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ABSTRACT.

The properties of coupled microsirip lines are investigated
with the aim of improving the verformance 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, eazsily made
degenerate by the addition of 2 second lowless high dielectric
material, The investigation is followed by the construction of
an experimental 3 dB coupler, based upon the microstrip/slot line
atructure, A

‘Ring resonators are used to measure the normalised
guide 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 GHsz,
and well characterised by recent theoretical analyses, The
normalised guide wavelengths of the dominant modes of the microstrip/

alot line combination are also measured using ring resonators.

A new method of measuring the characterigtic impedance
of tranemission lines is presented, and has heen used to measure
the frequency dependence of the characteristic impedance of microstrip
lines. The characteristic impedancea of the dominant modes of the

microstrip/slot line combination are alsc determined.

The theoretical analysis of the microstrip transmisasion
line is also studisd with attention on the ability and eaaze at '
which available methods could analyse the more complex micrnatripf
alot lina combination., The rscent Least Siunare technique applied
to mudp matehing solutions is tested on L-shaped wavegunides and
then applied to the mierostrip problem in a way more gensral than
wag previcusly carried out. TE, in addition to T 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 miecrowave
integrated circuits. Sinece 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 sophistieation
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 dieleciric substrates allow
easy conatruction of hybrid structures that give good electrical
performance,

The microwave integrated circuit, despite iis obvious
advantage of size, has not met with such widespread acceptance
ag might have been expected. This can be atiributed to problems
associated with mass production, since the masier drawings,
photographic reduction, sbching and materials, have 1o be held

to high tolerances for correct slectrical 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 couplera 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
mo#t interesting. IFngineers have, however, achieved a lot without
accurate knowledge of the microstrip parameters. A large number
of measurements have been taken, and are preaented here, to obtain
the frequency-dependence of the even- and odd-mode normalised
guide wavelengths of a pair of coupled microstzip lines. The
resulta show that the dispersion of each mode, up to a frequency

of 12 GHz, is approximately linear. The guide wavelengtha 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,
thal 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 characleristic impedance of transmission lines is
discussed in some detail with particular reference to microstrip
lines, The definition of characteristie 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 atiempt 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 mors fully understood, and a section

of the thesis is devoted to outlining the parameters of its
transmission line structure to enzble a preliminary design of

this type of coupler to be made, and to provide practical measurements
upon which fulure develommeni of the theoretical analysis may be
‘baged. Once this has besn achieved, full design parameters can

be caleulated, covering wider possibilities than the limited

practical measursments.

A theoretical approach for the solution of the microstrip
transmission line is given in this thesis. The method, based on
a previously used microsirip line analysis, has been extended to
Form almore general method, suitable for aolving not only structures
such as the L-shaped waveguide, but also the microstrip line and
the more complex microatrip/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

aimpler structures,
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CHAPTER 1

MICROSTRIP PROXTMITY DIRECTIONAL COUFPLERS

1.1 Introduction

The problems encountered in prectical microstrip
proximity directional couplers have already been briefly outlined
in the introduction., Befonre the problems can be properly understood
and improvements suggested, it is necessary to underastand the way
in which directicnal 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 different physical understanding of the operalion of a
directional coupler, and together they give a backgrouad on which
modifications or alternative solutions, that effect an improved
performance, can be examined, Microstrip directiocnal couplera can
be subdivided Into two categories, namely branch line and proximity
couplers. Both types have received extensive investigation since
thelr introduction in the mid-1950's, the history of their initial
development beirg well documented by Mathaei, Young and Jones (1)
and Levy (2).

Branch line couplers consist of two parallel transmission
lines, which are joined by two or more transmission lines fermed
branch lines. A% each junction of a branch line to a main line, the
8ignal partially splits into the two transmission lines and is
partially reflected. The lengths of the branch linea, their
impedance, and their spacing, can be arranged so that the individual
waves reinforce in one direction of propagation, snd interfere
destructively in the other. This type of coupler can give good
direetivity and isclation, though for weak coupling, dne to the
requirements of high impedance branch lines, the coupler is
diffienlt to fabricate.

The natural coupling belween & pair of mierostrip lines
can be nutilised to make a dirsctional coupler, called A provimity
coupler, When the two transmissicn lines are sufficienltly 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, Hewever, the dirsctivity and isolation

is generally worse for the more weakly coupled lines,

1.2 Counled-Mode Theory. 1

Coupled-mode theory is concerned with the courling
of a wave in one transmission system to a wave in another transmission
aystem. It can be applied to a wide variety of problems, but
in the context of microwave directional couplers it is generally
uged to describe the action of certain waveguide couplers, For
microstrip proximity couplers, it provides a more rigorous

theoretical treatment at higher microwave frequenéies.

The coupling of two modes is a relatively simple case,
and has been well treated by Johnson (3) and lLouiselle (4),
Adopting Johnason's notation, the transmission line equations for

each mode are:
J'_Ba% Sy H s e O -
j%&z - H,a, - Hya,= 0 cos 142

where a, is mede 1, and a, is mode 2, H,. and N, are the

1 2 11 22
uncoupled propagation constants of modes 1 and 2 respectively.

312 is the coupling coefficient from mode 1 to mode 2, and Hz

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

1

assumes a, and 2, to have form

a,,(a) - A:e,':jﬁ'a 3 Afe-‘jﬁl? i
2,(3) = A;e'aj’s'? + A;e'ﬂbﬁ _ &t
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then eguations 1.1 and 1.2 become
pa,= H,a, + Hpa, ces 15

Ba,= Hya, + Hya, ovi 146

and hence

Hy + Hza Hi = Haz \* »
ﬁ: i 2 - - ( i 3 ) C o H&Hﬂ aon 1.7
where both values forﬂ must satisfy equations 1.5 and 1.6,

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. Boih phase constants
12 B0A By

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

are real when H are of the same sign, that is, mecdes
conditions 'passive' coupling is said to take place. The waves
in each transmisaion line interact by a periodic exchange of
power, If the power in the two modes propagates in opposite
and H

directions, that is when H are opposed in aign, the .

12 21
two phase constants become complex, as shown by the following

rolations
,HEzJJIJI > ( ffLLig.ffEZ;)z cis S

Coupling under this condition is termed 'active'. The interaction
between the wo modes no longer produces a pericdic exchange of

power, but either growing or decaying waves are formed.

The process of active coupling is often asscciated
with the design of amplifiers and cscillators, and is not considered
in this thesis. DPassive coupling, however, musi be conaidered
in more detall, since l_-}x_g_ normal modes of a microstrip proximily
coupler fulfil the conditions for this type of coupling. Certain
rasults will now be stated withoubt reiterciing their derivation

1o be Ffourd in reference 3, If the power in modes a, and a,, are
- =

1

P'1 and P2 respectively, and no ipput is applied to the mode By at
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5:: O, then the modal powers P‘l and P, at a position pare given by:

2

2
P = +Ia.,(o)l ao:lemy e Tl
4 =+[a,,(o),zaiuf'ﬁ,17 e 1.10

where a1(0) is the initial condition of the mode a, at 2<0.
Being a passive structure, the total power does not vary, though

complete energy tranafer is achieved when

H,L= T2 aes As 11

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 micrestrip configurations investigated.
For coupled microstrip lines, the two normal modes, namely the
aeven- and cdd-mode, are generally assumed to be decoupled,

H12 and H21 being zero. It will be shown in Chapter 2 that
thig ie not true for a microstrip/slot combination, although

coupling is weak enough to lIgnore in a practical design,

1.3 Coupled-Mode Analysis using a Quasi-TIM Approximation

Coupled transmission lines can be analyaed approximately
by considering a quasi-TEM mode to propagate in each line. Krage
and Haddad (5) analysed coupled microstrip lines in this manner,
The quasi-TEM mcde approximation allows the electric and magnetic
fields to be considersd separ;tely. Four differeniial equations
related the voltage and current with the self- and mutual-inductance
and capacitance in each line. These equations were then converted

'intc a normal mode form by substituting four variables, called
mode amplitudes, which were related to the voltage, cucrent and
éﬁaracteristic impedance, in such a way that the power flowing
was equal to the square of the mode amplitudes. With some

rearrangenent, the coupled-mode eguations, which related the
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mede amplitudes and phase consiants of the coupled lines, were
formed. Inductive and capacitive coupling ccoefficients 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:

Ty

a,(y)n a, e‘j, soe 1032

where a_ is the peak value of the mode amplitude a(j}, and 1’
the propagation constant., The solution to the coupled-mode
equations was as follows:

1‘;J'/3°f|=b.$ s

where :
Bo =f.@1-2-;—£ - ﬁ.ﬂzﬁ}_l‘: i
and

S ajl—%(i-kfxl—kfj il 15

where }5, and ﬁzare the phase constants of each line, kL is the
inductive coupling coefficient, and kc is the capacitive coupling
coefficient. When the coupled lines are identical the propagation
conagtant had four roots, except for kLaikc, when it has two.

The roots are such that when kL’l‘ﬂ(c two modes are formed with
different phase velccities from the superposition of the four
mode amplitudes. The phase velocities are egual when lhe modes
are d'egenerate., “that. £ hen kL=tkc.

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 inveatipated
theoretically for various combinations of kL’ kc and phase consiant.
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 io he deecoupled 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 k]/):kc.

1.4 Microstrip Directional Coupler Analysis

The ;nalyais of a pair of i clg_ntica.l coupled micréstrip
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 BHartlett'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.

Even-mode excitation is

Line of symmetry ; ) achieved by applying
i equal amplitude and
I y 2 in-phase signals to portis
: i 1 and 4 of Figure 1.1. A
% \‘ maximum of potential

occurs along thie line

& % of symmetry, allowing

4 3 a magnetic wall to be

placed along it without

Pigure 1.1 affecting the field

K distribution., (dd-mode
excitation ocecura when sighals with equal amplitude, but with 180
deéree-phase difference, are applied to ports 1 and 4. A potfential
zero 'occurs along the line of symmetry allowing an electrie wall to
be substituted.for the magnatié wall of the previous case. Ior
each mode the problem is reduced to a two-port network, which
allows much easier analysis, Superpoaition of the two field
distributions corresponds to the field diatribution which would
occur when only Port 1 is excited, this latier condition being
the reguirement of the analysis. Besides being able o 2alculate
the field distributions, the reflection and transmission coeflicients

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

using the transfer matrix for each excitation, these being:

Ve [,m&- JZue s e Vze.]

Loe A%L;em% o T cee 1416
: [Vw [ L jZa S o] Voo e N AT
Lo Et;isa‘sb_ o8, Iy,

where ZQri and Zoo are the impedances of the coupled line section
under even- and odd-mode excitation respectively. If the transfer
matrix can be assumed to be of the form:

[! = A B|lE A Ate 5 12
I| e D Iq. |

then the reflection coefficient, F, is,

p_ _A+ 8/t -CZ -D

sve 1ol
A+ B2, +CZ +D
the Lransmission coefficlient, T, is,
Y = z SRy
A +B/Z, +CZ, + D
and the input impedance, 21, is
o RS A B/ % Ry

C + D/

he vector amplitudes of the signals at each port are found by
auperposition, these being:

a = L{Fe '+ ) e
ty = L2, = %) e 23
4y = (T + %)
dy = 0L 5 ) R

where the suffixes fo the vector ampliiudes refer o the number
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‘of the port, and the suffixes oe and oo refer io the even- and

odd-mode excifation respectively,

When the electrical lengths of the line under even-
and odd-mode excitation are egqual, it can be shown (1) that the

input to the coupler will be matched when

'202 v Zoo zoe' S o

If this applies, then

4, = 0 ves 1227

@ = gt 80 sauleeB
| —c2 coold 4 J'siuﬁ
(o]

as = e 1.29

( z
Qy = /= 1.30
-Jf ~cr e 4 szs
where the coupling factor, ¢, is given by:
Zee/Zoo - |
‘E,zoe/zoo + ’

and @ is the electrical length of the coupled line, Eguation

wen 1451

1.31 can be arranged to give the following design relationshipsi

Bigm Ty ‘:{'%. G 1532
2oo = %o f_:_%. S To 33

’ ] 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 9, for the elecirical length
under odd-mode excifation, it can be shown (2) %hat the condition

for perfect match and isolation occurs when:

gco‘éac = %%5#90 +£wﬁi‘-h9e
'2:;" Zse Siugg + i‘.ﬁosﬁu g,

eee 1034
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This will mean that the maich and isolation will be freguency
dependent. Purther theoretical investigation reveals that a

5% difference in electrical lengths reduces the isolation to

about 28 dB., This isolation is independeﬁt of coupling for weakly
coupled lines, causihg the directivitly to be worse for loosely
coupled lines than for tightly coupled lines.

