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A B S T R A C T

A new formalism using line–line measurements is proposed to improve the accuracy of propagation constant
measurement of reflection-asymmetric networks using non-calibrated scattering (S-) parameters. For this
measurement, the method uses a reference network with arbitrary forward and backward impedance,
propagation constant, and length, thus giving flexibility in the application of line–line methods. S-parameter
measurements were carried out for propagation constant extraction of a reflection-asymmetric waveguide
loaded with a bianisotropic metamaterial slab made by C-shaped split-ring-resonators using two different
kinds of reference networks (two empty waveguide sections as the first kind and the same sections loaded
by polyethylene samples as the second kind). It is observed that the standard deviation in the extracted real
part of the propagation constant of this network by our method could be reduced by using the first kind of
reference network, indicating that the accuracy of our method could be improved using a suitable reference
network.
. Introduction

Electromagnetic properties of materials or networks can be ex-
racted using various ‘‘line-line’’ (LL) methods through non-calibrated
cattering (S-) parameters [1–24]. The general idea behind the LL
ethods is to extract electromagnetic properties such as propagation

onstant from measurements of S-parameters of at least two transmis-
ion lines differing in lengths only. As examples for transmission lines,
oaxial transmission line [1], slotline [7], microstrip line [2], rectangu-
ar waveguide [4], and coplanar waveguide [13] can be enumerated.

hen the available LL methods in the literate are examined, the
ollowing points are noted. The method in the studies [2,5,23] uses S-
arameter measurements of the two lines with different lengths loaded
ith the same material, whereas the method in the study [1] utilizes
-parameters of three different positions of the sample within one line.
esides, while the method in the study [16] employs S-parameter mea-
urements of sample-loaded identical lines with different lengths, the
ethod in the studies [10–12,24] applies S-parameter measurements

f one sample-loaded line in addition to the thru connection.
All the available LL methods [1–24] are limited to propagation con-

tant determination of lines or electromagnetic properties of samples
oaded into lines with symmetric reflections. In a recent study [25],

∗ Corresponding author.
E-mail address: uchasar@gantep.edu.tr (U.C. Hasar).

we applied a LL method for propagation constant determination of
lines with asymmetric reflections. Such a determination is needed
for understanding the propagation characteristics of such lines, such
as the tunneling effect in pseudochiral Omega slabs [26] and anal-
ysis of pseudoscalar complex chirality and nonreciprocity parame-
ters of omega-type bianisotropic metamaterial (MM) slabs [27]. How-
ever, the LL method in the study [25] is just applicable for two
lines with the same impedances but different lengths. In this study,
a general LL method is proposed for propagation constant measure-
ment of reflection-asymmetric lines/networks incorporating a reference
network with arbitrary propagation constant, impedance(s), and length
into the theoretical analysis. Such an implementation gives flexibility in
evaluating propagation constant measurement of reflection-asymmetric
lines/networks using any reference network with known electromag-
netic properties (propagation constant and impedance(s)) and physical
length. For validation of the proposed method, propagation factor
and propagation constant of a reflection asymmetric network, con-
structed by a bianisotropic MM slabs involving C-shaped split-ring-
resonators (SRRs), were measured using average values of uncalibrated
S-parameters from ten linearly-independent measurements. Two dif-
ferent kinds of reference networks (the first kind uses two empty
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waveguide sections with different lengths, and the second kind uses
the same sections loaded by polyethylene (PE) samples) were used
for this goal, as discussed in Section 3. It is noted that measured
propagation factor and propagation constant values by our method are,
respectively, close to those of the calibration-independent method [25]
and those of the calibration-dependent method [27]. Besides, it is
also observed that the standard deviations for the real part of the
propagation constant determined by our method using the first kind of
reference network are, respectively, close to those evaluated from the
calibration-independent method [27] and are significantly smaller than
those determined from the calibration-independent method [25] and
those determined from our method using the second kind reference net-
work. This clearly shows that it is possible to improve the accuracy of
propagation constant measurements of reflection-asymmetric networks
by our methodology by optimizing propagation constant measurements
using different reference networks.

