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1. Introduction

Since resonant-type metamaterial transmission lines were proposed (Martin et al., 2003), this
kind of transmission lines have been of significant importance in the development of new
and innovative microwave devices. The small size and novel characteristics of these
transmission lines based on sub-wavelength resonators allows the miniaturization and
improvement of existing devices (Bonache et al., 2006a, 2006b; Gil et al., 2007a, 2007b), as
well as the design of components with new func tionalities (Siso et al., 2008, 2009). Due to the
complicated layouts that these designs usually involve, having an accurate equivalent
circuit model is an important assist during th e design process. Besides, the application of
parameter extraction methods (Bonache et al.,2006c) to obtain the values of the electrical
parameters of the circuit model makes possible the characterization of both the transmission
line and, therefore, the microwave device. The circuit models and parameter extraction
methods presented in this chapter have beenwidely verified and their accuracy permits
even their application for automatic layout ge neration based on space mapping techniques
(Selga et al., 2010), which is a large and usel advance in the design of such structures.

2. Metamaterial transmission lines based on the resonant approach

In this section, several structures of metamaterial transmission lines based on the resonant
approach are shown. The consicered structures are implemented in planar technology and

consist in a host microstrip line or in coplanar wave guide (CPW) loaded with sub-wavelength

resonant particles. Each strucure requires the combination of resonators and other loading

elements in order to achieve the intended propagation. In the following sections, several
structures based on different kinds of resonators are presented and discussed.

2.1 Transmission lines based on Split-Ring Resonators (SR Rs)

The metamaterial transmission lines based on RRs were proposed in 2003 by Martin et al.
(Martin et al., 2003). They designed a transmssion line exhibiting le ft-handed transmission
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by loading a CPW structure with SRRs. Left-handed transmission is achieved when the
effective permittivity and permeability of a medium are both negative, providing negative
values of the phase velocity and refraction index, among other peculiarities (Veselago, 1968).
This first left-handed SRR-based CPW was inspired on the medium of Smith et al., 2000. By
etching SRRs in the back substrate side of the CPW, beneath the slots, and shunt connected
metallic strips between the central strip and ground plane. A one dimensional effective
medium with simultaneous negative permeability (due to the presence of the SRRs) and
permittivity (thanks to the shunt strips) in a narrow band was achieved (Martin et al., 2003).

The resonators used in this kind of transmission lines based on the resonant approach can be
SRRs or other similar resonatorswith different topologies based on the SRR. The layout for
the SRR is shown in Fig. 1(a). In Fig. 1, othe examples of these resonators, like the spiral
resonator (SR, Fig. 1b) with only one metal layer, are shown. Resonators implemented with
two metal layers, like the broadside coupled non-bianisotropic split ring resonator (BC-NB-
SRR, Fig. 1c), the broadside coupled spiral reonator with two turns (BC-SR(2), Fig. 1d) and
the broadside coupled spiral resonator with four turns (BC-SR(4), Fig. 1e) are also depicted
(Marqués et al., 2003; Aznar et al., 2008b).

h @

Fig. 1. Examples of topologies of different resonators based on the SRR (a): SR (b), BC-NB-
SRR (c), BC-SR(2) (d) and BC-SR(4) (e).

The equivalent circuit model for the SRR is shown in Fig. 2(a) (Baena et al., 2005). The
capacitanceCy/2 is related with each of the two SRR halves, whereas L is the resonator self-
inductance. Cp can be obtained asCo=2 rCpu, Where Cyy represents the per unit length
capacitance between de rings faming the resonator. Regarding Ls, it can be approximated to
the inductance of a single ring with the averag e radius of the resonator and the width of the
rings, c¢. Taking into account the circuit model of the resonator, its resonance frequency can
be calculated as:

)= 1)
LSCS

:

The resonators based on the SRR, like the examples represented in Fig. 1 can also be
modelled by a simple L-C resonant tank (see Fig. 2b). Aslong as the inductance and the
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capacitance of the resonator can be increased (within the technology limits), the resonance
frequency of the SRR can be decreased, reducing & electrical size (Aznar et al., 2008b). This
is the case of the resonators shown in Fig. 1which are electrically smaller than the SRR.

