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A general “line-line” (LL) method is proposed for propagation constant determination (y* and y~) of nonrecip-
rocal networks using multiple reference networks. The new formalism provides flexibility in implementation
of LL methods so that not only more accurate y* (and y~) could be retrieved but also the effect of inaccurate
length information of the non-reciprocal network on y* (and y~) evaluation could be suppressed. For validation

of the method, y* and y~ of a microwave phase shifter (a nonreciprocal network) are determined using
uncalibrated scattering parameter measurements at X-band (8.2-12.4 GHz). Two different statistical analyses
based on normalized root-mean-square-error and goodness of fit and based on coefficient of variation and
confidence interval are individually performed to evaluate the performance and accuracy of our method.

1. Introduction

Propagation  constant or electromagnetic  properties  of
materials/networks can be determined from uncalibrated or raw scat-
tering (S-) parameters using the “line-line” (LL) methods [1-5]. LL
methods use various forms of guiding structures such as coaxial trans-
mission line [1], microstrip line [2], slotline [3], rectangular waveg-
uide [4], and coplanar waveguide [5] for such determination. The LL
methods in the literature can be categorized into (a) two identical
lines with different lengths loaded by the same material [2,6,3,7—
9], (b) two identical lines with the same length loaded by different
materials [1,4,10], and (c) non-zero length and zero-length lines loaded
with the same/different materials [5,11-15]. When these methods are
examined, it is noticed that the reference network is limited with
propagation constant, impedance, or length. In our recent study, we
have proposed an improved LL method using a reference network with
arbitrary forward and backward impedance, propagation constant, and
length, thus giving flexibility in the application of LL methods [16].
Nonetheless, all these LL methods [2,6,3,7-9,5,11-16] are restricted
to reciprocal networks assuming the same forward and backward
propagation constants.

In recent studies, we proposed two LL methods applicable for recip-
rocal and non-reciprocal networks [17,18]. Such an analysis could be
utilized for examining propagation characteristics of microwave phase
shifter networks [18,17] or chiral materials [19,20]. There is a main
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disadvantage of these methods [17,18]. They assume that reciprocal
(or non-reciprocal) lines have the same electromagnetic properties (the
same forward (and backward) propagation constants and the same
wave impedances) but different lengths. In some applications, it is
difficult to have two reciprocal lines having identical properties with
different lengths. Using a zero-length non-reciprocal line (the thru
connection) could be a remedy for such circumstances. However, as to
be demonstrated in Section 3, using a zero-length line could increase
the measured uncertainty in determination of forward (and backward)
propagation constant of non-reciprocal lines. Besides, it will also be
shown by measurements in Section 3 that any small deviation from
the actual value of the non-reciprocal line may affect seriously the
evaluation of its forward (and backward) propagation constant if the
thru connection is utilized in measurements.

In the submitted work, we extend the studies [17,18] and propose
a more general LL method applicable for forward/backward propaga-
tion constant measurement of non-reciprocal (or reciprocal) reflecting
(or non-reflecting) networks using a reference network with arbitrary
propagation constant(s), impedance, and length. A statistical analysis
based on normalized root-mean-square-error (N-RMSE) and goodness
of fit (GoF) and another statistical analysis based on coefficient of vari-
ation (COV) and confidence interval (CI) are individually performed to
evaluate the performance and accuracy of our method. In addition to

Received 25 April 2022; Received in revised form 2 July 2022; Accepted 8 July 2022

Available online 22 July 2022
0263-2241/© 2022 Published by Elsevier Ltd.


http://www.elsevier.com/locate/measurement
http://www.elsevier.com/locate/measurement
mailto:uchasar@gantep.edu.tr
https://doi.org/10.1016/j.measurement.2022.111618
https://doi.org/10.1016/j.measurement.2022.111618
http://crossmark.crossref.org/dialog/?doi=10.1016/j.measurement.2022.111618&domain=pdf

U.C. Hasar et al.

+ i
ch el
— P a—
o——0 —e—{Nonreciprocal —e o
(a) . S|y
o— ® network * 0
+ -
"Ly h
Z; z;
—> <—
o—— o Reference ©
(b) X Y
o— —e— network o —o

- -
Y2, V2 b

Fig. 1. Two configurations for the application of general LL method: (a) Nonreciprocal
network and (b) reference network.

its advantage of allowing lines with different lengths loaded by various
materials, it will be demonstrated by measurements that the proposed
formalism has the capability of improving the measurement accuracy
(reducing the uncertainties) and can reduce the effect of inaccurate
length information of non-reciprocal line/networks.

