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AUTOMATIC GENERATION OF LINEAR QUADRUPOLE
PARAMETERS

Razvan ASANACHE?, Cristina Mihaela TURCU?, Mihai IORDACHE?®

The paper presents the automatic generation, using dedicated simulation
software programs, of Z, Y and T parameters for the linear or non-linear two-port
circuits, but linearized on portions. Based on these parameters, the parameters that
characterize the analog filters are determined, and the passing and stop frequency
bands for these filters are calculated. The obtained results from the definition
relations are compared with those ones obtained as functions of S parameters. As
the results obtained with the two procedures coincide, it proves that at high and very
high frequencies it is indicated to use the procedures with S parameters.
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1. Introduction

In order to describe linear analog circuits in harmonic behavior at low and
medium frequencies, one may use impedance parameters Z, admittance
parameters Y and transfer (fundamental) parameters T [1-11].

For higher frequencies, these parameters can no longer be used since their
measurements require special arrangements. For instance, to compute impedance
parameters of a two-port network (2PN), the output port must be short-circuited,
which makes impossible the measurement at higher frequencies. In this case, the
equipment is not able to measure the actual voltage and the actual current at the
2PN’s gates. Moreover, many active devices cannot operate by a stable manner
when short-circuits or open circuits occur. The transverse waves should be used at
these frequencies, [2, 4, 6].

At low frequencies, the transfer coefficients matrix and the ones for
impedances or admittances are commonly used, but at high and very high
frequency domains, they are difficult to be measured and for this reason at high
frequencies the scattering parameters S are preferred. The S parameters are
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measured with a VNA (Vector Network Analyzer) HP 8720D, which can measure
S parameters for frequency values between 50 MHz and 40 GHz, [1-7].

In the specialized literature, [4-12], there are conversion formulas between
the S parameters and the classical parameters of the circuit theory (Z impedances,
Y admittances, fundamental (transfer) parameters T (A, B, C and D) etc.), [4-12].

The automatic generation of S parameters, for various structures of two-
ports, linear passive or non-linear but linearized on portions, can be used either
the modified nodal equations, generated by the application software CSAP —
Circuit Symbolic Analysis Program, [14-16], or the state equations, generated by
the software program SYSEG — SYmbolic State Equation Generation, [14-16].

Using dedicated simulation software programs, this paper presents the
automatic generation of Z, Y, and T parameters for linear or non-linear but
linearized on portions quadrupoles. Based on these parameters there are
determined the parameters which characterize the analogue filters and calculated
the pass and stop frequency bands for the analyzed filters and obviously the nature
of these filters. The obtained results are compared with the ones obtained using
the S parameters.

At the end, based on developed procedures, in MAPLE and MATLAB
programming environments have been implemented routines, in order to
calculate all the parameters mentioned above and to be able to compare the results
obtained by simulation with those ones existing in the specialized literature and
with the experimental ones.

2. Automatic generation of Z, Y, T and S parameters and their use in
the analysis of the two-port electric circuits

This paragraph, using the electrical circuits theory and dedicated software
applications, presents, starting from the definition expressions, the Z, Y and T
matrices, used in the analog filter analysis. Then, the S matrix of scattering
parameters is generated and based on them, the Z, Y and T matrices are calculated
at high and very high frequencies. The impedances equations (in complex) of a
passive linear quadrupole have the following expressions, [16]:

Up || Za Zu | L W
QZ ZZl ZZZ 12
where the transfer complex impedances are defined as follows:
d d d d
2,25 =2y Zo= M =2 Za=SH =L Za=oY = Z,0)
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Fig. 1. A passive linear quadrupole circuit.

The passive linear quadrupole circuit shown in Fig. 1 is equivalent with
the circuit presented below, in Fig. 2, where Eg is the voltage provided by the
generator, Zg is the generator impedance and Z, is the load impedance.

