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A B S T R A C T

A methodology relying on relating terms of a two-port error network to the scattering (S-) parameters of a
two-port network or device is applied to extract its full S-parameters. The new methodology has only one sign
ambiguity problem (two solutions) in evaluation of 𝑆11 (and thus 𝑆22) while the similar methodology in the
literature has two sign ambiguity problems (4 solutions). This ambiguity problem of our method is shown to
be eliminated by applying an approach based on continuity of the argument of 𝑆11 in the frequency domain.
On the other hand, our methodology, as compared with the thru-reflect-line calibration technique, does not
necessitate usage of any reflection standard in determining full S-parameters of a two-port network or device.
Finally, it gives information about error networks. For its validation, S-parameters of a microwave phase shifter
and a polyethylene sample flushed with the left/bottom terminal of the coaxial cell were extracted.
. Introduction

Error-corrected scattering (S-) parameters of a microwave two-port
evice can be obtained by using a proper calibration procedure such
s the thru-reflect-line (TRL) [1], multiline TRL [2], and the thru-
eflect-match [3]. To achieve the same goal, de-embedding line-line
echniques can be applied for characterization of S-parameters of a two-
ort device [4–7], which is our main concern in this study, in addition
o the determination of line impedance [8,9], line propagation con-
tant [10–13], and complex permittivity/permeability of sample-loaded
ine [14–21].

In the study [4], S-parameters of a two-port network or device
ere determined by using connections of a thru, a non-reflecting line
nd the device (direct configuration). As a variant of this study [5],
non-reflecting line was used in replace of the thru connection, and

he device was positioned at the mid-point of this non-reflecting line.
owever, these studies were limited to two-port networks or devices
ith reflection-symmetric property only. To extend these studies for

wo-port networks or devices with asymmetric reflections (as well as
ymmetric reflections), we have proposed two different techniques [6,
]. In the first technique [6], direct and reversed configurations of
he two-port network or device in addition to thru and non-reflecting
ine configurations were utilized to extract full S-parameters. Although

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

forward and backward transmission properties 𝑆21 and 𝑆12 were deter-
mined with no difficulty, forward and backward reflection properties
had the problem of sign ambiguity. Specifically, there are four solutions
for evaluating the forward reflection S-parameter 𝑆11 (and thus the
backward reflection S-parameter 𝑆22), and there is no specific criterion
for ascertaining the correct one among these possible solutions. In other
words, application of the criterion |𝑆11| ≤ 1.0 does not resolve the
problem where | ⋆ | denotes the magnitude operation. On the other
hand, in the second technique [7], configurations of the device itself
and the same device on a reference material whose properties are
known, along with configurations of thru and non-reflecting line, were
used to characterize the two-port network or device. Nonetheless, this
second technique likewise requires the knowledge of reflection and
transmission S-parameters of the reference material or necessitates
that the reference material be reflection-symmetric and transmission-
symmetric if its S-parameters are not known priori. It is for sure
that any inaccurate information about S-parameters of the reference
material will seriously affect the accuracy of this second technique.
Additionally, at some frequencies, it is not possible to separate the two
possible solutions for 𝑆11 of the two-port network or device because
the common criterion |𝑆11| ≤ 1.0 is not useful. Furthermore, any small
gap between the reference material and the device could drastically
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Fig. 1. Four different configurations for evaluating full S-parameters of a two-port network or device. (a) Thru connection, (b) non-reflecting line (denoted by the letter ‘L’)
connection, (c) direct connection of the device (denoted by the letter ‘D’), and (d) reversed connection of the device (denoted by the letter ‘R’).
degrade the performance of this second technique because it is not
always possible to integrate a reference material next to the device due
to fabrication constraints.

In this study, we revisit the problem of characterization of full
S-parameters of a two-port network or device and reformulate this
problem by first attacking to determination of unknown error net-
works and then characterization of the two-port network or device,
as different from the previous studies [4–7] which directly focus on
characterization of the two-port network or device without resorting to
error networks. Besides, as an advantage of such an analysis, it is shown
that it is possible to extract some information about the error network
in addition to full characterization of the two-port network or device.
Furthermore, it is demonstrated that there is only one sign ambiguity
problem in evaluation of 𝑆11 (and thus 𝑆22) using thru, non-reflecting
line, direct device, and reversed device configurations without using
any reference material, and this ambiguity could be eliminated by
applying an approach based on continuity of their arguments in the
frequency domain.

