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Abstract – This work utilizes the Nicolson-Ross-Weir
(NRW) method to analyze the frequency-dependent
material properties of the insulator inside cables. These
properties include ε(f ), µ(f ), and tanδ . Common meth-
ods for this analysis include the open-ended coaxial
probe method, free space method, resonant method, and
transmission/reflection line method. Each method has a
suitable structure and may require additional samples for
measurement. Our proposed method can calculate the
real material properties of the insulation after foaming in
the cable following extrusion, up to 40 GHz. This study
also compiles the effects of various factors on the extrac-
tion of material parameters and provides a detailed anal-
ysis of potential sources of error. We observed that vari-
ations in production can introduce discrepancies after
de-embedding, which can result in anomalies at the dis-
sipation factor curve. Finally, we propose a correction
method that effectively improves the accuracy of the
extracted dielectric constant.

Index Terms – Cable, characterization, de-embedding,
dielectric constant, Nicolson-Ross-Weir (NRW) method.

I. INTRODUCTION
The rapid development of artificial intelligence (AI)

and cloud computing has driven a surge in demand
for data processing, storage, and transmission. These
advancements have heightened the performance require-
ments for servers and data centers. To meet these
demands, high-performance computing (HPC) and AI
servers are increasingly adopting the PCIe 6.0 standard,
which delivers significantly faster data transfer rates,
enabling bidirectional throughput of up to 128 GB/s.

However, the increase in transmission rates implies
greater signal bandwidth. For instance, the PCIe 6.0
specification requires that when transmitting at 64 GT/s
using 4-Level Pulse Amplitude Modulation (PAM4)

signal modulation, the signal frequency reaches 16 GHz.
Additionally, the Insertion Loss (|S21|) target must be
greater than -7 dB for a cable and -36 dB for the
total channel. Nevertheless, with modern Printed Circuit
Boards (PCBs), signal attenuation increases significantly
at such high frequencies, and issues such as Electro-
magnetic Interference (EMI) and crosstalk increasingly
affect signal integrity. As a result, reducing signal atten-
uation within the channel, increasing signal speed, and
maintaining good signal integrity have become pressing
challenges in the development of cable solutions today.
Extracting accurate Relative Permittivity and Loss Tan-
gent parameters is crucial [1].

TwinAx cables play an important role in modern
communication systems due to their high transmission
rates, excellent anti-interference capability, and rela-
tively low cost. Consequently, many manufacturers are
now incorporating more TwinAx cable architectures in
system designs as signal transmission channels, extend-
ing the effective length of PCIe channels. This enables
all high-speed devices to be integrated into a single sys-
tem or allows for more efficient transmission between
different systems.

However, as the number of high-speed cables used
increases, the quality of these cables becomes crucial.
The manufacturing process of TwinAx cables includes
steps such as wire drawing, insulation extrusion, twist-
ing, and braiding. These processes are often suscepti-
ble to process errors, leading to various non-ideal effects
such as insufficient concentricity and outer diameter tol-
erance. Ensuring the design precision of these cables is
crucial, as manufacturing defects can lead to impedance
mismatches, thereby disrupting system performance
[2–10].

Accurate characterization of material properties,
such as ε(f ), µ(f ), and tanδ (f ), across different frequen-
cies is essential to ensuring high-frequency performance
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and system stability. By addressing these issues, future
research and applications can improve the quality and
reliability of TwinAx cable manufacturing, ensuring con-
sistency in high-speed data transmission.

Currently, there are several methods for inspecting
the quality of cable insulators, with the most used in
the manufacturing industry being the Electro Capacitive
Method of Control [11–13] and the Spark Method of
Control [14].

The process for the Electro Capacitive Method
involves passing the cable through a circular electrode
and applying a low voltage source across the insulator
on both sides of the cable [15]. The capacitance value
between the insulator’s sides is then measured. If there
are defects in the cable’s insulator structure, fluctua-
tions in the measured capacitance value may occur. To
ensure full contact between the insulator surface and the
electrode surface, the entire measurement process takes
place in a cooling tank, which is why this method is also
known as the “Water Capacitive Method.” This method is
widely adopted by most cable manufacturers for Statisti-
cal Process Control (SPC) monitoring of production line
quality.

