wavelength in the sample. However, it should be
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realized that the Nicholson–Ross formulation involves a com-
bination of expressions of finite and infinite sample thickness
for simultaneous determination of the complex permittivity
and permeability , i.e.,

(1)

(2)

where

(3)

(4)

and , , and are the speed of light, angular frequency, and
the sample thickness, respectively. The complex transmission
coefficient and reflection coefficient can be calculated
from the -parameter measurements. The phase ambiguity
associated with long samples may be resolved using a group-
delay technique [8], which may also be valuable to reduce
multimode dispersion. In (1)–(4), and were defined for
samples of finite and infinite thickness, respectively. Nicholson
and Ross assumed an infinitely thick sample to take into
account the behavior of the reflection coefficient, which is
an oscillatory function of the layer thickness with period of
oscillation at every half-wavelength. In the case of absorbing
materials, the amplitude of the oscillation decreases continu-
ously with increasing sample thickness. When the sample is
infinitely thick, the reflection coefficient becomes a constant
equal to the modulus of the reflection coefficient at the
front surface of the layer. However, for a nonabsorbing or
very low-loss finite-length sample where multiple reflection
prevails, inclusion of in (1) only degrades the accuracy
in the simultaneous determination of complex permittivity
and complex permeability. In the following, the free-space
permeability is assumed by setting in all
calculations. Specifically, the complex permittivity was cal-
culated directly from (4). The Nicholson–Ross method was
only used to calculate the complex transmission coefficients in
terms of the complex reflection coefficients from-parameter
measurements. This approach does not eliminate the oscil-
latory effect of the reflection coefficient for low-loss thin
samples, but avoiding the use of will help to reduce
the instabilities of the Nicholson–Ross method for low-loss
samples of sufficient thickness at integer multiples of one
half-wavelength in the sample.

Returning to the RDWG technique, the effective complex
permittivity may then be defined as

(5)

The effective complex refractive index is related to the effec-
tive complex permittivity by

(6)

(7)

Fig. 2. The RDWG measurement setup.

(8)

In the above equations, and are the real and imaginary
parts of the effective complex refractive index. Similarly,
and are the real and imaginary parts of the effective
complex permittivity. The true dielectric constant can be
recovered iteratively when the calculated value of the effective
refractive index agrees with the experimental valuesof the
samples, which may have dimensions as small as the RDWG.
This can be accomplished by treating the small samples as
dielectric waveguides. The calculation can be simplified for
low-loss dielectric waveguides, i.e., . For speed
and simplicity, we consider only the effective index method
[9] and Marcatili’s method [10] as the approximate solutions to
the wave equation of a dielectric waveguide. The calculation is
reduced to the familiar plane-wave calculation for unbounded
homogeneous media if the sample has a sufficiently large cross
section which all the fields travel within the sample.

III. EXPERIMENTAL ARRANGEMENTS

A dielectric sample is placed in direct mechanical contact
between the two RDWG’s made of poly–tetra–fluoro–ethylene
(PTFE), as shown in Fig. 2. The horn launcher was used to
provide mechanical support for the RDWG and to launch only
the mode along the RDWG. Each RDWG was linearly
tapered on one end for insertion into the waveguide through
the horn launcher. For mechanical reasons, the protruding part
of each of the RDWG’s was fabricated to 2.62 mm1.42 mm,
which is slightly larger than the standard WR-10 waveguide
dimensions. The calibration was based on the thru-reflection
line (TRL) calibration technique [11] in conjunction with an
HP8510C vector network analyzer. In the RDWG technique,
the zero-length thrustandard was implemented by defining
the calibration plane as the plane of direct contact between
the two RDWG’s. A copper plate was used as thereflect
standard with which a short circuit was realized by contacting
the plate to the front of each RDWG. Finally, theline standard
was a three-quarter-wavelength RDWG spacer at the midband
frequency. A single long RDWG fabricated from PTFE was
cut into several parts to provide two RDWG’s for insertion
into the horns and several RDWG spacers.

All the calibration and measurements were made using an
HP8510C vector network analyzer in stepped continuous wave
(CW) mode where a synthesized frequency may be obtained at
each data point. For this work, 201 measurement points were
sufficient to demonstrate the RDWG technique for dielectric
measurements in the -band frequencies.
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Fig. 3. Comparison between measured and calculatedne� for a
10.39-mm-thick PTFE with cross-sectional dimension equal to 2.62 mm
�1.42 mm.