1.5 Fgualisation of the Phase Velocities in Coupled Microstrip
; b : - -

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 microsirip lines. The previous
section showed how a small 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, Induetive 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
modificationa to the structure were designed to inerease the former.
Thia could be achieved by several different metheds. 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 2ll methods of this nature not only the
phase velocity, but also the characteristic impedance of the
tode will be altered.: The caleulation of these parameters for
a aingle micreostrip line is discussed in Chapter 4. It is
sufficient %o say here that ;t_ia a difficult theoretical preblem
becaune of the dielectrie inhomogeneity.

The presence of a dielectric inhomogeneity conafrains

the theoretical methods to approximabions, such as assuming the
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prooagating mode to be quasi-THI, or to uwse a hybrid mode analysis
with its asscciated convergence difficulties, Okugawa (7) analysed
enbedded coupled lines (a dielectric overlay on conventional
coupled microsirip lines) uvsing the quasi-THI zpproximation 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 TEM
lines, and showed that for certain thicknesses the iwo modes were
degenerate, but it was not substantiated with any practical
evidence, The characteristic impedance of microzirip lines ia
discusszed in Chapter 3%, and from the measurements presented

aome doubt is cast onto the aceuracy of Okugawa'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 ussd the
quasi-TRM approximztion in a variational method (8). The modified
structures analysed were a dielectric overlay, a dielectric
overlay with a metallic condvetor, and an air gap betwszen the
dielectric and the ground plane, A1l structures showed, that
with suitable dimensions, equalisation of the inductive and
capacitive coupling coefficients could be achieved., This implied
that good dirsctivity and isolation could be achieved in a coupler.
The characteristic impedance of each mode was not Xnown, but
could be calculated from the effective dielectrie constant using
gimilar relationships to those used by Okugawa. Their second
method (9), which is more receat, determines the frequency dependent
characteristics for some of the configurations discusased previcusly.
This was szchieved using the Fourier matching technique with a
hybeid mede formulation (s2e Chapter 4), Convergency problems
rolated to this method were not discussed, though the way in
which the matching technigque was formulabed may have diminished
the problem. The variation of the effective dielactric conatant and
of the impedance, with normalisad frequency, were caleulated for the
dielectric overlay medificaltion, and for a substrate made out of
two different dielectric materials. The dielectiric overlay

miodification considered, showed that mode degeneracy wounld oceur
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at a frequepcy where excitation of higher order modes would make
it impracticable. The othef structure analysed was a double layer
Structﬁre 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 2 conventional microstrip proximity
coupler. This was shown to exhibii mode degeneracy at a low
normalised frequency. Possiblée 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 medification, thinner substrates wonld be required

at higher frequencies.

Kowalski and Pregla (10) have also theoretically analysed
the dielectric overlay structure, btut with different dielectrics
and dimensions than those used by Krage and Haddad., A variational
expression waa used which had previously given good reaults for
coupled mierostrip 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 variatién 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 Altermative Form of Proximity Directional Coupler.

The problems of equaliéation of the phase wvelocities
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. This fact allowa cne
to conclude that the even- and odd-modes are decoupled with
respect to each other, indeed they are often irealed separately
in theoretical analyses. fhe proximity dirsciional coupler can
therefore be viewed as a transmission line which supports two
decoupled medes, being excited at each end by two microstrip

transmission lines. In prineiple ihe iwo modes and the transmission

line, in which they propagate, are guite arbilrary, the only
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requirvements being that ai each end of the tranamission line they
couple suitably into iwo microstrip lines, and the two decoupled
modes are degenerate, It was perhaps using this principle that
de Ronde (ﬂ) investigated the possible applications of a microstrip
line over a ground plans slot. Varioua.pmpasa‘!s 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 alot
are not parallel the two dominznt modes which exist in such a
atructure are not decoupled. Transfer of energy from one mode
to the other, and directionality of coupling, will ccecur depending
upan 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 dB coupling and a divectivily grsater 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 lesz than a
wavelength, and placing an overlay capacitor over the slot, the
coupler was almost of lumped form, giving a near invarignt

frequency response,

More recently Gareia (12) published detaila of a 3 dB
directional compler 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, parzllel to the slot,
had been introduced for tuning purposes. The outputs from the
direct port and coupled port correspended to that which one would
expect from a standard quarter—wavelengbh proximity coupler.

Over the frequency baad, 2:5 to 10-5 GHz, the power at the isolated
port was at its worst case 18 di, indicating a worst case
directivity of 15 dB., The input VSWR was between 1-05 and 1+25.
The coupler had been developed empirically, the final design

being the best of a number of frial combinations of top conductor,

slot length and width.
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CHAPTER 2

MEASUREWMENT OF THE NORMALTSED GUIDE WAVELENGTH
OF COUPLED MICRCSTRIP 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. Tt is from the use of this
rhenomencn that the wavelength of a particular propagating mode
.can be established at a particular fregquency. The resultant
information being more usefully expressed, either by normalisation
with reapect to the free space wavelength at the mame frequency,
or In terms of the phase velocity, UP , of the mode in the line
which is related to mvelength,ls y and frequency, j- s BY

Y, = ﬂ'f a2

A resonant section of any transmission line can be made
by imposing open- or short-circuits at the ends of the line. The
atanding wave is excited through a loosely coupled probe in such
a way as fto 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 caleulationa.
For this reason, an alternative is often chosen whereby the
transmigsion 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 withoul recourse to assumptions as to the nature of

the end effect.

Measurement of the variation of phase veloeity with
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frequancy of single micreostrip lines using ring resonators has
been well decumented (14, 15, 18). The results of these, as well
as other measuremsnis by Zysman and Varon (1?), generally agree at
zero frequency with the theoretical predictions of Bryant and Weiss
(19), and their variation with increasing freguency 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
method invelved the use of a hoop resonator - a cylinder with the
two lines on the onter surface, the ground plana on the inner
surface., Although close agreement with a theoreti approach
was achieved, the results were limited to a magnasidh titanate
subatrate, which had a relative permittivity of 16-24 and a
thickness of 0+1041 cm., the coupled lines being such that
W/H = 04375 and S/H = 0-25.

Napoli and Hughes (24) have also mezsured the phase
veloeitiea of the two modes. A linear open-civcuited 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 o be between 15% and 17%, which
compared to a 7% difference calculated from results of Bryant and
Wleiss, and 12% from resulte of Joknson (25). 'The differcnce
between the pguide wavelengtha of the two modes is an important
faclor in the design of a directional coupler, as has heen shown in
Chapter 1.

The ring rescnator has bheen analysed by several pecple
(27, 28) to account for the effect of curvature. The analysis
technigues used a radisl waveguide model, and showed that if the
rabio of line width W to mean radius R, is such that W/RC0-1,
higher order radial modes ave gensrally not excited. Other
theoretical werk (29, 30) has been to investigate the belaviour of
Tings which have some agymmeblry or are asymmelrically exciied. The
ring resonator is shown %o support iwo degenerate modes which are

generally uncoupled with respect fo sach other, TWhen asymmetry
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of some kind is introduced, they couple together allowing two

" values of phase constant for any one frequency. Thia results in
either double psaks to the resonance condition, or with lesa
conpling, 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 w_it.hout the implied fregquency 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 wavelengtha,

Apart from the low frequency theoretical solutions of Bryant

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

has been done to enumerate thess parameiers. 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 fresquenecy dependence of the guide wavelsngths,
and %o provide a chack on the resulis of ¥apoli and Hughea'
experiment (24), which had shown discrepancies with the theoretical
solution by Bryant and Weisa.

Concentric rings were chosen for the rescnator in order
to eliminate the difficulties of the open- or short-circuited
ends associated with linear resonators. The external cormections
to the resonator were made on two separate 50 ohm lines ftangential
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 also allowed easy identification of the two modes,
8ince they give different transfer characteristics between the
iriput and oubpubt circuits. Figure 2.1 ie a photozraph of a ring

resonator, discussed in Section 2.3, and a typical ‘ransfer plot



Figure 2.1 A Microatrip/Slot Line Ring Resonator.



18 shown in Figure 2.2,

A possible explanation for this behaviour is now given.
The inner ring will have a2 higher Q factor than the outer ring,
because it is loaded less by the irput and output ciruits.
Power is preferentially coupled into the even-mode excitation,
and, because of the immer ring's higher § factor, the peak voltage
on the inner ring will be greater than that on ths ocuter xring, An
odd-mode is thus excited which is orientated so az to oppose the
even-mode field in the outer ring., The phase of each mode shifts
through 180 degress at the output pqiﬁt_ of . the resonator for each
successive resconance, even- and odd-modes of\ similar orders
combining to form a transfer characteristie in Figure 2.2a. The
odd-mode outer ring resonance is at a lower’ frequency than that of
the inner ring, and its asscciated eppos-i tion to the even-mode
field causes a dip in the transfer characteristie, The reronance
of the odd-mode in the inner ring is in sympathy with the even-mode
field, causing a psak in the transfer cheracteristic. If the
two modes have diffevent dispersive effects, it is poasible for
modes of different orders of rescnance to be superimposed.
Becruse of the 180 degree phase shift mentioned atove, modes in
which the order of resonance differ by an odd number, superimpose
in such & way that the shape of the odd-mode rescnance is reversed,

as in Pigure 2,.2b,

The input and oulput circuits were weakly coupled to
tha resonator by wirtue of their distance at the neareat points
of proximibty. The degree of coupling achieved was not as easy to
adjust as for the cace of probe coupling that Troughton used (26),
giving in this expeviment a § factor between 100 and 250, If
one can regard the ring st resonance as a parallel resgonant
girvcuit, the relationship between resonant frequency 5, with a
Pinite Q, and that frequency £ , with an inCinitely lurge Q ias:

J
& 52
o o= Q‘" ity ek
%
from which a § of 100 will give a 0-009% lowering of the actual
resonant froguency. (0-(‘.’013‘,’;’0 for a @ of 20{)).
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Figure 2.2a

Figure 2.2b Pransfer 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 Hughes measured, and to provide
details of the modes present in both weakly and strengly coupled
1ined,. Fach structure in turn was fabricated on Coors ADS 995
Alumina, of thickneas 0+635 mm. (equivalent to 0+025 of an inch).
This was necessary since these substrates are not cut ard 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 coppsr conductors was
approxinately 0+013 mm, in order that the thickness would be
several skin depths at the lowest resonant frequency.

The resorant frequencies of the even- and odd-modes wers
measured using a Hewlatt Packard 537A  wavemeter which has a
maximum error of C+17%. For the even-mode, the two frequencies
associated with the fundsmental resopances of the innmer ané outer
rings, designatodjkandforeﬂpectively, wore measured using loosely
coupled prebea above the substrate. This technique also eatablished
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 avound the rasonator, as had been
shown to oceur in slightly asymmetrical rings by Wolff (30).
The apparent resonant frequencysg was measured using the coupling
arrangement on the substrate. Lettingt#e be the phase velocity
for the even-mode, then:

'L'Fg‘= :fici = éoc’ e P

or

Sl e A a o Bl

whare Ci and C0 are the sffective circumferences of the even-mode
for the inner and outer rings reapectively. They are assumed to

lie symmetrically about the mean circumference, the centre 1line
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of the coupled line structure, from a consideration of the low
frequency charge distribution by Bryant and Weiss (31). Deroting

the radii of the eirclea with civeumferencea Ci and Co as », and T,

respactively:
5. 5% sen B
Z RS 5
further
R+l s jlqh ven (2l

where ?;‘ is the mean radius, obtained from measurements ueing
& precision travelling microscope. Consequently, the ecircumference
of the slructure Cs’ which corresponds to the apparent rescnant

frequency fs can be related to either of the two separate résonances:

Cs = 27“}51_ = M I L i
% §s

and from solving simultasneously 2.5 and 2.6,

v o= 2T e
(1 -%ifs)
and
= ___2131___ PO -
(’ ‘ﬁ"/:fi)
thus
13 w5 ver 2,10
& N

where N is the resonance number, and
A‘ 4 27"1'2{ & e 2ot
& 5'-5
whare ¢ is the velocity of light.

The eircimference used for the cdd-mnode was derived

in a gimilar manner. The measured ressnant frequency 5; bLeing
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chosen for conveniénce as the lower frequency resonances, remembering
that this will be either a maxima or minima. Where tightly

coupled rings did not allow f, and f, to be identified separately,
Gs for sach 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: 1

e

LR 2.12

; /
C = 2mr, = 208( -
S m 7
S
where the primed variables correspond to the previous results,
and 8 is the width of the gap between the lines.,

The results of this experiment, compared with those froﬁ
Napoli and Hughes' experiment and Bryant and Weiss' theoretical
solution are given in Table 2.1, The theoretical solutions were
computed on a CDC 6600 computer, using programa 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.

