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ABSTRACT: This paper investigates a new, simple, fast, and broadband procedure to extract the material intrinsic parameters through
new mathematical modeling. It only uses the transmission coefficient of two identical lines. The method is based on the mathematical
reformulation of the two transmission lines, taking into account the effects of discontinuities at the interface connecting the trapper and
the connector, as well as the included S-parameters. These test cells have different lengths, so the sample under test (SUT) complex
relative permittivity is determined after fixing the vacuum structure’s electric length. At the same time, the mathematical formulation of
the telecommunications equation, which links transmission and reflection coefficients, was used to determine the loss tangent parameter
by combining the attenuation and phase coefficients. The correction of the electric length difference of the transmission coefficients
resulting from the measurement of the vacuum-filled test cells is done using an affine function. The frequency is the variable parameter,
and the slope (rate of variation) and the initial value (ordered at the origin) are computed according to the test cell used. On the one
hand, the suggested principle has the advantage of extracting the relative permittivity of the sample under test beyond the limit set by
the appearance of higher-order modes (propagated by considering the test fixture’s transverse dimensions). On the other hand, the use of
the reflection coefficient, although it improves the attenuation coefficient extraction, limits the characterization band of the loss tangent.
A circular coaxial test fixture has been used in the 1–20GHz frequency range to validate the proposed method with samples of various
materials, including semolina, polenta, Q-Cell 5020 (ceramic powder), aquarium stone, distilled water, and phantom gel. The results are
compared with those from the two transmission lines technique, as defined in its popular form.

1. INTRODUCTION

Researchers and developers in industries face significant
challenges when producing new transmission equipment or

devices. Thus, users increasingly demand more compact gad-
gets that perform well. That is why, among the many possibil-
ities that arise, we find the opportunity to utilize existing mate-
rials that are well known or to create new ones. All these offer
more flexibility in designing and manufacturing new transmis-
sion devices. The ease of integration, low cost, and high per-
formance of these devices require sound knowledge and con-
trol of materials. This can only be achieved by developing
techniques (new or existing) that meet the requirements of the
goals to be achieved [1]. The methods used are thus a set of
processes employed to obtain a determined result. In this con-
text, there are six major families: probe technology (applica-
tors) [2, 3], free space [4–6], transmission lines (short-circuit,
open circuit, etc.) [7], spiral or coils, parallel plate capacitors,
and resonant cavity [8]. Several sets of reasoned approaches
were followed to extract complex relative permittivity from the
literature. These methods can be classified into two prominent
families: narrowband or broadband, destructive or nondestruc-
tive [9], lumped or distributed elements, and resonant or non-
resonant. The shape and state of the sample under test (SUT) re-
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bango@umng.cg).

quire an adaptation of the sample holder to the frequency range
to be scanned and the precision to be achieved from the pa-
rameter to be extracted [1]. Through the use of electrical (di-
electric, semiconductor, conductor), magnetic (ferromagnetic,
etc.) [10, 11], and magnetoelectric [12] materials, devices, such
as filters [13], antennas [14], and oscillators [15], play a key
role in various devices and appliances in improving the lives of
consumers through more demanding specifications that suppli-
ers and other industrialists must respect.
Although resonant cavity technique achieves the best pre-

