
Received November 25, 2020, accepted December 11, 2020, date of publication December 14, 2020,
date of current version December 29, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3044699

Broadband Measurement of Substrate Complex
Permittivity Using Optimized ABCD Matrix
LONGZHU CAI , (Member, IEEE), ZHI HAO JIANG , (Member, IEEE),
AND WEI HONG , (Fellow, IEEE)
State Key Laboratory of Millimeter Waves, School of Information Science and Engineering, Southeast University, Nanjing 210096, China

Corresponding author: Longzhu Cai (longzhu.cai@seu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China under Grant 61901108, in part by the Natural
Science Foundation of Jiangsu Province, China, under Grant BK20180364, and in part by the National Key Research and Development
Program of China under Grant 2019YFB2204704.

ABSTRACT In this paper, a novel two-transmission-line method based on optimized ABCD matrix
for broadband and continuous substrate dielectric characterization is presented. The original single-line
algorithm is firstly discussed and simulated, while the measurement shows that the extracted parameters are
far from the actual values due to the presence of microwave connectors and transitionmismatches. Therefore,
a modified two-line algorithm based on the optimized ABCD matrix is proposed for ungrounded coplanar
waveguide (UGCPW) configuration, which is very suitable for electroplating circuits with a consistent
conductor layer on newly developed substrates. A comprehensive procedure to calculate the total line
attenuation, phase number, characteristic impedance, substrate dielectric constant, and dielectric loss tangent
is described. Since both conductor and radiation losses are taken into account, the extracted results show
consistency within a single-digital percentage with the reference values. The analysis of the measurement
uncertainty and the related uncertainty budgets for the derived dielectric results are also presented. The
proposed method is expected to be applied to any transmission lines with arbitrary characteristic impedance,
without a prior knowledge of substrate dielectric constant, and no additional calibrations are required other
than the calibration kit for Vector Network Analyzer (VNA).

INDEX TERMS FR4 dielectric properties, complex permittivity, dielectric constant, dielectric loss tangent,
microwave characterization, ABCD matrix.

I. INTRODUCTION
It is of vital necessity to know the dielectric properties
(dielectric constant and dielectric loss tangent) of used sub-
strates when microwave (MW) components and circuits are
designed.With thematerial technology,more andmore newly
developed materials have been explored as dielectric sub-
strates for applications in electromagnetic fields, such as
textiles, epoxy films, cyclic olefin copolymer, etc. [1]–[7].
Thus, the extraction of dielectric properties in a wide band
has always been significantly important and meaningful,
particularly for newly developed materials.

A number of methods and techniques have been proposed
in the literature for extracting dielectric properties of MW
substrates, where the reported extraction techniques can be
divided into narrowband measurement and wideband mea-
surement according to bandwidth. The narrowband measure-
ment technique is mainly based on resonant cavities, which
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can provide more accurate results, but only at discrete reso-
nance points [8]–[10]. The wideband measurement technique
primarily relies on the transmission/reflection of electromag-
netic waves travelling through the material under test (MUT),
hence the wideband measurement technique can provide a
broadband and continuous material property [7].

One of the early attempts at implementing wideband
measurement techniques was reported by Wan et al. to
remove the error of two-port transmission parameter using
wave cascading matrix (WCM) method in 1998, while this
method is only suitable for characterizing well-matched
devices [11]. Another early example was demonstrated
in [12], where a two-line method was developed to mea-
sure substrate permittivity with the condition of relatively
small coax-to-microstrip transition effect. It indicates that
this technique requires a prior knowledge of an approxi-
mate substrate dielectric constant for 50-ohm characteris-
tic impedance matching before measurement. On the other
hand, an improved two-microstrip line (ML) technique was
presented for a simple and accurate measurement of sub-
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strate dielectric constant, without additional calibrations
other than the 3.5-mm coaxial kit [13]. In a different exam-
ple, a two-line method combined with matrix-pencil tech-
nique was described to remove the perturbation of effective
dielectric constant due to the imperfect de-embedding and
inhomogeneity of textiles with ML configurations [1].