2. Proposed formalism

Fig. 1 demonstrates four different configurations for evaluating 𝑆11,
𝑆21, 𝑆12, and 𝑆22 of a two-port network or device. While Fig. 1(a)
depicts the thru configuration where the error networks 𝑋 and 𝑌 are
connected together, Fig. 1(b) depicts the non-reflecting line configura-
tion (denoted by the letter ‘L’) sandwiched between 𝑋 and 𝑌 . Figs. 1(c)
and 1(d) depict, respectively, the direct configuration (denoted by the
letter ‘D’) and the reversed configuration (denoted by the letter ‘R’) of
the device in between 𝑋 and 𝑌 .

2.1. Wave cascading matrices

According to the 8-term error matrix description [1], the wave
cascading matrices (WCMs) of the configurations 𝑀𝑎, 𝑀𝑏, 𝑀𝑐 , and 𝑀𝑑
in Figs. 1(a)–(d) can be written as

𝑀𝑎 = 𝑇𝑋𝑇𝑌 , 𝑀𝑏 = 𝑇𝑋𝑇𝑛𝑟𝑇𝑌 , 𝑀𝑐 = 𝑇𝑋𝑇𝐷𝑇𝑌 , 𝑀𝑑 = 𝑇𝑋𝑇𝑅𝑇𝑌 , (1)

where 𝑇𝑋 an 𝑇𝑌 are the WCMs of 𝑋 and 𝑌 ; 𝑇𝑛𝑟, 𝑇𝐷, and 𝑇𝑅 are the
WCMs of the non-reflecting line, the direct configuration of the device,
and the revised configuration of the device, respectively.

The WCMs 𝑀𝑎, 𝑀𝑏, 𝑀𝑐 , and 𝑀𝑑 are related to the measured
forward and backward reflection and transmission S-parameters 𝑆11𝑢,
𝑆21𝑢, 𝑆12𝑢, and 𝑆22𝑢 by

𝑀𝑢 =
1

𝑆21𝑢

[(

𝑆21𝑢𝑆12𝑢 − 𝑆11𝑢𝑆22𝑢
)

𝑆11𝑢
−𝑆22𝑢 1

]

, (2)

where 𝑢 = 𝑎, 𝑏, 𝑐, or 𝑑.
The expressions of the WCMs of 𝑇𝑛𝑟, 𝑇𝐷, and 𝑇𝑅 are determined for

exp(+𝑖𝜔𝑡) as

𝑇𝑛𝑟 =
[

𝑇0 0
0 1∕𝑇0

]

, (3)

𝑇𝐷 = 1
𝑆21

[

𝑆21𝑆12 − 𝑆11𝑆22 𝑆11
−𝑆22 1

]

= 1
𝑆21

[

−𝛥 𝑆11
−𝑆22 1

]

, (4)

𝑇𝑅 = 1
[

𝑆12𝑆21 − 𝑆22𝑆11 𝑆22
]

= 1
[

−𝛥 𝑆22
]

, (5)
2

𝑆12 −𝑆11 1 𝑆12 −𝑆11 1
where

𝑇0 = 𝑒−𝛾0𝐿𝑛𝑟 , 𝛥 = 𝑆11𝑆22 − 𝑆21𝑆12, (6)

and 𝛾0 and 𝐿𝑛𝑟 are the propagation constant and the length of the
non-reflecting line.

2.2. The error matrix 𝑇𝑋

Expressing the error matrix 𝑇𝑋 [11] as

𝑇𝑋 = 𝜅
[

𝜒1 𝜒2
𝜒3 1

]

, (7)

it is possible to relate measurement quantities 𝑀𝑏𝑀−1
𝑎 , 𝑀𝑐𝑀−1

𝑎 ,
𝑀𝑐𝑀−1

𝑏 , and 𝑀𝑑𝑀−1
𝑎 by

𝑀𝑏𝑀
−1
𝑎 = 𝑇𝑋𝑇𝑛𝑟𝑇

−1
𝑋 =

[

𝑢11 𝑢12
𝑢21 𝑢22

]

, (8)