The Spark Method of Control, on the other hand,
involves applying high voltage to the insulator surface
through different types of electrodes, including Chain-
type, Spring-type, or Brush-type. If there is a defect in
the cable’s insulation layer and it passes through the
high-voltage area, an electrical breakdown will occur.

However, both cable inspection methods are only
suitable for examining cables at low frequencies (≈50
MHz). For microwave frequencies (300 MHz∼300
GHz), other methods are required to obtain the material
characteristics of the cable insulator.

With technological advancements, various methods
have been developed to obtain the complex proper-
ties of materials at high frequencies. In the microwave
domain, S-parameters measured using a network ana-
lyzer are often processed numerically to convert them
into the dielectric properties of insulators. The most com-
mon methods currently include the Open-ended Coax-
ial Probe Method [16–18], Free Space Method [19–21],
Resonant Method [22–25], and Transmission/Reflection
Line Method [26–28]. Each method is suited to specific
structures, and the extracted dielectric properties of the
insulating materials may vary slightly.

In the past, most cable manufacturers used these
methods for measurement, requiring large, thin samples,
typically molded by material manufacturers. However,
there are discrepancies between these measurements and
those of actual cables, as the cable insulators are formed
through foaming and extrusion processes.

We reference the method in [26] and propose a mea-
surement framework using the Transmission/Reflection

Line Method. Although our goal is to extract the dielec-
tric constant of the insulator in a high-speed PCIe dual-
core cable, we measure a coaxial cable instead. Since
the manufacturing process is identical, we can obtain the
dielectric constant of the foamed insulator in the same
way. Using a 2-port vector network analyzer (VNA), it
is possible to measure the S-parameters required for the
calculations. Section II explains the theory and calcu-
lation equations. Section III discusses the extraction of
dielectric material properties, while section IV simulates
the impact of manufacturing deviations in coaxial cables
on the extracted material properties. Section V is simula-
tion and validation. Section VI is measurement. Finally,
section VII presents the conclusion.

II. MEASUREMENT INSTRUCTIONS AND
METHOD

The measurement framework for the Transmission
Line Method includes the Device Under Test (DUT) and
fixtures attached to both ends of the DUT. The DUT can
be a transmission line that propagates electromagnetic
waves in TEM mode or a rectangular waveguide that
propagates electromagnetic waves in TE mode, such as
coaxial cables or microstrip lines. During measurement,
the DUT is connected to a VNA via fixtures or adapters.
The impedance of the DUT and the measurement system
(fixture) are denoted as Zd and Z0, respectively.

In the calculation process, the length of the DUT,
l, must be known in advance, and the propagation con-
stant of the DUT is assumed to be γD. The propagation
factor (T) of the DUT is expressed as e−γ Dl , as shown
in equation (1). Using the impedance of the DUT and
the system, the reflection coefficient ρ and transmission
coefficient τ between the DUT and fixture can be calcu-
lated, as illustrated in equations (2) and (3):

T = e−γDl , (1)

ρ =
Zd −Z0

Zd +Z0
, (2)

τ =
2Z0

Zd +Z0
= 1+ρ . (3)

Subsequently, employing the Lattice Diagram
method, as depicted in Fig. 1, the effects of multiple
reflections are calculated by summing the reflected and
transmitted signals. This allows for the establishment
of relationships between the measured S-parameters, the
reflection coefficient ρ , and the propagation factor T of
the DUT, as shown in equations (4) and (5):

S11 = ρ +(1+ρ)(1−ρ)(−ρ)T 2

+(1+ρ)(1−ρ)
(
−ρ

3)T 4

+(1+ρ)(1−ρ)
(
−ρ

5
)

T 6 + . . . , (4)
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Fig. 1. Multiple reflections of a single frequency in the
fixture.