2.5 Measurement of the Cuide Wavelengths of the Deminant Modes

of a Microstrip/8lot Combination.

A direet development from the experiment described in
the previous section was to include a narrow slokt in the ground
plane directly under the coupled microsirip lines. The aim was
to reduce the difference between tﬁe even-mode and odd-mode
phase velocities, by reducing the proportion of the power flowing
in the dielectriec for the former, and increasing it for the latter.
A slot, with a width to height ratio, D/H, of unity, under
coupled lines of W/H = 08 and S/H = 0:6, reduced the ratio of
even- to odd-mode ghide wavelengith from 1-1325 to 1+1010, at a
frequency of 2 (Hz. With this arrangement, however, a third

dominant mode is also excited which has a phase veloeily very



This Experiment Napoli & Hughes (24)
€= 10-3 (1GHz) Er= 10-4 (BGHz)

S/H 1+112 | 0-69 | 019 1:00 | 0528 | 0+12°
w/e lo-s6 |0+80 |0-30 | 0:96 |0+863 | 0363
Age/2, |0-369 {0+371 [0-391 | 0-355 | 0-356 | 0-372
A [Np/p, [0°411 [0-419 [0-435 | 0-403 | 0-414 | 0+424
No/age |1°114 (12129 [ 19112 | 1135|116 | 1-14
Ne/r, 10369 |0+369 [0-386"| 0-364 | 0+367 |0+383"
B {"go/n, (0-405 |0-410 | 0-420" | 0-402 | 0-409 |0-418"
Ado/age|1-098 | 1-111 | 1-088" | 1-104 | 1-114 |1+090"

Tnacouracy expected because S/H is outside the program

limits (see Program description CP34, reference 19)

A denotes experimental work, and B denotes theoretical work.
Table 2.1.
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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 § 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. Each
atructure in turn was fabricated on the same tile. Problems of
registration of the slet under the line were eliminated, somowhat
erudely, by using film rather than glass plates as photographic
positives, The filma for the top and boktom surfaces were then
formed into an envelope into which the suhstrate could be placed
for exposure under the ultra-vieclet lamp., In order to obtain
quickly an insight into the line/slot performance, only five out
of the nine possible combinations were teated. Of these,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 freguency is given in Figure 2.4. In
determining these resulta, the eircumference of the ring resonator
was calculated from the mean geometrical diameter, since the
electrical ecireumference for each mode was closely approximated
by the mean geometrical circumierence, This fact was prowved
by comparing a resonance taken using the inpautfoutput circuitry,
to the zame resonance msasured with an external probe directly over

the slot or line.
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Figure 2.4 Variation, with Frequency, of the Microstrip-
and Slot-Modes of a Microstrip/Slot Line
Combination.
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It was found that coupling between the two modea was
weak, since the phase velocity of the slot-mode could be medified
with little effect on the microstrip-mode. The desired

~modification to the slot-mode was to reduce the phase velocity,

a0 that, ideally, the mode would become degenerate with the
nicrostrip-mode. The reduction in phase velccity could be achiesved
in one of two ways. Firstly by positicning an insulated conducting
strip over the slot, the fields associated with the mode in the
glot 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

by placing a piece of dielectric material directly beneath the
glot. 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 deaigned to avoid exciting rescnances associated
with the extra conductor. It was the second alternative that

was adopted for the reduction of the aslot-mode's phase welocity.
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 C+-025 inch thick alumina substrate, a 0:025 inch and
i 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 shown in Pigure 2.4. These results are for
congtant line width and varying slot width combinations. Results
ghown in PFigures 2.8 fo 2.11 are for constant slot width and
varying line width cembinations. This reguired two further ring
combinations to be measured, bringing the total number of ring
combinations measured to five. It ean be seen that the two modes
vecome degenerate for both thicknesses of the zirconate maberial,
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
eapy to ges that the two modes ars indeed weally coupled.



Figure 2.6 Variation, with Freguency, of the Microstrip-
and Slot-Modes of a WMicrosirip/Slot Line

Combination when loaded with 0-:025 inch thick
Zirconate,
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Figure 2.7 Variation, with Frequency, of the Microsirip-

and Slot-Modes of a Microstrip/Slot Line
Combination when loaded with 0.040 inch thick
Zirconate,
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Figure 2.8 Variation, with Frequency, of the Microstrip-
and Slot-Modes of a Microstrip/Slot Line
Combination.
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Figure 2.10 Variation, with Freduency, of the Microstrip-
and Slot-Modes of a Microstrip/Slot Line
Combination when loaded with 04025 inch thiclk

Zirconate.
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Figure 2.11 Variation, with Frequency, of the Microstrip-
and Slot-Modes of a Microstrip/Slot Line
Combination when loaded with 0-040 inch thick
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Figure 2.12 is a more detailed plet 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 caleculated that the required coupling length for complete
Power exchange would be B87:5 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
cauge mode coupling. The results from these various graphs can

be expresaed 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 ilg;r
microstrip-mode's normali=zed guide wavelength is Q-OO ‘Gﬁz.
By extrapolating each curve to zero frequency, the relation of
the mierostrip-mode's nomalissd guide wavelength to W/H can be
determined for various slot widihs. This result is shown 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
ig 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 dispersion of the slot-mode, in the presence of the
microstrip line is not linear, and thus cannot be treated in
such a aimple manner as the microsirip-mode above. IHowever, for
the limited practical cases measured, Figure 2.14 shows ihe
variation of the slot-mode's normalised guide wavelength with D/U
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 n/H.
The measuced variation of normalised guide wavelength with slot

width was wnexpected, since it was thought originally that



ﬂ‘ﬂ-l

0.39 .

038 | 2]

T T Y JERa ¥

40
wr o 10” RANANS
or wp” RANANG

Figure 2.12 Detail of the Point of Degeneracy of the
Microstrip- and Slot-Modes,



44

046 -
Q.44
o2

O.4o

Q.38

rnu o
Y
B

S0

.56

OIM-

Q.32

T T T T T T T T T 1
O 02 04 06 08 1o 1.2 1.4 e 118 2.0

W/H

Figure 2.13 Variation of the Normalised Guide Wavelength
of the Microstrip-Mode with W/H, loaded with
0.025 inch thick Zirconate.

.45

W/H = 0»94'
AU ] 2 GHa
043
3 GHa
0,92 |
O
4 GHz
g v
: 5 Gia
a39
6 Gz
0,39
7 GHa
0.374 8 ala
Qb6
0'35 T L] L | ] | ] L}

O 02 04 04 08 Lo 12 L+ L&
D/H

Pignre 2.14 Variation of ihe Normalised Guide Wavelength
of the Slot-Mode with D/H for a fixed W/H
loaded with 0+025 inch thick Zirconate.



0.47 -
0.46
045 -
044
043,
042
0.4 .
0.40 |
02 |
0.38.
0.37..
0.36.

0.35 4

45

6 GHa
7 GHa
8 Gila

§

034

T T I ] I ] i 1 Ll 1
O 02 04 06 08 1.0 L,2 L4 16 1B 20 22 24

w/H

Figure 2,15 Variation of the Normalised Guide Wavelength
of the Slot-Mode with W/H for a fixed D/H
loaded with 02025 inch thick Zirconate.



46

dielectric loading of the slot would merely lower the normalised
guide wavelengths of modes of different slot widthas by a
proportional amount, and not in the very non-linear manner of

Figure 2.14, The variation with W/H, 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 rescnances, which could be eliminated
by shifting the dielectric loading material slightly. This double
peak phenomenon was atiributed to asymmetry in the positioning
of the dielectric loading material, since, by Wolff (3%0), two
degenerate modes present in the ring structure would couple
together if any asymmetry existed. It was found also thatl if
a amall flaw in the top strip existed, a double peak in the

resonances of the microstrip-mode would result.
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CHAPTER 3

MEASURFMENT OF THE IMPEDANCE OF
MICROSTRIP LINES AT WICROWAVE FREQUENCIES.

3.1 Introduction and Definition of Impedance.

The concepts of characteristic impedance and phase
conatant, 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 aspace wavelength of the
wave propagation to the physical shape and construction of the
line, With an arbitrarily shaped line, or waveguide, it is
génerally possible for the energy to propagate down it in a
variety of different ways. These modes of propagation, as they
are termed, can be grouped intc a number of distinct clagsifications,

namely:

a) Transverse electric and magnetic mode (THEM)
) Transverse eleciric mode (TE, or H mode)

¢) Transverse magnetic mode (MM, or E mode)

d) Iongitudinal section electric mode (LSE)

e) Longitudinal section magnetic mode (LSM)
) Hybrid mode (EH)

Although energy may propagate in a fransmission line in more
than one mode at the same frequency, syslems are often designed
to avoid this, making use of one particular mode, The choice ig
usually straightforward, being the dominant mode which propagates
at a frequency below the lowsst frequency at which the first
higher order mode can propagate. Occaaionally it may be deaired
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 and 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,a s of ecoupled microstrip
lines which is equivalent to measuring the phass constant,(! 3
since the two parameters are relatad simply by:

p= ZE e 3-1

Y

Because the concept of characteristic impedance ias
used to quantify in a certain manner the behaviour of a number
of totally different propagating modes, it is not surprising-
that ita 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 fotal current flowing in the direction
of propagation. For simple transmission lines at low Freguencies,
supporting TH{ propagation, the following relationships can be

showm 1o be true:
B Jife = Ly = 1/cy vay a0

where Zo is the characteristic impedance, T the induciance per
unit length of the line, C the capacitance per unit length of
the line, and Lﬁ the phase velocity of the mode. The voltage
may be found from taking a line intezral of the electric field
between two points of maximum potential difference, and the
current from a closed line integral of magnetic intensity around

one of the conductora.

Secondly, where the voltage is difficult to dafine an
alternative definition can be derived from the relation of the
complex bime-average power flow, P, to the voltage, V, and
current, I, given by:

P:h %VI* = iao[r* ses 5.3
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the asterisk denoting the complex conjugate. The time-average

[s]

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

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

P Lﬁ(ex:—:“).dm on 34
& Ms

the real part represents the real power flow and the imaginary
part, the stored energy in the electric and magnetic fields.
Thus, the power flewing along the line is

P %&Sgg EKH‘).&IMA? e 55
= L ZIT* '

hence

e ({ (exM.ay.dudy
z.I*

The magnitude of the complex Poynting vector in the direction
of propagation, (Exl-f'la.}
&

N #®
(ExH )ay = EHy - B HS ool

cels DeB

7

is given by:

The third alternative defintion is somewhat related
to the previous one, since the time-average power flow given in
texms of current and impadance in equation 3.3, can also be

Ziven in terms of veltage and impedance, thus:

Poivr® o 1 V¥ e
2 2 io o ee -

and; aimilar to above

%
2 Vv

] K SSgEXH‘).aadx.d;a.

Finally, there is the impedance defined by the direct

ratios of the electric and magneiic fields, fThis 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

a concept of an exact impedance (34).

Individually the definitions, where applicable, will
yield different impedances for the same transmission line. It
is important, in order to preserve the validity of the use of
network theory, that throughout a system containing transmission

lines and other cemponents the impedance definition is consiatent.

The measurement of characteristic impedance of a
transmission line is often reguired when it is not readily
caleulated. 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 known
mismateh. The test line is incorporated into a aimple system, and
a response ia measured, which allows the relation of the test
line's unknown characteristic impedance and the atandard to be
caleulated. The connection of the line under test to the standard
line, which may be part of the measuring instrument, can give
rise to a significant junction discontipuity. When there is an
abrupt cross-sectional geomstrical change in these two lines,
the junetion discontimuity may be severs enough o greatly affect

the accuracy of the measurement.

The methods traditionally used for measuring the
charactoristic impedance of high frequency transmission lines
usually use a slotted line or waveguide. The slotted iransmisaion
line is of a slandard known characteristic impedance, or in the
case of waveguide, it is regarded as havjng the reference impedance
to which everything is normalised. A short length of the
unkhown test line ia connectied Yo the end of the slotied line.

