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The work repofﬁed here deals with the computer simulation of E-plane
directional coup‘lers. It is part of an effort to develop a complete CiD
package ,fd_r millimeter-wave circuits undertaken by Dr. Hoefer at University
of Ottawa.p -

" The “contribution achieved by this work includes the develecpment of a
co::;.:}';teg,p:ogram 'based on the spectral domain approach foxr the analvsis of
_E:cupleci finline slots. Also, a simulation procedure for i-:—pl'ane coupled slot
cir'c‘.:':'.:s in general, and directional couplers in particular, has been
developed and proved adequate. The procedure is simple enough to be easily
in‘co:pé_rated in a CAD package with computer optimization. based on
user-defined models.



ABSTRACT

A procedure for the numerical simulation of finline coupled slot hybrids 1s proposed.
The circuit is analyzed as a cascade of uniformly coupled subsections whose character-
istics are calculated individually with the spectral domain method. The validity of thed?® ’
appi'oach is confirmed by the measurements of several coqplcrs: A review of coupled

transmission line theory and the description of the spectral domain program developed

for this purpose are also given. |
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Chaptei‘ 1

Introduction

Directional couplers, and in particular hybrid couplers, are a basic component of var-
lous electronic systems: balanced mixers, image-rejection mixers, QPSK modulators,
etc... In E-plane lechnology a few different configurations have been investigated for
the realization of hybrid couplers. Among them is the coupled siot structure. The prin-
ciple behind this approach is that when two transmission lines are brought, close to each
other, some of the energy flowing in the first one is coupled into the second one and
becomes available at its ports. By properly designing the coupled line arrangement, a
hybrid coupler can be realized. Coupled slot finline hybrids constitute the focus point
of this thesis.

Coupled slot ﬁﬁﬁne hybrids are usually composed of two parallel slots in unilat-
cral finline. Often, they are preferred. to the other alternatiw_res in E- plane technology
for their simplicity of fabrication, or because they produce a so-called codirectional
coupling which simplifies the connections with the other components of an integrated
system. Unfortuna.telly, the design of these circuits has so far necessitated an empirical
approach based on trial and error. The major reasen for this is the difficulty of evalu-
ating the excess (and non-uniform) coupling produced by the curved slots necessary to
establish a connection to the coupled slots. In an attempt to alleviate this problem, a
simulation procedﬁe taking into consideration these non-uniform sections is reported
here. Prior to this though, some background information on directional couplers and

1
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coupled transmission line theory is presented.

After defining in general terms what directional couplers are, chapter 2 contains a
review of the various coupler configurations used up to now in E-plane fcchnology. Their
respective performances are outlined and compared on the basis of the results reported .
in the literature. The comparison reveals the advantages that coupled slot finline hybrids
have over the other alternatives, and explains the interest in these circuits.

In Chapter 3, an in-depth inv cstzgatmn of the coupling mechanism between transmis-
sion lines is presented. Such a study is essential for the comprehension of the smmlatmn
procedure described later. This analysis also sheds some light on the relationship be-
tween codirectional and contradirectional couplers, which are two classes of coupled
transmission line c.;ircuits. The key point of this section is the conclusion that the be-
havior of coupled line systems can be entirely determined from the characteristics of
their normal modes of propagation.

- In the case of finlines, the evaluation of the normal-mode characteristics (propagation
constant and impedance) is not a simple task at all. The spectral domain analysis is a
numerical method that can be applied to the problem of uniforz-nly (parallel) couplel
slots yielding both accuracy and computation efficiency. A program based en this
approach has been developed in Turbo-Pascal. Chapter 4 presents a detailed description
of it, along with all the necessary theory and developments. Together with Appendix
A, it constitutes the only reference document for this program.

In Chapter 5 a simulation procedure for non-uniferm (curved) slot arrangements 1s
proposea. The thegry and the numerical method developed in Chapters 3 and 4-form
the basis of it. Thé determination of this proceci;ue constitutes the main objective of the
present work. It consists in analyzing the non-uniform structure as a cascade of short
uniform subsectionsfwhich are characterized independently. The approzach is verified by

the sirmulation of many circuits and proves to yield very good results.

2



It is believed that the simulation procedure put forward in _thié work can be of great

help for the design of E-plane directional couplers because it is accurate and simple.



Chapter 2 °

"E-Plane Directional Couplers

2.1 “Introduction

Ideal directional couplers are lossless junctions with four perfectly matched ports divided
iﬁto 2 conjugate pairs. The terminals of a conjugate pair are isolated from each other.
When the ports are properl-y terminated in their characteristic impedance, djrectionz?.l
couplers have the property that the RF power incident at any port couples power to cach
port of the other conjugate pair only. In general, directional couplers are symmetrical
devices so that the pairs of terminals are indistinguishable from one another.

Figure 2.1 shows a schematic drawing of a directional coupler illustrating its dirce-
tional behavior. When a signal is propagating from port 1 to 3, a fraction of its energy is
coupled to port 4. Accordingly in this case, 4 is called the coupled port, and 3 and 2 the
direct and isolated ports, respectively. The same fraction of the energy traveling in the
opposite direction is diverted to port 2. The ratio of the coupled power to the incident
power is called the coupling coefficient and is expressed in dB. It is determined by the
particular design and can také any value from 0 dB down. The carliest application of
directional couplers was to provide a simultaneous indication of the powers flowing in
both directions on a main transmissiop line. Consequently the circuits were designed
to vield faiily low coupling coefficients of —10 or —20 dB.

Because of their construction some directional couplers present an inherent phase
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- Figure 2.1: Schematic representation of a directional coupler.

shift of 0, 90 or 180 dé;grees between tl?eir two output signals. When designed for -3 dB
coupling, this particular. class of directional couplers is referred to as hybrid couplers.
These are used in many circuit components and systems. Figure 2.2 shows a schematic
diagram of a 90- and a 130-degree hybrid. In the ﬁrst case, the two output voltages
differ in phase by 90 degrees regardless of the input port. In the 180-degrec case they
differ by 0 or 180 degrees depending upon which port is chosen as the input. Some
applications of 90- and 180-degree 3 dB hybrids are shown ir Figure 2.3;

Directional couplers can be realized in a number of different ways.: Branch-line
hybrid, multi-hole coupler, hybrid ring, magic-tee, coupled transmission line coupler,
etc. Depending on the transmission medium (waveguide, stri;aline, E-Plane, etc.) all
configurations may not be possible or pi;actica.l. To the author’s knowledge, directional
couplers of four different types have been reported in E-Plane technol&gy: The 180-
degree hybrid junction between a finline and a coplanar line, the printed-probe, the
deRonde and the coupled slot 90-degree .hybrids.

In this chapter, these hybrids are described and compared on the basis of the results

published in the literature. This comparnison will justify the interest for the coupled slot
5
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Figure 2.2: Schematic drawings of 2 90- and a 180-dcg‘ree hybrid.

cfinline hybrid investigated in this thesis. \\_”

2.2 ' 180-degree E-Plane Hyb;Yél Junction

This type of arrangement was first i‘ntroduced by Gysel [1} for millimeter-wave balanced
mixers. It has since been extensively utilized in many mixer applications for it vields
an excellent LO-to-RF isolation and has broadband characieristics as demonstrated by
Meier (2]. |

This 180-degree hybrid is formed by juxtaposing an unbalanced line such as finline
and a balanced line such as coplanar waveguide or microstrip in a configuration shown
in Figure 2.4. If 2 good symmetry is maintained, the balanced signal coming from the
left (its E field is represented by thick arrows), only excites a balanced mode in the
coplanar line on the right. On the other hand, the unbalanced sigral coming from the
right (E field represented by thin arrows) d.oes not couple energy into the slot due to
this one’g_ mnability to propagate an unbalanced signal. Therefore, if a reflective load
is provided for the balanced mode on the coplanar line, the isolation between the two
ports is inherently very good.

This ‘structure is used in balancéd'mixers with';the diodes located at the junction

~
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Figure 2.3: Somie applications of 90- and 180-degree 3-dB hybrids.
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Figure 2.4: 180-degree E-Plane hybrid junction.

" and the signals fed in as indicated in Figure 2.4. The LO signal provideé in-phase
excitation while the RF provides out-of-phase excitation of the diodes. In that respect,
this junction acts as a low-loss 180-degree 3-dB hybrid. It is the only type of 180-degree

hybrid reported so far in E-Plane technology.

2.3 The Printed-Probe Hybrid Coupler

In this configuration, two parallel waveguides share a common broadwall which 1s slotted
atong the E-Plane to accept a pair of dielectric boards as shown in Figure 2.5. An array
of printed \probes on one of the boards achieves directional coupling between the two
waveguides. The other board simply insuictes the probes from the metallic housing.
This type of coupler was first reported by Meier [3].

The design uses the techniques of multi-hole coupiing arrays on the basis of exper-
imental data obtained for the (bi-directional) coupling of individual probes of various

dimensions. A 94-GHz 3-dB codirectional’ hybrid based on this technique has been

!Both coupled output signals travel in the direction of the incident signal. In contradirectional cou-
plers, one of the cutputs travels in a direction opposite that of the incident signal.

.
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demonstrated [4;5]. Figure 2.6 shows the results. A good isolation of more than 22 4B
1s obtained from 92 to 96 GHz with 0.3 dB insertion loss. However the_behavior is very

~ narrowband, with less than 3% bandwidth for a 1-dB imbalance of the output signals.

2.4 deRonde Type 90-degree Hybrid Couplers

A deRonde ﬁ}'b:id coupler [6] consists in two microstrip lines cormected by two quarter
wavelength long branches: a shunt branch, and a series one in the form of a slot etched
in the ground-plane as in F igure 2.7. Ideally, the coupiing takes place at the junction of
the shunt and the series branches only, the two being otherwise decoupled. An even-odd
mode analysis by Callsen and Schmidt [7] reveals that under even 'excita.tion only the
shunt branch is excited while in the odd mode only the series branch is. By properly
choosing the impedances of the branches, perfect isolation and contradirectional 3-dB
coupling can in principle be achieved. The propagation constant in both branches is
assumed equal, and dielectric overlays are used to ensure this.

Two slightly different implementations of this coupler in E-Plane technololg'y have

~
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E substrate top-side motallization V¥ /A back-side metalization

Figure 2.8: Slot-line versions of deRonde’s coupler.

been reported [7,8]. In (8] the dual of the deRonde hybrid is presented with the strips
replgced by slots and the slot by a.' wire as in Figure 2.8, Alternatively, the wire can
be replaced by a strip printed on the backside and capacitively loaded at both ends [9].
In [7], antipodal finlines are used to essentially reproduce the microstrip configuration
inside a waveguide housing. -

After some empirical optimization, the two impler;nentations resulted in 3-dB hybrnds
characterized by 0.5 dB insertion loss (including the losses of the transitions to the empty
waveguide), less than 0.5 dB imbalance and 20-25 dB isolation over the entire Ka-band.
Ti.le circuits proved to be broadband and very compact.

: On the other hand, the implementation with a wire as the parallel branch suffers from

a bad reproducibility and requires additional mounting steps. The other circuit requires
.metaf.‘lliza'tion on both sides of the substrate, and both approaches require dielectric '
| overiays .to equalize the phase velocities in the branches. Also, eve;l though compactness

rcbre’sents an advantage for circuit integration, fabrication problems appear as frequency

increases. For this reason the use of these circuits is limited to frequencies below 40

GHz [2].

j
/
\
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Figure 2.9: Unilateral coupled slot hybrid.

-

siot 1 slot 2

1 metal

E] _ substrate

Figure 2.10: Bilateral coupled slot hybrid proposed by Mirshekar-Syahkal [10].
2.5 Coupled Slot 90-degree Hybrid Couplers

TLis type of coupler is realized wi;h;,a double slot structure in a waveguide housing.
It can take the form of two slots in unilateral finlines as in Figure 2.9 or, as recently
proposed in [10], bilateral coupled slots (see Figure 2.10). No realization of the latter
type has been reported yet, but the operation is similar to the former except for the

connections to the terminals.

In unilateral coupled slots, the even mode of propagation (TEM-like mode) interfercs

12
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with the odd mode by virtue of their different phase velocities, creating a beatingiegﬂ'ect.
Hence, a periddica.l codirectional coupling? is obtained with insertion loss corresponding
to the a.tténua.tion of the coupled lines (taking into account the losses of the transitions
to empty waveguide). The degree of coupling is a function of the width, the spacing
and the length of the coupled slots. The concept of a slot-line directional coupler was
first demonstrated in [11], where an empirical design resulted in a 3-dB hybrid usable
between 2.6 and 3 GHz.

Since then, the technique has been adapted to E-Plane circuits [2] (balanced mixers
[12] and QPSK modulators [13,14]) with broadband results. In [13] an equal power split
was obtained with 0.3 dB insertion loss between 13-17 GHz with a.nj isolation better tha{l
20 dB and a reflection coefficient varying between —30 and —17 dB. In (2}, a Ka-band
3-dB hybrid is reported featuring 0.3 dB insertion loss, a return loss and an isolation
better than -17 dB, and less thar 1 dB imbalance across the entire band. Furthermore
the approach has been demonstrated to be feasible at frequencies as high as 90 GHz [2]
where coupling varying between 3-5 dB and better than 21 dB isolatior were achieved
over the full wa.veg;lide band of 60 to 90 GHz.

The major disadvantage of this type of coupler is that one has to rely upon a fair
amount of empirical optimization of the coupling parameters to achicwe satisfactory
results [13,14]. A theoretical design approach has been attempted in [15] but the results
were not satisfying. The main reason is that the curved sections connecting the finline
to the coupled slots were not taken into account. Previous work on dielectric waveguides
has demonstrated that they have a non-negliéible effect on the coupling. A contribution
originally published in German [16] and just recently made available in English, presents
a design approach that does consider, to some extent, the non-uniform coupling of the

L]

curved sections. The concept of effective coupling length is used there to predict the

2See section 3:5.2,

13.
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actual level of coupling between the two slots. This method relizs on the approximation
that the impedance of the curved slots is constant over their length. Nonetheless, the

approach leads, after empirical optimization, to very good conler performance.
2.6 Conclusion

The performance of the E-Plane hybrids discuésed above are summarized in Table 2.1
to facilitate a comparison.

Regarding the 180 degree hybrid, it is the only one of its type and features excellent
performance. It is a close relative of the waveguide magic-tee and offers large bandwidth,

' low insertion loss, and simplicity. The reasons are clear for its wide utilization.

Concerning the performance of the 90-degree hybrids, the coupled slot and the
deRonde types are superior to the printed-probe coupler regarding the usable band-
width. On the other hand, the deRonde coupler requires the most complex fabrication
process of the three types, which could be a mz;jor drawback in mass production appli-
cations.

The coupled slot coupler appears to be a superior approach. Its codirectional rather
than contradirectional (see Chapter 3) behavior also proves to be an advantage for
thicrowave integrated circuits, allowing casier connections between adjacent subsystems.
A major inconvenience, however, 1s that ro systemé.tic and accurate design technique
has been repo:t\ec‘l yet for this type of coupler. So far, researchers have mostly relied
on empirical opti;nization based on trial and error. In order to better understand the
phenomenon of coupling between two adjacent parallel transmission lines an analysis is

given in the next chapter.
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Chapter 3

Coupled Transmission Lines:
Analysis and Application to
“Directional Couplers

3.1 Introduction

Coupled transmission lines are obtained by placing- two or more lines side by side in such
-a way as to\allow their respective: eie_ctromagnetic fields to interact with ;aad1 other. In
terms of circuit theory models, this interaction is represented by mutual inductance and
capacitance. In terms of field quantities, the different phase velocities and impedances
of the system’s so-called normal propagating modes express the same inter-relationship.
In general, many transmission lines of different types, diclectric media and char-
acteristic impedances can be coupled together. In these cases the coupling is often
an undesirable effect deteriorating the performances of the sylstem. The first efforts
spent on coupled transmission lines were driven by telephone .compani\cs having to cope
with crosstalk problems between telephone linés in the 1920°s. Eventually however, re-
searchers found useful applications for com'xpled lines, and these are now widely used to
realize filters, directiona.l couplers and impedance transformers.
Coupled transmission lines can be asymmetric or symmetric, uniformly or non-

uniformly coupled, with homogeneous or inhomogeneous dielectric medium. The sym-

metry refers to the characteristics of the isolated lines: if they have the same charac-
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teristic impedance and propagation constant then they are symmetric, if not, they are
asymmetric. Uniform coupling means that along the longitudinal axis the structure is
uniform. Finally, the lines can be embedded in ;.-homogeneous dielectric medium, as
in the case of striplines, or not, as in the case of finlines. This chapter deals with the
analysis of uniformly coupled transmission lines and investigates their applications to
directional couplers. Qur a.na.lysi.s will be restricted to the cases involving only two lines.

Firstly, a general procedurc to analyze coupled asymmetric lines in an inhomoge-
ncous medium will be outlined. This is introduced here in order to show that such a
system is entirely cha.racteriged by its normal modes of propagation and that the signals
on the lines are superpositi;ns of these modes. Following this,\a short section is devoted
fo a comparison of these normal modes and the well-known ever and odd modes.

In the case of interest to us, namely E-Plane couplers made of a pair of identical
slots, a different formulation of the problem is possible, assuming a priori the normal
mode decomposition. This analysis is detailed in Section 3.4. It results in expressions
that can be fea.dily used for the design of directlional couplers.

Finally, Section 3.5 applies these formulae to obtain directional couplers with codi-

rectional and contradirectional behavior, whose frequency responses are then compared.

3.2 Case of Two Asymmetric Lines in an Inhomo-
geneous Medium

Coupled transmission line circuits have in general four terminals corresponding to ports
of the two lines. It is often desirable to characterize such circuits by their 4 x 4 [Y], [Z] or
ABCD matrices. Tripathi [1] has presented a particularly clear analysis resulting in the
general expressions for the four-port’s parameters. He shows that these parameters can
be determined from the propagation constants and the impedances of the independent

normal modes of the system. To gain some insight into the mechanism ¢f coupling and

~
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Figure 3.1L: System of two cdupled lines.

to provide a justification for the normal mode decomposition used in Section 3.4, this
" analysis is outlined step by step. '

Step 1/ The generalized Tclegraphist’s Equations for the system of couplca lines of
Figure 3.]‘. are written down by applying Kirchof "s law to an element d= of cach line,
and then reduced to second order differential ca.qua'tions for the voltage on cach line.

