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ABSTRACT,

The properties of coupled microstrip lines are investigated

with the aim of improving the performance of microstrip proximity

directional couplers. A closely related transmission line structure

termed, for convenience, a microstrip/slot line combination, is

also investigated. This supports two dominant modes, easily made

degenerate by the addition of a second lowloss high dielectric

material. ‘the investigation is followed by the construction of

an experimental 3 dB coupler, based upon the microstrip/slot line

structure, ;

Ring resonators are used to measure the normalised

gaide wavelengths of the modes of the transmission line structures.

For coupled microstrip lines the dispersions of the even- and odd~

modes are shown to be approximately linear between 1 and 12 GHz,

and well characterised by recent theoretical analyses. The

normalised guide wavelengths of the dominant modes of the microstrip/

slot line combination are algo measured using ring resonators.

A new method of measuring the characteristic impedance

of transmission lines is presented, and has been used to measure

the frequency dependence of the characteristic impedance of microstrip

limes. he characteristic impedances of the dominant modes of the

nicrostrip/slot line combination are also determined.

The theoretical analysis of the microstrip transmission

line is also studiod with attention on the ability and ease at

which available methods could analyse the more complex microstrip/

slot line combination. The recent Least Square technique applied

to mode matching solutions is tested on L-shaped waveguides and

‘then applied to the microstrip problem in a way more general than

was previously carried out. {E, in addition to M solutions are

given for the L-shaped waveguide. :
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INTRODUCTION.

One of the major advances in microwave engineering

in the last two decades has been in the technology of microwave

integrated circuits. Since its introduction, the earlicr forms -

strip line, triplate and microstrip - have been complemented

by slot line and coplanar waveguide. Along with improved analytical

and measurement techniques, there has been much sophistication

in the fabrication of the circuits and in the use of materials.

Microstrip has gained in importance over the other forms of

planar structures, since the high dielectric substrates allow

easy construction of hybrid structures that give good electrical

performance.

The microwave integrated circuit, despite its obvious

advantage of size, has not met with such widespread acceptance

as might have been expected. This can be attributed to problens

associated with mass production, since the master drawings,

photographic reduction, etching and materials, have to be held

to high tolerances for correct electrical performance.

The subject of this thesis is not concerned directly

with these difficulties, although with any new technique, it

is important to consider the practical problems involved.

Directional couplers are perhaps among the most widely used

passive components in microwave integrated circuits, yet when

designed for microstrip circuits certain properties of the

dielectric inhomogeneity lead to a deterioration in their

performance. The dielectric inhomogeneity itself makes theoretical

studies of microstrip complicated, and as an academic problem

most interesting. Engineers have, however, achieved a lot without

accurate knowledge of the microstrip paraneters. A large number

of measurements have been taken, and are presented here, to obtain

the frequency-dependence of the even- and odd-mode nonnalised

guide wavelengths of a pair of coupled microstrip lines. The

results show that the dispersion of each mode, up to a frequency

of 12 GHz, is approximately linear. The guide wavelengths of the
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two dominant modes of a microstrip/slot line combination are

measured in a similar way over a wide frequency range, and it is

found that with suitable modifications, the modes are degenerate,

that is for a given frequency the modes have identical phase

velocities. It is explained that the condition of degeneracy

is a condition for optimum directivity and isolation for proximity

directional couplers.

The characteristic impedance of transmission lines is

discussed in some detail with particular reference to microstrip

lines. The definition of characteristic impedance lacks uniqueness,

and hence is a difficult quantity to measure. A new method of

measurement is proposed, which relates to the usual definition

used in theoretical approaches, and an attempt is made at

measuring the frequency-dependence of a single microstrip line.

The measurements have enabled a recently introduced form of

directional coupler to be more fully understood, and a section

of the thesis is devoted to outlining the parameters of its

transmission line structure to enable a preliminary design of

this type of coupler to be made, and to provide practical measurements

upon which future development of the theoretical analysis may be

based. Once this has been achieved, full design parameters can

be calculated, covering wider possibilities than the limited

practical measurements.

A theoretical approach for the solution of the microstrip

transmission line is given in this thesis. The method, based on

a previously used microstrip line analysis, has been extended to

form a more general method, suitable for solving not only structures

such as the L-shaped waveguide, but aleo the microstrip line and

the more complex microstrip/slot line combination, The theoretical

work presented here is aimed at solving this last structure, and

thus is possibly not the best approach for the solution of the

simpler structures,
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CHAPTER 1

MICROSTRIP PROXIMITY Di

1.1 Introduction

The problems encountered in practical microstrip

proximity directional couplers have already been briefly outlined

in the introduction, Before the problems can be properly understood

and improvements suggested, it is necessary to understand the way

in which directional couplers operate. To this end, some of the

theoretical techaiques, used to analyse directional couplers, will

be discussed in this Chapter, Bach theoretical approach gives a

slightly differont physical understanding of the operation of a

directional coupler, and together they give a background on which

modifications or alternative solutions, that effect an improved

performance, can be examined, Microstrip directional couplers can

ve subdivided into two categories, namely branch line and proximity

couplers. Both types have received extensive investigation since

their introduction in the mid-1950's, the history of their initial

development being well documented by Mathaei, Young and Jones (1)

and Levy (2).

Branch Line couplers consist of two parallel transinission

lines, which are joined by two or more transmission lines termed

branch lines, At each junction of a branch line to a main line, the

signal partially splits into the two transmission lines and is

partially reflected. The lengths of the branch lines, their

impedance, and their spacing, can be arranged so that the individual

waves reinforce in one direction of propagation, and interfere

destructively in the other. This type of coupler can give good

directivity and isolation, though for weak coupling, due to the

requirements of high impedance branch lines, the coupler is

difficult to fabricate.

The natural coupling between a pair of microetrip lines

can be utilised to make a directional coupler, called a proximity

coupler. When the two transmission lines are sufficiently close

to each other, waves in each line interact in such a manner that
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for certain line dimensions good directivity, isolation and

input match can be achieved. It is the improvement of this form

of coupler that is of prime consideration in this thesis.

Microstrip proximity directional couplers can be made to give

a wide range of coupling ratios without the fabrication difficulties

of branch line couplers, However, the directivity and isolation

is generally worse for the more weakly coupled lines.

Coupled-mode theory is concerned with the coupling

of a wave in one transmission system to a wave in another transmission

system, It can be applied to a wide variety of problems, but

in the context of microwave directional couplers it is generally

used to describe the action of certain waveguide couplers. For

microstrip proximity couplers, it provides a more rigorous

theoretical. treatment at higher microwave frequencies.

The coupling of two modes is a relatively simple case,

and has been well treated by Johnson (3) and houiselle (4).

Adopting Johnson's notation, the transmission line equations for

each mode are:

jou - Nya, — Hg a2 = 0 sae ner

je ~ Hyd, - Hy a,= 0 Seni

3

where a, is mode 1, and a is mode 2. Hy and Noo are the

uncoupled propagation constants of modes 1 and 2 respectively.

H,, is the coupling coefficient from mode 1 to mode 2, and Hp,

is the coupling coefficient from mode 2 to mode 1. If one

assumes a, and By to have form

Ps], 2 -j
04 (y) = aledha + Aedes ase

a{3) = Aled 4 azedhed pated
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then equations 1.1 and 1.2 become

pa,= Ha, + Hao veedl5

fa= Ha, + Ha vee 1.6

and hence

fe H, ita £ Gegte! + Ay

where both values for must satisfy equations 1.5 and 1.6,

retT

This equation is, perhaps, the key to the coupling

problem. The two solutions correspond to the phase constants of

each mode influenced by the other mode. Both phase constants

are real when Hy, and H,, are of the same sign, that is, modes

1 and 2 convey the power in the same direction. Under these

conditions ‘passive’ coupling is said to take place. The waves

in each transmission line interact by a periodic exchange of

power, If the power in the two modes propagates in opposite

directions, that is when H,, and H,, are opposed in sign, the

two phase constants become complex, as shown by the following

relation:

|e Hal > (Hus Hee ancntee
z

Coupling under this condition is termed ‘active’. The interaction

vetween the two modes no longer produces a pericdic exchange of

power, but either growing or decaying waves are formed.

Te process of active coupling is often associated

with the design of amplifiers and oscillators, and is not considered

in this thesis. Passive coupling, however, must be considered

in more detail, since the normal modes of a microstrip proximity

coupler fulfil the conditions for this type of coupling. Certain

results will now be stated without reiterating their derivation

to be found in reference 3, If the power in modes a, and a, are
1

P, and P, respectively, and no input is applied to the mode a, at
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=O, then the modal powers P, and P, at a position 4 are given by:
3 4 2 2

2.2P= +|a,(o)| cosHa¥ “48

2A= + a,(0) [svt y crevletO

where a,(0) is the initial condition of the mode a, at 3-0.

Being a passive structure, the total power does not vary, though

complete energy transfer is achieved when

H,L= We mosaalt

and the modes are exactly synchronised, or degenerate, with

each other. L is the physical length of the coupled section.

This theory of coupling will be found to be a secondary

form of coupling in the microstrip configurations investigated.

For coupled microstrip lines, the two normal modes, namely the

even- and odd-node, are generally assumed to be decoupled,

Hyg and Hoy
this is not true for a microstrip/slot combination, although

being zero. It will be shown in Chapter 2 that

coupling is weak enough to ignore in a practical design.

1.3 Coupled-Mode Analysis using a Quasi-T/M Approximation

Coupled transmission lines can be analysed approximately

py considering a quasi-TEM mode to propagate in each line. Krage

and Haddad (5) analysed coupled microstrip lines in this manner,

The quasi-TiMf mode approximation allows the electric and magnetic

fields to be considered separately. Four differential equations
related the voltage and current with the self- and mutual-inductance

and capacitance in each line. These equations were then converted

into a normal mode form by substituting four variables, called

mode amplitudes, which were related to the voltage, ewrrent and

characteristic impedance, in such a way that the power flowing

was equal to the square of the mode amplitudes. With some

rearrangement, the coupled-mode equations, which related the
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mode amplitudes and phase constants of the coupled lines, were

formed, Inductive and capacitive coupling coefficients replaced

the identities formed from the self- and mutual-inductance and

capacitance of each transmission line. The coupled-mode equations

were then solved assuming the mode amplitudes to change with

the position 3, in the following manner:

a. Je a, J Seer 2
a oo

where a, is the peak value of the mode anplitude a(3), and ¥

the propagation constant. The solution to the coupled-mode

equations was as follows:

Fa # jpof £5 wee W013

where

bo =f Sethe ~ bhkk seeetead
2

and

z 2§ = i= OE - Xt ke) ents

where /b, and fz are the phase constants of each line, k, is the

inductive coupling coefficient, and k, is the capacitive coupling

coefficient. When the coupled lines are identical the propagation

constant had four roots, except for kak, when it has two.

The roots are such that when kjk two modes are formed with

different phase velocities from the superposition of the four

mode amplitudes. The phase velocities are equal when the modes

are degenerate, that is when k=tk,.

Krage and Haddad proceeded to use the linear combination

of the four mode amplitudes to form the two propagating modes

of the system, The performance of a coupler was then investigated

theoretically for various combinations of k,, k, and phase constant.

The method, although only approximate, does give some physical

insight into the coupling mechanism, For example, the forward
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'

and backward waves on a line can be seen to be decoupled when

the line's impedance is invariant with length, and the coupling

between the waves on each line can be seen to be directional

when i:

4 Microstrip Directional Coupler Analysis

The, aialyaie of a paix of. identical coupled microstrip

lines, uniformly spaced ‘over an electrical length 1, is usually

carried out in terms of the even- and odd-modes of a four port

network, This technique, a derivation of sartlett's bisection

theory for. symmetrical two-port networks (6), is well known and

can be applied to any symmetrical four-port network allowing it

to, be considered as the superposition of two two-port networks.

Bven-mode excitation is

Line of symmetry : achieved by applying

equal amplitude and

in-phase signals to ports

1 and 4 of Figure 1.1. 4

naximun of potential

occurs along the line

of symmetry, allowing

a magnetic wall to be

placed along it without

Figure 1.1 affecting the field

: distribution, Odd-mode

excitation occurs when signals with equal amplitude, but with 180

degree phage difference, are applied to ports 1 and 4, A ‘potential

zero ‘occurs along the line of symmetry allowing an electric wall to

be substituted for the magnetic wall of the previous case. For

each mode the problem is reduced to a two-port network, which

allows much easier analysis. Superposition of the two field

distributions corresponds to the field distribution which would

occur when only Port 1 is excited, this latter condition being

the requirement of the analysis. Besides being able to zalculate

the field distributions, the reflection and tranamission coefficients

for each mode can be found when the line is terminated at each end
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by a known impedance, Z. This can conveniently be achieved by

using the transfer matrix for each excitation, these being:

[xe [ 625 Qe jtee Sin Be a

Le eee) ce

[#3] [ , «a % JF Sin Bo 20 easialutt
Lo =, % 9 |] Typ

where Z,, and Z,, are the impedances of the coupled line section

Gets tb

under even- and odd-mode excitation respectively. If the transfer

matrix can be assumed to be of the form:

i} fA Sf Ee tee tee
T, ¢ DIT, i

then the reflection coefficient, l, is,

(gpa gee Nae Se a ie
A + 8/25 +C.% +D

the transmission coefficient, T, is,

Vez tipper nel ta20
A +Bf2. +C% + D

and the input impedance, %,, is

2 = A+ 8/%0 ete!
C +D/20

Whe vector amplitudes of the signals at each port are found by

superposition, these being:

ae t (Ne + ls) wee 122

aa = $(%e- ty) 1

ay = 3 (Tee + %e) ape 128

Oy = CT ete) we 1085

where the suffixes to the vector amplitudes refer to the number
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of the port, and the suffixes oe and oo refer to the even- and

odd-mode excitation respectively.

When the electrical lengths of the line under even-

and odd-mode excitation are equal, it can be shown (1) that the

input to the coupler will be matched when

a= Vi0- Ze! one) 1526

If this applies, then

1.27

ep = Sen JOS Oe woe 1.28
1=c2 coo8 + j sind

°a3 = 
Sue Wed

noe p- oer 1250
© Ais Fc 4 jand

where the coupling factor, c, is given by:

ce ~ BeelBeo = | aounleae
Zoe/ too + |

and 0 is the electrical length of the coupled line. Equation

1,31 can be arranged to give the following design relationships:

aes ae deepetws2

Zon = 2% es vee 1633

Generally the electrical length is different for each

of the modes and equation 1.26 is only approximately true for

weakly coupled lines, By substituting @ for the electrical length

under even-mode excitation, and @ for the electrical length

under odd-mode excitation, it can be shown (2) that the condition

for perfect match and isolation occurs when:

Zetec = Boosmbh + #00 sue woe 1.34
Ze Zoe Sinb, + 2yq Su Qh
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This will mean that the match and isolation will be frequency

dependent. Further theoretical investigation reveals that a

56 difference in electrical lengths reduces the isolation to

about 28 GB. This isolation is independent of coupling for weakly

coupled lines, causing the directivity to be worse for loosely

coupled lines than for. tightly coupled lines.

1.5 Equalisation of the Phase Velocities in Coupled Microstrip

Lines.

Recently there has been some attention paid to the

problem of equalisation of the phase velocities of the even- and

odd-modes in a pair of coupled microstrip lines. The previous

section showed how a snall difference in electrical lengths of

each mode, within the coupler, causes poor isolation and bad

directivity. Several methods to make the two modes degenerate

have been investigated by others. Initial work considered the

coupled line as propagating quasi~TEM modes, Inductive and

capacitive coupling coefficients were calculated for the structure,

the solution to the equalisation being to equate these two coupling

coefficients. It was found that the capacitive coupling coefficient

was less than the inductive coupling coefficient, and practical

modifications to the structure were designed to increase the former.

This could be achieved by several different methods, An insulating

metallic overlay situated a small distance directly above the

lines, or an overlay of insulating material placed over the lines,

have very similar effect. Also both methods can be combined to

the same end. An alternative solution is to have an air, or a

substrate with a low dielectric constant, between the dielectric

and ground plane. With all methods of this nature not only the

phase velocity, but also the characteristic impedance of the

mode will be altered. The caleulation of these parameters for

a single microstrip line is discussed in Chapter 4. It is

sufficient to say here that it is a difficult theoretical problem

because of the dielectric inhomogencity.

The presence of a dielectric inhomogeneity constrains

the theoretical methods to approximations, such as assuming the
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propagating mode to be quasi~THf, or to use a hybrid node analysis

with its associated convergence difficulties, Okugawa (7) analysed

embedded coupled lines (a dielectric overlay on conventional

coupled microstrip lines) using the quasi-TR approximation and

obtained values for the effective dielectric constant for both

even- and odd-mode excitation, He calculated the characteristic

impedance using the relationships which are only valid for Taf

lines, and showed that for certain thicknesses the two modes were

degenerate, but it was not substantiated with any practical

evidence, The characteristic impedance of microstrip lines is

discussed in Chapter 3, and from the measurements presented

some doubt is cast onto the accuracy of Okugava's impedance

calculations.

Krage and Haddad have published two analyses of various

structures which equalise the even- and odd-mode phase velocities

in microstrip proximity couplers. The first of these used the

quasi-TEM approximation in a variational method (8). The modified

structures analysed were a dielectric overlay, a dielectric

overlay with a metallic conductor, and an air gap between the

dielectric and the ground plane. A11 structures showed, that

with suitable dimensions, equalisation of the inductive and

capacitive coupling coefficients could be achieved, This implied

that good directivity and isolation could be achieved in a coupler.

The characteristic impedance of each mode was not knom, but

could be calculated from the effective dielectric constant using

similar relationships to those used by Okugawa. Their second

method (9), which is more recent, determines the frequency dependent

characteristics for some of the configurations discussed previously.

This was achieved using the Fourier matching technique with a

hybrid mode formulation (see Chapter 4). Convergency problems

related to this method were not discussed, though the way in

which the matching technique was formulated may have diminished

the problem, he variation of the effective dielectric constant and

of the impedance, with normalised frequency, were calculated for the

dielectric overlay modification, and for a substrate made ont of

two different dielectric materials. The dielectric overlay

modification considered, showed that mode degeneracy would occur
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at a frequency where excitation of higher order modes would make

it impracticable. The other structure analysed was a double layer

structure where a thin layer of teflon (dielectric constant of 2.2)

was placed between the Alumina substrate (dielectric constant of

9*7) and the ground plane of a conventional microstrip proximity

coupler. This was shown to exhibit mode degeneracy at a low

normalised frequency. Possible coupler directivities were

estimated from the results. The frequency-dependency of the

characteristic impedance of each mode for these modifications

was not given. It was suggested that to obtain mode degeneracy with

this type of modification, thinner substrates would be required

at higher frequencies, 7

Kowalski and Pregla (10) have also theoretically analysed

the dielectric overlay structure, tut with different dielectrics

and dimensions than those used by Krage and Haddad. A variational

expression was used which had previously given good results for

coupled microstrip lines. Their results covered a wider frequency

range than those of Krage and Haddad, showing two points of

mode degeneracy. Details of the characteristic impedance of

both modes were given, showing little variation over the wide

frequency range considered. Higher order modes were not discussed,

though surface waves were considered in some detail for the single

layer structure.

1.6 An Alternative Form of Proximity Directional Coupler.

The problems of equalisation of the phase velocities

of the even- and odd-modes may be approached in an alternative

way to those expressed in the previous section. It can be seen

that the performance of a practical proximity coupler is well

modelled by the analysis of section 1.4. Thie fact allows one

to conclude that the even- and odd-modes are decoupled with

respect to each other, indeed they are often treated separately

in theoretical analyses. ‘the proximity directional coupler can

therefore be viewed as a transmission line which supports two

decoupled modes, being excited at each end by’ two microstrip

nd the transmissiontransmission lines. In principle the two modes a

line, in which they propagate, are quite arbitrary, the only
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requirements being that at each end of the transmigsion line they

couple suitably into two microstrip lines, and the two decoupled

modes are degenerate, It was perhaps using this principle that

de Ronde (11) investigated the possible applications of a microstrip

line over a ground plane slot. Various proposals were examined

by him, these being directional couplers, a magic tee, and a

wideband lumped proximity coupler. The directional couplers

opsrated using the principle of coupled modes, outlined in

section 1.2, since when a microstrip line and a ground plane slot

are not parallel the two dominant modes which exist in such a

structure are not decoupled. Transfer of energy fron one mode

to the other, and directionality of coupling, will occur depending

upon the coupled length and the coupling coefficient. The magic

tee is of little importance to this subject, though it is an

interesting application of the combination of microstrip Lines

and ground plane slots. The lumped proximity coupler, also

described, gave 3 aB coupling and a directivity greater than

20 dB over a 2 to 8 GHz bandwidth, The design was derived

from a standard microstrip proximity coupler, for if the gap

between the two microstrip lines could be regarded as a slot,

then it could be substituted for a slot in the ground plane,

By making the length of the coupled region very much lese than a

wavelength, and placing an overlay capacitor over the slot, the

coupler was almost of lumped form, giving a near invariant

frequency response.

More recently Garcia (12) published details of a 3 4B

directional coupler which had a similar basic structure to that

of de Ronde. There was no overlay in the coupled region, though

two special openings in the ground plane, parallel to the slot,

had been introduced for tuning purposes. The outputs from the

direct port and coupled port corresponded to that which one would

expect from a standard quarter-wavelength proximity coupler,

Over the frequency bard, 2*5 to 10-5 GHz, the power at the isolated

port was at its worst case 18 dB, indicating a worst case

dixectivity of 15 dB, The input VSWR was between 1-05 and 1+25,

Whe coupler had been developed empirically, the final design

Deing the best of a number of trial combinations of top conductor,

slot length and width,
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CHAPTER 2

MEASUREMENT OF THE NORMALISED GUIDE WAVELENGTH

OF COUPLED MICROSTRIP LINES.

2.1 Introduction

The resonance of a length of transmission line is only

Possible at a number of discrete frequencies. At the line's

resonant frequencies it supports a standing wave in which the

energy is alternately stored in the electric and magnetic fields.

The nature of the terminations placed at each end of the line

determines how the physical length of the line is related to the

wavelength of the standing wave. It is from the use of this

phenomenon that the wavelength of a particular propagating mode

can be established at a particular frequency. The resultant

information being more usefully expressed, either by normalisation

with respect to the free space wavelength at the same frequency,

or in terms of the phase velocity, \p » of the mode in the line

which is related to wavelength, Ag » and frequency, £, by

ye 3 ele)

A resonant section of any transmission line can be made

by imposing open- or short-circuits at the ends of the line. The

standing wave is excited through @ loosely coupled probe in such

a way as to minimise the effect it might have on the resonator.

It has been shown by Troughton (13), that the end effect in the open-

or short-circuit causes an inaccuracy in measurements on microstrip

resonators that should be accounted for in any subsequent caloulations.

For this reason, an alternative is often chosen whereby the

transmission line is formed in such a way that the two free ends

are joined (14, 15). Open- or short-circuit end effects are not

present, allowing the wavelength to be related to the physical

dimensions without recourse to assumptions as to the nature of

the end effect.

Measurement of the variation of phase velocity with
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frequency of single microstrip lines using ring resonators has

‘been well documented (14, 15, 18). The results of these, as well

as other measurements by Zysman and Varon (17), generally agree at

zero frequency with the theoretical predictions of Bryant and Weiss

(19), and their variation with increasing frequency agrees with the

recent frequency dependent theoretical approaches (9, 15, 17, 18,

20-23). ‘

The phase velocities of the two modes present in a

coupled microstrip line configuration have been measured and

compared with a theoretical calculation by Denlinger (15). His

a cylinder with the

two lines on the outer surface, the grout plan&\on the inner
method involved the use of a hoop resonato:

surface. Although close agreement with a theoreti

was achieved, the results were limited to a magnesiua titanate

substrate, which had a relative permittivity of 16-24 and a
thiclness of 0°1041 om., the coupled lines being such that

W/H = 0°375 and S/H = 0+2

Napoli and Hughes (24) have also mesavred the phase

velocities of the two modes, A linear open-circuited resonator

was used, the loose coupling to it being at each end, The results

of their experiment showed that they had measured the difference

in the two guide wavelengths to be between 15% and 17%, which

compared to a 7% differouce calculated from results of Bryant and

Weiss, and 12% from results of Johnson (25). he difference

between the guide wavelengths of the two modes is an important

factor in the design of a directional coupler, as has been shown in

Chapter 1.

‘The ring resonator has been analysed by several people

(21, 28) to account for the effect of curvature. The analysis

techniques used a radial waveguide model, and showed that if the

ratio of line width W to mean radius R, is such that W/R¢0-1,

higher order radial modes are generally not excited, Other

theoretical work (29, 30) has been to investigate the belaviour of

rings which have some agymmetry or are asymmetrically excited. ‘The

wing resonator is shown to support two degenerate modes which are

generally uncoupled with respect to each other, When asymnetry



27

of-some kind is introduced, they couple together allowing two

‘values of phase constant for any one frequency. This results in

either double peaks to the resonance condition, or with less

coupling, a broadening of the response about resonance. For

nominally symmetrical ring resonators this effect, produced by

small errors in the construction of the resonator, will lower

the measured Q factor without the implied frequency change.

2.2 Measurement of the Even- and Odd-Mode Guide Wavelengths of

Coupled Microstrip Lines.