The input impedance (from the port i’ —i”) Zi, is defined as follows:

Y,

== (3)

Zin T
=1

Eg=0U,=- 2,1,
Considering the impedances equations of the two-port circuit (1), there can
be obtained:

YAV
Zin = le - 252 (4)
Z,tZy

The output impedance (from the port o’ — 0”) Zo.: is defined as follows:
- =2

Zout
=2

(5)

Ee=0U = Zg1y

Considering the impedances equations for the two-port circuit, there is
obtained:

Low =L~ Luly (6)
Lo+Zy

For the analytical calculation of complex impedances, to the input and
output ports of the two-port circuit, from Fig. 1, will be connected independent
ideal current sources with the current intensities Ji, respectively J,, and then this
circuit is analyzed symbolically with the CSAP program, [14 - 16], and there can
be computed, starting from their definition, the complex impedances of the two-
port circuit (2).

The admittances equations (in complex) of a passive linear quadrupole
circuit have the following expressions:

ll — le XlZ Ql (7)
12 XZl XZZ QZ

where the transfer complex admittances are defined as follows:
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By connecting to the input and output ports of the two-port circuit, from
Fig. 1, independent ideal voltage sources, with voltages Ei, respectively E,, and
then analyzing symbolically this circuit with the CSAP program, [14 - 16], there
can be computed, starting from their definition, the complex admittances of the
two-port circuit (8).

The equations of a passive linear quadrupole circuit (Fig. 4), based on the
fundamental (transfer) parameters, have the following expressions, [15]:

U, 4 B | U,
I, C D | [

The fundamental parameters have, by definition, the following
expressions:

(9)

T U, 4w T L, Y
1,=0 U,=0 (lo)
- QZ 1,=0 Zui o 12 U,=0 Eoi

For the analytical calculations, by example, for the one of the transfer
factor (amplification) in voltage from the input to the output, A, there is calculated
the transfer factor (amplification) in voltage, from the output to the input of the
two-port circuit from Fig. 1, Ao, by connecting to the terminals 1' - 1" an ideal
voltage independent source, with the voltage E;, and the output terminals 2' — 2”
are left not connected, then this circuit is analyzed symbolically with the CSAP
software program, [14, 15].

The characteristic (iterative) impedances of a passive linear quadrupole
circuit are defined as follows, [16]:

d U d
Z,== L=t (11)
=llz=z, =2lz=z,
and the image impedances have the following expressions:
‘U ‘U
Z == , Z,=t (12)
“tlz=z, L2lsa,

The expressions of the characteristic impedances, depending on the
fundamental (transfer) parameters of the quadrupole are as follows, [12, 15]:
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Z, =é{(4- D)t /(4- Df +4§g},

Z., :i{(g- 4)(D- A)2+4£Q}.

Impedance images, depending on the fundamental (transfer) parameters of
the quadrupole, have the following expressions:

Z,=+ % Z, =i,/% (14)

If the quadrupole is symmetric, equations (13) and (14) become as
follows:

(13)

ch = ZCZ = Z[l = ZiZ =t (15)

)

The transfer factors for the characteristic impedances and, respectively, for
the image impedances, depending on the transfer parameters, are given by the
following expressions:

g =(3[(4+)+\a+ ) -4 ]|
gi:In(@h/E).

If the quadrupole is symmetric, equations (16) become as follows:

g = g =n[4+BC) a7)
For the reciprocal and no loss filters, the passing (stop) intervals consist of
all frequencies for which the following inequality is (is not) satisfied:

0£A4ADEL (18)
The attenuation constant a and the phase constant b have, in the filter
passing intervals, the following expressions:

(16)

a=0, b= arcctg; +kp =arccosv AD +kp (19)
1/ L 1
AD
and in the stop intervals these constants are given by the following relations:
p
+= <
! - =argchv 4D, b={" 2 AD <0 (20)

a = arg cth———
/1- Osaul A4D>1
AD


https://hallo.ro/dictionar-englez-roman/inequality
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The generation of S parameters for linear analog circuits and for non-linear
analog circuits, but linearized on portions around an operating point, under precise
polarization and temperature conditions of electronic devices, can be performed
through small signal simulations, [3, 16].