@) s ) L

Y Y Y
— Y Y Y

Col2 C,/2 |::>
==

«
Cs=Col4

Fig. 2. Equivalent circuit models for a SRR (g and simplified equivalent circuit model for a
resonator based on SRR (b).
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Fig. 3. Layouts of metamaterial transmission lines loaded with resonators based on SRR in
CPW (a) and microstrip (b) technology.

W

Cilo

The layout of two unit cells of metamaterial tr ansmission lines loaded with resonators based
on SRR are shown in Fig. 3(a) for CPW and Fig. 3(b) for microstrip technology. In the CPW
configuration, the SRRs are paired on the laver substrate side (where they are etched),
beneath the slots of the structure and centred with the shunt strips. The resonators are
responsible for the negative effective permeability, whereas negative effective permittivity is
achieved by means of the shunt connected strips In case the shunt strps are eliminated, the
CPW loaded with resonators provides only negative permeability, showing stop-band
behaviour.

In the case of microstrip lines, the SRRs can beetched in pairs on the upper substrate side,
adjacent to the conductor strip. The metallic vias are responsible for the negative
permittivity of the structur e in this case as well.

2.2 Transmission lines based on Complementary Split-Ri ng Resonators (CSRRS)

The layout of the CSRR is shown in Fig. 4(a). This resonator results from the application of
the Babinet principle to the structure of the SRR, which leads to its complementary
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counterpart (Falcone et al., 2004). In the CSRRhe rings are etched on a metallic surface and
its electric and magnetic properties are interchanged with respect to the SRR: the CSRR can
be excited by an axial time-varying electric field and exhi bits negative values of the
dielectric permittivity.

Fig. 4. (a) Representation of a complementary split ring resonator (CSRR); in this cas the
resonator is etched on a metallic surface; metallic part is represented in grey. (b) Scheme of a
unit cell of a CSRR-based resonant-type metamaerial transmission line. CSRRs are etched

on the ground plane (in grey) of a microstrip line just below the capacitive gaps etched on

the signal strip (black).

Ce
@ —] ®
1
L,/2 ::>
L
C L,/2 ‘
L.=L,/4

Fig. 5. Equivalent circuit models for a CSRR (a) and simplified equivalent circuit mode | for a
resonator based on CSRR (b).

In this case, the CSRRs are etched on the groungblane of a microstrip transmission line. The
CSRRs, which provide negative permittivity, are combined with capacitive gaps etched on
the signal strip just above the resonators (see Hj. 4b). The gaps are in this case responsible
for the negative permeability. The equivalent circuit model of the CSRR is shown in Fig. 5(a)
(Baena et al., 2005). The resonance frequegcof the CSRR is roughly the same of the
frequency of a SRR with the same dimensions. Many other resonators admit a
complementary counterpart, like, for example the SR shown in Fig. 1(b).

2.3 Transmission lines based on open resonators: Open Split-Ring Resonators
(OSRRs) and Open Complementary Split-Ring Resonators (OSRRS)

A different kind of resonators consists in open resonators. Fig. 6 shows the layouts and
equivalent circuit models of the open SRR (Martel et al., 2004) and the open complementary
SRR (Vélez et al., 2009). As can be seen ind¢hHayout, the OSRR is based on the SRR and is
obtained by truncating the ri ngs forming the resonator and elongating them outwards. The
OCSRR can be obtained as the complementary peicle of the OSRR, in a similar way as the
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CSRR is obtained from the SRR. These resonats, as is shown in Figs. 6 and 7, can be
implemented either in microstrip or in coplanar technology (Aznar et al., 2008b, 2009a,
2009b; Duran-Sindreu et al., 2009; Vélez et al.2010). The equivalent circuit models of the
resonators are also shown in Fig. 6. The model of the OSRR is a series LC resonator (Martel
et al., 2004). The inductancels can be obtained as the inductarce of a ring with the average
radius of the resonator and the same width, c, of the rings forming the OSRR. The
capacitance Cy is the distributed edge capacitance that appears between the two concentric
rings. In a similar way, the OCSRR can be modelled by means of a parallel LC resonant tank
(Aznar et al., 2008b; Vélez et al, 2009), where the inductancel, is the inductance of the
metallic strip between the slot hooks and the capacitance is that of a disk with radius ro-c/2
surrounded by a metallic plane separated by a distance c. According to this, it follows that,
for identical dimensions and substrate, the resonance frequency of the OSRR or OCSRR is
half the resonance frequency ofthe SRR or CSRR, respectively.