2. The generalized LL method
2.1. Formalism

Figs. 1(a) and 1(b) illustrate the measurement configurations of a
nonreciprocal network and a reference network for implementation
of the proposed general LL method for determination of the forward
and backward propagation constants y1+ and y of this nonrecipro-
cal network with forward and backward wave impedances Z:rl and
Z7,, and the length /;. To make the analysis general, the reference
network is also assumed to be nonreciprocal with the forward and
backward propagation constants y; and y;, forward and backward
wave impedances Z:’z and Z_, and the length /,. Here, the reference
network refers to a network (with known r}, vJ, Zc+2, Z,, and 1)
used to determine yl’f and y without any knowledge of error networks,
to be discussed shortly. The overall wave-cascading matrix (WCM)
presentations of the configurations in Figs. 1(a) and 1(b) are

M, =X Ry, (€8]

M, =X -R7"2,) - v, @)

where M, and M, denote, respectively, the overall WCMs of the
nonreciprocal and reference networks in Figs. 1(a) and 1(b); X and
Y denote the WCMs of error networks involving tracking (frequency)
errors, source and load match errors, and hardware imperfection of the
vector network analyzer (VNA); R]ZO’ZU (1) and Rzz“’z" (I,) represent the
WCMs of the nonreciprocal and reference networks referenced to the
same characteristic impedance Z,, involving impedance transformation
from Z, to Z:f] and Z:fz, amplitude and phase variations along the lines
with /; and /,, and impedance transformation from Z?, and Z%, to Z,,
respectively. For this reason, Z, appears two times in the superscripts
of RIZO’ZU(II) and RZZ 0’Zo(lz) networks. It is assumed that the error
networks X and Y do not change for both configurations in Figs. 1(a)
and 1(b).
The WCM RIZO’Z“ (1) can be decomposed into [21,22]

+ VAN A +
RIZO’ZO(II) = %% . R ey - 0%, 3)
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+ VAN At +
RIVP0 (1) = %075 . Rl D1y 0, @

where QZU'Zcil, chtl"ZU, QZU’Z;:Z, and Qzeiz’z0 are the impedance trans-
formation WCMs which are functions of Z:rl, z,, Z:rz, and Z_, defined
for u =1 and 2 by [16]

Z0.27, T 757, AN
R cho:<Qo-w> ) )
u
z*t -7, Z- -7,
[+ = Zeu , - _ Zeu ) 6)
“ Zh+ 7, “ zZ.+Z

Here, F;’ and I are, respectively, the reflection coefficients due to
impedance transformations from Z, to Z} and from Z, to Z_, . Besides,

7+ 7% 7t 7%

R, el”el(1;) and R, 27°¢2(],) can be expressed [18,17]

REAaZagy =T O | pE o i, @
u u 0 l/Tu+ ’ u

It is obvious from (1) and (2) that the effect of X and Y must be
eliminated to characterize the nonreciprocal network. From (1) and (2),
one can determine

M M;' = X - ROOPa) - [REZuy)1 ! X, ®)

where ‘x~!” is the inverse of the square matrix x. It is seen from (8)
that the effect of Y is already eliminated.
Using the decompositions in (3) and (4), the product RIZO'ZO(II) .
[RZZ “’Z“(Iz)]‘l can be re-written as
2.2, 2.2, - 7t ZH.Z3
RO - R () = 0% - RV
+ ot zt.z% _ + gt +
Q%a%a  [R)FTey)  @% P L (@70 %) 9)

On the other hand, by taking the trace operation of M, M; 1, which
is the sum of eigenvalues of M; M, we determine

VAN A + ot
Tr(M, M;") = A, = Tr ( Ry . %0 %s
7zt 7zt +
ARy TRy - 070 ), (10)

where Tr(x) denotes the trace of ‘x’. Here, the effect of X (in addition
to QZO’Zcil) is eliminated due to trace invariant property with respect
to a change of basis.