The generalized Telegraphist’s Equations are:

dvya : .

- ;i- = Z12t12 + Zmizg (3.1)
diq»

- ;1__' = Y2v12 + Yoav2y

-

where Z; 2 and Y] ; are, respectively, the self impedance and admittance per unit length

of each line and Z,;, ¥;, are the mutual impedance and admittance per u_.n‘it length.
Subscripts 1 and 2 refer to the line numbers and tﬁc notation ;2 in the expressions isF\
short-hand notation for expressing the relation for both lines. |

Equations (3.1) can then be reduced to two second-order differéntial equations for

the voltages:

d?

d:zl' —aivy — b2 =0 (3.2)
d*v '

?:—agvg—bgv1=0
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where g;’s and 4;’s are functions of 2y, Z3, Y3, Y2, Zpm, Yan.
N h
Step 2/ A particular solution of (3.2) is sought in the form of a wave propagating
in the z direction simultanecusly in the two lines. Such a solution will be called a mode

»

of the system.

Is

Let us therefore assume:
v12(2) = Up2e™ . - (3.3)

where v is the 'propaga.tion constaht of the mode. The mode’s structure may assume
. different voltage amplitudes U; and U; on the two lines. R
Step 3/ Combining (3.3) and (3.2) ¥ields a 2 x 2 system _o\f: simultaneous equations
[4}[v] = 0. The eigenvalues of the system are obtained by setting det 4 = 0. This results
m four possible values for 7 or, in other words, four normal modes of two different types:
the ¢ modes and the = modes. We have: -
Yy==%v and =z, (3.4)

¥
L.

where v, . are expressed in terms of g;’s and ;s in (3.2). The % sign simply indicates
the directions of propagation of the modes. -

Clearly, two types of waves or modes are particular solutions to the Telegraphist’s
Equations. For these waves the two coupled lines are a single directional system. Each
mode represents a certain distribution of voltages (and currents) among the conductors.
In other words, each mode is characterized bylits own field structure.

Step 4/ For each type of mode, the ratios R. and R.. of tke voltage amp]itt'ldes n
the lines can be determined by replaéing the expressions obta.inéd for the 7’s back into

(3.2). These ratios are defined as

U2 -
= = f{ = .
R, o T 3 Y. (3.3)
=2 for v =+,
1%
21

3



and are functions of the line parameters through the a;'s and b;’s. Next, the impedance

of each line for each mode is found using (3.5), (3.3) and (3.1). These are:
Zlcs Z'..’C? Zlf-': Z:Zﬁ': . (36)

and are functions of the line parameters ¥ and Z and the mode parameters v and R.

Step 5/ A linear combination of the four possible modes yields a general solution”

to (3.2). We get:
v1(z) = (A7 + A2e¥7%) & (Age™™ + A7) (3.7)

'Uz(:) = (.4.1 Rce"": -+ .4.2R,_-e+7"-:) -+ (AaRﬁ_e"'fn’: + ‘4‘1Rxe+1«:)
T

and the associated currents can be deduced from the mode impedances.

Step 6/ Finally, the port voltages and currents are express.cd in terms of the A;’s in
Step 3, resulting in two 4 X 4 systems. From these the A;’s can he eliminated leading to
the 4 X 4 impedance matrix [Z] of the structure. The [Z] matrix representation allows
the characterization of the two-port’s behavior with any terminations connected to it.

The general expression for {Z] reveals that a knowledge of the mode parameters
v, R and Z is sufficient to characterize entirely the coi.xpléd line system. Therefore,
the behavior of a circuit can \be predicted by an analysis of the properties of the field
distribution corresponding to each mode. The fact that the modes are normal justifics
that the}; be analyzgd independently. The very existence of these modes has been
experimentally observed by Speciale [2]. They have the properties of equel voltage
amplitude on the two lines for the ¢ mode (R, = 1; and equal but opposite currents for
the = maode. \

The coupled mode approach of Adair and Haddad (3] is another formulation that
can also be adopted to investigate the coupling process between transmission lines. The
voltages and currents need not be resolved into the n.orma.l modes of the system but

may be considered as the voltages and currents of waves each of which is propagating
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- in only one partial line. By virtue of the coupling of these lines, an exchange of energy

&

occurs between the waves propagating in them. g*

3.3- Notes on the Normal Modes -

A

_ . N
The two viewpoints are, of course, equivalent. For various reasons (physical insight,

convenience for design) one approach might be preferred to the other. For the cascs

where more than two lines are involved, the-coupled mode approach is more attractive

due to the complexity in defining the normal modes.

-

The EM field propagating on a system of two transmission lines is distributed as pre-
scribed by the normal modes of the system. The existence of these mod‘es\'vas demon-
strated in the previous section, and their ;na.in characteristics were outlined.

The analysis of the propagation of these modes (a total of four of two different types
traveling in both directions along the-ine) is sufficient to characterize entirely the four-
port network. It is interesting to note that the well-known even and odd mode analysis
often used in similar groblems [4,5,6] is applicable in particular cases only. These modes
are defined as ha.vi;g\“;:g{a% voltage magnitude on the two lines, with equal and opposite
polarity, respectively. Ix:vthe cases of symmetric coupled lines (both in the homogeneous

or inhomogeneous case) they are equivalent to the ¢ and = modes because each line has

the same impedance. ' : x

~

For asymmetric lines however, the even and odd modes do not correspond to the
normal modes of the system. Speciale [2] interprets them as being lirear combinations
of the fundamental ¢ and = modes. The even-odd mode analysis remains valid though
for asymmetric coupled lines in a homogeneous medium because in this case, ‘both the
normal modes have the same phase velocity. ~ Consequently, the linear combinations
forming the even and odd modes propagate in an inde_pendent fashion as simple waves

(without breaking down into a fast ¢ and a slow = waves) and can be a.Palyzed separately.



On the other hand, when an inhomogeneous dielectric medium is considered, the normal
modes have different phase velocities and the even and odd modes do not propagate
independently. In these cases, the analysis of an excitation in terms of its even and odd
compogents ‘would not reflect the physical reality and would lead to incorrect results.
The configuration of interest in this thesis involves identical lines in an inhomoge-
neous diclectric medium. On the basis of what has just been presented, fhc even and

odd mode formulation is justified and will be used in the next section.

3.4 Case of Two Symmetric Lines in an Inhomoge-
neous Medium

The analysis presented in Section 3.2 is very general and the parameter matrix proves
to _bc a very flexible means of describing the four-port circuit. This type of approach is
advantageous when various port terminations must be considered as in the investigation
of filters conducted 'in [6]. However, for the simpie case of symmetric directional couplers
. wheré one port is excited and the three other ports are terminated in their characteristic
impedance, a very straightforward formulation of the problem exists. It parallels that
of Reed and Wheeler [7]. Its results, in terms of the ports’ emerging waves, are not
directly applicable to the analysis of filters but are adequate for the present work. This
elegant approach '.Eill be presented in detail here, and the results will be used to design
directional couplers in the following section.

The directional coupler of interest is shown in Figure 3.2. It is composed of two
symmetric uniform coupled transmission lines of length / in an inhomogeneous medium.
Each port 1s ferminated in an impedance Z;. We are interested in studying the behavior
of this four-port circuit under a single input at port 1. It has been shown in the previous
secticns how similar structures support two types of independent normal modes traveling

in both directions. In this particular case these two types correspond to the even and

b
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Figure 3.2: Coupled Line directional coupler with a unit input at port 1

odd modes as explaired in Section 3.2. Accordingly, the circuit respon:se to a unmt
voltage input at port 1 cun be obtained by the superposition of the responses to an even
and an odd mode excitation of amplitude 1/2 at ports 1 and 2.

By, virtue of the independence of .the chosen modes, the two excitations can be
considered separately. In each case, the analysis reduces to that of a two port network.
The cquivalent circuits for each mode are shown in Figure 3.3 along with their linc
pa.f'a.meters: Be,oy the propagatioﬁ constants of the two modes and Z. ,, the impedances
of each line in the presence of the other for each mode.

The amplitude and phase of the total signals emerging from each port are expressed
by: ‘

<+

. 1
Vi = 5(L+1) (3.8)

Vo= 2{(L.-T,
1
V3 = E(Tc - To)

: 1 -
. Vi= (T4 T, ‘

L]

where T, , and T, , are, respectively, the reflection and transmission coefficients of the

two-port networks in the even and odd modes.
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/

The general expressions for I' and T of & two-port network in terms of its ABCD
parameters are:
p_AZt+B- CZ/*-DZ,

T AZ,+B+CZ+DZ;
9

T = ——
AZ, +B+CZ,"+DZ,

where Zp, is the embedding characteristic impedance of the two-port.

(3.9)

The ABCD matrix of a section of transmission line of length [ with a characteristic
impedance Z and a propagation constant 3 is?

( )

Using (3.10) in (3.9) for each mode we obtain the following expressions for the

cos§ jZsinf

Lsinfé cosé

(3.10)
Z

where 6§ = Bl.

reflection and transmission coeflicients:

r jsing, (%}:— - -72"-)
© DE
sin§, 4= — Zn
T, d };ZOL Lo (3.11)



R

2

g DE
2

DO

where
Zy
Z,
2,
Z, Z.)

Relations (3.11) and (3.8) can now be used to compute the emerging signals for a given

DE =2cosf, + jsiné, (—+

DO =2cos8, + jsinb, (—Z—"-i-
N L

set of even and odd parameters. They are all x@eed to undertake the design of
;;é\ctiona.l couplers.

"Ehe even and odd parameters can be obtained f‘.heoretically for a specific physical
* implementation assuming the known feld struciire of each .mode. The particular case
of coupled finline slots will be studied in Chapter 4 using the spectral domain method.
Prior to this though, directional couplers themselves will be investigated more deeply

in the following section.

3.5 Application of Coupled Transmission Lmes to
Directional Couplers

3.5.1 Introduction

'In order to gain a clear understanding of directional cou_pler's, relations (3.11) and (3.8)
will now be looked at under two realistic sets of assumptions for the various parame-
ters. The first one results in contradirectional couph'}lg, the second one in codirectional
coupling. The respective frequency ﬁ?’sponses will then be compared emphasizing the
relation between these two apparently\‘rezj. differen behawors In an application envi-

S

ronment, the task of the designer is to realize trmsmshn% satisfying the particular

set of assumptions associated with the desired result‘s.

(%]
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3.5.2 Backward or Contradirectional Coupling

Using the solutions for the coupled lines obtained in Section 3.4 let us make the as-’

sumption that the phase velocities of the two modes are the same, that 1s: |

6c=160=ﬁ

-

Clearly, this can be obtained only for lines in 2 homogeneous dielectric medium. Fur-
tBermore let us asSume that the impedance of the even and odd modes are rclated in
the following way:

-

¢ Z.Z,= 2.°
where Z; is the load impedance.

Under these special conditions the reflection and transmission coefficients of the

two-port (3.11) become

_jsinf(4-%) .
= 5 . .
_ jsinf (L —4)

L.

L,

.}

T. =

3

|

- with

D =2cosf+jsiné (A-i-l_i)

¢ <
4 Z. 7

Z,Z,
8 = 3l

Using these expressions to compute the wave emerging at each terminal of the four-port
rields:
Y <

Vi = 0 for all frequencies

.2siné 1
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Figure 3.4: Backward coupling obtained with 8. = 8, and Z} = Z.Z,

h Va = 0 for all frequencies
. 4
V., = B '
This reveals that, at all frequencies, the gircuit presents a perfect match, that port 3

is perfectly isolated and that the power is divided between ports 2 and 4. As shown in

£

Figure 3.4 contradirectional coupling is obtained. Equations (3.13) further reveal that

e The maximum coupling is obtained when 8 = (2n 4+ 1)Z or { = (2n + 1)2, where

A is the wavelength in the medium;

e V; is always in phase quadrature with V;. The structure is consequently a 90-

=

degree hybrid as defined in Chapter 2;

e Once § = (2n + 1)7 has been fixed, the ratio ]ﬂ;ﬂ depends only on the expression
%(A — %) which is a function of Z. and Z,. To increase the coupling one has to

increase A which makes it difficult to achieve tight coupling coefficients (> —-3dB)
in practice. _ Y
AN
e For —3 dB coupling, Dol — 4 implying that 4 = 2.414

LA

LES

0.1

5.505 10plying that 4 = 1.105

¢ For —20 dB coupling, }%% =
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The assumptions leadiag to these results, the “design goals”, can be well approxi-
mated with striplines and microstrips, and the hybrids obtained in this manner are very
good. Numerous papers treat the design of this type of 90-degree hybrid, and sop.hjs-
ticated means of improving the bandwidth have been devised. Figure (3.7) in Section

3.5.4 shows the theoretical frequency response of these hybrids.
3.5.3 Forward or Cddirecti‘onal Coupling
A second set of conditions imposed on the line characteristics can be the following:
B.# B, and ZewZ,~7Z;
In this case, equations (3.11) reduce to:

LL~0 T,~0 (3.14)

and we get:
V1 =V, =0 for all frequencies (3.13)
Vo = =25 e-i(ﬂ%‘n‘“) sin(g_“’;_a‘l)

-—

. Ba40, 8.—8
V4=26'-’(ﬂ=9)cos( 3 %)

We now see in Figure 3.5 that while still displaying a perfect match and perfect
isolaiion af all frequencies, the circuit now splits the power between ports 3 and 4

resulting in forward coupling. The following observations can be made:

o = ‘—j ta.n(gf%g“). As long as B. # f3,, any level of coupling can be achieved,

including 0 dB, by varying [. The power simply transfers back and forth between

the two lines as the length is increased;

- o V3 and V; are in quadrature, so that the coupler is a 90-degree hybrid;
30
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Figure 3.5: Forward coupling obtained with 3. Zhand Z. =2, ~ 7

¢ 0dB coupling is obtained when (%3%) = Z or when [ = 3-(?:5?:)- , where )g is

the free space wavelength;

e —3 dB coupling is obtained when (&;—9‘*) = % or when [; = l(\/_c_:i—?ﬁ

This second set of assumptions can be well approximated with coupled finline slots. The
hybrids discussed in Section 2.4 are all such realizations.
The frequency responses of the forward and the backward coupled lire hybrids are

compared in the following section and are seen to have very different behaviors.

3.5.4 Frequency Responses of Codirectional and Contradirec-
tional Couplers

It has been shown in the previous section that under special sets of assumptions, coupled
transmission lines were capable of producing codirectional or ;ontradi'rectional coupling.
The frequency responses of these circuits are very different. A number of theoretical
responses have been calculated and are shown here to emphasize the relations between
them. It will be shown how a backward coupler is transformed into a forward coupler
when its line parameters depart from the ideal values.

The following plots show the amplitude of the voltage outputs for a unit cxcilta.tio'n
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at port 1, with respect to a normalized frequency (see Figure 3.6). #lhese responses
have been calculated with equations (3.8} and (3.11) for different values of even and

odd parameters. The normalized frequency is defined as
. 41 :
normalized frequency = " f : (3.16)

where ¢ is the speed of light in vacuum and I is the lbngth of the lines. From the
definition of 6., we obtain:

-

27 T . . :
2l Vs f = 5+/€. normalized frequency (3.17)

9:,0 = 6c,ol =

o
where the effective dielectric_constant ¢, has ‘t;een introduced to describe the propaga-
tion constant.

Figure 3.7 shows the response of an ideal —3 dB backward coupler as described in
Section 3.5.2. It has been c.omputed with ¢, = ¢, = 1 and 4 = 2.414. As expected,
V1 = V3 = 0 for 2ll frequencies, a.nd the maximum coupling of 0.707 (=3 dB) occurs at

§ = (2n +1)% (normalized frequency = 2n + 1).

Figure 3.8 shows the same circuit when ¢, departs from its ideal value and becomes
€. = 1.1 instead. The response is t:airly similar but as frequency (or length) increases,
the levels of outputs 1 and 3 increases significantly, producing input mismatch and
forward coupling.

If the non-ideality is further increased by choosing e, = 1.5, a resl'bonse similar to

that of Figure 3.9 will be obtained. Clearly, the overall behavior is strongly affected and

does not much resemble the original one. It is interesting to note that at a normalized

frequency of 9, an equal power split between ports 3 and 2 is obtained, described as
side-coupling.
Now let 1's redo the same progression starting this time with a —20 dB ideal backward

coupler (Figure 3.10). In this case, ¢, = ¢, = 1 and A = 1.105, meaning that Z, and Z,

. ‘ 32
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are gettingtloser to each other. Again, the maximum of coupling occurs at § = (2r+1)3,
ard Vi = V3 = 0 as expected. |
; If the value of ¢, is chosen so as to depart strongly from the ideal case, say €. =2,
x the response of P_‘igure 3.11 results. The power oscillates back and forth periodically
| } between outputs 4 an‘il 3. An almost ideal forward coupler (as described in Section
3.5.3) is obt‘ained, with equal power split. (—3 dB coupling) at 5’-;—93 = § {normalized
frequency = 2.42) as expected. |
The relationships existing between the behaviors of the forward and backward cou-
- plers areinow clear from these figures. The forward coupler can be loosely defined as a
non-ideal backward coupler with a weak coupling coefficient. The non-ideality refers to
the even and odd modes having different values of propagation constants.
As mentioned earlier, forward couplers can be easily implemented in finline. They

will be discussed in more detail later on where experimental frequency responses similar

to these will be presented.