2. The proposed method

The two measurement configurations in application of our method
for propagation constant determination of a reflection-asymmetric net-
work are shown in Figs. 1(a) and 1(b). Fig. 1(a) illustrates the measure-
ment configuration where a reflection-asymmetric two-port network
with the forward and backward wave impedances 𝑍+

𝑤1 and 𝑍−
𝑤1, the

propagation constant 𝛾1, and the length 𝑙1 is connected between two
two-port error networks 𝑋 and 𝑌 . Here, the networks 𝑋 and 𝑌 rep-
resent imperfections of a vector network analyzer (VNA) (frequency
error, source and load match error, etc.) and transition errors and
phase changes between the output of the VNA and the reflection-
asymmetric (and reference) network. On the other hand, Fig. 1(b)
illustrates the measurement configuration where a reference two-port
network with known forward and backward wave impedances 𝑍+

𝑤2 and
𝑍−

𝑤2, propagation constant 𝛾2, and length 𝑙2 is connected between the
same 𝑋 and 𝑌 networks.

The total wave-cascading matrices (WCMs) of the measurement
configurations in Figs. 1(a) and 1(b) can be written as

𝑀1 = 𝑇𝑋 ⋅ 𝑅𝑍0 ,𝑍0
1 (𝑙1) ⋅ 𝑇𝑌 , (1)

𝑀2 = 𝑇𝑋 ⋅ 𝑅𝑍0 ,𝑍0
2 (𝑙2) ⋅ 𝑇𝑌 , (2)

where 𝑅𝑍0 ,𝑍0
1 (𝑙1) and 𝑅𝑍0 ,𝑍0

2 (𝑙2) denote the WCMs of the reflection-
asymmetric network and the reference network both of which are
referenced to the same characteristic impedance 𝑍0 whose value can
be different than 𝑍+

𝑤2 and 𝑍−
𝑤2; and 𝑇𝑋 and 𝑇𝑌 represent the WCMs of

the two-port networks 𝑋 and 𝑌 , respectively.
The WCMs 𝑅𝑍0 ,𝑍0

1 (𝑙1) and 𝑅𝑍0 ,𝑍0
2 (𝑙2) can be separated into three

parts [25] as

𝑅𝑍0 ,𝑍0
1 (𝑙1) = 𝑄𝑍0 ,𝑍

∓
𝑤1 ⋅ 𝑅𝑍∓

𝑤1 ,𝑍
∓
𝑤1 ⋅𝑄𝑍∓

𝑤1 ,𝑍0 (3)

𝑅𝑍0 ,𝑍0
2 (𝑙2) = 𝑄𝑍0 ,𝑍

∓
𝑤2 ⋅ 𝑅𝑍∓

𝑤2 ,𝑍
∓
𝑤2 ⋅𝑄𝑍∓

𝑤2 ,𝑍0 (4)

where 𝑄𝑍0 ,𝑍
∓
𝑤1 and 𝑄𝑍0 ,𝑍

∓
𝑤2 are the WCMs for the impedance trans-

formation from 𝑍0 to 𝑍∓
𝑤1 and from 𝑍0 to 𝑍∓

𝑤2, respectively; 𝑅𝑍∓
𝑤1

and 𝑅𝑍∓
𝑤2 denote the WCMs for the amplitude and phase variations

throughout the reflection-asymmetric network and the reference net-
work; 𝑄𝑍∓

𝑤1 ,𝑍0 and 𝑄𝑍∓
𝑤2 ,𝑍0 are the WCMs for the impedance transfor-

mation from 𝑍∓
𝑤1 to 𝑍0 and from 𝑍∓

𝑤2 to 𝑍0, respectively.
The WCMs 𝑄𝑍0 ,𝑍

∓
𝑤1 , 𝑄𝑍0 ,𝑍

∓
𝑤2 , 𝑄𝑍∓

𝑤1 ,𝑍0 , 𝑄𝑍∓
𝑤2 ,𝑍0 , 𝑅𝑍∓

𝑤1 ,𝑍
∓
𝑤1 , and

𝑅𝑍∓
𝑤2 ,𝑍

∓
𝑤2 can be written [25] as

𝑄𝑍0 ,𝑍
∓
𝑤1 = 𝜅1

[

1 𝛤+
01

𝛤−
01 1

]