S21 = (1+ρ)(1−ρ)T +(1+ρ)(1−ρ)ρ
2T

3

+(1+ρ)(1−ρ)ρ
4T

5
+ . . . . (5)

After establishing the relationship between the mea-
sured S11 and S21, the reflection coefficient ρ , and the
propagation factor T of the DUT, simultaneous equations
can be solved to derive equations (6-8). During this pro-
cess, it is important to note that there may be two pos-
sible solutions for the reflection coefficient ρ . However,
since the measurement is performed on passive compo-
nents, where gain is not present, only the solution with
ρ less than 1 is valid. This enables the calculation of the
reflection coefficient ρ and the propagation factor T of
the DUT from the measured S-parameters without prior
knowledge of the characteristic impedance of either the
DUT or the system:

ρ = K ±
√

K2 −1 , |ρ|< 1, (6)

K =
S11

2 −S21
2 +1

2S11
, (7)

T =
S11 +S21 −ρ

1− (S11 +S21)ρ
. (8)

Once the reflection coefficient ρ and the propa-
gation factor T have been derived from the measured
S-parameters, the relationship between the propagation
constant γD of the DUT and the propagation factor T can
be obtained, as shown in (9):

γD =
1
l
· ln

(
1
T

)
. (9)

However, in the calculation process, since S-
parameters not only include the magnitude of the voltage
wave propagation ratio but also contain important phase
information, they are typically represented in complex
form. This implies that, during calculations, the reflec-
tion coefficient ρ , the propagation factor T, and the prop-
agation constant γD of the DUT may exhibit phase ambi-
guity as a function of frequency. This occurs because
the same imaginary value may correspond to different

phase angles, requiring careful attention during analysis.
To address phase ambiguity, numerical methods such as
the unwrap algorithm in MATLAB can be employed to
adjust the phase angles. By applying phase continuity
correction, the imaginary part of the propagation con-
stant γD is ln(1/T), as shown in (10):

ln
(

1
T

)
= real

(
ln
(

1
T

))
+ j

∗unwrap
(

imag
(

ln
(

1
T

)))
. (10)

After obtaining the propagation constant γD of the
DUT structure, the next step is to derive the relation-
ship between the wave number k, cutoff wave number
kc, and phase constant β of the DUT through Faraday’s
Law and Ampere’s Law from Maxwell’s equations in the
source-free region. From (11), when the wave number k
exceeds the cutoff wave number kc, the phase constant
β in the propagation constant γD of the DUT becomes
a real number. Electromagnetic waves can only propa-
gate within the structure when β is a real number, which
leads to the concept of the cutoff wave number kc. The
cutoff frequency fc can be obtained from the cutoff wave
number kc as shown in (12):

γ
2
D + k2 = kc

2, (11)

fc =
kc

2π
√

µε
. (12)

This study uses coaxial cables to extract the dielec-
tric material properties. During the propagation of elec-
tromagnetic waves within a coaxial cable, the electric
field, magnetic field, and wave propagation direction are
mutually orthogonal. The propagation mode in coaxial
cables is the TEM mode. According to the definition of
the TEM mode, there are no longitudinal (propagation
direction) electromagnetic field components (Ez, Hz) in
the guided wave structure.

From (13), the cutoff wave number kc for the TEM
mode in a coaxial cable is zero. Therefore, by using the
propagation constant γD of the DUT calculated from the
measured S-parameters and the wave number k, which
is related to the material, as shown in (14), and substi-
tuting it into (13), a crucial relationship is obtained as
shown in (15), which can then be simplified to (16). In
this equation, c is the speed of light in a vacuum (3×108

m/sec), which is inversely proportional to the square root
of the vacuum permittivity (ε0 ) and vacuum permeability
(µ0), as described in (17). Here, ω represents the angular
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frequency, and f represents the frequency:
k = ω

√
µε, (13)

γ2
D + k2 = 0 , (14)

(γD)
2 +(ω

√
µε)2 = 0, (15)

γD = j

√
ω2µrεr

c2 = j2π

√
f 2µrεr

c2 , (16)

c =
1

√
ε0µ0

. (17)

The intrinsic impedance η of a wave in the dielec-
tric material of the DUT, also known as the wave
impedance, is defined in (18). According to the defini-
tion of wave impedance, it is proportional to µ/γ . Assum-
ing that the wave impedance of the system is η1 and the
wave impedance of the dielectric material in the DUT
is ηD, we can proceed to calculate the reflection coef-
ficient ρ between the system and the DUT using the S-
parameters through equation (6). The reflection coeffi-
cient ρ is related to the wave impedance η1 of the sys-
tem and the wave impedance ηD of the DUT’s dielectric
material, as shown in (19):

η =
jωµ

γ
∝

µ

γ
, (18)

ρ =
η2 −η1

η2 +η1
. (19)

Assuming that the wave impedance in the sys-
tem is equal to the wave impedance in a vacuum,
i.e., η1=η0=377 ohm, we substitute the relationship
from (18) into (19) and rewrite it as (20). Simplifying
further, we obtain (21).