3.6 Conclusion

This chapter has presented the analysis of uniform coupled transmission line circuits.
A very general approach was first introduced to explain the physical origin and the
significance of the normal mode decomposition of the signal on coupled_ lines. It has
beer. shown how a coupled line circuit is entirely described by the characteristics of its
normal modes. These boil down to the even and odd modes when applied to symmetric
lines. Symmetric lines have then been studied in detail, and hybrid couplers of two
different types have been obtained under special assumptions for the line parameters:
forward and backwarci couplers. Finally, the theoretical frequency responses for these
circuits have been presented in a fashion that emphasizes their relationship.

This chapter has been included in this thesis to provide a clear explanation for the
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operégion; of finline couplers. ‘Tn Chapter 5, we will present a simulation procedure for

- \

Lo
these circuits but, prior to this, the determination of the even and odd mode parameters

for coupled finline slots will be undertaken in the next chapter. '

4
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Chapter 4 . ’

'Spectral Domain Analysis of
Coupled Finline Slots ' .

4.1 Introduction

At this point, we are interested ifi the calculation of the even and odd mode parameters
(propagation constants and characteristic impedances) for coupled slots in finline. As
mentioned in Chapter 3, these parameters are sufficient to chiaracterize coupled trans-
mission line circuits. This calculation is fairly complex in the case of finlines due to _t.he
non-homogeneous ‘nature of the dielectric medium, and it requires a numerical treat-
ment. Accordingly, 2 computer program has been developed to deal with our specific
structure. =

The numerical method chosen here is called the Spectral Domain Approach, and it
allows the. analysis of a structure at a given frequency. One of the advantages of this
approach is that it is numerically more efficient than the methods that work directly in
the space domain. This is due primarily to the fact that the coupled integral equations
obtained in the space domain (see Denlinger [1}) are transformed in the spectral domain
into algebraic equations that are relatively easier to handle. The method also offers
higher efficiency than other numerical methods at the price of an increased analytical

work for the formulation of the problem.

The Spectral Domain Approach (SDA) was first explicitly described in these terms,
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by Itoh and Mittra [2] in 1973. However, its development has been an ongo'ing p;'ocess
since at least the 1960’s. Many authors have reported applications of the SDA dealing
with microstrip, slot line, finline and various other problems with or without losses. For
finline problems, some important contributions are due to Mirshekar-Syakhal, Schmidt,
Davies, Itoh and Hofmann [3,4,5]. The SDA is the object of a review: paper by Jansen [6]
which includes an extensive bibliography. It secems pointless here to repeat this general
survey, and the interested readers should refer to that important contribution. Instead,
our attention will focus on the description of the method itself aud the problem of
coupled finline slots.

Section 4.2 presents the application of the SDA to the unilateral finline problem.
Therexpr,essions derived there remaih general enough to be easily extended to other
structures, but it is believed that the consideration of a specific example somewhat

clarifies the presenta:ti_on. The concepts common to all unilateral finline structures
(single or multi-slofs) will be presented.

Following this, ‘Section 4.3 presents the application of the SDA to symmetric cou-
pled finline slots. In the first subsection, the theoretical development and the computer
irfxplementa‘ﬁdﬁ are discussed on the basis of the notions introduced in Section 4.2. The
general expressions u§ed in the computer program are given there. Because these expres-
sions are not aiwa.ys directly applicable for programming (particularly thosc involving
cornplex quantities) their final forms are given ifi Appendix A. The computer code itself
(in Turbo-Pascal) and its algorithm are also included in Appendix A. Together, this
whole chapter and i:..hat appendix constitute the reference document for the utilization
of the program for coupled finline slots. Finally, in Subsecction 4.3.2, the results of the
computer calculations are compared to similar ones obtained from the literature, and

the good ayreement confirms the accuracy of our program.
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Figure 4.1: Cross-section of a unilateral finline structure

4.2 General SDA Formulation for Unilateral Finline
Structures

Let us now present the SDA in a step by step fashion as applied to a general unilateral
finline problem. As alluded to earlier, the technique is very flexible and the specialization
described here is only one of the possible applications of the genefal approach. However
it is felt that the consideration of a practical case helps clarify the presentation. For other
types of application see,'for instance, [3,7,8,9]. The global development has been divided.
into five logical steps, rea.ch describing a specific aspect of the method. Four of these,
.namely the transformatibn into the spectral domain, the application of the boundary
"\\ conditions, Galerkin’s procedure and the choice of the basis functions are fundamental
to the SDA and lead to the evaluation of the propagation constant. The final step, the
evaluation of the characteristic impedance, is in principle 2 straightforward process but
it involves tedious derivations.
The cross-section of the structure considered here is shown in Figure 4.1. It consists
of a dielectric .boa.rd mounted across an empty perfectly ;:onducting metallic enclosure.
The structure is considered infinite and uniform in the z direction. One side of thc‘

substrate bears a metallic pattern that is here considered symmetric with respect to
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the z axis'. The metallization is assumed lossless and of negligible thickness. The

dimensions and the various regions of the cross-section are identified on the drawing.

Transformation into the Spectral' Domain -

The normal modes of propagation in a dielectric slab loaded waveguide (without met-
allization) are TE to z, or Longitudinal Section Electric (LSE) modes, and TM to z or
LSM modes (see Collin [10, Cl‘% 6]). The basic modes may be derived respectively
from a magnctic and an electric Hertz potential having a single component in the z
direction. Each type of mode is a solution to the field problem when no metallic fins
are present and, together, they form a complete set in terms of which an arbitrary ficld
configuration can be decomposed. In our case, the fields inside the structure must be a

superposition of the basic modes in order to fulfill the additional boundary conditions

L3
at z = 0.

In the SDA, the Hertz potentials and the field components derived thercfrom are
Fourier transformed with-respect to the y akis and all the computations arc performed in
the Fourier or spectral domain. If necessary the spatial field components can be recov-

cred u:sing the inverse Fourier transform. The Hertz potentials are thercfore expressed

as:

I*(z,y) = I(z,v) e &, (4.1)

Hh(I’ y) = Hh('z? y) é_jﬁ: 5‘2‘

with their Fourier transforms Jdefined by:

+
0

I%(z,a) = j+

" (2, )l dy (4.2)

o +00 .
*(z,a) = / % (z,y)e’™ dy.

N,
-0 3

T ’,-:
lIf one were to solve for unsymmetric slots, the r axis would be made to. coincide with one of the~
broad guide wails. ' '

/
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Throughout this chapter, the quantities with a ~ will rep‘fesenﬁ/ ti:le spectral counter-
parts of the quantities without ~ . Boldface symbols will indig/l:a.te vectorial quantities
and a ~ will identify the unit vectdérs. A temporal dependence{j“" and a propagation in
z according to e™/#* where 3 is the unknown propagation constant are assumed. Due to
the limited extent of the structure in the y direction and considering the mirror effect
of the electric walls at y = —b/2 and +5/2 that creates multiple images of the ficlds,

the Fourier transforms become Fourier series whose coefficients are expressed by:

~ 1 \ e
fi*(z,n) = 2 [ T(z,y)e™ dy (4.3)

=k - _1_ k jeny
I*(z,n) = % fsz (z,y)e’" dy

. <&
with
n2% » nw

qxn=2—- 5 n=0,4+1,£2 ...

and where n becomes the Fourier variable. A basic spatial period of 2b has been chosen
here to maintain a formulation that can be directly applied to the coupled slot problem
treated in the next section. Eveg though 2b is also valid, in principle, the basic period in
this case should be 4. The spectral field components can be deri.ved from the potcnt.ials

as follows:
LSE modes _
'\_ E = —juupV xII* v (4.4)
H = VxVxII*
LSM modes
H = jwgV x TI° (4.5)
E = VxVxII.
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Figure 4.2: Alternative coordinate system z,u,v ;

At this point, solutions satisfying the boundary conditions could be assumed for the
potentials, and ore could apply the continuity conditions at z = 0 to climinate the
unknown coefficients. However Itoh [8] has proposed a method based on the transverse

cquivalent transmission linc concept that achieves the same result with considerably less
effort. It will be used here.
Application of the Continuity Condition at the Interface x =0

Remembering that the fields propagate in the +: direction we can express the spatial

Hertz potentials as

O%(z,y) e = 3 D%z, n)e7envtss) (4.6)
N=—00
MMz, y)e = 3 Th(z,n)eilonvtha),
" n=—oo

These expressions can be interpreted as the summations of non-uniform plane waves

propagating in the («,y + Bz) direction. Taking this fact into account, a new system of
™~ g ,

coordinates i¢ defined for each n whereby the v &%is is the direction of propagation and

~ J .
axes v and 'z are normal tp it as shown in Figure 4.2. We obtain:

b7

. = N, +Na L (4.7)
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with
a -
N, = —— (4.8)
'
N, = L
Joi+ B

Rewriting the sum of the plane waves of (4.6) in the new coordinate system (z,u,v} we

get:

D(z,y)e ™ = 3 f¥(z,n) e Vorss (4.9)

N="=—00

o] .
Hh(:r,y)c'”j: = Z H"(r,n)c"\’“?"*'ﬁ'“.

n=—-oo

The spectral potentials in the right-hand side depend only on # and z with d/dv = 0
a.ncf, furthermore, they have onlyla.n z component. Accordingly, for each value of n, the
spectral eleciromagnetic fields (from (4.4) and (4.5)) propagating in the u direction are
LSE waves with only three components (E'u, H. H w) and LSM waves with only thrco-
components (I‘I—U,E,,Eu): in other words two decoupled normal modes®. Remembering
the topology with its metallization in the z = 0 or u-v ﬁ'{ane, we recognize that the
boundary conditions at this point can be taken into account by introducing current
densities J, and J,, generating the LSM and LSE modes respectively. Using the trans-
mission line analogy in the z direction we can draw an equivalent circuit for each mode
as in Figure 4.3 where the subscripts 1 = 1,2,3 indicate the different regions of the
structure. All the boundary conditions for the LSE and LSM waves are incorporated in

these circuits. For instance, the electric walls at £ = h and z = —p are represented by

short circuits at these points. The continuity of the electric field and the discontinuity

2Let us recall here that the spatial LSE and LSM modes introduced earlier in this section both have 5
field components. They are coupled via'the boundary conditions at z = 0. For instance, the = component
of the current density on the metallization excites both types of modes by generating a y component. of
the magnetic field. :
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Figure 4.3: Equiva.lent transverse transmission line circuits for the LSE and LSM modes.
of the tangential magnetic field at = = 0 are expressed in terms of the transmission line
analogy by
Y E,(z =0, n) .J' (0,n)- (4.10)
Y*E,(0,n) = T.(0,n)

where ¥ and Y* are the driving point admittances at z = 0 in the LSM and LSE
cquivalent circuits. For umlatcragnlme Y is given by

' Yism, coth(mie) + Y] ,,tanh 2d
Y = Yrsa, coth(mh) + Yisag [ = (me) + Yisnr (72 )}

4.11
Yisa, + Yisas, coth(me) tanh('y:d.i) , ( )

and Y'* is obtained with the same formula by simply replacing the Ls;v: by rsg subscripts.
These formulae are functions of the geometry and of the transverse wave admittances

of each region Vl"uch are given by:

- ﬁu. h

Viss, = <3 =7n (312).
ff—ui JWE;

Yisn, = 5 ‘=J——7_ .

where a dependence of the type e™"* has been assumed. The values of v; are obtained

with Helmboltz equation and are expressed by

7 =(a? + B = e;k2)M? (4.13)
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or equivalently by
% = (o + (e — €)R3)? (4.14)
where ¢ is defined as -
€T = T3 (4.15)
Equations (4.10) establish the relation between the unknown electric field and current

density components at the interface £ = 0. Retuming to z,y,z coordinates with.(4.7)

and (4.8), (4.10) becomes®

Yu Y \ [ E0,n)\ _{ J(0,n)
(Y if'ez)(i(o,n))‘(i(o,n)) (#.10)
where

un) = N: Y©+ ! 'f Yh
Yiz(n) = Ya(n) = N,N.(Y°-YH) ' (4.17)
Yor(n) = Nj Y*+ N2Ye,
- The method described here is applicable to problems with many dielectric layers and

metallic surfaces, and the final system of equation (4.16) can practically be written

down only by inspection of the physical structure.

Galerkin’s procedure

To solve system (4.16)} two of the four unknowns must be eliminated. To this end, let
us first realize that at £ = 0 (in the space domain) either the tangential electric ficld
or the current density is 0 at every point on y. In othér words, they are orthogonal

functions and they satisfy

1 /2
=/ L TOVEQ.y)dy=0. (418)

31t is worth mentioning here that the coupling between the LSE and LSM modes is re-established by
this axis rotation.
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We will use this property to eliminate the J’s in system (4.16).
Let us first expand the electric field components at z = 0 in terms of known orthog-

onal basis functions {(y) and {(y) that vamsh on the fin surfaces. We get

R
E?([}’ y) = Z ar‘sr(y)

2 s (4.19)
S

E:(Day) = E ba(::(y)

s=1
and in the spectral domain -

o~ R e

E0,n)=3a,&(n) (4.20)
r=1

-— S oy
E.(0,n) = Z b,¢,(m)

where the a’s and &'s are the unknown amplitudes of the basis functions £ and ¢ respec-
1Y
tively. R and S represent the total number of basis functions used to approximate the
field components. Substituting (4.20) in (4.16) we obtain
2 a.Yu(n)t (n) + Zb Yia(n)Go(n) = J,(0,n) (4.21)
a=1 ’

S e Ya(mE () + S bYami) = F(0.m). (4.22)

Because the basis functions for the E fields have been chosen to vanish on tile metalliza-

tion, we can transiorm equation (4.18) and with Parseval’s theorem obtain the following

relationship:

b ./b/ J(0,9)r(v) dy = z J(O n)& (n)=0. ‘ (4.23)

n=—oo

If we now multiply (4.21) by £%(n), ¥ = 1,..., R and (4.22) by ((n), s =1,...,5 and
sum up all the spectral terms from n = —co to n = 400, we can eliminatc the right

hand side by virtue of (4.23).. What remains is the following homogeneous system of
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(R + S) equations for the a’s and b’s,

R S .
A | B ek iSO
E-Rs',r ZT:’,J b-’
r=l =1 .
where =
P = X Yu(m)é(n)Ei(n)
Qs = ¥ Yu(n)i(n)&i(n) (4:25)
Ry, = Z Yai(n)é(n) $(n)
Ta',a = z Y: (n)g’,(n C kn’)

A non-trivial solution to (4.24) can be obtained by using an iteration scheme to find
the value of the propagation constant 5 that sets the determinant of the matrix equal

to zero. Calling this matrix the eigenmatriz we have:
det[eigenmatrix] = 0 (4.26)

Equation (4.26) will be referred to as the characteristic equation and the propagation
constant of the dominant mode will be the highest value of 8 (e.g < €, ) to satisfy this
equation. The accuracy of the solution can be systematically improved by increasing
the number of basis functions and solving 2 system of a larger order. Note here that
the infinite summations in (4.25) can be truncated to a finite number depending upon

the rate of decay of the integrand-which in turn varies with the basis functions used.

Choice of the basis functions

For an efficient use of the SDA the choice of the basis functions for the electric field
components 1s cructal. In order to keep the size of the final system as small as possitle,
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the first few terms of the field expansion should be chosen such as to approximate
the unknown fields reasonably well. It is interesting to note that in some cases, qute
accurate solutions for the propagation constant result even if only 2 or even 1 carefully
chosen basis functions areused (R=S=1or R=1, §=0). Thisis so becausc-certa.in
attributes of the aperture field components, such as symmetry and edge conditions can
be incc;rpora.ted in the choice of the expansion functions. If one were interested in solving
for many different modes in the structure, therefore for different field conﬁgurat'ions, a
more general set of basis functions would be necessary and R and S would have to be
increased. |

For finline problems, trains of rectangular pulses, constant functions, sinusoidal func-
ti'ons with an edgg correction term, fznd Lege.ndre polynomials are commonly used as
basis functions. An efficient alternative also reported is the one-term expansion satisfy-
ing the edge conditions and the symmetry of the fields used in [4] by Schmidt and Itoh.
This is the type of basis function that has been used in our case, and it is discussed in

details in Subsection 4.3.1.

Characteristic impedance

The final step of the analysis is the evaluation of the impedance. Once the propagation
constant in the structure has been found, the homogeneous system can be solved for the
expansion coefficients a, and b,. Hence, by assuming suitable solutions for the potential
vectors, and knowing the value of the electric fleld components at z = 0, one can
deduce the expressions for all the fields in the si;ructure. From these, one can calculate
the impedance. For a finline slot the generally acceptea definition of impedance 1s

V&
2Pa]ot.

where V is the slot voltage and Py, is the total power transmitted by this slot. The
former is directly calculated by the integration of E, across the aperture (along the
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shortest path),
V =— E (z =D, ) dy. « (4.2
-[I ¥ ,y) dy (4.28)

To get the transmitted power, the integra.i of the Poynting vector is performed over the

cross-section of the structure:

Py = % / f _ Sededy : (4.29)

where the = component of the Poynting vector is given by:
S. = (E.H; - E,Hz) (4:30)

For a single finline, P, = Pyoc. It is not a simple task to derive the expressions for
the field components and in particular for the total transmitted power. These will
be introduced 1n the next section which presents the details of the application of the

spectral domain method.

4.3 Applicatiogl to Symmetric Coupled Slots

Now that the general formulation of the SDA has been pres_ented, we will proceed with
a description of its application in the case of symmetric coupled slots.A Turbo-Pascal
program called CPLFIN has been written for that purpose. For a given frequency and -
éeometry it first calculates the propagation constant and the impedance for the even
mode, then for the odd mode of propagation. To obtain the dispersion cﬁaractcristic, the
program must be run many times with different frequency values. Two basis functions
(R =5 = 1) are used to approximate the slot field components, and the accuracy of
the results (compared with results in the Lterature obtained with four basis functions)
seems sufficient for most applications. |

This section describes our implementation of the SDA by presenting the 1mporta.nt

steps of the program and their main features The progression follows that of the
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previous section, and the same variable names have been used here. Besides, reference
will often be made to the general formulation of Section 4.2. In an effort to facilitate
comprehension of the code itself, we will also refer specifically to the procedure names
used in the program, although it is not necessary to be familiar with it or even have a
listing of it to follow the developments.