, (5)

𝑄𝑍0 ,𝑍
∓
𝑤2 = 𝜅2

[

1 𝛤+
02

−

]

, (6)
2

𝛤02 1
Fig. 1. Two configurations for the application of our method. (a) The configura-
tion involving a reflection-asymmetric two-port network with forward and backward
impedances 𝑍+

𝑤1 and 𝑍−
𝑤1, the propagation constant 𝛾1, and the length 𝑙1 between two

two-port error networks 𝑋 and 𝑌 and (b) the configuration involving a reference
two-port network with known forward and backward impedances 𝑍+

𝑤2 and 𝑍−
𝑤2, the

propagation constant 𝛾2, and the length 𝑙2 between the same two-port networks 𝑋 and
𝑌 .

𝛤+
01 =

𝑍+
𝑤1 −𝑍0

𝑍+
𝑤1 +𝑍0

, 𝛤−
01 =

𝑍−
𝑤1 −𝑍0

𝑍−
𝑤1 +𝑍0

, (7)

𝛤+
02 =

𝑍+
𝑤2 −𝑍0

𝑍+
𝑤2 +𝑍0

, 𝛤−
02 =

𝑍−
𝑤2 −𝑍0

𝑍−
𝑤2 +𝑍0

, (8)

𝑄𝑍∓
𝑤1 ,𝑍0 = 1

𝜅1
1

1 − 𝛤+
01𝛤

−
01

[

1 −𝛤+
01

−𝛤−
01 1

]

, (9)

𝑄𝑍∓
𝑤2 ,𝑍0 = 1

𝜅2
1

1 − 𝛤+
02𝛤

−
02

[

1 −𝛤+
02

−𝛤−
02 1

]

, (10)

𝑅𝑍∓
𝑤1 ,𝑍

∓
𝑤1 =

[

𝑇1 0
0 1

𝑇1

]

, (11)

𝑅𝑍∓
𝑤2 ,𝑍

∓
𝑤2 =

[

𝑇2 0
0 1

𝑇2

]

, (12)

𝑇1 = 𝑒−𝛾1𝑙1 , 𝑇2 = 𝑒−𝛾2𝑙2 , (13)

where 𝜅1 and 𝜅2 values can be evaluated by applying the electrical
circuit theory [25,28]; 𝛤+

01, 𝛤
−
01, 𝛤

+
02, and 𝛤−

02 are the interfacial reflec-
tion coefficients; and 𝑇1 and 𝑇2 are the propagation factors within the
reflection-asymmetric network and the reference network, respectively.

Our goal is to eliminate the unknown networks 𝑋 and 𝑌 from
measurements 𝑀1 and 𝑀2. Toward this goal, we first perform the
summation of 𝑀1 and 𝑀2, then take the determinants of 𝑀1 +𝑀2 and
𝑀2 (or 𝑀1), and finally get the ratio of both determinant terms:

𝑀1 +𝑀2 = 𝑇𝑋 ⋅
[

𝑅𝑍0 ,𝑍0
1 + 𝑅𝑍0 ,𝑍0

2

]

⋅ 𝑇𝑌 (14)

det(𝑀1 +𝑀2)
det(𝑀2)

=
det(𝑇𝑋 ) ⋅ det

[

𝑅𝑍0 ,𝑍0
1 (𝑙1) + 𝑅𝑍0 ,𝑍0

2 (𝑙2)
]

⋅ det(𝑇𝑌 )

det(𝑇𝑋 ) ⋅ det
[

𝑅𝑍0 ,𝑍0
1 (𝑙2)

]

⋅ det(𝑇𝑌 )
(15)

det(𝑀1 +𝑀2)
det(𝑀2)