It has been shown that the directivity obtained from

conventional microstrip proximity couplers is dependent upon the

difference between the even- and odd-mode guide wavelengths,

Apart from the low frequency theoretical solutions of Bryant

and Weiss, and the measurements of Napoli and Hughes, little

has been done to enumerate these parameters. The purpose of this

experiment was to provide more information about the propagation

of the even- and odd-mode in coupled microstrip lines. It was

hoped to measure the frequency dependence of the guide wavelengths,

and to provide a check on the results of Napoli end Hughes'

experiment (24), which had shown discrepancies with the theoretical

solution by Bryant and Weiss.

Concentric rings were chosen for the resonator in order

to eliminate the difficulties of the open- or short-circuited

ends associated with linear resonators, The external connections

to the resonator were made on two separate 50 ohm lines tangential

to this outer ring, and diametrically opposed. This method of

coupling to the resonator is an original aspect of the experimental

procedure. Its purpose was to match the input and output of the

resonator to the measuring equipment, and to provide coupling

into, and out of, the resonator, Apart from complying with these

conditions, it algo allowed easy identification of the two modes,

since they give different transfer characteristics between the

input and output cirouits. Figure 2.1 is a photograph of a ring

resonator, discussed in Section 2.3, and a typical transfer plot





is shown in Figure 2.2,

A possible explanation for this behaviour is now given.

The inner ring will have a higher Q factor than the outer ring,

because it is loaded less by the input and output ciruits.

Power is preferentially coupled into the even-mode excitation,

and, because of the inner ring's higher Q factor, the peak voltage

on the inner ring will be greater than that on the outer ring, An

odd-mode is thus excited which is orientated so as to oppose the

even-mode field in the outer ring. The phase of each mode shifts

through 180 degrees at the output point of\the resonator for each

Successive resonance, even- and et similar orders
combining to form a transfer characteristic as in Figure 2,2a. The

odd-mode outer ring resonance is at a lower/frequency than that of

the inner ring, and ita associated opposition to the even-mode
field causes a dip in the transfer characteristic, The resonance

of the odd-mode in the inner ring is in sympathy with the even-mode

field, causing a peak in the transfer cheracteristic. If the

two modes have different dispersive effects, it is possible for

modes of different orders of resonance to be superimposed.

Becanse of the 180 degree phase shift mentioned above, modes in

which the order of resonance differ by an odd number, superimpose

in such a way that the shape of the odd-mode regonance is reversed,

as in Figure 2,2b,

The input and outpat circuits were weakly coupled to

the resonator by virtue of their distance at the nearest points

of proximity. The degree of coupling achieved was not as easy to

adjust as for the case of probe coupling that Troughton used (26),

giving in this experiment a Q factor between 100 and 250. If

one can regard the ring et resonance as @ parallel resonant

cirevit, the relationship between resonant frequency §, with a

finite Q, and that frequency £ » with an infinit large Q is:

%
£.- (1-4) bei 8.8
%

from which a Q of 100. will give a 0-005% lowering of the actual

resonant frequency. (0-0013% for a Q of 200).
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Figure 2.2b Transfer Characteristics of a Coupled

Microstrip Line Ring Resonator.
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Three coupled ring structures, of different dimensions,

were chosen, Their choice was to give close approximation to some

of the dimensions that Napoli and Eughes measured, and to provide

details of the modes present in both weakly and strongly coupled

lines. Each structure in turn was fabricated on Coors ADS 995

‘Alumina, of thickness 0-635 nm, (equivalent to 0-025 of an inch).

This was necessary since these substrates are not cut and polished,

but are in the ‘as fired state’. There is, thus, a spread in

dielectric constant, flatness, and tolerances between substrates

from the same batch. As a check upon repeatability and accuracy,

the measurements were carried out on a total of three substrates,

nominally identical. The thickness of the copper conductors was

approximately 0+013 ma, in order that the thickness would be

several skin depths at the lowest resonant frequency.

The resonant frequencies of the even- and odd-modes were

measured using a Hewlett Packard 537A waveneter which has a

maximun error of 0+17%. For the even-mode, the two frequencies

associated with the fundamental resonances of the inner ané outer

rings, designated § and {, respectively, wore measured using loosely

coupled probes above the substrate. This technique also established

that these resonances were due to the different circumferences of

the inner and outer rings, and not due to coupling of modes that

travel in opposite directions around the resonator, as had been

shown to occur in slightly asymmetrical rings by Wolff (30).

The apparent resonant frequency i was measured using the coupling

arrangement on the substrate. Letting Up be the phase velocity

for the even-mode, then:

Ve = $f: $50 an 205

or

ae ee eed

where C, and C, are the effective circumferences of the even-node

for the inner and.outer rings respectively. They are assumed to

lie symmetrically about the mean circumference, the centre line
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of the coupled line structure, from a consideration of the low

frequency charge distribution by Bryant and Weiss (31), Denoting

the wadii of the circles with circumferences C, and C, as rj and x,

respectively:

Bg. & We
G Ba

further

R+h= 2% Wea 256

where %} io the mean radius, obtained from measurements using

a precision travelling microscope. Consequently, the circunference

of the structure C_, which corresponds to the apparent resonant

frequency f, can be related to either of the two separate resonances:

GS = trnSi = larefe 2.7
as 5s

and from solving simulteneously 2.5 and 2.6,

ei ee eles
( aot Si/g)

and

3 eee Beso
(Gj - bof.)

thus

4s. 2 2.10

where N is the resonance number, and

, = bods ; ees Bead

where c is the velocity of light.

The circumference used for the odd-mode was derived

in a similar manner. The measured resonant frequency ais being
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chosen for convenience as the lower frequency resonance, remembering

that this will be either a maxima or minima. Where tightly

coupled rings did not allow f, and £, to be identified separately,

C, for each mode was found by arithmetically scaling its value,

for loosely coupled rings, to a new one which was similarly

related to the geometry of the tightly coupled rings by the

following identity: \

Ss
ei aan Pate
7

Ss

where the primed variables correspond to the previous results,

and S is the width of the gap between the lines.

The results of this experiment, compared with those from

Napoli and Hughes' experiment and Bryant and Weiss! theoretical

solution are given in Table 2.1. ‘The theoretical solutions were

computed on a CDG 6600 computer, using programs CP34 and CP63, from

the IEE Computer Library. The dielectric constant for the experiment

was taken as 10+3 rather than the value of 9-7 which was used in

the paper published on these measurements (see Appendix 2). The

reason for making this change is given in the discussion of this

experiment in Chapter 6. The frequency dependence of the two modes

is displayed in Figure 2.3.

2.3 Measurement of the Guide Waveler ant Modes

of a Microstrip/Slot Combination

A direct development from the experiment described in

the previous section was to include a narrow slot in the ground

plane directly under the coupled microstrip lines. ‘he aim was

to reduce the difference between the even-mode and odd-mode

phase velocities, by reducing the proportion of the power flowing

in the dielectric for the former, and increasing it for the latter.

A slot, with a width to height ratio, D/ll, of unity, under

coupled lines of W/H = 0-8 and S/H = 06, reduced the ratio of

even- to odd-mode guide wavelength from 1-1325 to 1*1010, ata

. With this arrangement, however, a thirdfrequency of 2

dominant mode is also excited which has a phase velocity very



This Experiment Napoli & Hughes (24)

Ey= 10°3 (1GHz) Er= 10°4 (8GHz)

S/H |1+112 | 0-69 | 0-19 1°00 ] 0-528 | 0-12"

W/H J0-86 |0+80 | 0-30 0+96 | 0-863 | 0-363

Age/,, [0-369 | 0-371 | 0-391 | 0-355 | 0-356 | 0-372

A [Rae/an [or4it [0-419 | 0-435 | 0-403 | 0-414 | 0-424

No/ ge 17114 [1-429 [12112 | 1-135] 1-16 [4-14

Mae/ro [0-369 | 0-369 | 0-386"| 0-364 | 0-367 | 0-383"

B |¥o/r, [0-405 [0-410 [0-420 | 0-402 | 0-409 |o-418"

*ge/Age|i-098 [1-114 | 1-088"| 1-104 [ 1-114 [1-090

Inaccuracy expected because S/H is outside the program

Limits (see Program description CP34, reference 19)

A denotes experimental work, and B denotes theoretical work,

Pable 2.1.
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Figure 2.3 Frequency Dependence of the Even- and

Odd-Modes of Coupled Microstrip Lines.
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much higher than either of the other two dominant modes.

The introduction of a third mode serves only to complicate

the already difficult problem of the proximity directional coupler.

Elimination of the odd-mode, by joining the pair of lines on the

upper surface of the substrate, causes the transmission line to

have two dominant modes - a microstrip-mode and a slot-mode.

It will be seen that the microstrip-mode is similar to the even-

mode of coupled microstrip lines. The slot-mode, however, has

no similarity with the odd-mode of coupled microstrip lines,

showing close similarity with the slot-mode described by Cohn (32).

Ring resonators were used to measure the guide wavelengths

of these modes. The input and output circuits were more weakly

coupled to the rings than they were for the coupled microstrip

line resonators. The reason for this being that the Q factor of

the coupled microstrip line resonator may have been limited by

loading due to the input and output circuits. Three different

widths of line and three different widths of slot were chosen

allowing nine possible combinations of line and slot. Hach

structure in turn was fabricated on the same tile. Problems of

registration of the slot under the line were eliminated, somowhat

crudely, by using film rather than glass plates as photographic

positives, The films for the top and bottom surfaces were then

formed into en envelope into which the substrate could be placed

for exposure under the ultra-violet lamp. In order to obtain

quickly an insight into the line/slot performance, only five out

of the nine possible combinations were tested. Of those, three

had a similar top line, this being the intermediate choice,

combined with different width slots, The results for the variation of

guide wavelength with frequency is given in Figure 2.4, In

determining these results, the circumference of the ring resonator

was calculated from the mean geometrical diameter, since the

electrical circunference for each mode was closely approximated

by the mean geometrical circumference, This fact was proved

by comparing a resonance taken using the input/output circuitry,

to the same resonance measured with an external probe directly over

the slot or line.
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Figure 2.5 Variation, with frequency, of the Microstrip-

and Slot-Modes of a Microstrip/Slot Line

Combination when loaded with 0-025 inch thick

Alumina. s
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It was found that coupling between the two modes was

weak, since the phase velocity of the slot-mode could be modified

with little effect on the microstrip-mode. The desired

“Modification to the slot-mode was to reduce the phase velocity,

so that, ideally, the mode would become degenerate with the

microstrip-mode. The reduction in phase velocity could be achieved

in one of two ways: Firstly by positioning an insulated conducting

strip over the slot, the fields associated with the mode in the

slot are deformed, with the net effect that more power flows in

the dielectric material, reducing the phase velocity of the mode.

Secondly, the phase velocity of the slot mode could be reduced

vy placing a piece of dielectric material directly beneath the

slot. The former method was employed by de Ronde (11) for his

directional coupler. The gap between the overlay conductor and the

ground plane was possibly critical, and the structure needed

to be carefully designed to avoid exciting resonances associated

with the extra conductor. It was the second alternative that

was adopted for the reduction of the slot-mode's phase velocity.

The decision was made taking account of the simplicity with

which dielectrical loading of the slot could be achieved, and

the fact that the technique was novel.

Three different forms of dielectric loading were tested.

‘They were a 0-025 inch thick alumina substrate, a 0-025 inch and

a 0+040 inch thick zirconate substrate. The results are shown in

Figures 2.5 to 2.7 for the same parameters as for the measurements

on un-loaded lines show in Figure 2.4. These results are for

constant line width and varying slot width combinations. Results

shown in Figures 2.8 to 2.11 are for constant slot width and

varying line width combinations. This required two further ring

combinations to be measured, bringing the total number of ring

combinations measured to five. It can be seen that the two modes

become degenerate for both thicknesses of the sirconate material,

and also that the loading material had little effect on the guide

wavelength of the microstrip-mode.

The widest slot yielded results which made it more

easy to see that the two modes are indeed weakly coupled.
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Figure 2.6 Variation, with Frequency, of the Microstrip-

and Slot-Modes of a Microstrip/Slot Line

Combination when loaded with 0-025 inch thick

Zixconate,

Figure 2.7 Variation, with Frequency, of the Microstrip-

and Slot-Modes of a Microstrip/Slot Line
Combination when loaded with 0.040 inch thick

Zirconate,
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Figure 2.9 Variation, with Frequency, of the Microstrip-

and Slot-Modes of a Microstrip/Slot Line

Combination when loaded with 0-025 inch thick

Alumina,
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Figure 2.12 is a more detailed plot of the guide wavelengths

of the two modes around the point of degeneracy for this case.

It is easily seen that the diagram is characteristic of two modes

Passively coupled (3). It has been stated that in this case the

mode coupling is weak. This is evident from Figure 2.12, for

it can be calculated that the required coupling length for complete

Power exchange would be 87+5 cms, The reason for the mode coupling

is thought to be partially due to the curvature, and partially

due to small perturbations in the ring's fabrication which would

cause mode coupling. The results from these various graphs can

be expressed in a different, but more useful, form. It was

decided, on the basis of the results, to use a 0-025 inch zirconate

substrate as the loading material. The following results are

limited to that case.

It can be calculated that the average slope of the

microstrip-mode's normalised guide wavelength is 0-00’ (Git
By extrapolating each curve to zero frequency, the relation of

the microstrip-mode's normalised guide wavelength to W/H can be

determined for various slot widths. This result is show in

Figure 2.13, where the slot is loaded with 0-025 inch zirconate

material. It is seen, as might be expected, that the normalised

guide wavelength is increased as the slot width is increased, and

is lowered slightly for larger slot widths when the slot is

loaded with 0-025 inch zirconate material. The information in

Figure 2.13 may be extrapolated to other frequencies, up to

approximately 12 GHz by reducing the value of the normalised

guide wavelength by 0+0014 for each gigahertz.

The @ispersion of the slot-mode, in the presence of the

microstrip line is not linear, and thus cannot be treated in

such a simple manner as the microstrip-mode above. However, for

the limited practical cases measured, Figure 2.14 shows the

variation of the slot-mode's normalised guide wavelength with D/It

for a fixed W/H, and Figuré 2.15 shows the variation of the slot~

mode's normalised guide wavelength with W/H for a fixed D/H.

The measured variation of normalised guide’ wavelength with slot

width was unexpected, since it was thought originally that
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dielectric loading of the slot would merely lower the normalised

guide wavelengths of modes of different slot widths by a

proportional amount, and not in the very non-linear manner of

Figure 2.14, The variation with W/i, however, was as expected.

Before this section is completed an interesting

phenomenon, discussed in the introduction to this Chapter, was

noticed. In some of the experiments it was found that double

peaks occured on the slot-mode resonances, which could be eliminated

vy shifting the dielectric loading material slightly. This double

peak phenomenon was attributed to asymmetry in the positioning

of the dielectric loading material, since, by Wolff (30), two

degenerate modes present in the ring structure would couple

together if any asymmetry existed, It was found also that if

a small flaw in the top strip existed, a double peak in the

resonances of the microstrip-mode would result.



CHAPTER

MEASUREMENT OF THE IMPEDANCE OF

MICROSTRIP LINES AT MICROWAVE FREQUENCIES.

3.1 Introduction and Definition of Impedance,

‘The concepts of characteristic impedance and phase

constant, allow a microwave transmission line to be considered

as a simple network, enabling its electrical performance to be

predicted using network theory used in other areas of Electrical

Engineering. The propagation of energy in a transmission line

depends upon the relation of the free space wavelength of the

wave propagation to the physical shape and construction of the

line. With an arbitrarily shaped line, or waveguide, it is

generally possible for the energy to propagate dom it in a

variety of different ways. These modes of propagation, as they

are termed, can be grouped into a mumber of distinct classifications,

namely:

a) Transverse electric and magnetic mode (THA)

b) Transverse electric mode (TE, or H mode)

c) Transverse magnetic mode (TM, or E mode)

4d) Longitudinal section electric mode (LSE)

e) Longitudinal section magnetic mode (LSM)

f) Hybrid mode (Hi)

Although energy may propagate in a transmission line in more

than one mode at the same frequency, systems are often designed

to avoid this, making use of one particular mode, The choice is

usually straightforward, being the dominant mode which propagates

ata frequency below the lowest frequency at which the first

higher order mode can propagate. Occasionally it may be desired

for a higher order mode to be used, in which case the other

modes have to be suppressed.

To use simple network theory for any particular mode,

the characteristic impedance ana phase constant for that mode in
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the transmission line must be known. Chapter 2 has dealt with

measurement of the guide wavelength,Ag, of coupled microstrip

Lines which is equivalent to measuring the phase constant, f,

Since the two parameters are related simply by:

B= = baa

\
Because the concept of characteristic impedance is

used to quantify in a certain manner the behaviour of a number

of totally different propagating modes, it is not surprising:

that its defintion is not exact, but varies depending upon the

mode, ‘These defintions can be placed in four categories.

Firstly, one might intuitively choose the definition

that the characteristic impedance is equal to the maximum transverse

voltage divided by the total current flowing in the direction

of propagation. For simple transmission lines at low frequencies,

supporting TM propagation, the following relationships can be

shown to be true:

eee Oe. = Ly = 1/ey ee

where Z, is the characteristic impedance, I, the inductance per

unit length of the line, C the capacitance per unit length of

the line, and Y the phase velocity of the mode, The voltage

may be found from taking a line integral of the electric field

between tyo points of maximum potential difference, and the

current from a closed line integral of magnetic intensity around

one of the conductors,

Secondly, where the voltage is difficult to define an

alternative definition can be derived from the relation of the

complex time-average power flow, P, to the voltage, V, and

current, I, given by:

*P= ivi" . yer
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the asterisk denoting the complex conjugate. The time-average

complex power flow across a surface S is given by the integral

of the complex Poynting vector over the surface (33),

Ps 1 {fern de od
S$

the real part represents the real power flow and the imaginary

part, the stored energy in the electric and magnetic fields.

Thus, the power flowing along the line is

#Pe fe (((exn any daeday ve 55

alerh :

hence

vee 5.6

The magnitude of the complex Poynting vector in the direction

of propagation, (extfla, is given b;

(Ext), = EH = Sesttel

The third alternative defintion is somewhat related

to the previous one, since the time-average power flow given in

terms of current and impedance in equation 3.3, can also be

given in terms of voltage and impedance, thus:

Pe ivr® . 1 ¥V* 3.84 Ss 
Es

and, similar to above

a

. vv

: & (f(emt adap
Finally, there is the impedance defined by the direct

aee 59

ratios of the electric and magnetic fields. This is usually
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termed the wave impedance. It has special significance in

providing a relative impedance in waveguides, since the voltage

and current in a waveguide can be defined in such a way that

their ratio equals the wave impedance, their product equals the

powsr flow, and they are proportional to the transverse electric

and magnetic fields respectively. Tais concept allows simple

network theory to be easily applied without the requirement of

@ concept of an exact impedance (34).

Individually the definitions, where applicable, will

yield different impedances for the same transmission line. It

ie important, in order to preserve the validity of the use of

network theory, that throughout a system containing transmission

lines and other components the impedance definition is consistent.

The measurement of characteristic impedance of a

transmission line is often required when it is not readily

calculated. The lack of unique definition and the requirement

that it be related to some norm, often means that the measurement

technique is one of comparison with a standard line or knom

mismatch, The test line is incorporated into a simple system, and

a response is measured, which allows the relation of the test

line's unknown characteristic impedance and the standard to be

calculated. The connection of the line under test to the standard

line, which may be part of the measuring instrunent, can give

rise to a significant junction discontinuity, When there is an

abrupt cross-sectional geometrical change in these two lines,

the junction discontinuity may be severe enough to greatly affect

the accuracy of the measurement.

The methods traditionally used for measuring the

characteristic impedance of high frequency transmission lines

usually use a slotted line or waveguide. The slotted transmiasion

line is of a standard known characteristic impedance, or in the

case of waveguide, it is regarded as having the reference impedance

to which everything is normalised. A short length of the

unknown test line is connected to the end of the slotted line,

‘The input impedance of the line is measured with the slotted line
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when the test line is both open- and short-circuited. Assuming

the junction discontinuity is negligible, and the open- and

short-cirowits to be at the same reference plane, then the

characteristic impedance is given by (35):

Jeane :

where oe is the input impedance of the test line open-circuited

3.10

and 2, the input impedance of the same line short-circuited.

Apart from ignoring the problem of the junction discontinuity,

the method requires accurate open- and short-circuit terminations

to the test line. For microstrip and slot line this is difficult

to achieve in practice, so an alternative form of the same basic

method could, perhaps, be used. In this method the test line

is terminated in a known transition, Z,, and then connected to

the slotted line. The input VSWR of the line is then measured
over a range of frequencies such that the line's electrical

length changes by more than half a wavelength. It will be seen

that the VSWR passes through a maximum and minimum value, and the

characteristic impedance given by:

eee 3211VSWR

where Z is the impedance of the standard line.

A method of determinimg the characteristic impedance

of transmission lines was put forward by Seckelmann (36), in

which nodal shifts of the standing waves in a slotted line aro

measured. Although he derived the method for lossless, dispersionless

lines without a junction discontinuity, good agreement was

achieved with other methods when measuring microstrip lines. A

voltage node is located in a coaxial slotted line, to which the

open- or short-circuited line is connected. The node is shifted

by varying the electrical length between the open- or short-

circuit and the node, by changing the frequency of the signal

applied to the line, The shift in nodal position is recorded

at a number of points over a wide frequency range, from which a

graph can be dram, The characteristic impedance of the test
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line can then be found, either from the extreme value of nodal

shift, or from the loci of the extreme values of nodal shift.

Recently several new instruments have enabled different

techniques to be established, and, apart from improving accuracy,

they have greatly reduced the time taken for the measurements

to be performed, The two main instruments referred to are the

‘Time Domain Reflectometer (7.D.R.), and the Network Analyser,

The T.D.R. is an instrument which applies a step

waveform to a transmission line, and displays the return signal

caused by small mismatches along the line which partially reflect

the incident waveform. The input step waveform, and the return

signals, travel at a finite velocity in the transmission line,

giving a time delay between reflections arriving back at the T.D.R.

from different mismatches. Thus, it can be seen that the information

related to the reflection of the junction discontimity and the

line's characteristic impedance is separated. The instrument is

limited by the finite rise-time of the step waveform, which

imposes an upper frequency limit to the frequency over which the

measurement is valid, and a limit to the resolution of closely

spaced mismatches.

The Network Analyser is an instrument capable of

displaying the transmission and reflection coefficients, or input

impedance. When associated with a swept frequency source it is

a very powerful tool, with good engineering accuracy. Junction

discontinuities at the interface between the device and the

analyser have recently been given considerable attention, With

computer correction not only the effects of junction discontinuities,

but also some of the errors in the analyser, can be eliminated.

Computer controlled and corrected Network Analysers are still expensive,

but where there is access to a small computer, on-line correction

is relatively simple. Shurmer has published a number of papers

(37, 38) dealing with this topic, and more recently Da Silva

and McPhun (39) showed that correction could be achieved without

the requirement of known resistive terminations, Because of the

existence of a number of factors not accounted for by these

methods, a letter included in Appendix 1 shows that similar
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overall accuracy can be achieved without accurate frequency

measurement, a prerequisite of other correction methods.

3.2 A New Method for Measuring the Characteristic Impedance

of Transmission Lines.

3.2.1 Introduction

A new method of measuring the characteristic impedance

of transmission lines, which is described in this section, has,

in part, been the subject of a paper to be found in Appendix 1.

The new method bears some similarity with that of the nodal shift

method mentioned in the previous section, though instead of

measuring the actual shift of the nodes, the change of phase at

a datum plane is observed, It will be shown that the phase angle

of the reflection coefficient, at the transition of the unknown

line to a standard line, is dependent partially upon the unknom

line's characteristic impedance. For simplification of the

mathematics involved, the unknown line can be terminated in either

an open- or short-circuit. In the following discussion an open-

circuited line will be considered, and further, it will be

lossless, and with a junction discontinuity, This will insure

that the basic principles be easily understood. These complexities

will be considered in detail in the remaining sub-sections of this

section,

The input impedance of a length of unknown lossless

transmission line is given by:

peel oe + leer
re i... a eeevip B, eoph + jesinpl

where 2, is the characteristic impedance of the unknown line,

and Zr the impedance of the load terminating the line at ita

far end. When the line is open-circuited, its impedance becomes

woe 3.12

Zink = ~ j2, ote sas 3.15
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The input impedance of the line is seen to be completely reactive.

It could be regarded as a 'lumped' impedance which terminates

4 standard line of characteristic impedance Z,. The reflection

coefficient, , of such an arrangement is:

(2 °@ = Pigut ~ Fo see B14
2 inpus +2

Substituting for 2,4, the phase angle of the reflection

coefficient, p, ist

¢ = arctan (Eee) ve 505

where Z = 2,/2,1 the normalised characteristic impedance of the

unknown line. This function is plotted for various values in

Figure 3.1. It can be seen that, when Z = 1

gs nw - 2pe Perera

where n = 0 for an open-circuited line, and 1 for a short-circuited

line.