The input impedance of the line is measured with the slotied 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-circuits to be at the same reference plane, then the
characteristic impedance is given by (35):

Z = /'zoc-*sc ver 3.10

where zoc is the input impedance of the test line open-circuited
and Zac the input impedance of the same line short-cireunited.
Apart from ignoring the problem of the junction discontinuity,
the method requires accurate open- and short-cireuit terminations
to the test line. For microstrip and slot line this ia difficult
to achieve in practice, so an aliernative form of the ssme basic
methed could, perhaps, be used. In this method the test line

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

1
the slotted line. The input VSWR of t;e 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:

Zozz‘/vswxm. VSWR . e A

where Z is the impedance of the atandard 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 are
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 iz ghifted
by varying the electrical length between the open- or short-
eireuit and the node, by changing the frequency of the signal
applied 1o the line. The shift in nodal position is recorded
at a number of poinis over a wide frequency range, from which a
graph can be drawn, 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 acouracy,
they have greatly reduced the time taken for the measurementa
to be performed. The two main instrumenta referred to are the
Time Domain Reflectometer (T.D.R.), and the Nelwork Analyser.

The T.D.R. is an instrument which appliea 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 discontinuity 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 freguency limit to the frequency over which the
measurement is walid, and a limit to the resolution of clesely

gpaced 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 atill expanaive,
but where there is access to a small computer, on-line rorrection
ia relatively simple. Shurmer has published a number of papers
(37, 38) dealing with this topic, and more recently Da Hilva
and McPhun (39) showed that correction could be achieéved without
the regquirvement 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 corrsction methods.

3.2 A New Method for Measuring the Characteristic Tmpedance

of Transmission Lines.

3.2.1 TIntroduction

A new method of measuring the characteriatic 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
methed mentioned in the previous section, though instead of
meaéuring the actual shift of the nodes, the change of phase at
a datun 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 unknown
line's characteristic impedance., For simplification of the
mathematics involved, the unknown line ean be terminated in either
an open- or short-circuit. In the following discussion an open-
cireuited line will be considersd, and furtﬁer, it will be
iassless, and with a junciion discontimuity, This will insure
that the basic principles be easily understood. These complexities
will be considered in detail in the remaining sub-sections aof this

section.

The input impedance of a length of unknown lossless

transmisaion line is given by:

§ A .Z.'(Ei-w‘ﬁe - jﬁzaﬁ"‘"ﬁl ) ol o
ipuk 2 copl + jR snpl

where 31 is ‘the characteristic impedance of the unknown line,
and ZL the impedance of the load terminating the line at ita
far end, When the line is open—circuited, its impedance bhecomes

ZI;‘P“L_ = --Jz', Gﬁtp& oaisl F513
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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 terminatea

& standard line of charactéristie impedance Z . The reflection
coefficient, I" of such an arrangement is:

féé = Zuipt - %o woe otk
Z.hpuf: + 2o
Substituting for Zmput’ the phase angle of the reflection
coefficient, g, is:

$ = mf'zm( ci 300%

I—%‘wb‘gt)
where Z = 21/20, the normalised characteristic impedance of the
unknown line. This function is plotted for warious values in

Pigure 3.1. It can be seen that, when 2 = 1
¢= nm - 2 oo 3,16

where n = O for an opsn-cireunited line, and 1 for a short-circuited

line.

Vinen 7 is different from unity, the phase angle of the
reflection coefficient deviates either positively or negatively
from its valune when 2 = 1. The deviation of the phase angle of

e

the reflection coefficient, S¢, is given by:

56 = W"""’%ﬁ@%ﬁ) B el 3.1%

This function is plotted for various values of Z in
Mignre 3.2. It is seen that 2ll maxima and all minima are of
equal amplitude, dependent only upon the value of Z. To find
the maximum value of equation 3.17, it is differentiated with
regpect to /;e, thus

M = 2 - 2z v De 18
d(p2) sipl(1 + Zeotppt )

at 'a maxima it can be shown that

/35 s MW+ Ard-m(,lz) ive 3:19
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where Arctan is taken as its principle wvalue, Substituting this
into equation 3.18, after some rearrangement, the relation
betwsen Z and M is found to be given by:

2= tnn?(;éﬁji;fﬂﬂf) ' vee 3.20

This equation has an infinite number of solutions, one of which
lies belween the following limits,

- S & for 0£2 oo ee 3,21

and is plotted in Figure 3.3. It will be seen that the modulus
of $¢ is plotted, ignoring its sign. The characteristic impedance
21 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 ia chosen
for two reasons. Firstly, because it is able to measure the phase
angle of reflection coefficient at a junction of the unknown
open- or ghort-circuited line, and secondly, it incorporates a
mechanically variable length of line, which, when correctly
adjuated, 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
plane extension is adjusted until two peak values of phase angle
have the same amplitude. The peak phase amplitudz is then
recorded and the characteristic impedance determined. In practice
it will be seen later that this procedure is made necezsarily
gimple because of the initizl assumptions. When a more complex
transmission line model is considered, the measurement precedure
has to be modified slightly.

2.2 Tozay Transmission Line.

A lossless trancmission line was considered in the
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previcus 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 measuremeni of the line's
characteristic impedance can be found, The loss mechanisms can’
be due to either dielectric, conductor or radiation loasses, the
result being that the propagation constant, ¥, reverts to its

most general form,
T = """JP Vo B an
whereﬁ is the phase conslant, and ot the attenuation constant.

To show that the method is equally suitable for short-
cireuited lines, the theory to follow will be derived for lines
terminated with a short-cirecuit. The input impedance of a lossy

line, of characteristic impedance Z1, terminated with a load ZL iss

uh 72
2 e (Z',,.cvsfb')’& + 218 U
hpuk = FN\ S e Te + Z s TE
which for ZL =0, reduces to
zr’hpaf: = %,-l-auk.ﬂ’{’; ces 324
subatituting for Tthen:
1 fos
zlhyub * zl( Hbel > I ) wor 5a25
I+ jtanhel . fanpl

TFollowing a aimilar procedure to that in the previous sub-section,
it ean be found that the magnitude, e , and phase E.ngla,é , of
the reflection coefficient at the junction to a standard line is

given by:

( = 'j(xz + 9’)/.‘..:?" MR, 1

and

$ = axr:“a.w(g/m) : s 300
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when 7 = Z1/ZO, then x,y and u are
= 'f';wkzwﬂ(iz- 'hm"/bf:) + (?..zfm’y.\ﬂ - l) o Ba 8
y= 22t pl (| - tankPat) vss .08
2 I
u:(zfaade) + tulpl (2 + tanh%cd) -es 3.30

When the line is lossless, equation 3.27 becomes:

¢ = arcton (ﬁ% cee 351

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, ﬁara
chosen from calculaltions published by Horton, Easter and Gopinath
(40). 'They calculated a value of 0.577 nepers/metre for a '
microstrip line, W/l = 1+0, on a 0:635 mm, thick slumina substrate,
at a frequency where the skin depth is of the seme order as the
conductor thickness.  With a value of attenuvation 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
hy equation 3.27 was not found by differentiation, but by using

a funetion maximisation routine on the computer.

It is interesting to note that being a pasaive sbrcture,
the magnitude of the reflection coefficient is always equal to,
or less than, unity. When losas is present it is always less than
unity, varying cyelically as shown in Figure 3.4. A practical
measurement is shown in Pigure 3.5, taken of a microstrip line
on a 0+040 inch thick girconate substrate. Aittemation in the
transmission line can be seen to be increasing with frequency,
due ko increasing dielectric loss, since the zirconate material
is being operated sbove the recommended limit (41) of 5 CHz. It

may perhaps be reguired in some cases to evaluate the characteristic
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impedance when the line is lossy. TPFigure 3.6 can be used to
asgesa the loss in the line, by approximate knowledge of its
characteristic impedance, and measurement of the minimum wvalue

of the magnitude of the reflection coefficient.

3.2.3 Transmission Line with a Capacitive Junction Discontinuity.

It has previously been stated that one of the complications
in measuring the characteristic impedance of microstrip lines, is
the exisfience of a junetion discontinuity at the junstion of the
line to a standard coaxial line. Caulton, Hughes and Sobel (42)
reported that this discontimmity for a coaxial tolmicruatrip
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 discontirmities.

The simplest way of representing a shunt capacitive
discontinuity is shown diagrammatically in Figure 3.7 for an
open-circuited transmission line. The diacontinuity is shown
by BDYO, where BD is the normalised junction susceptance, The
characteristic admittance of the microstrip line is Y1, and

) that of the standard

S ey line, Yo. Formulating
the reflection coefficient
4 Y

in the same way as before,

the phase angle, ¢, is

Fipgure 3.7 given by:

=M¢fu«, -2(YMM+B)) eve D)
# (:-Yzm';se-zvs_bwe - 5;;) s

whera Y = Y1/Y°, and By the normalised junction susceptance.

This simple model, of the microstrip line and junchion
discontinuily, was not found to be sufficiently close to the
practical case. The frequencies at which the peaks of the
phase deviabion occured practically, were nct related to the
frequencies found theoretiecally. It was decided to investigate

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

12, along the microstrip

‘l z' line., The new model
Pt E— is neareér to the
g tic i
‘Eo 3{ m -Z, practical case since

fringing fields at
the discontinuity,
Figure 3.8 and the short overlay
: 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, é, by similar reasoning as given before, can be

showm o be given by:

¢ = arctan (;‘E—f'g—z) | vor 333

X o= Smpgz_(%‘)‘mﬁp, + Zzs-p)_ 'ZCOS}!;E; PR W ¥

Y = m,g,{.z(hw-ﬁ.ﬂ, + 26_1,) + s ply cee 3.35

in vhich Z = Z,/% . The phase deviation, 3¢, is given by
8¢ = archaw (Lj‘&) + 1pe cee 3.36
- l&‘-

where 1 = 11 + 12. When the junction discontinuity is completely
capacitive, it will be found that successive peaks of eaunation

3.36 decrease non-linearly with increasi ng[bz, the minimas decreasing
more rapidly than the maximas. The peaks of equation 3.35 are
computed using a golden section algorithm, and the average

glope of three successive maxima and three successive minima is

found in oxder to cancel the slope. This operation produces

maxina and minima which lie symmebrically about a horizontal
reference line. It beara similavity with the practical realisation

on the Network Analyser, where the reference plane exlension, in
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the reflection test unit, ja adjusied until neighbouring maxima

and minima lie symmetrieally about a horizental reference line.

Figures 3.9 to 3.11 show the resulis of a computer
program, described in Appendix 2, the aim of which was to
characterise the theoretical behaviour of a practical micrestrip
line on 0?635 mm, thick alumina. Experimental details of the
meagurenents and results are given in Seetion 3.3. The computed
results are for a line of similar dimensions, and phase conatant,
The line waa assumed lossless sinece the magnitude of the reflection
coefficient was close to unity in the practical measurements,
and the junction discontinuity suscsptance, in Figures 5.9 to
5.11, are for '.BD equal to O+ 0125(,30 025&,\3:1.& Q- OEOé)at a frequency
of 1 GHz, rising linearly with increasing frequency. Theas values
of junction susceptance can be related to the voltage standing
wave ratio, 8, that they would cause in an otherwise matched

Lranemisaion line ayatem by:

= S=|
8, e ok BT

or in terms of the junction susceptance, BD' by

2
5wl g B :I-_B‘Z;D(-ﬁ--n-B; vee 3.38
2 A

3.2.4 Transmission Line with a Capacitive Junction Disconbinaity

and Radiation from its Open-Circuited End.

This pariticular problem was considered because the
resultes of the previcus sub-ssction showed close agreement
with practical measurements given in the next section. The
miercetrip linea that were measured, used open-circuits for the
termination as they are easier to fabricate. The model, shown in
Pigure 3.12, was investigated to see if the effect of radiation
(7% & (A from the open-circuited

o o OO0 end, significantly affected
Y=ok A
Ya Y" Y‘ Y. the phase characteristic
\
L L0—0 of the reflection coeffieient.

@ ® @

Figure 35.12 BD‘IO, ia situated a distance

The capacitive discontinuity,
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Pigure 3.9a 12= C*0 mm

0 T T T T L] L T I 1
70 72 T4 16 7.8 80 A2 B4 0.6 a8
pL_Rapious
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Figure 3.11c 12= 1+0 mm
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12 from the junction of the microstrip line. The open-circuited
end is at the end of an infinitely short length of lassy line,
which has the same characteristic admittance, Y 4 88 the rest
of the line. The phase deviation, Sp, ig caleulated in a similar
way as previously, and is found to be given by:

% = m(;ﬁ_;%) - 2;5!;- vee 339

in which

m = Phaah V8, - (coppl (ranpl, 428, ) + sin ol ) cor 340
n = Stanh T4, +(sinpl(2tunpl 428y ) - Zeooply) ... 5
p = vk ¥y, +(conply(tanpl, + 28)) + sinpl, ) usi Dok
g = (suply(2toupl + 28)) - 2copll)- shwh Tl .. 543

and

e Z(mﬂ,mﬁ'& o+ %%-EB)W;MA!:) een 3044
o = coply-2tytonplonply -buphsinly . 2

When T-ﬂo is zevro, there is no loss at the open-circuit, and the
equation for the phase deviation, 595, reverts to squation 3.36,
in the previous sub-section, When 9’& is real and non-zero, the
_J.osay transmission line, length ep y causes attenuation without
changing the phase of the signal, and thus simulates radiation
from the open-circuit.