In amore recent work, published in 2019, Ali et al. reported
a WCM based multiline method to extract the dielectric
properties of plastic filaments used for 3D printing [7]. The
tested plastic filaments were placed inside the rectangular
coaxial transmission-line fixtures, while the extraction error
is extremely large due to the limitation of conductor loss in
these fixtures. There are some other line-line methods for the
extraction of dielectric substrate properties in literature. The
study in [14] proposed a covered transmission-line method
to determine substrate complex permittivity. Our previous
work proposed a line-linemethod for characterizing dielectric
parameters by utilizing the transmission coefficients [15].
In [16], a hybrid covered- and two-ML method for extracting
dielectric properties was proposed. To sum up, the aforemen-
tioned multiline methods have more or less the following
defects and deficiencies: some requiring a prior knowledge
of dielectric constant for acceptable impedance matching and
reflection; some only performing for the measurement of
dielectric constant; some only operating under ML config-
urations; some only applying the transmission coefficient or
WCM algorithm for derivation; some showing relatively low
extraction accuracy.

Therefore, this paper proposes a two-transmission-line
method based on an optimized ABCD matrix for charac-
terizing dielectric materials with high extraction accuracy
in a broad and continuous frequency band. The proposed
method is expected to be applied to transmission lines with
arbitrary characteristic impedance. In order to investigate the
proposed extraction method, we choose ungrounded coplanar
waveguide (UGCPW) transmission line as an example, which
is well suited for electroplating circuits on newly developed
dielectric materials, avoiding excessive fabrication cost and
difficulty, as well as the problem and error of inconsistent
conductor thickness and roughness caused by multiple elec-
troplating steps. Compared to our previous work of charac-
terizing dielectric parameters by utilizing the transmission
coefficients [15], this studymakes use of all scattering param-
eters (S11/S22/S12/S21) which are included in the expression
of ABCD parameters, and it could provide more compre-
hensive and reliable extraction results. ABCD matrix is a
link between the four scattering parameters and total line
attenuation/phase number of transmission lines. Additionally,
more parameters could be derived based on the proposed
method, including the total line attenuation, phase number,
characteristic impedance, substrate dielectric constant, and
dielectric loss tangent, etc. To sum up, the novelty of this work
mainly includes the following points:

1) We propose an optimized ABCD matrix for charac-
terizing broadband and continuous substrate dielec-
tric properties, and the original ABCD matrix is a

link between the four scattering parameters and total
line attenuation/phase number of transmission lines.
The feasibility of the optimized ABCD matrix method
is verified by the simulation and measurement of
single-line/two-line algorithms.

2) The related multiline methods of deriving substrate
dielectric properties in literature have more or less the
following defects and deficiencies, such as requiring
a prior knowledge of dielectric constant for accept-
able impedance matching and reflection, only oper-
ating under microstrip line configurations, applying
transmission coefficient or WCM algorithm, owing
low extraction accuracy, etc. While our proposed
method does not have these issues, and possesses new
calculation techniques.

3) We choose ungrounded coplanar waveguide (UGCPW)
transmission line as an example to verify the proposed
method. UGCPW is very suitable for parameter extrac-
tion of newly developed dielectric substrates, as it is
easier to obtain consistent conductive layer, avoiding
excessive fabrication cost and difficulty, as well as the
problem and error of inconsistent conductor thickness
and roughness caused by multiple electroplating steps.

4) The proposed method could be applied to other trans-
mission lines with arbitrary characteristic impedance
without a prior knowledge of substrate dielectric con-
stant, and no additional calibrations are required other
than the calibration kit for Vector Network Analyzer
(VNA). More parameters could be derived based on
the proposed method, including the total line atten-
uation, phase number, characteristic impedance, sub-
strate dielectric constant, and dielectric loss tangent,
etc., and radiation loss is included in the calculation
to ensure the extraction accuracy. The measurement
uncertainty analysis and the uncertainty budgets at
selected frequencies are also presented.