IV. RESULTS AND DISCUSSIONS

The variation in the measured and calculated effective
refractive index for the PTFE sample with frequency is il-
lustrated in Fig. 3. As before, all the results assume single

mode of propagation. The calculation of the effective
refractive-index values require input values of the true dielec-
tric constant , which at -band frequencies has a mean value
of 2.000 0.002 when measured using a Nicholson–Ross–Weir
technique [7], [8]. The required values for a PTFE sample, 40-
mm long, fitted tightly in a WR-10 waveguide, were obtained
from (4) by setting . Except for the lower and upper
limits of the frequency range, Fig. 3 shows very close agree-
ment between the effective index method and the experimental
values obtained using the RDWG technique for a 10.39-mm-
thick RDWG spacer. Therefore, the effective index method
was used to recover values from all effective refractive
index measurements. Fig. 3 indicates the propagation of
higher order modes above approximately 99 GHz. However,
the measurement uncertainties were considerably lower than
those below 80 GHz. Thus, to reduce the variation in, we
consider only 170 measurement points between 80–110 GHz.
The variations in the dielectric constant with frequency are
shown on expanded scales in Figs. 4 and 5. Fig. 4 compares
the reconstructed values for the spacer () used in Fig. 3
with two other samples of different thickness (: 19.20 and

: 6.86 mm), but same cross-sectional dimension of 50 mm
50 mm. As expected, the reconstructedvalues are in very

good agreement with the hollow waveguide technique, giving
a reproducible mean value of 2.0000.002 for the RDWG
spacer. The mean values for the PTFE labeled and are
1.998 and 1.962 and are within same standard error of0.001.
The reduced sensitivity in the determination ofon sample

is due to the reduction in the sample thickness. However,
the problem can be overcome by constructing samplewith
a cross section equal to the RDWG cross section. This has
been previously reported in [4] and [5]. The idea was to
match the of the sample to the RDWG by changing
the cross-sectional dimensions of the PTFE. However, for
samples made of materials of higher dielectric constant than
the RDWG, the cross-sectional dimension would be smaller
than the RDWG to match the effective refractive index where
interference between the two RDWG’s has to be taken into
account. Further details of this issue can be found in [6] and
the references therein.

Fig. 4. Variation in the measured dielectric constant of PTFE with frequency
for different thickness and cross section.

(a)

(b)

(c)

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

Fig. 5(a)–(c) illustrates the profile of the dielectric constant
with frequency of several dielectric samples of various thick-
nesses and cross sections. Except for the “WESGO” alumina
995 and “ICI” methyl methacryalate, all the samples were
obtained from Polypenco Engineering Industrial Plastics Ltd.,
U.K. The mean values and the corresponding error bound for
each sample are given in Table I. Also included in Table I are
the respective cross sections and thicknesses of the samples.
Except for alumina, the variations were within the order
of 10 . The table shows smaller for all the low-loss
materials. The effect of multiple reflection was obvious in
alumina which, being the thinnest, recorded the highest.
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TABLE I
MEAN MEASURED VALUES OF THE DIELECTRIC CONSTANT

FOR 170 MEASUREMENT POINTS BETWEEN 80–110 GHz

TABLE II
COMPARISON BETWEENMEAN MEASURED VALUES OF THE

DIELECTRIC CONSTANT USING RDWG TECHNIQUE WITH

PUBLISHED DATA IN [12] AND [13]

Most of the samples were extremely difficult to machine
to fit into the hollow waveguide section with negligible air
gaps, and comparison with other techniques in the-band
frequencies may require construction of a new measurement
structure. However, the results were still in good agreement
with published data in [12]–[15] when assuming identical
specimens, as listed in Table II.

Finally, it should be noted that the measurement uncertain-
ties below 80 GHz may be reduced by splitting the frequency
band using two or moreline standards in a single TRL
calibration. Various calibration techniques and their application
to dielectric waveguides and its discontinuities can be tested
using the RDWG technique. Enhanced measurement accuracy
can be obtained by using multiple pairs of RDWG’s of
different cross sections to accommodate only single-mode
propagation within a specified frequency range.

V. CONCLUSIONS

The results indicate that the dielectric constant of samples
of both small and large transverse dimensions can be deter-
mined with excellent accuracy using the RDWG technique
at -band frequencies. The major benefit is that, unlike
alternative techniques, it provides a measurement method that
is simultaneously very quick, simple, cheap, and nondestruc-
tive.
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