cision on loss tangent and relative permittivity [16], it suf-
fers from the narrowness of the bandwidth frequency to be
scanned [17]. Thus, transmission lines become serious can-
didates due to the frequency range (broadband) to be cov-
ered [12]. In that case, transmission line technique became
the most well-known technique [18, 19], especially two-line-
line technique, because of the difference in the test cell lengths.
One- or two-port transmission structures dedicated to wafers
or liquids can be homogeneous or inhomogeneous [20]. The
newly developed approaches consist of differences in the trans-
mission coefficient phase constant (∆Φv) of both lengths in
vacuum and SUT configurations. This new approach intro-
duces an additional term when using the product of the chain
scattering matrix. Moreover, the expression of the latest math-
ematical model creates a disturbance of the received signal in
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a small frequency range in the vacuum case. Hence the need
to fix the defect becomes a necessity. Using the affine func-
tion [21] to correct some imperfections of∆Φv is a key point in
broadening the frequency range of the study. The loss tangent is
determined using the telecommunication principle through at-
tenuation coefficient [22], which uses the reflection and trans-
mission coefficients of the whole structure without the need
for de-embedding step. The proposed approach is based solely
on utilizing the transmission coefficient arguments of the two
trap devices and telecommunication equation to calculate the
attenuation coefficient, in both the absence and presence of the
tested sample. This is aimed at achieving the primary goal of
extracting the SUT’s relative permittivity and loss tangent. Re-
ferring to [7], the authors use the characteristic impedances of
the different line segments and a third-degree polynomial func-
tion. Some authors sometimes use second-degree or exponen-
tial polynomial functions to represent an extraction model of
the complex permittivity of materials [23].
The two approaches adopted are easy to implement, quick

to execute, reliable, and more precise regarding the results ob-
tained. They cover an extensive frequency band compared to
the conventional transmission line method. They better cor-
rect the discontinuity effects at contact interfaces between the
connector and SUTs’ trapper. Biofood materials (semolina, po-
lenta), ceramic powders (Q-Cell 5020), biomass (distilled wa-
ter, aquarium stone), and transmission gel for industrial, scien-
tific, and medical (ISM) applications were used as test samples
to validate the proposed new approach. An HP Agilent 8510C
vector network analyzer (VNA) has been utilized as an radio
frequency (RF) measurement device for experimental valida-
tion in the 1–20GHz frequency range. This paper describes a
novel approach to processing the two-line technique. Twomain
sections are dedicated to it: methodology and experimental val-
idation. The study will conclude with a comparison of results
with those available in the literature.

2. METHODOLOGY OF THE SUGGESTED AP-
PROACHES
A transmission line comprises an ideal line, where the SUT
is trapped, and two connectors at the ends [24]. These two
connectors can be connected to the measuring device for S-
parameters data acquisition.
The two connectors are generally considered identical when

different approaches are developed. However, this is not neces-
sarily the reality because of manufacturing risks. This assump-
tion is often considered when approaching the difference in line
lengths through the two transmission lines technique.
Figure 2 is the two-line-line method simplified representa-

tion, where two identical devices under test (DUT), which differ
in physical lengths l1 and l2. EachDUTmeasurement should be
taken with the device empty and then filled with the sample to
be tested. The acquisition of data through S-parameters allows
us to define the chain scattering matrix for each trapper before
associating both and determining the equivalent chain scatter-
ing matrix. Due to the mathematical formulation, additional
terms are observed. The measurement of a vacuum-filled sam-
ple trapper is a real challenge in the field of material characteri-

zation because it limits the frequency band to be covered. Thus,
the proposed method addresses this limitation by incorporating
an additional term for reflection elements into the classical for-
mulation of the two-line transmission method. The results are
compared with those obtained using the two-line method and
the well-known conventional formulation.

2.1. The Two-Line-Line Technique: Popular Description
Two-transmission-line technique is one of the most popular
methods, based on T -matrix (chain scattering matrix) or R-
matrix (cascading matrix), to determine the equivalent prop-
agation constant.

[R] = [T ]
−1 (1)

That procedure partially solves the problem of contact inter-
faces between the connector and ideal trapper fixture [26]. The
technique utilizes two identical fixtures with the exact cross-
sectional dimensions but differing in their longitudinal dimen-
sions (physical length l2 > l1). The chain scattering matrix is
related to S-parameters of the fixture’s two-port network [27]
by,

[
T v,m
1,2

]
=

[
T v,m
(11)1,2

T v,m
(12)1,2

T v,m
(21)1,2

T v,m
(22)1,2

]
=

1

S(21)1,2[
1 −S(22)1,2

S(11)1,2
S(12)1,2

S(21)1,2
− S(11)1,2

S(22)1,2

]
(2)

where S11 and S21 are the reflection and transmission coeffi-
cients, respectively. Such a definition emphasizes the use of
reflection and transmission coefficients. Subscript letters v and
m symbolize the vacuum and sample under test while [T1,2]
means T -matrix for the test cell of length l1 and l2, respectively.
The following operation,