This paper is organized as follows. In section II, the theory
analysis and simulation validation of single-line algorithm are
presented, including the calculation of line attenuation and
phase number based on ABCDmatrix, the dielectric constant
and dielectric loss tangent obtained by further extraction,
as well as the simulation verification based onUGCPW struc-
ture. In section III, the optimized two-line algorithm based
on the modified ABCD matrix is described in detail, where
the experimental results of the extracted dielectric prop-
erties according to the single-line and two-line algorithms
are presented for verification, as well as the measurement
uncertainty analysis. Conclusions are provided in Section IV.

II. SIMULATION VALIDATION OF SINGLE-LINE
ALGORITHM
In order to characterize a two-port network, the equation
containing ABCD matrix can be expressed as follows [17][

V1
I1

]
=

[
A B
C D

] [
V2
−I2

]
, (1)
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FIGURE 1. Test fixture schematic for two-port transmission lines
represented by ABCD matrix with length S1 and L1(L1>S1).

where the matrix made of ABCD parameters is defined as
ABCD matrix, and V1,V2, and I1, I2 are the voltage and
current variables at port 1 and port 2, respectively. Fig. 1
exhibits a simple test fixture schematic for two-port transmis-
sion lines represented by ABCD matrix with length S1 and
L1(L1 > S1). For a transmission line with length l and
characteristic impedance Zc, the values of ABCD parameters
can be calculated by formula (2) [17], and γ = α + jβ is the
complex propagation constant.

A = cosh γ l B = Zc sinh γ l

C =
sinh γ l
Zc

D = cosh γ l, (2)

Equation (3) describes the conversion relationship between
the S-parameters and ABCD parameters [17]. By combin-
ing Equations (2) and (3), the line attenuation α and phase
number β can be derived in terms of ABCD parameters
(Equation (4) and (5)), and they are tightly correlated with
scattering parameters (S-parameters) that can be obtained
directly from vector network analyzers (VNA) [17]. Note that
α and β own the units of dB/m and rad/m, respectively.[
A B
C D

]
=

(1+S11)(1−S22)+S12S21
2S21

Zc
(1+S11)(1+S22)−S12S21

2S21
1
Zc

(1−S11)(1−S22)−S12S21
2S21

(1−S11)(1+S22)+S12S21
2S21

,
(3)

α =
1
l

20
ln 10

Re

{
ln

[
(A+ D)±

√
(A+ D)2 − 4
2

]}
(dB/m), (4)

β =
1
l
Im

{
ln

[
(A+ D)±

√
(A+ D)2 − 4
2

]}

=
2π f√εeff

c
(rad/m). (5)

Based on the equation (5), the effective dielectric constant
εeff can be derived, which leads to the extraction of substrate
dielectric constant εr by using [18]

εr = 1+
εeff − 1

q
, (6)

where q is the filling factor that is mainly determined by the
type of the used transmission line and its physical dimensions.
The substrate dielectric loss tangent tan δ is correlated with its
dielectric loss αd , which can be calculated according to equa-
tions (7) and (8) below, whereαc and αr are the conductor loss
and radiation loss, respectively [18].

αd = α − αc − αr , (7)

tan δ =
αdc
√
εeff

qεr f π
1
20
ln 10

. (8)

UGCPW straight transmission lines are used as an example
to investigate the proposed algorithm. As described in [15],
it is very suitable to use the UGCPW structure for electroplat-
ing circuit on newly developed dielectric materials, avoiding
excessive fabrication cost and difficulty, as well as the prob-
lem and error of inconsistent conductor thickness and rough-
ness caused by multiple electroplating steps. High Frequency
Structural Simulator (HFSS) software is employed for theo-
retical simulation and calculation. Twowave ports are applied
in simulation on both sides of UGCPW straight lines based on
the proposed MUT-FR4 substrate. The single-line algorithm
is firstly evaluated with a UGCPW line with length l. The
obtained S-parameters could be converted into ABCD param-
eters by equation (3). Then the total phase can be calculated
with the unit of rad according to formula (5). Fig. 2(a) shows
its original wrapped positive value, which is then transformed
into a set of data with positive and negative values depicted
as processed total phase in the figure, and it actually alternate
between−π and π . Note that the unit of the phase in Fig. 2(a)
is in rad instead of rad/m. The processed total phase can be
further unwrapped and linearized, then divided by length l to
get the phase number β in the unit of rad/m. It can be seen
from formula (5) that the phase number β and its working
frequency f are in a linear relationship, which is presented
in Fig. 2(b). Once the phase number β is known, the effective
dielectric constant εeff and substrate dielectric constant εr can
be extracted from equation (5) and (6), respectively, which are
also shown in Fig. 2(b). It is noticeable that, in the frequency
range of 5–20 GHz, the derived εeff and εr are very smooth
and stable, which are maintained at around 2.28 and 4.42,
respectively. The derived dielectric constant is remarkably
consistent with the reference value 4.4, showing only 0.02
(0.45%) difference at 10 GHz.