When Z is different from unity, the phase angle of the

reflection coefficient deviates either positively or negatively

from its value when Z= 1. The deviation of the phase angle of

the reflection coefficient, §g, is given by:

% = arian (22atiL (alas. <1
This function is plotted for various values of Z in

Figure 3.2. It is seen that ell maxima and all minima are of

equal amplitude, dependent only upon the value of Z. 1o find

the maximum value of equation 3.17, it is differentiated with

respect to pe thus

(9)S 21s Det ee
(pt) sintal(| + 2*cett)

at a maxima it can be shown that

Ae = mm + Archon (fz) re od
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where Arctan is taken as its principle value. Substituting this

into equation 3.18, after some rearrangement, the relation

between Z and pe is found to be given by:

Ze tout ($8 = Sn) wo 3620

This equation has an infinite number of solutions, one of which

lies between the following limits,

-1g $6 £0 for 0<2% g 00 awe oi ad

and is plotted in Figure 3.3. It will be seen that the modulus

of $$ is plotted, ignoring its sign. The characteristic impedance

Z, can be obtained from Figure 3.3 by measuring the extreme

values of phase deviation.

Practical measurements can be made using the Hewlett

Packard Network Analyser. This particular instrument is chosen

for two reasons. Firstly, because it is able to measure the phase

angle of reflection coefficient at a junction of the unknom

open- or short-circuited line, and secondly, it incorporates a

mechanically variable length of line, which, when correctly

adjusted, enables the analyser to display the required information

concerning the phase angle of the reflection coefficient. The

unknown open- or short-circuited line is connected to the ‘unknown

input' in the reflection test unit of the analyser. The input

frequency to the analyser is adjusted so that the line's electrical

length changes by at least one wavelength, and the reference

plene extension is adjusted until two peak values of phase angle

have the same amplitude. The peak phase amplitude is then

recorded and the characteristic impedance determined. In practice

it will be seen later that this procedure is made necessarily

simple because of the initial assumptions. When a more complex

transmission line model is considered, the measurement procedure

has to be modified slightly.

2.2 Lossy Transmission

A lossless tranemission line was considered in the
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previous sub-section for introducing the basic theory of the

method, In this sub-section the line will be assumed to be

lossy in order that its effect upon the measurement of the line's

characteristic impedance can be found, The loss mechanisms can

be due to either dielectric, conductor or radiation losses, the

result being that the propagation constant, %, reverts to its

most general form,

T= “+ je ee nee

where 8 is the phase constant, and ot the attenuation constant.

TMo show that the method is equally suitable for short-

circuited lines, the theory to follow will be derived for lines

terminated with a short-circuit. The input impedance of a lossy

line, of characteristic impedance By terminated with a load 4, ist

tah HeDe oe (eee rece iesimpuk \B, cosh Te + 2 sinh TL
which for Z, = 0, reduces to

Zinpak = 2, tanh a= 524

substituting for J then:

Zinyut = 2 ee st jet | ne BS
vi V+ jtankal. tan pe

Vollowing a similar procedure to that in the previous sub-section,

it can be found that the magnitude, @ , and phase angle, p, of

the reflection coefficient at the junction to a standard line is

(= (+ H/F" ole Bes

given by:

and

ga arctax (y/z) nee S627
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when % = 2,[2,» then x,y and u are

we fanhict (2% tant) + (2? tude - 1) van e828

y= 22etenpe (1 - tanldat) vee 5.29
2 2

u = (Btanacl +1) + udp (z + tact) 5580

When the line is lossless, equation 3.27 becomes:

¢ = arctan aa sce 55t

It can be seen that this equation is similar to equation 3.15,

for the open-circuit lossless line, if Z is replaced by its

reciprocal,

Realistic values of o£, the attenuation constant, were

chosen from calculations published by Horton, Easter and Gopinath

(40). "hey calculated a value of 0.577 nepers/metre for a

microstrip line, W/H = 1:0, on a 0-635 mm, thick alumina substrate,

at a frequency where the skin depth is of the same order as the

conductor thickness.: With a value of attenuation constant four

times that of the practical case, it was found that the peak

values, of phase deviation, only increased by between 0+3% and

0+4% of those obtained with a lossless line. ‘The peak value of

the deviation of the phase of the reflection coefficient, given

by equation 3.27 was not found by differentiation, but by using

a function maximisation routine on the computer.

It is interesting to note that being a passive structure,

the magnitude of the reflection coefficient is always equal to,

or less than, unity. When loss is present it is always less than

unity, varying cyclically as shown in Figure 3.4. A practical

measurement is shown in Figure 3.5, taken of a microstrip line

on a 0+040 inch thick ziteonate substrate. Attemation in the

transmission line can be seen to be increasing with frequency,

due to increasing dielectric loss, since the zirconate material

is being operated above the recommended limit (41) of 5 GHz. It

may perhaps be required in some cases to evaluate the characteristic
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Figure 3.5 A Practical Measurement of the Reflection

Coefficient.
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impedance when the line is lossy. Figure 3.6 can be used to

assess the loss in the line, by appfoximate knowledge of its

characteristic impedance, and measurement of the minimum value

of the magnitude of the reflection coefficient.

3.2.3 Transmission Line with a Capacitive Junction Discontimuity,

It has previously been stated that one of the complications

in measuring the characteristic impedance of microstrip lines, is

the existence of a junction discontinuity at the junction of the

line to a standard coaxial line. Caulton, Hughes and Sobel (42)

reported that this discontinuity for a coaxial to microstrip

transition is mainly represented by a shunt capacitance, so the

following discussion will be limited to this case, although the

technique is adaptive to different discontinuities.

The simplest way of representing a shunt capacitive

discontinuity is shown diagrammatically in Figure 3.7 for an

open-circuited transmission line. The discontinuity is shown

by ByY,, where By is the nommalised junction susceptance. The

characteristic admittance of the microstrip line is Y,, and

that of the standard

pee line, ¥,. Fommlating
the reflection coefficient

the phase angle, @, is

Figure 3. given by:

= arctin(_—2(Yioupe + Bo) vanie (San eee) Ae
where Y = ¥,/Y,, and By the normalised junction susceptance.a

This simple mode2, of the microstrip line and junction

discontinuity, was not found to be sufficiently close to the

practical case. The frequencies at which the peaks of the

phase deviation o¢oured practically, were not related to the

frequencies found theoretically. It was decided to investigate

this problem with a more flexible model, shown in Figure 3.8.
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The junction susceptance is shown to be located a small length,

1,, along the microstrip

t, Z line. The new model
dfn is nearer to the

Practical case since2 3, 2,
fringing fields at

the discontinuity,

Figure 3.8 and the short overlay

i 
of the connector

on the microstrip line would tend to position the centre of

their combined effect a short distance along the microstrip

line.

With this configuration the phase angle of the reflection

coefficient, g, by similar reasoning as given before, can be

shown to be given by:

¢ = arctan (3) wee 3635

x= sinpl, (stom pl, +28) 2eospby vase 5654

ye coo ppl, ( tom pb, + 2B) + sin pl, sev 3.55

in which 2 = %,/Z,. The phase deviation, $$, is given by

ce$6 = arctow (4) + Zpe 1356

where 1 = 1,+1,, When the junction discontinuity is completely

capacitive, it will be found that successive peaks of equation

3.36 decrease non-linearly with increasing A, the minimas decreasing

more rapidly than the maximas, The peaks of equation 3.35 are

computed using a golden section algorithm, and the average

slope of three successive maxima and three successive minima is

found in order to cancel the slope. This operation produces

maxima and minima which lie symmetrically about a horizontal

reference line. It bears similarity with the practical realisation

on the Network Analyser, where the reference plane extension, in
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the reflection test unit, is adjusted until neighbouring maxima

and minima lie symmetrically about a horizontal reference line.

Figures 3.9 to 3.11 show the results of a computer

program, described in Appendix 2, the aim of which was to

characterise the theoretical behaviour of a practical microstrip

line on 0-635 mm, thick alumina. Experimental details of the

measurements and results are given in Section 3.3. The computed

results are for a line of similar dimensions, and phase constant.

The line was assumed lossless since the magnitude of the reflection

coefficient was close to unity in the practical measurements,

and the junction discontinuity Dea in Figures 3.9 to

3.11, are for B, equal to 0+ 01250 -0256 Pena 0-0500jat a frequency
of 1 GHz, rising linearly with increasing frequency. These values

of junction susceptance can be related to the voltage standing

wave ratio, S, that they would cause in an otherwise matched

transmission line system by:

= So8, 7 sae 7

or in tems of the junction susceptance, By, by

2
B; 2Sal+ 2 + & [4+ vse 3.38

3.2.4 Transmission Line with a Capacitive Junction Discontinuity

and Radiation from its Open-Circuited End.

This particular problem was considered because the

results of the previous sub-section showed close agreement

with practical measurements given in the next section, The

nicrostrip lines that were measured, used open-circuits for the

termination as they are easier to fabricate, The model, shown in

Figure 3.12, was investigated to see if the effect of radiation

from the open-circuited

end, significantly affected

the phase characteristic

of the reflection coefficient.

The capacitive discontinuity,

BY , is situated a distance
Do
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1, from the junction of the microstrip line. The open-circuited

end is at the end of an infinitely short length of lossy line,

which has the same characteristic admittance, Yyo as the rest

of the line. The phase deviation, $$, is calculated in a similar

way as previously, and is found to be given by:

i = arcan (26-0) + 2b ed 5d

in which

ms rhouh Te, — (coxph, (tanh, +28, ) + sin ez) on BEAD

n = Stonh I, +(sinpl (eta pl 2'&)—Zcorah,) 2. 5.41

p a rtuh¥t, +(cosl,(tanpl)+2B)+ sina) «3.42

q = (siuply(Btamysl, + 2°8y)—2eaysl,)— strukTl, 5.45

and

rm 2 (tart, const, + sis by - 28, tanh sinh)... 3.44

8 = corpl, 2B, tun pl compl, — tar al, sinh Ns as

when TQ, is zero, there is no loss at the open-cireuit, and the
equation for the phase deviation, $$, reverts to equation 3.36,

in the previous sub-section, when ¥@, is real and non-zero, the
lossy transmission line, length @, , causes attemation without
changing the phase of the signal, and thus simulates radiation

from the open-circuit.

Detailed results for this model are not included here,

though they can easily be obtained using the same computer program

as that used in the previous sub-section, As Té,is increased,

but kept real, the peak phase deviation is increased slightly

for the same characteristic impedance and junction susceptance.

From practical considerations, however, this increase is small

compared to the magnitude of the measurenent errors, The effect

of radiation from the open-circuit can thus be ignored‘until the
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measurement techniques are improved.

3.3 Measurement of the Characteristic Impedance of Microstrip Lines.

The transverse inhomogeneity of microstrip geometry

raises somé difficulty in defining its characteristic impedance,

When the propagation of energy is approximated by assuming a

quasi-TM mode, its characteristic impedance can be related to

the inductance and capacitance per unit length. Thus, as the

frequency increases, the capacitance per unit length also increases

since the effective dielectric constant is increased. This

results in the characteristic impedance falling. Recently, this

result was concluded by Denlinger (15), and Deutsch and Jung (43),

and found to be true practically by Napoli and Iiughes (44).

Napoli and Hughes measured the characteristic impedance relative

to a THM line, concluding that its impedance decreased more

rapidly than the increase in the effective dielectric constant

alone would cause. Doubt in some of the assumptions used by

Napoli and Hughes, caused Krage.and Haddad (9) to question

their conclusions, since, using a hybrid mode formulation and

a power/longitudinal current flow definition for characteristic

impedance, they found that the characteristic impedance of

microstrip lines initially decreased slightly before steadily

increasing with frequency. Kowalski and Pregla (45), and Schmitt

and Sarges (23), both calculated the characteristic impedance of

microstrip in two ways, and obtained similar results for similar

methods. The two methods used were, firstly, the definition of

the voltage in the centre of the strip divided by the longitudinal

current, and, secondly, by the power flow divided by the longitudinal

current squared. In both cases the characteristic impedance

increased from zero frequency, the rate of increase being greater

for narrower strips.

5.3.1 A Practi

The characteristic impedance has been measured using

the method’ described in the previous section. A Hewlett Packard
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8710A Network Analyser, in conjunction with its associated

Reflection Test Unit, Harmonic Frequency Analyser and a Swept

Frequency source, was used to méasure the phase of the Reflection

Coefficient. An important consideration, before measurements

could be made, was that the total electrical length of the

microstrip test line and connectors was less than the available

Reference Plane Extension. The microstrip lines were constructed

on 0+635 mm, thick Alumina substrates, and made approximately

35 oms. long, in order to comply with the length restriction.

The termination at the far end of the lines was, in all cases,

an open-circuit, the open-circuit being merely an abrupt end of

the strip with the ground plane continued a further 1°58 cm. to

the end of. the substrate. s

The microstrip line was connected to the unknown input

of the Reflection Test Unit by means of a modified OSM 954/cc

3mm. coaxial/strip line connector and an OSM/APC converter.

The connector was modified in a way similar to the modification

suggested by Caulton, Hughes and Sobel (42). Instead of cutting

the centre conductor off flush with the flange and adding a omall

tab, the tab was formed by filing down the centre conductor. ‘The

sweep generator was adjusted so that it covered a frequency band

such that the electrical length of the microstrip line changed by

more than half a wavelength. The Reference Plane Extension was

then adjusted until successive peak phase deviations of the

Reflection Coefficient were symetrically placed in a horizontal

plane, Because the microstrip has a capacitive junction suaceptance,

and the transmission line is dispersive, the peak phase deviations

inerease with frequency and the locus of their mean value is a

curve rather than a straight line, These complications cause ,

the adjustment of the Reference Plane Extension to be somewhat

arbitrary; the error incurred for microstrip lines was sufficiently

large, in this case, to make calculation of the phase constant, as

Suggested in the paper included in Appendix 1, impossible. The

peak values of phase deviation, and their associated frequencies,

were measured. The length of the microstrip line was also measured

and corrected for its open-circuit end effect, AC, by adding

Dé= 02x%H see 3646
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where H is the height or thickness of the substrate. The equivalent

length of TM supporting line, €), was then found from

Lo~ 4 /(29/%) se Sd

where My/d, is the normalised guide wavelength for the line, and
, 1s its corrected physical length. The electrical length, foL,
is then found from the relationship,

bt = 20t&. soe 3.48
c

where ¢ is the velocity of light, and f is the frequency. The

normalised guide wavelength was determined from Bryant and Weiss!

results using knowledge of the width of the line to substrate

height ratio, W/H. It was corrected for its variation with

frequency by using the following empirical formula

Py. 2
where f is the frequency in GHz and m is the rate of change of

Dg/A, with frequency. For this measurement, m was taken as

~0-0014, derived from ring resonator measurements similar to those

in the previous Chapter. The characteristic impedances of the

microstrip lines were found, using the graphs in Figures 3.9 to

3.11, from the maximum values of phase deviation and their associated

electrical lengths, obtained from the frequencies of peak phase

deviation using equation 3.48.

The importance of the position of the junction susceptance

can be seen from the results shown in Figure 3.13. This shows the

same set of practical results, evaluated using the theory established

in the previous section, for various positions of junctions

susceptance in the line. As the frequency is increased, the loci

of the various susceptance positions diverge. A similar presentation

is used in Figure 3.14, the difference being that here, the

practical data was obtained where the comector had an overlap

of 0-4 mm, Comparison of the two sets of results reveals that a

similar characteristic impedance is obtained for each case, if the
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Junction susceptance is positioned half the distance of the

overlap along the line. A small change in its positioning has

a large effect on the behaviour of the calculated impedance at

high frequencies. Thus, a small overlap of the connector on

the microstrip line’ will not only reduce the junction discontinuity,

but will also aid the accuracy of the measurement by making the

‘position of the junction susceptance more certain, Further

observations show that at low frequencies, the characteristic

impedance is almost independent of the junction susceptance's

position, and significantly lower than the various theoretical

predictions and T.D.R. measurements show. A comparison of these

results with the theoretical predictions is given in Figure 3+15.

3.4 Measurement of the Characteristic Impedance of the Dominant

Modes of a Microstrip/Slot Li: Combination.

The configuration, the cross-section of which is show

diagrammatically in Figure 3.16, supports two modes, a microstrip-

mode and a slot-mode.

Their phase velocities

| | have been measured using

ring resonators (see

uf Chapter 2) showing that

for a normal slot the

D> phase velocity of the
=| microstrip-mode is only

slightly altered from

Pigure 3.16 that of a true microstrip

line.

Direct measurement of the slot-mode impedance has not

deen attempted. The problem of making a wideband connection to

a standard TEM line without large junction discontinuities has

not been overcome, The characteristic impedance has been determined

somewhat crudely by constructing a microstrip/slot line coupler,

and relating its performance to a theoretical model with various

slot line impedances as trial values. ‘The details of this

experiment are given in Chapter 5.
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The microstip-mode impedance, however, has been directly

measured, Because of the similarity in cross-section between

the two transmission lines, the characteristic impedance of the

microstrip-mode in the microstrip/slot line combination was

measured with respect to a microstrip line. This avoided the

technical problem of joining the microstip/slot line to a coaxial

line. A microstrip line was constructed on an Alumina substrate,

0°635 mm. thick, and a slot 2 cms long etched, under the line,

in the ground plane, such that on either side of the microstrip/

slot line there was a section of microstrip line. From 1.D.R.

measurements it was found that the slot caused the characteristic

impedance to be higher than for the same line dimensions without

a slot in the ground plane. Three different sized slots were

used, the results being shown graphically in Figure 3.17.



80

% INCREASE OF MICROSTRIP-MODE
IMPEDANCE OVER IMPEDANCE OF
A SIMILAR MICROSTRIP _LINE

10 _

-2-

Figure 3.17 Variation of the Microstrip-Mode Impedance

with D/H when loaded with 0-025 inch thick

Zirconate,



8T

CHAPTER

A THEORETICAL APPROACH FOR THE SOLUTION OF FIELD PROBLEMS USING

‘6 a . A LEAST SQUARE CRITERION 7

4.1 Introduction

In the preceding Chapters, attention has been centred

upon the méasurement of various parameters in order to design

a microwave directional coupler. The design has been based

entirely upon these measurements, which if a widely differing

performance were required, or different materials used, would

necessitate the performance of a completely new set of measurements,

The theoretical solutions of microstrip transmission lines and

related structures are complicated mainly by the presence of

the transverse inhomogeneity. Since no analytical approach

has been found which yields a closed form solution, a range of

numerical methods have been used to find an approximate solution.

Early methods for solving microstrip were based upon a quasi-

static approach which assumed a quasi-TM mode to propagate

(31, 51-54). More recently, attention has been concentrated

on determining the dispersive nature of microstrip by using

either methods based on a hybrid mode analysis (9, 17, 22, 23,

45, 55-67), or frequency dependent models (18, 69).

The directional coupler described in this thesis

supports two different dominant modes which are uncoupled and

dispersive. A theoretical method, based upon a hybrid mode

analysis, that would be applicable to general structures more

complex than microstrip, is required. It was thought that the

method of error minimisation using a Least Square criterion

Published by LaRiviere (67) offered the best possibility of

extension to characterise structures more complex than, but

similar to, microstrip. Vinite Hlement (63) or Finite Difference

(60) approaches require large amounts of compute? storage, and

the use of non-linear discretisation grids to maintain accuracy

near regions of rapidly varying fields. the approach using

singular integral equations by Mittra and-Itch (65) showed that
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for microstrip, results of similar accuracy could be achieved

with a 2x 2 matrix compared to a 50 x 50 matrix using Finite

Difference techniques. The singular integral technique; however,

is not easily applied to’more complicated structures due to the

increased complexity of the algebraic manipulations involved.

Hybrid mode analysis techniques using Fourier Matching

and Variational expressions have also been developed by LaRiviere

and others (51, 59, 64). The main disadvantages with these

approaches for microstrip are that the relative convergence of

a pair of semi-infinite integrals is not known explicitly, and

that large orders of determinant have to be solved. Because the

field singularities at the edge of the strip are often ignored

in the hybrid mode formulation, the rate of convergence is slow.

With added complexity, however, this latter problem may be

eliminated by application of the ‘edge condition' (70) as an

extra boundary condition in the hybrid mode formulation. ‘he

relative convergence problem has been solved explicitly using

this condition for a bifurcated waveguide by Mittra (71). ‘The

problem for microstrip renains unsolved, with methods having to

resort to the use of trial ratios. Applying these techniques
to structures similar to, but more complex than, microstrip

would, in general, slow the rate of convergence, and make the

relative convergence problem more intractable.

The Least Square error minimisation technique is well

known as a method of optimising the fit of two sete of functions,

The technique can be generally applied in one of two ways.

Pirstly as an interior method where the field, waich is completely

enclosed by the boundaries, conforms to a given equation, the

kernel of which is given by an approximate solution which conforms

to the boundary conditions. ‘The error is squared and integrated

over the entire enclosed surface, the best approximate solution

being that which is found when the integral is at its minimum, ‘The

alternative approach is to find an exact function which satisfies

the linear operator equation within the region, and then to

integrate the square of this function when it is subjected to the

voundary condition, along the boundaries of the region. ‘his

approach is termed a boundary method.
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An application of the boundary method, for the solution

of scattering problems, has been published by Davis (72).

Boundary conditions at the interface of sub-regions or at a

conducting surface where the basis functions of the region do

not satisfy the boundary condition, lead to a boundary residual

which can be minimised by application of the Least Squre criterion.

He proved the ‘boundary residual’ method to be rigorously

convergent, and showed that the convergence is guaranteed for

regions where singularity in the fields may occur, as long as

the "boundary residuals' are evaluated along contours which

end at the point of singularity, though the rate of convergence

may be slower,

4n alternative approach to that adopted by LaRiviere

is given in this Chapter for a solution to microstrip. The

method is perhaps more general, and can be extended to solve

the propagation problem of the two modes supported in the directional

coupler described in Chapter 5. The essential difference of

approach is that basis functions for the fields in a transverse

section of the enclosed microstrip line, satisfy all the boundary

conditions imposed by the metallic conductors, excluding the

‘edge condition’ at the edge of the strip. Thus non-zero

voundary residuals only exist within the enclosed region, allowing

it to be considered as an interior method, although the formation

of the Least Square criterion is not integrated over the enclosed

surface, but along contours within the region. In section 4.2,

the L-shaped waveguide is used as a test for the method, though

formulated in a different manner to that of LaRiviere's work.

The transverse section of the guide was subdivided in a similar

manner to the way in which the transverse section of the microstrip

line of section 4.3 would be subdivided. In addition to comparing

TM solutions with those obtained by aRiviere, TE solutions were

also computed. ‘he dominant TE solution is important since it

is upon this mode that the field singularity at the edge of the

strip has its greatest effect.
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4.2 Theory applied to an L-Shaped Waveguide.

4.2.1 TM Modes in an L-Shaped Waveguide.

Consider the L-shaped waveguide in Sigs 4ate

b ‘bh

The fields within these sub-regions can be expressed

by equations which must satisfy, (a) the boundary between

sub-regions, and (b) Maxwell's equations within each sub-region.

Further, as it is required to solve an eigenvalue problem, then

these field expansions must satisfy the Helmholtz Equation:

Wie keto

where X% is a scalar

V is the vector operator zh + %

Ke is the wave number, or eigenvalue of the partial differential

equation.

Vor MTM modes there is no longitudinal magnetic field, i.e.

4, =0 stare?

thus, if Qis the magnetic scalar potential, defined such that

Hh = Q, ell ar)
3 14)

where b is the phase constant, then

Q=0 core!
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Thus, within each region only the electric field has to conform

to Helmholtz equation

VE +k Le0 vee 45

where the scalar electric potential L is related to the longitudinal

electric field, by the definition:

= tel 3 Stele kyaEy Yay) 4

Solutions of the partial differential equation 4.6,

which conform to the boundary conditions, P=0, are given in terms
; = 9of unknown coefficients, namely a,,,,8, and o

¥, t 2 (a, Sole. sinp'?(b-y)) ae

2, (Casini ay + Gi Stn nein dy) FeaAB

¥, = & (eq sin pax). six ay ) os 49

ot

where the separation coefficients of the partial differential

equation are given by:

ols oo ; = Vk ~ fg” «os 4.10

caeaq = a > p? = ky Su asta

and a is the wave number, related to the angular velocity, W%
the velocity of light, c, and the phase volocity,@, by:

2 2 .
ke a.-P eenchele

Applying Maxwell's curl relationships within each sub-region,

the components of the fields, which are tangential and normal to

the interfaces of the sub-regions, are given as follows:

on - Jee vee eB
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hl EH (perl eats ea dsee ee ee
Haale +e ehgs
Hy “aaah ~ jvedt) wow 4046

From the knowledge that the tangential electric field

at any boundary is continuous, the tangential electric fields

can be matched between regions -. and 2, and regions 3 and 2,

allowing the unknown coefficients a, and e, to’ be expressed in

terns of &, and & + “The component FB, in each region is given

by equation 4.6, and Hand RB, by equations 4.13 and 4.14

respectively, remembering that Q is sero. It is found that

the following relationships result:

ow, s Cy eee AIT

eé, = qt wee 4.18

Across an interface between two non-conducting regions,

the total surface current density per unit width is zero, and

the tangential components of the magnetic field are continuous.

It is upon this relationship that the Least Square error minimisation

criterion is defined, The boundary residual R, along a contour

is given by:

Raf Ae My fit + OH, Nity Hafele fn
where indicates the transverse direction parallel. to the

interface between the two regions, suffixed 1 and 2, and the

asterisks indicate the complex conjugate.

