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ABSTRACT

New closed-form expressions lor the parameters of impedance steps and inductive
strips in unilateral finlines ave presenled. They are empirical lormulae based on
equivalent circuits of the discontinuities and their spectral domain analysis. The
expressions are adequate for most practical finline circuit design projects and well
suited Tor computer aided design (CAD). Finline cirenits find increasing applications
in millimeter-wave communication and radar systems operating in the 18 to 110 Gliz
range.
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CHAPTER 1

INTRODUCTION

Finline is a promising transmission medium at microwave frequencies above 20 GIz.
Meier [1] was the pioneer who proposed the integrated finline technology. Throughout the
years, many applications of finlines have been reported in the literature. Some particularly
successful applications of finline design are PIN-attenuators [1], filters [2], balanced mixers

[3], power dividers [4] and oscillators [5).

The evaluation of the guided wavelength (or, alternatively, the effective dielectric éon—
" stant) and characteristic impedance in finline has been presented by Meier [1], Hofmann [2},
Saad and Begemann [6], Chang and Itoh [7], and Hoefer [8]. Most of these methods are very
complex, involving sophisticated computer programming or precision measurenients (as in
Meier’s procedure [1]). An alternative to these complicated methods is to derive closed-form

expressions. This approach has been presented by Pramanick and Bhartia [9]. -
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1.1 ADVANTAGES OF FINLINE OVER WAVEGUIDE

AND MICROSTRIP

In the past, waveguide was the exclusive transmission medinm for millimeter-waves. Its
low conduction and zero radiation losses, and its high power handling capability are very
attractive for transmission of millimeter-waves. However, the maunfacturing of waveguide
components is expensive and not well suited for production in lnxge quantities. Mierostrip
has replaced the waveguide in numerous applications at frequencies up to 30 GHz, and has
shown potential up to 140 GHz. Its low cost and its suitability for mass production with
hatch processing techniques make it a superior choice over waveguide in many applications,

However, when microstrip is operated above 30 GHz, it becomes quite lossy and small in size.

For operating frequencies above 30 GHz, finline is a hetter technology in many aspects.

It is ahnost as easy to fabricate as microstrip, is compatible with semiconductor devices, hns

a wide single-mode handwidth, moderate attennation and low dispersion. One of the major

issues that must be addressed hefore widespread application of finlines becomes possible, is

tlie characterization of finline discontinuities. Simple but accurate models for discontinnities

are essential fo.r successful design and realization of fiuline cirenits. This study therefore denls

with the two most frequently encountered discontinuities, namely the impétlaucc step aud the

symmetrical inductive strip.

1.2 MOTIVATION AND PURPOSE OF STUDY

Since the basic building hlocks of finline circuits are the discontinuitics, there is o great



need to analyse them accurately. The most successful numerical technique used to analyse
finline discontinuities are the spectral domain technique, the mode-matching technique, and
the transmission line matrix method. Among them, the spectral domain technique combined

with the mode-matching technique scem to be the most popular.

Pic and Hoefer [17] have determined the characteristics of inductive strips and impedance
steps by measuring the resonant frequencies of a rectangular cavity containing them. Mean-
while, Sorrentino and Itoh [12] have evaluated the resonant frequencies of a finline resonator

containing a step discontinuity with the transverse resonance technique.

On the other hand, Helard et al [15] computed the coupling coefficients between eigen-
modes at a step discontinuity in unilateral finline with a thorough spectral domain approach.
Koster and Jansen [11] utilized the hybrid-mode spectral domain approach to investigate the
scattering matrices of symmetric and asymmetric inductive strip discontinuities in unilateral
finlines. Finally El-Hennawy and Schuenemann [14] analysed step discontinuities, inductive
notches, small capacitive strips, and longitudinal strips for mounting a semiconductor device,

with the mode-matching technique.

Numerical techniques are highly a;:cura.te methods and powerful tools for analysing discon-
tinuities. However, they always require considerable anaiytical effort and involve complicated
computer programming. Furthermore, the time required for one computation is far too long
for their implementation in an interactive CAD procedure, let alone an optimization involving
a large number of analyses. For this reason, closed-form expressions for the characteristics
of discontinuities are much more effective for the design, provided that they are sufficiently

accurate and cover a broad range of geometries.



1.3 IMPORTANCE OF COMPUTER-AIDED DESIGN (CAD)

The conventional procedure for the design of microwave circuits is outlined in Fig. 1.1
[20]. One starts with the circuit specifications and arrives at an initinl cirenit design. Available
design data and experience are Lielpful in forming the initial circuit configuration. Analysis aud
syuthesis procedures are used for determining the values of various circuit parameters. Ouee
these parameters are found, a first laboratory model is built for initinl testing, Mensurements
of the laboratory model are made to evaluate its churacteristics. Fiually, the measured results

are compared with the initiai circuit specifications.

If the init;ial specifications are not met, modifications of the cireuit are carried ont in the
form of adjustinents, tuning, and trimming of the circuit. The modified model is then subjected
to further measurements and comparison with the initial specifications. The sequence of
modifications, measurements and comparison is repeated until the initinl specifications are
met, Sometimes, the specifications are compromised if it turns out that the circuit cannot meet
them. Once the final circuit configuration is determined, it ean he passed on for fahrieation of

a prototype and subsequent production. -

The above procedure has been used in the design of microwave circuits for quite srome
time. However, it Lhas become increasingly difficult to use this iterative and empirical method

successfully because of the following considerations:

i) Increased complexity of modern systems demands more precise and acenrate ‘design of
circuits and subsystems. Therefore, tolerances in the cirenit design mmst be observed very

closely.

i) A large variety of passive and active components is available for realizing microwave

4
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Figure 1.1 Conventional procedure for microwave circuit design.



cirenits, It would be uneconomical to select the most appropriate components by building a

large number of experimental laboratory models,

iii) If MIC technology is used to build the laboratory model, it is very difficult or impossible
to modify a circnit. Furthermore, the design and fabrication eyeles are very long (often

several weeks).

In order to avoid these problems, "computer aided design” (CAD) techuigues are used for
civenit design, Actually, the competitive design of most microwave integrated cirenits would

be impossible without CAD facilities.

A typical flow diagram for a CAD procedure is shown in Fig. 1.2 [20). The synthesis
methods and available design data are s§(>re(l in computer memory. This pre-stoved informntion
is useful in designing the initinl cirenit. The performance of this initinl cirenit is then evaluated
by a circuit analysis package. The equivalent circuits aﬁcl the corresponding paramicters of
various components (passive and active) are stored in files or subrontines, which are ealled by

the main routine.

The performance of the initial circuit is compared with the given specifications, If these
specifications are not met, then the variable parameters of the circuit are altered in a systematic
manner. This procedure called optimization, includes sensitivity analysis of the circuit which
calculates chianges in the circuit parameters. The sequence of circuit annlysis, comparison with
the given specifications and the modifications is performed iteratively nutil the specifications

are met or the optimum performance of the circuit ( within the given constraints) is reached.

After the optimization of the circuit parameters, a prototype is fabricated, and mensure-
ments are made to compare its performance with the given specificatious. Some modifications

may still be needed if the modelling of the components dwring the analysis was not accurate

6
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Figure 1.2 CAD procedure for microwave circuit design.
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enough. However, in these final phase, these modifications will nsually be small compared
with these required in the conventional circuit design procedure. Typically, the time required
for the successful design and realization of a prototype is reduced by one order of magnitude

through the use of CAD procedures,

In conclusion, the process of CAD, as outlined above, consists of three important segments,

namely:

i) Modelling

ii) Analysis, and
iii) Optimization,

Its success depends critically on the availability of simple and aceurate models for the vari-

ous circuit components. Its application leads to the following advantages over the conventionnl

desipn process:
i) It reduces the necessary cevelopment time,

ii) It has a higher potential for alternative solutions due to easy simulation, and thws shortens

reaction times,

iii) It can use already existing designs and modify them easily to meet new specifications,

The aim of this thesis is to make a contribution to the development of relinble madels for

‘the CAD of finline circuits.



CHAPTER 2

BASIC THEORY AND DESCRIPTION OF DISCONTINUITIES

2.1 THE EFFECT OF DISCONTINUITIES ON THE DOMINANT MODE IN

RECTANGULAR WAVEGUIDE

- In rectangular wavegnide, the dominant propagating mode is the TE1q mode. In the lm'ge
marjority of applications, single mode propagation is desirable to mmntmn a predlctal)le field
distribution and avoid losses due to mode conversion, Therefore, the wavegmde is used in the

recotuended operating range of frequencies.

When an obstacle is preseat in a waveguide, higler order modes are exciltcd by it. These
modes are evaneseent as long as the operating frequency is below their cutoff frequency. They
deeay expouentinily in botl directious from the obstacle which excites them. Thus, the fringing

field around the obstacle is practically loculized.

The evanescent modes are excited by an obstacle to satisfy the required bowndary con-
ditious: the tangential electrical field must be zero, anc, he tangential magnetic ficld must
he maxinuun on the obstacle (if it is conducting). The non-propagating modes store reactive

energy. When the reactive energy is predominantly magnetic, the obstacle will hehave as an
9



inductivity. On the other hand, if the stored energy is mainly eleetric, then the obstacle is
capacitive. Fig. 2.1 shows some shunt inductive elements, whereas Fig. 2.2 shows some ex-
amples of shunt capacitive elements in a waveguide. The stored reactive encrgy determines
the amplitude and phase of the reflected dominant wave and sinmlates the presence of an

equivalent inductance or capacitance in the waveguide.

The reference plane for determining the impedance of a discontinuity mnst be sufticiently
far away from the obstacle so that the fields in this plane are only those of the incident nud
reflected dominant waves, and the higher order fields Lave decayed to a negligible valne. This

is also jmportant in any experimental setup used to measure the impedance of a pacticular

discontinuity.

Ouce the impedance of a discontinuity in a reference plane is obtained, it cun he trans-
formed to any other plane, for example, to a plane that is located near the discontinuity, by

using the following impedance-transformation formula:

Z(L1) + jZctanp(L2 — Ly)
Ze + jZ(Ly Stanp(La — Ly)

‘Z(L-;)=Z (2.1}

where,
Ly = location of the reference plane
La = location of the transformed plane
B = phase constant of the wave.glﬁde
Z. = characteristic impedance of the guide
Z(L,) = impedance function at plane located at L,

Z(L,) = impedance function at plane located at L.