) » Ground plane window Port 1
(a) (b) J P
d
ld
t Ly
—ete
At\c
C.

Port 1 Port 2

1 Port 2

Ls Co
— T =
Fig. 6. Examples of microstrip structures loaded with open resonators. (a) Open split-ring

resonator (OSRR) and its equivalent circuit model. (b) Open complementary split-ring
resonator (OCSRR) and its equivalent circuit model.

As example, Fig. 7(a), shows a CPW transmission line loaded with a pair of OCSRRs. Fig.
7(b) represents an OSRR-based CPW unit cell.

(a) (b)

- =7
V}N*

CPW i CPW CPW CPW
in 3 1a. T out in "1 " out

l(’

Fig. 7. Layout of a CPW based on OCSRR (and based on OSRR (b). In (a) the backside
strips (in dark grey) connecting the different ground plane regions are necessary to prevent
the slot mode of the CPW and the second resonance of the OCSRRs.
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3. Equivalent circuit models for meta  material transmission lines based on the
resonant approach

In this section, we present the equivalent circuit models for the resonant-type metamaterial
transmission lines presented in section 2. These models have been widely studied and
confirmed and are able to model the composite behaviour of the considered structures
(Aznar et al., 2008a; Gil et al., 2006). For agiven kind of structure, the circuits are
independent on the employed resonator. This means that the model for structures based on
SRRs would be the same in case that the employed resonators were, for example, spiral
resonators, which are electrically smaller but have the same equivalent circuit as the SRRs.

3.1 Equivalent circuit model for metamateri  al transmission lines based on Split-Ring
Resonators (SRRs)

The behaviour of the SRR-based structures (withh and without shunt connected strips) can be
interpreted to the light of the lumped element equivalent circuit models of the unit cells
(Aznar et al., 2008a) (see Fig. 8a). Fig. 9 shosvthe typical behavior of two structures based
on SRRs. The first one (left-handed) includesshunt strips, whereas the second one (negative-
permeability) does not. In the circuit model, L and C account for the line inductance and
capacitance, respectively, Cs and Ls model the SRR, M is the mutual inductive coupling
between the line and the SRRs, and., is the inductance of the shunt strips (in case they are
included). From the transmission line approach of metamaterials (Caloz & Itoh, 2005;
Marqués et al., 2008), it follows that the structure exhibits left-handed wave propagation in
those regions where the series reactance andgshunt susceptance are negative, whereas in
case they are positive, the propagation is conwentional. According to th is, the model in Fig.
8(a) perfectly explains the composite behavior of the structures shown in Fig. 3 (Aznar et al.,
2008c). The inductance of tke shunt inductive strips L, is located between the two
inductances (L/2) that model each line section, to the left and right of the position of the
shunt strips. This reflects the location of the inductive strips. The resulting model is neither a

circuit nor a T circuit. Consequently, the tr ansmission zero frequency and the frequency
where the phase shift nulls cannot be directly obtained from it. It can be demonstrated that
the model of Fig. 8(a) can be transformed to a circuit, more convenient for its study and
formally identical to that of Fig. 8(b) with modified parameters.

@ oL
M2}

Imi2

Fig. 8. Proposed circuit model for the basic cell of the left handed CPW or microstrip
structure with loaded resonators based on the SRR (a). Transformation of the model to a
circuit (b).
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Due to symmetry considerations and reciprocity, the admittance matrix of the circuit of Fig.

8(a) (which is a biport) must satisfy Yi12=Y21 and Y1:=Y2. From these matrix elements, the
series s) and shunt (Zp) impedances of the equivalent -circuit model can be obtained
(Pozar, 1990)

Zo( ) =(Yn)" 2)

Zp ( ) 2 (Yll +Y21)Sl (3)

Y21 is inferred by grounding port 1 and obtainin g the ratio between the current at port 1 and
the applied voltage at port 2. Y11 is simply the input admittance of the biport, seen from port
1, with a short circuit at port 2. After a stra ightforward but tedious calculation, the elements
of the admittance matrix are obtained, and by applying Eq. 2 and Eqg. 3, we finally obtain

a L (o]
« 1+—— »
Zs( ):J +L§ <£ +M 2 4L, » @)
2L, 09 Ty § M2 >
« Ls — 1S »
% © 2Ly, 1
_ L§ :
ZP( )_J Z‘P+Eé 51 (5)
with = (LSCS)‘%/2 . Expression 4 can be rewritten as
. L 8§34 L.+ °
ZS( )=J 2+ —" g tlgt————7 (6)
2L @ 1SLCq © 1,
with
2
*1
L =2M%C, 2 M§3 (7)
1+
2L.L,
2 2
1+2M 3
Co=tsy P : ©
2M 0 1+— - s
4LP © °1