It is at this stage that the normal mathematic notation

can be best replaced by computer programming notation, especially

for the names of certain variables, This aids the checking of

the computer program against the mathematics, and thus helps to
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eliminate errors.

In the L-shaped waveguide under consideration, the

two boundary residuals become:

S.

Re {2 fern. suche. + Sy Hxi8Gy). Simp eel.
om a

2 fem HXIA(M) in oh 20 + Ey HBG). Sindy q dhe +5 4.20

and

a

bye [2h Pear sin any + &, HYIB(W), ae
°

2G, HYiA(e) singin mip + Ey Mr indy | dy Seared

where the one dimensional H arrays are:

Hxia(w) = ~ jet copa aoe dize
A

x16 (N) = - GD ePoée Nearly)
ka

HYiAW) 2 j= DxfPaco vee 4o24

n

HYIB(N) = J-tec corte, see 4625
A

Expanding equations 4.20 and 4.21, it will be seen

that each boundary residual is expressed in terms of a pair of

the unknown coefficients, and ey with the product of two of

the one dimensional H arrays, and an integral. Thus, equations

4.20 and 4.21 become:

oe aie atae fe CnWhih+ Coy ABI2 + C,Ey BALL + BCin eer} ae a6

and

uM 5

Raye 2.2 SenANtSs Gy NO + Big BAIS + 2.68059... 4.27
3 neha

where the variables AA12, AB12, AA2%, 4B23, etc, are computed
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for each n and m, being given by the following set of equations,

written in Fortran, the computer programming language. Here,

only, the asterisk denotes multiplication.

AA12<HX1A(N) *CANJG(HX1A(M) )*CO1(N,M)

AB124HX1A(N) *OANJG(HX1B(M) )*CO2(N,M)

BA12-HX13(N) *CANJG(HX14(M) )*CO3(N,M)

BB12=HX1B(N)*CfJG(HX1B(M) ) *COA(N,M)

AA23 HY 14(N) *CANIG(HY1A(H) )*CO5 (NM) eee dses

AB2SaIY 1A(N) *OPNIG(HY 1B (HM) ) *CO6 (MM)

BA23=HY 1B(N) *CgNIG(HY1A(M))*CO7(N,M)

BB23=HY 1B(N)*CgNJG(HY1B(M) )*coa(N,M)

where the two dimension @ arrays are given by:

COI (Ny) ( snes «(since a) dye

co2(NH) = y din dPx.(sin pO a) doe

coatuyy)=* sin fb re (suncit oy dy
Oo

coa(iyM)= C sunfire ( sinpbihlac ) de
‘Oo

“ " . iecostyple sm pny (yy 4) dy, cosiheey

Cobli,n)= i sin y (sinaSy Py
‘o

corny) b= | sin oly (sit pity) dy

coegin)=(* sin of Py (sin oof? uy dy

Adding equations 4.26 and 4.27 together, and writing

the result using matrix notation, then

xwAc =R see 4,30

where R is the total boundary residual, the vector

wy :x=(6,,8,,. 2 B18) Pare), x is the transpose of x being
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= (B15 550+ By 818 4-+-%), and A is the matrix formed by the

coefficients AA12, AB12, etcetera. It can be seen that this

equation has 2 quadratic form, but also that because the vector

x is not implicit in the problem, since the magnitude of the

scalar fields are not fixed, the expression must be nomalised

in order that the form be minimised, Dividing by the inner

product, equation 4.30 becomes:

wan =k De Ais
ax

This for is well known as being the Raleigh quotient (73, 74),

which has the property that for x"x = 1, ite value equals the

smallest eigenvalue of the matrix A when the vector x equale

the eigenvector associated with that eigenvalue, Hence, the

problem reduces to one of solving the eigenvalue probbém:

@-1a)z =0 ead 82

To find the minimum boundary residual it is thus only required

to vary the frequency with all other parameters fixed, and to

find the minimum value of },, the smallest eigenvalue from equation

Arik4.32. he vector x is equal to the eigenvector associated with

Since the problem is formulated from basis functions

which ave without a true scalar reference, it is instructive to

imagine that they do have one and that it is fixed by the relation

x x 2 1. Thus, the smallest eigenvalue of A is x"Ax, and the

problem is one of solving the eigenvalue equation 4.52. Bach

region is not necessarily bound to a common numerical scule,

and intentional scaling or effects of the higher harmonics of

the basis functions will change the magnitudes of the components

of the basis functions, The inner product in this case will

change and will no longer be equal to unity. It can easily

ve shown that en eigenvalue of A is given by

Toe
ha TAZ cee BESS

“Ie

Thus, since the inner product is no longer unity, its effect is



90

to impose different numerical shifts to all the eigenvalues of

A, so that generally A,, will no longer be its smallest eigenvalue

though it still will be representative of the value of the

quadratic form in question.

Where the physical problem is simple, and the scalar

fields similar in each sub-region, singularities and intentional

scaling absent, the eigenvalues of A, which correspond to the

value of the quadratic form, will perhaps be given by the smallest

eigenvalue of A. This is true for this case, but when microstrip

is considered in section 4.3, it is certainly not true. Moreover,

the variation due to larger matrix orders re-scales the eigenvalue

problem in such a way that the eigenvalues of larger order

matrices are numerically greater than those of smaller matrices.

It should be remembered, however, that the frequency at which

the minimum of the eigeavalue occurs, and the ratios of the

components of the associated eigenvector, are seemingly unaltered

by this phenomenon,

Matrix A is formed when the elements AA12, 4B12 etc.

in equations 4.26 and 4.27 are arranged as in the following

@iagram, Figure 4.2. For this problem it is seen numerically

that the matrix is real symmetric, though more generally it

is hermitian, es is,

for example, the case

SS of the T solution
Em en for I~shaped waveguide

Aare Awa considered in the next

‘AAzs Ages sub-section. The
decision to mltiply

1 rows and columns by

Bae ee -j and j respectively,

gz) eas 6623 was not necessary since
the matrix was already

real. It was decided,

however, that this

would not be done for a

general case in order to

gain simplification at
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at the expense of the increased cosiputer storage requirenents

of a complex matrix. The algorithms used for obtaining the

eigenvalues and eigenvectors were taken from a book by J.H.

Wilkinson and C. Reinsch (75), which contains a collection of

algorithms for solving linear algebraic systems and the algebraic

eigenvalue problem. One possibility would be to form the

[3]
from the complex matrix A + jB, and use methods applicable to

augmented matrix.

veal symmetric matrices. One of the most efficient of these,

the Householder Tridiagonalization (76), has a slight disadvantage

that where the elements of a matrix have widely varying orders

of magnitude, they must be organised such that the smallest

are in the top left hand corner, and the largest in the bottom

vight hand corner. LaRiviere used this routine in conjunction

with the methods of Bisection (77) to find the eigenvalues.

This latter procedure is an extremely flexible method of finding

some or all of the eigenvalues, and eigenvectors, of a

tridiagonalised matrix to any degree of accuracy. LaRiviere

found matrix scaling necessary to order. the magnitudes of its

elements as required for the Householder algorithm, the optimum

scaling factor giving the fastest convergence of the problem.

Because of the fact that the augnented matrix produces pairs of

eigenvalues, and eigenvectors, which would require pairing

after computation, and also because of the scaling, it was

decided to use algorithms which would deal directly with complex

matrices and thus avoid these difficulties.

The procedure recommended in Wilkinson and Reinsch's

vook for a general complex matrix is to use a complex form of the

IR algorithm called 'Comlr 2' (78). This computes all the eigenvalues

and eigenvectors of 4-complex Hessenberg Matrix. The general

complex matrix can first be transformed to an uppei-Hessenberg

form, using the routine 'Gomhes' (79). These two routines are

particularly compatable,-since the multipliers used in the

similarity transformations to the upper-Hessenberg form are stored
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below the sub-diagonal in the lower half triangle of the Hessenberg

matrix, ‘Comlr 2' uses this information to form the eigenvectors

of the original matrix A rather than the Hessenberg matrix.

The eigenvalues are unaffected by the similarity transformations.

Where the elements in the matrix are of widely different orders

of magnitude, the norm, | Al of the matrix can be reduced using
@ complex version of the routine ‘Balance’ (80). This has been

implemented in all the problems so far solved, but’ without

showing much difference in the value of the computed eigenvalue.

An outline of the computer program necessary to compute

the eigenvalues and eigenvectors, is given in Appendix 2. ‘The

program was executed on a CDC7600 computer at the University of

London Computing Centre. The required solution for each of the

M modes was each mode's associated wave number, k*, With and

the waveguide dimensions set to unity, i.e. the waveguide cross-

section made up of three unit squares, k? was varied noting the

value of a particular eigenvalue. The eigenvalue associated with

each mode reached a minimum value for a particular value of ee

‘The minima of these eigenvalues wore initially obtained graphically,

but later improved accuracy was achieved by using a golden section

algorithm to locate each minima, the eigenvalue of interest being

recognised numerically by means of its associated eigenvector

which only changed slowly with me The results obtained are given
in Table 4.1, all figures accurate to the last significant figure.

This test of the Least Square error minimisation technique,

applied to solving the eigenvalue problem of an h-shaped waveguide,

can be seen to be successful when comparison is made between the

results in Table 4.1 and those obtained by LaRiviere, where the

fields were matched along a diagonal between the apex of the guide

and its external corner, and Fox et. al. (81) who solved the

similar eigenvalue problen of an I-shaped membrane. The comparison

is given in Table 4.2, where LaRiviere's results have been

multiplied by 7° since his unit-square“had sides of length T.

Bigenvalue 1 at = = 9°64 was obtained since the

separation constants, AW and A@ given in equations 4.10 and 4.11,
passed through zero at 7” (9-869). This made the matrix so
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Eigenvalue Wave Number, re for given Matrix Order
No. 2x2 4x4 6x6 8x8 10x10

7 = = a = =

2 15°7098 | 15+3642 | 15*°2844 | 15-2519 | 15°2352

5 = rz eS a -

4 29°T19T | 29°5203 | 29°5159 | 29-5167 | 29-5174

5 33+ 5636 | 32°7136 | 52°5659 | 52-4893 | 32°4376

6 - 41°6990 | 41°6090 | 41-5656 | 41°5419

1 - 45-6995 | 45-2993 | 45-1627 | 45-0957

8,9 - - - - -

10 - - 56+63d2 | 56-6234 | 56-6208

Mable 4.1.

Bigenvalue| Fox et al. LaRiviere Computed

No. f aitt. p aice,

u 9°6397238 = = ah fal

2 15219725 15*1972 -0+001 | 15+2352 +0-25

3 19*73920 1921S Somme, = =

4 29+52148 29+5230 +0-005 | 29+5172 -0+014

5 31*91263 32-8372 42°90 | 32-4376 41°65

6 4194745 42°4620 +2+38 | 41-5419 40-187

7 44+948 447616 -0+42 | 45-0957 40-328

8,9 | 49+3480 49-3480 - * -

10 56+7096 57-6217 -1:608.| 56-6208 ~0+157

*

See Text.
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ill-conditioned around this value that the eigenvalue could not

be seen to pass through a minimum, Eigenvalues 3, 8 and 9 have

eigenfunctions which are multiple squares, and thus with the

contours chosen to evaluate the Least Square criterion, the

residuals are small, and are satisfied-exactly. The non-appearance

of the expected minima for these eigenvalues may be due to this

fact, causing the minima to be very sharp, and thus easily missed

in a discrete search, ‘the fact that eigenvalue 3 is equal to

@n*, and eigenvalues 8 and 9 are equal to Si*can be easily seen

from equations 4.10 and 4.11. A typical plot of the change of

an eigenvalue with ” is given in Figure 4.3.

4.2.2 TE Modes in an L-Shaped Waveguide

The previous sub-section showed that good results could

be achieved with moderate sized matrices when considering the IM

modes in an L-shaped waveguide, where the scalar electric fields

exactly satisfied the Dirichlet boundary condition, = 0, around

the waveguide, and the scalar magnetic field was zero by definition.

Amore complex guided wave structure, such as a single microstrip

line or two coupled microstrip lines, would involve both scalar

electric as well as scalar magnetic fields, since the dominant

mode contains both longitudinal electric and magnetic fields.

By solving the same waveguide for its TE modes, the scalar

electric field will be zero since there is no longitudinal

electric field component, and the scalar magnetic field, Q, will

conform to the Helmholtz equation,

2, 2 “VQ +kKQR ao feediss

with Neumann boundary conditions at the waveguide walle:

2@.0 see 4.36
on

n being the direction normal to any surface of the waveguide.

A solution of 4.35 with Neumann conditions, which is

analogous to that of equation 4.5 in the previous sub-section,
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is as follows:

Q,= 2 (byewoots'. cao/an (by) ) soe 4837

6 3 i, 0, , 7 2, (2)= 2 (dy concen a orpn'y + d,, os af x casahy ) tee Aea8

&= Z(frossld-x) oensy) von 4039,

However, it is seen that at the internal 270° corner, the Neumann

condition is not satisfied by these equations. The separation

constants are previously given in equations 4.10 and 4.11.

Matching the tangential electric fields along the

boundaries between sub-regions simplifies the above equations

by establishing the following identities:

been sebagdd

and

+ 4.41

Applying the Least Square error minimisation criterion

of equation 4.19, yields in this case two sets of equations for

each boundary, namely one for the H, field match, and one for either

the H, or H, depending upon the boundary. ‘Thus from the above

equations, the boundary residual along the contours between

sub-regions 1 and 2, and sub-regions 2 and 3 become

4.42

and

vee 4ed3

where

¢

R (2 d, Ca: 2)aa 2. data), conan + dy 1216 (W)consien b.
~ "2 Gan) mele + dy HBI8(m) coo aaa the pes Add
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¢,

Rox i fa, Hxialn) sin wl + dy unio) sina Px}.

[2 HxIa(m) incr + Dg Hsu) sn Pref de e445
Riese - dn HE2AN). cooly + d, 122800) conch :

Zhi, H22A(M)cooplly, +d, H82B(M) cxodh Puli dy... 4.46

Ru -B {2 HY2A(u) sna y+ an Hv26 (x) cing,

2.4, wr2a(n)sia gy + din H¢2B(M) sin och uf dy... 4.47

where

H2IA(N) = ~2coopa vos 4.48

H216 (uy) = ~(-1)" see 4.49

HxIA() = ~j 2g ena see 4450

Hxio(V) = Bese wes 4.531

H22AWv) = -(-1)" vee 452

H22B (nN) = ~2cooaPc soe 4.53

Hy2a(u) = -j 2fe Cl) pAb Cue wees 4.54

Hr26 (v) = = abt ang ee vee 4655
A

In a similar manner to the case in sub-section 4.2.1, the total

ae residual for each contour can be written:

hoe 22 {I ,du anne Aydin ABI2+ Fydy BAL2 + And B8I2 sedge

Ras sea Ty AA23-+ dnd MOEB+ Indi BA23+ dydy 8828... 4.57

where the matrix coefficients are given by:
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AA12sHX1A(N) *CANIG(HX1A(M))*CO1(1,M)

+ HZ1A(M)*cgngG(HZ1A(M) )*CO5(N,M)

Sea EOE a) Sea M)

c + HZ1A(N) *egNJG(HZ1B(M) )*co6(N, x)

BA12=HX1B(N) *CANIG(HX1A(M))*CO3(N,M) ~ =

+ BaLEAN pea CER TA) O07 (e, M)

HE cata TaN) SPICE a) OL)

+ H2Z1B(N)*CANIG(HZ1B(M) ) *CO8(N,M),

AAQ3aHY2A(N) *CANIG(HY2A(M))*CO9(NjM)

¥ HZ2Aa(N) #0gngG(HZ2A(M))*013(N,M)

AB23=HY2A(N) *CPNIG(RY2B(M) )*C10(N,M)

+ HZ2A(N) *CANIG(HZ2B(M) )*014(N,M)

BA23=HY2B(N) *CANIG(HY2A(M) )*C11(N,M)

+ HZ2B(N)*CPNIG(HZ2A(M) )*C15(N,M)

BB25=HY2B(N) *OgNIG(HY2B(M))*C12(N,M)

+ 1Z2B(M)*0fnJG(HZ2B(M) )*016(N,M)

Me integrals being:

col (Nm) = (- atin cshPx (sino x)" doe

coz(w ym) = (cua (cna 8.) dec
c03(N, M)= {sm Aa. (siaegl?a) de

c04-(v,M)= {sin Alta. (sin A aef do

C05 (Wy) = [sais (cooeelx) dx
cob (um) = J enon 1. (coop) de

con (ya) few 15. ceost}?s) dn

coatiynla (cpa (cp) be

29 (wid [silly cin Ally
C10 (yn) [in asin Vy

\

++ 4.58
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eu (MMe ic (cing) 4

cr an (ty
c3(yM) = fons y (coo/sily)ty

c14(u,M) = [cay (co ay) ty

C154) = (soa (om dy
oly (en y

cloii,m)= ( coo
,

Forming the matrix A, from the boundary residual equations 4.56
and 4.57, the elements, given by equation 4.58, are arranged as

in the diagram - Figure 4.4. The eigenvectors of A are found

in the same way as before, though in this case the matrix is

i

AAIZ AGI2
AAz A823

n

BAIZ B62

BA23 8823

hermitian rather than

au.

the eigenvalues are

real indicating that

the matrix is positive

definite. The results

obtained for the first

real symmetric.

two eigenvalues are

given below in Table

43

Rigure 4.

Wave Number, 1 for given Matrix Order

2x2 4x4 6x6 8x8 | 10 x 10

1 4.3660 | 71-4870 [71-4899 | 14-4914 | 14-4915

2 53317 | 35418 | 3*5399 | 3°5381 | 3+5369

Table 4.3

In order to check the rate of convergence and overall

accuracy, it was hoped to be able to compare these results with
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other results published for L-shaped waveguide solutions with

Neumann boundary conditions. However, no published results could

be found. A ridge waveguide of the basic dimensions, as shown

in Figure 4.5, has been

1 1 analysed for both TE

and IM modes, For TE

2 2 modes, where Neumann

boundary conditions are

used, the symmetry of

+ the ridge waveguide

would make each eigenfunction

of the L-shaped waveguide

equivalent: to successive even eigenfunctions of the ridge waveguide.

The relationships between the eigenvalue numbers being given in

Table 4.4.

Comparicon of the results with those of Bulley and

Davis (82) and Beaubien and Wexler (83) for ridge waveguide, is

given in Table 4.5. The results of Table 4.3 are for k, or

where ‘a! is the size of the vait square, as (ee0" liey and)

Davis quote their results for S , the value of ‘a! being 0-5.

To allow comparison with (xa)? hehe ‘a! is unity, their results
have to be divided by a factor of four. Beaubien and Wexler

published results for ka, 'a! being unity, thus for comparison

thete results are squared. Rigenvalues 3 and 4 are ut conditioned,

since for = ia the sevacaticncons tants fr ana oe pass through
zero.

4.3 Theory Applied to an Enclosed Microstrip Line.

The previous section has shown a hybrid mode analysis

incorporating a least Square criterion to minimise the matching

of fields between sub-regions, for which the type of field solution

is known, ‘The L-shaped waveguide was chosen to test the technique,

since the form of the sub-regions would be similar to those

employed in an enclosed microstrip solution considered in this

section. The dominant mode for microstrip is symmetrical either
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Eigenvalue No. Bigenfunctions for

L-shaped

Ridge L-shaped Waveguide

Waveguide | Waveguide

1 = =

2 1 symmetric

3 - =

4 2 antisymmetric

5 es =

6,7 3,4 symmetric square

Table 4.4

Bigenvalue| Bulley and] Beaubien and | Computed

No. Davis Wexler 10x10 matrix
1 1*5160 1°4677 124915

2 3-539 5329 375369

354 - -

Table 4.5
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side of the strip, allowing some initial simplification. The

transverse section is divided into sub-regions as shown in

0-0, Yo

Neco

2

Heo, Yeo

De
ee CLLLEALLL

eT d &

%=0,%<0
on

Figure 4.6

Figure 4.6. No assumptions

fave been made regarding

E, and H_, hence the
% %

Helmholtz equation has

to be satisfied for both

electric and magnetic

scalar fields,

vy ke O vs« 4560:

VQ +KQ= 0... 4.61

subject to the boundary

conditions shown in

Figure 4.6. It will

be noticed that the line

of symetry is a magnetic

wall, which allows transverse

even symmetry in both the electric and magnetic fields.

The following equations are the solutions to the

Helmholtz equations above, giving the scalar fields in each

sub-region.

Ye ale SHE sna tb-y))

be 2 (bn if ong)
ba ec)

soe 4.62

ves 4,63

+ Sy sina l- aes ta) ) epee

d= 2d, £20(899(ch-2) coo of P-y)
BY (he

vie cron) cat 3}) wee 4.65
peo
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ok ee Bld-x) sin of)

= avei oa 4:66
cop dee) pac@= -£ 65, ” Ceofp(d-c) any

x hs sida) asi ) eee 4067

We (aes ae fae sina) wee 4.68

econ =) aeae c
the separation constants being:

2
ee nie 5 ie Ko?

(b-a) a ets 70!

“Ger : Bay Ky ~o? 5 PP =f 5-3? sas HOTA

“ne eae? Paige ie
where

Ke oo ise 408
and

k5 = er ky - pr eed pat

Tt is seen that these scalar field equations bear a

similar resemblance to those for the L-shaped waveguide considered

in the last section, ‘The singularity in the scalar magnetic

field around the edge of the strip is present, and will be seen

to have a more severe influence on the convergence of the problem

as the frequency increases. Some nomalisation of the scalar

fields has been effected by dividing functions such as cos Bx

in equation 4.62 by its maximum value in its particular aub-

vegion, namely csp in this example. This normalisation has
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the effect of reducing the numerical range of the elements in

the final matrix, causing it to be better conditioned and reducing

the effects of rounding errors. This type of normalisation is

absolutely justified since the scalar fields are arbitrary.

Matching the tangential electric fields as before

simplifies the problem by reducing the number of unknown

coefficients from twelve to five, since it is found that:

a, Tn PR

by = dy tan pi(ol-c) tan pire Lae

Qn = & ose Mate

Ing = flaw (d-e)tan Pe sos dl

ey = vee 4079

os ! Be ton -0) =a) 4.80
KA tampa

This last relationship shows that coupling between the electric

and magnetic scalar fields is taking place across the dielectric

interface.

Matching the fields along each boundary, the Least

Square criterion takes on an exactly similar form as before,

though of course each boundary residual is more complex. Each

boundary residual is now considered in turn.

a) Boundary residual between sub-regions 1 and 2

Taking the longitudinal magnetic field first, the

component of this boundary residual is given by

g
Ne ~ %

at {2 AnkeIabs) ons Qlb-y) + d, H216(N) cas piilb-y)h.

{B dntemncssb-g + dia Hzi6 (4) cos pO pty woe 4.84
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where

HBIA(N) = tan A\'(d-c)tangne —1 vee 4.82

a

eo ated)Hz16 (u) ea se 4.83

The transverse magnetic field which is parallel to the

boundary in question is the x, field, the residual being:

Ry a= ae, dy waa) snalb-g) + dy Hv16(). sin (b -y)
£ Cy HYIC(N)simwy(b-y) + Sy, HYD(N) sin bh Pb <p.

Edn HYIA() simdit(b-y) + dy H1t6 (x) sin 050(b-y)
# GH sina (o-g) + Oy HYD GH) sin (og oy. «4.88

where

@) iHyiAly)= 126A ompite - - mares) 4.85

ayi8(y) = — secant C1)" fa
Je ka sia ah%(b-a) aHrie (N) = - j ea J? (tom SPd-ctanple -1) ve 4:87

ur (w) = jesecp" ete ees 4.88
ky cos ph? (b-a)

b) Boundary residual between sub-regions 3 and 4.

Considering this in a similar manner yields the following

equation for i boundary residual from the q, fields:

Regt if fe = F,w23av) coset ly + & H298(1) cosy
‘Oo

+ Fy HB Sclu) caso yt. {z £ #234 (y) aay

+ GpHesB(ucogpely + dy wascla)ond Py dy... 4.09
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where

Hasa(n) = tan Pr(d-c)tan De - 1 vee 4690

H236(N) = ke (-)"tanp -a) wee 4.94
ka AW sinha.