Thus, the impedance in the plane that contains the discontinuity can De obtained by nsing

equation (2.1) as long as the impedhnce at a plane far away from the discontiuuit'y is known.
10
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But one must always keep in mind that the impedanceI at the plane that is located in the
vicinity of an obstacle deseribes the effeet of the obstacle on the dominant mode only. It does
uot imply that the total field at this particnlar reference plane is that of the dominant mode
only. Moreover, the detailed fickd structure near the obstacle is not revealed by the hmpedance
funetion at this loeation. Nevertheless, the detailed field structure at the obstacle s rarely

required,

2.2 DISCONTINUITIES IN MICROSTRIP

Any design of microstrip eirenits requires churacterization of various discontinuities. Since
discontinnity dimensions are usually much smaller than the wavelength in microstrip, they may
he approximated by lmnped element equivalent circuits. However, a more complete character-
ization involves determination of frequency-dependent scattering coefficicuts associated with
the discontinuity. It is mmch more important to characterize discontinuities in microstzip
cireuits ncenrately than in coaxial lines and waveguides. The reason is that the mierostrip
cireuits do not lend themselves to easy adjustments or tuning after fabrication. If a provision
is made for adjustments, the main advantages of cmnpa‘ctness and reliability gained by the use

of microstrip cirenits ave lost (at least partially).

A discontinuity in microstrip is cansed by an abrupt clmﬁge in the geometry of the strip
conductor. Eleetric and magnetic field distributions are modified near the discontinnity. The
altered electric fiekl distribution gives rise to a change in capacitance, and the changed mag-
netie fiekl dist.riht_ltinn can be repreéented by an equivalent inductance. Thus, the analysisr of

microstrip discontinuities involves the evaluation of these capacitances and inductances.

13



Analysis of microstrip discontinuities can either be based on quasi-static considerations,
or carried out more rigorously by fullwave analysis. Quasi-static methods assume that the
mode of propagation is purely TEM. In that case, discontinuity characterictics are calculated
from the static capacitance or inductance of the structure, and equivalent circuits for discon-
tinuities may be derived from these results. This analysis is adequate for designing circuits
at lower frequencies where the strip width and the substrate thickness are much smaller than

the wavelength in the dielectric material.

Another analysis method is a waveguide type dynamic analysis taking dispersion and
higher order modes into account. A dispersion model is set up first. The deviation from the
TEM nature is accounted for quasi-empirically. Some parameters of the model are deter-
mined such that they agree with the known experimental (or exact theorctical) dispersion
behavior of the microstrip. This leads to a frequency-dependent scattering matrix of the
discontinuity. Equivalent circuits for discontinuities with frequency-dependent, elemenf.s can

be based on these results.

On the other hand, a fullwave analysis can be carried out to analyse microstrip structures.
This is the most rigorous approach among the three. Since the actual modes arc hybrid

modes, i.e. a superposition of TE and TM fields, longitud-ina.l components of both the

electric and magnetic fields are present. Therefore, the hybrid modes supported by the.

microstrip cannot be fully described in terms of static capacitances and inductances; onc

has to introduce time-varying electric and magnetic fields and solve the wave cquation,

which yiclds the mode propagation constants directly. Fig. 2.3 illustrates,the differences
between the quasi-static and the hybrid ﬁt?ld distribution in a mici:ostrip line. The presence
6_f longitudinal field coﬁlpor;ents is clearly visible in the hybrid case. Discontinuity parameters
a.ré then calculated by determiﬁing the hybrid field distribution at the discontinuity [26] and

[20). ~

i
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2.3 DISCONTINUITIES IN FINLINE

As in waveguide and microstrip, evanescent modes arise in a finline wherever there is an
obstacle, such as an abrupt change in the geometry of the substrate, in the path of transmission.
However, it is more difficult to analyse the discontinuities in finline than that in waveguide and
microsirip. The reason is that the non-TEM nature of propagation in finline renders quasi-
static analysis impossible. Furthermore, the conventional methods of analysing waveguide
discontinuities cannot be applied on finline due to its inhomogeneity. Thus, numerical methods
are most commonly employed to analyse ‘Jaline structures. Closed-form expressions of two

important finline devices are developed in this thesis. Their applications are discussed below.

2.4 APPLICATIONS OF FINLINE IMPEDANCE STEPS

Impedance steps are essentially used for impedance transformation. One important ap-

plication of such steps is the realization of transitions between waveguide and finline,

Such a transition can either be a taper or multi-step impedance transformer. Their basic
building block is an impedance step as shown in Fig. 2.4. A smooth taper can be decomposed
~ into a large number of infinitesimal impedance steps and analysed for the limit of zero step
length [22]). Fig. 2.5 shows a multi-step impedance transformer realized in a back-to-back
configuration fo:.' casy measurement. The number of stepe determines the baxdwidth of the
tri.nsitioh, ;nd depends on the impedance ratio it is designed to overcome. The availsbility of
8 closed-form expression for a single‘impedmce step permits the designer to analyse and design

both types of transitions with a minimum of computations. The smal] difference between the

16



Figure 2.4 An impedance step.
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results obiained with highly sophisticated numerical methods and the method proposed here is
acceptable for most practical design purposes. However, the gain in simplicity and convenience
yiclded by the usc of closed-form expressions is considerable. The derivation of the empirical

formulac for step discontinuities is described in Chapter 3.

2.5 APPLICATIONS OF INDUCTIVE STRIPS IN FINLINE

Inductive strips act as shunt inductances and can therefore be used to realize Chebyshev-
type bandpass filters (similar to post-coupled waveguide filters). A bandpass filter is used to
provide as nearly perfect transmission as possible for signals falling within desired passband fre-
quency ranges, together with rejection of those signals and noise outside the desired frequency
bands. In addition, it can perform as an ideal broadband impedance-matching etructure which
will cut off sharply at the edges of the band of impedance match for almost all types of loads.
Again, the availability of a simple closed-form model for inductive strips greatly simplifies the

design and analysis of such filter structures.

Fig. 2.6 shows one possible structure of a bandpass filter. It is an end-coupled resonator
filter consisting of $ resonators. Thus, the basic building block of & bandpass filter is indeed
an inductive strip as shown in Fig. . 2.7. As in the case of an impedance step, there are
numerous ﬁgomus analytical methods available to investigate the inductive strip. The closed-
form mode] presented in this thesis is satisfactory for medium- and broad-band filter design,
and only narrow bnnd’ﬂlters require more accurate pumerical treatment which account for
higher-order mode interaction between neighboring strips. The derivation of the closed-form |

H

expressions for transverse inductive strips is described in Chapter 4.

19
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CHAPTER 3

THE DERIVATION AND ACCURACY OF EMPIRICAL
FORMULAE OF AN IMPEDANCE STEP

3.1 EQUIVALENT CIRCUIT OF A STEP IMPEDANCE

As mentioned in Section 2.4, an impedance step is a basic building block of an impedance
“transformer. Fig. 3.1 shows an impedance step and its equivalent cirenit. 2, represents
the characteristic impedance ( Power-Voltage definition ) of the narrow part of the step,
whereas Zy represents.the characteristic impedance of the wider part, It is important to
note that the transformer rativ of the step cannot l;e obtained simply by evaluating the ra-
tio of the characteristic impedances of each line section computed separntely. For example,
when d,=0.25nm, da=0.85mm, and when all other dimensions are as shown in Fig. 3.2, the
characteristic impedances (using the spectral domain technique) are :
at d;=0.25mm ' ZI(V,P)=14G.999 )
d,=0.85mm | Z,(V,P)=250.320

and their ratio is:
Zo(V,P) _

_—Z](V,P) = 1.764

However, when using the empirical formulae which will be derived in Section 3.3,the trans-
. 22 '
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Figure 3.1 A step impedance and its equivalent bircuit.
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Figure 3.2(a) A cross-section-of a unilateral finline.

T

Pigure 3.2(b) A step impedance.
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former ratio p is found as p=1.714. In effect, the difference between these two results is

A= 1—'—(?%& 3%

The inductance L in the equivalent circuit accounts for the magnetic energy stored by the
discontinuity. The current lines shown in Fig. 3.3 show that the fin current must travel an
excess distance from the narrow part to the wider part of the step. This indicates that the
step introduces a small excess length in the line, which is equivalent to & series inductance L.
Other equivalent circuit models have been proposed by El-Hennawy[14], Pic and Hoefer[17},
and Helard et al [22]. However, the equivalent circuit shown in Fig. 3.1 lends itself to an easy

formulation over a broad frequency band in the form of an analytical expression.

3.2 THE S-PARAMETERS OF AN IMPEDANCE STEP

S-parameters are commonly employed to describe microwave circuit components because
they can be measured easily. The S-parameter measurements are carried out by terminating
all ports with their normalizing impedance. Quantities such as the reflection coefficient and

\

the transmission coefficient can be expressed directly in terms of the scattering parameters.

Another important advantage of the S-matrix approach emerges from the fact that the
S-parameters are defined on the basis of traveling waves and, unlike terminal currents or
| voltages, the wave amplitudes do not vary in magnitude along a lossless line. This allows
_ the S-parameters for an unknown device to be measured relatively far away from its phwaica.l

location. The ef'ect of the shift of the reference plane along a length of lossless line may be /::\

accounted for by mivdifying the phase of the measured data. | :’*'"

\
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Figure 3.3 A step impedance showing the extra path length
' travels by the fin current. '

26



Using the symbols of the equivalent circuit parameters in Fig. 3.1, the scattering param-

cters of the impedance step are found as:

21454k

1= o (3.1)
Z+1+iy
-2 wl

+1+47

Su= 2t TZ (32)

2 +1+7
z
Si2= '—'—"——‘-;‘— (3.3)
%+1+_1-2f-‘ |
521 = S12 ' (3.4)

Equation (3.4) applies since an impedance step is a reciprocal network.

The S-parameters in equations (3.1) to (3.4) are evaluated by choosing the equivalent
voltages in such a way that the power is given by %I%E- for all modes. V, is the voltage wave
traveling in the positive z-direction at the nth port. The main reason for doing this is to obtain
a symmetrical scattering matrix for reciprocal structures. If th.is normalization is not uséd,
then because of different impedance levels in diﬂ'ere;t Jines, the scattering mgtrix cannot be
symmetrical. The closed-form expressions for the equivalent circuit parameters are derived in

Section 3.3. A case study of an impedance step can be found in Appendix A.