For the generation of S parameters for nonlinear circuits, there is utilized
the LSSP simulator - Large-Signal S-Parameter Simulation [5], which uses the
harmonic balance analysis method. The simulation based on the harmonic
balance method is a large signal simulation, for which the solutions include also
the effects of nonlinearities of electronic components. Parameters S of both small
and large signals are defined as ratios between incident waves and the reflected
ones, [1, 5].

There can be easily demonstrated the following:

e The complex impedances matrix, Z, can have an expression

depending on the S parameters matrix, by the following relation, [4, 8, 12,

15]:
z=(1,- 8)"{1,+5)z (21)
Z, Z S, S
where z=| =" =2 | §=| ™" =% | 1, is the unit matrix of
ZZl ZZZ §21 §22
second order.
o The S matrix is expressed as a function of the Z matrix as follows:
s=(z-z,1,){z+z,1,)" (22)
: A B :
o The transfer parameters matrix, 7 = c bl has the following

expression depending on the Z matrix elements:

T= i Ly Ly Zptly-Zy (23)
Zy 1 -Ly
. The Z matrix expression, depending on the parameters A, B, C and D
is as follows, [12]:
-4-D+RB-
z=1| 4 -4-D+B-C (2
Cl 1 -D
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- . _ Xll XlZ
o The complex admittance matrix ¥ = v
22

XZl £
as a function of the Z matrix elements as follows:

can be expressed

Z - 1 ZZZ le (25)
ZnZzz - lezm - Zzl le
In [1, 5] are presented the definition relations, expressed as functions of S
parameters, for the reflection coefficients from: generator ', load I\, input L,
and output Coyt.
The system consisting of two resonators (two coils) magnetically coupled
and used for the wireless transfer of the electromagnetic power, can be considered
as a passive linear two-port circuit and it is presented in Fig. 2.

it 4y 1 o
] a, |
1V Ty H —
Zs P_asm_\«e: two port_lmea? U Z
circuit in harmonic regime| 5 |=2
—
=6

Fig. 2. Linear passive two-port circuit connected to the generator and load.

The active power generated (delivered) on the output port o’ — 0 ”, by the
two-port circuit from the Fig. 2, has the following expression:

B =P, = Re(V, )=+ [a +]p (26)

The loss of power is given by the difference between the powers P; and

Ps:
=B B=laf +af - o] - o =(a' ) u- (2] » @)
where a=| “* |and b= b
a, 9,
§ll §12

If we consider that b =8>z with S = , the efficiency of the

S

~221 222

active power transmission from the emitting coil (from the input port i” —i”) to
the load (to the output port o’ — 0 ) can be calculated with the following relations:



244 Razvan Asanache, Cristina Mihaela Turcu, Mihai lordache

P P-P
h,, ==2X00 =1l 400 (28)
P P1

1
The efficiency of signals transmission from input (from the input port i’ —
i”) to the load (to the output port o’ — 0 ) has the expression:
* 2
/721_§21 = 8,18, 400= |§21‘ X00 (29)
and the efficiency of signals transmission from output (from the output port o’ —
0”) to the generator (to the input port i’ —i”) is calculated with the relation:
* 2
h, s =S,%8;,400=|S,,| 400 (30)
According to maximum power transfer theorem, the load receives the
maximum power if Z, = Z:mand it has the expression:
Vz
p = —(—)T’wf 31
L_max 4>Re Z(mt ( )

The parameters of the Thévenin equivalent circuit, V., =U,,=U,

)
Z;—>©

I,.=1 and Zz,,=2,,=U,/1, can be determined, easily, as

=2s¢  =Lsc = 12 Z,=

follows: there is analyzed the given circuit, calling the CSAP software program,
[14 - 16], in the full or partial symbolic form (obviously, the parameters of the
circuit branch in relation to which the equivalent Thévenin circuit is calculated,
are considered symbolic), then there are calculated the expressions of these
parameters, using the definition relations for the Thévenin equivalent circuit
parameters, as presented above.