HaseQy) = — APC _ (KS _ 1) = ea Avge
OY pr sin Ba \ ke

Taking the Hy fields, the boundary residual is given by:

“ft & HYOA(N) ein BP + dy H¥38(N) si ARs i, tz, A feaee Sey
+8, HrBC(W)sinecy + F, HreDla) cine Yh LD. 2 MYA i
~ Le ; e . ot+ day HY3B(n) snp + by HYSClH) Stet +Fyered(nsiney ky, 4.93

where

-@ nye 2HY3A(v) = sie (a (le sa ') + 6,6, wee 4.94
kp sing Www \ ka

HY3B (n) = jel" ae tana? (b-a) eee
A Sth Ba

uv3C(W) = ji566, AP (tondee — aha) 296

+, ,GY, Fy =Ha (u) fact tonfD[t-c)tanfe 21) ees,
5

¢) Boundary residual between sub-regions 2 and 3,

The boundary residual for the HY fields is given as

follows:

a
No n~

io -{ §E d,He2nilcoupy'(d-n) + J. H220(i cose -x)

+f, H20(y) cogild-x) + &, HE2D(u) cosa ~~) ;

fF Area) apfilld-x) + by 826 (ou) cased)

4b H2zC(M) cos pENd-x) + Fy H22)(m) 03 2YA- te. 4.98
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where

H22A (uN) = ee tee 4.99
BS pj (d-e)

He26(v) = 1+ KE a? ton? (b-a, bus EO
Ky Bw tan pias

W220 (U) eg eee A.) 05 SP (A-c) 4.101

(2) 2H2ad(Ne — wittsarrs 8 -!) sas 4.102

Finally the transverse fields parallel to the boundary, the a,

fields, give the following boundary residual:

he Ey Hx2A(u) sinh M(x) + & Hx2G(u) sin ia -x)
+ dag HiZe (M1) sinbO(A 0) + dy Hx2d(H) sisnsc? (cb-x)

+ Ey Hx2E Wy) Suan) + J, HALA) sin BP (Ct-x)},

(Be, mre asin Mie) By h(a dP)
$+ Ayy HxzC (et) sin BY (Ae) + Ly H«23(t) si ody? (che)

+ Em HXZE()Stu pO Gl-ac) + Fy HX2E() sia KP Awake. 4.103

ce

, O_, yn
x: a [eectn (=!Hx24(v) ae in Baa) vee 40104

= j (Ba (6b ZkE -Hx2B (w) = j (Agee tae

s ae? « px’_\)...weal TapbPXb-a) * ig emai )
Hx2e(y) = - ee eS sa 4.106

ae PS fon (che)

Hx2) (W) = - Jage + BO ten sO (bea) eee A107
Bi? tan 2 a

uxze (u) = forge een CI n eee 4.108
kp Sin AW? (h—c)

4.105
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ip.pe(-n"HXx2I =en) ky cos AP? (-c)
eee 4.109

The equations that give the total boundary residuals

in terms of the matrix coefficients are not included in this

section, as they have been in section 4.2, since, because of

their increased number, their inclusion would tend to distract

from the main purpose of this section. Yor completeness these

equations are given in Appendix 3.

Although one of the main attributes of the Least Square

error minimisation technique is guaranteed convergence, it has

been shown by Davis (72) and LaRiviere(67) that the use of

scaling factors can speed up the rate of convergence. Davis

used a scaling factor which provided greater weighting to the

electric or magnetic walls in the scattering problen, whereas

LaRiviere employed scaling factors to provide weighting between

the various longitudinal and transverse components of each

poundary residual.

It was not felt that a detailed study of the effects

of scaling factors on this particular problem would, in the time

available, add mach to the extension of the method to more complex

structures, such as coupled microstrip or the microstrip/slot

combination, Thus, in order to give some comparison with previous

work by others, a preliminary choice of scaling factors was made

such that the various components of each boundary residual were

similar in magnitude for small matrix orders. The selection of

sealing factors using small matrices was used by LeRiviere, though

he also optimised them for maximum rate of convergence. Similar

dimensions and permittivitios to those previously employed by
others (17, 65, 67) were used, though accurate comparison was

only possible with LaRiviere's results for Fourier Matching, the

other results being displayed graphically.

The results obtained using the same routines as for

the L-shaped waveguide are compared with LaRiviere's results
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for Fourier Matching in Table 4.6. The differences between

results presented here and his results are expressed as a percentage

in an adjacent column, and shown graphically in Figure 4.7.

The results show that the convergence is not continuous,

but appears to oscillate. It would appear, particularly from

Figure 4.6, that certain numbers of expansion terms satisfy the

problem better than others. For example, when n = 3, the solution

is less stable with frequency than it is for n = 2 or 4, Another

observation of relevance is that more expansion terms are necessary

to obtain solutions of similar accuracy as the frequency increases.

The question of the absolute numerical value of the eigenvalue

was discussed in section 4.2, The eigenvalues of interest with

tais problem show that as more expansion terms are taken, further

scaling of the matrix is taking place. This seens to be the case

since the minimum value of the eigenvalues, for an increasing

mumber of expansion terms, does not steadily decrease, but appear

to be unrelated to each other. The eigenvectors are extremely

useful, because of this fact, in enabling the loci of the eigenvalues

to be plotted with frequency. Without them, interpretation of

the eigenvalues would be almost impossible, particularly for the

solutions less stable with frequency.

Tables 4.7 and 4.8 give the eigenvectors for the solutions

for two different matrix sizes. The complete set of unknown

coefficients in equations 4.62 to 4.69 can be found using the

relationships given in equations 4.75 to 4.60. This has been

done for one set of values to show the eigenfunction. A computer

Program, which is not described here, used these coefficients

to compute the electric and magnetic scalar potentials over a

mumber of points within the microstrip cross-section, After

normalisation they were plotted, as show in Figure 4.8, using

a routine called SYMVW, which gives a perspective view of a surface.

The program was executed on the University of London Computing

Centre's CDC7600 computer, which has the microfilm plotting

routine SYMVU on permanent file. In Figure 4.8, the ground plane

is along the left hand surface; thé réar and right hand edges

signify the walls of the box, and the front surface represents
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LaRiviere's This Method

6 “results
100x100 Matrix] 12x12 Matrix] 18x18 Matrix] 24x24 Matrix

(Giz) Guz | 4 Giz| % Giz] %

100 19943 1:89 | -2*70 | 1°94 | -0-16 | 1°93 | -0+67

150 2-898 2-83 |-2-34 | 2-94 | 47-45 [2-88 | -0-41

200 3+839 3:73 |-2°89 | 3-95 | +2*90 [3-83 | -0+234

250 4-766 4:62 | -3+07 | 5-02 | +5-35 [4°76 | -0-126

300 5°680 5°52 |-2°82 | 6-07 | +6-68 |5-69 | 40-568

350 6-584 6°38 |-5+10| 7-10 | +7-84 |6+60 | 0-24

400 1°479 127) =s°Unsbee = 7:52 | 40°79

450 8-364 8-10 |-3-16 | — = {8-43 | 40-79

500 97242 8-92 |-3-50| - = |9-70 | +4+96
550 40-112 = = = S = ie

600 10°976 10-62 |-3-54 | - = = 5

Table 4.6

The dimensions in Figure 4.6

and the relative permittivity, €, = 8+875.

a= 1°27 mm.

D = 12°7

c= 09635

d= 6:35

mn.

mn.

mn.

for the above results ares
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Z DIFFERENCE WITH 100x100 MATRIX
FoR FOURIER MRTCHING (61)

& 4 i

64

[04x 24

LZ 2. lo, 12
+ 1

FREQUENCY GHe

(2x12

Figure 4.7 Convergence of the Microstrip Solution,
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Beta iG ¢ a @ = ei

150 | 1+5 -05 | 6-7 -05 |-1-9 -01 | 1-0 00 |-1-2 -03 |-3-6 -02

-1*8 -05 | 8+9 -03 | 9-9 -02 | 3*6 -01 | 1°7 -03 | 7+8 -03

200 | 4-3 -05 | 6-1 -05 |=1-9 -01 | 1-0 00 |-1-1 -03 |-3-9 -02

4:1 -05 | 9-4 -03 | 9+9 -02 | 3-6 -01 | 1-3 -03 | 7+8 -03

250 | 5-8 -05 | 6-8 -03 |-1-9 -01 | 1-0 00 |-9+8 -04 |-4-3 -02

-4+0 ~05 | 1:0 -02 | 9-9 -02 | 3-7 -01 | 1-1 -03 | 8-3 -03

300 | 5+9 -05 | 8-5 -03 |-1-9 -01 | 1-0 00 |-9-2 -04 |-5-2 -02

=2+4 -05 | 1-1 -02 |. 9-7 -02 | 3-8 -01 | 9+2 -04 | 8-7 -03

350 | 4-7 -05 | 1+1 -02 |-1-8 -01 | 1-0 00 |-a-6 -04 |-6-0 -02

1:7 -06 | 1+3 -02 | 9-2 ~02 | 3-9 -01 | 7:6 -04 | 90 -03

4oo | 1-1 -04 | 6+2 -03 |-2-2 -01 | 1-0 00 |-8+2 -04 |-5-6 -02

4-8 -05 | 9-3 -03 | 9-7 -02 | 3-9 -01 | 8-5 -04 | 1-0 -02

450 | 7-2 -05 | 1-0 -02 |-1-9 -01 | 4-0 00 [-7-7 -04 |-6-7 -02

9:1 -06 | 1+2 -02 | 8-8 -02 | 4-1 -01 | 6-8 -04 | 9-9 -03

500 | 1-0 ~04 | 7-3 -05 |-2-1 -01 [7-0 00 |-7-6 -04 |-6-7 -02

=3*9 -05 | 99 -03 | 9°1 -02 | 4-1 -01 | 74 -04 | 1°1 -02

Mable As7 Matrix size: 12 x 12
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Beta c ev a a e Fr
150 |-5+2 -O4 | 2+1 -02 |-1+3 -01 | 1°0 00 |-2+2 -03 |-7+4 -02

30 -04 | 2*4 -02 | 1-1 -01 |-3-0 -01 | 3-1 -03 | 2-0 -02

I-26 -04 | 42 -02 |-6+3 -02 |-8+4 -01 |-3-6 -03 |-9-0 -03

2:6 -04 | 4°7 -02 | 3-9 -02 |-2-5 -01 |-8+7 -04 |-2-4 -03

200 | 3+5 -04 |-1-3 -02 | 9-6 -02 |-8-4 -01 | 1-3 -03 | 6-1 -02

-1°2 -O4 |-2+3 -02 |-1+1 -01 | 5*5 -01 |-1+8 -03 |-1-7 -02

8-7 -05 |-3+9 -02 |. 6-4 -02 | 1-0 00 | 1*5 -03 | 7+1 -03

j=1*0 -04 |-3+4 -02 |-4+0 -02 | 2-8 -01 | 36 -03 | 2-1 -03

250 |-3+3 -04 [| 2-3 -02 |-5-7 -02 | 1-0 00 |-1-1

2+2 -04 | 2-8 -02 | 8-6 -02 |-2-0 -01 | 1°5

|-2-1 -O4 | 47 -02 |-5+2 -02 |-8-8 -01 |-2°7

2+2 -04 | 5°5 -02 |-3+2 -02 |-2+8 -01 |-7-0

300 | 2+6 -04 |-2+1 -02 | 4-0 -02 |-9-5 -01 | 8-6

-1*6 -04 |-2+8 -02 |-8-3 -02 | 3-1 -01 |-1-1

1°6 5*1 -02 | 1-0 00 | 2-8

18 =3°2 ~-02 | 3-2 -01 | 6+1

350 | 2-0 4*7 -02 }-8-5 -01 | 6-3

es ~6-8 -02 | 3-2 -01 |-8-3

193 4-4 -02 | 1-0 00 |-1-2
465 -2-8 -02 | 3:2 -01 | 49

400 "7 -1+3 -02 |-7°8 -01 | 4-9

-1*2 -O4 |-2+5 -02 |-4+9 -02 | 2-8 -01 |-6+4

1+3 -04 |-4-2 -02 | 3-3 -02 | 1-0 00 |-2-2

I-1*4 -O4 |-4-6 -02 |-2-2 -02 | 3-3 -01 | 4-2

450 | 1-6 -o4 |-1-7 -02 [=5-8 -02 [-7-1 -01 | 3-8

-1+3 -04 |-2+4 -02 }-2-3 -02 | 2-1 -01 |-4-8

14 -04 |-4*1 -02 | 1*8 -02 | 10 00 |-299

195 -4°6 -02 |-1+3 -02 | 3*5 -01 | 3-5 -03 | 2+1 -03

500 | 3-5 ~02 |-3+9 -01 |-4+5 -01 | 3+3 -05 [-4+1 -02

3-2 -02 | 1°4 -01 |-5+3 -01 |-5+4 -05 | 4-8 -03

5-2 ~02 |-7°6 -02 | 1-0 00 |-2+3 -04 |-2-0 -03

~3+0 -02 | 4*5 -02 | 5:2 -01 | 1-7 -03 |-2-8 -o4

Mable 4:8 Matrix size: 24 x 24
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the magnetic wall along the line of symmetry; the position of the

strip is parallel to the ground plane and is approximately 1 cm

from the front left hand corner, extending 4 cm inwards,
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CHAPTER

APPLICATION OF MICROSTRIP/SLOT LINE PARAMETERS T0 A PRACTICAL,

> -*-~- DIRECTIONAL COUPLER DESIGN '- -

5. Introduction

At this point in the thesis, the various results

obtained will be unified to allow a fuller understanding of the

operation of a particular form of proximity directional coupler,

One alternative to a coupled microstrip line proximity directional

coupler is that which uses a microstrip/slot line combination,

first published by de Ronde(11). No references to the characteristics

for the dominant modes of this structure were found, therefore

the results contained within this thesis were used for the

practical design of a coupler. This alternative was chosen since

although it had been shown that the even- and odd-modes of

coupled microstrip lines could be made to be degenerate, this

wes technologically difficult. The results in Chapter 2 showed

degeneracy was practically very easy to achieve for the microstrip/

slot line combination.

Chapter 2 is devoted to the measurement of normalised

guide wavelength, which has been carried out for both modes of

the microstrip/slot line combination with several forms of

dielectric loading of the slot. The results for the microstrip-

mode were as expected, being close to those for a single microstrip

line when the slot width is small compared to the width of the

top line, The results for the slot-modes were of a similar

overall shape to those obtained theoretically by Cohn (32)

for the more conventional slot-node, but had a much lower overall

normalised guide wavelength. The very non-linear variation of

normalised guide wavelength for various slot widths was rather

unexpected, when loaded with 0-025 inch thick zirconate material

and with the top Line width kept constant.

Chapter 3 introduces a new method of measurement of

characteristic impedance, and supports, with practical measurements,
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xecent claims that the impedance of single microstrip lines

generally increases with frequency, if only slightly at the lower

microwave frequencies. This result, which is of interest in all

applications of microstrip, can allow one to design wideband

structures with more certainty of their practical performance.

Because of the similarity between the dominant mode of a single

microstrip line and the microstrip/slot line combination, it is

reasonable to assume that the freqiiency dependence of their

characteristic impedances will be similar. ‘The characteristic

impedance of the microstrip-mode has been measured in comparison

to the impedance of a single microstrip line by Time Domain

Reflectometry. The slot line impedance was not measured by any

of the methods discussed in Chapter 3, since the structure supports

@ dominant mode which is TE, and cannot be connected directly

to a transmission line supporting a THI mode without a mode

converter of some type. For most of the measurement techniques,

as was explained in Chapter 3, impedance is normally measured by

relating the unknown line to a knowa line. Measurement with a

mode converter would still not give a unique result since it would

depend on parameters of the converter which are in turn dependent

upon the definition of impedance. The method used to characterise

the slot-mode impedance will be discussed later.

5.2 Directional Coupler Design Fundamentals.

In the preceeding Chapters emphasis has been placed

upon the properties of the transmission line which supports the

two dominant modes, For the microstrip/slot combination, it has

been shown that one of the bas

coupler, namely mode degeneracy, can be achieved with a 0:025 inch

¢ requirements for a good directional

thick zirconate substrate placed over the slot line. In addition

to knowing the normalised guide wavelength of each mode, the

characteristic impedance of the microstrip-mode is also known.

This mode has even symmetry about the transmission line. The

only unknown parameter of the transmission line structure is the

slot-mode characteristic impedance, ‘his mode has odd symmetry

about the transmission line, and its characteristic impedance
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is equal to twice the odd-mode impedance, Z,,

line, when the normal mode analysis of section 1.3 is considered.

, of the transmission

With knowledge of this mode impedance, the directional coupler

can be modelled for the particular characteristic desired.

The practical realisation of a directional coupler, so

that it performs in a similar manner to the ideal coupler of the

theoretical analysis, is of major importance. It is easy ina

theoretical analysis of a proximity directional coupler to imagine

four ports completely isolated from each other, Hach of these

ports is connected, via a matched line which is not coupled to

any other part of the circuit, to a point on the transmission

line structure which causes the coupling to take place. Consider

the standard microstrip proximity directional coupler. Figure 5.1

shows a typical coupler where the adjacent ports are at 90 degrees

to each other, ‘The

field pattern set up

in the coupled

transmission. line

region can be regarded

as the superposition

of an even- and odd-

mode. Thus, for an

incident wave at a

port, its energy will

be split between the

two modes depending

a
upon their apparent

characteristic impedances.

If two in-phase waves

are applied to adjacent

Rigure 5 ports, 1 and 4, it is

easily seen that the

even-mode will be excited, and conversely the odd-mode will. be

excited with a 160 degree phase difference at two adjacent porta,

In all practical microstrip proximity directional couplers it is

difficult to see how weak coupling can be avoided between the input

lines to the directional coupler. The angle subtended by adjacent
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input lines will not only influence the degree of this coupling,

put will alse affect the energy split between the two modes in the

coupler, The reason for this being that an abrupt change of

field distribution takes place at the point where the input lines

meet the coupler. The way in which the input lines join the

coupler seems to bea matter of preference, since couplers are

made with many different input line configurations, It is

possible that the previous lack of accurate knowledge of the

transmission line parameters, in the coupled section, has meant

that too many unknowns existed for the effects of the input and

output lines to be analysed.

By viewing the microstrip proximity directional coupler

in a rather different mamer, the similarity with the microstrip/

slot line coupler will be much easier to see. Imagine a wave on

one of the input lines of the coupler. When the wave reaches the

coupled section its energy will be redistributed, since there is

a number of ways in which it can propagate. These are simply,

the two modes of the coupled regions, a return wave on the input

line, a wave propagating away from the coupled region in the

output line adjacent to the input line, and possibly some radiation,

The energy in the even- and odd-modes propagates along the coupled

section until it reaches the end where the two. lines from the

remaining ports join the coupled lines. The energy in each

mode can be radiated, reflected back along the coupled section,

or if good symmetry exists, be divided equally between the two

output lines. Studying this last possibility in more detail it

can be seen that the waves in the output lines excited by the

even-mode will be in-phase with each other, whereas the waves

excited by the odd-modes will bear a 180 degree phase difference.

Thus, the resultant waves in each of. the output ports will be

different depending upon how the separate components interfere.

By suitable design, the unwanted reflections and radiations can

be reduced, and the even- and odd-mode impedances chosen to

provide the required split of energy between the three output ports.

The directional coupler made from the microstrip/alot

line combination, achieves its desired effect in a very similar
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manner to that just described for the microstrip proximity coupler.

Tne basic physical structure is shown in Figure 5.2. ‘The input

wave propagates along microstrip line 1, towards the microstrip/

slot line combination, where its energy is divided. The energy in

the input wave is shared
To? conbuctoR _2 y

by the two dominant

modes supported in

the microstrip/slot

line combination, a

reflected wave directed

outward from the

coupler in line 4

and a radiated wave

from the open-circuited

end of the ground

plane slot. The

energy propagating

along the microstrip/

4 slot line combination

GfounD PLANE is further divided
CONDUCTOR

gure 5.2 between a reflected

wave which travels

back along the microstrip/slot line combination, waves which

travel away from the coupler in lines 2 and 3, and some radiation

from the open-circuited ends of the ground plane slot. As before,

interference occurs between the waves formed in both lines 2 and 3,

Energy from the microstrip-mode is split equally into lines 2 and

3, the waves being in-phase with each other due to the modés

even symmetry about the line. The energy from the slot-mode also

splits equally between lines 2 and 3, but since the mode has odd

symmetry about the slot, there will be a 180 degree phase difference

between the waves in each line, This means that complete

cancellation of the waves can occur in one line giving rise to

the device's directional properties.

In this simplified view of the coupler a lot of detail

has been ignored, but together with the more rigorous approach,

Which is given in a subsequent section of this Chapter, a better
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understanding of the coupler should be possible. With this

type of coupler the way in which the microstrip lines join the

microstrip/slot line combination, and the effectiveness of the

open-circuit at each end of thé ground plane slot, will affect

the performance of the coupler. Both published couplers of this

form (11, 12) have had adjacent input lines at approximately

90 degrees to one another, However, the configuration of

Figure 5.2 was used in most practical experiments, since it was

felt that a good open-circuit in the ground plane slot at the

junction of the two input lines would be achieved with this

arrangement.

5.3 Theoretical Model of the Microstrip/Slot Line Coupler.

The modelling of a directional coupler using transfer

matrices has already been covered in Chapter 1, section 1.4.

In this section the technique will be applied to the nicrostrip/

Slot line coupler where the input lines radiation from the open-

circuit, and the discontinuity at the junction of the coaxial

to microstrip connector, will also he considered. Figure 5.3

is a photograph of an actual microstrip/slot line coupler. It

can be seen that two lines of symmetry are present, though for

the purposes of the even- and odd-mode analysis, the line of

symmetry considered will be that which is parallel to the

microstrip/slot line. Applying even-mode excitation, the

structure reduces to atwo port network given by the equivalent

circuit of Figure 5.4. Bach section of the equivalent circuit

am a

Bs bs & 25 bs | 5

o Lo
ant Cy et —— 6, ——ert — by

gure 5.4

has a physical significance. At.the left of Figure 5.4 there is

a shunt susceptance Bp which represents the junction discontinuity



Figure 5.3 A Microstrip/Slot Line Directional Coupler.
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at the coaxial to microstrip interface. This is followed by a

line of length ly phase constant Bs and characteristic impedance

Zz, which represents the microstrip line that connects to the

microstrip/slot line combination. Under even-mode excitation the

microstrip/slot line combination is represented by a line of

length 1, which has a phase constant , and a characteristic

impedance,Z,,, which is the even-mode impedance of the microstrip/

slot line combination. Finally, there is another length of

microstrip line and a junction discontinuity similar to those

described previously, The transfer matrix of the complete

equivalent circuit is the product of the individual transfer

matrices for each section, The transfer matrix for the junction

discontinuity is[ BJ given by

[BJ] « 1 °

j&S- ' «ee 5d

The microstrip line is given by[¢}:

[c] = [oospt — jsmpses

ig eh$ cop 0 fea gee

and the microstrip/slot line combination, under even-mode

excitation by[D]:

[>) = [58% jee snp,’

ibs copy Jo 53

Thus the transfer matrix for the complete coupler under even-

tode excitation {a}, is:

fal, = (8}fe}[>}[c]{8) |

The same coupler will now be considered under odd-mode excitation,

Figure 5.5 shows the equivalent circuit. It can be immediately

foticed that there are two extra transmission line sections which
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have not been given a dimension of length. These zero length,

e UU8 33 0; %x ei ee 4a 2, bs

° °

bs, ¢ o ¢ ts

zero phase constant sections with characteristic impedance Z,,

only contribute attenuation in their transfer function, which

is given by {B):

[E) = [eshat sinh act

sureh wshat SECA

where the product w@ is a number in nepers which represents

the attenuation (see Chapter 3, section 3.2.3). These sections

of attermation merely serve to simulate the energy which is

radiated from the open-circuit at each end of the ground plane

slot. Since the field in the slot is only excited under odd-mode

excitation the lossy section was not included in the even-mode

equivalent circuit. The other difference from the even-mode

equivalent circuit is in the representation of the microstrip/

slot line, As expected ite characteristic impedance is different,

being given by the odd-mode impedance, Z,,. The length, 1,, and

phase constant, , are also different to account for all possibilities

in the coupler's performance. Thus, the transfer function for

this section is given by fe}:

[F] = [cost j2.sm Ae

jisup,6 coop, £ Renlo.e
tn

and the transfer matrix for the complete coupler under odd-mode

excitation, BY, ie

fa), = CoMeMelfFMe){e).{0] an



125

Equations 5.4 and 5.7 can be used directly to form

the reflection and transmission coefficients for each excitation,

from which the signal at each port can be found. This procedure

has already been discussed in Chapter 1, section 1:4.

5.4 Determination of the Slot-fode Impedance.

This section has been included as part of this Chapter,

rather than in Chapter 3, since the slot-mode impedance is

determined from the performance of the coupler in which it is

used, It is not in the strict sense a measurement of the characteristic

impedance of the slot-mode of a microstrip/slot line combination

since the configuration of the coupler will have some effect.

The analysis developed in the previous section was used

to model the performance of a number of couplers similar to that

shown in Figure 5.3. The couplers were made with microstrip/

slot line combinations close to those measured in Chapter 2.

In this way the phase constants ®, and fj, in equations 5.3 and

5.6 will be known as a function of frequency. In the computer

program, which calculates the performance of the coupler, (see

Appendix 2, program GO46) the two phase. constants are calculated

in different ways. f,, the even-mode phase constant, is computed

from the zero frequency normalised guide wavelength, by assuming

that it changes linearly with frequency at a rate of -0-0014 per

GHz, he normalised guide wavelength for the alot-mode is very

non-Linear, so first the guide wavelength is found by interpolating

betwoen successive values taken at one gigahertz intervals. From

this, p,, the phase constant for the odd-mode, is calculated.

The input lines to the coupler were made to be approximately

50 ohms. The 3 mm. coaxial microstrip converters were assumed to

exhibit a ¢apacttive discontinuity. This assumption, by virtue

of its use in the measurenents of Chapter 3, has already been

shown to be a good approximation at a junction between a 50 ohm

3 mm. coaxial ana 2 50 ohm microstrip line, The value of the

nomalised susceptance, By, is given in terms of only the YSmR
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for the junction, by equation 3.38 in Chapter 3. For this

computation the VSWR, due to the discontinuity, was 1-0125 at

1 GHz. Thus matrix (B) of equation 5.1 can be computed, where

f£ is the’ frequency in’ gigahertz.