3.3 THE DERIVATION OF EMPIRICAL FORMULAE FOR AN IMPEDANCE

STEP

Schmidt [16] has computed the S-parameters of an impedance step in the Ka band for

various step widths. Fig. 3.4[16]shows the S-parameters in Ka band with d;=0.25mm and
' ‘ 27 ' |
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Pigure 3.4 The S-parameters of a step impedance at Ka band.



d,=0.85mm. Fig. 3.5[16])shows the S-parameters for various step width ratios with d;=0.25mm

where d; varies from 0.25mm to 3.0mm, at 35 GHz.

From equations (3.1) and (3.2):

21454k

Su = m (3.1)
2 = H (32)
Replacing 42 by x and %% by y, equations (3.1) and (3.2) can be rewritten as
Su =|8n |/ = zi"i—“““m (3.5)
Saz =| Saz | €¥72 = 1_4‘:-'%!;_.;!_{ . (3.6)
Applying the reciprocity and lossless conditions we have
| S22 =] Su1 | . | (3.7)

Thus, we have two unknowns: x and y in two linear equations. Thus, x and y can be
solved for if S1) and Szz are known.Indeed, | S1; |, ¥11 8nd 2z can be taken from Fig. 3.5 at
various values of dz. ( We have chosen values of d; at regular intervals of 0.2 mm. ) xand y

are then solved for those particular d; values,

Utilizing Praﬁmnjck’s equations in [9] to obtain Z, for various d;, the inductance L can

. '\ .
be found as a function of d;, or better still as a function of 5{- Values of ‘27:- and L for various
5} ratio, are interpolated and plotted mFlg 3.6 and Fig. 3.7, respectively. Fitting a smooth

curve through these sample points yields the following empirical formulae [25] for %:- and' L:
) 29. | |
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Figure 3.6 The impedance ratio of an impedance siep as a
function of the atep width ratio in the Ka band.
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Figure 3.7 The series inductance of an impedance step as a
function of the step width ratio in the Ka band.
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For the impedance ratio:

z, _ [07025402975% 1.0< P <88 (3.8)
Z, | 187 +0.1639% 88< P <136 '
For the induetance:
. e (2 da o dy 4
Liin pH) = 19.14 — 31.275( =) + 14.56( ==)" — 0.5014( ) (3.9)
tl| d; fh
where
1.0 £ 12- < 13.6.

dy

The expressions are valid over the following range of parameters:

s_1
a 28
b_l
a 2
=232

105:25130
1

b -

0.325X£0.41

The implotlunce ratio and the inductance of an impedance step are a function of the
dimt-.usi(nls‘ only. They do not vary with frequency since | Sy | is constant over the Ka band as
shown in Fig. 3.4. The @11 and g3 do vary with frequency by less than § degrees. However,
it is obvious that the impedance ratio and the inductance depend more heavily on the ratio

5:* than on frequency.
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The abrupt change in the slope of the curve in Fig. 3.6 is due to the fitting of straight
lines to the data points. However, the accuracy margin of the impedance ratio cannot be

improved by replacing the two straight lines with a smoother curve.

3.4 COMPARISON WITH PUBLISHED RESULTS

In order to compéu-e the empirical expressions with other published methods for the
computation of discontinuities, results for impedance steps are presented in Fig. 3.8 which
shows the scattering parameters of a step discontinuity obtained by Helard et al. [10] using a
combination of spectral domain and mode matching techniques, and considering the first four
higher order modes in the two finline sections. These results agree closely with the curvey
obtained using eqs (3.8) and (3.9) throughout the Ka band, justifying our assumption that

the elements of the equivalent circuit for the discontinuity are essentially independent of

frequency.

34
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CHAPTER 4

THE DERIVATION AND ACCURACY OF EMPIRICAL
FORMULAE OF A SYMMETRICAL INDUCTIVE STRIP

4.1 EQUIVALENT CIRCUIT OF A SYMMETRICAL INDUCTIVE STRIP

As discussed previously, a conducting strip short-circuiting the two fins of a finline, acts
as a shunt inductance. Fig. 4.1 shows such a strip and its equivalent circuit. 1) and 13
represent the characteristic admittances of the two adjacent transmission lines; they are the
same in the case of a symmetrical inductive strip. The existence of the shunt susceptanee
—4jB as a parameter of the equivalent cifcuit accounts for the reactive energy stored by the
discontinuity. The electrical excess length 2A( is partly due to the physical width w of the
strip ( the reference planes being defined at the edges of the transverse strip ), and partly to

fringing of the fields in the sharp region.

4.2 THE S-PARAMETERS OF A SYMMETRICAL INDUCTIVE STRIP

As mentioned in Section 3.2, it is advantageous to describe a finline circuit by S-parameters
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. Figure 4.1(a) A symmetrical inductive strip.
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Figure 4.1(b) Equivalent circuit of a
symmetrical inductive strip.

Figure 4.1 A symmetrical inductive strip an& its equivalent circuit.
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because of its ease of measurement at microwave frequencies. As in the case of the step
impedance, the scattering matrix coefficients of a symmetrical inductive strip are formulated
in terms of the equivalent circuit parameters. Using the symbols of the equivalent circuit

parameters in Fig. 4.1, the scattering parameters of the symmetrical inductive strip can be

expressed as: .
| ~i e

Sn = ‘ '

BT @+ i3E)(cosh(vAL) + sinh(vAQ))? -
9

S0 = 2 4.2
12 2+3 %)(cosh('yAf) + sinh(yA0)* “a
Sa1 = Sz (4.3)
S22 = Su (44

where 7 is the propagation constant.

Equation (4.3) expresses the fact that the symmetrical inductive strip is a reciprocal
network. Equation (4.4) applies because Y; = Y3. The derivation of equations (4.1) and
(4.2) can be found in Appendix C.

| The equivalent voltages are chosen in such a way that power is given by %I%E for all
modes in the evaluation of the S-parameters in equations (4.1) to (4.4). The reason for doing
so is explained in Section 3.2. The empirical formulae for the equivalent circuit pa.mm(;tcrs

are derived in Section 4.3.

4.3 THE DERIVATION OF EMPIRICAL FORMULAE FOR A

' SYMMETRICAL INDUCTIVE STRIP

Koster and Jansen [11] have evaluated the normalized shunt susceptance -‘7? ofa éym-
38



metrical induetive strip at various § ratios at 8, 10, and 13 GHz for a strip width of d =
wm, Their computed result is shown in Fig. 4.2, The empirical formula for the normalized

shunt susceptance :‘-?- is derived as follows:

(1) An expression for -'pfi in terms of the ¥ ratio at frequency f = 10 GHz and % =8is

obtained using the data in Fig. 4.2, It is found as:

(—E)J-wc.u = 2778 + 39. 96(-—)—33 43(—)2+111 4(—) (4.5)

) 1 5—=b

1]!

(2) The values for = T‘ are then sampled at 8, 10, and 13 GHz for each 3 value. The sampled
values are contained in Table 4.1. -‘ﬁ- is then oxpressed in terms of the normalized

frequeney 3 L for ench § value, Examples of these expressions are:

at § = 0.1
e b - b o
(=— )5,5 = 21,774 — 64.325( —) + 57.582( 5 )° (4.6)
1 don A A
at 4+ = 03
( ) yms = 01,948 — 217, 87(—)+ 9.58(;)2 - (4.7)

l *—:0 a

(3) In order to generate nonnaliéed shunt susceptance values at intermediate ﬁ‘equencies; the
normalized frequency ;’{- (corresponding to any intermediate frequency) is substituted into
the expressions in Table 4.1, The rms value of =ﬂ£ is then caleulated. A numerical example
for an intermediate frequency at 11 GHz (or % = 0.3726) is preéent.ed in Table 4.2, This
pracedure is repeated with other % values between 0.2710 (n_'.:m'responding to 8 GHz) and

0.4403 (corresponding to 13 GHz).

(4) The frequency factor is defined as:
(_}B) :
frequency factor = ———— (4.8)

—);-mau:
=5
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| Normahzcd shunt susceptance of a n'ansvcrse stnp » derived from sampled
 values of —T at different frcquencms and T 3 ratios .

| Tablc41 T 7 -.,.__.,,,,,,,f{

Assumption :

41

| ;
005 6.264 4.615 3.626 _B BY. orane(B Y|
| =2 =20793-77.02{ Z | +86.375| =
Y, iy Y
0.10 8.571 6.593 4615 |- Y2
—=21.774—64.325 +57.582 >
1 A)
[ 0.15 1121 8.242 5934 4 , oY
| 71 34.543 - 11991& +12477(L
[ 020 13.52 1022 7.253 (b 5Vl
2 _37324-1191 —)+us 43[— ;
. - » i
0.25 16.48 1220 8.901 5 o\
= 50.284-173.96) = |+181.63| >
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{ Normalized shunt susceptance values of a transverse strip at |
: . w . i
| various 5 ratios at 11 GHz . |

005 |
0.10
0.15
0.20 8.965
0.25
0.30
0.35
0.40

RMS value of 7 is 11.190.
Assumptions : f=11GHz (% = 0.3726) and

o

- ‘,/,/IL W
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where

(-}.?-) s is the normalized shunt susceptance at frequeacy f in GHz as the rms values
r )

obtained with procedure (3) at & = § and

( 2}%’1);..?6::, is the normalized shunt susceptance corresponding to f = 10 GHz obtained
-1 ]

with procedure (3), also at % =8

Fitting a smooth curve through the various frequency factor values, an expression for the

frequency factor in terms of % is obtained.
ey O b2 '
frequency factor = 4.156 — 14.472( X) + 15.218(;) (4.9)
The graph of the frequency factor versus % is plotted on Fig. 4.3.

(5) Using the laboratory measurement results [17] shown in Fig. 4.4, an expression for :r'?' in

terms of the ¥ ratio at f = 8 GHz and 5— = 8 is obtained.

(6) At cach ¥ value, 32 is read at the three different § ratios in Fig. 4.4. Quadratic
expressions of -‘7? in terms of ﬂ- are then ol_.)ta.ined at each ¥ ratio. These expressions are
similar to equations (4.6j and (4.7) except that % is replaced by 4." They are presented
in Table 4.3.