These results indicate that the circuit model of the unit cell of the left-handed lines loaded
with SRRs and shunt inductors (Fig. 8a) can be formally expressed as the circuit of Fig
8(b). These parameters are related to the parametes of the circuit of Fig. 8(a), according to
Eq. 7, Eq. 8 and
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L= 2+ 3L SL, ' (9)
2L, 02 *1
L
L, =2L, 2 (10)

The transmission zero frequency , for the circuit of Fig. 8(a) can be obtained forcing
Zs( )=". This gives

(11)

It can be observed, that the transmission zero frequency is always located below the
resonance frequency of the SRRs o ( < o). On the other hand, the frequency where =0,
s, IS obtained by forcing Zs( )=0. This gives

_ 1 (12)

> M 2§
\/CS L 5203
L © >1

Despite that Zs( )=0 is a function of Lp, unexpectedly, s does not depend on the shunt
inductance.

(C) 0 -: R T T T T R
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Fig. 9. Layouts of the considered CPW structures with SRRs and shunt strips (a) and with
SRRs only (b); simulated and measured transmission coefficientS;; and simulated
dispersion relation (c). The considered substrate isRogers RO3010 with thicknessh=1.27
mm and dielectric constant ,=10.2. Relevant dimensions are rings width c=0.6 mm, distance
between the rings d=0.2 mm, and internal radius r=2.4 mm. For the CPW structure, the
central strip width is W=7 mm and the width of the slots is G=1.35 mm. Finally, the shunt
strip width is 0.2 mm. The result s of the electrical simulation with extracted parameters are
depicted by using symbols. We have actually represented the modulus of the phase since it
is negative for the left-handed line. Discrep ancy between measurement and simulation is
attributed to fabrication related tolerances.
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In Fig. 9 we can see two configuration examples for a CPW with loaded SRRs, with and
without shunt strips. Electromagnetic simulation, circuit simulation and measurement sho w

very good agreement in both cases. Therefore, we are able to confirm that the proposed
circuit model is correct and accurate. This circuit model can also be applied to the microstrip

structure shown in Fig. 3(b), which is in th is sense, equivalent to the CPW structure.

3.2 Equivalent circuit model for metamaterial transmissio n lines based on
Complementary Split-Rin g Resonators (CSRRS)

The equivalent circuit model for the CSRR-based structure shown in Fig. 4(b) is the circuit
shown in Fig. 10(a), which provides an accurate description of the behaviour of the structure
(Aznar et al, 2008c, 2008d) and can be transirmed into the circuit shown in Fig 10(b).

(@) L2 Cs 2 (b) L2 2C; 2¢, L2

r'-
o
|1
[l
O
o
r—-
o
|
Il
O
9]

Fig. 10. Equivalent circuit model for the structure based on CSRR shown in Fig. 4(b) (a).
Modified circuit model for the structure based on CSRR shown in Fig. 4(b) (b).

In the equivalent circuit (Fig. 10 a), the resonaor is modelled by the resonant tank formed

by L; and C.. The line parameters areL and C_ and the gap is modelled by the -structure

formed by Cs and C;, which take into account the seriesand the fringing capacitances due to
the presence of the capacitive gap. The modified circuit (Fig. 10b) is perfectly able to
reproduce the behaviour of the structure. Neve rtheless, the equivalent circuit (Fig. 10a) can
be transformed into the modified circuit (Fig. 10b), by means of the following equations:

Cpar = Cf + CL (13)
2C,=2C,+C,, (14)
C.l2c.+C,,
c=-" (26 G (15)
CS

so that the modified circuit (Fig. 10b), much simpler, can substitute the equivalent circuit
(Fig. 10a) for a more straightforvard work. The excellent agreement between
electromagnetic and electrical simulation (employing the prop osed model) can be observed
in Fig. 11 (a). The notable frequencies ( o) of this circuit model are indicated below in
section 4.1.