[T∆L] = [T v,m
2 ] · [T v,m

1 ]
−1

=

 T
(∆L)
(11)v;m

T
(∆L)
(12)v,m

T
(∆L)
(21)v,m T

(∆L)
(22)v,m

 (3)

allows determining the propagation constant (γ∆L) of the ideal
line after correcting discontinuities, which becomes,

γv,m∆L = cosh−1

{
T
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+T
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}
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(4)

where the eigenvalues are,
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(5)
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The coaxial fixture used is homogeneous, then ε∗eff = ε∗r . In
that case, the relative permittivity is obtained as,

ε′r =

(
∆θm
∆θv

)2

(6)

and the loss tangent becomes,

tan δd = 2

{
αm∆L

∆θm
− αv∆L

∆θv

}
(7)

where, {
γv,m∆L = αv,m∆L+ jθv,m

∆L = l2 − l1
(8)

This formulation does not consider the effects of the discontinu-
ity circuit at the junction connector and trap line, in which case,
the result would not be as quoted in several publications [28].
Hence, revisiting the mathematical formulation becomes both
a challenge and an imperative.

2.2. The Two-Line-Line Technique: New Mathematical Model

As demonstrated by the previous equations, this two-
line technique emphasizes the use of reflection coef-
ficients. This has a significant impact, especially on
the phase extracted when measuring the vacuum-filled
test cell. Let us consider the following definition,

[T ]=


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]
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]
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]
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[
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]
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[ΓD]
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[
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(9)

Rewriting Equation (3) leads to,

[T∆L] = [X] [ΓD]
[
T v,m
l2

] [
T v,m
l1

]−1︸ ︷︷ ︸
[Tv,m

∆l ]

[ΓD]
−1

[X]
−1 (10)

Solving Equation (10) leads to a matrix with three unknown
parameters: Γ (the reflection coefficient at the interface con-
nector — trapper), γ0l0 (the connector’s propagation constant),
and γ∆l. The true matrix representing the discontinuity cor-
rection’s principle is given as follows,

[T v,m
∆l ] =

[
T v,m
l2

] [
T v,m
l1

]−1 (11)

and

[T∆L] =
1

(1− Γ2)[
(eγ∆l − Γ2e−γ∆l) Γ(e−γ∆l − eγ∆l)e2γ0l0

Γ(eγ∆l − e−γ∆l)e−2γ0l0 (e−γ∆l − Γ2eγ∆l)

]

=

[
T 11
∆l T 12

∆l

T 21
∆l T 22

∆l

]
(12)

Solving Equation (12), it is possible to determine the connec-
tor’s propagation constant as defined below,

γ0l0 =
1

2
ln
(
−T 12

∆l

T 21
∆l

)
(13)

This result is particularly interesting when the DUT is filled
with a vacuum. Let us consider Equation (3) and express [T∆L]
with S-parameters,

[T∆L] =
1

S
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21 S

(l2)
21
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S
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(l2)
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) (
S
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11 S
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)

(14)

as well as,

T 11
∆l + T 22

∆l = 2

(
S
(l2)
21 S

(l2)
12 + S

(l1)
21 S
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12

2S
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21

)
+Ψ(S) (15)

where,

γ∆l = cosh−1

{
S
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21 S

(l2)
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21 S

(l1)
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2S
(l1)
21 S
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and,

Ψ(S) =
S
(l2)
11

(
S
(l1)
22 − S

(l2)
22

)
+ S

(l1)
11

(
S
(l2)
22 − S

(l1)
22

)
S
(l2)
21 S

(l1)
21

(17)

Based on the mathematical model presented in Equation (9),
the reflection coefficients, as shown in Equations (12) and (14),
and those that follow, do not allow for the precise definition of
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FIGURE 1. A transmission line with all its elements.

