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ABSTRACT We have presented an open-terminated transmission-line technique, based on the use of
two substantially identical circular coaxial structures with different lengths, to extract the material relative
permittivity ¢,. All data acquisitions obtained from experimental measurements have been done at the entry
of the connector-input source interface. The technique is well-utilized despite the test cell discontinuity, and it
met the goal of extracting the relative intrinsic parameters with good accuracy. The technique improvement
found its advantage in the scan of a large frequency range by introducing a new concept based upon the
sum of the lengths of identical fixtures and the backward wave propagation. High order-modes propagation
that restricts the frequency range in the transmission configuration is not a limit in this new technique.
Otherwise, the measurement methodology, grounded in the principle of the automatic correction coefficient
determination, is done to achieve the aim. Easily filling up the test cell with the sample to characterize,
we validated the new broadband technique in [1.5 — 15] GHz by using insulators like Aquarium sand, wheat
semolina, and raffia (vinifera and laurentiis varieties). From the use of the same fixture, result comparisons
have been done with those from the two-line technique.

INDEX TERMS Material characterization, Maxwell equation, measurement technique, open-terminated
line, propagation constant, transmission-line.

I. INTRODUCTION

New technology developments require researchers to develop
new material method characterizations. Constraints asso-
ciated with material dimensions, technique accuracy, and
scanned frequencies are nowadays a significant challenge that
requires a deep and good study on techniques to be used. Two
main methods with several techniques enhance the literature:
distributed and lumped elements [1]. The distributed element
technique, using iterative method [2] and/or transmission-line
propagation constant [3]-[5], is a well-known technique.
As methods can be destructive or not [6], researchers are
in the habit of using the transmission structure in short-
circuit [7] and/or open-circuit [8] configurations along with
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reflection/transmission [9] in order to get to the material
intrinsic parameters.

From the open-ended probe configuration [10], [11],
the sample under test (SUT) is inserted in a test cell that
has an open-terminated configuration. The open-terminated
line technique (OTLT), becomes an alternative [1] and [8],
but most of the time, the iterative method is applied as equa-
tion (1) says.

< Zy, > i E_rtarl (ﬁvl\/grﬂr) (1
Zsur )i, N e tan(B)0)

where B, is the phase constant in vacuum test cell con-
figuration, [ the cell length, and Z, and Zgyr are char-

acteristic impedance measured from the input of the test
cell. On the other hand, discontinuities, together with the
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fixture’s dimensions, generate high order modes, limiting
the study frequency range [12], [13]. Usually, the material
under test is placed at the end of the probe adopted as a
characterization technique. That configuration is quite often
an open-circuit. However, the technique implemented here
uses a coaxial line structure in which the sample under test
is inserted while the fixture is opened at its end. This kind
of configuration can behave like an antenna according to the
scanned frequency and the fixture dimensions.

In this article, the developed and presented technique is
focused on the use of two coaxial transmission lines with
open-termination. The use of two different lengths of the
line (cell) avoids applying the iterative principles. Both
test cells have the same geometric dimensions, except their
lengths. For this reason, we identify the technique as the
two open circuit position method. The open-circuit movable
position is a reflection technique, using the sum of lengths via
the phase constant in order to determine the material relative
permittivity. The technique does not involve the extraction
of the loss tangent but solves the discontinuity problem,
depending on the frequency range limitation. That offers the
possibility of scanning a large frequency range. The two
transmission-line technique is one of the best-known and
most popularly used techniques [3], [4]. It is based on the
use of the wave cascading matrix (WCM), well-developed
in [14], [15] with the use of the difference of the length via
the propagation constant. That technique has inspired our
approach to developing the new technique.