Detailed resulta for this model are not ineluded here,
though they can easily be obtained using the same computer program
as that used in the previous sub-section. As 'r-epis increased,
but kept veal, the peak phase deviation is increased slightly
for the pame characteristic impedance and Junetion susceptance.
From practical considerations, however, this increase is small
comparad to the magnitude of the measurement errors, The elffect

of padiation from the open-circuit ean thus be ignored ' until the
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measurement techniques are improved.

3.% Measurement of the Characteristic Impedance of Microstrip Lines,

The transverse inhomogeneity of microstrip geometry
raises some difficulty in defining its characteristic impedance.
Wihen the propagation of energy is approximated by assuming a
quasi-TEM mode, its characteristic impedance can be velated 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
reaults in the characteristic impedance falling. Recently, this
reault was concluded by Denlinger (15), and Deutsch and Jung (43),
and found to be true practically by Napoli and Hughes (44).

Napoli and Hughes measured the characteristic impedance relative

to a TEM line, concluding that its impedance decreased more

rapidly than the increase in the effeciive dielectric constant
alone would cause. Doubit in some of the assumpiions used by
Napoli and Hughes, caused Krage and Haddad (9) to guestion

their conclusions, since, using a hybrid mode formulation and

a powerflcngitndinal 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
microastrip in two ways, and obtained similar resultis for aimilar
methods. The two methods used'were, firstly, the definition of 2
the voltage in the centre of the strip divided by the longitudinal
eyrrent, and, secondly, by the power flow divided by the Iongitudinal
current squared. In both cases the charvacteristic impedance
ingreased from zero frequency, the rate of increase being greater

for narrower strips.

.5.%.1 A Practical Measurement,
The characteristic impedance has been measurad using

the method described in the previous section, A Hewlett Packard
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87104 Network Analyser, in conjunction with its associated
Reflection Test Unit, Harmonic Frequency Analyser and a Swept
Frequency source, was used to m2asure the phase of the Reflection
Coefficient. An important consideration, before measurements
could be made, was that the total electrical length of the
microstirip 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

%+5 ems. long, in order to comply with the length restriction.
The termination at the far end of the lines was, in all cases,

an open~-cireuit, the open-circuit being merely an abrupt end of
the strip with the ground plane continmued a further 1+58 em. to
the end of the substrate. '

The microstirip line was connected to the unknown input
of the Reflection Pest Unit by means of a modified 0SM 954/CC
%mm. coaxial/strip line connector and an OSM/APC converter.
The connector was modified in a way similar to the modifiecation
snggested by Caulton, Hughes and Sobel (42). Instead of cutting
the centre conductor off flush with the flange and adding a small
tab, the tab was formed by filing down the cenire conductor. The
sweep generalor was adjusied so that it covered a freguency 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 symmstrically placed in a horiwontal
plane. Because the microstrip has a capacitive junction susceptance,
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 caleulation of the phase conatant, as
auggested in the paper included in Appendix 1, imposaible, The
paak values of phase deviation, and their asacciated frequencies,
were meagured. The length of the microstrip line waa also measured

and corrected for ifs open-circuit end effect, ﬂe, by adding

Al = 02 xH ves 3.46
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where H is the height or thickness of the subsirate. The equivalent
length of THI supporting line, §,, was then found from

L= 4 /().9/],) oo 347

where l&/}h is the normalised guide wavelength for the line, and
ﬂe is ils corrected physical length, The electrical length, ﬁ,vﬂ,
is then found frem the relationship,

pl, = 1ntly ver 3.48

vhere ¢ is the veloeity of light, and £ is the frequency. The
normalised guide wavelenglh 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
freguency by using the following empirical formula

%% X %I&o

where f ig the frequency in CHz and m is the rate of change of

+ nf ves 3.49

)gfho with frequeney. For this measurement, m was taken as

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

in the previous Chapter. The characteristic impedances of the
microstrip lines were found, using the graphs in Migures 3.9 to

3.11, from the maximum values of phase deviation and their assoccinted
electrical lengths, obtained from the fregquencies of peak phase
deviation uging 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 seb of practical results, evaluated using the theory established
in the previous section, for various positions of junctiona
susceptance in the line. As the frequency is increased, the laci
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 connector had an overlap
of 0+4 mm, Comparison of the two sets of vesulta reveals that a

gimilar 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 almest independent of the junction susceptance's
position, and significantly lower than Lthe wvarious 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 Line Combination.

The configuration, the cross-section of which is shown
diagrammatically in Figure 3.16, supporis two modes, a microstrip-
mode and a slot-mode.

Their phase velocities

I ;“G I : have been measured using
ring resonators (see

e s
B

phage velocity of the

microstrip-mode is only

8lighily altered from
Figure 3.16 that of a true microstrip

line,

Diract measmurement of the slot-mode impedance has not
‘been atbtempted. The problem of making a wideband comnection to
a ptandard TEM line without large junction discontinuities has
not been ovarcome. The characteristic impedance has been delermined
. Bomewhal crudely by consiructing a microstrip/slat line coupler,
and relating its performance to a theoretical model with various
glot 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 thal on either side of the microstrip/
alot line there was a section of microstrip line., TFrom T.D.R.
meagsurements 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 ‘ware
used, the results being shown graphically in Figure 3.17.
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CHAPTER 4
A THEORETICAL APPROACH FOR THE SOLUTION OF FIELD PROBLIMS USING
¥ it ki A TFAST SQUARE CRTTHRION ~~ =~

4.1 Introduction

In the preceding Chapters, attention has been centred
upon the measurement 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 meﬁﬂuramants.
The theoretical solutions of microstrip tranemission linss and
related structures are complicated mainly by the presence of
the transverse inhomogeneity. Since no analytical approach
hae been found which yields a closed form solution, a range of
numerical methods have been used to find an approximate solution.
Farly methods for solving mi&rostrip were based upon a quasi-
static approach which assumed a quasi-TE{ mode to propagate
(31, 51-54). More recently, attention has been concentrated
on determining the dispersive nature of micrcstrip by using
either methods based on a hybrid mode analysis (9, 17, 22, 23,
45, 55-67), or frequency dependent modsls (18, 69).

The directional coupler described in this thesis
gupporta bwo differeat dominant modes which are uncoupled and
dispersive. A theoretical method, based upon a hybrid mode
analysis, that would be applicable to general structures move
complex than microgtrip, is reguired. It was thought that the
method of error minimisation using a Least Squave criterion
published by LaRiviere (67) offered the best possibility of
extension to characterise structures more complex than, but
gimilar to, mierpstrip. Finite Hlement (63) or Finite Differetce
(60) approaches require large amounts of computef storage, and
the use of non-linear discretisation grids fo maintain accuracy
niear 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 2 x 2 matrix compared to a 50 x 50 mairix using Finite
Difference technigques. 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 Mateching
and Variational expressions have also been developed by LaRiviere
and others (51, 59, 64). The main disadvantages with these
approachea 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 mods formulation. The
Telative convergence problem has besn solved explieitly using
this condition for a bifurcated waveguide by Hittra (71). The
problem for microstrip remains unsolved, with methods having to
resort to tﬁe use of trial ratios. Applying these techniguss
to structures similar to, but more complex ﬁhan, migrostrip
would, in general, slow the raie of convergsnce, and make the

relative convergence problem mere intractable.

The Least Square error minimisation technigque is well
known as a method of optimising the fit of two sets of funetiona.
The technique can be generally applied in one of two ways.

Pirstly as an inberior method where the field, which is completely
enclosed by the boundaries, conforms to a given equation, the
kernel of which is given by an approximate solution which eonforma
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
boundary condition, along the boundaries of the region. This
approach is texmed a boundary method.
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An application of the boundary method, for the solution
of scattering problems, has been published by Davis (12).
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' methed to be rigorously
convergent, and showed that the éonvergence is guaranteed for
regions where singularity in the fields may occur, as long as
the '"boundary residuzls' are evaluated along contours which
end at the point of aingularity, though the rate of convergence

may be slower,

An alternative approach to that adopited by LaRiviere
is given in this Chapter for a solution to miecrostrip. The
method is perhaps more genmeral, 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 funetions for the fields in a tranaverse
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
boundary residuals only exist within the enclosed region, allowing
it to be considered as an interior method, although the formulation
of the Least Square criterion is not integrated over the enclosed
aurface, 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 gunide was subdivided in a similar
manner to the way in which the iransverse section of the microstrip
line of section 4.3 would be subdivided. In addition to cumparing
T selutions with those obtained by LaRiviers, TE sclubtions were
also computed. The dominant TE solution is important since it
is upon this mode that the field singularity at the edge of the
gtrip has its greatest affect.
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4,2 Theory applied to an L-Shaped Waveguide.

4.2.1 T Modes in an L-Shaped Waveguide.

Consider the L-shaped waveguide in Figure 4.1.

The fields within these sub-regions can be expreassed
by equations which must satisfy, (a) the boundary between
sub-regions, and (b) Maxwell's eguations within each sub-region.
Purther, as it is vequired to solve an eigenvalue problem, then

these field expansions must satisfy the Helmholiz Eguation:
. -
VZK. + kX =0 vt 1

where ), is a scalar

V is the vector operator .g_ + _a.- + 3
=y

k2 is the wave number, or esigenvalue of the partial differential

equation.

Tor M modes there is no longitudinal magnetic field, i.e.

H‘? =0 co W2

thus, 1if &213 the magnetic scalar potential, defined such that

b "‘(3' swshed
H3’ T Q(":‘J)'eJ ! :

where (5 ia the phase constant, then

Q & 0 vve 4l
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Thus, within each region only the electric field has to conform
to Eelmholtz equation: '

VLK + ke]f,so SO

where the scalar electric potential']& is related to the longitudinal
electrie field, by the definition:

Ej = w(’,a)'e-fz i 46

Solutions of the partial differential equation 4.6,
which conform to the boundary condition&,'pz 0, are given in terms

of unknown coefficients, namely a .'&'n,a'n and e :

¥

)ﬁi - g(’&ns&o{g}x.@ﬁ,{% + asm{gax-.&ﬂm’n ) s 3B
"(,3' =%(e,‘swp..(d z). s.w.x(y,) oo D

h_l(a“amx&z sl.uﬁqu(b H)) bz 4oy

where the separation coefficients of tha partial differential

equation are given by:

°(§1”= -ﬂg-- H ,‘:’-_- ,,“(; - e(,'(u‘ e Hall
L

o« = ax 3 (35?:. okt o Aol

o

and Lci is the wave number, related to the angular velocity, &X;
.the velocity of 1light, ¢, and the vhase velocity, @, by:
2 2
= 8 _
kﬂ =& P ves .12

Applying Maxwell's curl relztionships within each sub-region,
the componenis of the fields, which are tangential and normal to

. Lhe iaterfaces of the sub-vegions, are given as follows:

(*J“}" < st voe ds13

fy'ff-



) . :
Eaze (be}m -drs%g) cve A4
H g._J_(_Jp%Q;‘ +Jwe%'g) wir A1
" (".J'Pa—@ “d"’e%Yf) oo 416

From the knowledge that the tangential electric field
at any boundary is contimmous, the tangential electric fields
can be matched between regions 1. and 2, and regions 3 and 2,
allowing the unknown coefficients a, and € to be expreaa?d in
Lerma of é'n and .‘c':':l. ‘The component Rz in each region is given
by equation 4.6, and Ex and Ey by equations 4.13 and 4.14
respectively, remembering that {) is zero. It is found that
the following relationships result:

5 a;“ = Cp S Ol B
~2
e, = & ! cee 4218

Across an interface between iwo 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 relafionship that the Leasi Square error minimisation
eriterion is defined. The boundary residual R, along a conbour

is given by:

R ﬁﬁ(uzt_ otk + G, o, -4 ]

whare Kbindicatea the tranaverse direction parallel to the
intarface between the two regions, suffixed 1 and 2, and the

asberisks indicate the complex conjugate.