Using equation (21), we can then calculate the
relative permeability µr(f ) of the DUT, as shown in
(22). By expressing the propagation constant in a vac-
uum γ0 using equation (16) and calculating the propaga-
tion constant γD of the DUT from equation (9), we can
compute µr(f ), as described in (23):

ρ =

µ2
γD

− µ0
γ0

µ2
γD

+ µ0
γ0

, (20)

ρ =

γ0
γD

·µr −1
γ0
γD

·µr +1
, (21)

µr = (
1+ρ

1−ρ
)

γD

γ0
, (22)

µr =

(
1+ρ

1−ρ

)
γD

j2π

√
f 2

c2

. (23)

After obtaining the relative permeability µr(f ) of the
DUT, it can be substituted into equation (15) to calcu-
late the relative permittivity εr(f ), as shown in (24). The
resulting expression can be simplified as (25). Permittiv-
ity ε is a physical property that describes the material’s
response to polarization under the influence of an electric
field. The real part of ε represents the dielectric’s ability

to refract electromagnetic waves, which can be used to
calculate how the direction of electromagnetic waves
changes as they move from one medium to another. The
imaginary part, on the other hand, represents the energy
loss within the dielectric, which is caused by the gener-
ation of heat from the oscillation of polarized dipoles in
the material. Due to energy conservation, the imaginary
part of ε must be negative, as described in (26):

(γD)
2 +(ω

√
µrεrµ0ε0)

2 = 0, (24)

εr =− c2

µr
·
(

γD

ω

)2
, (25)

ε = ε
′ − jε

′′
= ε

′
(1− jtanδ ) . (26)

In the calculation process using the Transmission
Line Method, the loss term includes both dielectric loss
and conductor loss from the coaxial cable, resulting in
equation (27). From this, the loss tangent tanδ of the
DUT’s dielectric material (including the metal) can be
derived, as shown in (28).

However, it is important to note that, if the dielec-
tric material has very low dielectric loss, the loss tangent
value tanδ calculated from equation (29) may be domi-
nated by the metal losses, preventing an accurate deter-
mination of the dielectric material’s tanδ :

∇×−→
H = jωε

−→
E +

−→
J , (27)

where
−→
J = σ

−→
E ,

∇×−→
H = jωε

−→
E +σ

−→
E = jωε

′−→
E +(ωε

′′
+σ)

−→
E ,

(28)

tanδ =
ωε

′′
+σ

ωε
′ . (29)

III. EXTRACT INSULATOR PARAMETERS
FROM MEASUREMENT

A. Equation formatting
This study prepared three different lengths of coax-

ial cable samples, with lengths of 15 cm, 30 cm, and
50 cm, and quantities of 10, 10, and 5, respectively, as
shown in Fig. 2. According to the manufacturer’s data,
the dielectric constant (εr) of the insulation in the coaxial
cables is 2.04±1% at 1 GHz, and the loss tangent (tanδ )
ranges from 0.0002 to 0.0004.

Aside from manufacturing tolerances, the three test
samples are identical in structure, differing only in
length, see Fig. 3. Therefore, two coaxial cables of dif-
ferent lengths were selected for the experiment. The
shorter cable was used as the calibration object, while
the longer one was used as the error model. The 2X-
Thru de-embedding technique was employed to remove
the effects of the 3.5 mm SMA connectors, preserving
the characteristics of the coaxial cable in between. As a
result, the extracted material parameters are free from the
influence of the SMA connectors, as illustrated in Fig. 4.
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Fig. 2. Coaxial cables used for measurement.

(a) (b)

Fig. 3. (a) Hand-soldered coaxial cable to SMA connec-
tor. (b) Cross-section of the coaxial cable.

(a)

(b)

Fig. 4. 2X-Thru de-embedded technique. (a) Error
model. (b) Thru line.