=

det
⎡

⎢

⎢

⎣

𝑄𝑍0 ,𝑍
∓
𝑤2 ⋅𝑄𝑍∓

𝑤2 ,𝑍
∓
𝑤1 ⋅ 𝑅

𝑍∓
𝑤1 ,𝑍

∓
𝑤1

1 (𝑙1) ⋅𝑄
𝑍∓
𝑤1 ,𝑍

∓
𝑤2

⋅𝑄𝑍∓
𝑤2 ,𝑍0 +𝑄𝑍0 ,𝑍

∓
𝑤2 ⋅ 𝑅

𝑍∓
𝑤2 ,𝑍

∓
𝑤2

2 (𝑙2) ⋅𝑄
𝑍∓
𝑤2 ,𝑍0

⎤

⎥

⎥

⎦

det
[

𝑄𝑍0 ,𝑍
∓
𝑤2 ⋅ 𝑅

𝑍∓
𝑤2 ,𝑍

∓
𝑤2

2 (𝑙2) ⋅𝑄
𝑍∓
𝑤2 ,𝑍0

]

(16)

det(𝑀1 +𝑀2)
det(𝑀2)

=
det

[

𝑄𝑍∓
𝑤2 ,𝑍

∓
𝑤1 ⋅ 𝑅

𝑍∓
𝑤1 ,𝑍

∓
𝑤1

1 (𝑙1) ⋅𝑄
𝑍∓
𝑤1 ,𝑍

∓
𝑤2 + 𝑅

𝑍∓
𝑤2 ,𝑍

∓
𝑤2

2 (𝑙2)
]

det
[

𝑅
𝑍∓
𝑤2 ,𝑍

∓
𝑤2

2 (𝑙2)
]

(17)
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det(𝑀1 +𝑀2)
det(𝑀2)

= det
[

𝑄𝑍∓
𝑤2 ,𝑍

∓
𝑤1 ⋅ 𝑅

𝑍∓
𝑤1 ,𝑍

∓
𝑤1

1 (𝑙1) ⋅𝑄
𝑍∓
𝑤1 ,𝑍

∓
𝑤2 + 𝑅

𝑍∓
𝑤2 ,𝑍

∓
𝑤2

2 (𝑙2)
]

. (18)

It is noted that common terms in the numerator and the denomina-
tor in (14)–(18) are eliminated. Besides, it is seen from (18) that the
expressions of 𝑄𝑍∓

𝑤2 ,𝑍
∓
𝑤1 and 𝑄𝑍∓

𝑤1 ,𝑍
∓
𝑤2 are needed to be known. Using

the expressions of 𝑄𝑍0 ,𝑍
∓
𝑤1 , 𝑄𝑍0 ,𝑍

∓
𝑤2 , 𝑄𝑍∓

𝑤1 ,𝑍0 , and 𝑄𝑍∓
𝑤2 ,𝑍0 in (5), (6),

(9), and (10), it is possible to express det(𝑀1 +𝑀2)∕det(𝑀2) in (18) as
det(𝑀1 +𝑀2)

det(𝑀2)
=
[

𝑄𝑍∓
𝑤2 ,𝑍0 ⋅𝑄𝑍0 ,𝑍

∓
𝑤1 ⋅ 𝑅

𝑍∓
𝑤1 ,𝑍

∓
𝑤1

1 (𝑙1) ⋅𝑄
𝑍∓
𝑤1 ,𝑍0 ⋅𝑄𝑍0 ,𝑍

∓
𝑤2

+𝑅
𝑍∓
𝑤2 ,𝑍

∓
𝑤2

2 (𝑙2)
]

. (19)

After incorporating the expressions in (5), (6), (12), and (13) into
(19) and after some manipulations, we determine

det(𝑀1 +𝑀2)
det(𝑀2)

− 2 = 𝛺1 =
𝑇 2
1 + 𝑇 2

2 + (𝛤𝛥 − 1)
(

1 + 𝑇 2
1 𝑇

2
2
)

𝛤𝛥𝑇1𝑇2
(20)

where

𝛤𝛥 =
(1 − 𝛤+

01𝛤
−
01)(1 − 𝛤+

02𝛤
−
02)

(1 − 𝛤+
01𝛤

−
02)(1 − 𝛤−

01𝛤
+
02)

. (21)

.1. Zero-length line reference network (thru connection)

It is seen from (20) that the zero-length reference network (𝑙2 = 0)
educes it to the following simple relation [25]:

1 = 𝑇1 + 1∕𝑇1, (22)

rom which one can easily determine 𝑇1 by enforcing the passivity
ondition (|𝑇1| ≤ 1 where | ⋆ | denotes the magnitude of ‘⋆’) without
nowing any information about 𝛤+

01 and 𝛤−
01.