The line attenuation α can be obtained according to equa-
tion (4). In order to acquire the dielectric loss αd (see equation
(7)), the corresponding radiation loss αr and conductor loss
αc also need to be calculated. For UGCPW straight trans-
mission line structures, the radiation loss αr is very small,
which can be roughly described by equation (9) [15], [19].
In equation (9), f (εr ) and λd are the radiation form factor
and dielectric wavelength, respectively. The conductor loss
αc of UGCPW straight transmission lines can be expressed as
equation (10), which is related to the characteristic impedance
Zc, the distributed series resistance of center strip conductor
Rc, and the distributed series resistance of the ground planes
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FIGURE 2. (a) The original wrapped total phase and the processed total
phase. (b) The derived phase number β in Rad/m, the effective dielectric
constant εeff , and the dielectric constant εr for the proposed structure.

Rg [15]. The characteristic impedance Zc could be deter-
mined by the effective dielectric constant εeff and the com-
plete elliptic integral of the first kind K, which is associated
with UGCPW structure dimensions, including the signal line
width S, gap W , and substrate thickness H . The expression
of characteristic impedance Zc is given in equation (11).
The derivation details of equation (9)–(11) can be found
in [15], [19], [20].

αr = f (εr )(
1
λd

)
3 (S + 2W )2

K (k0)K ′(k0)
, (9)

αc =
20
ln 10

Rc + Rg
2Zc

, (10)

Zc =
30π√

εeff (f )(
K(k0)
K(k ′0)

)
, (11)

Fig. 3(a) shows the value of total attenuation α, conductor
loss αc, radiation loss αr , and dielectric loss αd of the pro-
posed UGCPW model. From equation (8) the dielectric loss
tangent tan δ can be derived, which is presented in Fig. 3(b).
We can see that the calculated tan δmatches verywell with the
reference value 0.02 in a wide frequency band of 2–20 GHz.
The derived dielectric loss tangent at 2 GHz, 5 GHz, 10 GHz,
15 GHz, and 20 GHz are 0.0196, 0.0191, 0.0188, 0.018,

FIGURE 3. (a) The derived total line attenuation (α) and the parts from
conductor (αc ), dielectric (αd ), and radiation (αr ). (b) The derived
dielectric loss tangent tan δ and characteristic impedance Zc .

and 0.0168, respectively. It indicates that the corresponding
deviations compared with the reference value at these fre-
quencies are 0.0004 (2%), 0.0009 (4.5%), 0.0012 (6%), 0.002
(10%), and 0.0032 (16%), respectively.Moreover, the derived
characteristic impedance Zc across the frequency range is
∼ 58�, which indicates that we can still acquire substrate
dielectric parameters with high accuracy under the condition
of unknown dielectric constant and unmatched structure. The
simulation results verify the validity and feasibility of the
single-line algorithm.

III. THE OPTIMIZED TWO-LINE ALGORITHM AND
EXPERIMENTAL RESULTS
In order to verify the single-line algorithm in experiment,
we fabricated two UGCPW straight lines with the same
mechanical dimension except various length. For better veri-
fication and comparison, the devices used in this method are
the same as those in [15], and the specific device dimensions
can be found in Section III of [15]. Full two-port calibra-
tion was performed using 2.4-mm calibration kit for VNA
N5247A, where transmission lines with embedded SMA
connectors are then connected. Fig. 4 shows the measure-
ment setup with the fabricated short UGCPW straight line.
Measurement shows that the extracted results based on the
long and short lines are inconsistent, both of which are far
from the actual values, and the related results are shown
in Fig. 5. The results based on a new and optimized two-line
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FIGURE 4. Measurement setup with the fabricated short UGCPW straight
line.

algorithm are also presented in this figure. The following will
introduce the proposed two-line algorithm.