In this experiment, we used two sets of coaxial
cables, each comprising ten cables of 15 cm and 30 cm
in length, respectively. The S-parameters of each cable
were measured using a VNA. Subsequently, a 2X-Thru
de-embedding process was applied. The objective was to
obtain the parameters of the DUT, which in this case is
a 15 cm cable. The error model was based on the mea-
surement of the 30 cm coaxial cable, while the thru line
measurement was based on the 15 cm cable. After apply-
ing the de-embedding process, we derived 100 sets of S-
parameters for the DUT, where the middle 15 cm repre-
sents the difference between the 30 cm and 15 cm cables.
Using these S-parameters, we calculated 100 sets of εr
and tanδ , as shown in Fig. 5.

(a)

(b)

Fig. 5. Insulator parameters of the 15 cm coaxial cable
are by calculation (a) εr and (b) tanδ .

(a)

(b)

Fig. 6. Insulator parameters of the 20 cm coaxial cable
are by calculation (a) εr and (b) tanδ .
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It is important to note that several frequency points
exhibited spark-like anomalies. Typically, these issues
can be mitigated through more advanced correction
methods. The characteristics of the insulator obtained in
this study are presented as a range of values.

Next, we selected ten coaxial cables, each 30 cm in
length, and five coaxial cables, each 50 cm in length.
After measuring the S-parameters of each cable using a
VNA, we applied the 2X-Thru de-embedding process.
The objective was to obtain the parameters of a 20 cm
coaxial cable, which represents the difference between
the lengths of the 50 cm and 30 cm cables. The error
model was based on measurements of the 50 cm coax-
ial cable, while the thru line measurement was based on
the 30 cm cable. After the de-embedding process, we
obtained 50 sets of S-parameters for DUT. From these,
we calculated 50 sets, as shown in Fig. 6.

Notably, we observed a reduction in the spike, indi-
cating that the issues associated with the 2X-Thru de-
embedding process were mitigated to some extent. As in
the previous experiment, the characteristics of the insu-
lator were determined as a range of values.

(a)

(b)

Fig. 7. Insulator parameters of the 35 cm coaxial cable
are by calculation (a) εr and (b) tanδ .

In the third set of experiments, we selected ten coax-
ial cables, each 15 cm in length, and five coaxial cables,
each 50 cm in length. The S-parameters of these cables
were measured to obtain the parameters of a 35 cm coax-
ial cable, representing the difference between the 50 cm
and 15 cm cables. The error model was based on mea-
surements of the 50 cm coaxial cable, while the thru
line measurement was taken from the 15 cm cable. From
these measurements, we calculated 50 sets, as shown in
Fig. 7.

We observed a further reduction in the spikes, indi-
cating continued improvement in the issues associated
with the de-embedding process. As before, the character-
istics of the insulator were presented as a range of values,
and this range became more concentrated in this experi-
ment.

Based on the results of the three experiments, we
observed a decrease in the anomalous peaks in the
extracted material parameters as the length of the DUT
increased. This may be due to the fact that, when the
DUT is smaller, the discrepancies between the calibra-
tion objects and the actual fixtures, as well as manufac-
turing errors of the DUT itself, have a more pronounced
effect. However, as the length of the DUT increases,
these non-ideal effects are likely averaged out, lead-
ing to more stable extracted material parameters. In the
next section, we will use simulations to confirm this
hypothesis.

Another issue is the standard deviation of the range
of values observed. This variability could stem from dif-
ferences in the cables, including length, diameter of the
conductor and insulator, circularity, surface roughness of
the copper conductor, and the degree of foaming in the
dielectric layer. When extreme variations exist between
cables, the range of values after de-embedding will dif-
fer. However, as the DUT length increases, these differ-
ences tend to be diluted, resulting in a narrower range
of values. To investigate this further, we conducted three
additional experiments.

In the first experiment, we used a 15 cm thru line as
the calibration object to perform 2X-Thru de-embedding
on the 30 cm error model for all cables. The results,
shown in Fig. 8, indicate a reduction in the range of
values.

In the second experiment, we reversed the setup,
using ten 15 cm cables as the calibration objects to per-
form 2X-Thru de-embedding on a single 50 cm error
model. The results, shown in Fig. 9, demonstrate an even
more concentrated narrowing of the range.

