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Abstract- This paper presents a simple waveguide
measurement technique to determine the complex
permittivity and complex permeability of a
dielectric material. The dielectric sample is loaded
in the transmission line rectangular waveguide
WR90. The S-parameters of the waveguide are
measured by Network analyzer and calculated as a
function of the complex permittivity and complex
permeability using theory of transmissions lines.
Using the MatLab Optimization Tools, a simple
MatLab scripts is written to look for complex
permittivity and complex permeability of a
dielectric material so as to match the measured and
calculated values of S-parameters. The complex
permittivity and complex permeability of Teflon,
Nylon and Delrin at the X-band frequencies are
then determined.

Index Terms- Complex permittivity, Complex
permeability, Dielectric material, Optimizations
Methods, Rectangular Waveguide.

I. INTRODUCTION

Knowledge of complex permittivity &* and
complex permeability p* of materials proves to
be of great interest in scientific and industrial
applications [1]. The complex permittivity and
complex permeability are an essential property of
dielectric materials hence its determination is
very important. Various microwave techniques,
each with its unique advantages and constraints
[2-3], are introduced to characterize the electrical
properties of materials. In the literature, several

techniques have been proposed on extracting
complex permittivity and complex permeability
of dielectric materials [2-5]. The rectangular
waveguide technique is one of class of two ports
measurement (Transmission/ Reflection). It has
been widely used as an easy way to determine the
complex permittivity of dielectric materials in the
microwave frequency [4-5]. Due to its relative
convenience and simplicity, the transmission/
reflection (TR) method is used in broad-band
measurement technique [6].

The goal of this work is to present a new method
to determine the complex permittivity and
complex permeability of a homogeneous
dielectric material at the X-band frequencies
using a two-port rectangular waveguide
measurement. This method is based on the use
theory of transmissions lines combined with
Fminsearch function in MatLab optimization, to
estimate the complex permittivity and complex
permeability of a homogeneous dielectric
material which cancels the error between the
measured and calculated values of S-parameters
of rectangular waveguide loaded by a material
sample.

Il. THEORETICAL ANALYSIS

This section presents computation of the
Transmission Reflection (T/R) method of
rectangular waveguide loaded with a dielectric
sample presented in figurel.
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Fig.1. Rectangular waveguide loaded with dielectric
sample

The S- parameters are obtained from an analysis
of the electric field at the sample interfaces.
Assuming only the TE;, dominant mode in the
rectangular waveguide, the spatial distribution of
the electric fields in the regions I, 1l, and Il can
be written as [5]:

E; = exp(=vo2) + a; exp(yo2) 1)

En = oy exp(—yz) + a; exp(yz) 2

Em = o4 exp(—yo2) (©))
Where

v=i]@is - G

2
vy =] /(%)2 - Gy

A is the cutoff waveguide, yo and y are the
propagation constants in vacuum and material,
g* and p* are the complex permittivity and
complex permeability relative of material, o is
the angular frequency and c is the speed of light
in vacuum. The constants a; are determined from
the boundary conditions [7].

Tangential component of the electric field is
continuous at sample interfaces:
Ei(z=0) =Eu(z=0) (4)

En(z=L) =Eu(iz=1L) 5)
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Tangential component of the magnetic field is
continuous at sample interfaces:

1 0E(z=0) 1 0E;(z=0)

L 0z u 0z ©)
1 0E;(z=1) _1 0E(z=1) @
i 0z Wo 0z

Where L is the sample length, by solving
equations (4), (5), (6), and (7) we can obtain the
following explicit expression for scattering
parameters, in the case of  homogeneous
isotropic materials is assumed that S;,= Sy;.

X(1— Y2
S11 = [(TZYZ)) (3)
Y(1-X2) ©
T @ =x2v?)
X2 -Y?) 10)
(1 —X?Y?)

When we can define reflection (X) and
transmission coefficient (Y) by the following
expression:

—Yo— VY —

=Ty and Y = exp(—yL)

It is assumed that the sample plane coincides
with the measurement calibration plane. This is
not the case in general. However, one can
transform the reference plane position by a
simple procedure. To accomplish this we proceed
by assuming that the most general expression for
scattering parameters is given by:

Siirer = RiS11 (11)

Sizret = R{R3S12 (12)

Sazrer = R3S22 (13)
where

R; = exp(—yoLy) and R, =exp (—yol,)
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with L; and L, are the distances from the
calibration reference planes to the sample ends.
R; and R, are the respective reference plane
transformation expressions.