Many of the mathematical expressions originating in the SDA are fairly cumbersome
and some of them require tedious derivations. In addition, because Turbo-Pascal docs
not support complex number arithmetic, most of the expressions obtained graccfully on
paper could not be programmed directly. Accordingly, for the sake of completeness but
to avoid overloading this chapter, some important derivations and the exact expressions
uscd in the program have been included in Appendix A. The algorithm and the listing
of the Turbo-Pascal code are also included. We avoided as muth as possible the use
of fancy tricks in the program in order to keep it as easy to read as possible. It is
written simply with meaningful variable names, and the reader should not have too'
much difficulty finding his way through it. The program has not been optimized for
speed but rather for simplicity with the idea in mind that accelerating features can

always be included later.

4.3.1 Cofnputer Program

The topology studied here is shown together with the dimensions in Figure 4.4. It is
assumed that €5 = €, and that gy = ps = ps = po. The field structures of the different
modes are also shown. Eight major portions of the program are identified here with
reference to the related procedures (Pascal subroutines).r To have an idea of how each

portion fits into the problem as a whole, it is essential to refer to Section 4.2.
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Odd mode

Figure 4.4: Cross-section of symmetric unilateral coupled slots and dimensions

/

The admittances (Procedure get-transv_adm(n, egq))

The transverse admittances ¥ and Y5 are given by equation (4.11) in the previousl
section. They are valid for all unilateral ﬁnlines and therefore apply to both our even
and odd moge analyses. The ’qha.ntities v: that they contain can be either maginary
or real, leading to the various expressions for the admittance matrix (4.16) used in the
pr:grz;.m. Thc; exact expressions are given in the appendix. They are identical for the

even and odd modes of excitation. It can be easily shown that the elements of the .

’I.na.trix (4.17) satisfy the following relationship,
Yy(n) = —Yyl-n) i i#j ' (431)
= Yiy(-n) i i=j
z,_;r =12

that will be used for the formulation of the characteristic equation.

-
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Figure.4.5: Expansion functions for the even mode excitation.

Basis-functions (Procedure get_basis_func(n))

. ¢ N
The even and odd mode echgesent two different cases celling for:two dif-

' ¢
. . 1 .
ferent sets of basis functions. In eaéh-)case, a one term expansion has been chosen to
. [

approximate both the y and = compon';ents of the E field.

[

Even mode Figure 4.5 shows the approximate fleld structures in the plane of the
slots. At z =0, B, is odd symmetric along the y axis with respect to the ¥ = 0 planec.
A function g(y), known to represent fairly well the distribution of E, across one slot (of

width w centered at y = 0), is given in [4,11] and has been used here. Its spatial and

spectral expressions arce:

|3

(4.32)

F - W W
)= ————= 3= gén)=EJ_o( ) =
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. Using these expressions for each aperture in our structure (centered at y = —r,—q,g,r)

we finally obtain the following form for the spectral basis function of E,:

E(n) = jlsin(ong) +sin(ear)] H(%22)  ay=2F (4.33)
&0)=0 '
&(n) = =&(-n)

CE(n)#£0 for n odd only*

‘where the constant factors have been left out because the basis functions are weighted
by the SDA anyway. At z =0, E, is even symmetric along the y axis with respect to
the y = 0 plane (F igu:;lé/ij). A function h(y) approximating E. across onc aperturce of
width w can also be f;und in.[-’i,ll]. Its spatial and spectral forms are:

o 9\ 2 - - 1y

- --y -y F - . "o Cknw nw

k = = - == = — - ;- S —
(¥) W 1 ( w ) A(n) I 2a.b J'( 2 ) n b

-

(4.34)

From these, the expression of the spectral basis function for E. in our'problem is casily

obtained as:

>

i) = —lin(ang) +sin(ann)] B(222) an=TE (439)
¢0y=0

{(n) = {(-n)

{(n) #0 for n odd only

Odd mode Please refer to Figure 4.6. The basis functions for the y and = components

are similar tb those used for the even mode above. We obtain:

£(n) = [cos(ang) + cos(anr)] Jo (a;w) ap = {4.36)
o0)=2

In the program the calculations are made for all values of n. The exccution time could be reduced
by almost 50% if this property were to be taken into account.
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Figure 4.6: Expansion functions for the odd mode excitation.
£(n) = &(—n)
E(n) £ 0 for n even only? /
© and
C(n) = -C-f—[cos(a,,q) + cos{a,T)] J2 (a,:p) Q= 7% (4.37)
{(0)=0
{(n) = —((~n)
{(n) %0 for n even only

o

_Note here that for programming simplicity, the definition for @, in the even mode has
been maintained for the odd mode as well, even though the basic spatial period in the
second case is & and not 2b. In the prog.ram, when the basis functions are modified the

procedure get_voltage (which calculates the integral of ‘the basis function across one
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slot) must be modified ac'cordingly.
\

Characteristic equation (Procedure char_eq(e.g))

The characteristic equation (4.26) must be solved to obtain the propagation constant®.
In our case, the eigenmatrix (4.24) is éimpliﬁéd for two basis functions and manipulated
to a form adequate for programming. First, the infinite summations of equation {4.25)
are modified to semi-infinite ones from n = 0 to oo by consideration of the symmetry
of the integrands (equations“(4.31), (4.33), (4.39), (4.36),(4.37)). , N X

Next, one must realize that when &(r) is real, {(r) is imaginary and vice versa. This

C e _
entails that the (1,2) and the (2,1) terms in the eigenmatrix can be considered as real

without affecting the value of its determinant.
Finally, since only the roots of the determinant are of interest, the constant multipli-
crs can be dropped. A simplified matrix is obtained which, as far as the characteristic

equation (4.26) is concerned, Is equivalent to the one in equation (4.24). It is expressed

by

Sham) EF S Y Em )
cigen matrp = | "o s N (4.3)
2 Y EHI} X Yaalm) Kl -

for the even mode and by

S¥a(0) BOP + 3 Yaalr) B 3 Haam)(Em}E()}
eigen matrix = ' n=1 n=1

> YalmEm HE) 5 Yaa(m) (P
n=] n=1 '\. (4—39)

for the odd mode. The {} indicate that the quantity enclosed is to be considered real

(that is, if it is imaginary the j must be dropped). Consequently the characteristic

®Actually, in CPLFIN the procedure char.eq computes det[eigenmatrix] and the procedure get_eps.eff
finds the root of char.eq.

-]

[

~

-



equation is a purely real equation and can directly be programmed in Turbo-Pascal.
Practically the infinite summations of the eigen matrix are truncated after nterms_eps

terms as chosen by the user. More will be said later about the summation boundaries.

Root finding algorithm (Procedure get_eps_eff)

First of all, let us mention that CPLFIN solves the system for e (see Equation (4.13))
instead of the propagation constant 2 because as a numerical value it is more informa-
tive. The root-finding procedure starts with an initial guess for the value of . From |
this guess, a low and a high value for ¢ are derived (simple multiplication factors) until
a root of char_eq is .enclosed between them (seek a change of sign of the characteristic
equation). Then the regula falsi algorithm is used to rapidly converge towards the
root. The convergence criterion is sét by the procedure conv.criterion. As it is now,
the calculated root (fcﬂ') will differ from the real root by at most an a.bsolutcrquan-
tity of 0.0005. The initial estimates for e are the parameters eps.even_guess and
eps.odd_guess and they are specified by the user. Generally one has a fairly good idea
of the value of e, enough so to-be able to give an initial estimate. If this is not the
case, in this type of algorithm, a relatively high value should be specified to make sure
to get the highesf; root. See the computer code for more details.

The previous sections constitute the algorithm for the calculation of the propagation

constant. The next ones are necessary to compute the impedance.

Solution for the expansion coefficients (Procedure get.basis func_ratio)

In order to calculate the impedance, in addition to the propagation constant, it is
necessary to know the expa.nsién coefficients a and b, the unknowns of the system
(4.24). Actually the ratio a/b is all we can calculate, and it is obtained as the ratio of

two elements on a same row of the eigenmatrix. Usuelly the eigenmatrix itself requires
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a larger number of spectral terms to converge than it is necessary for the root of 1ts-
determinant to converge. In other words, the eigenmatrix calculated with nterms_eps
spectral terms for tl?e evaluation of scﬂ-‘\i's not a converging value, so to speak. In
principle, in order to get a realistic value, one has to add more terms to the sumrmations
of the eigenmatrix prior to the solution of a/b. The procedure get_basis_func_ratio
does Just that and it adds terms up to nterms_ratio as specified by the user. The

quantity a/b is called the basis_func_ratio.

Calculation of voltage (Procedure get_voltage)

o .
With the type of basis function used, the voifage integral (4.28) can be calculated
analytically. It is important here to include a multiplicative term to take into account
the relative amplitude of the basis functions, basis_func_ratio obtained as 2 solution

for system (4.24).

Calculation of Power (Procedure get-total_power)

Because of the symmetry of the problem considered here, the power associated with
each slot is half the total power,

P,
Pior = == S (4.40)
In order to evaluate equation (4.29) for the total power transmitted in the structure,
we must first find the expressions for the field components. To this end, appropriate

solutions for the potentials in equation (4.6) are assumed. For LSE modes we have:
Ii(z,n) = :Chi(z) + ©,:51(z) ' (4.41)

and for LSM modes
I§(z,n) = TiChi(z) + T:Ski(z) " (4.42)
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where 7 = 1,2, 3 refers to the various regions of the cross-section. For compactness we

use:

Chi(z) = coshm(z +p); Shi(z) = sinhy(z + p)
Cha(z) = coshz(z +d); Sha(z) = sinhy,(z + d)
Cha(z) = coshya(z — h); Sha(z) = sinhya(z — h).

(4.43)

where the v;'s come from (4.14). By assuming that each spectral component fulfills the

boundary conditions at z = —p,—d and —~h, and by applying the continuity conditions

at = Q (in terms of the basis functions) to the superposition of the two modes® we

eventually get:

LSE modes

with

LSM modes

with

<
Hi‘ = ©,5hy(z);
I} = ©,[SR14 Cha(x) + 712Chyy Sha()];
ﬁg - 63.5713(3:).

.1 ) )

O, = .G, [FC(n) - Tf(")]
1 Oy~ ~

O3 = ApShan {—ﬁ‘C(n) - 7'5(”?]

r = ratio of expansion coefficients a/b

f[; =JTIC'hl(z); 9
1§ =57 [e12Ch1a Cha(x) + 1125h1a Sho(z)];
II§ = §T3Chy(z).

_ _ panGlz _ 1 -~
Ti= ( ©: 13')’2G2C(n))

Y2
Pl 1 -
Ty=— ©; - .
* ( T3 3 ﬁ‘)’as‘haoqn))

SFor a discussion on the coupling of the LSE and LSM modes sce (12].
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The auxiliary quantities used in these expressions are defined as
T

Shyg = Sh1(—d) M2 =n/7

Chyg = Chy(—d) 2 = /e

57130 = 5}23(0) Gu = G1/G2 (448)
A=al+p? - Gy = Sh1g Cha(0) + 112Ch1a 5712( )

= “-’Po/ﬂ = no/ /eyt G2 = €12Chyg S2(0) + 1125h1a Cha 2(0)

Next, using equ#tion (4.6) and the spatial counterparts of (4.4) and (4.5), the spatial field
components in the guide (E; ;. and H: ; .) can be obtained as a sum of the contributions
from each mode.

Following this, the  component of the Poynting vectors (4.30) are caleulated. These

terms involve the product of two infinite summations as in, for instance,

ELH, = Z iz, n)e I Eny+hs) Z xm)e’“’"”*’g‘ (4.49)

m=—co /

= > Z Exi(:,n)ﬁ;‘.(x’m)ej{am—a“)y.

M==00 M=—00

In order to calculate the power, these expressions must be integrated over y from y =
—b/2 to y = b/2. From the orthogonality of the exponential factors and considering
that the spectral terms always vanish either for n odd or for n even (see equations for
basis functions), the field products can be replaced by

ExH}; = Y Ei(z,n)H(z,n). (4.50)

n==—Cco

This expression is not an equality but, as far as the evaluation of the total power is

concerned, it is an equivalence. For the total power in the guide we finally get:

1 bf2 -d 3 \
P =zRe [ Sadz 3% /0 S.odz + j S:3dz dy (4‘51)
2 —-p —d 0

—5/2

which is transformed via (4.50) and (4.30) to

P = 3Re 3 [(BaEntm) - BaFa(m) de+  (452)

T
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As for the eigenmatrix, the infinite summations in (4.52) can be simplified to a semi-
infinite one for reasons of symmetry. Practically, the program truncates it at nterms.z
terms, chosen by the user.

Needless to say that the final expression for the total power is quite cumbersome.
Furthermore, becau$e the programming language did not support complex numbers,
modifications to the expressions had to be incorporated for each possibility of +; real or

imaginary. The exact expressions for the program are given in the appendix.

Limits of the summations, number of spectral terms

There are three }%Eerent parameters for the limits of smations that must be sup-
plied by the userj nterms._eps,nterms_ratio, and nterms.z. The first oneis luscd
to truncate the summations in eigenmatrix for the calculation of ¢ (equation (4.38)
and (4.39)). nterms.ratio > nterms_eps, is used to find a converg,ing value for cigen-
matrix in the calculation of basis_func_ratio. Finally, nterms_z is used to truncate
the power summation in (4.52). Generally, nterms_z must be larger than nterms_eps
for converging values of impedance. For most applications we tried, stable results were
obtained with values in the following ranges:
50 < nterms.eps < 500
nterms.ratio &~ 1.5 nterms.eps
nterms_z = nterms_ratio.

This completes the description of the program. The input-output operations will
not be discussed here for they are fairly self-explanatory. Ii is hard to give a number
to describe the numerical efficiency of the program. With a reasonable initial gucés for
€ar (let us say within 20% of its real value), a 200 spectral term computation of ¢4 and
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Z for one mode of propagation take:s less than 2 éninutes time for each frequency pﬁint
on an XT-compatible computer with an 8087 coprocessor and an § MHz clock. This
compares very well with the finite-element method algorithm used at this time in this
department that would require at least half an hour to obtain a similar result. There
is no doubt that the program can be improved by, for instance, including accelerating )
features or by using more basis functions. However, as will be seen in the next section,

the accuracy achieved by this program is satisfactory for most applications.
4.3.2 Numerical Results .

The results of our program have been checked against those obtained with the same
method in [5] and [13]. In the first case, 2 edge-corrected sinusoidal functions have been
used to approximate each of the field components in the slots. In [13], four of these basis
functions were used. Results for 2 wide range of slotwidths and waveguide sizes “:;;:
calculated and, in all cases, the values for epsilon effective in both modes of propagation
' agree very well with the published data. Regarding the impedances, the agrecment is
also very good with, in the worst case, our results being larger than the published ones
by less than 10%. This proves that for most practical cases, the basis functions used
here seem to give a sufficient accuracy. _
Figure 4.7 compares the present results with some of the values published in [3).
The dimensions of the structure considered are given in the caption of the figure. The
curves show the even and odd mode characteristics of the slots for values of s varying
between 0 and 3.2 mm at a frequency of 33 GHz. The agreement obtained is typical of

all the comparisons performed.

—J
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Figure 4.7: This program’s results (discrete points) and values from [5] (continuous
lines). Ip mm, a = 7.112, b = 3.556, h = 3.494, w = 0.25, d = 0.125, ¢, = 2.2, f = 33
GHz. 64



4.4 Conclusion

A Turbo-Pascal program, CPLFIN, has been developed to compute the even and odd
mode characteristics of coupled finline slots. It uses the Spectral Domain Approach
with two basis functions to approximate the slot field’s components. The analytical for-
mulation of the analysis has been presented in this section. In addition, much emphasis
has been put on a detailed description of the program’s main features. It is hoped that
this will help future woil'{ers trying to improveThis program. Besides, a cor.;1p1ete listing "
has also been include/d/m appendix for reference. The results of the program hé.ve been
checl_{ed against similar ones published in the literature, and their accuracy is very good.

Iﬁ the following section, the computer program developed here will be used‘.‘in the

stmulation of finline hybrid couplers.
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The Tundamental concept Behind this-type of coupler is that the transfer of energy

L

<

Chapter 5

Computer Simulation of E—Plane
Hybrid Couplers

5.1 Ini\roduction _' :

In the oven'_iew'-of finline couplers presented in Chapter 2, we recognized that coupled

slot hybrids offered superior'performfmces compared to the other E-plane structures.

-

. "from one slot 'to the other is a consequence of their proximity only. They constitute

a coupled transrmss:on line. arrangement comparable to those studied in Chaptct 3.

Ignoring parasitic effectg such as resonances and evanescent modes, it appears feasible
L. :
to modél a coupler by uniformlv coupled lines. of an appropriate length, and use the

relamons worked out in chapter 3 to descnbe them. Previous attempts to design hybrid
?

couplers in this manner [1,._] d1d not yield satisfying results. The main reason for
that appears to be the excess coupling produced by the sections where the single slots
converge towards the :'na.in. coupling section. The excess coupling is non-uniform in
nature because the geometry itself is non-uniform. The ,resulting coupling 1engt1; ié

therefore somewhat larger than that of the main coupling section and, a prior: it is

" difficult to evaluate by what amount.

Callsen et al [3] reported a design approach that takes into account, to some extent,

this non-uniform coupling. They used the effective coupling length concept infroduced

-
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in [4]. For uniform lines with similar even and odd mode impedance values (see Section

3.5.3), we obtained earlier (equation (3.15)):

In the case of non-uniform lines, assuming that the impedances are constant over their

length, it cz&be shown that the effective coupling length is equal to the summation of
the coupling lengths of an infinite number 2 of subscctzons, each considered uniform:

S
= ta.n‘z (%) . (3.1)

.
”

Y%
7

-

'This represents an approximation because the effect of the reflections caused by the
~ variation of the impedances is neglected. Unfortunately, in [3] no mention is made of
the accuracy achieved with this designaappi';ach.