S parameters allow to study the two-port circuits using the Smith diagram

[18].
3. Examples

Example 3.1: There are considered two magnetically coupled printed
coils, having the SPICE -equivalent scheme obtained with the ANSYS
EXTRACTOR Q3D software program [9], which is given in Fig. 3.
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Fig. 3. The equivalent SPICE circuit obtained with the EXTRACTOR Q3D program.
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Fig. 4. Pr. 1 and Pr_ 1, Vs frequency.

The numerical values of the parameters for the circuits shown in the Fig. 3
are as follows: L; = 2.925 uH; L, = 2.445 pH ;M = 0.66856 uH; R 1= 0.55 Q; R
= 0.45; C, = 25.0 pf; C, =31.0 pF; E; = 124.0 V; Rc =50.0 Q; Ri =R¢; RL =R;
and fo = 18.454988 MHz.

Running the routines implemented in MATLAB, for the considered
example, the results were obtained, as follows. Fig. 4 shows the frequency
variations of: the active power transmitted from the input to the output Pr_ »; and,
respectively, the active power transmitted from the output to the input Pg. 12, for
SWTP (System Wireless Transfer Power). Variations with the frequency for the
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two powers are identical, because the two-port circuit corresponding to the two
magnetically coupled coils from Fig. 3 is symmetrical (the two resonators are
practically identical).

Figs. 5, a and b show variations with the frequency for the magnitudes of
scattering parameters Sii, Si2, S2 and Sp; obtained with the SCAP software
program, [14 - 16], respectively with the ADS software application, [9, 10]. There
is observed that the variations for the magnitudes of S;; and Sy (Si2 and S»1)
parameters are identical, and the STWP in Fig. 3 is symmetrical. Figs. 5, aand b
highlight the correctness of the procedures used to calculate the S parameters with
the SCAP software program, respectively ADS, because the values obtained with
the two software applications are identical.
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Fig. 5. Mag(S11), mag(Si12), mag(Sz1), and mag(S,) vs frequency: a) With CSAP; b) With ADS.
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Variations with the frequency for the magnitudes for the coefficients of
reflection from the generator I'g, from the load I\, from the input [, and the
output [yt have been shown in Fig. 6. Because the two-port circuit corresponding
to the two magnetically coupled resonators in Fig. 3 is symmetrical (the two
magnetically coupled resonators are identical), the variations with the frequency
for the magnitudes of the reflection coefficients i, and Loy OVerlap.
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Fig. 6. Mag(Lc), mag(L'), mag(Lin) and mag(Low) Vs frequency.
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Variations with the frequency for the complex impedance magnitudes Zi;
and Z, are calculated by formula (2) (the analytical ones) and with the relation
(17). There can be observed, from Fig. 7, that variations with the frequency for the
two impedance magnitudes, calculated with formulas (2) and (17), certify the
validity of the proposed calculation procedures.

Fig. 8 shows variations with the frequency for the efficiencies n21, n21_s21,
Co*100, mi2 s12. From Fig. 8 there is observed that the variations of the
transmissions efficiency for the active power and for the signals, from the input to
the output, are identical with those ones transmitted from the output to the input,
because the two-port circuit, with the two magnetically coupled resonators, from
Fig. 3, is a symmetrical two-port circuit.
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Fig. 8. Efficiencies vs frequency.
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Fig. 9. Smith Diagram for S;; parameters corresponding to SWTP_SS from Fig. 3.
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Figs. 9 and 10 show the variations with frequency on the Smith Diagram
of S;1 and Sy, parameters, calculated with the CSAP software program, and in Fig.
11 are shown S parameters calculated with the ADS software application. The
studied system of the two magnetically coupled resonators, being symmetrical, the
Smith Diagrams of parameters S;1 and Sy (S12 and Syy) are identical.
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Fig. 10. Smith Diagram for S,, parameters calculated with CSAP.
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Fig. 11. Smith Diagram for S parameters calculated with ADS.

From Figs. 9 and 10, there is noticed that variations with the frequency for
S11 and Sy, parameters, on the Smith Diagram, calculated with the CSAP software
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program and, respectively, with the ADS software application, overlap,
confirming once again the validity of the simulation procedures used.