1. COMPLEX PERMITTIVITY AND
COMPLEX PERMEABILITY ESTIMATION

This section presents computation of the complex
permittivity and complex permeability in a given
sample with a specific prior knowledge of the
thickness of dielectric sample. For this an
optimization method on MATLAB [8], by using
a function error which finds the minimum of a
scalar function of several variables from an initial
estimate and optimization settings to find the
complex permittivity and complex permeability
of the dielectric sample to match the measured
S -parameters and calculated Sj-parameters.
The error function we want to minimize is
written as follows:

Feh et 1t 1) = ) ((Real(Sy — ST))?
+ (Imag(S; — Si'))?)  (14)

with Sy = Sy(er, &, up, 1y)  and i, j=1,2

IV. EXPERIMENTAL RESULTS

We consider the measurement setup shown in
figure 2. The S-parameters at reference plane was
measured by placing one of the samples in an X-
band transmission line rectangular waveguide
WR90 (a=22.86mm and b=10.16mm) and using
the E8634A Network Analyzer. Before the
measurement, the Thru—-Reflect-Line (TRL)
calibration technique is used in this measurement
system to provide the ultimate accuracy by
minimizing the measurement residual errors [9]
[10], and to measure the Sj-parameters at the
reference plane. The dielectric of length L = 10
mm is provided between two sections of the air
with lengths L1=30mm and L2=40mm as shown
in figure2. All measurements are performed at
[8.4-12.4] GHz band with 201 frequency points.
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Fig.2. Rectangular waveguide measurement setup

To validate the direct problem, the S-parameters
of Teflon sample (g'=2.08, ¢/"=0.002) and
(u'=1.00, p,"=0.001) are calculated using the
procedure described in section 2 and measured
using Network Analyzer as shown in figures 3
and 4. It is seen from these results, an excellent
agreement between the measured and calculated
Sij-parameters.

2 ——real(S11) Teshnigue vuees real(S11) Measurement
— imag(511) Technique  sasss imag(S11) Measurement

'sl —Irea\(821) Technllque ..... real(S21) Measurement
: imag(S21) Technique ~ wasxs imag(S21) Measurement

S-parameters

R L L L L . 1 I 1

1
24 88 982 88 10 104 108 112 118 12 124
Frequency(GHz)

Fig.3. Measured and Calculated S;; and Sy,
parameters of Teflon sample
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Fig.4. Measured and Calculated S,, and S;,
parameters of Teflon sample

Using the procedure described in section 2 and 3,
the complex permittivity (g/,&”) and complex
permeability of the Teflon sample (g/=2.08,
g"=0.002, u/=1.00, u,'=0.001) with dimensions
a;=22.86mm, bs=10.16mm and L=1lcm were
estimated in the frequency band 8.4-12.4GHz and
presented in figure 5 and 6. In the first estimate,
for the starting frequency the good initial guess
for the complex permittivity and complex
permeability (e/=1.0, &”=0.001) and (u/'=0.6,
K/"=0.001) was choosing so that the function
optimization converges to the correct solution.
The results obtained, in this work, are in good
agreement with the results given in the literature
[4] [10].

To validate this technique, the complex
permittivity and permeability of another’s
samples of Nylon (e/=3.1, &"=0.03) ; (K/=1.00,
K/"=0.001) and Delrin (g/=2.9, ¢&/"=0.05);
(u'=1.00, |,/"=0.001) were estimated in X-band
frequencies by application the procedure
described in this work and presented in figures 7,
8, 9 and 10. The results obtained are in good
agreement with the results given in the literature
[4] [11] [12].
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Fig.5. Complex permittivity of a Teflon sample
over X-band frequencies
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Fig.6. Complex permeability of a Teflon sample
over X-band frequencies
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Fig.7. Complex permittivity of a Nylon sample over
X-band frequencies
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Fig.8. Complex permeability of a Nylon sample
over X-band frequencies

Fig.9. Complex permittivity of Delrin sample over
X-band frequencies
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Fig.10. Complex permeability of Delrin sample
over X-band frequencies
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V. CONCLUSION

In this paper, a new method is presented to
determine the complex permittivity and complex
permeability of a dielectric material at X-band
frequencies  using  two-port  rectangular
waveguide. The S-parameters was measured
using the E8634A Network Analyzer and
calculated using theory of transmissions lines, the
method developed in this article makes it
possible to determine the complex permittivity
and complex permeability of dielectric material.
By matching the calculated value with the
measured value of the S-parameters of an X-band
rectangular waveguide, loaded by different
material samples. The results obtained using this
technique, are in good agreement with values of
complex permittivity and complex permeability
obtained from another method in the literature.
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