However, we observed that the results of these
experiments were unable to yield precise values. Instead,
they provide only an estimate of the general range for a
batch of produced cables.
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(a)

(b)

Fig. 8. Insulator parameters of the 30 cm by 10sets and
15 cm by 1set (a) εr and (b) tanδ .

(a)

(b)

Fig. 9. Insulator parameters of the 50 cm by 1set and
15cm by 10sets (a) εr and (b) tanδ .

IV. DE-EMBEDDING THEORY
A. Time domain gating

In the standard 2X-Thru calibration method [29], a
fixture is connected to create a through line calibration
object, which is then used to remove fixture effects from
the error model. However, differences between the cal-
ibration fixture and the actual fixtures attached to the
DUT, or variations in the connections during assem-
bly or measurement, can introduce discrepancies. These
differences can be observed through the time-domain
response of the fixture in the calibration object and the
error model, as shown in Fig. 10.

Fig. 10. TDR variations in connectors and welding
points.

B. De-embedding method
The improved 2X-Thru de-embedding method pro-

posed in this study begins with the same initial steps as
the conventional process. However, it assumes excellent
impedance matching between the DUT and the fixtures,
minimizing reflection at their interface. This assumption
aligns with the concept of the Line in TRL calibration
[30], where the DUT’s propagation characteristics are
represented by e−γl . In this study, a fixture containing
a segment of coaxial cable was selected as the Thru cali-
bration structure to meet these requirements.

In this study, the primary difference between the
error model and the calibration object is the presence
or absence of the DUT. Assuming that the impedance
between the DUT and the fixture is nearly matched,
the propagation constant of the DUT, denoted as γ ini,
can be preliminarily estimated using the S-parameters of
the error model (|STotal |) and the thru calibration object
(|ST hru|). When the magnitude of S21 of the DUT is high
(indicating minimal transmission loss), its value can be
expressed by (30). Through (30), the attenuation con-
stant α ini of the DUT can be estimated. Here, ∆l repre-
sents the physical length of the DUT in meters. Next, the
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phase angles of the transmission coefficients from both
the error model and the calibration object are unwrapped
to determine the difference in electrical length. This dif-
ference corresponds to the electrical length θD of the
DUT. Consequently, the phase constant βini of the DUT
can be estimated using (31):

αini =
ln(mag

(
S21,T hru

)
)− ln(mag

(
S21,Total

)
)

λ l
, (30)

βini =
Phase

(
S21,Total

)
−Phase

(
S21,T hru

)
λ l

. (31)

By combining (30) and (31), the propagation con-
stant γ ini of the DUT can be estimated. Subsequently,
by analyzing the signal flow in the error model, equa-
tions (32-35) can be derived. In this context, the DUT is
assumed to be an ideal transmission line with a propaga-
tion characteristic of e−γini, as shown in Fig. 11.

S11=S11A +
S11B ·S2

21A · e−2γini∆l

1−S22A ·S11B · e−2γini∆l , (32)

S21=
S21A ·S21B · e−γini∆l

1−S22A ·S11B · e−2γini∆l , (33)

S22=S22B +
S22A ·S2

12B · e−2γini∆l

1−S11B ·S22A · e−2γini∆l , (34)

S12=
S12B ·S12A · e−γini∆l

1−S11B ·S22A · e−2γini∆l . (35)

Fig. 11. Signal flow graph of error model.

Combine and simplify (32) and (33) into (36), and
(34) and (35) into (37):

S11 = S11A +S11B · e−γini∆l ·S21 , (36)

S22 = S22B +S22A · e−γini∆l ·S12 . (37)
To determine the reflection coefficients of fixture A

and fixture B, we start similarly with |S11A| from (36) and
|S22B| from (37). However, the process will differ slightly
from the existing 2X-Thru calibration procedure.

After obtaining |S11A| and |S22B| , we use (36) and
(37) to derive |S11B| and |S22A|, as given by (38) and

(39). Equations (32) and (34) are employed to determine
|S21A|, |S12B|, |S12A|, and |S21B| as detailed in (41) and
(42):

S11B =
S11 −S11A

S21
· eγini∆l , (38)

S22A =
S22 −S22B

S12
· eγini∆l , (39)

S21A=
√

S21·
(
1−S22A·S11B · e−2γ ini∆l

)
· eγini∆l = S21B,

(40)

S12B=
√

S12·
(
1−S11B·S22A · e−2γ ini∆l

)
· eγini∆l = S12A .