𝑀𝑐𝑀
−1
𝑎 = 𝑇𝑋𝑇𝐷𝑇

−1
𝑋 =

[

𝑚11 𝑚12
𝑚21 𝑚22

]

, (9)

𝑀𝑑𝑀
−1
𝑎 = 𝑇𝑋𝑇𝑅𝑇

−1
𝑋 =

[

𝑝11 𝑝12
𝑝21 𝑝22

]

, (10)

where 𝜅, 𝜒1, 𝜒2, and 𝜒3 are the terms of the unknown 𝑇𝑋 ; 𝑢11, 𝑢21, 𝑢12,
𝑢22, 𝑚11, 𝑚21, 𝑚12, 𝑚22, 𝑛11, 𝑛21, 𝑛12, 𝑛22, 𝑝11, 𝑝21, 𝑝12, and 𝑝22 are the
known terms evaluated from measured 𝑀𝑎, 𝑀𝑏, 𝑀𝑐 , and 𝑀𝑑 .

2.3. Relating error terms to S-parameters

Using the expressions in (8)–(10), one can determine

𝑇𝑛𝑟 =

[

𝑇0 0
0 1∕𝑇0

]

= 1
(

𝜒1 − 𝜒2𝜒3
) ×

⎡

⎢

⎢

⎢

⎣

𝜒3

[

(

𝑢11 − 𝑢21𝜒2
) 𝜒1

𝜒3
+
(

𝑢12 − 𝑢22𝜒2
)

]

−
[

𝑢21𝜒2
2 + (𝑢22 − 𝑢11)𝜒2 − 𝑢12

]

𝜒2
3

[

𝑢21

(

𝜒1

𝜒3

)2

+
(

𝑢22 − 𝑢11
) 𝜒1

𝜒3
− 𝑢12

]

𝜒3

[

(

𝑢22 + 𝑢21𝜒2
) 𝜒1

𝜒3
−
(

𝑢12 + 𝑢11𝜒2
)

]

⎤

⎥

⎥

⎥

⎦

(11)

𝑇𝐷 = 1
𝑆21

[

−𝛥 𝑆11

−𝑆22 1

]

= 1
(

𝜒1 − 𝜒2𝜒3
) ×

⎡

⎢

⎢

⎢

⎣

𝜒3

[

(

𝑚11 − 𝑚21𝜒2
) 𝜒1

𝜒3
+
(

𝑚12 − 𝑚22𝜒2
)

]

−
[

𝑚21𝜒2
2 + (𝑚22 − 𝑚11)𝜒2 − 𝑚12

]

𝜒2
3

[

𝑚21

(

𝜒1

𝜒3

)2

+
(

𝑚22 − 𝑚11
) 𝜒1

𝜒3
− 𝑚12

]

𝜒3

[

(

𝑚22 + 𝑚21𝜒2
) 𝜒1

𝜒3
−
(

𝑚12 + 𝑚11𝜒2
)

]

⎤

⎥

⎥

⎥

⎦

(12)

𝑇𝑅 = 1
𝑆12

[

−𝛥 𝑆22

−𝑆11 1

]

= 1
(

𝜒1 − 𝜒2𝜒3
) ×

⎡

⎢

⎢

⎢

⎣

𝜒3

[

(

𝑝11 − 𝑝21𝜒2
) 𝜒1

𝜒3
+
(

𝑝12 − 𝑝22𝜒2
)

]

−
[

𝑝21𝜒2
2 + (𝑝22 − 𝑝11)𝜒2 − 𝑝12

]

𝜒2
3

[

𝑝21

(

𝜒1

𝜒3

)2

+
(

𝑝22 − 𝑝11
) 𝜒1

𝜒3
− 𝑝12

]

𝜒3

[

(

𝑝22 + 𝑝21𝜒2
) 𝜒1

𝜒3
−
(

𝑝12 + 𝑝11𝜒2
)

]

⎤

⎥

⎥

⎥

⎦

(13)

2.4. Determining S-parameters of a general device

It is seen from (11)–(13) that 𝑆11, 𝑆21, 𝑆12, and 𝑆22 are all functions
of the terms 𝜒2 and 𝜒2∕𝜒3. Therefore, it is meaningful first to evaluate
these terms. Toward this end, we obtain from the null entries of 𝑇𝐿 in
(11) the following quadratic equations for 𝜒2 and 𝜒2∕𝜒3:

