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Abstract. In recent years, industrial applications have been based on the use of intrinsic material 
properties that improve designs, processes, qualities and product controls. To get to those intrinsic 
parameters, various appropriate techniques are required. In this paper, a new technique has been 
developed and presented. It essentially puts the emphasis on the dielectric relative permittivity 
extraction from the principle of a movable short-circuit through the coaxial transmission-line cell. 
This technique is aimed at drastically reducing the discontinuity impacts at the interface feed line 
(connector) and ideal line, solving the phase constant frequency limit, stopping the constraints 
bound to the higher mode propagations and improving the accuracy level when the frequency 
range has increased. The technique is based on the use of the sum of two different lengths of the 
cell by removing the first value of the phase constant in the frequency range of interest when it is 
negative. This new technique can be easily implemented; its focus is not on iterative principles, 
but on the use of the constant propagation of a Quasi-TEM mode of the transmission-line. The 
bio-food industry (semolina), environmental field (palm tree) and building trade (aquarium sand) 
were used to test the validity of the technique in 2-20 GHz. 
Keywords: Discontinuity impacts, movable short-circuit, propagation constant, relative 
permittivity, transmission-line. 

1. Introduction 

The material characterization has a wide variety of techniques [1-3], depending on the 
application domain [4]. These domains help to reveal why different materials show different 
properties and behaviors [5-7]. A large panel of material characterization techniques is described 
in the literature. Most of accurate techniques are developed in relation to the fixture’s geometry, 
the precise measurement apparatus and the kind and shape of the material to be tested [8]. The 
transmission-line technique is the well-known and popular in the literature. That technique can be 
used in transmission [7-9] and/or in reflection with open-end configuration [10, 11] or short-circuit 
[12]. All structures terminated by an open circuit and/or short-circuit use the iterative procedure 
[13]. Probe technique which is used for liquid through Cole-Cole theory [14], but also through 
combination of cavity mixed with probe [1] and [6] has a good accuracy according to the material 
thickness. For thick material, the free-space technique is quite often used [15, 16]. But the 
resonator technique, through the use of cavity is the best and is well-developed in [17]. The sample 
to be characterized defines the technique through its state and sharp [18]. All techniques have 
advantages and inconveniences. One of them is discontinuity that stops the scanned frequency 
range, promotes the spread of high-order modes [19] and increases measurement errors through 
the intrinsic material complex parameters [20]. In order to contribute to the techniques 
improvement, we have developed a new technique called Movable Short-Circuited Line (MSCL). 
This technique is broadband and belongs to the reflection transmission-line technique [12]. The 
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use of two transmission-lines is a good way to reduce discontinuities instead of choosing an 
equivalent electric circuit as their representation [21]. Those discontinuities exist at the junction 
of connector and the ideal test cell interface. Discontinuity represents imperfections of the entire 
test cell. From the two transmission-line technique using the wave cascade matrix principal [7, 22], 
we have developed the mathematic formulation for the MSCL. It is based upon the sum of 
measurements when using two different lengths of the test cell, but in inserting the first value of 
the studied band. That has allowed sorting out the discontinuity impacts on the extraction of the 
relative permittivity. Both circular coaxial line fixtures are differentiated only by their lengths 
while diameters and conductors are identical. The material under test is trapped inside the fixture, 
and s-parameter measurements are done in two configurations: in presence and absence of the 
sample under test (SUT). The use of the propagation constant parameter through measurement of 
the reflection coefficient is the foundation of the technique. This is a quick, simple and highly 
reliable technique when the fixture is completely full of the material under test (MUT). The 
technique is suitable for destructive (wafer, etc.) as well as non-destructive (liquid, powder, etc.) 
samples. 

2. Theory and mathematic model 

2.1. Propagation constant determination 

The propagation constant 𝛾 is the unique parameter we can extract, and it must be applied in 
this technique. The short-circuit reflection coefficient 𝑆ଵଵ௦௖ is given in Eq. (1) as: 𝑆ଵଵ௦௖ = |𝑆ଵଵ௦௖|𝑒ିଶఊ௟ . (1)

Fig. 1 describes the test fixture, where 𝑍 and 𝐿 are respectively the cell and the connector 
lengths. 