Example 3.2: To study the m type filter from Fig. 12. The CSAP software
program [14 - 16] is called again to analyze the non-dissipative filter from Fig. 12.

1 Jil_-l 1
L Ot @ g

L
@
c

L4 C":_;:L R g

| @
@ B

Fig. 12. M type filter scheme.

After generating the S parameters, all the parameters described in
paragraph 2 can be calculated. For example, for numerical values L = 1mH and C
= 2.0 puF, the fundamental (transfer) parameters matrix T has the following
structure:

2. (0% - 0.1 10*° @? + 0.125 10'®)

0001 |
e 025 10— 015 107 o + o @ 27)
7| <2000 1 0 (3. 0 - 0510 o + 0.225 10 02 - 0.25 107) 2. (o - 0.1 10 o + 0.125 10%%)

®® — 0.30 10*° »° + 0.275 10*° * — 0.75 10?7 @’ + 0.625 10°° 0.25 10% - 0.15 10'° &’ + @*

From the expression (27) there is noticed that the filter from Fig. 12 is
symmetrical (A = D). The transfer (amplification) factor of the filter, Aoi_f =
1.0/A, has, depending on the frequency, the following expression:

1.0 (0.622155 10™** f* — 0.236630 10 {2 + 1.) (28)

Aoi_f =
- 0.124431 10713 4 — 0.315507 10° f2 + 1.

The variation with the frequency for the amplitude (phase) of the transfer
(amplification) factor in voltage, Ao is shown in Fig. 13, a (Fig. 13, b).
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Fig. 13. a) The variation with the frequency for Aoi_f magnitude; b) The variation with
the frequency for A ; phase.

Using the expressions (18), (19) and (20), there can be calculated the
passing and stop intervals for the filter and, implicitly its nature:

we| 0, 12909.944 |U| 22360.68, 31622.777 | - passing intervals and (29)
[ 1= ]

wi (12909.944, 22360.68)E (31622.777, ¥ ) - stop intervals.

Therefore, the filter shown in Fig. 12 is a m type filter. The variations with
the o pulse for the attenuation factor a and for the phase constant b are shown in
Fig. 14, a and respectively in Fig. 14, b.
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Fig. 14. a) The variation with the o pulse for the attenuation factor a; b) The variation with the ®
pulse for the phase constant b.
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4. Conclusions

The paper presents the automatic generation, using dedicated simulation
software programs, of Z, Y, and T parameters for the linear or non-linear
quadrupoles, but linearized on portions. Based on these parameters, the
parameters that characterize the analog filters are determined, and the passing and
stop frequency bands for the analyzed filters are calculated and obviously,
implicitly the nature of these filters is determined. The obtained results from the
definition relations are compared with those ones obtained as functions of S
parameters. As the results obtained with the two procedures coincide, it proves
that at high and very high frequencies it is indicated to use the procedures with S
parameters, because these parameters can be easily measured at high frequencies.

Considering the two magnetically coupled coils, used as basic elements in
the construction of wireless power transfer systems, as a passive linear two-port
circuit in harmonic regime, all parameters mentioned above are determined,
depending on the parameters S. The paper presents the practical use of these
parameters in the streamlining of processes related to the transmission and
propagation of the information and to the transfer of the active power from the
input (output) to the output (input).

For the analysis of linear analog circuits and non-linear analog circuits, but
linearized on portions around to an operating point, there were implemented
routines, based on the elaborated procedures, in the MAPLE and MATLAB
programming environments, in order to calculate all the parameters mentioned
above and to be able to compare the results obtained by simulation with those
ones existing in the specialized literature and with the experimental ones.

The correct definition, based on the electrical circuits’ theory, of the S
parameters allowed their automatic generation, using the state equations or the
modified nodal equations. Once the S parameters have been generated, for a set of
frequencies there can be generated: T, Z and Y matrices; the reflection coefficients
s, I\, Tin and Loy active power transmission efficiencies n2; and myz; signal
transmission efficiencies n21_sz1 and M1z s12; input and output impedances Z;, and
Zoyt and the gain (efficiency) of the power transfer Gy, also called the operating
gain and the Smith Diagrams for S parameters.