𝑢 𝜒2 + (𝑢 − 𝑢 )𝜒 − 𝑢 = 0, (14)
21 2 22 11 2 12
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𝑢21

(

𝜒1
𝜒3

)2
+ (𝑢22 − 𝑢11)

𝜒1
𝜒3

− 𝑢12 = 0. (15)

Because these quadratic equations have the same coefficients, they
will produce the same two solutions for 𝜒2 and 𝜒1∕𝜒3. The correct
solution for 𝜒2 and 𝜒1∕𝜒3 can be ascertained by applying the constraint
|𝜒2| < |𝜒1∕𝜒3| [1].

After, from (12), one can determine 𝑆21 as

𝑆21 =

𝜒1
𝜒3

− 𝜒2

(

𝑚22 + 𝑚21𝜒2
) 𝜒1
𝜒3

−
(

𝑚12 + 𝑚11𝜒2
)

. (16)

In a similar fashion, one can extract 𝑆12 from (13) as

12 =

𝜒1
𝜒3

− 𝜒2

(

𝑝22 + 𝑝21𝜒2
) 𝜒1
𝜒3

−
(

𝑝12 + 𝑝11𝜒2
)

. (17)

Next, simultaneous solution of (12) and (13) results the following
expressions for evaluating 𝑆11 and 𝑆22

𝑆2
11 =

𝑆12𝑆21

[

𝑚21𝜒2
2 + (𝑚22 − 𝑚11)𝜒2 − 𝑚12

]

×
[

𝑝21

(

𝜒1
𝜒3

)2
+ (𝑝22 − 𝑝11)

𝜒1
𝜒3

− 𝑝12
]

(

𝜒1
𝜒3

− 𝜒2

)2
, (18)

𝑆2
22 =

𝑆12𝑆21

[

𝑝21𝜒2
2 + (𝑝22 − 𝑝11)𝜒2 − 𝑝12

]

×
[

𝑚21

(

𝜒1
𝜒3

)2
+ (𝑚22 − 𝑚11)

𝜒1
𝜒3

− 𝑚12

]

(

𝜒1
𝜒3

− 𝜒2

)2
. (19)

Values of 𝑆2
11 and 𝑆2

22 can uniquely be determined from (18) and
(19) once 𝑆21 and 𝑆12 are evaluated from (16) and (17). Because
𝑆11 = |𝑆11|𝑒𝜃11 = ±

√

𝑆2
11 and 𝑆22 = |𝑆22|𝑒𝜃22 = ±

√

𝑆2
22, it is possible to

determine |𝑆11| and |𝑆22| uniquely from measured 𝑆2
11 in (19) and 𝑆2

22
in (20). Besides, one can evaluate from (12) and (13)

𝛥 = − 1

2
(

𝜒1
𝜒3

− 𝜒2

)

{

𝑆21

[

(𝑚11 − 𝑚21𝜒2)
𝜒1
𝜒3

+ (𝑚12 − 𝑚22𝜒2)
]

+ 𝑆12

[

(𝑝11 − 𝑝21𝜒2)
𝜒1
𝜒3

+ (𝑝12 − 𝑝22𝜒2)
]

}

. (20)

This means that if 𝜃11 could be evaluated, 𝜃22 could be automatically
nd uniquely computed using the constraint 𝑆11𝑆22 = 𝛥 + 𝑆21𝑆12. A
rocedure for evaluating 𝜃11 is presented in next subsection.

.5. Application of the continuity approach for evaluating the argument of
11

To determine unique solutions for 𝑆11 (and thus 𝑆22), one can
pply the approach of continuity in the argument of extracted 𝑆11 and
etermine unique solutions for 𝑆11 (and thus 𝑆22) through (6) and
20)) [10,22–25]. According to this approach, it is possible to evaluate
nique 𝜃11 by minimizing the following objective function

obj = 𝜃11(𝑓2) − 𝜃11(𝑓1) ± 2𝜋𝑚, (21)

here 𝜃11(𝑓2) and 𝜃11(𝑓1) are the 𝜃 values at frequencies 𝑓1 and 𝑓2,
nd 𝑚 is a natural number (0, 1, 2,…; the branch index term) used
o sustain the continuity of extracted 𝜃11 in the frequency band. It
hould be mentioned that accurate determination of 𝜃11(𝑓2) requires
he knowledge about 𝜃11(𝑓1), which could be supplemented if some
3

reliminary information of electromagnetic properties of the two-port S
etwork or device at one frequency, to be discussed in Section 3, are
nown priori.