 
Fig. 1. A coaxial test fixture design 

The propagation constant is determined from the reflection coefficient through the following 
expression: 

𝛾𝑙 = −12 lnቆ 𝑆ଵଵ௦௖|𝑆ଵଵ௦௖|ቇ. (2)

The propagation constant is a complex parameter as defined below. 
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𝛾𝑙 = 𝛼𝑙 + 𝑗𝛽𝑙, (3)

where 𝜃 = 𝛽𝑙  is the electric length and 𝛼𝑙  the attenuation constant. We assume that only a 
Quasi-TEM mode propagates in and the vacuum configuration is linked to the filled structure by: 𝛽ௗ = 𝛽௩௔௖ඥ𝜇௘௙௙𝜀௘௙௙, (4)

where 𝛽ௗ  and 𝛽௩௔௖  are respectively the phase constants of the sample under test (SUT) and 
vacuum filled coaxial. In that case, the material relative parameters (permittivity and/or 
permeability) are obtained from equation (4) as: 

𝜇௘௙௙𝜀௘௙௙ = ൬ 𝛽ௗ𝛽௩௔௖൰ଶ. (5)

We have easily filled up the circular coaxial test fixture with the non-destructive material, the 
one we used to validate the technique implementation. 

2.2. De-embedding technique 

The work requires the good knowledge of the connector propagation constant 𝛾଴ as it is shown 
in the Fig. 2. and 𝑙଴ the connector length. 

 
Fig. 2. A simplified fixture roadmap 

The discontinuity impedance 𝑍ௗ appears at the connector-fixture interface. From 𝑍௜௡௦௖ and 𝑍௜௡௢௖, 
respectively, the input impedance of the connector when the connector is in short-circuit and in 
open-circuit configurations. The connector propagation constant is as follows: 

𝛾଴𝑙଴ = atanh ቎ቆ𝑍௜௡௦௖𝑍௜௡௢௖ቇభమ቏. (6)

If we call by 𝑆ଵଵ௚  the entire reflection coefficient and 𝛤 the input cell reflection coefficient, 
both are linked by Eq. (7) as: 𝛤 = 𝑆ଵଵ௚ 𝑒ଶఊబ௟బ . (7)

Because the main and only goal of this technique is to determine the relative permittivity 𝜀௥ of 
the material as mentioned in introduction, the focus of our work is  to get that parameters by using 
the phase constant of the structure filled of vacuum and/or material under test (MUT).Whereas it 
is necessary to neglect the material losses, we have come with a mathematic equation to solve the 
negative number of the phase constant and discontinuities as in imperfection between the contact 
interface and ideal connector line as follows: 
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ሺ𝛽𝑙ሻ௜ௗ = ሺ𝛽𝑙ሻ௠௘௦ − ሺ𝛽𝑙ሻ௠௘௦௜௩ , (8)

where ሺ𝛽𝑙ሻ௠௘௦  is the phase constant of the test cell, measured in any aforementioned 
configurations, and ሺ𝛽𝑙ሻ௠௘௦௜௩  its initial value once measured in the work frequency range. ሺ𝛽𝑙ሻ௜ௗ is 
the ideal phase constant as 𝛽𝑙 > 0. 

3. Technique description 

Due to the high order mode propagations in the test cell (at interface of connector – ideal cell 
that leads imperfections) and the phase constant behavior which is the high order mode 
propagation consequence, the frequency range of study is limited [7-9]. On the other hand, the use 
of the short-circuit configuration involves the use of iterative method [12] and [21]; we have put 
forward this new technique. There are two methodologies we have developed for the relative 
permittivity 𝜀௥ or permeability 𝜇௥ determination. Both of them are concerned with a model based 
on the transmission-line propagation constant. The determination can be based on a variety of 
criteria. 

3.1. Use of one transmission-line technique 

Let us consider a transmission-line cell, terminated by a short circuit in the end of the line. 
From the input impedance as illustrated below: 

 
Fig. 3. Ideal transmission-line ended by short-circuit 

Eq. (9) is provided to calculate the input impedance once the line propagation constant is 
known. 𝑍௜௡ = 𝑍௖tanhሺ𝛾𝑙ሻ. (9)

Taking into account the reflection coefficient after de-embedding the entire structure, the input 
impedance is given by: 𝑍௜௡ = 𝑍଴ 1 + 𝛤1 − 𝛤. (10)