In case the host transmission line is loaded just with CSRRs, the resulting structure stows
negative permittivity and, thus, stop-band behavi our. This is the case of the structure shown
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in Fig. 11 (b). For these structires, the circuit model would be the same as in Fig. 10(b)
except for the capacitancesCgy, which would be eliminated.

) 0 0
(a) °r (b) °f
-10 -10
-20 20
m - m
= 30 < 30
w» w’
- 40 = -40
3 b 1)) b
=50 =50
60 L fZ S EM simulation 6ok EM simulation
L L . Circuit simulation 1 . Circuit simulation
__70 1 i i 1 _70 1 L 1 Il
0.5 1.0 15 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0 35
Freauencv (GHz) Frequency (GHz)

Fig. 11. Simulated (through the Agilent Momentum commercial software) frequency
responses of the unit cell structures shown in the insets: (a) microstrip line loaded with
CSRRs and series gaps, (b) microstrip line only loaded with CSRRs. The rgponse that has
been obtained from circuit simu lation of the equivalent model with extracted parameters is
also included. For the structures (a) and (b), the dimensions are: the strip line width Wy, =
1.15 mm, the lengthD = 8 mm, and the gap width wg = 0.16 mm. In both cases, the
dimensions for the CSRR are: the outer ring width oyt = 0.364 mm, the inner ring width Gnn
= 0.366 mm, distance between the ringsd = 0.24 mm, and the internal radius r = 2.691 mm.
The considered substrate is Rogers RO3010 with the dielectric constant, = 10.2 and the
thickness h = 1.27 mm.

3.3 Equivalent circuit models for meta  material transmission lines based on open
resonators: Open Split-Ring Resonators  (OSRRs) and Open Complementary Split-
Ring Resonators (OSRRS)

We will now consider the model of a CPW transmission line loaded with a pair of OCSRRs
shown in Fig. 7(a). The resonatoris represented by the elementsC, and L, in Fig. 12(a).
Although the particle is electrically small, it has been found that the structure exhibits
certain frequency shift at resonance with resped to the frequency theoretically predicted by
the equivalent circuit shown in Fig. 6. This frequency shift is expected if access lines are
present. However, in the absence of access lines, we still obtain a small (although non
negligible) phase shift. This means that the OCSRR-loaded CPW cannot be merely modeled
as a two-port network with a shunt connected parallel resonator. To properly model the
structure, we must introduce additional elements to account for the phase shift. That is, we
must introduce phase shifting lines at both sides of the resonator. Such transmission line
sections can be modeled through series inductances () and shunt capacitances C), as
depicted in Fig. 12(a). For design purposes, we can also use the simplified model depictedin
Fig 12(b).

For a CPW loaded with a series connected OSRR represented in Fig. 7(b), a similar
phenomenology results. Thus, to take into account these parasitic effects, wemust introduce
additional elements in the two port network describing the structure. A typical topology
and the circuit model of these OSRR-loaded CPWtransmission line sections are depicted in
Fig. 12(c) and Fig. 12(d).
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Fig. 12. (a) Circuit model, and (b) simplified circuit model of a CPW transmission line
loaded with a pair of OCSRRs. (c) Circuit model, and (d) simplified circuit model of a CPW
transmission line loaded with a series connected OSRR.

The transformation to simplify the circuit based on OSRR (Figs. 7b, 12 c and 12 d) is:
Lo=Ls+2L (16)

and the transformations to simplify the circuit based on OCSRR (Figs. 7a, 12 a and 12 b) are:

C,=2C, +2C (17)
L
Lp=2 (18)
4. Parameter extraction technique for metamaterial transmiss ion lines based

on the resonant approach

In previous sections we have presented different metamaterial transmission lines loaded
with resonators and their equivalent circuit mo dels. In this section we present a parameter
extraction technique which, properly modified, can be applied to all of them. With this
technique we can determinate the parameters of the circuit model of the structure. This
represents an important assist in the designprocess, which becomes easier and faster.

The parameter extraction method consists in the imposition of several conditions obtained
either from the simulated or me asured response of the considered structure. The number of
imposed conditions must be enough to obtain th e values of all the parameters of the circuit.