.6. Determining S-parameters of a special device

It is noted that depending on the character of the two-port network
r device, it is possible to specialize the above analysis. For example,
or a reciprocal (but non-symmetrical reflection) case, we can obtain

𝑎𝑣
21 =

𝑆21 + 𝑆12
2

, (22)

once 𝑆21 and 𝑆12 are evaluated from the expressions in (16) and (17).
Besides, for a reflection-symmetric (but non-reciprocal) case, we can
determine

𝑆𝑎𝑣
11 =

𝑆11 + 𝑆22
2

, (23)

once 𝑆11 and 𝑆22 are evaluated from the expressions in (6) and (18)–
(21). Finally, if the network or device is reflection-symmetric and
reciprocal, it is possible to calculate

𝑆𝑎𝑣
11 =

𝑆11 + 𝑆22
2

, 𝑆𝑎𝑣
21 =

𝑆21 + 𝑆12
2

. (24)

2.7. Information about error networks

In addition to the information about 𝜒2 and 𝜒1∕𝜒3 of the error
network 𝑋 using (14) and (15), it is also possible to determine some of
the parameters of the error network 𝑌 . Defining

𝑇𝑌 = 𝜆
[

𝜉1 𝜉3
𝜉2 1

]

, (25)

𝑀−1
𝑎 𝑀𝑏 = 𝑇 −1

𝑌 𝑇𝑛𝑟𝑇𝑌 =
[

𝑛11 𝑛12
𝑛21 𝑛22

]

, (26)

it is possible to obtain

𝑇𝑛𝑟 =

[

𝑇0 0
0 1∕𝑇0

]

= 1
(

𝜉1 − 𝜉2𝜉3
) ×

⎡

⎢

⎢

⎢

⎣

𝜉3
[

(

𝑛11 − 𝑛12𝜉2
) 𝜉1
𝜉3

+
(

𝑛21 − 𝑛22𝜉2
)

]

𝜉23
[

𝑛12

(

𝜉1
𝜉3

)2

+
(

𝑛22 − 𝑛11
) 𝜉1
𝜉3

− 𝑛21
]

−
[

𝑛12𝜉22 + (𝑛22 − 𝑛11)𝜉2 − 𝑛21
]

𝜉3
[

(

𝑛22 + 𝑛12𝜉2
) 𝜉1
𝜉3

−
(

𝑛21 + 𝑛11𝜉2
)

]

⎤

⎥

⎥

⎥

⎦

(27)

nd

12𝜉
2
2 + (𝑛22 − 𝑛11)𝜉2 − 𝑛21 = 0, (28)

12

(

𝜉1
𝜉3

)2
+ (𝑛22 − 𝑛11)

𝜉1
𝜉3

− 𝑛21 = 0. (29)

The correct solution for 𝜉2 and 𝜉1∕𝜉3 can be ascertained by applying
he constraint |𝜉2| < |𝜉1∕𝜉3| [1]. It means that values of 𝜉2 and 𝜉1∕𝜉3 can
lso be determined uniquely.

. Measurement and discussion

Two different measurement configurations shown in Figs. 2(a)
nd 2(c) were used to validate our proposed formalism. For the first
easurement configuration, an X-band (8.2–12.4 GHz) waveguide

etup [12,13,20] was used to measure S-parameters of a waveguide
hase shifter (a non-reciprocal network) loaded with ferrite material
rom Kearfott company with 𝐿 = 28.7 mm (considered as a two-port
evice), as shown in Fig. 2(b), using uncalibrated S-parameters of the
onfigurations in Fig. 1. Here, an empty waveguide section with a
ength of 𝐿𝑛𝑟 = 9.45 mm was used as the non-reflecting line. Two
aveguide washers of 200 mm were applied to maintain propagation of

he dominant mode (TE10) within waveguide. For the second measure-
ent configuration, a broadband coaxial-line measurement setup [21],
hich has a frequency range up to 3.0 GHz, was operated to measure