(7) The following steps are taken to generate ?,? at intérmediate % ratios: % values between -
4 and 16 are substituted into the expressions in Table 4.3; the rms value of -}—? is then
calculated. A numerical example with % = 10 is shown in Table 4.4. This procedure is

repeated with other % ratios.
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Figure 4.3 A plot of frequency factor versus frequency or ; .
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" ~ Table43 I

i

Normahz.ed shunt susceptance of a transverse stnp derived from samplcd values at different
= and + ratos.

-—--*5 099 +0.5075| —

Y
0.20 11.06 13.64 17.14 _B -(b b}
== =7.927+0.8525 —)-0.0172 2
Y, d d
[ 030 15.85 19.08 22.36 B b}
o 11727+1 1425 -0.02792{ 2
2 d
28.76 -B

I3

2 f
=15.307- 14375( ) 0.0372 %)



TABLE44
Normalized shunt susceptance values of a transverse strip §
at various 3 ratios . '

0.1
10.2
10.3
0.4

RMS value of ;—” is 18.66 .

Assumptions : % =10and %=0.27
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(8) Defining the dimension factor as follows:

( '?‘IB')j-é;"z

dimension factor = (4.10)

%?-);-mn:

fas

where

(%);@a‘;u: is the normalized sliunt susceptance at any % ratio obtained as the rms values

with procedure (7) at f = 8 GHz.

(-_w;'?'):.-.:;am is the normalized shunt susceptance at f—} = 8 obtained with procedure (7),
=1

also at { = 8 GHz.
Fitting a smooth curve through all the dimension factor values, an expression for the
dimension factor in terms of -3- is obtained.

r .
dimension factor = 0.6046 + 0.05920( %) — (L0022 ;—;—)"' {4.11)

Fig. 4.5 shows the graph of the dimension factor versus f’; ratio.

’fhe procedures in deriving the empirical formulae of -TF?- can be summarized in a fow
sentences, First of all, a cubical expression of :,-f’- in terms of ¥ is obtained at f = 10 GHz
and at 5- = 8. Then the frequency factor and the dimension factor are obtained in tevms of
% and f’r respectively, After deriving these three quantities, the closed-form expression of the

normalized shunt susceptance 2“2 is found as [25) :
F= (%):-mau: x [frequency factor] X [dimension factor]
=b
: . n , ! b o
== =[2.778 + 39.26( '—;}) - 33.43('-;} ¥ + 111.4( %)-‘] x [4.156 — 14.472( Ai) +15.218( I’)-]

Voo s
x [0.6046 + 0.05926( :'-i) — 0.001224 ‘-; 2

(4.12)
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Figure 4.5 The dimension factor is plotted as a function of g .
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The derivation of the normalized excess electrical length requives a diffevent approach
and is comparatively easier. Fig. 4.6 and Fig. 4.7 show the measurement results [17] for the

normalized excess electrical length { at various ¥ ratios f = _'7. %. l—'u-. and i— = (.27, 0.473.

The empirical formula of the normalized excess clectrical length §¢ is derived as follows:

(a) 2L {is expressed as a function of 3+ in the form of
Al
+ .4+B(—)+C(—)’+D(—)’+E(-)‘ (4.13)

Thus, six equations are found for the curves shown in Fig. 4.6 and Fig. 4.7 to determine

the coefficients A to E.

(b) Defining a coefficient ratio as follows:

where \

A = coefficient A at $ =027, L <§<}

_4l* = coefficient A at § = 0.27 hi= %

The super-acript "1’ stands for § = 0.27 while ‘11" stands for 3 = 0473.

A guadratic expresslon for X'} in terms of i-' is found by substituting the values of A' at
§ =1, 1, L into equation (4.14). It is found to be:

X} = —0.09800 + 12.40*(%)-29.432(%)’ 0.05 < % <01 (419)

Similarly, another coefficient ratio at } ='0.473 is defined as
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Figure 4.6 Laboratory measurement results of the normalized

electrical length of a symmetrical inductive
strip. Note that the slopes of the curves change
drastically at ¥ = 0.1 and -} = .27.
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Figure 4.7 Laboratory measurement results of the normalized
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strip. Note that the slopes of the curves change
drastically at § = 0.1 and % = .473.
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where 4 = coefficient A at f\i = 0.473, ,'— < g’ S
XA enn be expressed as a quadratic equation ju tenns of % similar to equation (4.15).

(¢) Sinee the measurements of éb_‘ were available at f\-’ = (.27 and " = 0.473 only, a linear

dependence of "‘,—"' on frequency is asstimed. To account for the frequency dependence of

",— a third quantity is defined as:

| =

Yi= (4.1G)

A

-

where A = coofficient A at L, < '5'- < IT aud 0.27 < lf < 0.473.

Y, is the expression of the straight line relating A’y and % In this case, we can express

Y. in the following form:

1l _ oyl :
Ay — Ay (’—'—0.473)4-.1'_,'“ (+.17)

Va4 = 0413027 A

Thus, at -f\'- = (.473, Ya = X'} and equation (4.16) follows. Similarly, at -f,‘r =027, Y4 =

X} and equation (4.16) follows.
‘Procedures (h) and (c) ave repeated for all other coefficients in the equation (4.13).

The empirical formula of £ thus derived is found as [25}:

o Ya0200)() + Va(-3502( ) 005 ST L0 (418)
where |
¥i= }IT‘_;&:?"]'(% ~ 0473+ i=AB (4.19)
AR = 1,185 + 13.559( %) - 1?.958(%)2 (4.20)
X} = —0.00806 + 12.464( ;-f) - 29.432(%)‘-’ (4.21)
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XE = 0.62135 + 2.8438( (Tf) + 1.4831(%)"‘ (4.22)

-

=0 (4.23)

.1’}, is zero indicates that for % is 0.27 and for the range 0,05 < §+ < 0.1, the dependence
of 4L on ¥ is linear. This is shown in Fig. 4.6. Siuce B} is zero, it is replaced by B}'. In this
case, the constants in equation (4.18), 0.2095 and -3.562, are 4} and B}' respectively. Note

) n

that for f’\- is 0.27, *\g{ is a linear equation in terms of §-.

% =Y4(~0.0004874) + Y5(0.3179)( %) + Yer(0.0025)( % ¥ + Yp(—2.563)( i;f)“

+ Ye(3.885)( 7' h
(4.24)
where
v -alh - Al ‘ AN 5F
Vi= (= 04T 4+ A i= 4B, E (4.25)
AL = —55.557 4 T16.52 %) — 2505( %)2 (4.26)
| ., - |
A} = —3.70847 + 58.853( %) - 169.48(%)‘ ‘ | (4.27)
a1 - d d.o A
AP = —1.675 + 45.422(7) — 131.98(3) O (428)
X} = —0.4982 + 17.445( ‘3') - 43?674(‘3’)2 T (429)
at d w o
AE = 58531 — 1141.5(7) + 344T4() (4.30)
] . d d -2
X} = 16.855 — 183.40(7) +516.99(7 - (4.31)
11 : v-un; ‘1 - n"l 2 - . L)
Al = 6.9035 — 127.76( 3) + 389.81(3) : o (4.32)
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AD =1.1443 - 2.4655(%) + 10.487( ‘3{)2 (4.33)
113 d d 2
AE' = 4.9952 — 90.588( ) + 277.26(7) (4.34)

AL =0.19323 + 9.1992( g) - 21.9(;1(%)2 (4.35)

The constants in equation (4.24) are the coefficients A1 to E1. Since the slopes of the
a 8
curves shown in Fig. 4.6 and Fig. 4.7 change drastically around ¥ = 0.1, two sets of expressions

for er are developed to represent the curves.

The expressions for normalized shunt susceptance and normalized excess electrical length

are valid for the following characteristics and ranges:

b_1
a 2
i_l
a 32
& =222

Y ) ) | '
The S-parameters in equations (4.1) to (4.4) can be solved by substituting -}? in equation

(4.12), the propagation constant 7 obtained in (8], and the 4¢ in equations (4.18) to (4.23)
or equations (4.24) to (4.35), whichever set of equations is appropriate for the % range. %f' is
" dénormalized by multiplying the equations (4.18) or (4.24) by b before the substitution takes

place,

ot
o



4.4 COMPARISION WITH PUBLISHED RESULTS

Besides Koster and Jansen's [11] data and the measurements [17] mentioned in Section 4.3,
there are no published data on symmetrical inductive strips in the range and charncteristics
_ specified iu section 4.3 in the literature up to the time the author did her research, except
those by Saad and Schuenemann [13] in the form of transmission and reflection coefficients of
“a bandpass filter. Fig. 4.8 shows a bandpass filter consisting of two symmetrical inductive
strip sections and a transmission line section as indicated. In effect, Fig. 4.8 shows three
cascaded two-port networks with the S-parameters in each section known. The S-parameters

of a transmission line are found as follows:

Sn=0 B (4.36)
Sy = et (4.37)
Say = e~ It (4.38)

S22 =0 . (4.39)

3

The S-ﬁ&;.rqmeters of each section of the bandpass filter are obtained using equations (4.1)

to (4.4) and etiuations (4.36) to (4.39).

The ABCD parameters for a two-port network are defined as:

- [2]-[z 3]lE]

where
L = current flowing into port 1

I = current flowing out of port 2
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and 17 aud 15 are the voltages at port 1 and port 2 respectively.

Since the ABCD miatrix of the handpass filter can he obtained by multiplying the individ-
nal ABCD matrices of each section, the S-parameters are transformed into the corresponding
ABCD parameters. The overall ABCD matrix is then transformed back into the seattering
matrix of the bandpass filter. A computer program has heen written to facilitate this trans-
formation. The program will be a handy toal especially when the structnres studied hecome

more complicated. A program listing is contained in the Appendix B.