Il. BASIS OF EXTRACTION TECHNIQUES

Electromagnetic material characterization is a fundamental
activity for all industrial domains (e.g., microelectronics,
telecommunications, civil engineering, biotechnology, and
electronics). Based on the use of Maxwell equations, most
of the techniques use the propagation constant parameter to
identify wave behaviors in propagation environments. As a
matter of fact, solving the Maxwell-Ampere equation, given
as follows,

10tB = (o + joe)E 2)

associated with the Maxwell-Faraday equation given in (3) as
7otE = —jwB 3)

The propagation constant parameter is obtained and given as,

Y = vijoulo +jwe) “

where,
%
W= oMoy
and
€ = 80&,p

are material intrinsic parameters (respectively permeabil-
ity and permittivity). The permeability and permittivity of
the vacuum are &y and pg. The need to know the mate-
rial electric and/or magnetic parameters is growing with
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industrial applications. Therefore, several techniques have
been developed according to the method to be used [16],
fitting the material shape and physical state together with the
frequency range to be covered [1], [5], and [17]. If the test
cell has a homogeneous structure, then the relative complex
permittivity and/or permeability are the effective parameters
as given in equation (5).

ejﬁ =¢r (5a)
M:ﬁ‘ = jy (5b)

Those elements are complex and written as given [18] below,

e = ¢ — je! (62)
* / .
I (6b)

If the material is assumed to be insulator or magnetic, then the
sample under test (SUT) parameters p} and ¢ are obtained
from equation (4) by,

B 2
o = ( SUT) o
By

Although related to the phase constant which has to be
linearized, the order propagation modes generated by the
fixture dimensions and imperfections at the contact inter-
face between connectors and the ideal line (called discon-
tinuity) nearly stop in the frequency range with which we
are concerned. The transmission-line technique is one of
the popular trade-off techniques [5]. Sometimes, open or
short-circuit line configurations are used but are limited by
the use and accuracy of iterative processes [1]. For this reason,
we are interested in the developed open-ended configuration
transmission-line technique, which uses two different lengths
of the same test cell to overcome these limitations.

Ill. TECHNIQUE IMPLEMENTATION

Equation (4) says that propagation constant is complex and
from wave vector through Maxwell equation development,
we have:

y =a+jp ®)

As Fig 1, shows, the de-embedding of such structure is
given by:

I = (S7}) co exp 2y0l0) ©

where (S7)) co is the reflection coefficient, measured at
the input reference (interface input source and connector)
plan and IT" the equivalent reflection coefficient after having
de-embedded or changed the reference plan (interface con-
nector and ideal test cell).

From studies using Agilent Design System (ADS),
we noticed that discontinuity impedance Z; &~ oo, which
means at connector — test cell interface contact, the discon-
tinuity impedance is almost an open circuit. In that case,
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FIGURE 1. An open-terminated transmission-line configuration simplified
representation.

the phase constant B/ is nearly those coming from the de-
embedding.

(,BZ)real = (,BZ)meas (10)

where
l = : 1 r 11
(¥ Dmeas = _E n <ﬁ> (1D

Fig 1. is the simplification of the manufactured fixture as
shown below:

As the discontinuity impact is insignificant, Fig 1. has been
reduced as shown in Fig 2. below,

Connector —} /

%ﬁ) }i;

Ideal (.oaxnal Test Cell

zZ)

0,
' .— Input =

FIGURE 2. Final open-terminated transmission-line configuration.

Using two different test cell lengths where 8; = 8, = 8
applying equation (7) allows establishing that:

e (ﬂlT)SUTr 1
4 ’_{ Bir), (122)
where
Blr = B (L +1) = B (2 + Al) (12b)
and,

Al=0b —1;

It appears that the technique is the sum of lengths in each
configuration. In that case, rewriting equation (12a) gives,

L {(ﬁ(zll+Az>>SUT}2: {(ADSUT}Z 13
T @+ A, (AT),

&
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FIGURE 3. Test cell model in open-terminated configuration.

If we label by Zlic and ch, respectively, the input con-
nector impedances in short-circuit and open-circuit configu-
rations, the connector propagation constant is calculated as

it’s given below:

1
z3¢\?
-1 in
yolp = tanh ( OC)
Zin

Using reflection coefficient S ﬁ at that reference plan, the
input impedance requires being determined as,
1 + 5%
X
1 -5

(14a)

in = (14b)
where Sfl is the connector reflection coefficient, measured
in open-circuit or short-circuit termination. Most of the
time, electronic RF equipment admits an input impedance
Z, = 50 Q. In addition, when the test cell is filled with a
sample under test or vacuum, from equations (8), (9) and (11),
the computed phase constants become,