FIGURE 2. Reduced model of the line-line method trapping a SUT [25].

the deviation of the sought propagation constant. Equation (15)
demonstrates that the approximation made through the condi-
tion presented by Equation (4) is a limiting factor of the fre-
quency band in determining the propagation constant of the
line segment devoid of discontinuities. Hence, Equation (18)
only considers the transmission effects by removing the addi-
tional term that limits the frequency band to be covered. Equa-
tion (17) appears as an additional term, which reduces the study
frequency band. This extra term can be associated with the one
showing the effects of discontinuities from a cut-off frequency.
Using the reasoning developed by several researchers who have
worked around the problem of transmission lines, we can estab-
lish that the choice of function is essential. Indeed, the hyper-
bolic cosine function is prone to not providing the same level
of precision across different data processing software. In that
case, it appears that,

γ∆l = ln

{
S
(l2)
12

S
(l1)
21

}
= − ln

{
S
(l1)
12

S
(l2)
21

}
(18)

The cut-off frequency is closely related to the sample holder’s
cross-sectional dimensions and intrinsic parameters of the SUT.
Using the trigonometric function, such as hyperbolic cosines,
may generate numerical errors that must be corrected. There-
fore, it is suggested to use the logarithmic function as given in
Equation (18).

2.3. The Two Line-Line Technique: Quick Resolution Approach
Due to the imperfections at the contact interference, the math-
ematical methodology is presented in this sub-section to avoid

the de-embedding operation through the matrix computation.
Reflection (S11) and transmission (S21) coefficients [29] are
data from the VNA due to the disturbance of electric and mag-
netic field lines within the test cell [30, 31]. On one hand, the
combination of these two parameters allows us to determine the
attenuation coefficient [22] as given below,

αv,ml =
1

20 log (e){
−SdB

21(v,m)
+ SdB

11(v,m)
+ 10 log

{
1

|S11|2
− 1

}}
(19)

where (αl) is expressed in neper (Np). This equation combines
the transmission and reflection coefficients, allowing for the so-
lution of resonances closely related to the physical length of the
test cell and the various materials present. On the other hand,
the phase of the transmission coefficient is deduced from Eu-
ler’s theorem by the equation given as follows,

θv,m1,2 = −j

{
ln
(

Sv,m
21

|Sv,m
21 |

)}
(20)

The attenuation coefficient is calculated through Equation (18).
The metal bloc and open-coaxial probe, as shown in Figure 1,
are different elements of the test cell used for the suggested
approach. The propagation speed is not frequency-dependent
when a transverse electromagnetic or quasi-TEM mode propa-
gates. Thus, phase jumps do not exist. Hence, there is a need
to linearize the phase, which can oscillate between π and −π.
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(a) (b)

FIGURE 3. (a) Filling of the two identical trappers with distilled water. (b) Radio frequency measurement bench with the device under test for
S-parameters’ data acquisition.

Φv,m
1,2 denotes the linearized phase and ∆Φv,m the difference

between these phases, such as,{
∆Φm = Φm

2 − Φm
1

∆Φv = Φv
2 − Φv

1

(21)

By referring to Equation (6), it is deduced that the relative per-
mittivity [32] of the SUT in its new definition becomes,

ε′r(ND)
=

(
∆Φm

∆Φv

)2

=

(
Φm

2 − Φm
1

Φv
2 − Φv

1

)2

(22)

This formulation enables the correction of defects in connec-
tors, whether identical or not, as well as the effects of disconti-
nuities, particularly when the sample holder is filled with SUT.
Thus, the affine functions approach [33] improves the acquired
phase when the test cell is filled with vacuum (i.e., an environ-
ment without charges). The form of the function is,

∆Φv
c (f) = Af +B (23)

where the rate of variation “A” and the initial value “B” are
given as follows [34],

A =
∆Φv

n −∆Φv
k

fn − fk
(24)

and,

B =
∆Φv

kfn −∆Φv
nfk

fn − fk
(25)

The needed function is written as presented in the equation be-
low,

∆Φv
c (f) =

(
1

fn − fk

)
{(∆Φn −∆Φk) f + (∆Φkfn −∆Φnfk)} (26)

This new formulation ∆Φv
c results in a novel approach to the

rapid extraction of the relative permittivity of the SUT.