The transmission and reflection coefficients tlms obtained are plotted in Fig. 4.8 to com-
pare with the resulf i';iil)lished in [13] which is shown on Fig. 4.9. However, the response of
the baudpass filter has a frequency shift of about 5% comparing to that in [13}. It should he
noted that the method of analysis proposed by Saad and Scelmenemann is only approximate,

aud not too el concern should be given to the discrepancies noted above,

i
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CHAPTER §

FUTURE RESEARCH AND CONCLUSION

5.1 FUTURE RESEARCH

Helard et. al. [22], and Webb and Mittra [24]} have bublished papers on step discontinuities.
However, the equivalent circuit used by Helard et. al. in [22] to model the step discontinuity
is different from the one shown in Fig. 3.1(a) even though the operating frequency range is
approximately the sami>Webb and Mittra have used another numerical a.ppromh{;\fl [24] to
compute the S-pa;;ametem of a step discontinuity opemting in the Ka band (i.e. 28\f%ﬂz to

40 GHz). So the ‘x.lorma.lized frequency range is, in effect, the one specified in Section 3.3.

The clmed-fo@ expressions for the step impedance and the symmetrical inductive strip
in Section 3.3 and Section 4.3, reépectively, are valid over a limited range of dimensions and
éha.récteristica. Should more published data on these two discontinuities for different dimen-
* sions and characteristics become available, closed-form expressions for these two discontinuities

" could be derived to design most finline circuits consisting of these two discontinuities.

Two papers on symmetrical inductive strips, {27] and [28], have been. published after the

author had finished her research. Thus, it is beyond the scope of this thesis to discuss them.
: 60



Future research could be done to verify the accuracy of the closed-form expressions of the

symmetrical inductive strip in this thesis by comparing them with references [27] and {28].

For finline circuits, very tight manufacturing tolerances are desirable to achieve good
performance. So, it is worthwhile to study the sensitivity to tolerances of finline structures

operating at very high frequency, for example, at 100 GHz.

For more realistic and accurate design, loss should be included in the numerical model.
In addition, considerable effort is required to minimize measurement errors in the validation

of theoretical models.

Another area of interest is to include the effect of the mountiﬁg groove in the discontinuity

models.

5.2 CONCLUSION

Empirical formulae for impedance steps and transverse stripe in finline have been derived
from published experimental and theoretical data. The fomuhe for the equivalent circuit
parameters of the step impedance derived in this thesis are very simple. Yet, the reflection
and transmission coefficients of a step impedance computed by the empmca.l formulea are very
close to the data published. Moreover, Pramanick and Bhartia have claimed that the accuracy
of the] closed-form expressions for a homogeneous unilateral finline in their publicﬁ.tion f9] is
about +0.6%. Thus, very satisfactory results are obtained by using the empmcs.l formulae of

the step impedance in combination with their expressions.

The procedu_.tes employed in dermns the closed-form expressions of the symmetrical induc-
61 | |



tive strip are more complicated than those for a step impedance, and the resulting expressions

are also more complex than those for the latter.

The main advantage of these expressions and models is that they can easily be incorpo-
rated in a CAD program, and to allow the designer to employ dimensions other than those

chosen by the few authors that have published results so far.
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APPENDIX A

THE S-PARAMETERS OF A STEP FROM 30 TO 40
7.112000 MM
3.556000 MM
0.254000 MM

2.220000
IP JP KP LP
1 3
4 5
- 6 2
VALUE3
0.000000
0.800000
0.000000

FIRST 2 PORTS ARE TREATED AS EXTERNAL PORTS

INTERCONNECTION OF VARIOUS PORTS

3 4
5 6

GH2

TYP

TL

SW

TL

VALUE1

10.000000
0.000000
10.000000

STARTING FREQ = 3.0000003+OIGHZ,END FREQ = 4,000000E+01GRHZ

BY 1.000000E+00GHZ ON A LIN SCALE

VSWR
1.27517
1.27517

VSWR
1.27518
1.27518

VSWR
1.27518
1.27518

3.000000E+10 Hz

------ MAGNITUDE AND PHASE OF S~PARAMETERS—----
0.12095E+00 -21.71 DEG . 0.99266E+00
0.99266E+00 -3.63 DEG 0.12095E+00

3.100000E+10 HZ

------ MAGNITUDE AND PHASE OF S-PARAMETERS----
0.12095E+00 -52.73 DEG 0.99266E+00
0.99266E+00 -34.61 DEG 0.12095E+00

3.200000E+10 HzZ

------ MAGNITUDE AND PHASE OF S-PARAMETERS-—--
0.12095E+00  -83.61 DEG 0.99266E+00
0.99266E+00  -65.40 DEG 0.12095E+00

-3,63
~165.55

-34.61
-163.51

132.81

DEG
DEG

DEG .
DEG

DEG
DEG



VSWR
1.27518
1.27518

VSWR
1.27518
1.27518

VSWR
1.27519
1.27519

VSWR
1.27519
1,27519

VSWR
1.27519
1.27519

VSWR
1.27519
1,27519

VSWR
1.27520
1.27520

VSWR
1.27520
1.27520

i

10.99266E+00

3.300000E+10 Hz

—————— MAGNITUDE AND PHASE
0.12095E+00 ~-114.35 DEG
0.99266E+00 -96.03 DEG

3.400000E+10 HZ
—————— MAGNITUDE AND PHASE
0.12095E+00 -144.99 DEG
0.99266E+00 -126.51 DEG
3.500000E+10 HZ
—————— MAGNITUDE AND PHASE
0.12095E+00 -175.54 DEG
0.99266E+00 -156.88 DEG
3.6000000E+10 HZ
------ MAGNITUDE AND PHASE
0.12095E+00  154.00 DEG
0.99266E+00  172.86 DEG
3.700000E+10 HZ
—————— MAGNITUDE AND PHASE
0.12095E+00  123.60 DEG
0.99266E+00  142.69 DEG
3.800000E+10 HZ
------ MAGNITUDE AND PHASE
0.12095E+00 93.26 DEG
0.99266E+00  112.60 DEG
3.900000E+10 HZ
------ MAGNITUDE AND PHASE
0.12095E+00 62.96 DEG
82.58 DEG
4.000000E+10 HZ
------ MAGNITUDE AND PHASE

0.12096E+00 32.70 DEG
0.99266E+00 52.61 DEG

OF

OF

OF

OF

OF

OF

or:

OF

S-PARAMETERS--—--
0.99266E+00
0.12095E+00

S-PARARMETERS—==-~
0.99266E+00

0.12095E+00

S—-PARAMETERS~--—
0.99266E+00
0.12095E+00

S-PARAMETERS~--~
0.99266E+00
0.12095E+00

S-PARAMETERS~---
0.99266E+00
0.12095E+00

S-PARAMETERS~~~-
0.99266E+00
0.12095E+00

S-PARAMETERS~—--
0.99266E+00
0.12095E+00

S-PARAMETERS==-~-
0.99266E+00

0.12096E+00

-96.03
102.30

71.97

-156.88
41.78

172.86
11.73

142.69
-18.21

112.60

82.58

52.61
-107.48

DEG
DEG

DEG
DEG

DEG
DEG

DEG
DEG

DEG
DEG

DEG
DEG

DEG
DEG"

DEG
DEG



NOOOO

1000

10
20

23

- 25

30 .

APPENDIX B

MAIN PROGRAM

SUBROUTINE FINLINE

REAL*8 BETA,WP,A,B,SD,ER,PI,WW,DW
COMPLEX ARG

COMPLEX*16 C,X,5(4,4),ST
DIMENSION SMAG(4,4),SPHA(4,4),VSWR(4)
COMMON /FREQ/ WST,WND,DW,NSCALE
COMMON /FREK/ BETA,WP

COMMON /TOPO/ NCN(60),NP,NE,NPT
COMMON /SOLN/ C(60),%(60)

COMMON /DIMEN/ A,B,SD

COMMON /DIELC/ ER

COMMON /DAT/ ST,PI

OPEN (UNIT=6,FILE=’FINLINE.OUT’,STATUS='NEW’)
DATA LIN,LOG /3HLIN, 3BLOG/
ST=(0.0,1.0)

PI=4.0*DATAN{1.0D00)

CALL FREDATA

IOP=NPT-NP

DO 5 J=1,I0P

JP=uNP+J

NCN(JP)=J

NCN(J)=JP

CONTINUE

IF(NSCALE.EQ.LIN) GO TO 10
WRITE(6,1000) WND,WST,DW

TYPE 1000, WND,WST,DW |
FORMAT(1X, 'WND=’ , 30X, 'WST=’,50X, ' DW=")
NW=ALOG10 (WND/WST) /DLOG10{DW)+1.5
GO TO 20

NWw= (WND-WST) /DW+1.5

WP=WST

DO 23 Jel,NPT

C(J)=0.0

DO 100 I=1,NW

WWeWP/(2.0D00*PI)

WRITE(6,30) WW

TYPE 30, WW

.CALL FCALELMT

CALL FSETWNC
CALL FFACTLU
DO 25 J=1,1I0P
JP=NP+J
C(JP)}=1.0

CALL FFORBAK
C(JP)=0.0

DO 25 JL=1,I0P
JP=NP+JL
S(JL,J)=X(JP)

. FORMAT(//,15X,1PE15.6,' HZ')



45

50
53

55
57

60
100

aoann

WRITE(6,45)

TYPE *
TYPE *,7 VSWR = ———-e MAGNITUDE AND PHASE OF S~PARAMETERS-—--'
FORMAT(/4X, 'VSWR' ,6X, ' ~————= MAGNITUDE AND PHASE OF S-PARAMETERS~---')

DO 50 IP=1,IO0P

DO 50 J=1,I0P

ARG=S(IP,J)
SMAG(IP,J)=CABS(ARG)

IF {SMAG(IP,J).EQ.0) THEN

SPHA(IP,J)=0
ELSE

SPHA(IP,J)=ATAN2D{AIMAG(ARG),REAL(ARG))
END IF
CONTINUE

DO 53 IP=l,IOP
VSWR(IP)={1.+SMAG(IP,IP))/(1.-SMAG(IP,IP))

DO 55 IP=1,IOP

TYPE 57, VSWR(IP),(SMAG(IP,J),SPHA{IP,J),J=1,I0P) .
WRITE(6,57) VSWR(IP),(SMAG(IP,J),SPHA(IP,J),J=1,IO0P)
FORMAT(1X,F10.5,2X,4(E12.5,3X,F7.2,’ DEG’,10X))
IF(NSCALE.EQ.LIN) GO TO 60