The length and width of the lines leading from each

port to the coupler were measured, ‘he ratio W/Il was used to

determine their characteristic impedance and phase constant, from

the results of Bryant and Weiss (19). These items of information

are sufficient to allow matrix C of equation 5,2 to be computed,

though assumptions are made that all of the four lines have similar

length and impedance. Other assumptions are that the impedance

of each line is constant over its entire length and that its

length is the sane for both excitations of the coupler.

Matzices((DJ and [F] of equations 5.3 and 5.6, can be

formed from the knowledge of the microstrip- and slot-mode

parameters gained in previous Chapters. It has already been

discussed how , and , are derived. The impedance of the

microstrip-mode is taken from the curves show in Figure 3.17

of Chapter 3. The even-mode. impedance, Z,, used in the calculations,

is equal to twice the impedance of the microstrip-mode. The slot-

mode impedance, which is unknown, is equal to twice the odd-mode

impedance, 2,,. Various trjel values of Z,, are useil in the

computation, the value which gives the best approximation to the

coupler's measured characteristics being deemed the correct

value for Z,,. The lengths 1, and 1, are derived from measurements,

however, they are gomewhat arbitrary since an estimation has to

be made where each mode effectively terminates,

The value of «f in the matrix for the lossy section,

equation 5.5, was determined empirically. Measurements of the

signals from each port, and the reflected signal of the input

port, were summed. Any power not accounted for was assumed to be

radiated, Trial values of of were used to find that value which

gave the sale percentage of power loss in the two cases,

The results for the even- and odd-mode impedances are
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shown in Pigure 5.6. It should be stressed that these results

are only approximate, but are sufficiently accurate to allow the

initial design of couplers. The results for the even-mode

impedance were taken from the microstrip-mode impedances given

previously (Figure 3.17, Chapter 3). The odd-mode impedances

were the impedance values which gave the best agreement between

practical measurements and theoretical predictions, for five

test couplers, The photograph, Figure 5.3, of two of the couplers,

shows the top of one coupler, and the ground plane of another,

The photograph shows them rotated through 90 degrees with respect

to each other. he ground plane of the input microstrip lines

was cut away on one side, so that it extended 1+27 mm (approximately

two line widths) from the edge of the top line. This was so that

a large area of the ground plane could be cut away, to make a

good wideband open-circuit at the end of the slot-line. Tests

were carried out on the Time Domain Reflectometer which indicated

that the ground plane modifications had little effect on the

characteristic impedance of the microstrip line. ‘he end of the

slot was directly underneath the junction of the two microstrip

input lines and the microstrip line of the coupler. To achieve

this, it can be seen that it was necessary to cut the ground

plane away in the form of a 'v' at each end of the slot line.

The five couplers used to determine the odd-mode impedance of

the coupler, were all identical apart from the widths of the

nicrostrip/slot line combination.

Tests were carried out on the coupler with the microstip/

slot line absent. They showed that the power coupled to the

isolated port and direct port was -35 dB and -40 4B respectively.

This amount of coupling would limit the power from the isolated

port to -35 dB, Tn the practical cases measured,’ it was seen

that the power from the isolated port was generally much larger

than -35 dB, the stray coupling between the input lines having

little effect.
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Coupler.

With the last of the parameters of the microstrip/slot

line combination know, a design for a proximity coupler can be

made, To test the validity of the empirical curves for the

even- and odd-mode impedances given in Figure 5.6, a 3 dB coupler

was designed. For this particular choice of coupling, the input

power is split equally between the coupled and direct ports.

Equations 1.32 and 1.33 relating the even- and odd-mode impedances

to the coupling coefficient can be expressed in terms of the

power at the coupled port, in decibels:

Ma := 5 ro kt sole) wee 58

Bop = Sof 0A 4 soo) Me nase

Where dB represents the coupling required in decibels, in this

case aB = -3-0. For a 3 4B coupler, it is found that %,, = 123 ohms

and Z,, = 20*7 ohms. From the characteristics given in Figure 5.6,

the unique values for W/H and D/H are found to be approximately

0-66 and 02 respectively. Choosing a similar coupler design

to those previously tested, a coupler was fabricated with measured

W/H = 0+655 and D/H = 0-191. Its performance, given in Figure 5.7,

shows the outputs of the coupled and direct ports to be approximately

equal over the frequency range 4+0 to 5-0 GHz, with a minimum

directivity of 17 dB. The input VSWR, over nearly an octave

bandwidth about this centre frequency, being better than 1+5.

‘The computer program that calculates the response of

the model, coupler, was used as a theoretical check of this

coupler, In the setting up of the program, the following parameters

were used:

Length of input lines = 3.0 om,

Length of microstrip Line = 6-0 mn.

Length of slot line = 773 mm,

2, = 55 ohms.

Z = 20 ohms.
‘co

4 = 120 ohms,
‘oe

Junction VSWR

ml
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The performance obtained with these parameters is shown in

Figure 5.8, The power in the direct and coupled ports are very

accurately predicted, that in the isolated port being somewhat

worse, since the rippling is not in-phase in the two cases. In

the evaluation of the slot line impedance it was necessary to

match a theoretical solution to the practical measurements. In

most cases, a good match could be achieved, most deviation

between the two results occurring in the matching of the two

rippling functions in the isolated port. It could be seen from

the use of the computer program for the model, that this

rippling was sensitive to changes in the input lines and junction

discontinuity in addition to changes in the microstrip/slot line

combination, ;

In defining the model, an approximation was made in

which complete symmetry between the four ports was assumed to

exist. It seems that in the practical case bad alignment of

the mask in the photolithographic process would cause the input

line length to be dissimilar, and etching tolerances would

cause them to have different and non-uniform impedances. It

was decided for these reasons to accept the differences between

the responses of the isolated ports in the two cases, when

they were closely approximated, but rippled slightly out of

phase with each other.

Removing the junction discontinuity from the theoretical

model, by setting the junction VSWR to unity, affected the

response of the isolated port by lowering its power by about

one decibel. he other ports were affected by approximately

two orders of magnitude less than the isolated port. Removing

the mismatched input lines by changing their input impedances

from 53 ohms to 50 ohms, imposes a much greater change on the

xesponse of the isolated port, the other ports again being hardly

affected, The response of the model under these conditions is

shown in Pigure 5.9. It is seen that the rippling in the isolated

port is completely removed, the directivity now being greater

than 20 dB. Removal of the rippling also reveals certain design

faults, which will be discussed in the next Chapter. 1% shows
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that the minimum response of the isolated port does not match

the centre frequency of the direct and coupled ports.

The remaining aspect of this experimental coupler,

not so far deseribed, is the loss due to radiation. From the

matching of the theoretical models to the practical couplers

responses it has been found that the loss is approximately 4%

for couplers with slots having width to height ratios of around

0+2, to 25% for width to height ratios of 1-0.
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CHAPTER 6.

DISCUSSION

6.1 Introduction,

The procedures and results contained in the experimental

and theoretical sections of this thesis will now be discussed

in some detail. In general, conclusions will not be made in

order that they may be more clearly expressed in the next Chapter.

In both the introduction to the thesis, and in Chapter 1, it has

been emphasised that the design ana performance of a microstrip

proximity directional coupler can only be predicted from the

knowledge of cortain parameters of microstrip and related transmission

line structures.

Bach section of this Chapter will be devoted to considering

one of the main topics where either experimental or theoretical

work, or toth, has been carried out. The topics will be discussed

in the order in which they appear in the thesis, with the

exception that the theoretical study of microstrip will be

considered last.

2_ Phase Velocity Measurements.

The fact that the phase velocity and normalised guide

wavelength of a mode are simply related, has allowed their

measurement to be made from the knowledge of the physical length

and resonant frequencies of a resonator which supports the mode

in question, This technique has been investigated in Chapter 2,

resulting in the measurement of the even- and odd-mode normalised

guide wavelengths of coupled microstrip lines, and the normalised

guide wavelengths of the two dominant modes of a microstrip/slot

line combination, The resonator configuration adopted in each

case was that of a ring, thus eliminating the problems associated

with open- or short-cireuit end effects, encountered with other

forms of resonators. The ring resonator, however, does have some
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disadvantages for this application in that for lower order

resonances, around the ring, the curvature is sufficient to

cause a perturbation of resonant frequency. It has been shown

by Horton and Raster (40) that this effect is small when the

xing's circumference is greater than three times the wavelength,

Over the frequency range 1 to 12 GHz, the results for

the even- and odd-mode normalised guide wavelength showed the

dispersion to be approximately linear. The normalised guide

wavelengths of the even~ and odd-mode changed by approximately

~0+0013 per GHz and -0-0004 per GHz respectively, for medium

coupled lines. The fact that the odd-mode was less dispersive

and had a larger phase velocity than the even-mode is easy to

understand if one considers the static field configuration for

each mode. ‘he energy for the odd-mode is concentrated less in the

dielectric than for the even-mode, allowing the phase velocity to

be nearer its free space value, and less dependent upon the effects

of the dielectric and the dielectric inhomogeneity.

Apart from Denlinger's measurements of the even- and

odd-mode guide wavelengths of coupled microstrip lines on

magnesium titanate substrates (15), and Napoli and Hughes'

measurements (24), there were no published results which could

be used as a comparison for the experimental results. Denlinger's

results are unsuitable for use for comparison purposes because

of the large difference of relative permittivity of the substrate

material to the one used in this experiment. One of the original

intentions of the experiment in Chapter 2 was to check the

experimental results of Napoli and Hughes. This was because

they had found a much larger difference between the normalised

guide wavelengths of the two modes, than was postulated by

Bryant and Weiss' theoretical analysis. Napoli and Hughes

found the difference to be between 13% for weakly coupled lines,

and 17% for strongly coupled lines, In their experiments, a

substrate with a relative permittivity of 10-4 was used. From

Chapter 2, using a substrate with a relative permittivity of

10+3, the measured differences were between 11+2% and 129%

for the same cases. The theoretical differences, calculated

using Bryant and Weiss' computer program (19), for both substrates
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lay between 8+8% and 11-1. One reason, pointed out in the letter

published on this experiment (Appendix 1), is that Napoli and

Hughes! results were obtained at 8 GHz, whereas Bryant and Weiss!

theoretical analysis is a quasi-static approach, only valid at

low frequencies.

Publication of the results of the even- and odd-mode

normalised guide wavelengths of coupled microstrip lines, show

in Chapter 2, has resulted in then being used for comparison for

two theoretical approaches, Getsinger (68) used the data to show

that his Microstrip Dispersion Model was valid for coupled

microstrip lines, This was true if the total mode impedances

were employed in the evaluation of certain parameters needed

to characterise the model. Kowalski and Pregla (10) also used

the experimental results as a comparison for their theoretical

method based on a variational expression.

Getsinger's LSE-mede model for microstrip predicted

the following dispersion relationships:

top ee oe 64
| + G(52/ 52)

where

G % 06 + 0.0092, ei .2

and & the frequency-sensitive effective dielectric constant

€eo the effective dielectric constant at zero frequency

€; the substrate dielectric constant

+ 2, the characteristic impedance at zero frequency

Dy er nill/inch

G an empirical parameter

H the substrate thickness

The empirical parameter G can be found either from equation

6.2 or from the 'inflection-point method described in Getsingerts

earlier paper which was concerned with a Microstrip Model (18).
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For the coupled line case, good agreement was found to occur

between the measurements and predictions of equation 6-1.

This is perhaps not particularly surprising since Gg, is

derived from the experimental data, ensuring a good curve fit

near zero frequency. The empirical parameter G, which can be

derived from the actual data, or from equation 6.2, sets the

position of an inflection point in the frequency variation

of the effective dielectric constant. In general, for the

microstrip lines considered, this will occur above 12 GHz,

It has been shown that the model has not been used to verify

the practical results, but that the results have been shown

to be consistent with the operation of a simple model. By

knowledge of the approximate impedance and zero frequency

effective dielectric constant for each mode, the frequency

dependence of the effective dielectric constant is found.

The even-mode does appear to be characterised better than the

odd-mode, which is most likely because of the mode's closer

similarity with the dominant mode of a microstrip line, which

the model represents,

The theoretical analysis of Kowalski and Pregla is

more useful as a verification of the practical measurements

than Getsinger's model. Although the odd-mode is closely

characterised, the measured normalised guide wavelength exhibits

a consistently higher effective dielectric constant than predicted

over the frequency range considered. Since Kowalaki and Pregla's

theory agrees with Bryant and Weiss' resulta at zero frequency,

it appears that the even-mode normalised guide wavelength that

was measured, was in error. The reason for this was at first

unclear, though one explanation would be that the relative

permittivity of the substrate was higher than 9-7 as had been

found to be true for an alumina material, from a different

manufacturer, by Napoli and Hughes (84). This possibility was

investigated and surprisingly it was found that in November 1971

the manufacturers had changed their data sheet relating to this

material (85), to the effect that the dielectric constant of

ADS 995 Alumina had been increased from 9-8 to 10*3. This

~ higher figure for the dielectric constant has been used for the
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calculations given in Chapter 2, but the change was not realised

until after the paper on this experiment had been published

and the results used by Kowalski and Pregla, and by Getsinger.

The accuracy of Getsinger's model is unaffected since the

parameters are obtained from the data, but the theoretical

prediction of Kowalski and Pregla was computed assuming a

dielectric constant of 9-7. Thus, their results for the effective

dielectric constant for each mode were lower than were calculated

from the measurements. If their theoretical predictions were

xe-calculated for a dielectric constant of 10+3, the even-mode

effective dielectric constant would be nearer to the measured

values, and the odd-mode slightly greater. The latter effect

could be the result of a finite conductor thickness of approximately

13pm, since the theoretical analysis assumes infinitely thin

lossless conductors,

Te almost linear frequency dependence of the normalised

guide wavelength of the even- and odd-modes of coupled microstrip

lines was established by the measurements described in Chapter 2.

Publication of the results (see Appendix 1) promoted a reply

from Napoli and Hughes (86), since in previous publications,

(44, 84) they had shown empirically that the frequency dependence

of the normalised guide wavelengths of the two modes is approximately

square law.- In their correspondence, they expressed the propagation

constant, ¥, as a function of s in the complex frequency domain:

afeas+ as +4,5° 4+ a6... eae us

such that for real frequencies, that is when 8 = jur

Ve jaw - ays” — jas? + ayort AY |

since

Fa wr jf vie 655

then
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B= aur(1- 220%4-- ) 26.6

showing the deviation to be square law. They suggested that

losses or curvature within the resonators had affected the

results, giving the linear frequency dependence, It was felt

that the above argument required certain assumptions about the

nature of the microstrip line to be valid. ‘Tackling the problem

in a different manner, from first principles, it can be seen that

(R +jost-)(G + joc) won 67

where R is the resistance, b the inductance, G the conductance,

and C the capacitance, all per unit length, of a transmission

line. If RQosL and GK uC, then from equation 6.7 it can

easily be shown that

Bx wft e(r4 (fk -a)) pene
Bu

showing the deviation to be square law as before. It is unlikely

in the case of microstrip that the line parameters will be

constant with frequency. The most obvious of these, in the

complex frequency plane, is given by:

C= $(s)
= G + OS +c, tase oe 669

for real frequencies s = jo then

COja) = Co - fot) - WC, +... oon G40

assuming C to be real for all frequencies, Cy uF etcetera

must be zero, or more simply

C = §(s*) ras 621d

The propagation constant can still be expressed by equation

6.7, the transmission line equation, or by the power series of

equation 6,3 with modified coefficients. The deviation of the

phase constant which results is again square law. Generalising
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further, G may be a function of o andgs separately, that is

C= S(o,07) ' eercete

Under this condition, equation 6.3 is no longer valid, and the

Propagation constant must be expressed by two series, one with

C dependent on @ and one with it dependent onyr, ‘The resulting

expression for the phase constant, #, contains all powers of w

thus giving rise to a first order linear deviation of the phase

constant.

Tt can be seen from the foregoing discussion that a

square law deviation of the phase constant with frequency results

when the transmission Line parameters are invarient with frequency.

It has been shown that by imposing certain conditions on the

capacitance, the frequency dependence of the phase constant is

more general, containing all powers of & Since it is likely

that the inductance per unit length will also be a function of

Oand Ww, the almost linear frequency dependence of the normalised

guide wavelength that was measured, has some justification

theoretically.

The preliminary investigation of a microstrip/slot

Line configuration has shown that mode degeneracy of ita two

dominant modes exists under certain forms of dielectric loading

of the ground plane slot. The experimental results had to be

limited from practical considerations to a few specific microstrip/

slot line combinations, They are intended to be used as data

to which theoretical predictions can be compared, since the

theoretical analysis can give complete characterisation of the

configuration without the measurement and constructional errors

of the practical case. The errors in measurement ave similar to

those of the coupled microstrip lines, the ring and coupling

arrangements being of similar dimensions. It has been explained

in Chapter 2, that the circumference of the resonator was taken

to be the mean geometrical circumference, further the importance

of the positioning of the dielectric loading material was noted,

The results for the normalised guide wavelength of the microstrip-

mode were close to expectations, being very similer to those for
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the even-mode of a pair of coupled microstrip lines. It has

been seen that the normalised guide wavelength of the slot-mode,

of the microstrip/slot line combination, varies in a’non-linear

manner quite unlike that of the odd-mode of a pair of coupled

microstrip lines, It is this difference, between the modes, that

enables simple modifications to effect mode degeneracy in the

microstrip/slot line configuration. ‘he change of the normalised

guide wavelength of the slot-mode with D/li for a fixed W/H (see

Figure 2.14) has shown, for a particular’ frequency, that in

general two values of slot width have the same normalised guide

wavelength. It ig seen that the normalised guide wavelength at

a particular frequency is relatively invarient over a sma]

range of slot widths. o. comment further on this fact would

require further measurements in order that this function be

plotted for other values of W/H.

A mecsurement of the characteristic impedance of some

microstrip lines has been presented in Chapter 3, in which,

by using a novel method, the characteristic impedance has been

determined over the frequency range 1 - 8 GHz. The results

show the measured characteristic impedance to be lower than

that calculated by Bryant and Weiss at zero frequency, and the

frequency dependent solutions of Kowalski and Pregla (45), and

Schmitt and Sarges (23).

The reason for the measured characteristic impedances

being lower than those theoretically predicted is not fully

understood, partially because the inherent inaccuracies did not

allow precise enough measurements to be made. A starting

point in discussing this result is to reconsider the theoretical

model and its relation to the practical case. ‘he use of a

shunt capacitance to represent the junction discontimity, caused by

the coaxial to microstrip line transition, was based upon

observations by.Canlton, Hughes, and Sobel (42). A more recent

paper by Wight, Jain, Chudobiak and Makios (87) describes the



142

transition in terms of a shunt capacitance and series inductance.

The values at 10 GHz, for a 0-025 inch thick Alumina substrate,

using an OSM 244-4A coaxial to microstrip transition, were

eyL = 9 ohms ands = 1-1 mmho, This more complex model had been

considered prior to the publication of Wight et al., but it was

thought it would add complications to a method, where existing

errors in the measurément technique had not been reduced. ‘The

remainder of the model is possibly adequate considering the

accuracy of the practical measurements. The fact that the

discrepancy between the theoretical and messured impedances

are worse when the test and standard line are of different

impedance does tend to point towards the presence of an impedance

discontinuity parasitic, which may be in the form of a series

inductance (87).

The results that have been obtained do show an increase

in value with increasing frequency, a trend more exaggerated

with higher impedance lines. This observation backs the recent

theoretical conclusions of Krage and Haddad (9), Kowalski and

Pregla (45) and Schmitt and Sarges (23). It may be argued that

if the reason for the apparent low values is due to bad modelling

of the transition, or due to not accounting for an impedance

discontinuity parasitic, then this may shift, as well as change

the values of the peaks of the computed phase deviations, such

that the overall impedance characteristic is valid. ‘his,

however, is mere conjecture; one fact which may be relevant

is that an accidental lifting of the top strip, over a very

short length of line, adjacent to the transition, caused the

peak phase deviations to increase by approximately 50 in value,

with only a very small change in their peak frequency, If a

very short length of line, lifted from the substrate, can be

xepresented in an equivalent circuit as a series inductance,

then it is very likely that the presence of a small series

inductance at the transition, in the transmission line model,

would effect an increase in the measured characteristic impedance.

The Time Domain Reflectometer (T.D.R.) was used on

the same microstrip lines to measure the éharacteristic impedance.
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Higher impedance values resulted, but they were in between -those

obtained using the phase shift method and the theoretical

predictions, The problems associated with the use of the 7.D.R.

have already been ennunciated, it only being necessary to state

that the main error that existed was due to the physical size

of the microstrip line, its transition and open-cirouited end

being too amall for the rise time of the step waveform of the

TDR.

Partly because of the uncertainties related above, the

phase shift method of impedance measurement waa not used for

measuring the impedance of the microstrip-mode in the microstrip/

slot line combination. Instead, the T.D.R. was used to obtain

quickly some value for the impedance relative to a microstrip

line of the same dimensions, The results are as expected, with

very small slots having little effect upon the impedance. ‘he

effects become noticeable when the slot is greater than approximately

half the top strip width.

Measuring the characteristic impedance of tho slot-mode

of the microstrip/slot line combination, proved more difficult

than the measuring of the microstrip-mode because it is a. 1B

mode. It has been shown that impedance measurement gonorally

involves comparison with a coaxial line which supports a THM

mode. When the two are connected, mode conversion occurs,

affecting the measurement to an unknown extent. In Chapter 5,

the characteristic impedance of this mode has been determined

whilst under its required operating conditions as a diroctional

coupler. The method, although lacking elegance, has been shown

to yield reasonably consistent results, and is sufficiently

accurate to allow directional couplers to be designed to give

particular performances.

In Chapter 5, it has been explained how a directional

coupler caf be made from a microstrip/slot line combination.
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With this structure the phase velocity measurements of Chapter 2

have shown that degeneracy of the two dominant modes is easily

achieved in the frequency band 2 to 8 Giz, with possibilities

of degeneracy outside this band. This is a condition that

cannot be easily achieved in a conventional microstrip proximity

coupler.

For the optimisation of the design of a coupler, and

for characterisation of the slot-mode impedance, a theoretical

model of the complete coupler was derived. Using a digital

computer, the performance of the coupler's model could be

calculated. In constructing the model, various assumptions

were made in order to gain simplification, making the analysis

nore straightforward and reducing the number of input parameters

to the problem, The coupler was assumed to be completely

symmetrical, with all of the transmission lines having unifomn

impedances and propagation constants along their lengths, At

the coaxial to microstrip line transition, the junction discontinuity

was assumed to be completely described by a stint capacitance, as

in the measurements in Chapter 3, and radiation from the ground

plane slot was assumed to come only from the open-circuited

ends.

The results of the theoretical model predict that, in

the absence of mismatched input lines to the coupler, the minimum

power from the isolated port will not occur at the centre frequency

this is a result of the fact that the coupler

was made similar to the couplers used in the determination of

the slot-mode impedance, excepting the widths of the microstrip

and slot lines in the microstrip/slot line combination. The

length of this section was made equal to a quarter wavelength

at 4+5 Giz, this being approximately the centre of the range over

which mode degeneracy was found to occur with 0-025 inch thick

zirconate substrate as the loading dielectric. With the microstrip/

Slot line combination necessary to produce the desired mode t

impedances, mode degeneracy would occur between 5 and 6 GHz for

an ideal coupler. Because, however, the effective length over

which the slot-mode propagated was longer than that of the
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microstrip-mode, the minimum of the power from the isolated

port occured at a lower frequency.

6.5 A Theoretical Solution for Microstrip.

A theoretical solution for a microstrip transmission

line has been presented in Chapter 4. A Least Square criterion

was applied to a hybrid mode formulation in a way that is

directly applicable to the more complex configuration found

in the microstrip/slot line combination. Throughout Chapter 4,

some discussion of the reasons for the way in which the problem

was tackled, have already been given. At the risk of repétition

the more important points relating to the theoretical analysis

will now be discussed,

The TE and M solutions to the L-shaped waveguide

problem provided a good test for the theoretical method since

the internal 270 degree corner produced sub-regions that were

similar to those encountered in the microstrip analysis. The

computer program was tested by two cases, and it showed none

of the numerical problems that LaRiviere (67) had noted. In

his solution for the TM modes of the L-shaped waveguide, a real

matrix was formed, If any elements were imaginary, they were

made real by multiplying the rows and columns by -j and j

respectively. ‘he Householder Tridiagonalisation (76) and the

method of Bisection (77) were then used by him to compute the

eigenvalues, One of the disadvantages of this procedure is

that ordering of the matrix coefficients is required, which

means that the scalar fields have to be multiplied by a certain

sealing factor, The scaling factor is chosen as the one which

gives the fastest convergence of the solution. The formulation

given in Chapter 4 has purposely set out to be more general,

and thus a complex matrix has been formed, and the algorithns

"Comhes' (79) and 'Comlr 2" were used to compute all of the

eigenvalues and eigenvectors. These algorithna seem numerically

very stable for solving the type of matrices produced and

if problems are encountered a complex version of Balance’
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(80) can be used to reduce the norm of the matrix.