-parameters of a reciprocal Polyethylene (PE) sample with a length



Measurement 190 (2022) 110656U.C. Hasar et al.
Fig. 2. Pictures of (a) the waveguide measurement setup [12,13,20], (b) the waveguide phase shifter, (c) the coaxial-line measurement setup [21], and (d) the coaxial lines and
their flanges.
of 3.85 mm. Two coaxial cells with lengths of 𝐿1 = 150 mm and
𝐿2 = 171.5 mm (their outer and inner diameters are approximately
38.8 ∓ 0.075 mm and 16.9 ∓ 0.050 mm) were used in application of our
method. Empty coaxial lines with 𝐿1 and 𝐿2 were connected between
coaxial adapters (see Fig. 2(c)) to implement the configurations in
Figs. 1(a) and 1(b), respectively (𝐿𝑛𝑟 = 21.5 mm), because the reference
planes of the shorter cell were assumed to be merged in the longer
cell [26]. Then, the PE sample was positioned (arbitrarily) within the
longer cell to measure S-parameters of the configuration in Fig. 1(c).
Finally, this sample was shifted toward right (or upward, please see
Fig. 2(c)) by a distance of approximately 𝐿𝑛𝑟−3.85 ≅ 17.65 mm to realize
the configuration in Fig. 1(d). In reference to the measurement config-
urations in Figs. 1(a)-1(d), these coaxial line connections eventually
could be used to measure full S-parameters of the PE sample flushed
with the left/bottom terminal of the coaxial cell with length 𝐿𝑛𝑟. For
both measurement configurations, a vector network analyzer (VNA)
(N9918 A) from Keysight Technologies, which operates between 30 kHz
and 26.5 GHz, was operated to measure S-parameters. In addition,
two phase-stable coaxial lines with lengths of 100 cm were used to
transfer electromagnetic signals from the VNA to the adapters of each
configuration.

Our proposed methodology was applied to extract 𝑆11, 𝑆21, 𝑆12,
and 𝑆 of the microwave phase shifter and the coaxial-line with the
4

22
PE sample. Figs. 3–6 present real and imaginary parts of extracted S-
parameters of this shifter. To validate our proposed methodology and
compare its accuracy, its S-parameters were also measured after the
waveguide setup was calibrated by the TRL technique [1]. A waveguide
washer of 9.45 mm was operated as the line standard, which results
in approximately ∓70◦ phase variation from −90◦ at 10.3 GHz, while
a highly reflective metal termination was operated as the reflect stan-
dard. Calibration process was validated by measuring S-parameters of
the line standard. It was observed that |𝑆11| (and |𝑆22|) was less than
approximately −40 dB, and |𝑆21| (and |𝑆12|) was not less than −0.03 dB.
Measured calibrated S-parameters of the shifter are given in Figs. 3–6.

It is seen from Figs. 3–5 that extracted S-parameters (|𝑆11|, |𝑆22|,
𝑆21, and 𝑆12) by our proposed methodology and calibrated S-parameters
after the TRL calibration of the microwave phase shifter are in good
agreement with each other. The advantage of our proposed method
is that it does not require the reflect standard in extracting these S-
parameters of a two-port network or device. Besides, Figs. 6(a) and 6(b)
demonstrate the frequency dependencies of 𝜃11 and 𝜃22 extracted by
our method before (without (21)) and after (with (21)) the continuity
approach was applied. In the application of this approach, information
of 𝜃11 was supplemented by the calibrated 𝑆11 at frequency 𝑓1 = 8.2
GHz. It is seen from Figs. 6(a) and 6(b) that it is possible to extract
accurate phases of 𝜃 and 𝜃 by our method.
11 22
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Fig. 3. (a) |𝑆11| and (b) |𝑆22| of the phase shifter extracted by our methodology (denoted as ‘Proposed’) and measured after calibration by the TRL technique (denoted as
Calibrated’).
Fig. 4. (a) Real and (b) imaginary parts of 𝑆21 of the phase shifter extracted by our methodology (denoted as ‘Proposed’) and measured after calibration by the TRL technique
(denoted as ‘Calibrated’).
Fig. 5. (a) Real and (b) imaginary parts of 𝑆12 of the phase shifter extracted by our methodology (denoted as ‘Proposed’) and measured after calibration by the TRL technique
(denoted as ‘Calibrated’).
Fig. 6. Frequency dependence of (a) 𝜃11 and (b) 𝜃22 of the phase shifter extracted by our method before (without (21)) and after (with (21)) the continuity approach was applied.
On the other hand, Figs. 7 and 8 illustrate real and imaginary parts
f extracted 𝑆11 and 𝑆21 (dependencies of 𝑆12 and 𝑆22 are not shown
5