WP=WP*DW

GO TO 100

WP=WP+DW

CONTINUE

RETURN

END

BLOCK DATA

INTEGER SA,SI,TL,SW,I1S,BS,TJ,0E,RH,MT,SP,CL

COMMON /CODE/ SA,SI,TL,SW,I1S,BS,TJ,OE,RH,MT,SP,CL
DATA SA,SsI,TL,SW,I1S,BS,TJ,0E,RH,MT,SP,CL /2HSA,2HSI,2HTL,2HSW,
2HIS, ZHBS ZHTJ 2303 znnn 2unr 2nsp 2HCL/

END

SUBROUTINE TO READ INPUT DATA

SUBROUTINE FREDATA

LOGICAL DISC

INTEGER TYPE,TYP,APORT,BPORT,C,M,R,U,Y,V '

REAL*8 LENGTH,WIDTE1l,WIDTH2 .
REAL*8 BETA,VALUEl,VALUE2,VALUE3,PI,A,B,SD,ER,WP,DW
COMPILE*16 ST

INTEGER ELN, SA,SI,TL,SW,1S8,BS,TJ,0E,RH,X,F,W,BBBB,SP,CL,TITLE(20
) .
COMMON /DAT/ ST,PI s

COMMON /DISK/ DISC\ S

COMMON /TOPO/ NCN(GU),NP NE,NPT

COMMON /ELMT/ ELN(ZS),VALUEI(ZS) VALUE2(2%) ,VALUE3(25),TYPE(25),
IPORT(25),JPORT(25),KPORT(25), LPORT(ZS) NCODB(ZS) v{25)

COMMOB /CODE/ SA,SI,TL,SW,IS,BS,TJ,0E,RH,MT,SP.CL

COMMON /FREQ/ WST, WND DW,NSCALE

COMMON /DIMEN/ A,B,SD

COMMON /DIELC/ ER

COMMON /FREK/ BETA,WP

COMMON /PARA/ LENGTH(ZS) WIDTH1(25), WIDTH2(25)

DATA NEMAX,NPMAX /25,56/

DATA LIN,LOG,W,F,C,M,R,Y /3HLIN, 3BLOG 1HwW, 1HF, 1HO, IHH 1HR,1HY/
TYPE *

TYPE *;"HARD COPY IS AVALIABLE IN FILE FINLINE.OUT’
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READ TITLE OF THE PROBLEM IN 20A4 FORMAT

(]

TYPE ~*
TYPE *'ENTER TITLE OF THE PROBLEM (MAX 80 CHARACTERS)’
TYPE *
ACCEPT 10, (TITLE(IT)},IT=1,20)
10 FORMAT(20A4)
TYPE *
TYPE *
WRITE{6,15} (TITLE(IT),IT=1,20)
15 FORMAT(5X,20A4)
N=l
NP=~2
Cc NOW READ IN THE DESCRIPTION OF ELEMENTS

TYPE *,'A,B,5 (MM)?’
ACCEPT *,A,B,SD

TYPE *

TYPE *,’ER ?'

ACCEPT *,ER
WRITE(6,20)A,B,SD,ER

20 FORMAT{/6X,'A = ' ,F10.6,' MM’,/6X,'B = ' F10.6,* MM’,/6X,
& 'S = ' F10.6,’ MM’,/5X,'ER = ',F10.6)
WRITE(6,22)
22 FORHAT(/ZX,’NE',IX,'ELN',BX,’IP',BX,’JP',BX,'KF',Bx,’LP',dx,

& 'TYP’,11X,’'VALUEl’,14X,’VALUE2',14X,'VALUE3’/)
DO 110 NE=1,NEMAX
IF (U.EQ.Y) GO TO 120
TYPE *
TYPE *,’ELEMENT NAME (4 CHARACTERS)?’
TYPE *
ACCEPT 1020,ELN(NE)
1020 FORMAT(A4)

TYPE *

TYPE *,'FIRST PORT : 1 OF THE 2 PORTS '

TYPE *,'SECOND PORT : THE 2ND PORT '

TYPE *,'(EXTERNAL PORTS ARE TO BE NUMBERED FIRST STARTING FROM 1)’
TYPE *,’(FOR OPEN END SECTION, NAME THE PORT IMMEDIATE TO AIR FIRST)’
TYPE *

TYPE *

TYPE *'FIRST PORT NUMBER ?'’
ACCEPT *, IPORT(NE)
TYPE *
TYPE *,’SECOND PORT NUMBER 2
ACCEPT *, JPORT(NE) “_
TYPE * N
TYPE * '
TYPE *,'TYPE OF COMPONENT ? CHOOSE 1 OF THE FOLLOWING'’
TYPE * :
TYPE *,’TL: TRANSMISSION LINE SECTION’
TYPE *,’SW: STEP IN WIDTH’ '
TYPE *,'IS: SYMMETRICAL INDUCTIVE STRIP'
TYPE *,'OE: OPEN END’
TYOE * -
: ACCEPT 1000, TYPE(NE)
1000 FORMAT(A2) _
TYPE *
TYPE * : \
TYPE *,'VALUEl? CHOOSE 1 OF THE FOLLOWING' ‘
TYPE *,'FOR TL: ENTER LENGTH OF TRANSMISSION LINE IN MM’
TYPE *,'FOR SW: ' TYPE 0
TYPE *,’FOR 1IS: ENTER LENGTH IN MM OF THE METALLIC STRIP WHICH'
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16

92

93

TYPE =, SEPARATES THE TWOQ SLOTS’
TYPE *,'FOR QE: TYPE 0

TYPE *

ACCEPT *,VALUEl(NE)

TYPE *

TYPE *

TYPE *,'VALUE2 ? (ENTER AS SHOWN BELOW)'’

TYPE *

TYPE *,'TL: WIDTH(D) OF TRANSMISSION LINE IN MM’

TYPE *,'SW: WIDTH(W1l) IN MM CONNECTED TO FIRST PORT'

TYPE *,’IS: SLOT WIDTH IN MM OF THE SYMMETRICAL INDUCTIVE STRIP’

TYPE *,’QE: TYPE 0

TYPE *

ACCEPT *,VALUE2(NE)

TYPE * .

TYPE *

TYPE *,'VALUE3? ENTER AS SHOWN BELOW'

TYPE *

TYPE *,'TL: TYPE 0’

TYPE *,'SW: WIDTH(W2) IN MM OF LINE AT SECOND PORT’
TYPE *,'1S: TYPE 0’

TYPE *,’'0OE: TYPE 0’

TYPE *

ACCEPT *,VALUE3(NE)

TYPE *

TYPE *

TYPE *

TYPE *,’DATA INPUT OF COMPONENTS FINISHED? {Y/N)’
ACCEPT 16, U

FORMAT(Al)

TYP=TYPE(NE)

LENGTH(NE)=VALUELl (NE)

WIDTH1 (NE)=VALUE2(NE)

WIDTH2 (NE)=VALUE3(NE)

CALL FELCODE(TYP,NC)

NCODE{NE)=NC \

IF(NP.LT.IPORT(NE)) NP=IPORT(NE)

GO TO (40,40,40,40,40,40,40,60,91,40,90,96) ,NC
IF(NP.LT.JPORT(NE)) NP=JPORT(NE)

WRITE(6,45) NE,ELN(NE),IPORT(NE),JPORT(NE),TYP,VALUEL(NE),VALUEZ2(NE

) . VALUE3(NE) ,V(NE)

FORHAT(lx,I3,13,A4,4K,IS,5!.IS,25X,A2,SX.FIOqG,IOX,FlO.G,lOX,PlO.@f

+3X,A1)
GO TO 100

WRITE(6,70) NB,ELN(NE),IPORT(NB).JPORT(NB).KPORT(NE),TYP,VAL“BI(NE)

. VALUE2(NE)
FORMAT(1X,I3,Ad4,5%,15,5%X,15,5%X,15,15%X,A2,5X,B815.6,5X,E15.6)
IF(NP.LT.JPORT(NE)) NP=JPORT(NE)

IF(NP.LT.KPORT(NE)) NP=KPORT(NE)

GO TO 100

_FORMAT(1X,I3,Ad,5X,15,35X,A2,5X,E15.6)

IF(LPORT(NE).NE.0)-GO TO 97

IF(KPORT(NE).EQ.0) GO TO 93

WRITE(6,92) NE,ELN(NE),IPORT(NE),JPORT(NE),KPORT(NE),TYP
FORMAT(1X,13,A4,5X,15,5X,15,5X,15,15X,A2)
IF(NP.LT.JPORT(NE)) NP=«JPORT(NE)

IF(NP.LT.KPORT(NE)) NP=KPORT(NE)

GO TO 100

IF(JPORT(NE).EQ.0) GO TO 101 '

WRITE(6,94) NE,ELN(NE),IPORT(NE),JPORT(NE),TYP
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94
101
102

97
99

S0
95

96
g8

100

105
110

115
120

125
127

128

140
145

FORMAT(1X,I13,Ad4,5X,I5,5X,15,25X,A2)
IF(NP,LT.JPORT(NE}) NP=JPORT(NE)

GO TO 100

WRITE{6,102) NE,ELN(NE),IPORT(NE},TYP
FORMAT{1X,I3,A4,5X,I5,35X,A2)

GO TO 100

WRITE(6,99) NE,ELN(NE),IPORT{(NE),JPORT(NE),KPORT(NE),LPORT(NE), TYP
FORMAT{1X,13,A4,5X,15,5%X,15,5X,15,5X,15,5X,A2)
IF(NP.LT.JPORT(NE))} NP=JPORT(NE)
IF(NP.LT.KPORT(NE)) NP=KPORT(NE)
IF(NP.LT.LPORT{NE)) NP=LPORT(NE)

GO TO 100

WRITE(6,95) NE,ELN(NE),IPORT(NE),TYP,VALUEl(NE)
FORMAT(1X,I3,A4,5X,15,35X,A2,5X,E15.6)

GO TO 100

WRITE(6,98) NE,ELN(NE),IPORT(NE),JPORT(NE),KPORT(NE},LPORT(NE), TYP,
VALUELl({NE) ,VALUE2(NE) ,V(NE)
FORMAT(1X,13,A4,5X,15,5X,15,5X,15,5X,15,5%,A2,5%X,E15.6,5X,
E15.6,1X,Al)

IF(NP.LT.JPORT(NE)) NP=JPORT(NE)
IF(NP.LT.KPORT(NE)) NP=KPORT{NE)
IF(NP.LT.LPORT(NE)) NP=LPORT(NE)

IF(NP.LE.NPMAX) GO TO 110

WRITE(6,105)

TYPE *, 'NUMBER OF PORTS EXCEEDS NPMAX.STOP.'
FORMAT{ 5X, 'NUMBER OF PORTS EXCEEDS NPMAX.STOP.’)
STOP

CONTINUE

WRITE(6,115)

TYPE *,'NUMBER OF ELEMENTS EXCEEDS NEMAX.STOP.'
FORMAT(5X, 'NUMBER OF ELEMENTS EXCEEDS NEMAX.STOP.')
STOP

NE=NE-=1

TYPE *,'NUMBER OF EXTERNAL PORTS ?2'

TYPE *.