Then, the propagation constant 𝛾1 of the reflection-asymmetric net-
ork can be evaluated from

1 =
−ln(𝑇1) ∓ 𝑗2𝜋𝑚𝑏

𝑙1
, 𝑚𝑏 = 0, 1, 2,… (23)

here 𝑚𝑏 denotes the branch index term whose value can be deter-
ined by using the stepwise method [29] or the phase unwrapping
ethod [30].

.2. Nonzero-length reference network

It is obvious from (20) and (21) that an additional measurement is
eeded to extract 𝑇1 if 𝑙2 ≠ 0. Assuming that there is another reference
etwork having the same forward and backward wave impedances
+
𝑤3 = 𝑍+

𝑤2 and 𝑍−
𝑤3 = 𝑍−

𝑤2, and propagation constant 𝛾2, but a different
length 𝑙3 (𝑙3 ≠ 𝑙2), then it is possible to derive 𝑇1 from the following
quadratic equation

𝑇 2
1 + 𝜒𝑇1 + 1 = 0, (24)

where

𝜒 =
𝛺1(1 − 𝑇 2

3 )𝑇2 −𝛺2(1 − 𝑇 2
2 )𝑇3

𝑇 2
3 − 𝑇 2

2

, 𝑇3 = 𝑒−𝛾2𝑙3 , (25)

det(𝑀1 +𝑀3)
det(𝑀3)

− 2 = 𝛺2 =
𝑇 2
1 + 𝑇 2

3 + (𝛤𝛥 − 1)
(

1 + 𝑇 2
1 𝑇

2
3
)

𝛤𝛥𝑇1𝑇3
, (26)

from which one can determine 𝑇1 as

𝑇1 =
−𝜒 ∓

√

𝜒2 − 4
2

. (27)

he correct solution for 𝑇1 from (27) can be ascertained by enforcing
he passivity condition, as discussed above.

Finally, the propagation constant 𝛾1 of the reflection-asymmetric
etwork can be determined from (23).
3

a

. Measurement and discussion

A measurement setup, as shown in Fig. 2(a), constructed by a
ectangular waveguide apparatus operating at X-band (8.2–12.4 GHz)
as utilized to validate the proposed method [25]. A handheld VNA

N9918 A) purchased from the company Keysight Technologies was
perated as a source for electromagnetic signals and a measuring
nstrument for S-parameters. Two highly-precise coaxial lines (1 m in
ength) were employed between the VNA ports and two coaxial-to-
aveguide adapters to transfer signals from the VNA. Two additional

onger waveguide sections with lengths greater than at least two free-
pace wavelengths at 8.2 GHz were in change for eliminating higher
rder modes which can appear in the measurement cell. S-parameter
easurements were carried out for 1001 points at X-band.

For validation of our method, as for the reflection-asymmetric net-
ork, we considered an X-band rectangular waveguide loaded with
bianisotropic MM slab with length 𝑙1 = 10.16 mm [25]. This MM

slab was constructed by SRRs whose geometry and coordinate axes
are shown in Fig. 2(b). It has a metallization length 𝐿𝑚 = 2.00 mm,
width 𝑤 = 0.30 mm, and gap 𝑔 = 0.30 mm. Metallic tracks of SRRs
were manufactured by copper with conductivity 𝜎𝑐 = 5.8 × 107 S/m
nd thickness 𝑡𝑚 = 35 μm. The substrate has thickness 𝑑 = 1.5 mm,
ength 𝑙1 = 10.16 mm, dielectric constant 𝜀𝑑 = 4.3, and loss tangent
𝑒 = 0.025. The whole MM slab is repeated 7 times in the 𝑥 axis and 4
imes in the 𝑦 axis after SRR was sandwiched between two substrates,
s shown in Fig. 2(c). The slab has the periodicity 𝑢𝑥 = 3.035 mm and
𝑦 = 2.54 mm in the 𝑥 and 𝑦 directions, both of which are greater than
he free-space wavelength (30 mm) at 𝑓 = 10 GHz. Further details
bout the construction of this slab and its fabrication are presented in
he study [25].