The simulation procedure put forward here extends this principle to intlude the effect
of the varying impedances in the analysis. The non-uniform coupled slots are modeled
by a cascade of uniformly coupled lines and analyzed with simple circuit thco%-y. This

. model has been used to simulate a number of couplers and, in most cascs, a good
+ agreement with the e;.’perifnenta.l results has been found. The simulation procedure is
'siﬁple enough to be considered for implementation in 2 CAD package witfkbomputer

‘optimization based on user-defined models.

The first step in the developmient of the general simulation procedure has been the
study of a uniformly cbupled slot finline hybrid. No report is made in the literature
of the accuracy achieved by the unii:ormly coupled transmission-line analog applied to
this problem. In order to get a feeling for it, we investigated that simple structure
before attempting to simulate the more complex non-uniform configurations. For this

:'pt;rpose, some finline couplers approximating as clos;aly as possible a uniformly coupled
line arrangement have been designed.r‘The comparison of their performances with thc'asc-

predicted by the thedry confirmed thg realism of the coupled transmission line analog
68 : 3



and the 'correctne-ss of the spectral domain analysis for coupled slots. This work is
summarized in Section 5.2. y

Section 5.3 contains the description of the propased simulation approach for non-
uniformly coupled slots with the application to five different hybrids. In all cases but one,
a good agreement between the simulated and the experimental scattering parameters

has been obtained. The data for the circuits studied here have been provided by the

Communications Research Center of the Government of Canada, in Ottawa.

5.2 Simulation of Uniformly Coupled Finline Slots

£y

Before trying to dei’eloﬁ any general simulation p'rocedure we wadted to verify the
validity of the SDA program (Chapter 4) a.nd the coupled transmission line analogy -
(Chapter 3) when applied to finlines. To the zuthor’s knowledge, no e.\'ﬁcrimgnta.l
verification of the spectral domain analysis resul_ts has been published. Thcécfore, we
had no idea at the time of how good the correlation would be between the theoretical
and the experimental results. To this end, a few hybrids have beer designed with a-
configuration that is as close to the ideal model of two uniform transmission lincs as

possible. Their topology is shown in Figure 5.1. ' -

5.2.1 Description of the circuits
Two uniform parallel slots form the coupling section. Four single finlines, at 90 degrees
with the coupled slots, are connected to them by rounded elBows. Waveguide-to-finline
" tapers are used at each port for compatibility u;\ith waveguide test equipment.

These couplers were also built in view of another application which dictated the
design specifications. Consequently, the housing dimensions for the input ports are
a= 10.§,68-mm and b = 4.318 mm (WR~42), and for the cc;ppling section, a = 10.668

e

mm and b = 9.207 mm. The distance from the metallic patiern to the side wall of

-

69



NN

Y
—

< 10.663

5.207

cross-section of the
coupling region

®

side-view of the metallic pattern

../ 19.43 \:
0,254 | |— 5334 — . )
w —> l— 4318
L
54 — 0,381
(:=2.2~..__ .

Figure 5.1: Topology of uniform finline hybrids S94W15 and S94W85 with the dimen-
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1
the enclosure is & = 5.334 mm. The dielectric used is RT/Durcid, e, = 2.2 with a

thickness of 0.254 mm. The slotwidth of the single finlines is G.381 mm corresponding
to an impedance of 172 ohms. The nominal coupling length was chosen to be 19.43
‘mm. Since no rehabie proceduré was available to carry out the design, a trial and
error approach wés_ followed to obtain the equal power split at 19 GHz required in the
specifications. The optimization was done by varying the slot width and spacing (w and
s) in the coupling section from one circuit to the other.

The 90 degree junctions in these hybrids are not optimum to minimize the refections.
They have been used to make the coupling section as uniform as possible ove'r its entire
length. Two of the prototypes that were built, circuits S94W15 and S94W835, have been

simulated here using the uniformly coupled transmission line analogy;f
5.2.2 The Model and the Simulation

The simulations proceeded)as follc;v;'s. First, given the geometry of th\e coupling scction,
the even/odd mode parameters of the equivalent coupled lines were computed with
the program CPLFIN (Chapter 4). Next, the coupling length was obtained from the
dimensions of the circuit as shown in Figure 5.2. Even with this simple topology, the
coupied slots are not exactly uniform due to the rounded elbows at each end. Therefore
the determination of the coupling length is not totally objective and depends on one’s -
opinion as to whe::e the coupling effect stops taking place. On the other hand, these
end portions are small as compared to the overall length and their effect is minimal. It
was decided here to inc|1udé half the length of arc of the elbows (L) in the total coupling
length, which ends up being approximately 18.9 mm for both circuits. The data for
each drcu;t are given in Figures 5.3 and 5.4, |

Following this, the circuit analysis was performed with TOUCHSTONE using its
CLINP element. This is the name used by TOUCHSTONE to describe a section o




— —— 4318

- < 0.381

; —— b1, =189
572 ;

—" 44— &

+——— 1511 ———»
b

o A 3

Figure 5.2: Determination of the coupling length for S94W15 and S94WS85 (in mm).
One quarter of the structure is shown.

constants and impedances. The load impedance used at each of the four ports in |
the coupled line circuit was 172 ohms, the characteristic impedance of the 0.381 mm
slots of the coupler’s arms. The waveguide-to-finline tapers (=20 to —25 dB return
loss) were not included in the analysis, nor were the effects of the clbows and the line
losses. Because of the dispersive nature of finlizies, a frequency sweep analysis was not
possible and, the;eforé, only a few points were calculated. The results are compared

with experiment in Figures 5.3 and 5.4 over the 18-26' GHz band.
5.2.3 Results and Discussion

The frequency responses reveal that the transmission coefficients (s3; and s4;) are rel-
atively well approximated by the si!fmlations. Their magnitude is predicted within 1
dB but, more impcrtantly, the general trend of their frequency dependence is in good
agreement for both circuits. The simulations pfedict an equal power split around 18.5
‘%’a for S94W15 and, for S94WS5, a clear undercoupling over the entire band. These

T2 : N
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behaviors are confirmed by the measurements.

Concerning the reflection coefficients® there is not much correlation (although their
overall levels seem to agree for S94W85) between the theoretical and the mez;sured
1.~esponses. However, this was expected becat:xse the mismatch introduced by the elbows
was not considered in the simulations and is certainly not negligible in practice. The
validity of the agreement for the transmission coefficients is not really undermined by
the lack of correlation observed for the reflection coefficients. The level of these is too
low to affect the former significantly.

The similarity of the calculated and the measured transmission coefBcients obta.in,cd
for both circuits appeared very encouraging, considering that the parasitic effects pro-
duced by the elbows had been neglected in the simulations. On this basis, it was
concluded that the transmission line model is reasonably accurate for the description
of parallel finline slots. Besides, these simulations have also contributed to esta.blisi;. a
good level of confidence in the results of the spectral domain program.

The difficulty in determining the coupling length in this case had beer minimized
by the use of 90 degree elbows. Nevertheless, there remained 2 certain uncertainty
as to which portion of the ‘elbow was to be considered in the analysis. One can thus
appreciate the éomesponding p.roblem arising for most practical cases where smoother
junctions are used. The approach followed here becomes, in those cases, inapplicable.
However, in the next section, we show how the spectral domain method and the coupled

transmission line analogyf can still be used successfully for non-uniform coupled slots.

1This terminclogy will be used throughout this chapter to refer to the sy; and sa; coefficieats
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5.3 Simulation of Non—yniformly Coupled Finline
| Slots

In practice, in order to achieve better return loss, the input slots of a finline coupler
are connected smoothly to the coupled lines at an angle smaller than 90 degrees. The
‘region of convergence of these slots has a coupling effect that ‘inﬂuences the overall
response of the circuit. In addition, to optimize the performance, the coupléd slots
themselves can be chosen not to be parallel. Therefore, in general, the g;conzetry of
the coupled slots in an E-Plane hybrid is simply not uniform longitudinally. This fact
makes a rigorous field theory analysis very difficult and a uniform coupled line analogy
impractical. Consequently, it has not been possible up to now to simulate accurately
Athis type of circuit and a mostly empirical approach has been used fér their design.
On the other hand, it has been confirmed in the previous scction that parallel slots
in finline were fairly well modeled by two unifom}ly coupled transmission lines with
the parameters computed by the program CPT.FIN. The idea .then arose to model non-
uniform firline coupled slots by a cascade of short uniform coupled transmission lines.
This suggeséion will be investigated here by the simulation of 5 different circuits. First,
the circuits and the modeling procedure will be described. Next, a comparison of the

sihulated and experimental responses is presented confirming the validity of the ap-

proach.

5.3.1 Description of the Circuits

The experimental data and the geometries of the couplers investigated here have been
obtained from the Communications Research Center [5]. The circuits had been rézj.lizcd
by empirically optimizing a finline hybrid for -3dB coupling at around 32 GHz. They
all have the topology shown in Figure 5.5.

The four input slots are connected to the uniform coupled slots at an angle of 45
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Figure 5.5: Topology of non-uniform finline hybrids obtained from [5) and dimensions
in mm,

degrees to minimize parasitic reflections. The housing dimensions for the input lines

and the coupling section are those of a WR-28 waveguide: a = 7.112 mm, b = 3.556

‘mm. The substrate used is RT/Duroid with ¢, = 2.2 and 2 thickness of 0.254 mn.

The distance between the metallic pattern and the housing is 3.556 mm and the input
slotwidth is 0.381 mm. At each port, smooth tapers are used for compatibility with
waveguide test equipment.

The ci;gujts are all mounted in the same housing therefore they all have the same
physicg) length. The optimization was done by empirically vé.rying the slot width w
and spacing s of the main coupling section from one circuit to another. In each case,
a smooth profile was used to connect the main coupling section to the output slots
resulting, as explained earlier, in n_;n-uniform coupling. 5 different circuits have been
studied here. They “will be called by the names used in [5], namely: GREXXX with
XXX =049,054,063,064 and 101.

The physical dimensions of the circuits were obtained from {5] and the data points
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of the rubylith masks. The overetch effect has been considered.. In none of the cases
was the e.xa.ct expression for the profile of the rounded elbows between the input slots
and the main coupling section available. However, knowing the position of the parallel
slots and that of the single slots, it was easy to interp;ﬂa.te a smooth curve befwecn
the two, such as to resemble the actual circuit. The error introduced by this somewhat

subjective interpolation is considered minimal, especially so because of the discretization

errors introduced afterwards.

3.3.2 The Model and the Simulation Procedure

The model for non-uniform coupled lines follows a suggestion by Saad [6]. The basic idea
is to approximate a non-uniform geometry by a cascade/of short uniform subsections.
Saad used this principle to analyze finline couplers and tapers using a mode matching
technique. His method requires extensive calculations aad to this author’s knowledge,
no experimental evidence have been reported to support his approach concerning the
couﬁlers. |

The simulation procedure proposed here for non-uniform slots uses a similar dis-
cretization in conj-unction with simple circuit theory. The total coupling region of the
circuit is first decomposed longitudinally into a number of subsections. Each subsection
is then considered uniform, with dimensions corresponding to their average values over
the length of the subsection. They are subsequently analyzed mdxwdua.ll} with the spec-
tral domain program of Chapter 4, resulting in equivalent coupled tra.nsmlssmn lines
with even and odd mode parameters. The equivalent line circuits are finally connected
in cascade 7 1d analyzed at various frequencies with TOUCHSTONE (CLINP elements)
to obtain the overall response. This modeling approach has the advantage of including
the information related to the reflections produced along the coupled slots by consid-
eration of the equivalent lines’ impedances. Consequently, the rfﬁ@:? /coefﬁcxents as
well as the transmission ones should be reasonably well preégt‘gd/by this method (as
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opposed to the effective coupling length concept used in [3] which gives no information
about the reflections). -

The details of the decomposition for the circuits studied };ere are shown in Figure 5.6.
The first step is to determine the desired number of subsettions in the eﬁ'ecti(e coupling
region which extends up to the point whe;::e the two slots are separated by.the enclosure.
A number of § has been chosen in all cases. This number is arbitrary but, as will be

'shownllater, the larger it is the better the approximation is.

The uniform section constitutes. the longest subsection. The non-uniform sections
at each end are segﬁlented into three subsections of equal length and one slightly longer
where the coupling i‘s krown to be less important. The slotwidth and spacing, w; and s;,
and the waveguide height b; for each subsection i are then simply takén as their average
values over the length of the subsection. Once these are determined, the spectral doma:in
approach is used to obtain the equivalent coupled transmission line parameters.

In the TOUCHSTONE simulation the cascade of coupled lines (see Figure 58) is
terminated at each port by a resistive terminatiow?of 194 ohms, corresponding to the
characteristic impedance of the 0.381 mm slots. The waveguidc-to-finline tapers {return
loss of -20 to -25 dB) have not been included in the simulations. The discontinuities
arising from the discretization process have not been considered either because no data

is available to describe them.

5.3.3 ' Results of the Simulations

The simulations of the five different circuits have been performed. Summaries for each
one are presented in Figures 5.7 to 5.13, showing the dimensions of the subsections
and their calculated and measured performances at Ka-bé.nd. It was not felt necessary
to include the equivalent transmissidg line parameters obtained with CPLFIN. These
can always be recovered knowing the subsections’ geometry. As mentioned earlier a 9
subsection model has been used to simulate each circuit. In addition, the results ofa3
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section and a 17 section model for circuit GRE(063 have been included for comparison.
2 !

The results are presented next. o

GREO048 (Figure 3.7)

The measurez;ients on this circuit reveal a wideband behavior of the transmission cocf-
ficients with values around —1.5 dB for s3; and —7 dB for sg. This wideband behavior
is commuon to all circuits studied here. The reflection cocflicients are also fairly consttint
between 27 GHz and 34 GHz and dip significantly at the upper end of the band. In
addition, s displays another deep minimum at the lower end of the band. The per-
formances achieved for these two responses (—15 dB) could be improved with a better
design. The portion of the band beyond 37 GHz will always be ignored here because of

a housing resonance occurring there which disturbed the frequency responses.

This circuit is the only one considered in this work for which' the simmulation 1s not in

close agreement with the mcasurements. The calculated s4, and the s3; responsc; are
respectively higher and lower than the corresponding measured ones with, on the other
hand, 2 similar wideband behavior. Regarding the reflection coefficients however, liitle

correlation is apparent. A 15 subsection model does not improve the agreement.

-

»
GREO054 (Figure 5.8)

——

This circuit has a respoﬁse that is very similar to the previous one’s. The data are only

: A
available from 26.5 to 32 GHz in this case. The direct (s4;) and coupled (s3;) coefficients

are around —5 dB and —2 dB respectively over the frequency band considered. The

reflection coefficients vary between —15 dB at 28 GHz, and below —25 dB zbove 31
GHz. It is clear that the simulated responses are in very close agreemcnt-with‘thc

measurements, with a slight shift towards the higher freq:iencies.
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_circuit GREQ49
} Subsection data
. . mm
i Wi S; bl - 1,
1 0.229 0.51 356 11.1
2 0.254 0.61 43 0.754
3 0333 109 599 0.754
4 0467 ° 151 7.32 0754
5 0.533 349 9.04 0.99

Experimental (contlnuous curves) and calculated (discrete polnts) responses
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Figure 5.7: Data and experimental and calculated frequeﬁcy responses for circuit

GRE049. ;.
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circuit GRE054

Subsection data
mm
] i Wi 5i - by | &
{ 1 0381 1.40 3.56 111
A ‘5 0362 152 a3 0.754
3 0352 | - 181 s79 | os
4 0381 225 | 7320 0.754
5 0533 3.49 9.04 099 | -

Experimental (continuous curves) and calculated (discrete points) responses
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Figure 5.8: Data and experimental and calculated frequency responses for circuitfz/
GREQ4. -
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circuit GRE(63
Subsection data
Y
mm
P Wi 5; b; 1
1 . 0.178 1.40 356 11.1
4 . 2 * 0305 2083 | 681 3.25
- ) |
'Experimental (continuous curves) and calculated (discrete polnts) responses
a "~
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O
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-
-
=
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2 2 5 [Leseno
BT | e - 541
= v = 531
- C R [ x=521]
e VY | R O, - 311
— v r v . v Y v Y v -5
25 28 30 = 7| % 3B
Frequency GHz

!