For long and short transmission lines with length L1 and
S1 (see Fig. 1), the measured S-parameters can be converted
into ABCD parameters based on equation (3).

[Measured S parameters]⇒
[
AL1 BL1
CL1 DL1

]
, for long− line L1.

[Measured S parameters]⇒
[
AS1 BS1
CS1 DS1

]
, for short− line S1.

Therefore, the phase number β based on the optimized
two-line algorithm is expressed in equation (12). The effec-
tive dielectric constant εeff and dielectric constant εr could
be further extracted according to equation (12) and (6).
Fig. 5 depicts the derived phase number β, effective dielectric
constant εeff and dielectric constant εr , based on the one-line
algorithm (long-line and short line) and two-line algorithm.

β =
1

L1 − S1
Im

{
ln

[(
AL1 + DL1

)
±
√
(AL1 + DL1 )2 − 4

2

]

− ln

[(
AS1 + DS1

)
±
√
(AS1 + DS1 )2 − 4

2

]}

=
2π f√εeff

c
(rad/m) (12)

As can be seen form Fig. 5(c), the extracted εr at 10 GHz
are 17.37, 9.95, and 4.37, respectively, for the short-line,
long-line, and two-line based algorithms. Since at 10 GHz the
εr and tan δ of the MUT provided by the vendor are 4.4 and
0.02, respectively, it clearly shows that the extracted εr based
on the optimized two-line algorithm is closer to the reference
value, with a difference of only ∼0.03 (0.68%) to ∼0.07
(1.59%) in an extremely wide frequency band (4 to 20 GHz).
The transitions and connections between MW connectors
and transmission lines were not included in the theoretical
analysis of the single-line algorithm shown in section II,
while in measurement SMA connectors inevitably introduce

FIGURE 5. (a) The derived phase number β, (b) effective dielectric
constant εeff , (c) dielectric constant εr , based on the one-line and
two-line algorithms, (d) zoomed-in dielectric constant εr based on the
two-line algorithm.

a change of the obtained S-parameters, which leads to very
large extraction error of the single-line algorithm in the actual
test. The extracted εr based on the long and short transmission
lines are not the same due to different influences on the lines,
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both of which are far from the provided reference value. For
the optimized two-line algorithm, the error caused by the
transition and connection can be alleviated by comparing the
measured S-parameters of these two lines, which leads to
high extraction accuracy, so the two-line algorithm is more
suitable for practical applications. Since welding influence
part accounts for a larger proportion of short-line length when
comparing with long-line length, the transition would have a
greater impact on the short line, which is the reason why the
extracted dielectric constant based on the short line deviates
more from the reference value (see Fig. 5c).

The line attenuation based on the two-line algorithm can
be written as

α =
1

L1 − S1

20
ln 10

×Re


ln

[ (
AL1+DL1

)
±

√
(AL1+DL1 )

2−4

2

]

− ln

[ (
AS1+DS1

)
±

√
(AS1+DS1 )

2−4

2

]
 (dB/m)

(13)