Fig. 2(d) illustrates the frequency dependence of magnitudes of
easured 𝑆11, 𝑆21 (≈ 𝑆12), and 𝑆22 (dashed lines) of this slab, after the
easurement setup was calibrated by the thru-reflect-line (TRL) cali-

ration technique [31]. For the line and reflect standards, a 9.40 mm
aveguide washer and a highly reflective short termination were em-
loyed, respectively. It is seen from Fig. 2(d) that the bianisotropic
M slab has a resonance near 11.5 GHz and has asymmetric reflection

roperty over full frequency band due to coupling between electric
nd magnetic resonances [32]. To validate measured S-parameters, S-
arameters of the designed MM slab are simulated by using a full 3D
lectromagnetic simulation program (CST Microwave Studio). Perfect
lectric conductors (𝐸𝑡 = 0) were considered as boundaries of the
aveguide and waveguide ports were located in the 𝑧-axis at appropri-
te planes to input electromagnetic energy and extract S-parameters.
or more information about simulation details, the reader can refer to
he study [25]. It is noted from Fig. 2(d) that simulated (solid lines)
nd measured S-parameters are in good agreement over the whole
requency band.

To extract propagation constant of the designed MM slab by our
roposed formalism, two different types of reference networks were
tilized. For the first reference network, two empty waveguide straights
ith lengths 𝑙2 = 7.70 mm and 𝑙3 = 9.40 mm were considered. Besides,

or the second reference network, these empty waveguide straights
ere fully filled with two PE samples with lengths equal to the lengths
f their corresponding waveguide straights (𝑙2 = 7.70 mm and 𝑙3 =
.40 mm). Figs. 3 and 4 show extracted real and imaginary parts of
1 and 𝛾1 by the proposed method for these two cases using aver-
ge values of uncalibrated S-parameters from ten linearly-independent
easurements, after applying the rolling average method [18]. To

alidate our method, 𝑇1 and 𝛾1 were also retrieved by the calibration-
ependent method [27] using measured calibrated S-parameters in
ig. 2(d) and by the calibration-independent thru-line method [25]
sing non-calibrated S-parameters. It should be stressed here that in
mplementation of the method in [25], the expression of 𝑇1 in (22) was

pplied.
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Fig. 2. (a) A photo of the measurement setup, (b) geometry of the bianisotropic MM unit cell in addition to coordinate axis, (c) constructed MM slab after repetition of the MM
cell in (b) 7 times and 4 times in the 𝑥- and the 𝑦-axes, and (d) magnitudes of simulated (solid lines) and measured (dashed lines) S-parameters of this slab within rectangular
waveguide (IEEE © [27]).

Fig. 3. (a) Real and (b) imaginary parts of 𝑇1 retrieved by the calibration-dependent method [27] (shown by solid lines and denoted by ‘Ref. 27’), by the calibration-independent
thru-line method [25] (shown by dashdot lines and denoted by ‘Ref. 25’), and the proposed method for two cases: (i) two empty X-band lines with 𝑙2 = 7.70 and 𝑙3 = 9.40 mm
(shown by dashed lines and denoted by ‘PM - Empty Lines’) and (ii) the same lines loaded fully with PE samples (shown by dotted lines and denoted by ‘PM - Lines with PE’).