4.1 Parameter extraction technigue metama terial transmission lines based on Split-
Ring Resonators (SRRs)

The parameter extraction for the metamaterial transmission line based on SRRs is focused
on the simplified equivalent circuit of the Fig. 8(b). This method was proposed in the
reference (Aznar et al., 2008e). Since the numbepf parameters of the circuit model is five,
we also need five conditions to univocally determine all parameters. From the
representation of the reflection coefficient of a single unit cell, S;1, in the Smith chart, two
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conditions are obtained. Firstly, we can determine the frequency that nulls the series
reactance,fs, from the intercept of S;1 with the unit conductance circle (see Fig. 13 a). This is
obvious since at this frequency, the real part of the admittance seen from the ports is simply

the admittance of the opposite port, that is, Yo=(Zo)1=(50 )i1=0.02 S. Hence,S;; must be
allocated in the unit conductance circle at fs, as illustrated in the example provided in Fig. 13.

This frequency is given by the following expression:

(19)

Secondly, the susceptance of the unit cell seen from the ports atf;, whose value can be
inferred from the Smith chart, is

B( ()=—2°""= (20)

with =2 fg. The next condition concerns the parallel resonator of the series branch.
Namely, the resonance frequency of this resonator is given by

f= | (21)
2 \LC,

Notice that this frequency does not coincide with the intrinsic resonance frequency of the

magnetically driven resonator, f, (which is the resonance frequency of the tank formed by Ls
and Cy). The transmission zero frequency f, (Eq. 21) can be easily obtained from the
transmission coefficient Sy of the unit cell since at this frequency the series branch is opened
and the whole power injected from the input po rt is reflected back to the source. Thus, the
transmission coefficient nulls (zero transmission) and f, can easily be identified from the

representation of the transmission coefficient in a decibd scale (see example in Fig. 13 b).

Another condition can be deduced from the phase of the transmission coefficient, sz1. At
the frequency where s=90°,f 1, the electrical length of the unit cell, = A(Abeing the phase
constant and | the length of the unit cell), is (f /2) =390°. Since the dispersion relation of a
periodic structure consisting of cascaded unit cells, as those in Fig. 8(b) is

cos =1+ Zs( ) (22)

Zo( )

with Zsand Z, being the series and shunt impedances, respectively, of the -circuit model, it
follows that

Zs( /2):SZP( /2) (23)

with »=2 f,. Expressions (19-21) and (23) are four of the five conditions needed to
univocally determine the circuit parameters in Fig. 8(b). Now, by removing the shunt
connected vias or strips in the layouts in Fig. 3, we can represent the corresponding
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reflection coefficient on a Smith chart and read the susceptance seen from the ports at that
frequency where S;; intercepts the unit conductance circle. Since this is simply the

susceptance corresponding the line capacitance (provided L, has been removed), we can
thus univocally determine C. Hence, this is the fifth conditio n that is required to extract the

circuit parameters of the circuit model in Fig. 8(b).

Si

; = 40| ——— EM Simulation
oy — w. shunt inductance | ¢ et :
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|\
w \ 130 5
fS 460 ©
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Frequency (GHz)

freq (1.5GHz to 3.0GHz)

Fig. 13. Reflection coefficient on the Smith chart (a); freqiency response (reflection, S;1, and
transmission, Sp1, coefficients) depicted in a decibel scale and the dispersion relation (b) for a
left handed cell based on a CPW structure.

4.2 Parameter extraction technigue meta material transmission lines based on
Complementary Split-Rin g Resonators (CSRRS)

The technique is based on the equivalent cirait model of a CSRR-loaded transmission line
shown in Fig. 10(b). This method was proposed in 2006 (Bonache et al.,, 2006c). The
considered structures are a negative permittivity as well as a left handed microstrip line
(gap capacitors are required in the latter case).In view of the models, if losses are neglected
(this is reasonable in a first order approximation), two characteristic frequencies can be
identified: the frequency that nulls the shun t impedance (transmission zero frequency, f,)
and the frequency that nulls the shunt admittance (which obviously coincides with the
intrinsic resonance frequency of the CSRRfy). These frequencies are given by the following
expressions:

f, = (24)

f, = (25)

2 JL.C.

and they can be either experimentally determined, or obtained from the simulated response
of the structure. At f, a notch in the transmission coefficient is expected and this frequency
can be accurately measured. To obtainfy, a representation of the transmission coefficient on
a Smith chart is required (see example in Fig. 14). At this frequency the shunt path to ground
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