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Complex Permittivity Determination from Measured
Scattering Parameters of TEM Waveguide

P. Savi* U. Niyazov! I.A. Maio}

Abstract —  This paper addresses the de-
embedding of the propagation function of
waveguides from the scattering responses of se-
tups composed of TEM waveguides terminated
by launchers that introduce generic discontinu-
ities. The de-embedding is aimed at estimat-
ing the permittivity of dielectric samples from
the scattering responses of waveguides including
the samples. The de-embedding is based on the
double-delay method, that is applied to setups
involving different launchers.

1 INTRODUCTION

An important method to estimate the permit-
tivity of dielectric materials is based on the
measurement of the scattering parameters of
a TEM (Transverse Electro-Magnetic) waveg-
uide filled by the dielectric to be characterized
and on the inversion of the scattering response
for the unknown permittivity. This approach is
exploited in many applications where the esti-
mation of the permittivity over wide frequency
bands is required, as in the characterization
of dielectric materials for electronics packaging
and in the measurement of the permittivity of
soils in soil science. In a uniform TEM waveg-
uide the relation between the permittivity of
the filling dielectric and the propagation func-
tion is simple, and the resulting inversion prob-
lem is readily solved. In order to connect a uni-
form TEM waveguide to a Network Analyzer
for the measurement of the scattering param-
eters, however, the waveguide must be com-
pleted by suitable launchers at its ends. De-
pending on the specific application, the launch-
ers can introduce a significant discontinuity,
and can lead to a transmission response of
the waveguide plus launchers quite different
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from the propagation function of the waveg-
The problem then becomes how
to eliminate the effects of launchers from the
measured scattering responses of the waveg-
uide and its launchers (de-embedding), obtain-
ing the transmission response of the waveg-
uide alone. For this problem, several method
have been developed, e.g., see [1], [2] and [3].
The double-delay method of [2], in particu-
lar, seems well suited to the de-embedding of
the propagation function of a waveguide termi-
nated by arbitrary launchers.

uide alone.

In this paper, we apply the double-delay
method to estimate the complex dielectric per-
mittivity from the measured scattering re-
sponses of TEM waveguides. The double-delay
method of [2] is based on the scattering re-
sponses of a pair of test structures composed of
a segment of the waveguide being characterized
and its launchers. The two test structures must
differ for the length of the waveguide segment
only. Furthermore, the shortest waveguide seg-
ment must be long enough to guarantee that a
pure TEM propagation takes place for a part
of the segment. Two coaxial probes of different
lengths have been used in this study to mea-
sure the scattering response and the ability of
the double-delay method to de-embed the ef-
fect of the launchers and to correctly estimate
the complex dielectric permittivity has been
verified on reference liquids and dielectric sam-
ples.

2 ANALYSIS

The double-delay method of [2] that we use in
this study is based on the scattering responses
of a pair of test structures composed of a seg-
ment of the waveguide being characterized and
its launchers. The two test structures must
differ for the length of the waveguide segment
only. Furthermore, the shortest waveguide seg-



ment must be long enough to guarantee that a
pure TEM propagation takes place for a part
of the segment. In contrast, the left and right
launcher can be different, i.e., no longitudinal
symmetry is required.

Let £, < £y be the lengths of the two waveg-
uide segments, and S;, and Sy, the transmis-
sion scattering matrices of the setup with the
{, and f segment, respectively, then

B exp{—7(s)la} 0

Sta = X1 0 exp{+7(s)la} ] x
B exp{—7(s)l} 0

Su =Xy l 0 exp{+(s)ly} ] x

1)
where X; and Xy are the transmission scat-
tering matrices of the left and right launch-
ers, respectively, s is the Laplace variable and
exp{+7(s)z} is the propagation function of
the waveguide for a propagation distance z,
v(s) being the propagation constant. In the
above equation, the diagonal matrices repre-
sent the transmission scattering matrices of the
two waveguide segments, which implies that
the reference impedances for the waveguide
ports coincide with the waveguide character-
istic impedance. The matrices Sy, and Sy, can
be obtained from the scattering matrices of the
two test structures, whereas X, Xy and the
propagation function are the unknowns of the
problem. Of course, the reference impedances
of the wave variables at the launcher ports
are the VNA calibration impedance and the
waveguide characteristic impedance. The lat-
ter, therefore, is a supplemental unknown of
the problem.