(Sigl)SUT 210l
[ =1 —_— 15
Wsor = % Qﬁmmw (159
(55,), e*rolo
S11), €2rob|

By = Im —In
(i
The use of equation (15) is purposely called “old concept™
because it employs the forward wave propagation during
the de-embedding procedure. On the other hand, the electric
angular position B/ = 0 is linearized and symbolized by
¢ before being applied in equation (12b). The global lin-
earized phase constant in a certain configuration is AT =
@1 + ¢2: (AT), for fixture filled with vacuum and (AT)syr
when filled with SUT. Due to the fixture radiation behav-
ior, the open-circuit technique approach is valid only from

(15b)
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5 GHz around, and at the same time, we have improved the
technique.

IV. IMPROVING TECHNIQUE

To solve the frequency range limitation, we have developed
a new concept, based on the wavenumber ko direction in
the probe (connector). It It applies electromagnetic theory to
equation (8) and gives:

Jko = ao +jBo = yo = jyo = — (Bo —joo) = —ko

Due to the wave propagation direction, we have inserted
the use of the backward wave principle and, equation (9)
becomes as given below,

Dy = (871) o exp 2fr0lo) (16)

where “‘subscript letter ““N”’ means new concept. The new
concept, rooted in the insertion of the multiplicative imagi-

TR

nary element “‘j” gives the opportunity to employ the back-
ward wave principle. That parameter “‘j” straightens wiggly
lines or curves, brought on by multipath reflections into
the guide through data acquisitions. The problem has been
found out in both configurations as follows: with and without
MUT. As the study concerns the open-ended structure, we can
simply write S§; = (S}) ., and for each configuration
(presence of SUT or vacuum), we write respectively (S7,) ¢, 7

or (S‘lg1 )V. In that case, the new computed phase constants are:

%)

“n
S

1 . e2volo
((BDsur)y = Im _Eln W (17a)

1 e%volo

l =Im|—=In|—5——
(BDWy 2\ (s, eron]

As we have previously written equation (15), we noted by
(AT)ny = (p1)N + (@2)n that the global linearized phase
constant got from the improvement concept, where (¢1)y
and (¢2)y represent the computed phase constant in each
configuration for test cell having /1 and /; as lengths. Thereby,
two elements B and G are incorporated to overcome the “‘j”’

insertion effects as:

G- 2 (AD)sur)y _

—_~~ |~
L U
—OR|TO0e oo

—
~— — | ~—

(17b)

> [(((pl)SUT)N + ((902)SUT)N]

> (AT)sur > [@Dsur + @2)sur]
(17¢)
po @Dy X0y + (@] (o
Y (AT), > [@ny + (2),]
In that case, equation (13) is re-written as follow,
el = (E)z ((‘pl)SUT)N + ((902)5UT)N (18)
G ((Wl)v)N + (((pZ)v)N
The automatic correction coefficient, given by H = (%)2

depends on the material under test and the frequency range
to be covered. This new development technique step helped
to cover frequency lower than 3 GHz when using a coaxial
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test cell with b = 14.36 mm (coaxial inner diameter of the
outer conductor) and a = 4 mm (coaxial outer diameter of the
inner conductor). In this new technique, errors are high when
scanning frequencies [1.5 - 4] GHz. The accuracy can reach
up to 7%, but it decreases to around 3% when frequencies
increase to 4 GHz and higher. If we assume that the SUT
is not magnetic (u,” & 1), applying equation (18) leads to
extraction of the material relative permittivity, otherwise, the
relative permeability is extracted by supposing the material
is not electric (¢, = 1). Above all, the use of equation (18)
requires four linearized phase constants or electric angular 6
along with two measurements for each test cell length.

V. EXPERIMENTAL TECHNIQUE VALIDATION

After some huge and deep studies through electric and
electromagnetic simulations, we have validated the broad-
band technique by using a brass circular coaxial test
cell. With /; 80mm and /;, =~ 100 mm, and due
to the cell diameter dimensions, the higher-order modes
are supposed to propagate from 104 GHz when the
test cell is vacuum-filled in theory [1] and working in
reflection/transmission. That frequency has typically been
the limitation of two transmission-line techniques. How-
ever, the new open-end transmission-line technique over-
comes that frequency limitation, as shown in the results
below. Due to the non-availability (in our laboratory) of
conventional test samples such as PTFE, PFA, PEEK,
and so forth, we experimentally validated the technique
implementation and process by using semolina, laurentiis,
vinifera, and aquarium sand, all of which are insulator
materials.