After some manipulations, one can derive

= = =t =
T+ T - O+ T T T

, 11)
TFT; (1= T;)

1

where
Let- (1—rl+rf)(1—r2+r2*). a2
(1-rfry) (1-17ry)

Furthermore, following (3)-(10), it is possible to obtain
+— +— =t -
_ T1 Tl +T2 T2 —(1+T1 Tl T2 T2 )5

Ay -
T-T;(1- 1)

s 13)

where A, = Tr(Mle‘l). From (11) and (13), T, can be expressed by
Tt as
1

T = (A/4) (T3 /T)) T a4

2.2. Validation

If nonreciprocal and reference networks are reciprocal and have
different lengths (I, # 1,) but the same symmetric reflection, yl* =
y;:yl,y;’=y2_=y2,andzc+l =Z, =2, =Z:2=Z;2=ZCZ=
Z,. Then, (11) (or (13)) reduces to a form similar in the studies [6].
Furthermore, if the nonreciprocal network is assumed to be reciprocal
with symmetric/asymmetric reflections and the reference network has
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Fig. 2. Extracted real and imaginary parts of (a) T;" and (b) 7, of the microwave phase shifter by the method in [19] (denoted by Ref. [19]), the calibration-independent

1 1
method [18] (denoted by Ref. [18]), and the proposed method (denoted by PM).

I, = 0 (thru connection), then (11) (or (13)) reduces to a form similar
in the study [12]. Finally, if the reference network (nonreciprocal) has
I,=0 (T2+ =T; = 1), then (11) reduces to a form similar to (23) in the
study [18]:

Ay =1TF +T7, 15)

and then it is possible to evaluate 7+ and 7~ following the procedure
in [18]. All the above cases validate our proposed formalism in (11)
and (13).

2.3. Implementation and accuracy improvement

Although /, = 0 in (11) facilitates the evaluation of T]+ and T
in a simple manner using the procedure [18], the accuracy of such
a procedure, as will be shown in Section 3, has a limited accuracy.
To improve the accuracy of T, and 7, determination, we consider
application of multiple reference networks. For simplicity and from
a practical point of view, it is assumed that the reference network
is reciprocal. Then, using two identical reciprocal reference networks
with lengths /, and /5, one can derive the objective function for T,
using (11) and (13)

For(T) = (A1/Ay) (A3/Ay) (T3 = T3) (T}
+A1A3[T3 (T} =1) /Ay =T, (T = 1) /A4](Tl+)3
+ (Ay/ 4y = A3/ Ay) A = TT)TY
+ [(A3T3 - AT) + (A T; — /13T2)T2T3]T1+

+(T; - T5)=0. (16)

where Tf = ¢ 2" = T, T] = ¢35 = Ty, A, = Tr(M,M;Y),
Ay =Tr(M7 IM;), and M; denotes the WCM of the reference network
with length /5. The correct root for Tl+ can be evaluated from (16)
by using the ‘roots’ function of MATLAB© and enforcing the passivity
principle (|Tl+ | < 1) where | x | denotes the magnitude of ‘x’.

Once Tl+ is computed from (16), T can be evaluated from (14).
Finally, yl+ and y{ can be determined from
—ln(Tf) + j2ami

yE= ol 4T = — L

7 17

where al*, ar, ﬂf, and By are, respectively, the forward and backward
attenuation and phase constants; and m;r and m; are the branch indices
with values of 0,F1,F2.... Their correct values can be ascertained by

the stepwise technique [23] or the phase unwrapping method [24].
3. Measurements and discussion
3.1. Experimental setup and validation of the method
A rectangular waveguide measurement setup operating at X-band

(8.2-12.4 GHz) was constructed for validation of the proposed gen-
eral LL method for reciprocal networks [17,18]. It has a handheld

vector network analyzer VNA (N9918A) from Keysight Technologies,
two rugged coaxial cables, and two longer waveguide straights. In
implementation of our method, two empty waveguide straights with
lengths /, = 7.70 mm and /; = 9.40 mm were considered as reference
networks. As for the nonreciprocal network, a microwave phase shifter
with length /; = 28.7 mm was used. For all S-parameter measurements
by our method, the measurement setup was not calibrated by any
calibration technique. The method [19] and the method [18] were
also applied to extract T}", T,, v, and y; quantities of this shifter.
In application of the method [18], uncalibrated S-parameters of the
shifter and the thru-connection were used. On the other hand, in the
application of the method [19], calibrated S-parameters of the shifter
were measured. For the calibration of the measurement setup, the
TRL calibration technique was employed. A highly reflective short was
utilized as a reflect standard and a 9.40 mm empty waveguide section
was implemented as the line standard which produced ¥70° phase shift
from —90° of the line standard between 8.2 and 12.4 GHz. The stepwise
technique [23] was used for obtaining accurate mZ’ and m; branch
indices by our method and by the methods [19,18]. Ten independent
S-parameter measurements were conducted for our method and the
methods [19,18] to examine standard deviations in the evaluation of
propagation characteristics of this shifter.