ACCEPT *, IQP

WRITE(6,127) IOP

FORMAT(I1) '
FORMAT(//,5X,'FIRST’,I2,’ PORTS ARE TREATED AS EXTERNAL PORTS'’)
NPT=NP+IOP

NOW READ IN INTERCONNECTIONS OF VARIOUS PORTS
WRITE(6,128)

FORHAT(/ZX,'INTERCONNECTION OF VARIOUS PORTS’)
NJ={NP-IOP)/2

TYPE *,’ENTER THE INTERCONNECTION BETWEEN VARIOUS PORTS’
TYPE *,’2 AT A TINME’

TYPE *

ACCEPT *,APORT,BPORT

NCN(APORT )=BPORT

NCN(BPORT ) =APORT :

WRITE(6,145) APORT,BPORT

FORMAT(15X,15,5X,1I5)

TYPE *

TYPE *,’STARTING FREQUENCY ? (IN GHZ OR IN RAD/S)’

: ACCEPT * ,WST

TYPE * s

TYPE *,’END FREQUENCY ? (IN GHZ OR IN RAD/S)’
aCCEPT *,WND

TYPE *
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TYPE *,'FREQUENCY INCREMENT ? (FOR LINEAR SCALE)'’
TYPE *,’FACTOR ? {FOR LOG SCALE)’
TYPE *
ACCEPT *»,DW
TTPE * -
TYPE *,’STARTING & END FREQUENCIES IN GHZ OR RAD/S 2?2 (F/X)'
ACCEPT 16, X
TYPE *
TYPE *,’LINEAR / LOG SCALE ? (LIN/LOG)'
ACCEPT 1010, NSCALE
1010 FORMAT(A3)
IF(X.EQ.F) GO TO 170
WRITE(6,160) WST,WND,DW,NSCALE

160 FORMAT(/1X, 'STARTING FREQ =’ ,1PE15.6, 'RAD/SEC,END FREQ =',
& 1PE15.6,'RSD/SEC’,//5X,' BY',1PE15.6,’ ON A ',A3,’ SCALE')
GO TO 190
170 WRITE(6,180) WST,WND,DW,NSCALE
180 FORMAT(/1X, ' STARTING FREQ =’,1PE15.6,'GHZ,END FREQ =',1PE15.6,

& 'GHZ',//5X,'BY’,1PEl15.6,'GHZ ON A ',A3,’ SCALE’)
WND=WND*(0.1D10*PI*2,0D00
WST=WST*0.1D10*PI*2,0D00
IF(NSCALE.EQ.LOG) GO TO 190
DW=DW*0.1D10*PI*2.0D00

190 IF(J.EQ.Y) GO TO 210
DISC=.FALSE.
RETURN
210 DISC=.TRUE.
‘ RETURN
END
c

SUBROUTINE FELCODE{TYP,NC)

INTEGER TYP,SA.SI,TL.SW,IS,BS,TJ,OE,RH,MT,SP.CL
COMMON /CODE/ SA,SI1,TL,SW,I1S,BS,TJ,0E,RH,MT,SP,CL
NC=(Q : ..
IF{TYP.EQ.TL)NC=3.
IF({TYP.EQ.SW)NC={
IF(TYP.EQ.IS)NC=5 N

IF(NC.NE.O) RETURN

WRITE(6,10)

TYPE *,’ INCORRECT CODE FOR ELEMENT TYPE’
TYPE *,'PLEASE CHECK INPUT DATA.STOP.'

10 FORMAT(’ INCORRECT CODE FOR ELEMENT TYPE’/’PLEASE CHECK INPUT DATA.
' & 'STOP.’) ‘ . )
STOP
- END
c
c SUBROUTINE TO SET MATRIX W
C -

SUBROUTINE FSETWNC
INTEGER ELN,TYPE,V
REAL*8 BETA,VALUEl,VALUE2,VALUE3, VALl,VAL2,VAL3,WP
COMPLEX*16 S,W .
COMMON /MTRX/ W(60,60) ‘
COMMON /ELMT/ ELN(25),VALUEl(25),VALUE2(25),VALUE3(25),TYPE(25),
“& IPORT(25),JPORT(25),KPORT(25),LPORT(25).NCODE(25),V(25)

COMMON /TOPO/ NCN(60),NP,NE,NPT

COMMON /EMTX/S(4,4),VAL1,VAL2,VAL3

COMMON /SETT/1P,JP,KP,LP

COMMON/FREK/ BETA,WP

DO 10 I=]1,NPT

4
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DO 10 J=1,NPT

10 W(I,J)=0.0
DO 20 I=1,NPT
J=NCN(I)

20 W(I,J)=1.0
DO 150 I=1l,NE
NC=NCODE(1I)
IP=IPORT(I)
VAL1=VALUE1(I)
VAL2=VALUE2(I)
VAL3=VALUE3(1I)
GO To (60,70,80),NC

60 CALL FLINESC
CALL FSETOPS
GO TO 150

70 CALL FSTEPSC
CALL FSETUPS
GO TO 156

80 CALL FINDUCSC
CALL FSETUPS.
GO TO 150

150 CONTINUE
RETURN
END

SUBROUTINE FOR L-U FACTORIZATION OF W—-MATRIX
SUBROUTINE FFACTLU
COMPLEX*16 W
COMMON /TOPQO/ NCN(60),NP,NE,NPT
COMMON /MTRX/ W{60,60)
NP1=NPT-1
DO 20 L=1,NP1
Ll=L+1
LPR=sNCN(L)
DO 10 I=L1,NPT
IPR=NCN(I)
10 W(L,IPR)=W(L,IPR)/W(L,LPR)}
DO 20 I=Ll,NPT
DO 20 J=L1,NPT
JPR=NCN(J)
20 W(I,JPR)-W(I,JPR)—W(I,LPR)*W(L,JPR)
' RETURN
END W

\

ao0n

SUBROUTINE FSETUPS
REAL*8 VAL1l,VAL2,VAL3
COMPLEX*16 S, W

COMMON /EMTX/ S(4,4),VAL1,VAL2, VAL3
COMMON /MTRX/ W(GO 60) .
COMMON /SETT/ IP,JP,KP,LP
W(IP,IP)==S(1,1) :
W(IP,JP)==-S5(1,2)
W(JP,IP)==5(2,1)
W{(JP,JP)==5(2,2)

RETURN

END

SUBROUTINE FFORBAK
COMPLEX*16 X,W,C,R
7
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20

30
40
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COMMON /TOQPO,/ NCN(60),NP,NE,NPT
COMMON /MTRX/ W{60,60)
COMMON /SOLN/ C(60),X(60)
FORWARD ELIMINATION
I=NCN(1l)
X{(I)=C(l)/W(1,1)

DO 20 1I=2,NPT

R=0.0

IPR=NCN(I)

Il=I~1

DO 10 L=1,1I1

LPR=NCN(L)
R=R+W({I,LPR)*X(LPR)
X(IPR)-(C(I)—R)/W(I,IPR)
BACK SUBSTITUTION
NP1l=NPT-1

DO 40 K=1,NP1

IaNPT-K

R=0.0

IPR=NCN(I)

Il=I+1

DO 30 L=I1,NPT
LPR=NCN(L)
R=R+W(I,LPR)*X{LPR)
X(IPR)=X(IPR)-R

RETURN

END

SUBROUTINE TO CALCUALTE EFFECTIVE DIELECTRIC CONSTANT ERE

—— — — — — - —— - —

SUBROUTINE FEREFF(D,ERE)

REAL*8 BETA,ERE,D,A,B,SD,ER,PI,WP

COMPLEX*16 ST

COMMON /DIMEN/ A,B,SD

COMMON /DIELC/ ER

COMMON /DAT/ ST,PI \

COMMON /FREK/ BETA,WP
A1-0.4021*(DLOG(SD/A))**2-0.7685*DLOG(A/SD)+0.3972
Bl=2.42*DSIN(0.S556*DLOG(A/SD))
ERE=14SD/A*(Al1*DLOG(1/DSIN(PI/2*D/B))+Bl)*(ER-1)
RETURN -

END

TO CALCULATE THE CHARACTERISTICS OF DIFFERENT COMPONENTS
SUBROUTINE PFCALELMT

INTEGER C,R,W,U,V

REAL*S8 LENGTH.L.PI,WP,WIDTHI,WIDTHZ.Wl,W2;SQEFF_AIR,SQLFF_DIB
REAL*S BETA, INDUC, NORSUS, ELEC_LEN, VALUEL , VALUE2,VALUE3, 2, ZRATIO
COMPLEX*16 ST ' } '
COMMON /DAT/ ST,P1

COMMON /DISK/ DISC

COMMON /FREK/ BETA,WP ‘

COMMON /TOPO/ NCN(60),NP,NE,NPT -

COMMON/ ELMT/ ELN(25),VALUEl(25),VALUE2(25),VALUE3(25),TYPE(25),
IPORT(25),JPORT(25),KPORT(25),LPORT(25),NCODE(25),V(25)

COMMON /PARA/ LENGTH(25),WIDTH1(25),WIDTH2(25)

DATA W,C,R /1HW,1HC,1HR/

DO 100 I=1,NE
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naoaaan

ano
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NC=NCODE(TI)

U=VI(I)

L=LENGTH(1)
Wl=WIDTHL(I)
W2=WIDTH2(I)