Fig. 4. (a) Real and (b) imaginary parts of 𝛾1 retrieved by the calibration-dependent method [27] (shown by solid lines and denoted by ‘Ref. 27’), by the calibration-independent
thru-line method [25] (shown by dashdot lines and denoted by ‘Ref. 25’), and the proposed method for two cases: (i) two empty X-band lines with 𝑙2 = 7.70 and 𝑙3 = 9.40 mm
(shown by dashed lines and denoted by ‘PM - Empty Lines’) and (ii) the same lines loaded fully with PE samples (shown by dotted lines and denoted by ‘PM - Lines with PE’).
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Fig. 5. Calculated standard deviations at (a) 𝑓 = 8.2 GHz and (b) 𝑓 = 12.4 GHz for 𝛾1 extracted by different methodologies (i) the calibration-dependent method [27] (denoted by
I’), (ii) the proposed method using two empty X-band lines with 𝑙2 = 7.70 and 𝑙3 = 9.40 mm (denoted by ‘II’), (iii) the proposed method using two X-band lines with 𝑙2 = 7.70 and
3 = 9.40 mm loaded fully with PE samples (denoted by ‘III’), and (iv) the calibration-independent thru-line method [25] (denoted by ‘IV’).
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The following points are noted from results in Figs. 3 and 4. First,
eal and imaginary parts of 𝑇1 (and 𝛾1) retrieved by our method for
oth cases (both reference networks) are in good agreement with
hose extracted by the calibration-dependent method [27] and by the
alibration-independent thru-line method [25]. This obviously vali-
ates our formalism for empty and PE-loaded reference networks.
econd, extracted real and imaginary parts of 𝑇1 (and 𝛾1) by our method
or the second reference network have slightly greater ripples than
hose for the first reference network, which we think is due to sample ir-
egularities or inhomogeneities [33]. To examine this point further and
ompare the performance of our method with those in the studies [25,
7], standard deviations obtained from ten independent measurements
or ℜ𝑒{𝛾1} extracted by our method and the methods in the stud-
es [25,27] are presented at two discrete frequencies (𝑓 = 8.2 GHz and
2.4 GHz), as shown in Figs. 5(a) and 5(b), respectively. It is observed
rom Figs. 5(a) and 5(b) that standard deviations for ℜ𝑒{𝛾1} determined
rom the calibration-dependent method [27] and the proposed method
sing the reference network composed of empty waveguide sections are
reatly lower than those determined from the calibration-independent
ethod [25] and the proposed method using the reference network

omposed of waveguide sections loaded by PE samples. It should
e mentioned here that although the standard deviation for ℜ𝑒{𝛾1}
etermined from the proposed method using the reference network
omposed of empty waveguide sections is slightly greater than that
etermined from the calibration-dependent method [27], this method
ecessitates a prior calibration technique before extraction process
hile our proposed formalism does not require any formal calibration
rocedure. Third, our proposed formalism is more flexible than the
ethod in the study [25], because it allows non-calibrated measure-
ents of zero-length (thru) or non-zero length transmission lines with

rbitrary propagation constant and wave impedances. Thanks to this
lexibility, the accuracy of our proposed method could be improved
n extraction of propagation constant of networks with asymmetric
eflections.

. Conclusion

A new formalism based on the line–line methodology is proposed
o improve the accuracy and give additional flexibility in 𝛾1 measure-
ent of networks with asymmetric reflections using non-calibrated

-parameter measurements. It considers a reference network with arbi-
rary forward and backward wave impedances, propagation constant,
nd length for such extraction, thereby giving flexibility in the ap-
lication of the line–line methods for 𝛾1 measurement of reflection-
symmetric networks. Our proposed method was validated by 𝛾1 mea-
urement of a reflection-asymmetric network (waveguide) constructed
y a bianisotropic MM slab composed of C-shaped SRRs. Two different
5

inds of reference networks were utilized for 𝑇1 and 𝛾1 measurements
of this reflection-asymmetric network using average values of ten in-
dependent S-parameter measurements (and the standard deviation of
ℜ𝑒{𝛾1}) and thus performance evaluation of our method. While the first
ind was composed of two empty waveguide sections with different
engths (𝑙2 = 7.70 mm and 𝑙3 = 9.40 mm), the second kind was composed
f the same waveguide sections fully loaded by PE samples. The follow-
ng main results are observed from 𝑇1, 𝛾1, and ℜ𝑒{𝛾1} measurements.
irst, real and imaginary parts of 𝑇1 and 𝛾1 extracted by our method
or both kinds of reference networks are in good agreement with those
xtracted by the tested calibration-independent method and the tested
nother calibration-independent method. Second, standard deviations
or ℜ𝑒{𝛾1} evaluated by our method using the second kind of reference
etwork at the lowest frequency (𝑓 = 8.2 GHz) and the highest
requency (𝑓 = 12.4 GHz) are, respectively, close to those evaluated
rom the tested calibration-independent method and are significantly
maller than those evaluated from the tested calibration-independent
ethod and those evaluated from our method using the first kind of

eference network. Therefore, the accuracy of our proposed method
ould be improved by selecting suitable reference networks.
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