Figs. 2 and 3 illustrate the determined T, T o yl*, and y; quantities
of the microwave phase shifter by our method using (16) and the
methods [19,18] using average S-parameters of each individual ten
measurement set. It is noted from Figs. 2 and 3 that determined Tl+ ST
r{» and y; of the microwave phase shifter by our proposed general LL
method are in good agreement with those measured by the calibration-
dependent method [19] and the calibration-independent method [18],
thus validating the proposed formalism. It should here be noted that
while the method [18] and our proposed method do not necessitate
any formal calibration procedure, the method [19] requires such a
procedure.

3.2. Accuracy analysis

In order to compare the accuracy of our proposed method in
reference to the accuracy of the methods [19,18], we first examined
the standard deviations of the extracted yl+ and vy - For example,
Fig. 4(a) demonstrates the standard deviations of "’|+ at 10 GHz ex-
tracted by our method and by the methods [19,18]. Standard deviations
of /i1+, ar, and B, are not demonstrated for conciseness. It is ob-
served from Fig. 4(a) that the standard deviation for a]+ at 10 GHz
extracted by our method (comparable with that extracted by the
calibration-dependent method [19]) is lower than that extracted by the
calibration-independent method [18]. This indicates that our proposed
method extracts fairly stable “T (pt, a;, and ), as compared with the
calibration-independent method [18].

We then calculated the N-RMSE and GoF values for «f, f, o], and

B; using the following expressions [25]

L [Ny f t)2
\/N_f[ i (8 = 17 ]

max(y®xt) — min(yxt)

s (18)

AN-RMSE =
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Fig. 4. (a) Calculated standard deviations of the real part of y; and (b) extracted real part of y; when d = 28.7 mm (denoted by ‘Org.) and d = 31.57 mm (denoted by ‘10%’
offset) of the microwave phase shifter by the method in [19] (denoted by Ref. [19]) and the proposed method (denoted by PM).

Table 1

Caleulated al .N-RMSE’ l .N-RMSE’ ﬂl N-RMSE’ and ‘BI N-RMSE
and g by our method and the method [18].

values using measured o, a7, f;,

Method atN-RMSE @) N-RMSE r,N-RMSE By N-ruise
[18] 0.0093 0.0228 0.0035 0.0098
Our method 0.0087 0.0211 0.0031 0.0085
Table 2
Calculated GoF, s GoF,- Gon and GoFﬁ] values using measured o/, o], f, and f;
by our method and the method [18].
Method GoF,,T GoF,,I, GoFﬁr GoF/,I,
[18] 0.9706 0.8182 0.9885 0.9678
Our method 0.9750 0.9309 0.9004 0.9712
” anl _ ZEXt 2
— cal _ cal
GoF, =1- 4= L el 2 2, a9
”){cal - Xcae}an

where y stands for “1 s ﬁl , @, Of B ¥, ref and ;(:Xt are the reference
and extracted y values at kth frequency point; N, is the number of
frequency points (for our case, N, = 1001); ||-|| indicates the 2-norm
of *’; and max(x) and min(x) are the maximum and minimum values
of ‘x’, respectively. In our analysis, we consider the yl+ and y values
extracted by the method [19] as the reference values to compare the
accuracy of our method with the accuracy of the method [18]. It should
be noted that the lower the “1 N-RMSE? %1 N-RMSE’ ﬂ1 N-RMSE and ﬁl N-RMSE
values are (or the higher the GoF, ats GoF, ass GoFﬁ+ and GoFﬁ- 'values
are), the better agreement the extracted and reference quantmes have.

It is seen from Table 1 that calculated a] N-RMSE’ %1.N-RMSE? ﬂl N-RMSE?
and Bl N-RMSE values by our method are smaller than the corresponding
calculated ones by the method [18]. Besides, it is also noted from
Table 2 that calculated GoF,+, GoF,- GoFﬂ+, and GoFj;- values by
our method are bigger than the correspondlng calculated ones by the

method [18]. These results clearly demonstrate that a 1 , ap, or iy
values extracted by our method are, respectively, closer to the reference
values determined by the method [19] than those extracted by the
method [18].