CALL FIMPFWD(W1l,2Z)
VALUELl(1)=L*BETA
VALUE2(I)=2

IFf (NC.EQ.3) GO TO 100
IF (NC.EQ.5) GO TO 27
CALL FSTEPCAL(W1,W2,2Z,ZRATIO,INDUC)
VALUEZ2(I)=ZRATIO
VALUE3(1)=INDUC

GO TO 100

CALL FINDUCAL(L,Wl,NORSUS,ELEC_LEN)
VALUEL(I)=NORSUS
VALUE2(I)=ELEC_LEN

GO TO 100

CONTINUE

RETURN

END

SUBROUTINE TO FIND CH.IMPEDANCE AND GUIDED WAVELENGTH FROM DIMENSION

SUBROUTINE FIMPFWD(D,ZOVP)

REAL*8 BETA,K1,K2,KC,KE,P,Ql1,QF,R,S0,S1,V,W,X1,X2,XCR,XCF,XG,XW,Z20VP
REAL*8 A,B,D,SD,ER,WP,PI

COMPLEX*16 ST |

COMMON /FREQ/ WST,WND,DW,NSCALE

COMMON /FREK/ BETA,WP |

COMMON /DIMEN/ A,B,SD

COMMON /DIELC/ ER

COMMON /DAT/ ST,PI

TO CALCULATE THE GUIDED WAVELENGTH

CALL FEREFF(D,KC)

RCR-Z*A*DSQRT(1+(4/PI)*(1+0 Z*DSQRT(B/A))*(B/A)*DLOG(1/DSIN(PI/2)*
(D/B))))

XWm2*PI*0. BEOQ*IOOU/WP

XCF=XCR*DSQRT(KC)

QF=(KC-1)/(ER-1)
S0=DSQRT(0.0666+0.04664QF*#%24+0,.0154QF**4-0,00137*QF**6)+QF/(PI*PI)
51=DEXP(1l./3*DLOG(S0})

Va=2*QF /(PI*PI)+S1%*3

W=~DEXP(1./3%DLOG(V))

P=W+S14QF/3

Kl=1+PI*Pl/12%P*(3-2*P)*(ER-1)
X1=XCR*PI*DSQRT(P*(3-2*P)*(ER-1}/12)

KE=KC+({K1l- KC)/(B/XI-B/KCF)*(B/XW-B/XCF)
XG=XW/DSQRT (KE-( XW/XCR) **2) .

BETA=2*PI/XG

TO CALCULATE THE CHARACTERISTIC IMPEDANCE

X2=DLOG(1/DSIN(PI/2*D/B))
IF(D/B.GT.0.3D00 GO TO 10
K2=0.17*(B/XW)}+0.0098
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Q1=0.138*(B/XW)+0.873

GO TO 20

R=0.0775*(DLOG(A/SD) ) **2-0.668* (DLOG(A/SD))+1.262
K2=-0.763*(B/XW)**2+0.58*(B/XW)+R

Qi=0.372*(B/XW)+0.914
ZOVP=120*PI*PI*(K2*X2+Q1)*(2*B/A}/((0.385*%X2+1.762) **2* ( XW/XG) )
RETURN

END

SUBROUTINE TO CALCULATE THE IMPEDANCE RATIO AND NORMALIZED INDUCTANCE

SUBROUTINE FSTEPCAL (WL ,W2,21, ZRATIO, INDUC)
REAL*8 BETA, INDUC,W,2R1,ZR2,ZRATIO,WL,N2, z1,WP
COMMON /FREK/ BETA,WP

WaW2 /W1

IF((W.GT.8.8D00).AND.{W.LE.13.6D00)) GO TO 10
ZR1=0.7025+1.19+W1

ZR2=0,7025+1.19+W2

IF (W1.EQ.0.25D00) ZR1=1.0D00

GO TO 20

ZR1=1.879+0.6554*W1

ZR2=1.879+0.6554*W2

IF (W1.EQ.0.25D00) ZRl=1.0D00

ZRATIO=ZR2/ZR1
INDUC=WP*(19.14~31.275*W+14.564W**2-0.5014*W**3)+0_1p-11,/21
RETURN ,

END

SUBROUTINE TO CALCULATE THE NORMALIZED SUSCEPTANCE AND ELECTRICAL
LENGTH OF A SYMMETRICAL INDUCTIVE STRIP

SUBROUTINE FINDUCAL(S,D,NORSUS,ELEC LEN)

COMPLEX*16 ST

REAL*8 NORSUS, NOR_LEN, ELEC LEN,S,D,BETA,WP,A,B,SD,PI

RELL*8 XW,XAl,XA2,XB1,XB2,XC1,XC2,XD1,XD2,XEl,XE2,YA,YB,Y¥C, YD, YE
COMMON /FREK/ BETA,WP

COMMON /DIMEN/ A,B,SD

COMMON /DAT/ ST,PI

XWe2+PI*0,3D09*1000,/WP
NORSUS=(2.778+39.26*(S/B)-33.43%(5/B)#*2+111.4%(S/B)**3)%(4.156-
14.472%(B/XW)+15.218*(B/XW)**2)*(0.6046+0.05926*(B/D)-0.001224+
(B/D)**2)

IF ({S/B.GT.0.1D00).AND.{S/B.LE.0.4D00)) GO TO 10
XAl=-0.09806+12.464*(D/B)-29.432%(D/B)**2
XA2=1.185+13.559#%(D/B)-17.958%(D/B)**2

XBl=0

XB2=0.62135+2.8438*(D/B)+1.4831%(D/B)**2
YA=(XA2~XA1)/0.203*(B/XW~0.473) +XA2
YB=(XB2-XB1)/0.203*(B/XW-0.473)+XB2

NOR_LEN=0.2995*YA*(S/B)~3. 562*YB4(£/8)**2

GO TO 30

XAl=-3.70847+58. 853*(D/B) 169. 48*(0/5)**2
XA2=-55,.557+716.52*(D/B)-2505%(D/B)**2

XBl=-0.4982+17.445*(D/B)-43.674*(D/B)*%2 A

XB2=-1.675+45.422*(D/B)-131,.98*(D/B)**2
XC1=15,855-183.46*(D/B)+516.99*(D/B)#**2
XC2=58.531-1141.5%(D/B)+3447.4*(D/B)**2
XD1l=1.1443-2.4656*(D/B)+10.487*(D/B)**2
XD2=6.9035-127.76*(D/B)+389.87*(D/B)**2

T4



XE1=0.19323+9.1992%(D/B)-21.961+%(D/B)**2
AE2=4.9952~-90.588*(D/B)+277.26*(D/3)**2
YA=(XA2-XAl)/0.203*(B/XW~0.473)+XA2
YB=(XB2-XBl)/0.203*{B/XW-0.473)+XB2
XC=(XC2-XC1)/0.203*(B/XW-0.473)+XC2
YD=(XD2-XD1)}/0.203*(B/XW-0.473)+XD2
YE=(XE2~-XE1l)/0.203*(B/XW-0.473)+XE2
NOR_LEN=-0.0004874*YA+0.3179*YB*(5/B)+0.0925*YC*(S/B)**2-2.563*YD
& *(S/B)**3+43.885+YB*(S/B)**4

30 ELCE_LEN=B*NOR_LEN
RETURN
END

SUBROUTINE TO CALCULATE S~MATRIX FOR TRANSMISSION LINE
SUBROUTINE FLINESC ,

REAL*8 BETA,VALl,VALZ,VAL3,PI,WP
COMPLEX*16 S,ST

COMMON /EMTX/ S(4,4),VALl,VAL2,VAL3
COMMON /DAT/ ST,PI

COMMON /FREK/ BETA,WP

$(1,1)=0,0
S(1,2)=DCOS{VAL1)-ST*DSIN(VALL)
5(2:1)-3(1:2)

5(2,2)=0.0

RETURN

END

0N

SUBROUTINE TO CALCULATE S-MATRIX FOR STEP DISCONTINUITY
SUBROQUTINE FSTEPSC

LOGICAL DISC

REAL*8 BETA,VAL1l,VAL2,VAL3,PI,WP

COMPLEX*16 S,ST

COMMON /EMTX/ S(4,4),VALl,VAL2,VAL3

COMMON /DISK/ DISC

COMMON /DAT/ ST,PI

COMMON /FREK/ BETA,WP

00N

S(1,1)=(VAL2-1+ST*VAL3)/(VAL2+1+ST*VAL3)
5(1,2)=2*DSQRT(VAL2)/(VAL2+1+ST*VAL3)
5(2,1)=s5(1,2)

s(2, 2)--(VAL2 -1-ST*VAL3)/(VAL2+1+ST*VAL3)
RETURN

END

SUBROUTINE TO CALCULATE S-MATRIX FOR SYMMETRICAL INDUCTIVE STRIP
SUBROUTINE FINDUCSC

REAL*8 VALl,VAL2,VAL3,PI,BETA,WP

COMPLEX*16 S,DENOM,ST

COMMON /EMTX/ S(4,4),VALl,VAL2,VAL3

COMMON /DAT/ ST,PI

COMMON /FRBK/ BBTA,WP

aonn

DENOH-(2+ST*VAL1)*CDExP(Z*ST*BETA*VALz)
5(1,1)==(ST*VAL1)/DENOM
S(1,2)=2/DENOM



§(2,2)=s(1,1)
RETURN
END
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APPENDIX C
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The above equivalent circuit is composed of three cascaded two-port networks:
Lwo transmission lines of length Al cascaded to a shunt admittance.

cosh(yAl) Ylv;sinh('yAI)]
Yisinh(yAl)  cosh(vAl) I

0
-jB 1]’

The ABCD matrix of a transmission line is

The ABCD matrix of a shunt admittance is [

The overall ABCD matrix is obtained by multiplying the three matrices together.

A B] _ [ cosh(yAl) v}-l-sinh('yAl)]x[ 1 O]X[ cosh(vAl) 1};.3:'11.!1(7&1)]}%i |
C D Yisinh(vyAl)  cosh(yAl) =jB 11" Yisinh(yAl)  cosh(yAl) I3
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9(AD — BC)/Yi
S12 =

A c D
‘_7;+B+?lr+?;

By simplifying the expressions for S1; and Sy2, we obtain

Su = ki
17 (24 53E ) (cosh(vAL) + sinh(vAL)?
2
Siz
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" (2+ i 72 Xcosh(vA0) + sink(vAl)?

(4.1)

(4.2)

el A ataends
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