Figure 5.9: Data and experimental and calculated frequency responses for

GRE063 (3 subsection model). . .
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circuit GRE063

~ Subsection data
mm b { -
. w g: - .
i 1 H i —\ i
- . )

1 &0.178 1.40 3.56 11.1
. ) 0218 1.49 43 0754
3 0287 130 | sm 0.754
4 0.348 225 732 0.754

5 0.533 3.49 9.04 0.99

Experimental (continuous curves) and calculated (discrete points) responses
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Figure 5.10: Data and experimental a.nd calculated frequency responses for circuit
GRE063! (9 subsection moda!). -
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circuit GRE063

Subsection data
; S w; S; b; 1; ; ~ Wi s; b; 1;
1 0178 | 140 | 356 | 1L 6 | 0314 | 211 | 697 | 0377
2 .| 019 | 144 | 382 | 0377 7 0409 | 236 | 773 | 0377
3| 0229 | 154 | 460 [ 0377 8 [ 053 [ 301 ['858 [ 0493
a | 028|112 | 545 | 03w 9 |os: |40 |os | o4
s | o2s2 |19 | 621 | oam

Experimental (continuons curves) and calculated (discrete points) responses

$31, 541 in dB
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Figure 5.11: Data and experimental and ca.lculated frequency responses for circuit
GREO063 (17 subsection model).
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GRE064.
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. ' circuit GRE064
. Subsection data
mm -
i W; S§ b; 5
‘ 1 0.14 1.40 3.56 11.1
by
S
i 2 G.16 1.50 43 0.754
3 021 1.83 5.79 0.754
3 4 0347 227 1132 0.754
", 5 0.533 3.49 9.04 0.9%
B -
- “ -
Experimental (continuous curves) and c}lnulm.cd (diserete points) responses
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Figure 5.12: Data and experimental and calculated frequency responses for circuit
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- circuit GRE101
Subsection data
\
mm
i. Wi S b, 1‘
1 0.254 1.90 3.56 11.1
9 0.267 184 o . 43 0.754
.3 0.286 291 579 | 0754
4 0.343 236 7.32 0.754 .
5 0.533 3.49 9.04 0%9 ,
- ‘. Experlmcqml (continuous curves) and calculated (discrete polnts) responses
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% u
5 “24 —\
E O, ®
-
™~
o
%
. --10
/’ 3
[ s
& LEGEND
o ~ 1% S41
= |+v =531
o wn x = 521.
"] o = S11
\\__'3—‘-/ T T —T L 1 -0
Z 23 31 33 35 =
Frequency GHz

Figure 5.13: Data and experimental and calculated frequency responses for circuit
GREI101.
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GRE063 (Figures 5.9 to 5.11)

Three models with different discretization steps were used to simulate this coupler. The
3 section model is a rough approximation of the circuit while the 9 and 17 section models
are increasingly fizer ones. Those simulations were carried out to verify whether or not
a finer step size resulted in a better agreement with the experiment. As shown in the
frequenc;;' responses, it is the case. |
GREO6G3 is a circuit that provides an equal power split between ports 3 and -4 with
reflection levels of —15 to —20 c{B from 27 to 36 GHz. All three simulations prcdi‘d.éd
the transmission coefficients with comparable accuracy. As was expected however, there
is a net difference in favor of the 17 section model concerning the reéection coefficients.
Indged, with this model, a close agreement is obtained both in the absolute levels and tﬁc
frequency behiaviors of the s;; and s, responses. The pronounced dip in the calculated
curves at 32 GHz is not as strong in practice but this difference can be attributed to
parasitic reﬂc;ctions as, for instance, in the waveguide-to-finline tapers. A very good

T—

agrecment is obtained with the 17 section and the 9 section nodels.

GREO064 (Figure 5.12)

The frequency lresponse is similar to that of the previous circuit and, again, a good
agreement is achieved with a 9 subsecti model. The calculated response appears to

be slightly shifted towards the low frequencies.

GRE101 (Figure 5.13)

This 3-dB hybrid has been optimized fer good return loss and isolation (s;1 and sa;)
between 30 and 32 GHz. Here again the 9 -section model gives good agreement with
the experiment. The dip in the reﬂectioﬁ curves seems shifted in frequency but the

" model is able to pfedict the very low levels of thesewcoefficients.-For such low reflection
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coefficients a better accuracy would be obtained if the wavégxﬁde-to—ﬁnliné tapers (—20
to —25 dB) were included in the simulation.

- A point of interest here is that the experimental transmission responses do not seem
to cross each other. This is in contradiction with the theory (see‘Figure 3.11) but is
also observable locally on the other circuits’ responses. This results. in the simulated S0
response departing from the real one by almost 2 dB at 36 GHz. This effect is attributed

to the housing resonance occurring at the top of the band.
5.3.4 Discussion

For all circuits studied in this section the experimental transmission coefficients were
more constant over frequency than predicted by the simulations. The reason for this is
not known. The phenomenon can be attributed to the—continuously varying nature of
the slots’ profile. Such constructions are known to improve the bandwidth of directional
couplers (see [7]). At the high end of the frequency band, another factor that might
influence the responses in that sense is the housing resonance occurring around 38GHz. -
Nonetheless, the accuracy of the simulations for these coefficients is very good in most
cases (the exception. is GRE049).

It is worth mentioning here that the discretization of GRE(063 in only three subsec-
tions resulted in as good a prediction of s3; and s4; as the 17 subsection model. This
somewhat unexpected observation can be explained by the effective coupling length con-
cept introduced in [4]. If the structure of interest is varying very smoothly, its even and
odd propagation constants will also vary smoothly. Avéraging the value of the electri-
cal length over a longer distance does not, in these cases, significantly change the final
result of equation (5.1). This is what happened with GRE063. The way the dimensions
of the subsections are determined amounts to averaging the line characteristics over
the length of the subsection. In the case of a circuit varying not so slowly, it is likely
that more-'s‘uBﬁs?;ctions would be necessary to predict the transmission coefficients with
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a comparable accuracy.

A ——

Regarding the reflection coefficients, héwever, this sin‘)jg:é averaging method is not
- representative of the reality. In practice it is not true that the impedances are constant
and therefore small reflections are produced as the signals travel down the slots. In
order to represent these accurately, a larger number of subsections is necessary. This is
clearly demonstrated by a comparison of the 3 and 17 section models of GREO063. The
_former yields reflection responses that bear no resemiala.nce to the experimental results.
With the 17 section model on the other hand, a good agréement is achieved. In most
_ cases simulated here, (again GREQ49 is the only exception) fairly good predictions of
811 a.r‘_ld $21 wer‘e obtained by a decomposition of the circuits into 9 subsections.

Let us remember here that the waveguide-to-finline tapers have been neglacted in
the analyses. ‘Indec&, their low reflections levels of around —20 to -25 dB would affect
significantly enly the response of GRE101 because in the other cases, the coupléd slots
- themselves generate larger reflections (—15 to —20 dB). For design purposes, the accu-
racy ofl the prediction of the reflections is not as important as that for the transmission
responses. In general, one is interested in minimi-zi-ng them over the entire band consid-
ered without paying much attention to their actual level below a certain poi:n.t;. For this
reason it makes sense not to include the waveguide-to-finline tapers in the simulations.
On the other hand, following an approach similar to the one used in this work, this can
be done very easily if deemed necessary.

The calculated and measured frequency curves for circuit GREC49 do not display
the close agreement reached in the other cases. This is quite puzzling considering
the accuracy achieved with the simulation of GRE%M, which has a similar frequency
behavior. On the basis of the good results obta.inc?d in general, the discrepancy can
hardly be atiributed to the modelling approach itself. Many factors can be suspected

(inaccuracy of the data supplied by [5], fabrication defect) but since the circuit itsclf
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is not available, no conclusion can be &rawn on this point. Our opinion is that_ this.
result is not significant and accordingly, it will not be considered in our assessment of
the validity of the simulation procedure. |
In view of the results presented in this section we can conclude that the proposed pro-
cedure permits a successful prediction of a non-uniform finline hybrid’s performa.n;:es.
The method has the advantage of being conceptually ':rery simple and totally objective
in the sense that it does not rely on previous experience. The only necessary informa-
tion consists of ’the dimensions of the circuit. The approach also requires a means of
accurately calculating the even and odd mode characteristics of coupled finline slots.
Here, the spectral domain method has been used for numerical efficiency but other ap-
proaches a;re also possible. Finally, a circuit analysis program such as TOUCHSTQNE
is necessary to compute the final responses. _

The quality of the simulations can always be improved by increasing the number of
subsections. It has been observed here that in all cases, reasonably converging results
were obtained with @ subsections. For other geometries, a larger number might be nec-
essary. Of course the amount of computation inc;eases with the number of subsections.
The even and odd parameters must ‘be computed for each of them at every frequency
/point of interest because finlines are dispersive. This is the reason why the numerical
efficiency of the spectral domain approach iswdesira.ble:

It is believed that the proposed simulation procedure can be very useful in designing
‘ﬁnline coupled slot circuits and in particular hybrid couplers. It also opens the door to a
deeper investigation of these circuits as, for instance, the evaluation of the advantage of
using curved slots or stepped profiles. The exact theoretical analysis of theﬁe problems
is very difficult, and a trial-and-error approach is sin;ply too costly. The approach coula
also be advantageously integrated ina CAD package in the form of user-defined models

allo;wing the analysis and, (if enough computing power is available) the optimization of

92



complete systems. /
5.4 Conclusion

This chapter has reported the successful simulation of finline couplers realized with
_ unilateral coupled slots. The characteristics of the structures are calculated by the
spectral domain method which combines accuracy and relative numerical e}ﬁciency. A
circuit a.nz;.lysis ﬁfogra.m is-then used to compute the frequé:ncy response. The accuracy
of the simulation is achieved by including in the model the non-uniformly coupled slots
necessary to connect the main coupling secti;:)n to the ports of the coupler.-
The establishment of a simple and accurate simulation procedure for finline couplers
is a significant contributicn because, so far, engineers have had to rely on a trial-and-
_error approach to design these circuits. It is very unlikely that this simulation proce-
dure will allow the total elimination of empirical optimization from lthe design process.
However, it does make the operation a whole lot less dependent upon the designer’s
previous experience (or inexperience), and opens the door tc; the investigation of new
configurations.

1
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Chapter 6

Conclusion

L
-
This thesis has reported a study of finline coupled slots applied to hybrid couplers and

the proposition of a simulation procedure for these circuits. A review of E-plane direc-
tional couplers was given in the first chapter to identify the advantages of the coupled
slot configuration over the other alternatives: ease of fabrication, large bandwidth, high
frcqucncy application, forward coupling. It was also pointéd out that the écsign of
this type of circuit had been so far mainly an empirical process, due to the inability
to analyze non-uniform coupled slots. The theory of coupled lines was then presented,

| bringing to light the fundamental importance of the normal modes of propagation for
the characterization of coupled line circuits. This fact was then applied in conjunction
with the spectral domain approach to the analysic of uniform coupled slots in finline.
The spectral domain approach is an efficient numerical method that tackles a boundary
value problem by first carrying out a Fourier transform of the spz;tia.l quantities, to work
in the so-called Fourier or spectral domain. This facilitates the field matching process
at the interfaces containing field discontinuities.

Finelly, by simple consideration of circuit theory, a simulation procedurc for non-
uniform slots was introduced. They are decomposedin a nﬁmber of uniform subsections
that can b treated independently with the spectral domain analysis discussed above.
The procedure has been tésted with a number of finline hybrids and the results have
been compiled in Chapter 5. The simulation method should prove very useful for the
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design of coupled slot circuits and in particular finline hybrids. The implementation
of the techniqgé?lin a CAD package is certainly possible. With enough éomputation
power or using-;: 'specialized algorithms to detérm;ne the parameters of uniform coupled
slc;t sgctiéns, it is even conceiva.ble.to run computer opti;nizatioﬁ; _for complete systems

including, among others, coupled slot components.
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Appendix A
Computer Program CPL‘FIN

(g

This appendix constitutes the reference document for the spectral domain program inroduced
in chapter 4. It contains the complete mathematical expressions for the transverse admittance and
those for the calculation of power. Those interested in modifying the program should find this
appendix quite useful. The TURBO-PASCAL code itself is also included. Meaningful variable
names have been used all along and because the program is fairly straightforward, no separate
algorithm is given here. The reader is simply referred to the listings. o

As it stands now, the whole program is separated into three disk files: CPLFIN.PAS,
CPLFIN.AUX and a data file. CPLFIN.PAS contains the main procedures and is the executable
source code. It has an INCLUDE statement that fetches the auxiliary procedures from
CPLFIN.AUX (calculation of transverse admittance and power among others). The data are
input via a data file whose name must be supplied by the user at execution time. This data file

must be written in a specified format, described in the sample file DATA_FIL.PAS. All three files
are listed here.
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the shructore Cunkvxowh)
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E)G’RESSIONS FOR TRANSVERSE ADMFPANCES
(Procedure get_transv_adm ) -

.' - “.
CAsE CASE #1: Y7 >© and Yy7>0 (x‘—\h? X?-—&:)

‘(h S (T5) co+h(y,h)+ Yo | BET@R)+ Yo Tanh(yd)
. K& Yz + Y coth(y,e)tanh(y,d)
= (W& [=L ‘h. |
= (K,})
e | Eey cath( Eez fon
V= g JErn cotu(yh) + Bz ¥ H) r S Ferhlged)
¥ ¥2 {2 + &n cath(y, e)"bm\n(y,_d)
\Jz \g; .
'—'jwao' e .

CASE #2 ﬁ >0 ond xz <0 (\b ¥ ,X?_'%-Jga Xz—‘-\gz )?‘

‘CO'H‘I( =g z,'l'o-n 'z
Y JwEe (_1_.) Yo csthiy + \52[3 ¥:€) =¥z Ton(yz ) }

Koz %?. + Y Co‘\'h(\g‘ &) ﬁ“(\b"" A)
= lwEe (=) b .
vy
| [ Err yath &) 4 Ee -M oy T
Y = jwes %"cowcx. gy + ez | B )T TenCy )
X2 Erz — En coth(y,e) tan(yid) r
LX:. Y
. r J
= [wE " € .

1] 11

' means |1 re.plq,c,ad_'by"'_
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‘ CASE #3 X?(O ond X:(O (X;*_J x:,x::w;he.]x;:x‘l‘ :j‘—X%‘)

‘ I esb(yia) = v tan M
yh .—.j WEof =L, ‘&: cOt(xfh) + Y2 g <9 Xz{" (=)
KZ . X; + X: co't(Xl'e) Tn.n(‘g;d)

(=]

— : - —.l - n
_Jweo ( KZ) n
o ‘E’_Q. et (y'e) - Evz tan (yz4)
©o; - ‘W) — Erz | X i
=1 W&, - C.Dt . h) — Er2
Y= R

Y trz 4 En cat(yleytan(yzd)
: '"_"\\ ¥z bt
:j we, - e . : *.
’/
Equations (4.16)YAND (4.17)
% \\. I's

For all cases, with h and e defined on the previous page.

_ JLQEQ 2. - _ -—
y“ .- (dz+Bz) ["(h € &ece h} .

\!/'.2:' 21 = Jw&° ______°<nB l:_é' - F —{—2— h] ’
(d“z+52.) o

_ jwEs 2.2 —~ de-hi.
Yz hEE) [/5 RS ]
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EXPRESSIONS FOR POWER CALCULATION
(Procedure get_totél _power and function power_t;rm )

Field . . : m 445
“MEDIUM | - o ‘
E,, = 2_:@ ;AT Chey .
. * . £ . K2 ¥ *
HY[ = _2:. [5 R \d’. 9‘ —j —' KT\( J C—h,(“) .
- EYl: [P ﬁ e - O‘ Xl (T\l] Shgé‘).
N nE"w .
) H:1 = ; A @, Sh‘cx) .
MEDIUM 2 "
Bz = “gm 8 T b0
= o~ »* Z »* )
nyz = n_z_m .l dn Y @T L.!)z(x)‘-J Kz 'T: an (%)
Eye=-3 p 870 dso — dnye T e
H:;_ = % A 91 LP?.(’Q'
MEDIUM 3 -
Eps= 2§ A T3 Chyo.
HY; = :ii.oo [ ‘*n \0/3 63 - J T‘j ]Ch:éx) .
Eyz == 25 [p B°Ss ~ dn Y3 Ts] Shak).

Hy i A OF snXn.

iz -0

101



- . _ |

P = €2 Chy Chyl + Yo Shyy Sha.
U, = Shig Shaoo + Yea Chyg Chyt.-
U0 = Shy, Cl’\‘g%x) + Yip Chyy Shys.
()= &1z Clayy Shy + yiz Shy, Chy.

Expressions for Povnting vectors equations (4.51) and (452)
MEDIUM | :
T s
= 2
Eyi H: =>—“§°°A [S\mtx)l (P ﬁz [9,[2 = dn ¥ Th 9,*) :
MEDIUM 20 '
EoHoe o Z;o Al=dnys S, T, quoLlJ,,cx)—t- l’r‘l \apm\)
et 222, 8(p 1oL oo - 40 Xa”f‘ o b WP )
( MEDIUM D o
oo 2 2
E‘X?: HY:-Q = \Ch3()0\ ( Kn X‘;s rrg 63 ?’ (’T‘g\ ) .
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o

E_yst3 = — Z A lShsm (pﬁ le nxg’]’éez) .

n=-00

Because when &) 15 real, Gem) s imaginavy and vice -

vevsoe. we obtain :

T, 2: N (df n° lg,cvo\z + ﬁziacn)lz):

‘E, .
[y, 4] lY=G2 012
T . o 2 2w+ 87 EP)s 2o
RESES }¥35k30A[2(d o I?ic)[ + 3 IC.c )\) [mSth‘-[zEl.
9‘2: : A2 | Gen n?
\m | proyes Bl e o) e
leslz= : Es. -/ g
IPAS"‘BOBIZ “

T8 = _da ([Eeof- B ) % E]

¥3pP N [3536]2 ¥3p N [35301
T‘ ef = _  Gn : E_Z:F .
¥e p & GG,

- -~

:F I w\a.alno_,r\{ 'i‘cms no"' . .lMlUd&d
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. CAsSE #]:

Expressions for the total power, equation (4.52)

2 —
v 20 3 2 K
g+k ) XZ >o . X\ =\\ X.z ' Q.\’\d.. Xz:; lxz
er varibles defined Joy (4.48) o
Ny N .