Unlike LaRiviere's work, scaling of the matrix by

dividing the scalar field by a factor such as ne“ where

nis the harmonic mmber, made little, if any, change to the

convergence of the computed eigenvalues, This shows that the

algorithns used here were relatively insenSitive to the merical

ordering of the aatrix, and further that the eigenvalue system

of the problem is wmaffected by scaling of the complete scalar

fields by a common factor.

The results for the first three TE modes of the L-shaped

waveguide were surprisingly accurate when it is remembered that

the boundary condition on the internal 270 degree corner is not

rigorously enforced, It was considered important that both

TB and M modes of the L-shaped waveguide were found, since the

dominant mode of the shielded microstrip line is formed from the

coupling of the dominant LSE and ISM modes of a similarly constructed

guide, but with the strip absent.

A major difference in the formulation of the microstrip

solution was that both scalar olectric and scalar magnetic fields

were present, They are often related to each other in this type

of analysis by the wave impedance of free space, but it was

decided that little reason existed for adopting this relationship

in this case, so for complete generality it was decided to keep

the two scalars decoupled.

A mumber of different scaling factors were tried in

the solution of the microstrip problem to attempt to find the

most sensitive boundary residuals, The boundary residual between

regions 1 and 2 was the most stable of these and changed little

in value with frequency. he toundary residual which was the

most sensitive was that between regions 2 and 3, When the

magnetic scalar potentials are relatively large in comparison

to the electric scalar potentials, the H_ component of this

voundary residual passes through a minimum near to the required

solution, Generally, this relationship between the electric



147

and magnetic scalar fields does not exist and the Hy component,

of the boundary residual merely changes with frequency and

matrix size in a continuous manner, The wy component of this

boundary residual changes at a much greater rate due mainly to

the contribution by FP23, defined in Appendix 3. This component

of the boundary residual becomes increasingly large with increasing

matrix order, and thus masks the contributions from other

coefficients. For this reason, the HL component of the boundary

residual was reduced by a large amount by the action of the

scaling factors till its value was similar to the other boundary

residuals. The boundary residual between regions 3 and 4 changed

less quickly with frequency and matrix order, and was equated

to the other boundary residuals by scaling factors close to

unity.

A contour representation of the electric and magnetic

scalar fields has been shown in Figure 4.8. It shows that

vetween regions 2 and 3, along the air/dielectric interface,

violent oscillations occur in the scalar potentials. Because

these oscillations are related to the number of expansion terns

of the scalar fields, they may have little physical. significance.

The coefficient © in equation 4.65 partially controls the scalar

magnetic field of region 2, which is in turn a component of the

eigenvector. From Tables 4,7 & 4.8, the component of the eigenvector

associated with &, can be seen to be greater for largor values of

n, Ideally, one would imagine a scalar magnetic field quickly

decaying away from the edge of the strip, in which case, q,
would deorease with increasing n.

The solutions, one of which is shown in Figure 4.7,

show that for the various matrix sizes the convergence is

unique, and is close to LaRiviere's solutions obtained from

Fourier Matching, The convergence problem was not investigated

fully, partly because of the uncertainty over the reason for the

oscillations of the scalar potentials along the air/dielectric

interface, and partly because the intention of this study

was to develop an existing method to a point where it is easily

applied to more complex structures, such as the microstrip/slot
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line combination. it has recently been stated by Hofmann (88)

that there is not a’relative convergence problem in mode

matching solutions for microstrip, since he has shown convergence

to be unique and the edge condition on the strip to be satisified.

In LaRiviere's approach, there was a relative convergence problem

using Fourier Matching for the microstrip problea. These two

seemingly conflicting results, may point to a difference which

results from using a different choice of sub-regions, since it

is thought that Hofmann used four sub-regions (89) similar to

the cross-section used in Chapter 4, and LaRiviere used only

two sub-regions, If this is so it may mean that in the latter

ease the edge condition on the strip was not satisfied in. the

solution, With the Least Square approach to mede matching,

it has already been said that there is no relative convergence

Problem as unique convergence is guaranteed if the contours

along which the residuals are evaluated, start or end at any

field singularity present, so that every singularity lies at

one end of a boundary residual.



[et Properties of Single and Coupled Remetns Lines and
Related Structures.

This thesis is concersed with the properties of single

and coupled microstrip lines and the microstrip/slot line combination,

in relation to tr iz use in nicrostrip directioriel couplers. The

Single microstrip line is perhaps the most well known of these

transmission lines, The zero frequency solutions for single

aicrostrip lines of Bryant and Weiss (19) are supplemented by

the recent frequency dependent solutions of Mittra and Itoh (65),

Kowalski and Pregla (45), Krage and Haddad (9) and Schmitt and

Sarges (23). All of these solutions, except that of Mittra,and

Itoh, have given both the variation of phase constant, in some

form, and impedance with frequency. They have postulated, contrary

to previous opinion, that the characteristic impedance of a

microstrip line increases with frequency. In order that the

directional coupler can be made compatible with other microstrip

structures, the characteristic impedance of a single line is an

important parameter which must be knowm over the operational

frequency band, A measurement of impedance variation with

frequency, of microstrip lines on 0-025 inch thick Alumina, has

been presented in Chapter 3 using a new measurement technique.

Although the impedance values are lower than expected, the variation

etically, for the first time, to be constanthas been shown pr

or to increase slightly over the frequency range 1 to 8 GHz.

A zero frequency solution by Bryant and Weiss (19)

and frequency dependent solutions by Kowalaki and Pregla (45)

and Krage and Haddad (9) have also been published for » pair of

coupled microstrip lines. Little practical verification of these

solutions was available, indeed an experimeat by Napoli and

Hughes (44) had foand sone disagreenent between their results

and theoretical predictions. The even- and odd-mode guide
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wavelengths have been measured for a number of different coupled

line configurations on 0-025 inch thick Alumina, and the results

published (see Appendix 1). Agreement between these results and

the theoretical-predictions has been improved recently, due to

knowledge that the dielectric constant of the Alumina used was

higher than that originally stated by the manufacturer. ‘The

variation of the normalised guide wavelength with frequency has

been found to be approximately linear between 1 and 12 GHz,

the even-mode changing by approximately -0-0013 per GHx and the

odd-mode by -0-0004 per GHz. Thus, the ratio of the odd- to ‘

even-mode guide wavelength increases with frequency, typically

by +0°003 per GHz. In Napoli and Hughes' experiment, this ratio

was found to be much larger than the theoretical predictions

showed, however, it has been shown here that inaccuracies of

interpolating Bryant and Weiss' results and comparison of these

with practical measurements taken at 8 GHz, are sufficient to

account for the differences.

The normalised guide wavelengths, of the dominant modes

of a structure made from a microstrip line with parallel ground

plane slot, have been measured between 1 and 12 GHz. ‘he stueture,

which for simplicity is called a microstrip/slot line combination,

has been shown to support two dominant modea, one mode being

very similar to the even-mode of a coupled microstrip line, and

the other mode being very similar to the dominant mode of a slot

line. Degeneracy of the two modes has been achieved by loading

the ground plane slot with a zirconate substrate 0-025 inches

thick. It can be seen that other materials and thicknesses can

be used as the loading material, and, thus, in principle, it is

possible to make the dominant modes, of a large mumber of configurations,

degenerate. The characteristic impedance of the microstrip-mode

of this combination has been measured. For small slot widths,

it has been showr to be close to the characteristic impedance of

a single microstrip line. The characteristic impedance of the

slot-mode has been deduced from the performance of a directional

coupler, in which the microstrip/slot line combination was used,

These parameters have been found-to be measured with sufficient
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aceuracy to allow a directional coupler to be designed.

1.2_A Proximity Directional Coupler using the Microstrip/Slot

Line Combination,

This type of coupler, first used by de Ronde, has been

investigated in some detail. A theoretical model has been made

and used both to predict the coupler's performance and to provide

details of the characteristic impedance of the slot-mode of the

microstrip/slot line combination.

A 3 dB coupler was designed using the measured parameters

of the microstrip- and slot-modes given in previous Chapters.

The resulting characteristics showed that 3 dB coupling was

achieved, but that the directivity was impaired by rippling of

the power in the isolated port. Decreasing the power in the

isolated port directly increases the directivity. It can be

seen that the mismatched output lines causes power to be reflected

back into the coupler. Reflected power from the direct port will

thus eplit, in a 3 4B coupler, equally into the input port and

the isolated port. In practice, the VSWR in the output lines

is not only due to mismatched lines, but also to the presence

of the junction discontinuities at each end. It has been demonstrated

that the major cause of the rippling in the 3 4B coupler, was the

53 ohm impedance of the output lines. The coupler and the loads

were all matched to 50 ohms.

Several design faults have been discussed in the previous

Chapter, tut one problem that remains to be dealt with is that of

direct coupling across the length of the coupler. In Chapter 5,

it can be seen that for the length used in the experimental

determination of the slot-mode impedance, and in the 3 dB coupler,

the effeet is that the extra power coupled to the isolated and

direct ports is -35 and -40 dB respectively. ‘Thus, if rippling

due to the mismatched input lines was reduced, causing the power

in the isolated port to decrease, the direct coupling may become
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noticeable. With couplers with higher centre frequencies, where

the length of the microstrip/slot line is shorter, the level at

which direct coupling become’ noticeable will be proportionally

higher.

The limitation on the directivity is not only the

amount of power in the isolated port, but also the power level

in the coupled pert, since the directivity of a coupler is the

ratio of the coupled to isolated power. ‘Thus, the difficulty

in achieving low powers in the isolated port restricts the attainable

directivity. This means that good directivity together with weak

coupling can only be achieved with careful design and close

tolerancing in the coupler and its associated input and output

lines and terminating impedances.

It has been stated in Chapter 5 that appreciable power

is radiated from the coupler for the larger slot widths. This

problem, which is more serious for those couplers which have

smaller amounts of coupled power, is thought to be due to radiation

from the open-cizenited ends of the ground plane slot. This

aspect of the coupler will require further investigation before

the radiation can be minimised, and will be discussed further

in Chapter 8.

Ts Theoretical Consideration of Microstrip and Related Structures,

In Chapter 4, @ theoretical approach, first used by

aRiviere (67), has been applied to solving the microstrip problem

in a more general way. Being more general, the method produces

a hermitian matrix, rather than as in LeRiviero's study, a real

asymmetric matrix. Different algorithms were required to find

the eigenvalues and eigenvectors of the matrix. These algorithns

were found to be much less dependent upon the mmerical ordering

of the matrix than those IaRiviere used. ‘his eliminated the need

for one of the scaling opérations that had“previously been found

to be necessary in order to obtain rapid convergence.



153

Tests on the method were carried out by solving the

first few modes of both the TE and IM configurations in an

L-shaped waveguide. By using smaller sub-regions in defining

the problem, and hence increasing the lengths along which matching

is performed, results of similar accuracy to those obtained by

LaRiviere could be achieved for similar sizes of matrix. This

means that fewer harmonics of the basis functions are used to

secure a solution of similar accuracy, and, therefore, the b:

functions are nearer to their form for the complete problem.

The testson the L-shaped waveguide were important since sub-regions

of similar shape to those used in the test were also used in the

microstrip solution. The tests also showed that the equations

chosen to represent the magnetic scalars, even though they did

not fully define the internal 270 degree corner, gave solutions

of good accuracy.

Solutions were achieved for the microstrip problem

which converged uniquely, and for similar size matrices to those

used by LeRiviere, similar accuracy was achieved with little

optimisation of the scaling coefficients. In Chapter 6, the

problem of the rippling of the scalar fields along the diolectric

interface has been discussed. It seems unlikely that this

rippling is correct or is a result of the Least Square method.

An error in the formulation of the boundary residual or in the

matching of the tangential electric fields along the dielectric

interface, would appear to be the most likely reason for the

rippling.

The eigenvectors have been shown to be of prime importance

in the determination of the eigenvalue minimum in solving the

matrix, Therhave also been used to compute the electric and

magnetic sealar fields, from which the vector fields can be

found and a characteristic impedance defined.

Despite the problem of the rippling of the scalar

potentials, the method has been relatively easy to apply to

the microstrip problem. Merely bg increasing the number of
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sub-regions and matrix size, the more complex problem of the

microstrip/slot line combination can be solved. The theoretical

approach thus shows possibilities of relatively easy extension

to enable the solution of the more complicated transmission line

problems.
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CHAPTER 8.

SUGGESTIONS FOR FURTHER WORK.

There are several parts of this study where further

work could lead to a better understanding of the problems, which

may then result in an improved design for a proximity directional

coupler. The areas where further work would be beneficial will

now be considered.

The measurement of the characteristic impedance of

microstrip using the 'phase shift method' has not been brought

to its final conclusion. Various reasons for this have been

discussed in Chapter 6, Improvements in the measurement technique

to reduce errors in the setting of the reference plane extension,

and elimination of small phase errors due to the instrument, would

justify the adoption of a more complex theoretical model for the

line and its transition. Throughout this study, for convenience

only, open-circuited lines were used in the measurements. Some

investigation of the effects of the open-circuit have been carried

out theoretically, but for completeness, practical measurements

should be made on short-circuited lines. Further supplenentary

measurenents of the characteristic impedances of the microstrip-

and slot-modes in the microstrip/slot line combination, would

allow greater flexibility in coupler design, and a greater

understanding of the relationship of the characteristic impedance

and the physical structure of the transmission line.

The normalised guide wavelengths of the microstrip- and

slot-modes in the microstrip/slot line combination have been

measured for five of the original nine possible structures, and the

dielectric loading has been confined to 0-025 inch thick Alumina

and Zirconate, and 0-040 inch thick Zirconate substrates. With

further measurements, in addition to increasing the knowledge of

these parameters, it is possible that mode degeneracy may be

achieved over a wider frequency range than has been go far discovered.

The proposal that further practical characterisation,
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of the dominant modes of the microstrip/slot line combination,

should be carried out, emphasises the need for a theoretical

solution, Before the Least Square technique is applied to this

problem, there is the question of the oscillations of the scalar

potentials slong the dielectric interface, in the microstrip

problem, to be investigated. It may also be possible that certain

boundaries can be eliminated from the Least Square minimisation

procedure without seriously impairing the convergence of the

solution, This simplification may, for example, be made between

sub-regions 1 and 2 in the microstrip problem considered. If

it can be shown that this is a valid simplification for the

microstrip problem, then it should help in reducing the complexity

of the problem for the microstrip/slot line combination.

A further reduction in computational time and storage

requirements can be made by virtue of the fact that for the

microstrip solution, a certain normalisation of the basis functions

was made which quite unintentionally reduced the matrix fro a

hermitian to a real symmetric form. The normalisation can be

seen in equations 4.62 to 4.69 of Chapter 4. Thus, the matrix

can be stored in half the area that the complex matrix occupied.

The algorithns that LaRiviere (67) used did show problens with

the numerical ordering of the matrix coefficients, so an alternative

treatment for real matrices suggested by Peters and Wilkinson (73)

is to be preferred in this case. The procedure to be followed

for a general real matrix is to first balance the matrix, using

"Balance (80), then reduce it to a real Hessenburg form by

procedures 'Elmhes', 'Dirhes', or 'Orthes' (79). The transformation

matrix is then derived using 'Elmtrans', 'Dirtrens' or 'Ortrans!

(78) and the eigenvalues and eigenvectors of the halenced matrix

found using 'Hqr 2' (78). The eigenvectors of the original

matrix ave recovered using 'Balbak' (80). These algorithms are

essentially the versions for real matrices of the routines that

have been found successful in dealing with the complex matrices.

In Chapter 5, it has been shown that by using the measured

characteristics of the dominant modes of the microstrip/slot line
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combination, a 3 dB directional coupler can be made. Some of the

problems that affect the performance of a coupler have been

discussed, but not investigated in any depth, In the context

of this type of coupler, one is concerned with the way in which

the four input/output lines join the microstrip/slot line combination.

The configuration used in this study was not optimised, and is

likely to be rather unsatisfactory at high frequencies. Uxperimental

investigation should reveal how the performance is affected by the

angle subtended between two adjacent input/output lines, and the

area and shape of the ground plane removed at the end of the slot

line.
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APPENDIX

PUBLISHED PAPERS,

The publications included in this appendix have been

made during the course of this research. The full references

for these are as follows:

Gould, J.W. & Talboys, B.C., 'Even- and Odd-Mode Guide

Wavelengths of Coupled Lines in Microstrip', Electron.

Lett., 8, 9th March 1972, pp 121-122,

Gould, J.W., 'fransmission Line Impedance Measurement at

Microwave Frequencies', Electronics and Power, 6th September,

1973, pp 363-365.

Gould, J.W. & Rhodes, G.M., "Computer Correction of a

Microwave Network Analyser without accurate Frequency

Measurement’, Electron. Lett., 9, 18th October 1973,

pp 494-495.
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Coupled Lines in Microstrip', Electronics Letters, 8, 9th March 1972, pp 121-122

Gould, J.W., 'fransmission Line Impedance Measurement at Microwave 
Frequencies', Electronics and Power, 6th September, 1973, pp 363-365

Gould, J.W. & Rhodes, G.M., "Computer Correction of a Microwave Network 
Analyser without accurate Frequency Measurement’, Electronics  Letters, 9, 
18th October 1973, pp 494-495.
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APPENDIX 2.

DESCRIPTIONS OF COMPUTER PROGRAMS REFERENCED IN THE TEXT.

Program Name: GO39.

Description,

Program G039 is used to evaluate the maximum and

minimum deviation from the linear slope of the phase of the

reflection coefficient of a transmission line model. The

program can be used to evaluate several different models, and

has computed the data presented in Chapter 3.

Referring to Chapter 3, a function for $$ is taken

and the peak values, together with their values of #4, are

computed. The transmission line models, which contain a junction

susceptance, have peak values which are more negative as pe

increases, The program evaluates the average slope of these

in order to add an equal but opposite slope, making the peak

values symmetrical about zero. Since the slope is non-linear,

this process is carried out using linear interpolation. The

program is written in FORTRAN and is executed on a CDC7600

computer. The following Subroutines and Functions are used

in the program,

GOLDEN 3 Golden Section algorithm used for evaluating the

maxima or minima of a function given by FUNCTION

DYDX.

FIT Finds, using a Least Square criterion, the best

line through a number of points.

DDK : Tais FUNCTION routine provides the values of the
function which is to be maximised or minimised.

It is used in SUBROUTINE GOLDEN, The routine is

quite complex since the equations for §% generally

require an arctangent to be evaluated. The computer

only provides solutions between 7/2 for an
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arctangent, so an integer number of ~If have to be

added to obtain a smoothly changing function.

The required function for $% must be put into FUNCTION

DYDX in the form of @ and is called C in the program. The

parameter AL is set equal to 9-0, since this is the approximate

reference plane extension in centimetres, The total length of

microstrip line is equal to 3+5 cm., given in the program by

X1 4X2, Tnput to the main program is in the fen of a data

card giving BD, the normalised junction susceptance, and a flag

called ISTOP, which is unity when the last value of BD has been

read. ‘The flow chart and program are given at the end of this

Appendix.

Program Name: _G043.

Description.

This program computes the matrix and its eigenvalues

and eigenvectors for the problems that have been analysed using

the Least Square technique of Chapter 4. The program, which is

on microfilm at the end of this Appendix, is purposely written

so that different problems can be solved with minimal changes

to the basic program, From Chapter 4, it is seen that each

element of the matrix is formed from the summation of a number

of coefficients, each of which is formed from the product of

two other coefficients and an integral. The integrals are of

two possible types, being either a sin product, or a cos product,

evaluated by FUNCTION SS or CC respectively, the results being

stored in a two dimensional 'C' array. The coefficients, with

which the integrals are multiplied, are each stored in a one

dimensional 'H' array.

For a particular problem, the integrals are evaluated

in SUBROUTINE SINT, the 'I' arrays in SUBROUTINE HARRY and the

matrix, called A6, formed in SUBROUTINE ARR1 and ARR2, depending

upon the complexity of the problem, The algorithns, mentioned
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in Chapter 4, which are used to compute the eigenvalues and

eigenvectors, were supplied by Oxford University Computing

Laboratory, since they had already transliterated these algorithns

into FORTRAN for use in the NAG Library. Their SUBROUTINE names

correspond in the following manner to those already mentioned:

FO1AVE

Complex Balancing
POIAVZ

TO1AMF "Comhes'

FO2ARF 'Comlr 2'

AO2AAF

AO2ABF Further Subroutines called by the

AOQ2ACP above Subroutines.

POVAAF

The NAG Library was intended for implementation on the ICL1900

series of computers; small changes were made in a few cases to

optimise their execution on the CDC7600 computer.

For maximum execution speed it is desirable for large

arrays stored in a COMMON BLOCK in a SUBROUTINE, to be set to

local variables within the subroutine. For the microstrip problem,

this was found to produce a large number of successive calls to

the COMMON BLOCK which the compiler had difficulty in optimising,

Tor this reason the formation of the matrix was split into two

subroutines, namely ARR1 and ARR2,

The computing of the séparation constants is carried

out in the main program, in addition to the setting of certain

variables such as the structural parameters and electrical constants.

The main program also provides the statements which control the

printing of the results. The cigenvectors, obtained from FO2ARF

(‘Comix 2), are normalised arbitrarily, and, thus, before being

printed, they are first normalised using SUBROUTINE VNORM. A

typical time for producing an 18 x 18, 12 x 12, and 6 x6 matrix

and evaluating their eigenvalues and eigenvectors is approximately

1 second on the GDC7600 computer.
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Program Name: GO46.

Deseription.

This progran computes the performance of the proximity

directional coupler described in Chapter 5. It accepts a number

of parameters which correspond to the physical coupler that it

is modelling, those are:

Odd-mode characteristic impedance

Even-mode characteristic impedance

Input/output line characteristic impedance

Length of coupler with odd-mode excitation

Length of coupler with even-mode excitation

Length of each input/output line

Phase constant of odd-mode

Phase constant of even-modeOn SOF a or Phase constant of the input/output lines

Constant which simulates radiated losses0 poet Sor ros os VSWR that the junction discontinuity causes in a matched

system

Te transfer matrices, given in Chapter 5, are formed

in SUBROUTINE CPLR. They are multiplied together, using SUBROUTINE

MULT, to form the total transfer matrix for the coupler. The

power from each of the four ports is then computed, and is

expressed as an amplitude and phase angle. Since the structure

of the computer program is very similar to that previously used

by the author for Branch Line Couplers (90), the flow chart is

not included in this appendix, The program is included as a

microfilm, :
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Flow Chart for Program G039
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Flow Chart for Program G04}
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Flow Chart for Program GO46

SrAgr

PRINT INITIAL

PARAMETERS

eae

ser PREQUENCY

J
Su@Rouriwe cPcR

CALCULATES THE
PeRFORMANCE OP “THE COUPLER

"HAS THE FULL FRERUENCY

RANGE Geen covereD??



The Boundary Residuals for the microstrip solution

of Chapter’ 4 were not included in the text for reasons of their

length. ‘They are given below for each of the boundaries in turn,

Further variables are defined such as ZAN, TAN etc. which are

merely to speed the execution of the program, The equations are

written in the computer programming language FORTRAN, where the

asterisk denotes multiplication,

a) Boundary between Regions 1 and 2.

Defining,

ZANaIZ1A(N)
ZAM=CBNIG(H2Z1A(M) )

2BN=HZ1B(N)

ZBM=CPNIG(H2Z1B(M))
TANSHY 1A(3)

PAMACPNIG(HY1A(M) )
TBN=lIY 1B (N)

‘TEM=CANIG (HY 13 (M))
TONHY 10(11)

TOM=CANIGCHY 10(Mt) )

TDN-HY 1D(N)

TDM =CANIG (HY 1D(M) )
then,

AA12=TAN®TAM*CO5 (11 If)

a oa

AC 1 2-TAN*TOM*CO5 (11M

AD1 2'TAN*EDM*CO6 ae
BA12aTBN*TAM*CO7 (NM

BB 1 2=TBN*TBM*COB( NM

BO 2=TBN*TOM*CO7( NM

BD42=TBN*TDN*COR( NM

CA120'DCH*PANE*CO5 (At

CB 1 20'TCN*TEM*CO6( 1M,

0012=TON*TOM+005( NM ea eee

CD12=TON*PEM*C06 ee eamammenc No
DA12=PDNePAM*COT(N MC

DB12=TDN*TEM*CO8(N,M)

‘DC12=TDN*TCM*CO7 (NM) +ZBN*ZAM*CO3(N,M)
DD12=TDN*TDMCO8| 1) +ZBN*7BM*CO4(N,M)

and the boundary residual BR12 is given by:

BR12=AA12+4B 12+AC12+801 24BA1 2+BB124B0124BD124+0A12+CB 124001240012
+DA124DB12+00124DD12._ a oh



b) Boundary between Re,

Defining,

ZAN=HZ2A(N)
ZAM-=O9NJG(HZ2A(M) )
2BN=HZ28(N)

ZBM=CPNIG(HZ2B(M) )
Z0N=HZ20(N)

ZCM=CANIG(HZ2C(M) )
ZDN=HZ2D(N)
ZDM=CANnIG(NZ2D(M) )
TAN=RX2A(N)

TAM=CPNJG(HX2A(M) )
‘TBN=HX2B(N)
TEM=C¢NJG(HX2B(M) )
TON=HX20(N)
TOM=CPNIG(HX2C(M) )
TDN=HX2D(N)
TOMA=CPANIG(HX2D(M) )
TENHX2E(N)
THM=CANJG(HX2E(M) )
TRN<HX2F(N)

TEM=CPNIG(HX2F(M) )

then,

AA23~ TAN*TAM*C26(NM
ABQ3=TAN*TEM*C27 (NM.