It is at this stage that ihe normal mathematie notalion
can be besk replaced by computer programming notalion, eapecially
for the names of certain variablea, This aids %the checking of

the compiter 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:

Q,_Z“ ‘géliﬁ,‘ HXIA(N). Siol + Cy Hx:ﬂ(u).:iup.‘i"x}.
5 ia"‘ HXIA(M) St X % + thB(M).siup‘f,f x]‘daa

. A.20
M=
and
a‘N
- . } ~ .
R, 5= %ZcﬂHm(n). Sig 'y + Cp HYIB(W) s;mxf‘?} :
o i - . a, ~ » *
Wj'cm HﬁA(M)smp,,.g + &, HYB(sia s 33 da;, con) 21
where the one dimensional Il arrays are:
A
HxIB() = -~ J.(-_')%vizw;ﬁp_ . 4,23
Ka
HYIAW) e J..C:L’fﬁﬂgj_wf_v . 424
¥
HY18(v) = J_Z_@.\.e;ﬁﬁ cos e . 4.25

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, T, and 'E’n, with the product of two o

f

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

4,20 and 4.21 become:

N M )
Ry= %éﬂie@mmm CrlmABI2 4 8,5y BAIZ + s BBIZ.}
and

Gonii

=i

AL T, A0+ 5,023 4 8,20, 8823

waere the variables AA12, AB12, AA23, AB23, etc, are cemputed

4,26

. 4.27
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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 mmltiplication.

A&7 2=EX1A(N) *CANIC(HEX1A(M) ) %C01 (N, H)
AB12=HX1A(N) *CANIC (OB (M) ) *Co2(N, M)
BA12-HX13(N) *CANIG(EX1A(0) ) *CO3(N, M)
BB12=HXTB(N)*C#IG(ax1B (%) ) *C04(N, M)
AA23HY 14( ) *CANIG(IY1A(M) ) ¥CO5 (N, 1) we de28
AB25=ITY 1A( W) *C@NIG (Y 18 () ) *Co6 (N, M)
BARS=HY 1B(N)*CgNIG(HY 1A (M) ) *CcOT7(N 1)
BE23=HY1B(N) *CANIG(HY 1B(K) ) *COB(N 1)

where thebw dimension C arrays are given by
Col (ym)= Sasm o« (sinoc ) d
Coz(n,aQ:K sun 4P (sin p80)
CO?:(N}M)uS: e (stnctn x) dx

0

cor+(m)=s 5 (sinforc )
Cos M,M}:Sa s By (su;,e,.‘,'.’?)*d? cor Be29
ceé(u,m):S:' sinpiy, (sin sty ' dy
o=, oy (s )0y
costy)= | sin sy (sinody ey

Adding equations 4.26 and 4.27 together, and writing
the result using matrix notation, then

Az = R e A0

where R is the total boundary residual, the wvector

| ] ~r P . .
Xz{c1,02,...ﬂN,c1 ,ca,...cN), x is the transpose of x being
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% (E,I ,32,...'%,8'1,3'2,...&;), and A is the matrix fommed by the
coefficients AA12, AB12, etcetera. It can be ssen that this
eguation has a guadraiic form, but also that because the vector
% is not implicit in the problem, since the maganitude of the
scalar fields are nol fixed, the expression must be normalised
in order that the form be minimised, Dividing by the inner

product, equation 4.30 becomes:

xAx = R e kit
2%
This form is well known as being the Raleigh quotient (73, 74),
which has the property that for xTx = 1, its value equals the
amallest eigenvalue of the matrix A when the vector x equals
the eigenvector associated with that eigenvalue, Hence, the

problem reduces to one of solving the eigenvalue probjdm:
A-1))Z =0 e 452

Ty find the minimum boundary residual it is thus only reguired
to vary the frequency with il other parameters fixed, and to
find the minimum valus eof A‘ ; the smallest eigenvalue from equation

4.32. 'The vector % is equal to the eigenvector associated with )t, i

Since the problem is formulated from basis functiions
which are without a true scalar reference, it is instructive to
‘" imagine that they do have one and that it is fixed by the relation
¥'% = 1. Thus, the smallest eigenvalue of A ia x"Ax, and the
problem is one of solving the efigenvalue eguailion 4.52. Tach
region 18 not necessarily bound fo a common numerical scale,
and intentional secaling or effects of the higher harmonics of
the basis functions will change ‘the magnitudes of the components
of the basis functionsa., The inner product in this case will
change and will no longer be equal to unity., It can easily
be shown thab an eigenvalue of A is given by

-—T —
A= TAX oo 4233
FA¢
Thug, since the inner product is no longer unity, its effect is
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o impose different numerical shifts to zll the eigeavalues of
4, so that generally A, , will no longer Ve its smallest eigeavalue
though it still will be representative of the value of the

guadratic form in question.

Where the physical problem is simple, and the scalar
fields similar in each su'h—'reéion, 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 thias case, but when microstrip
is considered in section 4.3, it is certainly not trume. 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 gresater than those of smaller matrices.
It should be remembered, however, thal the frequenecy at which
the minimun of the eigeavalue occurs, and thas ratins of the
componznts of the associated eigenvector, are seemingly unaltered

by this phenomenon,

Matrix A is formed when the elements AL12, AB12 ete.
in equations 4.26 and 4.27 are arranged as in the following
diagram, Figure 4.2. For this problem it is seen numerically
that the matrix is real symmetrie, though more generally it

is hermitian, as is,

for example, the case

e of the TE solution
Em Cm for L-shaped waveguide
AAIZ ABI2 congidered in the next
- ARD AB23 sub-section, The
n deeision to multiply
n rows and columns by
BAIZ 6812 -J and j respectively,
“ .a.ﬂ 282> p£823 was cot necezsary since
the matrix was already
real. It was decided,
i however, that this
would not be done for a
Figure 4.2 5 general caseé in order to

gain simplification at
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at the expense of the increased computer storzge requirements

of a complex matrix. The algorithms used for obtaining the
eigenvaluea and eigenvectors were taken from a beok by J.H.
Wilkinson and C. Reinsch (75), which contains a collection of
algorithma for solving linear algebraic systema and the algebraic
eigenvalue problem, One possibility would be to form the

A =B
[B AJ coe 4034

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

augmented matrix.

real gymmetric matrices. One of the most efficient of these,
the Householder Tridiagonalization (76), has a slight disédvantage
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
right hand cormer. LaRiviere used this routine in conjunction
with the methods of Bizection (77) to find the eigenvalues.

This latter procedure is an extremely flexible method of finding
some or all of the eigenvalues, and eigenveciors, of a
tridiagonalised matrix to any degres of zccuracy. LaRiviere
found matrix scaling necusséry to order the magnitudes of its
elements as reguired for the Householder algorithm, the optimum
gecaling factor giving the fastest convergence of the prohlem.
Because of the fact that the avgmented matrix preduces pairs of
eigenvalues, and eigenvectora, which would require pairing

after computation, and also because of the acaling, it was
decided to use algorithma which would deal directly with complex
matrices and thus avoid these difficulties.

The procadure recommended in Wilkinson and Reinsch's
book for a general complex matrix is to use a complex form of the
IR algorithm called 'Comlr 2' (78). This computes all tie eigenvalucs
and eigenvectors of a4 -complex Hessenberg Matrix., The general
complex matrix can first be transformed to an upper-Hessenberg
form, uaing the routine 'Camhes' (79). Thede two rouiines are
particularly compatable,-since the multipliera 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 Heasenhborg
matrix., ‘'Comlr 2' uses this information to form the eigenvectors
of the-original matrix A rather than the Heszenbers matrix.

The eigenvalues are unaffected by the similarity transformations.
There the elements-iﬁ the matrix are of widely different orders

of magnitude, the norm, “ Au’.. of the matrix can be reduced using
a 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 GﬁC?ﬁOO computer at the University of
london Computing Centre. The required solution for each of the
B! modes was each mode's associated wave number, ki. With (b and
the waveguide dimensions set to unity, i.e. the waveguide cross-
section made up of three unit squares, k2 was varied nofing the
value of a particular eigenvalue., The s?ganvalue agsociated with
each mode reached a minimum value for a particular valus of k2.
The minima of these eigenvalues were initially obtained graphically,
but later improved accuracy was achieved by using a golden scction
algorithm to locate each minima, the eigenvalue of intersat being
recognised numerically by means of its associated eigenvector
which only changed slowly with k;. The results obtained are given
in Table 4.1, all figures accurate to the last significant figure.

This teat of the Least Square error minimisation technique,
applied to solving the eigenvalue problem of an l-shaped waveguide,
can be seen to be successful when comparison is made between the
regults 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 problem of an L-shaped membrane. The comparison
is given in Table 4.2, where LaRiviere's results have been
multiplied by Trtainne his unit sguare had sidea of length T.

Eigenvalue 1 at k2 _ 9:64 was obtained sinee the
separation'consfants,ﬁgland ﬁgqgiven in 2quations 4.10 and 4.11,
passed through zero at'Tl(9-859). Thiz made the matrix so
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Eigenvalue VWizve Number, k2 for given Matrix Order

No, 2x?2 Axd 6x6 8x8 10x10
1 = = = = =

2 15-7098 | 15-3642 | 15-2844 | 15-2519 | 15=2352

3 — = = . -

4 29+T197 | 29-5203 | 29+5159 | 29-5167 | 29-51T4

5 53+3636 | 32-7136 | 52+5659 | 32-4893 | 32-4376

€ - 41-6990 | 4126090 | 415656 | 415419

7 - 45+6995 | 452993 | 45-1627 | 45°0957

8,9 » = = = =

10 - - 566342 | 56+6234 | 56+6208

" Table 4.1,
Bigenvalue| Tox et al. LaRiviere Computed

No. 9% diff, o diff.
1 9+6397238 - = * )

2 15-19725 15+1972 -0-001 | 15-2352 +0-25
3 19+73920 197392 = i -
4 2952148 295230 +0-005 | 295172 =0+014
5 31+91263 32+8372 +2+90 | 32-4376 +1:65
6 414745 A42+4620 4238 | 41-5419 +0-187
1 44+948 44-7616 -0+42 | 45+0957 +0+328
8,9 49+3480 49+3480 = * i
10 56+7096 57-6217 -1-608.| 56-5208 -0+157

Table 4.2,

#*
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 sguares, and thus with the
contours chosen to evaluate the Least Square criterion, the
residuals are small, and are satisfied-exactly. The non-zppearance
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 & discrete search, The fact thai eigenvalue 3 is equal to
?.-rr", and eigenvalues 8 and 9 are equal to Su?can be eagily aeen
from equations 4.10 and 4.11. A typical plot of the change of

an eigenvalue with ki 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 conaidering the ™
modes in an L-shaped waveguide, where the sealar electrie fields
exactly-satisfied the Dirichlet boundary cendition, ¥ = 0, around
the waveguide, and the scalar magneiiec field was zero by definition.
A more complex guided wave structure, such as a single micresirip
line or two coupled microstrip lines, would involve both scalar
electric as well as sealar magnetic fields, since the dominant -
mode containg 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 fiald,(?, will
conform fo the Helmholtz equation,

ViQ +KQ =0 oo 4035

with Neumann boundary conditions at the wﬁveguide walls:

B.,Q:O Lt 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-gection,
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Figure 4.5 Variation of the Vglue of the Eigenvalue about its
Minimum Value of ki'-L' for Various Matrix Orders.
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is as follows:

Ql 2(5 concl . co» wl’b—,)) MO

. a-.-Zo(A' L ﬁ""} + d, cos [3\Px cosan 3) vee 4.38
Q‘s‘-‘- ,‘%(5’; cospﬁ”(d-x) C'Sdnwg) o5 458

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 aleng the
boundaries between sub-regions simplifies the above equations
by establishing the following identities:

by = —dy e 4240
and

~t
£, =—dn cee dudt

Applying the Least Square error minimisation ecriterion
of equation 4.19, yields in this case iwo sets of equations for
sach bounmdary, namely one for the Hz field match, and one for either
the H or H depending upon the toundary. Thus from the above
aquatlons, ghe boundary residual along the contours between
sub-regions 1 and 2, and sub-regions 2 and % become
e

Xyag o Geld2

and

Koy = K?’z-s +£‘jz.3 et et

where
&

23,4_ 5'5 {d, HZIAW), Cootie 4 dy H218(W) cogst? }
éﬂgmﬁimfmm ot + oy HEIB() cmte.f,)x} dx coe Al
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ll,;'_ z-*S?.. {anxm(N) st 4+ cf,. Hx:aﬁu)sinﬂ.s’x}.
i'iimﬂm(m) et + oy HAIB () s‘nu/sg‘,’-’x}*dac. cv 445
232_3; }:{Zn HRZAN). copily + A, H228(1) coneciy, E .
i SJ,,,. Ha2AM)coplly, + 2, w2280y w:ag”y,rd?, o diE
R%z_a = i:i:ii,, va(u)sha,s,‘,”& + 4, H28 (v) st o2 }