for brevity) of the PE sample flushed with the left/bottom terminal of
the cell with length 21.5 mm. Information about 𝜃11 was supplemented
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Fig. 7. (a) Real and (b) imaginary parts of 𝑆11 of the PE sample flushed with the left/bottom terminal of the cell with length 21.5 mm extracted by our methodology (denoted as
‘Proposed’) and calculated (denoted as ‘Calculated’) one using the reference permittivity 𝜀𝑟 = 2.26 − 0.0002𝑖 [27].
Fig. 8. (a) Real and (b) imaginary parts of 𝑆21 of the PE sample flushed with the left/bottom terminal of the cell with length 21.5 mm extracted by our methodology (denoted as
‘Proposed’) and calculated (denoted as ‘Calculated’) one using the reference permittivity 𝜀𝑟 = 2.26 − 0.0002𝑖 [27].
Fig. 9. Extracted real and imaginary parts of (a) 𝜒2 and (b) 𝜒1∕𝜒3 of the phase shifter extracted by our methodology.
t the lowest frequency (30 kHz) using the reference datum for the PE
ample in the literature (𝜀𝑟 = 2.26−0.0002𝑖 at 1 kHz, 1 MHz, 100 MHz,
nd 3 GHz [27] where 𝜀𝑟 refers to the relative complex permittivity).
t is noted that real and imaginary parts of the extracted 𝑆11 and 𝑆21

are in good agreement with those calculated by using this reference
complex permittivity. Besides, our method, as a byproduct, can extract
𝜒2, 𝜒1∕𝜒3, 𝜉2, and 𝜉1∕𝜉3 terms of the error networks 𝑇𝑥 and 𝑇𝑌 . Figs. 9
and 10 illustrate the real and imaginary parts of 𝜒2, 𝜒1∕𝜒3, 𝜉2, and 𝜉1∕𝜉3
terms of the phase shifter. It is seen from Figs. 9 and 10 that 𝜒1∕𝜒3
(𝜉1∕𝜉3) is greater than 𝜒2 (𝜉2) [1].

As a final point, it should be stated that the accuracy of our pro-
posed methodology and the accuracy of the TRL calibration technique
decrease if the insertion phase of the non-reflecting line goes out of
the range between −20◦ and −160◦. Depending on the requirement,
multiple non-reflecting lines with varying lengths could be utilized as
a remedy for broadband measurements [2]. The non-reflecting line
used in application of our method did not produce any phase problem.
It should also be emphasized that the accuracy of our method can
decrease if the two-port network or device has considerable loss so that
6

magnitudes of measured transmission S-parameters are less than −40
dB and thus accuracy of these S-parameters decreases.

4. Conclusion

A new methodology has been applied to extract 𝑆11, 𝑆21, 𝑆12, and
𝑆22 of a two-port network or device using uncalibrated S-parameters.
There are three main advantages of this methodology. First, it does
not require any reflection standard in evaluating full S-parameters.
Second, there is only one sign ambiguity problem (two solutions) for
the applied methodology in evaluating 𝑆11 or 𝑆22, while another similar
methodology produces two sign ambiguities (four solutions). The sign
ambiguity in the extracted reflection S-parameters could be removed
by applying an approach based on continuity of their arguments in
the frequency domain. Third, the methodology gives information about
error terms 𝑇𝑋 and 𝑇𝑌 . S-parameters of a microwave phase shifter and
a PE sample flushed with the left/bottom terminal of the coaxial cell

with length 𝐿𝑛𝑟 were extracted to validate our proposed methodology.
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Fig. 10. Extracted real and imaginary parts of (a) 𝜉2 and (b) 𝜉1∕𝜉3 of the phase shifter extracted by our methodology.
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