ε′r(NF) =

(
Φm

2 − Φm
1

∆Φv
c

)2

(27)

Finally, it is observed that Equation (16) is in scientific confor-
mity with Equations (19) and (21). Further investigations will
be made using the following experimental measures to validate
this assertion. Using Equations (19), (21), and (26), the dielec-
tric loss tangent can be determined as given in Equation (28)
below,

tan δd(NF) =2


(
α
(l2)
m − α

(l1)
m

)
∆L

∆Φm
−

(
α
(l2)
v − α

(l1)
v

)
∆L

∆Φv
c


(28)

The electric lengths “θ” and “Φ” are related to the phase con-
stant “β” and physical length “l” in the relation below [35],

θ = βl (29)

These electrical lengths are linearized [36, 37] to correct the ob-
served phase breaks.

3. MEASUREMENT RESULTS AND DISCUSSION
A circular coaxial test cell has been manufactured, as shown in
Figure 3, to validate the new definition of the two-transmission
line technique (TTLT). The test cell has an inner-outer con-
ductor diameter of D = 14.36mm. In comparison, the outer-
inner conductor is d = 4mm. Both test cells have lengths of
63.60mm and 83.60mm.
The HP Agilent 8510C vector network analyzer (VNA) uti-

lizes RF technology. This kind of RF equipment is often used in
this domain [38]. This equipment enables broadband measure-
ments from 45MHz to 50GHz using a 2.4mm coaxial kit cal-
ibration. Thus, after having filled the vacuum trap or test sam-
ple, as presented in Figure 3(a), it is inserted and connected to
the RF measurement equipment for S-parameters data acquisi-
tion. This is shown in Figure 3(b). Imported on a data process-
ing software and taking into account the two chosen mathemat-
ical models (popular formulation and novelty proposed model),
a program is written. The well-known model serves as a refer-
ence basis for comparing results from the stated formulation.
This comparison provides a solid basis for supporting the pro-
posed model choice. The principle of filling sample carriers
with the SUT remains the samewhile considering the SUT state
and shape. The samples tested are the Q-Cell 5020, fine po-
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TABLE 1. The extracted values of phantom gel at 900MHz.

Parameter/Technology Manufacturer Suggested formulation
Relative permittivity ε′r 41.4± 5% 41.194

Electric conductivity σ (S/m) 0.95 0.965

Method Resonant cavity Transmission line

(a) (b)

FIGURE 4. (a) Scanned frequency of the fine polenta’s relative permittivity. (b) Scanned frequency of the fine polenta’s loss tangent.

(a) (b)

FIGURE 5. (a) Scanned frequency of the fine semolina’s relative permittivity. (b) Scanned frequency of the fine semolina’s loss tangent.

lenta, fine semolina, aquarium stone, distilled water, and phan-
tom gel [39].
The suggested new formulation aligns perfectly with the re-

sults observed in Figures 4, 5, 6, 7, and 8. Also, they show a
promising trend in the curves from different formulations. The
results, presented in various figures, are compared with those
obtained using the line-line method, which employs a different
mathematical formulation, as illustrated in these figures.
Apart from the perfect agreement of the trend among all re-

sults, we can also raise the frequency band’s size. These results
prove that using approximations through affine functions is a
well-adapted principle in material characterization [40], espe-
cially in the case of vacuum. Indeed, all samples tested, whose
extraction model is based on Equation (18), show results in a
broader frequency range. It is worth noting that the test cells

and measurements are conducted under the same conditions.
In other words, the processing data is the same.
The phantom gel is a transmittance substance for medical

imaging applications. It is also known as Liquid 900MHz, and
the manufacturer employed the resonant cavity method to ob-
tain results at 900MHz. Table 1 summarizes the comparison of
extracted values between the suggested method and those pro-
vided by the supplier ANTENESSA.
On the one hand, the differences between the extracted val-

ues are not as significant. This shows the reliability of the pro-
posed formulation. On the other hand, it is noticed that the fre-
quency band covered by the study using the new formulation
is almost double. This is a significant benefit. The literature
is rich in the electrical parameters of pure or distilled water; a
comparative study is presented in Table 2. According to this
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(a) (b)

FIGURE 6. (a) Scanned frequency of the aquarium stone relative permittivity. (b) Scanned frequency of the aquarium stone’s loss tangent.