If we suppose that the transmission line is lossless, in that case, 𝛾𝑙 ≈ 𝑗𝜃, Eq. (9) will be 
rewritten. At the same time, we respectively named by ሺ𝑍௜௡௦௖ሻ௩ and ሺ𝑍௜௡௦௖ሻெ௎் the input impedances 
in absence and presence of the MUT, which are linked to Eq. (9) by: ሺ𝑍௜௡௦௖ሻ௩ሺ𝑍௜௡௦௖ሻெ௎் = ඨ𝜀௘௙௙𝜇௘௙௙ tanሺ𝜃௩ሻtan൫𝜃௩ඥ𝜇௘௙௙𝜀௘௙௙൯. (11)
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In this context, the iterative technique may be used. This solution can be watered down by its 
complexity through time taken to get to the aim. That’s why we have started by using a technique 
based on the average of two different extracted relative permittivity from two different lengths of 
a transmission line. If the test cell is homogenous like the one we manufactured and use to validate 
the technique process, then Eq. (11) becomes 

𝜇௥భ𝜀௥భ = ቈሺ𝛽ଵ𝑙ଵሻ௠௘௦ெ௎் − ሺሺ𝛽ଵ𝑙ଵሻ௠௘௦ெ௎்ሻ௜௩ሺ𝛽ଵ𝑙ଵሻ௠௘௦௩ − ሺሺ𝛽ଵ𝑙ଵሻ௠௘௦௩ ሻ௜௩ ቉ଶ, (12a)

and for the second transmission-line, we used the following equation in Eq. (12b), 

𝜇௥మ𝜀௥మ = ቈሺ𝛽ଶ𝑙ଶሻ௠௘௦ெ௎் − ሺሺ𝛽ଶ𝑙ଶሻ௠௘௦ெ௎்ሻ௜௩ሺ𝛽ଶ𝑙ଶሻ௠௘௦௩ − ሺሺ𝛽ଶ𝑙ଶሻ௠௘௦௩ ሻ௜௩ ቉ଶ. (12b)

We have noticed that the real relative permittivity or relative permeability is obtained once the 
average operation is done, as follows Eq. (13a): 𝜇௥𝜀௥ = 𝜇௥భ𝜀௥భ + 𝜇௥మ𝜀௥మ2  (13a)

We have named ሺ𝛽௞𝑙௞ሻ௠௘௦௫  and ሺሺ𝛽௞𝑙௞ሻ௠௘௦௫ ሻ௜௩ the phase constants when the test cell is filled 
up of MUT or not and measured (𝑥 is MUT or vacuum and, 𝑘 = 1 or 2, the number of the cell 
that we used). If the sample to characterize is not magnetic, the final Eq. (13a) will approximately 
be reduced to: 𝜀௥ ≅ 𝜀௥భ + 𝜀௥మ2  (13b)

The combination of both transmission lines can be done in another way. This is the technique 
we have named “Movable Short-Circuit Line” (MSCL). 

3.2. Movable short-circuit transmission-line technique 

In this section, we combined two transmission lines, having the same characteristic impedance, 
geometry and dimensions (inner and outer diameters), but different lengths. The short-circuit 
position is considered movable because of the fixture’s length as shown in Fig. 4. 

  
Fig. 4. Two transmission-lines with short-circuit at the bottom 

In this situation, discontinuities are the same and, we assume that higher propagation modes 
cannot spread or propagate in. The ideal line, which is the length’s difference, ∆𝑙 = 𝑙ଶ − 𝑙ଵ, has a 
propagation constant given in Eq. (14). 𝛽௥∆𝑙 = 𝛽ଶ𝑙ଶ + 𝛽ଵ𝑙ଵ − 2𝛽ଵ𝑙ଵ. (14)
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From Eq. (8) and supposing that ሺ𝛽ଵ𝑙ଵሻ௠௘௦௜௩ ≅ ሺ𝛽ଶ𝑙ଶሻ௠௘௦௜௩ , which are the initial values of the 
phase constant when using the test cell corresponding to length 𝑙ଵ and 𝑙ଶ in each configuration 
(with or without MUT), we can write: 𝛽௥∆𝑙 = ሺ𝛽ଶ𝑙ଶሻ௠௘௦ + ሺ𝛽ଵ𝑙ଵሻ௠௘௦ − 2ሺ𝛽ଵ𝑙ଵሻ௠௘௦௜௩ . (15)

Associating Eqs. (12) and (15), the relative permittivity or permeability can be estimated 
through Eq. (16), given below as: 

𝜇௥𝜀௥ = ቈሺ𝛽ଶ𝑙ଶሻ௠௘௦ெ௎் + ሺ𝛽ଵ𝑙ଵሻ௠௘௦ெ௎் − 2ሺሺ𝛽ଵ𝑙ଵሻ௠௘௦ெ௎்ሻ௜௩ሺ𝛽ଶ𝑙ଶሻ௠௘௦௩ + ሺ𝛽ଵ𝑙ଵሻ௠௘௦௩ − 2ሺሺ𝛽ଵ𝑙ଵሻ௠௘௦௩ ሻ௜௩ ቉ଶ. (16)