2 ST reaisinsDy, + By reeo () sin oyl dy. .. 1.1

where
HZIA(N) = =2 co0ppfa oo 4,48
Hz ) = ~(-I)" I ves 4449
HXIAW) = — | 2. oH oy a ver 4,50
Hx1B(v) = -J.&_é%(;iﬂ voo 4251
H22AMW) = ~(-1)" oo 4,52
H22B(V) = —~2ceopfc con 4.53
Hy2A W) =-J_é'_»"i";(_"_’_)? oxns BuSik
HY26 (V) = —j 2 d:f” or B cor 4255
A

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

boundary residual for each contour can be written:

N W ~ " X P
Ciedl EJ,“;J.MAAIM dud e ABI2+ d,d, BAIZ + d,,al,“BBiZZ cee 4.56

12 n=iMst

Con :.gg{d., T X233 A MO234 1 BALZE Dl BO2S ... 4.57

where the matrix coefficienis are given by:
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M12—HX1A(H)*CdNJG(EXﬂ(H))*Gm(H )
"+ HA1A(H)*CguIG(HZ140) ) *co5(,M)
AB12nHJ(-A(}I)*CGIHJG("‘UB(H))*CGE(N i) 3
- o HzA(W) *egnac(HZ1B () ) *Co6 (N, 4)
BA‘}2=HX1B(N)*{:¢WJG(HX1&(]{))*GGB(N M) -
e Hzm(ﬂ)*oﬁmc(ﬂzm(u))*007(N 1)
BB1 E=HX1B(N) *G;ifNJG(HXtB(M))*CG.d,(N,H) z
3 =S 1m1n(m)*c¢mc{az13(m))*coa(u ,M)
M?j:HY?A(N) *OENIG(HY2A(%) ) *CO9(N,M)
-+ HZ2a(N)*ceNIG(HZ2A(M) ) *C13(N,M)
AB23=HY2A(N)*CENIG(HY 2B (M) ) ¥C 10 (N, M)
+ RZ2A(N) *CNIG(HZZB (M) ) #C14(N,M)
BA23=HY2B(N) *C#NIG (HY 24 (3) ) *C11(W,M)
+ HZZB(N) *C@nIG(HZ2A(M) ) *C15(N,M)
BB23=HY2B(N) *CgNIG(HY2ZB (M) ) *C12(N,M)
+ HEZZB(N)*CyNIG(HZZB(M) ) *#C16(N M)

col (N, M) = g:‘”" Ox (snel?) z ) du
coz(n, m)= Sowoc‘,'.’:.(s&t p22)" da
co3(u, )= S:w 2P (s
Coa-(y,M)= jtwa A (sin g0
€05 (¥, M), j?:oospc,‘,"z (oot «f dx
cob (,m)= S N PN
1 ()= o p (i) b

oD ()= S;m,é» x (cesp i) gn

@) (= [ o pily(sinpily)'dy

10 () | i p0y{cin?y ol

)

$.-- 4.59
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cit (Mp)= rmdw (sinp, )J?
ciz (M) = j:swn’g (wxf’a) dy
caly) = [ Py (s iyl
- fomily (M"’?) 4y
)= fomety sy
Clo N, M) = S:m«ng ‘mfi?g) dy y

Porming 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

M o= hermitian rather than
real symmetric. All
the eigenvalues are

AAIZ ABZ real indicating that
AL AB23 the matrix is positive
H definite, The results
obtained for the first
gg;% BB?&'ZZS two eigenvalues are
I" given below in Table
4.3
Pigure 4.
Bigenvalue Wave Number, k2 for given Matrix Order
No. 2x 2 4 x 4 6 x6 8x8 |10x 10
1.3660 | 1-4810 | 1-4899 | 1-4914 | 1-4915
2 325717 | 25418 13-5399 |'3+5581 3=5365

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 resulis could
be found. A ridge waveguide of the basic dimensions, as shown
in Figure 4.5, has been
1 } analysed for both TR

) \ and M modea. ¥or TE
2 g 2 modes, where Neumann
boundary conditions are
uvsed, the symmetry of
+ the ridge waveguide
Figure 4. would make each eigenfunction

i of the L-shaped waveguide
equivalent to successive even sigenfunctions of the ridge waveguide.
The relationships between the eigenvalue numbers being given in
Table 4.4.

Comparizson of the resulis with those of Bulley and
Davis (82) and Beaubien and Wexler (83) for ridge waveguide, is
given in Table 4.5. The resulis of Table 4.3 ars for kg, or
where 'a' is the size of the unit squaré, as (kha)z. Bulley and
Davis quote their results for kg, the value of 'a' being 0-5.
To allow comparison with (kna)z here 'a' is unity, their results
have to be divided by a facltor of four. Beaubien and Wexler
published results for ka, 'a' being unity, thus for comparison
their results are squared. RBigenvalues 3 and 4 are ill-conditioned,
gince for k2 = ﬂg the separation conastants Fﬂ? and ;ﬂ? pass through

A
ZATO,

4.3 Theory Applied to an Encloged Microstrip Line.

The previous section has showm a hybrid mode analyais
ineorporating a least Square eriterion to minimise the matching
of fields between sub-regions, for which the type of field solution
ig known. The L-shaped waveguide was chosen to test the fechnique,
gince the form of the sub-regions would be similar to those
enployed in an enclosed microstrip selution considered in thia

saction. The dominant mode for microstrip is symmetrical sither
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Eigenvalue MNo.

Eigenfunciions for

L-shaped
Ridge I-shaped Waveguide
Waveguide | Waveguide
1 - L
2 1 symmetric
3 = 2
4 2 anti-symmetric
5 - >
6,7 5,4 synmetric aguare
Table 4.4
Gigenvalue | Bulley and | Beaubien and | Computed
No. Davis Wexler 10210 matrix
1 1-5160 1+4677 1-4915
2 3.539 5+5329 55369
3,4 - -

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’
Figure 4.6. No assumptions
‘J A Mso V- R &
Have been made regarding
E_and H , hence the
z z
‘Helmholtz egquation has
‘to be satisfied for both
electric and magnetic

scalar fields,

=0, %o V?']L i ,§¢= O ... 4.60

0\ !

b
e

———

P
T e g T, T, e Ty

>
: VQ +k@=0 ... 4.61
A i e
— ot G5 Lt subject to the boundary
< ( d- e conditions shown in
_B_Q=o,'p=o Figure 4.6, It will
on be noticed that the line
Figure 4.6 of symmetry is a magnetic

wall, which allows transverse

even symmetry in both the electric and magnetic fielda.

The following equations are the solutions to the
Helmhaltz equations above, giving the scalar fields in each
sub-region.

Y= Z(an m;z‘ Sih oly (b—g)) o
CO’_ (b .._»!ﬁl.!-_aaoaew(b-v)) i MLES

-6 VS t0l) i (b

+ Sy sl - ;)_Jlrb ) v 4.64
ﬂ

&lrz hz-.' (dln ﬁ:) (i’:z coolp (b—g)

ol “’;_’b
+d, oa@ )_W).) v 4.65
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BB o
+ €y sn ol (d—x)%&J ors A6

n{d—:r.)
d,= E.({f ;,%gjg—;) wely

+ F e iPld- z) ws E;’zt_) v 4,61
a

hef oD iy

Q!, n-l( Sm/z‘-)x w&“ﬁaj‘j) e 4.69

the separation constanis beir

U] T 0 E
oly ' O k}' oly wos B0
e 2L /s J :

o(,‘,f”:@ﬂ“') k?' u.) ta)_ / ,,(LZ)Z o
-G
) "(35 2 2

< = AL pit= '\‘_.D-ﬂ'{,q") L% itz
where

a2 2 2

ki = k, -p e A8
and

2 2 L2
ky = eck, - p VLT

It is seen that these scalar field eguations 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 severs Influence on the convergence of the problem
as the freguency increases., Soms nommalisation of the scalar
fields has been effected by dividing functions such as cef B x
in eguation 4.62 by its maximum' value in its particular asub-

region, namely ¢93 w{; 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. Thiz type of normalisation is
absolutely justified gince 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:

@, e Cn von 4075
o to (ol -c) fon i e T8

9n = & oo 4T

hp = R‘iwﬁ?,?(&-c)fm 57 R

En = Em cos 479

p @

§r = Cn Qﬁ:'i)mﬁwa k’ ) ﬁ% iy

This last relationship shows ithal coupling between the electric

and magnetic scalar fields is taking place acrosa the dislecirie
interface.

Matehing the fields along each toundary, the Least
Bquare ceriterion 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 megnetic field first, the
component of this boundary residuval is given by

Fi'?f = ﬁﬁ’ii H%IA(N)N&:L‘,:’(&-?) 3+ I“ HEIG(N)wsﬁ:f){b-g)l.
!? LHeIA(M)cos o5 (b-19) + Ay HE6() cosg @ - g)li? cee 4,81
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where

HRIA(N) = tan pY(d-c)fanpie - | ver 4,82

n
. a . D
HZ(B (V) v warsl %185

The transverse magnetic field which is parallel to the

boundary in guesation is the Hy field, the residual being:
bon _ ' W
le_f .S,j.nZ: oy HYIA(N)SME(E-}) + Aoy HYIB(V). 3 A5 (b ~y)
+ Gy HYIC(N) s10 0] (b-y) + S HYD(N) st A2 (b -3)2
EE Ay HOA () suw("’(b-g) + Ay HYIO () st 85 b-4)
# EHOUC(H) Siiecs) (b-4) + & HYD(M) siup‘,,’,’"(b-})} da_ vee 4.84

whero
Hyialy)= Jo& 2 T
YiAlW) J-—ﬂ ({"’"f""‘“ mﬁ&f)(d-a) }
HY B () = ol ()" A
) %€ -\ St ph7(b-a) i
Hyie (V) = - ,,z_.; o8 (HampiP(d-chanpilc - 1) cee 4.87
i () = géﬁ&ﬁ_ﬂ_ vve 4.88

5y cos ph2(b-a)
b) Boundary residual between sub-regions 3 and 4.

Considering this in a similar manner yielda the following
aquation for the boundary residual from the I[z fields:

R 3oy = Sﬂ{ o L nasal) coacl? y + 3, H23B () cospPuy

+ dnH-z*c[u)w.sp #} Zf S-m Hzmﬁ-t)ceo
+ cmfﬁsB(M)wﬁ/&“) + d,,, HR3C(M) coa pY 33%} ves 4.89
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where
H23A(N) = +m(5?’(d-c)fm/§$,_3’c -1 cor 4,90
H230() = ko R 1)“bunpP6-a) ik

ka A% simphva
H23c(V) = __Mézi(;f)"_ ks _ v 4.92
WP a0 sim BEPa\ 2 )

Taking the Hy fields, the boundary rasidual is given by:
' a — ~
s ~ - @ . 2)
%M _.50{%‘ Cp HY3A(N) S B yt dn HY3B(N) sin ) W
+& Hsc()sinaly + §, HY&)(N)ciﬁct?)y}-gm,&',,,ﬁ"f'ﬂ(‘\#’ﬁi‘/@g
~ — ] : - : &
# o HY3B() Simpss) Yt ey WSC&)SML'?y +Mﬁ}{@5wnﬂ?ﬁdy. 4.93

where

e Y
HY3A (M) = ::,ﬁ‘_('_’)__@_(,k% — !)4- we_,s,) oot 4.94
AL

kr sin 52

HY'38 (¥) = M"M&ﬁ&@ : ver 4.95

=t
KA swpn’a

HYSC(M):J@J’%S”G_@( fanfde — Wh) coo 4096

HY3) (V) -;Jr'ﬁ’;;‘n_w{faa@(dac)ha@c - f) RO -
p

¢) Boundary residual between sub-regions 2 and 3.