which assumes that the transition and connection between
the MW connectors and the two transmission lines are
completely identical, so as to mitigate the extraction error.
Fig. 6(a) shows the extracted overall line attenuation α based
on the proposed two-line algorithm, as well as conductor
loss αc, radiation loss αr , and dielectric loss αd . It can be
seen from the figure that the dielectric loss accounts for the
great majority of the overall line attenuation for the selected
MUT-based UGCPW configuration, the results of which are
very similar to that of the previous work by applying the
transmission coefficient [15]. The dielectric loss tangent tan δ
can be derived according to equation (8), as depicted in
Fig. 6(b), indicating that the dielectric loss tangent gradually
increases from 0.0186 to 0.0214 between 8 and 20 GHz, with
a difference of 0.0014 (7%) when compared with the refer-
ence (0.02). Moreover, the reference value 0.02 provided by
the vendor is for 10 GHz, while the extracted tan δ at 10 GHz
is 0.0199, with a slight discrepancy of 0.0001 (0.5%). The
extraction accuracy below 8 GHz becomes relatively poor.
This is due to the fact that the corresponding electric lengths
of the lines are too small at low frequencies. The results
above 20 GHz are not provided in this work due to the upper
frequency limit of the applied SMA connectors. The accuracy
of the derived εr and tan δ at 10 GHz based on the pro-
posed two-line algorithm are 0.68% (4.37 vs 4.4) and 0.5%
(0.0199 vs 0.02), respectively. The extraction accuracy of the
proposed method is higher than that of our previous work
using transmission coefficient, as well as other single-line
or multiline methods based on covered or WCM ML algo-
rithms [1], [7], [14]–[16], [21]. For instance, the extraction
errors of εr/ tan δ presented in the literature [14] [16] are
0.03/0.0015 and 0.01/0.0004, respectively. Table 1 summa-
rizes the comparison between the proposed extractionmethod

FIGURE 6. The extracted (a) overall line attenuation α, conductor loss αc ,
radiation loss αr , and dielectric loss αd , and (b) dielectric loss tangent,
based on the proposed two-line algorithm.

and some reported ones in literature for Substrate Complex
Permittivity Measurement.

There are several sources of error and uncertainty in the
measurement of dielectric characterization, mainly includ-
ing the fabrication tolerance and the VNA measurement
error [23]–[26]. Firstly, one of the main sources of error
and uncertainty comes from the fabrication tolerance. Based
on the proposed UGCPW structure and deriving technique,
the fabrication tolerance may consist of four parts, which
are the transmission line length l, the signal line width
S, the gap W , and the dielectric substrate thickness H .
Considering that the largest dimension tolerance is 1 mil
(0.0254 mm), the dimensions of the above four parameters
might be 1 mil larger (+1 mil) or smaller (−1 mil). Through
the proposed algorithm, the updated dielectric constant and
dielectric loss tangent at different parameter dimensions and
frequencies are depicted in Fig. 7. The labelled max and min
in the figure represent the corresponding results when param-
eters become larger (+1 mil) and smaller (−1 mil), respec-
tively. It is worth mentioning that E_L_max and E_L_min
have considered the cases of the combination of longer line
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TABLE 1. Comparison of selected methods for substrate complex
permittivity measurement.

becoming longer (+1 mil) and shorter line becoming shorter
(−1 mil), and the combination of longer line becoming
shorter (−1 mil) and shorter line becoming longer (+1 mil).
It can be observed from the figure that the gap W and sub-
strate thicknessH have greater influence on εr than that of the
transmission line length l and width S. The maximum uncer-
tainty caused byW and H on εr is∼ 0.058 (∼ 1.34%) in the
frequency range of 5–20 GHz, while that caused by l and S is
∼ 0.0122 (∼ 0.28%) and ∼ 0.0144 (∼ 0.33%), respectively.
In addition, the uncertainty relying on the gap W has the
most significant influence on tanδ. At 10 GHz, the maximum
uncertainty caused byW , l, S, andH on tan δ is∼ 4.33×10−4

(∼ 2.18%), ∼ 1.96 × 10−5 (∼ 0.099%), ∼ 5.97 × 10−6

(∼ 0.03%), and ∼ 5.13 × 10−5 (∼ 0.26%), respectively.
These uncertainty contributions are squared summed and
re-rooted to form the combined standard uncertainty. Even-
tually, the combined standard uncertainty of εr and tan δ due
to the effect of fabrication tolerance at 10 GHz are ∼ 0.084
(∼ 1.93%) and ∼ 4.37× 10−4 (∼ 2.20%), respectively.
Another source of error and uncertainty is from VNA

measurement system, and it can be estimated by a variety
of models, among which Metas.UncLib is a commonly used
method [26]–[28].Metas.UncLib applies differentiation tech-
niques and tracks the dependence of error terms in measure-
ment model, which is described in [27]. Generally, the VNA