AG? 3-!TAN*TOM*C26 (NM

AD234TAN*TDM*C27 (NM

ABQ5=TAN*PRA*CS2(NM

eo mM
BAQ3=TBN*TAM*C28( NM

BB23=TBN*TEM*C29 (NM) 4ZDN*Z021*C20( Nl 1)
BO23-TBN*TOM*C28 (NM Kore

BD25=TBN*TM*C29 (NM) +ZDN*ZBM*C20( NM,

BE23=TBN*TEM*C34 (NM

es +2DN*Z0M*C25(N,M)
CA23=TCN*TAM*C26(N,M.

Ceres ren
CO25-=TCN*TOM*C26(N,M)+ZAN*ZAM*C17( NM.

CD23=TON*TDM*C27(N,M)+ZAN*ZBM*C18(N,M)

oe N,)Peel ed NM Mere eee M)
Bevan
DB23=TDN*TEM*C29 (NM) +ZBN*Z0M%C20(NM)apenas NM) +ZBN*ZAM*C19(N,M)
DD23=TDN*TDAXC29(N, ee M)
DE23=TDN# PEM C34 (NM

tN + ZBN*ZCM*C25(N,M)
eleEee Ny a

"EN*TOMxC31(NjM)memes)
‘ER25=!TEN*TIM*C50 (NM.

EV23=!THN«TIM*C30(N,M)
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PA23=TFNXTAM*C31(N,M)

FB23=TFW*TEM*C35(N,M)+ZCN*ZDM%C24(N,M)

FC23=TFN*TCM*C3 1(N,M)+ZCN*ZAM*C22(N,M)

PNETD*C33(N,M)+ZCN*ZBM*#C24 (NM)
PB23=TPN* TIM *C30(N,M)

FF25=TEN*2EM*C50(N,M)+ZCN*ZCM*C21(N,M)

and the boundary residual BR23 is given by:

BR25=AA23+AB23+AC234-AD25+AN234AP234BA234+B823+BC23+-BD234BE23+BF 25+
CA231CB23+C0C23+CD23+CE254+CF23+DA23+DB254+DC23+DD23+DE23+DF 23+

EA23+EB23+8023+ED23+EB23-+EF23+FA23+2B253+FC23+FD23+FE23+F1'23,

¢) Boundary between Regions 3 and 4.'

Defining,

3B (Ni

TEM=CPNIG(HY3B(M)) _
TCN=HY3C(N)

Te ANIG(HY3C(M))
30(N)

‘TDM=CANIG(HYSD(H) )

then,

BB34=TAN*TAM*C 1 3( NM) +ZCN*ZCH*C12(N,M)
BD34=TAN*TBM*C13(N ,b)+ZONXZBM*C 1 2(N,M)
BE34=TAN*TOMXC14(N Hl)

BI34=TAN*TDMXC 14(N,M)+ZCN*ZAN*C11(N,M)
Be ee as Meee

eee }+2ZBN*ZEM*C12(N Bt
DE340'TBNTCM*O14 (1,2

Di'34=TBN*TDM*C 1 4(N,M)-+ZBN*Z.AMXC14(N,M)

Se

BD34=TON*TBM*C15(N ML

BRS 4= TON TOC 16 (NM ¥
oa

PB34q'TDN PARC 15(N,M)-+2AN*ZCHC 10(HM)

FD 34m TDN*TSM*C15(N ,M)+ZAN*ZER*C 10(1N,M)

eae

FF34=TDN*TDU*C16( NM) +ZAN*ZAM*CO9 (HM)

and the boundary residual BR34 is given by:

BR34=BB34+BD34+BE34+BF344+DB34+D0344+D8344+DF3.44-EB34+E0344+ER344+EF 344

FB34+FD34+FE3 442734
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ue © trays are defined by the following ast of equations:

c01(H,M)= Sroatb-y oral b-y) dy,

co2(int)= ie (b-» (orp? (b-y))\ dy

cO3(¥,M1)= (fora? (b-y)(cx0 ef? (by) dy,

con(tat)= (Peropb-y)(co2 A (b-4) dy

05(1,M)= § Sis of (b-y) (sim el (b-y)) dy

06(W, 1) = i sin ot (bey) sin i (b- y)) dy
007 (Ht) = fisnbio-al sin di(b-y))idy

coacn)= [Pains (sa (by)

609(1H,1t)= ffes fy (ceva Jy

een nay on ai
ercade [ny (coy) ty

012(H,t) = (coepPy (oom yidy

eee isin BP sin BP yy dy

o14(ti,u) = {iss Ay (sia «ay dy

crstnan= [Sia (sin Py)

wt ey gh
orn(t)= (on ada em pitt-nfle
c18(4,M)= {im coo! (ol x)(coox se Wd-x)) dy
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c19(m,t)= (cout x) eonph? (de-n)cae
020(11, 08) = (noe le-n) (eral i

C21(N Mt) = (i csoa (-») (cop Pla-))ahe
20(H a) = [coAPlt bel da) fie

23(N it) = Foros ce=/8\(d.-x) (ceopas Pia-2)de

c24(N,u)= ‘ 000 [SP (a-2) (coor a a)

€25(N,) = [fost et -x)( coop Mc) ) dn

©26(N i) = {i phd -r) cin pl) (ch-x)) die

027011) = nC

c28(W,u)= (fined dn) (inp P(A-n)) doe

€29(2T,18) = £ “cincd lex) sinecl Qin) de

€30(1 4) = (sin [Pl aN sin Pla -nlfide

051(H,t1) = (sin PRd-x) (sin PMA xe

252(11,t)= (in pln (cin P(t) te
033(1 it) = (finda AN sinella-x)ide
034(31,M)= (hina. rain pcb) dn
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APPENDIX 4.

FABRICATION OF MICROSTRIP STRUCTURES ON ALUMINA.

This Appendix is concerned with the metalization and

photoetching of the Alumina substrates, and, to a lesser extent,

with the production of the photographic masks for the photolithographic

process.

Throughout this study, Coors ADS 995 Alumina was used as

the substrate. This ceramic is 99-5% pure aluminium oxide, A1,0,,

with traces of calcium oxide and magnesium silicate. Recently, its

structure has been altered by the manufacturers, with thé result

that its density has increased slightly, the main outward effect,

as far as its microwave use is concerned, being an increase of its

dielectric constant from 9+8 to 10-3.

In order to obtain good adhesion of the desired metal,

in this case copper, a ‘seeding’ layer of chromiun was first

deposited onto the Alumina. ‘he chromium forms strong molecular

links with the aluminium oxide. Subsequent metals, such as copper

or gold, are able to form stronger tonds with the chromium than

they would have directly with the Alumina. For good adhesion

of the metal to the Alumina, the surface of the Alumina must be

very clean. There are several processes by which the substrate

can be degreased, and solids and organic impurities, on the surface,

be removed. hese processes will not be discussed here since

little difference between subsequent adhesive properties of any

metal films deposited was found for a mumber of these intricate

methods that were tried. A very straightforward method, which

was finally adopted was as follows:

4) Clean

2) Rinse in tap water

3) Rub with liquid detergent

4) Rinse in tap water

h abrasive powder (if necessary)

5) Immerse for about 1 minute in 'Neutraclean' (Shipley

Chemicals Ltd.)

6) Rinse in tap water
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7) Dry in oven at 100° C, and bake for 1 hour

8) Cool in a desiccator

It is.likely that this method of cleaning was as effective Z

as the more intricate methods, because of the fact that the evaporator,

which was used to deposit the metals, was not used under the

cleanest conditions, and contamination of the substrate surface

probably occured during the outgassing of the electron gun, used

to heat the chromium, After about 400 & of chromium had been

deposited, copper, heated in a molybdenum boat, was evaporated

together with the chromium for about ten seconds, after which

the chromium evaporation was terminated. Copper evaporation

was terminated after several thousand angstrom units had been

deposited.

The thickness of the copper on each side of the substrate

was plated up to a thickness of approximately 0-0005 inch, by

an electrolytic process using the following solution:

1) 10 litres of copper plating solution, containing:

a) Sulphuric acid 56 e/1

b) Copper sulphate 200 g/1

c) Potash alum 12 e/1

2) Thiourea 0-1 ¢

3) Sucrose 2g

4) Teepol 2¢@

The substrate to be plated was placed between two copper anodes,

and the plating current was adjusted so that the current density

was 0-175 amps per square inch of the substra for plating on

voth surfaces, With this rate of deposition, approximately

0-0005 inch of copper is deposited in 35 minutes. A plate/de-plate

cycle of 6:1 was used to improve the surface finish of the

electroplated copper.

After the plating was finished, the substrate was

thoroughly washed in de-ionised water to remove all remnants of

the plating solution, as this may cause bad adhesion of the
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photosensitive resist, to be applied later. The substrate is then

dried and stored in air at room temperature, if possible, for

about three weeks to improve the adhesion of the metal film to

the alumina (91).

Photosensitive resist AZ1350 (Shipley Chemical Ltd.)

was used for the photolithographic process. Before application,

the surface was cleaned using 'Neutraclean' @1lso from Shipley

Chemicals Ltd.), washed and then dried in an oven at 40° 6.

The substrate was cooled in a desiccator. The photoresist,

applied with a syringe, was spun onto the substrate at approximately

550 rev/min for two minutes. At this speed, a sufficiently thick

layer was achieved avoiding 'pin-holing' due to the surface

roughness of the electroplated copper. The photoresist was dried

in a re-circulating oven at 40° C for 20 minutes. The photoresist

was exposed to ultra-violet light through the required photographic

mask for between 45 seconds and 10 mimites. The lamp used was a

Philips Ultra-violet lamp, the exposure times, for a lamp to

substrate distance of two feet, had a wide range due to ageing

of the lamp, the latter figure being reached after a few hundreds

of hours use. The photoresist image was produced after 30 seconds

of development in a 1:2 dilution of developer with water. After

washing it was dried at room temperature. It was found that the

final. preparation of the surface, application of the photoresist

and assembly of the substrate and photographic master, should be

carried out in a clean area within the dark room. To this end the

walls, floors and ceilings were sealed, and a polythene curtain

was erected to seal off half of the dark room. A fen blew air into

this half, via a filter, so as to form a positive pressure, the

filter removed all but sub-micron sized particles.

ne copper was etched using a 60% solution of ferric

chloride, The chromium was etched using a solution made from

one part of solution A and three parts of solution B, these solutions

being as follows:
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Solution A Distilled water 500 m1.

Sodiun hydroxide 250 g.

Solution B Distilled water 1500 ml.

Potassium ferricyanide 500 g.

These etchants are very suitable since they do not etch the

other metal, however, the photoresist should be removed before

the chromiun is etched, since it is dissolved by the chromiun

etchant, reducing the alkalinity of the solution. The substrate

should also be well washed after use in the copper etchant,

otherwise a reaction between the two etchants occurs which can

result in the substrate being stained.

The photographic masters were produced on Ilford

N4E+50 line film, N4B+50 is a 0-004 inch thick polyester film

giving good dimensional stability, acceptable resolution for

microstrip applications and is relatively inexpensive. Being

a blue sensitive film, a blue transmission light source was

used to illuminate through the master drawing. The master

drawing was made using either red 'cut-and-peel' material or

black crepe paper on translucent film. Using a Polaroid MP-3

and camera, mounted horizontally, the correct exposure was

found to be 3 seconds at an aperature of f/8, Phenisol (Ilford

Ltd.), diluted one part of Phenisol to four parts of water,

completely developed the image to its ultimate density in about

4 minutes, After rinsing, the image was fixed in I¥-23 (II ford

Ita.) for a time equal to twice the time taken for the film to

clear, After washing for about 10 minutes, the film can be

dried.
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WRITE (6315) 2s YP1 (Kd » XP1 (KD s YP2 (KD » XP2 (KD s YMAX CK) 5 XMAX (KK) » YMIN CK) »

1 XMAX (K>

15 FORMAT (/6X%s1H 3F6.4:2 (2XsFB.391X9F7.491XsFB.351KsF 7.4) >

DG 16 J=2:8

WRITE (6317) YP1 (J) » XP1 (J) » YP2 (Ud » XP2 (Ud » YMAX (CU) » XMAX (U2 » YMIN (CUD »

p> (us ia Beer)

17 FORMAT CIH 312Xs2(2XsFB.35s1XK9F 7.45 1XsFB.351XsF 7.4)

16 CONTINUE

4 CONTINUE

26 CONTINUE

IF <ISTGP.NE.15GO TO 1

STGP

END
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GO339

GO39

GO39

GO3S

GO339
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GO3S

GO39

GO39
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iGO Lada GO39 TRACE

SYMBGLIC REFERENCE MAP (R=1)

ENTRY POINTS

4102 GO039

VARTABLES Bf os

$776 RMAXX ee

4777 ANGY ele

$772 CONSTI ee

1 Dx tee

$763 I INTEGER

4754 ISTOGP pea Bie a.

4755 I2 INTEGER

5150 JJl1 INTEGER

4767 Je INTEGER

a AO | pea RE aca):

4762 =M pa, Bie a

4771 SLQPE1 REAL

4764 xX ae

3 XLAST ee

5030 XMIN aaa

5164 x*PDx2 ee

5070 xPe 4a

4760 X2 la

5120 YFIT ine

5000 YMAX REAL

6 YNEXT ital e

5110 YNMIN ee

5060 YPe2 ee

FILE NAMES MGDE

GO INPUT

EXTERNAL S Sete a

FIT

GOL DEN

STATEMENT LABELS

a) oY Me |

4173 5

4241 8

4457 12

4701 i5

‘eRe t=)

CG 24

COMMON BLOCKS

ele!

CMe

STATISTICS

PRGGRAM LENGTH

BUFFER LENGTH

COMMON LENGTH

el

ee Ceie
.

y

else =)

mrs

108

REL GCATIGN

lal

ieee a

Cael

alia e Re

a ade A

ada e Re

eae Re

a pine

OCB

ela ia eRe

ARRAY

2036 GUTPUT

ARGS

s)

5

9626 2

4200 6

ae

4642 13

Orie

0 19

0 2&

576

emp eels)

=

ss

ra}

CoE

4761

4766

4756

4753

5134

4773

5126

5010

5154

5050

4757

$765

5020

5100

5040
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ae a

XMAX

XPDX1

yam

Sl

Y

(as

YMIN

YNMAX

aaa

rf

mC Rs

mae

ai

REAL

REAL

ia

REAL

INTEGER

sea Bi ae) a):

INTEGER

INTEGER

INTEGER

se wie a.

REAL

ita a

REAL

REAL

REAL

ite a

REAL

Sele

iam

REAL

ie) a

See

ite) e

TAPES

tele

ARRAY

alae ian

ala ade Re

ARRAY

dae

eae ef

eee ae

lpia Re

ladda Re

mn

8

4225

a on co

4653

ca as

8)

8

Ole

OG) 4

Clad!

Ci aal

Cl

y

el

14

ws

rae

26
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mae
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30

35

SUBRGUTINE G@LDEN

Olek ORO ROLOLeLen®

sO

TRACE

iO) =) (CGM Op) temeiG) me Aa RCs th =\-t POC main!

DIMENSIGN AC21) »B (21) sX1 (21) sX2 (21) 5 YX1 (21) » YX2 (21)

GOLDEN SECTIGN ALGGRITHM FGR MAXIMISING GR MINIMISING THE

> © 6

ae

AA

BB

of
a

TAU=0.618

he OR als

B <i> =BB

X1 (1) =B (1) -TAU* (B C19 -A C1) >

X2 61) =A C1) +TAU (B01) A C1) >

X=X1 (ND

YX1 (Nd =DYDX OO

X=X2 (ND

YX2 «Nd =DYDX OX

N=N+1

FUNCTIGN Y=F OO

INITIAL STARTING PGINT FOR X

DITTS

PEAK FUNCTIGQN VALUE

i FOR MAXs

IF (N.GT.20)GG TOG 2

Sian ( Rok Bod Do)

IF <YXK1 (N—-1) .LT.YX2<‘«N-1)5GOG TO 3

GG TO 7

IF (YX1 (N—-1)9 .GT.YX2(N-199GO TO 3

A (Nd =X1 (N~-1)

B <N) =B C(N—1)

X1 <N) =X2 (N—-1)

X2 (ND =B (N—1) — (1 ..0—-TAUD * CB C(N—15 —9 (ND 9

G@ TG 4

B (ND) =X2 (N-1)

A (ND =A CN—19

X2 (ND =X1 (N-1)

X1 (Nd =A (N—13 +¢1.0-—TAUD * CB (ND A CN-1) >

CCR ICEE.

IF (YK2 (N-1) .GT. YK1 (N—-1) 9 X=X2 (N-1)

IF (YXK2 (N—1) «LT. YX1 (N—-1) 9 X=X1 (N-1)

D=ABS ¢ (YX2 (N-1) —YX1 (N-1) “YXK2 (N-1) 3

IF <D.LT.10.0E-~-15) X= (X1 (N—1) +X2 (N—-135 72.0

Y=DYDX OO

XKX=X

RETURN

END

0 FGR MIN

cic ae

cl CmD

cic ae

ciG/ me)

Cle)

Cie mB

GGLD

cic me)

cles

G@LD

le) ie

ce

GGLD

e]6) me)

GOLD

el C mb

jee

GGLD

GGLD

GGLD

ci6 me)

e)6) ae)

iG) me)

GOLD

e)6) i)

GGLD

G@LD

GG@LD

GGLD

cic) me

GGLD

G@LD

C] 6] By

G@LD

GGLD

GGLD

cic ee

GGLO

ele] me)

cic) me)

GGLD

GOLD

GGLD

ec) 6) a)

c)6/
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OS0
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105

ets
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SUBRGUTINE G@LDEN TRACE COC 6600 FTN V4.0-P336 GPT=0 28/03/74 19.16.13. dace

SYMBGLIC REFERENCE MAP (R=1)

ENTRY POINTS

2 GOLDEN

Wie w Oneal oe SN TYPE RELGCATIGN

215 A ee ada a O AA REAL a

Vaden Poa) REAL pate ad O BB REAL F.P

214 OD eine oa a Brac a F.P

2i2 N INTEGER 2ei3 TAU REAL

eii x REAL O Xx Sia a de
267 Xi ie |e ARRAY 314 X2 REAL ARRAY

0 Y ee a oe 291.0 YR REAL apie ne

366 YX REAL ARRAY

EXTERNALS Ris ARGS

aia be) ie | oh EBD REAL n

STATEMENT LABELS

130 2 po 8 |< eee. a

ie INACTIVE a 64 7

STATISTICS

mince Cae eee CRE, a POO) | 267
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pb)

SUBRGUTINE FIT TRACE CDC 6600 FTN V4.0-P336 GPT=0 28/03/74

SUBRGUTINE FIT CYsXsSLOPE »CONST»N1sN2)

DIMENSIGN Y<10) »xX¢10)

SUMX=0 .0

SUMY=0.0

Bl) @ Orne)

SUMXY=0.0

DG 1 J=N1i,N2

SUMX=SUMXK+X (3

SUMY=SUMY+Y (J)

SUMXX=SUMXKX+4&X (59 EX CU

SUMXY=SUMXY +X (J) #Y CUD

OC) ewe, es

AN=FLGAT (N24+1-—N1)

SLGPE= (SUMXY/SUMX—-SUMY AND) 7 CSUMXX/SUMX-SUMX/AN)

CONS T=SUMY ZAN—SL GPE*SUMX/AN

i BG) dy

END

FIT

Al

aa

FIT

as

FIT

FIT

2

Ai

as

as

FIT

FIT

as

FIT

il

FIT

eiele

005

epee

015

020

8 F457

030

035

oe 8

Oo os

050

Bho)!

Bho

060

065

070

075
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SUBRGUTINE FIT Bini Oa CDC 6600 FTN V4.0-P336 GPT=0 28/03/74 19.16.20. PAGE

SYMBGLIC REFERENCE MAP (R=1)

aR a Mec POLES

2 FIT

VAR TABLES SN TYPE ia Oe EC)

101 AN ele QO CONST ee ae
100 J INTEGER O Ni INTEGER oe

0 N2 INTEGER FP. O SLOPE REAL a oe
74 SUMX ele EA =e) Ol) ©, 4 Sie
a me)" 0 6 ele 75 SUMY REAL
O X ieee aia a ae Sie ee ARRAY ne

ie Oia aia 8 ees sisi ie Ss ees

Cle ay ia a

STATEMENT LABELS

oe

STATISTICS

i piG 01015 Mie ea CRE 122B 82
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FUNCT IGN ba se>

30

oI

34

in

oe

37

38

eis)

35

FUNCTIGN DYDX OOo

REAL MsNV

COMMON /COM1/IXsDXs YLASTs XLASTs»8Ds2s YNEXT

COMMON /COM2/GL

= XX

FREG=30 .O*X/ (2.0%*3. 14159°*AL >

CAP=BD/0.31415S

BD1=3.14159°F REQ*CAP710.0

XPDX=XK+DX*X/2 .0

X1=34. 7*X/35 .0

X2=0.3*X/35.0

ip eats ke Oe

S2=SIN (X23

C2=COS (x2)

XV=2*K (TI*NC2]4+52-248D 1 *T1 #52)

YV=C2—-Z4BD1*T14C2-T1*S2

M=XV*TANH (GL) — (C2* (T14+2*BD 1) +52)

NV=YWTANH (GL) + (S2*% (2*T142%2*BD 1) -2*C2)

P=XV*TANH (GL) + (C2* (T1424BD 1) +52)

Q=S2* (2*T14+24*2*BD 1) —-2*C2-YVETANH (GL)

= (NVEP—QAMD 7 (MEP +02NV)

be Bie Deer

IF <IX.NE.05GB TO 1

IxX=1

YLAST=0.0

XLAST=0.0

IF (X.NE.0.09G@ TG 2

ac Oras

YNEXT=0.0

XPDxX=0 .0

XNEXT=X

IF (% 30531532

ol

eine:

IF (© 32:34:32

YNEXT=0.0

CC Hn £6 BS ho)

se)

N=N+1

YNEXT=— (FLGAT (Nd *3.14159-Y

D=YNEXT~YLAST

IF <X.GT.XLAST) GO TC 36

IF (ABS (D) .LE.3.14159)G08 TG 37

GG TO 33

IF (D>) 38536; 36

YNEXT=YNEXT+3. 14159

bi CODEC oT 6 or Eee

YLAST=YNEXT

DYDX=YNE XT +2 . O#XPDX

XLAST=X

OL th

eae

TRACE CDC 6600 FIN V4.0-P336 BPT=0 28/03/74

DYDX O00

GO3SSDYDX

DYDX 005

GO3SDYDX

DYDX 006

DYDX 007

DYDX 010

DYDX 015

DYDX 020

DYDX 025

DYDX 031

DYDX 031

GO3SDYDX

GO3SDYDX

C) 8) BR ABD 4

GO3SDYDX

618K i- | Pha dD 4

GO3SDYDX

GO3SDYDX

GO3SSDYDX

C8)" Baa ep 4

C] 8) | Phan 4

DYDX 045

DYDX 050

DYDX 055

DYDX O60

DYDX 065

DYDX 070

DYDX 075

DYDX 080

DYDX 085

DYDX OSO0

DYDX O95

DYDX 100

DYDX 105

DYDX 110

DYDX 115

DYDX 120

DYDX 125

DYDX 130

DYDX 135

DYDX 140

DYDX 145

DYDX 146

DYDX 147

DYDX 148

DYDX 149

DYDX 150

DYDX 155

DYDX 160

DYDX 165

DYDX 170

DYDX 175
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FUNCT IGN

SYMBGLIC REFERENCE MAP

Bi) a Me CPO RB

2 eh sed

iene ia |=) mae)
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267
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306

260

8

Lap

262

ep

273

3

270

0

272

2

rae |

al

BD1i

as

e

DYDX

ee

M

NV

if

P|

mae

XPDX

ro

ya

eas

YV

EXTERNALS

STATEMENT LABELS

153

166

8

211

CBMMBN BLOCKS

a be)

CNS

SIN

TANH

Bt

3

or

37

ed |

COM2

STATISTICS

PROGRAM LENGTH

COMMON LENGTH

DYDX

SN TYPE

ie e

REAL

Sele

REAL

ieee

REAL

ae)

REAL

REAL

REAL

REAL

ie) e

REAL

ial e

REAL

REAL

TYPE

aie) a

ie

REAL

ele

INACTIVE

Dees

3078

108

TRACE

ARGS

(R= 1>

iO BEC

Ol

Cll

F.P.

Cl BI

Bt

a

5

|

160

wel

ews

0

pES )=

s

32

She)

38

302

al ho)
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305

300

274

263

<0

276

ap

303

CDC 6600 FIN V4.0-P336 GPT=0 28/03/74

a) By
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Yad

XNE XT

el

YNE XT

Rie lh

Clea

Biel.

INACTIVE

REAL

REAL

REAL

REAL

ial e

INTEGER
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ieee

Site) a
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REAL

REAL
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