To check the credibility of our results, we have applied the
two transmission-lines technique (TTLT) to the same materi-
als in the same test cells [3]. Those results are sketched below,
but because of order mode limitations [3]-[5], the comparison
is made up to 10.5 GHz while those coming from the newly
presented technique reached 15 GHz.

We first presented the electric length in both configurations
by plotting the aquarium sand results as MUT.

and

Using the device across the insertion of the backward wave
principle has provided an opportunity to change the shape of
curves, as well as heightening data values. It justified having
introduced factor H to get to the main goal.

These results indicate that using equation (18) is better than
using (13). Curves coming from the two transmission-line
technique (TTLT) and the one using equation (18) are in
close proximity, while the sketched curve got by using equa-
tion (13) is not closely related in this part of the frequency
range.

This comparison technique results confirm that the new
technique is suitable for extracting the material relative per-
mittivity when using equation (18).

We have observed the same behavior when applying the
implementation procedure technique to the raffia palm tree,
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FIGURE 4. a. Linearized angular position curves of the vacuum according
to the applied concept. b. Linearized angular position curves of the
aquarium sand according to the applied concept.

6.0 T T T T T T T

5.5 4

Using Equation (13)
Using Equation (18)) ]
Using TTLT
4.5 - -

5.0 4

4.0 .
3.5 -

3.0 q

Relative permittivity of Semolina

1.0 T T T T T T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Frequency [GHz]

FIGURE 5. Comparison of techniques and development for semolina
relative permittivity.

vinifera. Despite the fact that using equation (13) doesn’t
eliminate properly waves generated by the waveguide
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FIGURE 6. a. Comparison of two equation applications to extract
Laurentiis relative permittivity. b. Comparison of technique’s applications
to extract Laurentiis relative permittivity.

because of multi resonances, we noticed that beyond a certain
frequency (approximately 9 GHz here), both results (Fig 6a,
Fig 7a, and Fig 8a) are very similar. So we have compared
those results with those obtained from TTLT [3] as shown
in Figs. 6b, 7b, and 8b.

All results show that it is suitable to use the transmission-
line in an open configuration when the test fixtures have vari-
able lengths, but with the same geometric shape. Applying
equation (18) is suitable as the table indicates.

Considering the frequency range [2 - 12] GHz from
Fig 9 and using a single or/and transmission line as well as
two transmission line techniques with and without correc-
tion, terminated by an open-circuit configuration, it is clearly
observed that the developed method using equation (18) is
more suitable in comparison to those transmission line tech-
niques as illustrated in Fig 10.

Below is the comparison of values obtained at 2.5 GHz,
which teaches the uselessness of applying the one trans-
mission-line technique when terminated by an open-circuit
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TABLE 1. Comparison of relative permittivity values from two main techniques.

Material relative permittivity at 2.5 GHz

Semolina Laurentiis Aquarium sand Vinifera
€ forl,;~80 mm 3.197 1.372 3.125 1.274
€ . for 1,=100mm 2.451 1.081 2.358 1.054
OTLT Averageof € and € 2.824 1.227 2.741 1.164
Use of Eq. (13) 2.731 1.192 2.648 1.138
Use of Eq. (18) 2.901 1.137 2.68 1.089
TTLT Use of Al through WCM principle 2.875 1.159 2.693 1.079
5'0 T T T T T T 5'0 T T T T T T
T 45 — Using Equation (13)/ 4.5 — Using Equation (13)4
A —— Using Equation (18) ° —— Using Equation (18)
£ 4.0 - 5 4.0 -
8 3.5 e S 3.5 -
< k]
w 3.0 . 2 3.0- -
z 2
;‘é‘ 2.5 E 2.5+ 1
£ 20- . & 20- g
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2 45 —— Using Equation (18)|- 4.5+ Using Equation (18)| -
© . H
® —— Using TTLT S 40 — Using TTLT ]
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< 1.0 . 1.0+ = R
4
0.5+ 4 0.5 .
0.0 T T T T T 0.0 T T T T T
15 3.0 4.5 6.0 7.5 9.0 10.5 1.5 3.0 4.5 6.0 7.5 9.0 10.5
Frequency [GHz] Frequency [GHz]