FIGURE 7. Uncertainty sensitivity of (a) dielectric constant εr and
(b) dielectric loss tangent tanδ due to the fabrication tolerance and VNA
measurement error (E_VNA). Fabrication tolerance comes from the
transmission line length l (E_L_max and E_L_min), the signal line width S
(E_S_max and E_S_min), the gap W (E_W_max and E_W_min), and the
dielectric substrate thickness H (E_H_max and E_H_min). Noting that Max
and Min represent the cases when these parameters become 1 mil larger
and smaller, respectively.

measurement uncertainty is related to the following terms,
including VNA noise, linearity, drift, cable stability, and con-
nector repeatability, all of which could contribute to the over-
all measurement uncertainty of S-parameters. Given nominal
magnitude error of S-parameters approximately 0.015 due to
VNA measurement uncertainty [23], the associated εr and
tan δ at different frequencies can be obtained, which is shown
in Fig. 7 (labelled as E_VNA). In this case, the influence of
VNA measurement error on εr remains almost unchanged,
while it has a large impact on tan δ, and the derived uncer-
tainty at 10GHz is∼ 5.73×10−4 (∼ 2.88%). The uncertainty
budgets showing the main uncertainty contributions for εr
and tan δ at 5/10/15/20 GHz are presented in Table 2 and 3.
It can be observed from the results that the combined total
standard uncertainty in our proposed technique is smaller
than that of the recently published work, where the estimated
uncertainty of εr and tan δ in the transmission-only method is
3%− 4% and 10%− 15%, respectively [23].

For the proposed two-line algorithm, it assumes that the
transition and connection betweenMW connectors and trans-
mission lines are mechanically and electrically identical,
while in practical cases they are not likely to be completely
the same. More advanced welding and connection techniques
could make the welding and connection of these lines more
identical and closer, which would expand the applicabil-
ity of the proposed method and increase the accuracy of
extracted parameters. In addition, multiple transmission lines
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TABLE 2. Uncertainty budget (1εr ) for the dielectric constant due to the
fabrication tolerance and VNA measurement error.

TABLE 3. Uncertainty budget (1 tan δ) for the dielectric loss tangent due
to the fabrication tolerance and vna measurement error.

with different lengths are more likely to improve extraction
accuracy and bandwidth, which could be optimized further by
averaging multiple transmission line groups of comparisons.
However, using multiple transmission lines could increase
the number of measurements and the complexity of the
extraction process. Hence, it requires a trade-off between
procedure complexity and extraction accuracy. Our method
has realized acceptable accuracy within a certain bandwidth
by only utilizing two transmission lines, which could meet
some general requirements. The proposed two-line algorithm
is not only suitable for the dielectric extraction of UGCPW
straight-line structures, but also other types of transmis-
sion lines. By obtaining the ABCD parameters from mea-
sured S-parameters, and then separating various losses under
the corresponding structures and dimensions, the dielectric

property is expected to be achieved. Due to the difference
of structures and electric field distributions of various types
of transmission lines, the calculation formula and separation
algorithm of conductor loss/radiation loss would be different,
and a systematic comparison of the extraction algorithm is
required.

IV. CONCLUSION
A novel two-transmission-line method based on an optimized
ABCD matrix has been proposed for dielectric characteri-
zation of substrate materials in a broad and continuous fre-
quency band. Both of the single-line and two-line algorithms
have been discussed based on UGCPW configuration, which
is very suitable for electroplating circuits with a consistent
conductor layer on newly developed substrates. The experi-
mental results show that the extraction parameters based on
the two-line algorithm match the reference values better than
that of the single-line algorithm. The influence of fabrica-
tion tolerance and VNA measurement error for the extracted
results has been analyzed, and the uncertainty budgets at
selected frequencies are presented. The proposed method
with high extraction accuracy is expected to be applied to any
transmission lines with arbitrary characteristic impedance,
without a prior knowledge of substrate dielectric constant and
additional calibrations other than the calibration for measure-
ment setup (VNA).
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