?z%vém‘&?e{_l” ( E— - o(.-. - |
o8\ 1y, aF s Ez) J |C“""’\24*-

G.G: Lo
e (53— RS- PAR
PA \ &2 ‘e 2> j iSh.(x)]zax
-P
+ I Ke E 2
Az 2 lT LL],' (x) ax
¢ l\&sz[ 24
~ gl EL [T
TN ZJ PO Pty I
+ Es 9 2
PA?' "é-;_ j ) d:)a (x) dx»
- | - o(“Z E o]
‘\ PAz . Gon. 2 Jd _L'l-)?)CX) LPqCX) dx
+ 1 K3z E 2 h
> { - oﬁn E 2
pA ((XISLBOF lS\n _"2 2){ lC‘n:;,Cﬁl d)(
N 30[ ;\5
Ez .. — 2 — -
PA S\n n =2 (h lS‘n (X)]a
30 \S\ngolz ‘JO 3 dK
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CASE F1 (cantd)
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CASE # 2: X‘Z >0 and Yaz £.0. Vavriables of equations (448) must

be vedefined. (A5$UM¢ ng-x,).

e Yoy

32 J ¥z ypel-yd

Y i¥e oy e /v
Chzx < cosh( g (x~w)

Shy00 « sinh(\{.(_x—-h\)

Chx)« Cax) 4 Calx)= cos (yz (x+dy)

L) o L] B

Sha )= 3192005 S0 = sin( X; (x-h—h)

+

Ch, &) « CTh (x> -
Sh,(») = Sh,x) _

e GGl 3 G = Shy Catey + Yiz Chy S260)
cGrejGa; Gaz £ ChySyer- iz Shig Cated

c G -Gz ; Gy« G /G

. \l)‘Cx)i—- Lp:cy) 3 41.‘(*) = £, Ch 4C00 + X'zl Shig S2(x)

- g, O | kD;_(_xx, Ll—';, (x> = Shig O20) - \6\;. Ch, Ca

R lJ(J3Q>o<- Lp; (XY q_;; ()= Shyg Cax) + \5‘;- Chwy 65_00

. 4’4(*)*"j l'P‘,: x4 LP‘; ()= & Chy Sz "‘Y\:‘a. Shyg Caoo
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(:A%EL #EZZ C_Gcﬁ*é)

20 A Yz G2|® NH
+ Ea + Bﬂé °LF El%) :12
S G! G2 )
+ ki £, Ty - _dn E,TI,
e G2l cycs
i ) 1
+ EL3 ]:5 o dn E;Z j:G
G 2 G Gy
T ( —___K; E: - ﬂﬂ?... EZ) :[';
- 2 2
10 Shao] [Shs|
+ ( By = 4 E’.z) I, .
\S\"’W}a ISL,%\Z
I.} o, Lg ave defined in @ wWannew similov 4o case # 1.

F
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<t

CASE # 3 X‘aéo and X:-AO Vaoviables ofF cqua..’tinvss
(4/—\8) musT be " redefined (Q.ssumc. Y’b“b}‘)‘

Ny sy =l

e iyEs ye =y

. an"‘ Xllz 5 XI‘Z = X“/Xi

, Ch3§x)¢— Cax C3£x3= cos[‘dl.'(x.—\n))

¢ Sha(x) &= § 330035 S3(x) = sin(y! (x-h))

e Chaldy = Co0y 5 Caln) = cos((ya (x+d))

C Sy ()= | S20 ) Sa(x)= Sin( i (x+))

Chins Cos Coams cos (Y. (x+p))

e Shioo+ (D5 Sied = sin( ! (x+p))

. Sha 4—"‘)51&‘; Sia = D9

e Chige Cyur Ca= C-a)

 Shae = O 5 Do = D30)

LG =160 5 Gl = S Cate) oy Cua Sated

+G2v jGz 5 Gez £ CigSated + yih S Cacod

c G+ Gu ;) Gu: &[G

P e Ploxys Plieos £z Cia Calo = Yo S a0
v L= b, (0 \Pz )= =95 9200 + \d’u:. Cia Cot
. @Scx)ej\.p; (=) \-P;(sﬁf‘ Sia Czta + Yo Cua Sao
c Qe B0 Bln = tr Cu S0+ yia Siu Catn -

(
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cass #3 (contd)

2p "7 b 2 62[* GG
+ ( Es - yo o Ep) I,
1G: |2 GG
+ K& E, Iy + % E, T,
g2 GL|® 6. G
-+ Ei%_..I; Cﬂv} ELZ I:é

N
+ E:S - W*:i Eié) I:%
S50 %3]

t .
J e Iy defined W a wonner Similar o case 1.
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For cases #1,2,3 we have

0

+o't.afl POWe.;" = P = _b_.Z Powe_r +c.r|'m (n)
. QP n=-oc0 | .
Since 1 all Cases -Power- +arm(n) = P;We.f‘ term (=n)

we obTain @

+0Ta,l POWeV‘ = [powew -}_e,rm (D) + 2n%1 power Jre.v;m(n)z)

]

Do %’!0—

el
. [ power -h:-"m (o) + Zx powev +e.\f‘m (n}] .
2 =1 -

1<
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CFLFIN.PAS

{ Prograa cplfin.pas. Version 3. october, 1987,

This version uses an input {ile instead of interactive input.
A nusber of executions vith different data can be specified
in this data file. See DATA_FIL.PAS.

Calculation of epsilon effective and ispedance

of coupled slots in unilateral {inlines for both the even and

odd sodes of excitation. Tws basis~functions are used. -
.+ See thesis by Sylvain Labonte, chapter 4 and appendix A.}

const

c =2,997%11;  {sillimeters/second}
- atal =37; {chas}

type
array2s2 =array[1..2,1..2) of real;
screenline 2gtring(80];
string8 =stringlBl;
stringd =string(31;

var )
eps_eff :real; {epsilon effective of coupled slots}

eps_even_guess,

_-——_J//’T_ eps:odd_auess rreal; {initial quesses}
. e s

:real; {characteristic ispedance of each slot in the pressnce of the other}
a,b,v,s,d,e,h,u,v,p,q,r ireal; {physical dimensions}
freq,k0,kl,k2,k3  :real; {signal’s characteristics and wave nusbers}
epsri,epsr2 treal; {properties of substrate and}
epsr12,epsri2_? treal; {derived quantities}
total_power,voltage rreal; {for characteristic impedance calculation)
basis_func_ratio sreal; {the relative amplitudes of basis functions} -
nterms_eps rinteger; (nuaber of spectral teras for eps. effl
nteras_z cinteger; {nuamber of spec terms for- impedance} .
nteras_ratio :integer; (nusber of spec terms for basis_func_ratio)
aruns,index integer; {totzl nusber of executions and}

{index of data_vector to modify at each execution}
basis_func: arrayl(0..20001 of array2x2; {fourier series coef.of basis_func}

transv_ada sarray2x2; {admittance matrix for each spectral tera}
eigen_matrix rarray2f2; {the satrix to solve for basis_func_ratiol
data_vector zarray[1..301 of real;
sode :stringld];
output_file \iegxt;
cutput_line sinteger;
outfilename :stringb153;
counter,i zinteger;
date,time :stringB;
day tstring3;
{ : : }

{Include lath package {or hyperbolic and bessel funct:ons and the
routines to get the date and time}

(ST MATH_PAK.LIE}
{$I CALENDAR.LIB}
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{Include the rootines transv_ade and pover_ters plus misc. roatines}

{$] CPLFIN.AUY)
{ H
fonction conv_criterion(x_lov,x high,y_lov,y high: real):real;
{
the coavergence criterion used in root ihding algorithe for eps_eff.
The root is known to be betveen x_lov and x_high
}
begin

conv_criterionz=abs(0.00]1#(y_high-y_lov)/(x_high-x_lov));
(  convicriterion:=l.e-10}
end;
{ )

procedure get_voltage;
- {equals the integral of Ey field across one slot)
(ses p. 54 and foll.}

begin™
voltage:=bebasis_func_ratio;
{ voltage:=v;}
end;
{ )

procedure get_basis_func(n: integer);

{calculates a 2x2 matrix vhose elesents are fyfy, fyfz, f2fy, fz2fz,
the basis functions (bransfores) of the Efields in y and z for the nth
spectral ters. See page 54 and foll.}

var
alphan: real;
fy, fz: real;
tesp: real;
begin
alphan:=pi#n/b;

if mode="EVEN' then {even mode excitation}
begin

if n=0 then fy:=0 )
eise fy:=(sin{alphantg)+sin(alphanir)}bessjO{alphansu/2); (cosine vith edge ters}
{ else fy:=(cos(alphant(b-v)}-cos(alphant{b-u))+cos(alphantu)-
cos(alphantvl)/alphan/b;} {constant)

if n=0 then fz:=0
else fz:=(sin(alphantg)+sin(alphantr)}tbessin(2,alphantv/2)/alphan; {(cosine}

engd
else begin {odd mode excitation)

if n=0 then fy:=2, {cosine with edge tera}
{ if n=0 then fy:=28/b}  (constant)
else fyr=icos(aiphanig)écos(alphantr))thess jO(alphansv/2); {cosine vith edge term}
{ else fy:=(sin{alphan#(h-u))-sin(alphan¥(b-v})+sin(alphantv)-
stalalphan#u)}/alphan/b;}  {constant}
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if n=0 then fz:=0 _
else fz:=(cos(alphantr)+cos(alphanig))ehessjn(2, alphaniv/2}/alphan;

ead;

basis_func{nllf,1):=fysfy; :
basis_funcfnlll,21:=fysfz; .
basis_funclnll2,1:=basis_funcinlil,2);

basis_funcEnl(2,21:=fz¥z;
L}

end;
{ }
function char_eqleeff: real;first_tise: boolean): real; {eeff is locall .
{computes the char..eq.(det. of the eigen_matrix) for a given eeff.
Each tera of the 2x2 eigen_matrix is a "seai-infinite® susaation {trun-
cated after nteras_eps) of the products of a basis_funcin) and a
transvy_ada{n,eeff) see equation {4.38) p.37. =
Basis_func{n) is computed only once and stored in the array
basis_fenclnl. }
yar
nei, jeline zinteger;
resul taat rarrayx?;
begin i
for 1521 to 2 {clear eigen_matrix}
do begin
for j:=1 to 2 do
eigen_satrixfi, j1:=0.;
end;
if mode='00D ' then al{there is an n=0 ters for the odd sode only}
begin
get_transv_ade(0,eeff);
get_basis_func(d);
eigen_matrix[l,1]:=transv_adell,1)tbasis_funcl0I[1,11/2;
end; “
if first_time then
begin ,
for n:=! to, nteras_eps do {compute basis_funcnl for all n up to}
begin {nteras_eps}
(% gotoxy(53,12);vrite(n:4);%)
get_basis_func(nl; {basis_funcn] is a 2d satrix}
get_transv_ada(n,eeffl;
stises(hasis_funcinl,transv_adm,resuitsat};  {matrix "scalar® prod)
splusiresultmat,eigen_satrix,eigen_satrix};  (watrix add.;
end
end
else
begin
for n:=! to nteras_ep: do {basis_funcInl has been calculated earlier} -
begia
(s gotoxy(53,12);uriteln:4); " #)
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get_transv_ade(n,eeff);
stises{basis_funclnl,transv_ada,resuitast);
splus(resnlteat,eigen_satrix,eigen_satrix);

end
end;

¢har_eq:=deterainant_of{eigen_satrix);

(¢ if sode='00D ' then line:=21;

it sode=TEVEN' then line:=19;
gotoxy(l,lina); clreol; .
vriteleigen_satrix[1,11:3,? *,eigen_satrix{1,23:3,' ',

end;
{

eigen_satrix{2,11:3," 7, eigen_satrix(2,21:3);9)

{aatrix *scalar” prod}
{aatrix add.}

{print intersediate results}

procedure get_eps_eff; {eps_eff is g;obal}

{Finds a root for the characteristic equation (see pages 49 and 58) )

var
eeff_lov,eeff_high,eeff mid: real;
F_low,F_high,F_mid: real;
conv: real;
it: integer;
flag: boolean;
strl,str2,str3: screenling;
begin

gotoxy(1,24); clreol;

wri

if sode = "EVEN' then eeff_lov:=eps_even_guess

ta_bv('Solving for epsilon effective... ');

else eeff_lovi=eps_odd_quess;

eeff_high:=eeff_low;
riag:=true;

repeat

eeff_high:=eef{_high#l.{;

str(eeff_lov:6:3,strl); strieeff high:6:3,str2);
gooxy(35,24); write(*[T+ctri+? Tostr2+? 1 1)

F_lov:=char_eqeeff_lov,flag); (the flag only indicates whether char: eq}
{lag:=false; {is executed for the first time or not}

F_high:=char_eq(eeff high,flag);

until ((F_lowtF_high) (= 0) or (eeif_high > epsr2};

This algorithm must be improved
S as to make sure that the
value found for epsilon effective
root of char_eq), is indeed the
highest one smaller than epsilan
relative (for the dominant mode).

See pages 49 and S8 of thesis.

{initial guesses}

{vary lov and high in a systematic vay} \
eeff_lowi= eeff_lowt0.9: {so that the interval contains a root}

J

iprob!en here because eeff_high can be higher than epsr2 vith the root
lover than epsr2. This test aust be improved.)

if

eeff_high > epsr2 then (set paraseters so that the resaining of this)
begin {routine is skipped}

its=10;
v_aid:=l;
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end
else ] {find the root between lov ang high}
begin
eeff_sid:=eeff_lov;
F_mid:=F _low;
14:=0;
end;

convi=conv_criterion(eeff_low,eeff_high,F_lov,F_high);
(¢ striconv:3,str3); gotoxy(35,24); clreol; write bu(strd);®)

vhile (abs(F_mid) > conv) and (it { 10}
do begin

it (F_aid#F _low) )= 0 {eeff_nid and eeff_lov on same side}
then begin
eeff_lov:=eeff_sid; '
F_low:=f_aid;
end
else begin {eeff_nid and eeff_lov not on same side}
eeff_high:=eeff_aid;
F_high:=F_aid;
end;

eeff_mid:=requlafalsi(eeff_lov,eeff_high,F_lov,F_high):
F_aids=char_eqleeff_mid,fiag);

1t:=it+];

gotoxy(56,24); write(it,' *,F_smid:3);

end;
1f (abs(F_aid) {= conv) - {the root is found)
then eps_eff:=eeff_aid
else eps_eff:= -1; {no root found}
end;
{ }

procedure get_basis_func_ratio;

{This procedure solves the system [eigen_matrixI[a,h)=0 for a/b, the

relative amplitude of Efield y over z (here called the basis_func_ratio

and in the thesis called r, see page 58).

At this point the detersinant of eigen_satrix has been used to cospute
eps_eff. However even though the determinant converged to a constant value
vith nterss_eps spectral teras, each entry of eigen_satrix generally needs *~
sore. Therefore sore spectral teras are included in eigen_eatrix prior to

the solution of the systes.) i

var
n :integer;
resultaat Crarrayx?;
begin
for ni=nterms_eps to nterss_ratio do {computation of eigen_matrix )}
begin . {for larger spectral teras}
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(* gotoxy(53, 14)suriteln: 4};4)
get_basis_func(n); {hasis_fanclnl is 2 2d satrix)
get_transvy_ada(n,eps_eff); -
stisestbasis_funcinl,transy_ade,resultaat);  {satrix "scalar® prod}

aplus(resultsat,eigen_satrix,eigen_satrix);  {satrix add.}

end;

basis_fonc_ratic:=-eigen_satrix{2,23/eigen_satrix[2,11;
end;
{ ) )

procedure veigh_basis_functions;

{ This procedure aultiplies basis_funcInl{1,13 by sqr(basis_func_ratio)
to account for the relative asplitudes of the y and z Efields in computation
of pover. (see Expressions for Poynting vectors, appendix a}

var

n :integer;
begin

for n:=0 to nteras_z do

begin

basis_tuncEnl{{,11:=sqr{basis_func_ratio)#basis_funclnll1,11;
end
end;
{ }

procedure get_total pover;

{see appendix a}

var
n: ‘ integer;
tesp: real;

begin
if mode="00D * then {only ODD mode has a n=) tera}

tesp:=pover_tera(Q)/2
else temp:= 0.0;

for n:=1 to nteras_z do {calculate the total power in the cross-section)
begin
(% gotoxy(33,13);write(n:4);¢)
teap:=teaptpover_teraln);
end;

total_power:=teap#b/etaltsqrt(eps_eff);
end;
{ }

procedure get_z;
yar
strl,str2 sscreenline;
begin ‘
gotoxy(1,24); clreol; write_bw('Sclving for ispedance... ');

get_basis_func_ratio; (get the relative asplitudes of Ey and E2)
' 112



veigh_basis_functions;

{saltiply the basis_functions by basis_func_ratio}

get_voltage; {voltage also depends oa basis_func_ratiol
get_total_pover; :
. (¢ strivoltage:d,str1); stritotal_pover:4,str2);
gotoxy(35,19); clreol; write bu(’ Testrie! T4str2}se)
ze=sgrivoltage) /2/{total _pover/2);
gotoxy(1,24); clreol;
end;
{ }
procedure compute_and_print_results;
var
n sinteger;
alphan real;
begin
gotoxy(1,output_iine);write(sode,’ FUDE Y4
get_eps_eff;
gotoxy{12,output_line}; d
case truncleps_eff} of il
-1: begin .
writeln(* Eeff is: No convergence');
2:=0; {bypass the calculation of z}
end; ‘
else begin
write(' Eeff is: ',eps_eff:7:3);
get_2; i
end; -
end;
gotoxy(33,output _line); .
yrite(' Vs2/2P impedance is: ?!,z:7:0,' ohas');
end;
{ ) i
procedure cutput_onto_file;
begin .
if acde='EVEN’ then
begin

vriteln(output_file,'=======

vriteln(output_file, 2 ' & %7 b 7w
teper2 !,! freg’,” n_eps',’ n2f,' n_rat’y

-vriteln(output_file,a:6:3,' T h:6:3,7 ' 0:6:3, *,wi6e3," fp6:6:3, 1,di6:3,

t
!,I 5 -'f d '

Yeday+t Tedate+’ T4tige);
H ’ -

-

'5@&2%%"me&'ﬂnnugwmﬂ"mhuguﬂ'ﬂﬁaﬁjnmﬁh

vriteln(output_file,'

1);

end;

vriteln(output_file,mode,® MODE',*  eps= ' eps_eff:6:3,’
vriteln{output_file *Ratio= ',basis_func_ratio:3:1);
writeln(output_filel;

end;

{

2= Ty204:0);

procedure echo_data;
begin
clrscr;