Comparing the variations with the frequency variations for the active
power transmission efficiency ny; with the ones of the signal transmission na1_ sz
and m12_s12, there can be noticed that the frequencies corresponding to the extreme
points are identical. Due to the symmetry, variations with the frequency for the
signal transmission efficiencies n21_s21 and ni2_s12are identical.

The accuracy of S parameters definition, based on the theory of analog
circuits in complex harmonic regime, is confirmed by the results obtained with the



Automatic generation of linear quadrupole parameters 253

ADS software program, provided with specific subroutines for S parameters
generation.

Acknowledgment

This work has been supported by “The entrepreneurial skills development
of doctoral and post-doctoral students - key to a successful career (A-Success)”,
MySMIS Code: 125125.

REFERENCES

[1]. S.J. Orfanidis, Electromagnetic Waves and Antennas, 1808, http://www.ece.rutgers.edu/
orfanidi/ewa/.

[2]. *** http://mwww.keysight.com/en/pc-1297113/advanced-design-system-ads?cc=US&Ic=eng.

[3]. *** IEEE XPLORE - http://ieeexplore.ieee.org/ (full text papers of journals involving
antennas).

[4]. D. A. Frickey, “Conversions between S, Z, Y, H, ABCD, and T parameters which are valid for
complex source and load impedances,” IEEE Trans. on Microwave Theory and Techniques,
No. 42, 1894, pp. 185-211.

[5]. R.B.Marksand D. F. Williams, “A general waveguide circuit theory,” Journal of Research of
the National Institute of Standards and Technology, No. 97, 1892, pp. 533-562.

[6]. *** http://w5big.com/vna2180.htm -Vector Network Analyzer VNA2180

[7]. W. Stutznam, G. Thiele, Antenna Theory and Design, Wiley, 1813

[8]. R.B. Marks and D. F. Williams, “Comments on conversions between S, Z, Y, H, ABCD, and

T parameters which are valid for complex source and load impedances,” IEEE Trans. on
Microwave Theory and Techniques, No. 43, 1895, pp. 914-915.

[9]. *** ANSOFT Q3D EXTRACTOR, User Guide, wvw.ANSOFT.com.

[10]. *** Agilent Technologies, AGILENT TECHNOLOGIES, Large-Signal S-Parameter
Simulation, Sept. 1804.

[11]. *** https://www.feko.info/support.

[12]. Marilena Stanculescu, M. lordache, D. Niculae, Lavinia lordache, V. Bucatd, “S Parameter
Computation and Their Use for Electromagnetic Energy Wireless Transmission”, IJCT —
International Journal of Computers & Technologies, Vol. 12, No, June 1816, pp. 37097-
7108.

[13]. T. Imura, H. Okabe, Y. Hori, “Basic Experimental Study on Helical Antennas of Wireless
Power Transfer for Electric Vehicles by using Magnetic Resonant Couplings,” Proceedings
of Vehicle Power and Propulsion Conference, September 1809, IEEE Xplore, 978-1-4244-
2601-4/010/1810, pp. 936-940.

[14]. M. lordache, Symbolic, Numeric — Symbolic and Numeric Simulation of Analog Circuits —
User Guides, MATRIX ROM, Bucharest, 2015


http://www.keysight.com/en/pc-1297113/advanced-design-system-ads?cc=US&lc=eng
http://ieeexplore.ieee.org/
http://w5big.com/vna2180.htm%20-Vector%20Network%20Analyzer%20VNA2180
http://www.ansoft.com/
https://www.feko.info/support

254 Razvan Asanache, Cristina Mihaela Turcu, Mihai lordache

[15]. M. lordache, Lucia Dumitriu, Computer-Aided Simulation of Analoque Circuits — Algorithms
and Computational Techniques, Editura POLITEHNICA Press, Vol. I and Vol. 11, Bucharest
2014.

[16]. M. lordache, Special Works of Electrotehnics, MATRIX ROM, Bucuresti, 2016.