(41)
When the actual S-parameters of the fixtures are

obtained, we convert both the fixture S-parameters and
the error model S-parameters into T-parameter matrices.
By performing the de-embedding calculations, we derive
the DUT’s T-parameters, which are then converted back
to S-parameters.

V. SIMULATION AND VALIDATION
A. Simulation

In this section, a circuit simulator is used to simulate
two-port networks with COAX components to model the
S-parameters of the calibration object and error model.
The DUT is a 50-ohm, 150-mm COAX component. The
simulation accounts for connector transition effects and
variations in the coaxial cable’s insulation diameter (Do),
reflecting connector characteristics and dis-continuities.
Simulation data are presented in Tables 1–3.

Table 1: Cross-section dimensions of DUT
Outer Radius

(Do)
Length

(L)
Characteristic

Impedance (Z0)
DUT 1.072 mm 150 mm 50.02Ω

COAX inner diameter (Di) is fixed at 0.32 mm

Table 2: Cross-section dimensions of Calibration Object
Outer Radius

(Do)
Length

(L)
Characteristic

Impedance (Z0)
Fixture

A
1.062 mm 2 mm 49.63Ω

1.078 mm 10 mm 50.25Ω

1.065 mm 2 mm 49.75Ω

1.072 mm 50 mm 50.02Ω

Fixture
B

1.072 mm 50 mm 50.02Ω

1.065 mm 2 mm 49.75Ω

1.078 mm 10 mm 50.25Ω

1.062 mm 2 mm 50.02Ω

COAX inner diameter (Di) is fixed at 0.32 mm
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Table 3: Cross-section dimensions of Calibration
Object-1

Outer Radius
(Do)

Length
(L)

Characteristic
Impedance (Z0)

Fixture
A

1.059 mm 2 mm 49.51Ω

1.066 mm 10 mm 49.78Ω

1.074 mm 2 mm 50.10Ω

1.072 mm 50 mm 50.02Ω

Fixture
B

1.072 mm 50 mm 50.02Ω

1.074 mm 2 mm 50.10Ω

1.066 mm 10 mm 49.78Ω

1.059 mm 2 mm 49.51Ω

COAX inner diameter (Di) is fixed at 0.32 mm

This study compares two main aspects. First, it
examines the de-embedding results before and after
improvements when the calibration fixtures match the
DUT fixtures. Second, it analyzes the results using a dif-
ferent calibration object (Calibration Object-1) when the
fixtures differ. Both the IEEE P370 standard 2X-Thru
de-embedding algorithm and an enhanced Python-based
algorithm are employed to process the S-parameters of
the DUT.

B. Validation
The S-parameters of the calibration fixtures obtained

through different algorithms are compared with the S-
parameters of the DUT fixtures (Golden Standard) sim-
ulated in a circuit simulator, as illustrated in Fig. 12.
The blue line represents the S-parameters obtained using
the existing 2X-Thru de-embedding algorithm, while the
yellow line indicates those obtained with the improved
method proposed in this study. The green line shows
the S-parameters from the circuit simulator for a single
fixture. The results demonstrate that the improved 2X-
Thru de-embedding algorithm yields S-parameters that
closely align with both the existing algorithm and the
simulated fixture S-parameters, as shown in Fig. 13.

In practical applications, measurement or fabrica-
tion errors can cause slight differences between the
calibration fixtures and those used next to the DUT.
This study uses Calibration Object-1 to de-embed the
error model. Analysis of the time-domain reflection
impedance reveals a minor discrepancy between the trace
impedance of the left fixture in Calibration Object-1 and
that in the error model, as indicated by the impedance
before the red dashed line in Fig. 14. The calibration and
de-embedding results are shown in Figs. 15 and 16.

(a)

(b)

Fig. 12. Fixture S-parameter comparison (match) (a)
|S11| and (b) |S21.

(a)

(b)

Fig. 13. DUT S-parameter comparison (match) (a) |S11|
and (b) |S21|.
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Fig. 14. Difference in time domain reflection.