. .
|
!
vriteln(’ Spectral Domain Analysis of Coopled Unilateral Fiflines'};

witelsl' This program calculates epsilon effective aud ispedance using the’);
writeln('SDk-sethod. Two basis functions are used for the siot'’s Ey and Ez fields');

writeln("Haveguide vidth (a) ia ma ? T,a8:3);
vriteln("Distance froe vall to metal (h) ma > ' h:6:3);
writeln(?iavequide height (b} in e > 1bif:d);
vriteln("Slot vidth (w) in s 5 P H ) 1
writela(*Slot Spacing {(s) in aa > 1,5:6:3);
vriteln(’Substrate thickness {d) in aa > fdi6:d);
vritela(’Relative dielectric constant ¥ Yepsr2:S:l);
vriteln("Operating frequency in iz > Tireq:d);
vriteln{*Nteras spectral terss for epsilon > ',nteras_eps:4);
vriteln{"Nterasz spec teras for z > ',nteras_z:4);
vritela{'Nteres_ratio ‘ © 2 ?!,nterss_ratio:3);
vriteln(' - B H
end;
{ }
procedure update_data_vector;
hegin
data_vectorfindex):=data_vector[{S+counter];
end;,
{ }

procedure get_data_froa_vector;

begin
a:=data_vector[1];
h:=data_vector(2];
bi=data_vector[3];
vi=data_vector{4];
s:=data_vector[3];
d:=data_vector(E];
epsr2:=data_vector[7];
eps_even_guess:=data_vector(8]; ,
eps_odd_guess:=data_vectorf9]; -
freq:=data_vector(101;
nteras_eps:=trunc{data_vector[{i1); -
nterss_z:=trunc(data_vector[121);
nteras_ratio:=trunc(data_vector[131);
aruns:=trunc(data_vector(14]);
index:=trunc(data_vector[151);

&8¢

freq:=freq#led; {freq in hertz}
~—uissi2; {derived physical dimensions}

Ny st 2y

pr=a-h;

e:=a-d-h;

q:=5/2+w/2;

ri=beg;

epsriz=t;

kQ:=Zepisfreq/c; {wave nuabers}
kl:ssqri(epsr1)ak;

k2:=sqrt{epsr2) &ko;

kd:=kt;

‘epsr12:=epsri/epsr2; {derived quantities}
epsri2_2:=sqriepsri2);
Bate_Time_Week{date, tice, day);
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end;
{

procedure input_data_vector;

{
> The outputs are: outfilenase, data_vector}

var
inputfile stext;
stringld :sbringl15];
endfile,dataread sboolean;
10res,i tinteger;
{

procedure seek_delimitef(var endfile:boolean);
begin
repeat *
readln{inputfile,stringld);
endfiles=eof(inputfile);
unti] (stripgl3='~—-—=---—---=-=1} or endfile;
end;
4 {

begin r
repeat
write("Enter input file name: ');readin(stringld);
(s$1-}
assign(inputfile,stringiS);
reset(inputfile);
(s1+}
10res:=10resul t;
if 10res {3 0 then
- writeln(*Unable to open file: ',stringld)
" else begin
seek_deliniter(endfile);
if endfile then
begin
writeln{'Unable to find data in this file'); <
N dataread:=false;~
end a
else begin
readln(inputfile,outfilenamel;

for i:=1 to 14 do
rcadIn(inputfile, data_vector(i1);
if data_vector{1413! then
begin .
seek_delimiter (endfilel;
1f endfile then
begin
write'n("Unable to find data in this file');
dataread:=false; ‘
end
else begin
1:=15;
repeat
readln{input file,dats_vector(il);
1:=it];

}

{local
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until eof{inputtile);
dataread:=true;

end;
end
else dataread:=true;
end;
end;
close(inputfile);

until {I0res = 0) and dataread:

end;
{

)

{ IS EIEH R R RS MADN BLOCK BEGINS $HHEHEHEHHHH AR HIEE)

begin

for i:=f to 30 do

input _data_vector;
get_data_froa_vector;

data_vector{il:=0;

fclear data_vector}

{read from disk: outfilenase and data_vector)
{assign values Yo a,h,b,v,s,d,epsr2,

£p5_even_guess, eps_odd_guess,
- freq,nteras_eps,nteras_z,

nteras_ratio,nruns,index+derived quantities,

as obtained froa datz_vector}

assign(output_file,outfilename);
revrite(output_file);

for counter:=t to nruns
do kegin

echo_data;

aodes=TEVEN';
output_line:=18;
cospute_and_print_resulis;
outgut_onto_file;

sode:='00D.";
output_line:=20;
cospute_and_print_results;
output_onto_file;

update_data_vector;
get_data_froa_vector;

end;
closeloutput_file);
ring_bell;

end.

N *{ﬁtggéjon screen}

vy

{execution with different data}
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CPLFIN.AUX

This file is to be included in CPLFIN.PAS for calcolation of
coupled finline charachiristics.

¢ .

{

procedure ring_bell;
begin

vrite{*q);
end;

{ ;* . <

procedure write_bv(message:screenlined;
{Writes the message black on vhite. 'Hessage aust be a CHARACTER string.}

begin
texthackground{vhitesblink}; textcolor(black+blink);
vrite(nessage);
textbackground(black); textcolor(whitel;

end;

{

procedure splus{aat!i,sat2:array2x2; var result: array2x2);
{212 matrix additical}

var
1, integer;
begin
for i:=] to 2
do begin
for ji=i to 2 do
resultfi, jl:=matli, jI+aal2(i, j1;

procedure atices(mat!, mat2:array2x2; var result: array2x2);
{2x2 matrix tera by tera sultiplication}

var
1,]¢ integer;w
begin ’
for iz=l to 2
do begin
for j:=1 to 2 do
resultli, j3:=aatlfi, j1eaat2(i, j1;

end; .

function detersinant_of (sat: array2x2):real;
begin
deterhi nant_of:=sat(1,1]#mat(2,2)-natl1,2)4sat(2,13;
end;
{

function regulafalsi(x_low,x_high,y low,y high:real): real;
117



-

{algoritha for root search. The root is betveen x_lov and x_high}

begiﬁ

regulafalsiz=x_lov-y_low#(x_high-x_low)/{y_high-y low);
end; S,
{

function gas square(alphan,eeff,epsr: real): real;
{see thesis p.47 equation 4.14)

begin

pas_square:=sqr (alphan)+(eeff-epsrYesgr (k0);
end;-
{

procedure get_transv_ada(n: integer; eeff:real); {eeff is local}

{computes the transv. admittance for a spect. ters n, and for one epsilon
effective, eeff. transv_ade is a 2x2 satrix. See appendix A for the
expressions of adaittance.}

var
gamaa? square,gassal_seudre: real;
gasea2, gassal: real;
alphan: real;
beta_2,delta,beta: real;
gl_b,g!_e,q2 d: real;
erl_gi,erZ g2: real;
Ye, Yh: real;

begin
alphan:=pi#n/b;

beta_2:=eef {#sqr(k0);
beta:z=sqrt(beta_2);
delta:=sqr(alphan) theta_2;

gassal_square:=pam_square(alphan,eeff epsri);
gassaZ square:=gas_square(alphan,eeff,epsr);

1{ gassal_square ¢ 0 {both gassa’s are isaginary}
then begin -

gassal:=sqrt (-gasmal_square);
9amsa2:=sqrt{-gamaa2: square);
gi_h:=gaamalsh;
- ¢l_es=ganmsal¥e;

g2_d:=gammaZid;
erl_gl:=epsri/gaamal;
er2_g2:=epsr2/qgassa?;
Ye:zer!_glicot(gl_e)-er2_g2#tan(g2 d);
Yes=Ye/(er2_g2+er!_gitcot(gl_e}#tanig2 d));
Ye:=-er|_gl#cotgl_h)-er2_g2+Ye;
Yh:=gassal#cot (g1_g)-gassaZstan(g2_d);
Yh:=Yh/(gassa2+gassaltcot(gl_el#tan(g2_d));
Yh:=gamaal#cot (gi_h)+gamnaZsYh;

end

else begin {gasaal real, gasma? imaginary}
1f gaesa?_square ¢ 0
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then begin ~ S e
gamsal:=sqrt(gamsal_square);
gasaa?:=sqri (-gaasa?_square);
gl_b:=gamsalwh;
01 _e:=gammalte; -
g2_d:=gasma?#d;
eri_gl:=epsri/gassal;
erz_g2:=egsr2/gassal;
Ye:=er]_gli¥coth{gl_e)+er2_g2#tan(g2_d);

. Ya:zYe/(er2_g2-er{_gltcoth{g!_e)ttan{q2_d));

Ye:=eri_glecolhigl_h)ter2_g2+Ye;
Yh:=gassal#coth(gl_e)-gaasal#tan{g2_d);
Yh:=Yh/(gamma2+gasmalécoth(gl_elstanig2_d));
Yhi=gassaltcoth{gl_h}+ganma2sYh;

md

else begin {both gamaa’s real}
gaesal:=sqri(gassal_squarel; .
gaena2:=sqri{gansa2_square);
gl_h:=gamsalth;
gl_e:=ganmalte; »F
q2_d:=garea2id;

erl_gl:=epsri/gammal; ) : N
er2_ql:=epsr2/gassal;

Ye:=er]_glecoth{gl_erter2_g2¢tanh{g2_d}; .

Ye:=Ye/(er2_g2ter! _glecoth(gl_e)stanh{g2_d}); ' . AN
Ye:=er1_gl#coth(gl_h)+er2_g2¢Ye; /

Yh:=gameal#coth(gl_e)+gasmal2#tanh(q2_d);
Yhe=Yh/(gamma2+gamealtcoth(gl_e)#tanh(g2_d});
Yh:=gassal#coth(gl_h)+gasaaliYh;
end; ' g
end;

transv_adall,!):=(sqr(alphan)#Ye-eeff#Yh) /delta;
transv_adall,2):=alphantbetat{Ye+Yh/sqr (£0))/delta;
transv_adal2,13:={ransv_adnl!,2;
transv_adal2,2):=(beta_2#Ye-sqr{alphan/k0}sYh)/delta;

end; _ ‘
{ }

function pover_ters(n: integar):real;

{These are the big formulae for the expression of power for each spectral
ters in thc cross-section Yor the three conditions on gassal and gasma?.
See appendix A7

var
alphan,alphan_2,beta_2,delta,
gaal,gas2,gasl_2,9as2_2,qaei2,gaal2 2, -
fy 2,f2_2,el,e2,e3, .
sld,sid_2,c1d,c1d_2,¢20,520,530,
shid,shid_2,chid,chl!_2,ch20,5h20,5h30,

> gl,92,912,
pl,si,p2,52,p3,53,cc2,552,5C2,
i1,i2,13,i4,i5,16,i7,i8,
tesp,11,§2 ) treal;

begin
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'

alphan:=pisn/d; alphan_2:=sqr (alphan);
beta_2:=eps_effisqr{k0);
.delta:=alphan_2+beta 2;

gasl_2:=gas_square(alphan,eps_eff,epsrl);
g2s2 2:=gam_square(alphan,eps_ef! epsr2);

fy_2:=basis_funclal(1,11; fz_2:=badfis_funcnl(2,2];
el:=alphzn_2#fy 2+beta_2¢fz_2; e2:=fz 2-fy 2; e3:=alphan_2#fz_2+beta 2¢fy 2;

if gasl 2¢ 0 {both gzasa’s are imaginary}
then begin :
3 ganl:=sqrt(-gasi_2); gam2:=sqri(-gan2_2);
gasi2:=gaml/gan2; gaal2_2:=sqrigaal2);

sid:=sin(ganls(p-d)); std_2:=5qr(s1d); cldz=cos{gasie(p-d)); cld_2:=sqricid);
" €20:=cos(gan2#(d)); s20:=sin(gaa2#(d)); s30:=sinlgamit-h);
gl:=sldec20+gani2ecides20; g2:=epsri2tcides20+gani2ésidec20; g12:=g1/q2;

12:=3lphan_2se2/q1/q2; :::::}

si:=sin(2dganl®(p-d))/4/ganl; pl:=ip-d)/2;
s2:=sin(2vyaazed) /4/gan2; p2:=d/2;

sd:=sin{2fganith) /4/gani; p3:=h/2;
ch:;sZ+pZ;‘ssZ:=p2-52; sc2:25qr (sin{gaa2#d) }/2/gan2;

11:=cidesidesc2;

 il:=plesl; i2:=pl-sl;
i3:=epsri2_2%cld_2%cc2+ganl2_2¢s1d_2ess2-2¢ppsr]2égani2ely;
t4:=epsr124gan]2ecld_23cc2+gani2esld_2¢ss2-(epsr12+ganl2_2) #11;
iSi=sid_2ecc2+gami2_28c1d_2#ss2+2%gani2¢1; 1
16:=gami2¥s1d_2#cc2+epsr12¢gani2icid 24552+ (epsri2tgani2 )+l 1;
17:=p3#53; 18:=p3-s3;

teap:=el/sqr(gam2#q2) #(sqr (X1)&ilesqr (k2D i)+
f2#(ganiZ(i1-12)+14-16)+
ed/sqrigl) #(i2+i5)+
((sqr(k3/gan])#ef+alphan_2#e2)#i7+deltatfy_2¢i8)/sqr(530);

end
else begin
ifgas2 2¢ 0 Yoammalkereal, gamma? imaginary}
then begin
ganl:=sqri(gas!-2); gan2:=sqrt(-gam2_2);
ganl2:=gaal/qgaa2; gawl2_2:=sqr{gaal?2); /

{
shid:=sinh(ganl®(p-d}); shid_2:=sqr{shid); :hld:=cgzg}galli(p—d)l; chid_2:=sqr(chid);
€20:=cos(gan2#(d)); s20:=sin(gas2s(d)); sh30:=sinh(g5g}i-h);
gi:=shid#c20+ganl2#¢chides20; g2:=epsridichides20-gaml2eshidec20; g12:=51/g2;

— ‘ \\\\*\‘

f2:=alphan_2%e2/qt/g2;

sl:=sinh(2sgani#(p-d))/4/ganl; pl:=(p-d)/2;
s2:=sin(2¢gan2ed)/4/gan?; p2:=0/2; :
s3:=sinh(24ganlth}/4/gasi; p3:=h/2;

cc2:=524p2; ss2:=p2-52; sC2:i=sqr (sin{gan2+d))/2/gan?;
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11:=chideshidesc?;

ilreplest; i2:=s1-pl;
i3:mepsri2_2echid_2%cc2+ganl2_2#shid_2#ss2+2tepsridigani2el];
i4:=—epsT1Z2¢gani2¥chid_2#cc2+ganiZishld, 23552+(epsr12-91112 2)'11
13:=shid_2#cc2+gan12_2#chid_2#552+2%gani2¢ll;
ib:=-ganl2#shld_2¥cc2+epsri2igasl2ichld 2Iss2*(epsrl2~ga112 281
i7:=p34s3; 1B:=53-p3;
tesp:=el/sqr (ganZ¥g2) #{sqr (k1) #il4sqr(k2)#i3)+ o

f2¢{gani28{i1+i2)-14-i6)+

23/sqr(gl)#(i2¢i5)+

({sqr (k3/gam]) #el-alphan_2#e2)#iT+deltatfy 2#18)/sqr (sh30);

end -
else begin {both gamsa’s real)

gaal:=sqrilgaal_2); gaaZ:=sqrt(gam?_2);
gan!2:=gani/gan2; gami2_2:=sqr{gami2);

shld:Qsigh(ganll(prd)); shid_2:=sqr (shid); chld:=cosh(gaal#(p-d)}; chld_2:=sqr{chld};
¢h20:=cosh(gan2#(d)); sh20:=sinh(gas2#(d)}; sh30:=siph(gamit-h);
gl:=shld#ch20+gasl2¢chid#sh20; g2:=epsri2ichldish20+ganl2#shldech20; gl12:=g1/q2;

f2:=alphan 2#e2/q1/92;

sl:=sinh(2¢ganl#(p-d))/4/qanl; pl:=(p-d}/2;
s2:=sinh(24gan2#d)/4/gae2; p2:=d/2;

s0: - aalth) 4 gaal; pdi=h/2;
cc2:=624p2; s52:552-p2; sc2:i=sqr {sinhigas2ed))/2/qan2; '

11s=chid#shidesc2;

11:=pl+si; i2:=51-pl;
13:=epsri2_2¢chid_2#cc24gaml2_2#shid_2#¥ss2+2#epsri2egani2el;
i4:=epsr12tgan12¥chid_2tcc2+gan]2¥sh1 422552+ (epsr 12492212 2)#11;
i5:=shld_2#cc2+ganl2_2#chid_23s52+2¢gqani2sl1;
ib:=gani2eshid_2#cc2+epsrl2iganl2¥chid_ 2*552+(epsr12+ga|12 21,
17:2p3+4s3; 1B:=53-p3;

teap:=el/sqr(gani#g2)#{sqr ki) #itesqr (k2)#i3)-
128 (gani28(il4i2)+idsif)+
e3/sqr(gl)#{i2+i5)+
((sqr(k3/gani)tei-alphan_2#e2)#i7+delta®fy_2+i8)/sqr(sh30);
end;
end;

pover_tera;=teap/delta;
end;
{ }
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DATA_FIL.PAS

this is the data file for the progras CPLFIN,
Enter the correct data in colusn ! of each line.
The order in which the eniries appear must be kept,

gred4d. dat toutput filenaae,

7,112 (11 vavequide vidth (a) in am,

3.536 102} Distance frem wall to aetal (h) oa.
3,338 ) (3 Waveguide height (1) in as.

0,229 3 (4) Slot width (W) in am.

0.308 :{3)75let Spacing {s) i e,

0,234 :(B) Subsirate thickness {(d) in =a.

0.2 :(7) Pelative dielectric constant.

1.2 :(B) Initial guess for epa_even.

1.3 1033 Inttial guess for eps_add,

28 : (10} Operating frequency 1in GHz.

209 t{11) Nteres spectral teras for epsilon.
20 :(12) Nteras:z spec teras for z.

200 1013) ateras_ratic.

1 ' 1(14) Total nusber of executions (nruns {19),

'HiiﬂiI‘ii*i&iiii}ili{'l-iiﬂ-}HH'!H-il':-HHﬂHHH-iiiﬂ-ﬂHiii“iil{u}ﬂ-{iiii'H»H R
after the nexi rov of -- enter on difierent rows first the index of the
parameter te vary at each execution () to 13} and nexi, the different valuss
vaken by this parameter. maxisum 15 executions.

tindex (1 ¢o0 1)