When X5 is computed from the first equa-
tion of (1) and replaced into the second one,
the following eigenvalue equation for X arises

A0

[SuSi'] X1 =X, l 0 Ay

1 (2)

where A\ = exp{—7y(s)(lp — €,)} and Ao =
exp{+7(s)(fy — £qs)}. An analogous equation
holds for Xs.

For every frequency value, the measured
scattering matrices yields six independent

parameters (three for each test structure),

whereas the unknowns of the problem are the
six scattering parameters of the launchers, and
the propagation function and the characteris-
tic impedance of the waveguide. The measured
data, therefore, do not allow a complete de-
embedding of the waveguide responses (e.g.,
see also [2, 5]). For the inversion problem at
hand, however, the eigenvalues of (2) are the
samples of the propagation function and, pro-
vided the relation between ~y(s) and the dielec-
2tric permittivity is known, they allow to com-
pute the unknown permittivity.
In order to compare the estimation of
2 the propagation function via the double-delay
method with the Nicolson-Ross method [1],
it is expedient to formulate the latter in
terms of transmission scattering matrices. The
Nicolson-Ross method uses the scattering re-
sponses of one setup only (e.g., the one with
the ¢, long waveguide), that must be symmet-
ric. The transmission scattering matrix of the
measured responses, therefore, is
]x

exp{—7(s)la}
3)

0
where X is the transmission scattering matrix

of the left launcher and

0

szxl exp{+7(s)la}

01

X =PX'P, P:l1 0 (4)

that means

S.. = XD (PX'P) (5)

where D is the diagonal matrix of the prop-
agation functions. Besides, the Nicolson-Ross
method assumes as launcher a pure impedance
discontinuity, ¢.e.,

1
- 2Y,

(Yo+7Y)
(Yo - Y)

(Yo —Y)
(Yo +7Y)

X (6)
where Y, and Y are the characteristic ad-
mittance of the measurement system and of
the waveguide segment, respectively. This
matrix and its inverse are invariant for rows
and columns permutations, i.e., PX P =
X1, In this case, therefore, the propaga-
tion functions are the eigenvalues of S;, and



the Nicolson-Ross method amounts for esti-
mating the waveguide propagation function as
the eigenvalues of the transmission scattering
matrix of the setup

S; e X =XD (7)
In contrast, if this symmetry condition does
not hold, then X and D are related by

(S:aP) X = X (DP) (8)

and D cannot be computed from S, only.

3 RESULTS

In order to verify the performance of the
double-delay method on real measurement
problems, we have applied it to the estima-
tion of the permittivity of a reference liquid
as methanol. The S-parameters of two coax-
ial airlines of different lengths (see Fig. 1,
Maury Microwave Airline, length /1 = 10.5cm
and ¢ = 30cm, load shield and inner con-
ductor radii 3.5mm and 1.5 mm, respectively,
dc-resistance of inner conductor 9.4mf/m)
filled with methanol have been measured with
a Network Analyzer (Agilent E5071B) in the
range 100 MHz—1 GHz at temperature of 25°C.
The magnitude and phase of the measured
S-parameters for the short and long airline
are shown in Fig. 2 and Fig. 3 respectively.
When the double-delay method, described in

Figure 1: The two coaxial airlines used for the
measurements of the S-parameters

section 2, is applied to the scattering param-
eters and the estimated propagation function

is inverted, the complex relative permittivity
of the dielectric filling the airlines can be ob-
tained (Fig. 4). This estimation leads to a real
part of the relative permittivity value around
32, that coincides with the nominal value of
methanol. The complex permittivity obtained
with the double-delay method (solid line) has
been compared with the dispersion curve of
methanol found in the literature (dashed line)
[4] as shown in Fig. 4. The dispersion curves of
[4] has been obtained by fitting the Cole-Cole
equation to fifteen measured data point in the
range 100 MHz — 70 GHz for each temperature
values. For the real part of the permittivity of
the Jordan’s curves, the fitting error was es-
timated to be around 0.5, which is consistent
with the permittivity values estimated here by
the double delay method.
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Figure 2: Magnitude (panel a) and phase

(panel b) of the measured S-parameters for the
short coaxial airline.
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Figure 3: Magnitude (panel a) and phase

(panel b) of the measured S-parameters for the
long coaxial airline.

4 CONCLUSIONS

The estimation of complex permittivity from
the scattering responses of setups composed of
a uniform waveguide and its launchers has been
addressed by means of the the double-delay
method.

The obtained results show that this method
is able to de-embed the effects of arbitrary
launchers, leading to accurate estimation of
the complex permittivity over wide frequency
ranges.
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