(a) (b)

Fig. 15. Fixture S-parameter comparison (differ) (a) |S11|
and (b) |S21|.

(a)

(b)

Fig. 16. DUT S-parameter comparison (differ) (a) |S11|
and (b) |S21|.

VI. MEASUREMENT
Here, we use the Nicolson-Ross-Weir (NRW)

method to validate the parameter extraction methods for
coaxial cable insulation. Ignoring manufacturing errors,
the samples differ only in length. Both the existing 2X-
Thru de-embedding algorithm and the improved version
were used to remove the 3.5 mm connector effects and
isolate the coaxial cable properties.

We analyzed the extracted εr and tanδ across dif-
ferent combinations. We identified the maximum and
minimum values at each frequency using various de-
embedding methods, as illustrated in Fig. 17. Observa-
tion shows that the improved 2X-Thru de-embedding
algorithm effectively reduces numerical errors caused by
differences between calibration objects and actual fix-
tures. Our method effectively reduces the spikes caused
by after de-embedding at specific frequencies, enhanc-
ing the precision of the extracted values. However, due
to manufacturing tolerances, the extracted εr and tanδ

result in a range of values rather than a single point.

(a) (b)

(c) (d)

(e) (f)

Fig. 17. Extracted values of cable insulators by the
improved 2X-Thru method (a) 15 cm, εr (b) 15 cm, tanδ

(c) 20 cm, εr (d) 20 cm, tanδ (e) 35 cm, εr (f) 35 cm,
tanδ .

We also observed that, under the same length con-
figuration, slight variations are present in the extracted
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(a)

(b) (c)

Fig. 18. Original phase |S21| of coaxial cable (a) 15 cm,
(b) 30 cm, and (c) 50 cm.

results regardless of whether the same error model is
de-embedded using different calibration artifacts or the
same calibration artifact is used to de-embed differ-
ent error models. These variations can be attributed to
measurement differences. The coaxial cable lengths and
labels provided by manufacturers typically have a tol-
erance of approximately ±3 mm, as verified through
the measured phase of |S21|, as shown in Fig. 18. By
examining the |S21| original phase of the coaxial cables,
it is evident that the electrical length of each sample
labeled with the same length exhibits minor differences.
Since the electrical length is related to the phase con-

Table 4: Comparison among the classical methods
[16] [19] [31] This work

Method Open-
ended

Coaxial

Free space Waveguide Coaxial
line

DUT
Material

PTFE Flat
plastic

Flat plastic Cable
insulator

Fixture SMA Antenna X-band
Waveguide

SMA

Input S11, S12 S11, S12 S11, S12 S11, S12
Output εr εr εr εr, tan δ

Frequency 0-20 GHz 8.2-12
GHz

8.2-12 GHz 0-20 GHz

Range Broad
band

Wide Wide Broad
band

For
production
inspection

No No No Yes

stant and physical dimensions, as indicated in (42), these
length tolerances result in discrepancies in the extracted
material parameters. Finally, the advantages summarized
in Table 4 are validated:

θ = β l. (42)

VII. CONCLUSION
This study proposes a method for extracting the rela-

tive permittivity of cables that more closely reflects their
actual properties. Compared to the traditional open-end
coaxial line structure, we adopt an extruding machine to
injection-mold the insulator, resulting in a device with
virtually no air gaps. During the measurement process,
manufacturing tolerances in the production of the sam-
ple and the actual length of the coaxial cables introduce
variability. Additionally, inconsistencies in the size of
solder joints between the coaxial cable and SMA con-
nectors further contribute to de-embedding errors. To
address these challenges, we present an improved ver-
sion of the 2X-Thru de-embedding method and conduct
comparative evaluations. The proposed method signifi-
cantly reduces numerical errors, offering a more reliable
approach for accurately extracting material parameters in
practical applications. Results indicate that as the mea-
sured cable length increases, the extracted values con-
verge within a narrower range, and the occurrence of
spikes is reduced. This improvement may be attributed to
the greater impact of calibration object discrepancies and
cable manufacturing tolerances when the cable size is
smaller. However, as the cable length increases, the non-
ideal effects become more evenly distributed, resulting in
smoother and more stable material parameter extraction.
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