Aside from the accuracy analysis based on N-RMSE and GoF values
for the extracted a:’, ﬁf’, ay, or i parameters by our method, we
additionally performed a statistical analysis involving COV and CI to
quantitatively examine the confidence level of extracted a;r, ﬂl*, ap, or
B, parameters by our method. COV and CI values can be determined
from the following expressions [26]

|
Xaw = 7 Xk» Oy = (20)
Ny k=1
o, cov, ref
COV, = £, Cl=t—L g 2 —CL < xT< 7 +CL,. (2D

Ya C /N,
Here, y,, and ¢, are, respectively, the average and standard deviations
of y; cov, and CI , are, respectively, the COV and CI values of y;
N, corresponds to the number independent measurement carried out
(for our case, N, = 10); and ¢ is the quantity corresponding to the
selected CI value in the t-distribution table. The quantities ;(“f and N,
are presented before. ¢ values corresponding to CI values of 90% and
95% are evaluated as 1.833 and 2.262, respectively. In our analysis, we
also consider the y]+ and yl‘ values extracted by the method [19] as the
reference values.

Table 3 illustrates calculated COV values and CI ranges for the al o
ﬂ1, o ¥ g OF B « barameters extracted by our method at the frequency
10.3 GHz (at the mid frequency of the X-band). It is observed from 3
that the “1 v’ Yaw ﬂ1 w and /31 values evaluated from the extracted
parameters by our method lie within the 90% CI range (also the 90% CI
range). Besides, it is noted from Table 3 that Aa:l,‘w/oz1 i ref o Aay /afrEf
and Af} /ﬁ’rref < AB;,/p;™, which can be due to the point that ay
and p; are evaluated after finding o and p; in application of our
method. To evaluate whether af, a7, f}, and g values lie within 90%
CI range over whole frequency band, we calculated a]f o ﬁ1+,k’ ar,,or By
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Table 3
Calculated COV values and CI ranges for the a]*, 1",
by our method at the frequency 10.3 GHz.

ay, or f; parameters extracted

+ ref N

al, T Aaf,, /url"‘kIEf cov CI (90%) range  CI (95%) range
33.3220 34.1345  2.44% 0.0649  32.37-34.90 32.07-35.20
ar o Aap, Jar, @ COV CI (90%) range  CI (95%) range
0.6232  0.6011  3.55% 0.0845  0.596-0.658 0.589-0.665
ﬂikmf Bl apf ., /prk'ef cov CI (90%) range  CI (95%) range
275.68  273.149  0.92% 0.0138  272.5-277.0 272.0-277.5
pr B Aﬁ[m,/p;’k‘ef cov CI (90%) range  CI (95%) range
105.62  104.15  1.39% 0.0256  103.7-106.8 103.3-107.2

values for each individual frequency over entire X-band. Figs. 5 and 6
demonstrate the dependencies of aT, ar, ﬂ1+’ and By extracted by our
method for the 90% CI range, in reference to the values extracted by
the method [19]. It is observed from Figs. 5 and 6 that «f, o], §;, and
B; values extracted by our method are in good agreement for the 90%
CI range, in reference to the a;r, ar, ﬂ:, and By values extracted by the
method [19].

On the other hand, Fig. 4(b) shows the effect of inaccurate knowl-
edge of I, on extracted a;r for our method and the method [19].
Extracted g, ar, and f; are not demonstrated for simplicity. It is seen
from 4(b) that our proposed method is less affected by 10% offset from
the actual value of /; = 28.7 mm than the method [19]. These results
indicate that our method not only extracts more accurate y1+ (and r7)
but also alleviates the effect of inaccurate information of /, on extracted
vy (and y}) through using multiple reference lines. Finally, it is noted
that in application of our methodology, we did not consider the effect of
switching errors in extracting yl+ and 7’1_ values [27,28]. Although the
procedure used to eliminating switching errors [25] barely improves
the accuracy of our method for the VNA used in our measurements,
it may be largely effective especially for some VNAs with improper
forward and/or backward impedance termination at the VNA source.

4. Conclusion

A generalized LL method is proposed for propagation constant
measurement of nonreciprocal networks. Its formalism considers a

reference network having arbitrary forward and backward propagation
constants, impedance, and length. The method is useful especially
for improving the measurement accuracy and reducing the effect of
inaccurate length information of the non-reciprocal line/network. Anal-
yses based on N-RMSE and GoF values and based on COV and CI
values show that the accuracy of our generalized line-line method for
propagation constant measurement of nonreciprocal networks is better
than the accuracy of other line-line method utilized for the same goal
in the literature.
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