4. Technique improvement 

This technique presents the peculiarity to behave according to the resonances of the waveguide. 
Electromagnetic simulations allowed us during the de-embedding steps, to redefine the reflection 
coefficient of Eq. (7) by adding “𝑗” as given in the following equation: 𝛤௝ = 𝑆ଵଵ௚ 𝑒ଶ௝ఊబ௟బ . (17)

So, all equations that we got previously are combined to the new formulation of the reflection 
coefficient. In that case, Eq. (5) will be written as: 

𝜇௘௙௙𝜀௘௙௙ = ℊ ቆሺ𝛽ெ௎்ሻ௝ሺ𝛽௩ሻ௝ ቇଶ, (18)

where “ℊ“ is a constant to be determined. We note by ∆𝑇௩ and ∆𝑇௠ the linearised phase constants 
when the test cell is in filled up with vacuum and MUT before correction, respectively, and by ∆𝑇௩௝  and ∆𝑇௠௝  once having corrected. By the way, we defined two elements 𝐵  and 𝐷  such as  𝐷 = ∆ ೘்ೕ∆ ೘் and 𝐵 = ∆ ೡ்ೕ∆ ೡ். In that case, Eq. (18) is written as: 

𝜇௘௙௙𝜀௘௙௙ = ቆ∑𝐵∑𝐷ቇଶ ቊ∆𝑇௠௝∆𝑇௩௝ቋଶ. (19)

Eq. (19) says that ℊ = ቀ∑஻∑஽ቁଶ  changes according to the material under test and the study 
frequency range. In addition, the fixture dimensions limit the study’s bandwidth, especially in 
frequencies lower than 2 GHz. In other words, as long as the gap between the inner diameter “𝑏” 
of the outer conductor and the outer diameter “𝑎” of the inner conductor is small, low frequencies 
than 2 GHz are reachable. That is the main reason in the choice of the test cell in terms of shape 
and dimensions. In point of fact, we validated the technique implementation with aquarium sand, 
semolina and palm trees with two species: vinifera and laurentiis. Further reasons to be sure that 
the results are right, we compared them with those obtained by using the two transmission-line 
technique (2TL) when the test cells are exactly the same. We have named by 𝜑ଵ = 𝛽ଵ𝑙ଵ  and  𝜑ଶ = 𝛽ଶ𝑙ଶ the linearised phase constant when the technique is used without improvement and by 𝜑ଵ௝ = 𝛽ଵ௝𝑙ଵ and 𝜑ଶ௝ = 𝛽ଶ௝𝑙ଶ once improved. In that case: ∆𝑇௩ = ሺሺ𝜑ଶሻ௩ሻ௠௘௦ + ሺሺ𝜑ଵሻ௩ሻ௠௘௦ − 2ሺሺ𝜑ଵሻ௩ሻ௠௘௦௜௩ , (20a)∆𝑇௠ = ሺሺ𝜑ଶሻெ௎்ሻ௠௘௦ + ሺሺ𝜑ଵሻெ௎்ሻ௠௘௦ − 2ሺሺ𝜑ଵሻெ௎்ሻ௠௘௦௜௩ , (20b)
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∆𝑇௩௝ = ൫ሺ𝜑ଶሻ௩௝൯௠௘௦ + ൫ሺ𝜑ଵሻ௩௝൯௠௘௦ − 2൫ሺ𝜑ଵሻ௩௝൯௠௘௦௜௩ , (20c)∆𝑇௠௝ = ൫ሺ𝜑ଶሻெ௎்௝ ൯௠௘௦ + ൫ሺ𝜑ଵሻெ௎்௝ ൯௠௘௦ − 2൫ሺ𝜑ଵሻெ௎்௝ ൯௠௘௦௜௩ , (20d)

5. Technique validation 

Measurements have been done from 20 MHz to 20 GHz with a particular attention on the 
frequency range 2-20 GHz. We have validated the technique with experiment on non-magnetic 
materials such as: palm tree raffia, semolina and aquarium sand. A vector network analyzer (VNA), 
connected to two circular coaxial test cells, which are manufactured in brass, where 𝑏 = 14.38 mm 
and 𝑎 = 4 mm as it is shown in Fig. 4, with 80 mm and 100 mm of lengths, is the RF measurement 
equipment we used. 