(a) (b)

FIGURE 7. (a) Scanned frequency of the distilled water relative permittivity. (b) Scanned frequency of the distilled water loss tangent.

(a) (b)

FIGURE 8. (a) Scanned frequency of phantom gel (Liquid 900MHz) relative permittivity. (b) Scanned frequency of phantom gel (Liquid 900MHz)
electric conductivity.

claim, the relative permittivity of pure water is approximately
80 [41].
The proposed approach uses only the correction of electrical

length defects in the case of a reference environment (empty),
as its relative permittivity is always equal to one. This results in
the non-adaptation of this approach to materials whose relative

permittivity is very close to that of vacuum. Figure 9 shows the
perfect illustration of this case.
For SUTs (see Figures 4–9), their behavior suggests that us-

ing the new formulation enables the extension of the frequency
band, yielding results with improved accuracy. The results of
the new approach are obtained with an error of less than 6%.
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(a) (b)

FIGURE 9. (a) Scanned frequency of the Q-Cell 5020 relative permittivity. (b) Scanned frequency of the Q-Cell 5020 loss tangent.

TABLE 2. Method’s comparison of the extracted distilled water at 20◦C.

Reference Applied method Relative permittivity ε′r
[23] Not provided 80.29

[42] Capacitive sensor 80.00

Our work
Popular line-line formulation 79.257

New line-line formulation 81.50

Figure 9 shows the difficulty of using this new extraction for-
mulation for materials whose relative permittivity is close to
one in the band below 5GHz (in this case). This difficulty is
mainly related to the ripples that appear in this frequency range.
It can be assumed that the state of the contact interface be-
tween the connector and the trapper would cause the successive
ripples observed during measurements of the empty test cells.
From the overall view results, the developed approach demon-
strates its reliability. It is better suited to high-k materials and
applicable to high frequencies to avoid the effects leading to
ripples, as shown in all results. Therefore, this new model of-
fers good accuracy in a wide frequency band.

4. CONCLUSIONS
This paper uses two-transmission line technique to describe a
new approach based on the latest mathematical model. A fixa-
tion on the fault resolution of the electrical length is made via
an affine-type function for the vacuum case. The difference
in this new approach is that it addresses ripples that appear in
certain places. Two methods have been proposed for the same
result in this paper: The difference in the propagation constant
from each measured test cell’s transmission coefficient and the
multiplication of the chain scattering matrix remove the addi-
tional term that limits the frequency band to be covered. The
goal is achieved by extending the covered frequency band com-
pared to the conventional formula while increasing the accu-
racy of the extracted parameters. Two circular coaxial test cells
have been manufactured, and the measurement bench is also
equipped with an HP Agilent 8510C Vector Network Analyzer
(VNA), which covers frequencies ranging from 1 to 20GHz.
Moreover, the experimental validation was conducted using

five specimens: fine polenta, fine semolina, aquarium stone,
Q-Cell 5020, and spring water. These sample holders have
cross-sectional dimensions (d = 4mm, D = 14.36mm) and
longitudinal dimensions (l1 = 63.60mm and l2 = 83.60mm).
The newmethod demonstrated its broadband capability with an
error of less than ±6% on relative permittivity across the en-
tire frequency range of 1–20GHz, according to the SUT. Low-
k (polenta, semolina, aquarium stone, and Q-Cell 5020) and
High-k (distilled water and Liquid 900MHz) are tested insula-
tors. In that case, the scanned frequency range depends on the
SUT relative permittivity value.
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