(b)

FIGURE 7. a. Comparison of two equation applications to extract
Aquarium sand relative permittivity. b. Comparison of technique’s
applications to extract Aquarium sand relative permittivity.

configuration. In order to compare the final results, let us
consider the two transmission-line technique (TTLT) and the
open-terminated line technique (OTLT).

The two transmission-line techniques yielded results with
incertitude or a relative error of 3-7%, depending on the
frequency used [15]. By the way, the open-terminated
transmission-line technique has shown that limitation is
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(b)

FIGURE 8. a. Comparison of two equation applications to extract Vinifera
relative permittivity. b. Comparison of technique’s applications to extract
Vinifera relative permittivity.

bound up with the high-order mode propagations. Due to that
situation, the quasi transverse electro-magnetic (Quasi-TEM)
mode is limited in scanned frequency computed through
equation (19).

As equation (18) says, H-coefficient is proportional to
the corrected relative permittivity. On the other hand, dif-
ferent values of B are due to the scanned frequency range.
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FIGURE 9. Different open-terminated transmission-line technique
principles comparison.
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FIGURE 10. Zoom of scanned frequency of different open-terminated
transmission-line technique principles comparison.

Therefore, semolina is up to 5.5 GHz, vinifera up to 15 GHz,
and aquarium sand extends to 20 GHz and 18 GHz for
laurentiis. This explains the proximity of vinifera, lauren-
tiis, and aquarium sand values. In other words, B-coefficient
does not change as long as the studied frequency band is
the same. But G-coefficient changes with the MUT. The
coefficient determinations through equation (17¢) and (17d)
have given the opportunity not to use specific mathe-
matic algorithms through iterative principles like Newton-
Raphson [19]. From the dimensions mentioned above,
the maximum frequency TEM-mode expected in theory
is 10.4 GHz [1].
191

b+a) /e pr

where “a” is the outer diameter of the inner conductor and
“b” the inner diameter of the outer conductor. Both values
are given in millimeters (mm).

Smaxtem (GHz) = (19)

138688

TABLE 2. Comparisons of coefficient values according to the material
under test.

Coefficient according to equations (17¢) and (17d)

Material’s Coefficient B Coefficient G Coefficient H
name (vacuum) (SUT)
Semolina 2.85 2.092 1.855
Aquarium 2.711 2.054 1.741
sand
Laurentiis 2.693 2.599 1.073
Vinifera 2.68 2.594 1.067

VI. CONCLUSION

In this article, we have developed and applied a technique
based on the use of the sum of two open-end coaxial
transmission-lines to extract the material relative permittiv-
ity or permeability. Simple to implement, the technique is
broadband and covers easily frequency range [1.5-15] GHz.
We have shown the importance of using equation (18)
which is related to equation (9) through its propagation
constants that have helped to determine automatically the
H-coefficient. Aside from the purely technical aspect that
structure limitations are caused by the antenna behavior,
the test fixture radiates when it reaches a certain level
of microwave frequencies, resulting in a loss of accuracy.
All materials that have been used to validate this new extrac-
tion procedure confirmed the test cell behavior from 14 GHz.
Thus, it appears that the limitation is caused exclusively by
structural mechanics. The newly developed technique is not
connected to the iterative principle. We have compared all
extracted results derived from two transmission-line tech-
niques, using the same frame. The discrepancy between them
is very small, especially from 4.5 GHz. The technique error
evaluation leads toward 5% and less. Results from the use of
two lines in transmission and open-end configurations have
taught that the order-modes that have typically hindered the
two transmission-line technique procedure above a certain
frequency are not a limitation in this new technique. Like all
techniques built upon the reflection principle, this technique
cannot extract the material loss tangent. This is well-adapted
to industry applications, as the used test cell eases its padding
with the material under test.
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