 
Fig. 5. The test cell design 

5.1. Electromagnetic simulations 

We have evaluated the technique relative error from the phase constant when the structure is 
filled up with vacuum. Using the circular coaxial dimensions that we have designed and 
manufactured, we compared both in good situation (absence of connector) and the real situation 
(there is a connector placed at a tip of the test cell). 

 
Fig. 6. Phase constants of ideal line after extraction from electromagnetic simulations: use of Eq. (20a) 
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We have extracted the phase constants in both cases and can notice that both sketch curves are 
nearly the same and negatives from 20 MHz up to 1 GHz. In that case, we have applied Eq. (8) to 
solve that. 

 
Fig. 7. Relative error’s curve from ideal and de-embedded phase constants 

Once the incertitude of the error was evaluated, we observed, as the following figure shows 
that the relative error decreases when frequency increases. Our main goal is to have a technique 
with an error of less than 10 % in the frequency range 2-20 GHz. The limits generated by the 
propagation modes now are stopped up to 20 GHz in our case when the MUT is vacuum. 

5.2. Experimental validation 

To validate the movable short-circuit line technique implementation, we applied the extraction 
procedure to the biotechnology food such as semolina in frequency up to 5 GHz as it shown below. 

 
Fig. 8. Relative permittivity result comparisons using two different equations 

The use of Eq. (19) gives good results from 1.7 GHz while both techniques (basic and 
improvement ones) start to approach each another from 3 GHz. We have compared the 
improvement technique results to those obtained with the use of two transmission-lines in 
reflection/transmission [9]. 
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Fig. 9. Relative permittivity result comparisons using two different techniques 

These results are closes to each another and prove that the movable short-circuit line technique, 
in its improvement version, is suitable for material relative permittivity extraction. The 
appropriateness or suitability of the low frequency where the technique can be acceptable is around 
1.6 GHz. Because of that, we have extracted other material relative permittivities such as aquarium 
sand and palm raffia in order to certify that assertion. 

 
Fig. 10. Relative permittivity results using the MSCL technique from Eq. (19) 

As we focused on frequency range 2-20 GHz, it is observed that the movable short-circuit 
technique has allowed covering frequencies upper than 10.4 GHz. Theoretically, when only 
vacuum is inside of this fixture, high order modes are generated from 10.4 GHz. Eq. (20), given 
in [21] is satisfied. 𝑓௠௔௫ሺಸಹ೥ሻ ≈ 191ሺ𝑏 + 𝑎ሻ√𝜀௥ , (21)

where “𝑏” and “𝑎”, inner diameter of the outer conductor and outer diameter of inner conductor, 
respectively, are in mm. The next sketched curves are used to compare results between two 
different techniques: the two transmission-lines (2TL) and MSCL. 
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a) 

 
b) 

Fig. 11. Comparison of relative permittivity of a) aquarium sand from MSCL and 2TL techniques and  
b) Laurentiis from MSCL and 2TL techniques 

The two transmission-line results are obtained with 4-6 % of relative error in the entire 
frequency range. The results are in conformity with those from electromagnetic simulation ones. 
The correction on the return loss coefficient allowed improving the extraction process and the 
technique implementation to cover frequencies 1.7-3.5 GHz. 

6. Conclusions 

In spite of the multitude of techniques which suffer from frequency limits because of the high 
order mode propagations that are generated by the test cell discontinuities, we have presented in 
this paper how to overcome that difficulty through the movable broadband short-circuit technique. 
This new way to extract the relative permittivity and/or permeability parameter is well adapted for 
industrial applications. We avoided using iterative solutions and suggested how to calculate 
automatically the correction factor according to the MUT and the scanned frequency range. The 
electromagnetic simulations have proved that the error rate is inversely proportional to frequency. 
It means that the more the covered frequencies increase, the better is the accuracy, which covers 
7% to 3% when using homogenous configuration. We validated the technique implementation 
with some biotechnology materials: two palm tree species (vinifera and laurentiis), aquarium sand 
and semolina in the frequency range 2-18 GHz with a good accuracy. We have proved that the 
technique result can be repeated as long as the calibration of the connector is well made, especially 
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its short circuit in microwave domains. Nevertheless, despite the progress we have made, the 
technique is not suitable for frequencies lower than 1.7 GHz, due to the test cell (dimensions or 
shape) and/or the mathematical formulation. This means that developing a new fixture or a new 
technique in order to reach low frequencies will be suitable. 
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