The boundary residual for the i, fielda is given as
follows:

A
N ~
Ror-s= | {2 Aatzhcocpd-2) o T, o200y asl )

+F, HR2C () ol -x) + T HE2D () os oYt -x )] ;
iiﬁm H22AM) g )t -x) + &, U228 () wsP(d-x)

+}m H2Ze(M) w.sp-‘g’{d -x) + Cpy H22)(M) o3 4P —x)g*dg. .. 4.98
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where
V)
H2A(N) = __(=1) ver 4299
_ @S 0 (d-2)
HezB(N) = | + O A tenpiP(b-a) ver 4,100

ks . B3 Han 5D

=)
Hzze (V) = — zos 5P (d <) vor 4,101
Hz2d (V) = _ __,L.(i‘i ._9 vee 4,102
WY B m,@;{ﬂ @ k:

Finally the transverse fields parallel to the boundary, the Hx
fields, give the following boundary residual:

4 xz.s——f{ 5 T HX2A () SinB (A ) + &, HK2B(W)sin ch,’)ra )
+du HZE () sinpP(d-2) + iy Hx2D@) G (-x.)
+ B HX2EW) 5 fh-2) + F, HK2F (W) sin 53D (-4},
Eéa. Hx2.A (M) st B (=) + Cyy HK2B(M) St ol -x)
+ 0 2 (1) sin B0 (A ) + gy HXZD(M) Sin ok (e ~)
+ G HX2E()su pRolx) + F, HX2F(m)sia D (d—x}'dm_ 4.103

where

\ My 40
HX24(0) = ~ Ji€asln” (=1) vee 4,104
() Ty 4.1

HxzB (v) = j (£ L (kB kE —1)
I T o 0 Fonida

AT & 82 _\).. 4.105
. ( ey tanot®Xb -a) i kg fan55
Hx2e () = ~ A6 ()" cer 4106

kg 03 @a(cl-c)
HX2D (M) = - Jﬁ.._ﬁ"z’( / +_;3T,j_,_=(5”fm $2h-a) ) ... 1.107
A

A fan 350 &

* ﬂ
HxzE (N) = — ut_w_foér_ﬁqs)(—ll .e- 4,108
kp sin i (<)
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5.5 (D"

Hx2F (v) =
kg cos 5P (k<)

eve 4,709

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. For 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 nae of
scaling factors can speed up the rate of convergence. Davis
used a secaling factor which provided greater weighting to the
electric or magnetic walls in the scattering problem, whereas
LaRiviere employed scaling facitors to provide weighting betwsen
the various lengitudinal and transverse componentz of each

boundary residual.

It was not felt that a deiailed study of the effects
of scaling faectors on this particular problem would, in the time
availabla, add much fo the extension of the method io more complex
structures, such as coupled microstrip or the microstrip/slot
combination. Thus, in order to give some comparisen with previoua
work by others, a preliminary choice of scaling FPactors was made
such thal the various components of each boundary residual were
similar in magnitude for small matrix orders. The selection of
gealing factors using small matrices was used by LeRiviere, though
he also optimised them for maximun rate of convergence. Similar
dimenﬁi;ns and permittivities to those previously employed by
others (17, 65, 67) were used, though accurate comparison was
only pogeible with LaRiviere's results for Fourier Malching, the
other reaults being displayed graphically.

The results obtained using the same routines as for
the [-shaped waveguide are compared with LaRiviere's resultas
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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 graphieally 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 fregquency than it is for n = 2 or 4. Another
observation of relevance is that more expansion terms are necespary
to obtain solutions of similar accuracy as the frequency increases.
The guestion of the absolute numerical value of the eigenvalue
was discussed in section 4.2. The eigenvalues of interest with
this problem show that as more expansion terms are taken, further
scaling of the matrix is faking place, Thism seems to be the case
aince the minimaun value of the eigenvelues, for an increasing
mimber of expausion 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 sigenvalues
to be plotted with frequency. Without them, interpretation of
the eigenvalues would be almost impossible, particularly for the
golutions lesa stable with frequency.

Tables 4.7 and 4.8 give the eigenvectors for thes solutions
for two different mairix 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 4.80. This has been
done for one set of values to show the eigenfunction. A computer
Program, which is not deseribed here, used these coefficiants
to compute the eleciric and magnetic scalar potentials over a
mmber of points within the mierosirip cross-section. After
normaligation they were plofted, as shown in Figure 4.8, using
a routine called SYMVU, which givea a perspective view of a surface.
The program was executed on the University of London Computing
Centre's CDCTE00 computer, which has the mierofilm plotting
routine SYMVU on permanent file. In Figure 4.8, the ground plane
is along the left hand surface; the réar and right hand edgss

gignify the walls of the box, and the front surface represents
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LaRiviere's This Method
ﬁ .results
100x100 Matrix | 12x12 Matrix | 18x18 Matrix] 24x24 Matrix
(cuz) Gz | % Giz| % GHz| %
100 1:943 1409 |-2:70| 1-94 | -0+16 | 1-93 | -0:67
150 2+898 283 |[-2+34 | 2:94 | +1+45 | 2:88 | <0+41
200 3+839 3.75 |-2+89[3-95 [+2-90 |3-83 | -0-234
250 4766 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 | +0-568
350 6584 6:38 |-3-10 | 7-10 | +7-84 |6-60 | +0-24
400 =479 gl =505 = = 752 | +0°79
450 8+364 8+10 |-3-16 | - - 18-43 | +0+715
500 9-242 B=02 1-—S5-5001 — — 970 | +4-96
550 10-112 = = = = = =
600 10-976 10-62 {-3-54 | - 5 5 5
Table 4.6
The dimensiona in Figure 4.6 for the above results are:
B = 127 ma.
b= 12+7 mm.
e = 0+6%5 mm.
d = 635 mm,

and the relative pemmittivity, €. = 8:875.
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Figure 4.7 Convergence of the Microstrip Solution.
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ol
e
|
A
ot
Fal

Beta

150 1+5 =05 | 6-7 -03 |-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 43 05 6+1 =03 |-1+9 -01 1«0 00 |-1+1 =03 |-3+9 =02
41 =05 | 9+4 =03 | 9:9 -02 | 3+6 -01 | 1-3 03 | 7-8 03

250 | 5:8 -05 | 68 =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 | 11 -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 | 141 =02 | 9+7 =02 | 38 =01 | 92 -04 | 8:7 =03

350 4¢7 =05 | 141 =02 |-1+8 ~01 | 1:0 00 |-B+6 -04 |-6:0 -02
107 =06 | 1+3 =02 | 9+2 02 | 39 =01 | 76 =04 | 9+0 =03

400 141 =04 | 622 -03 |-2-2 -01 1+0 00 [-8+2 -04 |-5-8 -02
-4-8 -05 | 9+3 -03% | 9-7 =02 | 3-9 -01 | 8-5 -04 10 =02

450 722 =05 | 1+0 =02 |-1+9 =01 | 1-0 00 [-T7+7 04 |-6+7 -02
~9+1 =06 | 142 -02 | 8¢8 ~02 | 4+1 =01 | 6-8 -04 | 9+9 -05

500 | 1+0 -04 | 7+3 -03 |-2+1 -01 | 1:0 00 |-7+6 -04 |-6-7 -02
-3+9 =05 | 929 03 | 9+1 -02 | 4+1 <01 | 74 -04 | 121 -02

Table 4.7 Matrix size: 12 x 12
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Beta T & T Y 3 T
150 [-5+2 -04 | 2+1 =02 |-1+3 -01 | 1-0 00 [-2:2 -03 |-7+4 -02
3:0 ~04 | 2+4 -02 | 1+1 =01 |-3+0 -01 | 3+1 -03 | 2.0 -02
-2+6 -04 | 4+2 —02 |-6+3 -02 |-B+4 -01 |-%+6 ~03% [-9:0 -0%
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 -04 [-2+3 -02 [-1+1 =01 | 5+5 =01 |-18 =03 |-1+7 -02
87 ~05 |-3+9 -02 |- 6°4 =02 | 1+0 00 | 1+5 =03 | 7+1 -03
~1+0 -04 [=3+4 <02 |-4+0 -02 | 2«8 -01 | 3+6 -03 | 2+1 -03
250 [-=3+3 =04 | 2+3 -02 |-5+7 =02 | 10 00 |-1-1 =03 |-8+9 -02
2:2 -04 | 2+8 ~02 | 8+6 -02 |-2+0 -01 | 1+5 -0% | 2+6 -02
~2+1 =04 | 4+7 =02 [-5+2 -02 |-8+8 -01 [-2:7 04 |-8+6 -03
2:2 =04 | 5°5 -02 |-3+2 02 |-2+8 ~01 [-7:0 =03 |-3+0 -03
200 206 -04 [-2+1 -02 | 4+0 -02 |-9+5 -01 | 8+6 -04 | 8+6 -02
~1+6 <04 |-2:8 -02 [-8+3 -02 | 3+1 01 |-1-1 =03 |-2-6 -02
146 ~04 |-4-7 =02 | 51 -02 | 1-0 00 | 28 -05 | 7-9 -03
~1+8 -04 |-5+2 -02 |-3-2 —02 | 3-2 01 | 6+1 =03 | 2-9 -03
350 2:0 -04 |-1-8 -02 | 1-7 -02 |-8+5 -01 | 6-3 —04 | 8.0 —02
—1+3 04 |-2:6 —02 |-6-8 —02 | 3-2 —01 |-8+3 -04 [-2+5 —02
145 -04 |-4-4 02 | 44 02 | 1-0 00 |-1+2 -04 | 6=7 -03
15 =04 [-4-7 —02 |-2+8 -02 | 32 01 | 4-9 —03 | 2:7 -03
400 17 =04 |-1+7 -02 |-1-3 02 [-7+8 -01 | 4-9 04 | T+7 =02
~1=2 -04 |-2:5 -02 |-4:9 02 | 2:8 —01 |-6-4 -04 |-2:4 02
1-3 04 |-4-2 -02 | 3.3 <02 | 1-0 00 [-2+2 -04 | 5-5 -03
124 -04 |-4-6 02 [-2-2 02 | 33 01 | 4-2 -03 | 2:5 -03
450 126 =04 |=1+7 -02 |-5-8 -02' [-T+1 -01 | 3-8 04 | 7-0 =02
~1+3 ~04 |-2-4 =02 |-2:3 —02 | 2+1 <01 |-4+8 -04 |=2-2 -02
144 -04 |-4+1 <02 | 18 -02 | 1.0 00 |-2+9 -04 | 3-8 -03
~145 04 |-4:6 ~02 |-1+3 ~02 | 3+5 =01 | 3-5 =03 | 2+1 =03
500 325 =04 [-2:8 ~02 |~3-9 01 {-4:5 =01 | 33 =05 [-4+1 =02
=32 =04 |-3+5 =02 | 1+4 =01 [=5-3 -01 [-5+4 -05 | 4:8 =03
3+2 ~04 |-5+2 -02 [~7+6 -02 | 1.0 00 |-2+3 -04 |-2-0 -03
=3:0 =04 [-8:2 -02 | 4+5 =02 | 52 -01 | 1+7 =03 [-2:8 -04
Table 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 io the ground plane and is approximately 1 cm
from the front left hand corner, extending ¥ cm inwards.



APPLIGATION OF MICROSTRIP/SLOT LINE PARAMETERS TO A PRACTICAT
© =7 --- DIRECTIONAL COUPLER DESIGN *-

5.1 Intreduction

At this point in the thesis, the varioua resulta
obtained will be unified to allow a fuller understanding of the
operation of a particular form of proximity directlonal ecoupler,
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 wsre found, therefore
the results contained within this thesis were used for the
practical design of a coupler. This alternative was chosen since
#1though it had been shown that the even- and odd-modes of
coupled microstrip lines could be made to be degénerate, this
was technologically difficult. The reaulis in Chapter 2 showed
degeneracy was praciically very easy to achieve for the microstrip/

slot line combination.

Chapter 2 is devoted to the measuremsni of normalised
puide wavelength, which has besn carried out for both modes of
the mierostrip/slot line combination with several forms of
dielectric loading of the slot. The resulta for the microstrip-
mods were as expected, being close to those for a single microatrip
line when the slot width is small compared to the width of the
top line, '‘The results for the slot-modes were of a asimilar
overall shape to those obtained theoretically by Cohn (32)
for the more conventional slot-mode, but had a much lower overall
novmalised guide wavelength., The very non-linear variation of
noymalised 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 introducea a new method of measurement of

characteristic impedance, and supports, with practical measuremenis,
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recent 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 peffoma.nca.
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 fregiiency 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
a dominant mode which is TE, and cannot be connected directly

to a transmission line supporting a TEMI 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 fo characterise
the slot-mode impedance will be discussed later.

5.2 Dirvectional Coupler Design Fundamentals.

In the preceeding Chapters emphasis has been placed
upon the properties of the transmisaion line which supports the
two dominant modes. For the microstrip/slot combination, 1t has
been shown that one of the basic requirements for a good directional
¢oupler, namely mode degeneracy, can be achieved with a 0025 inch
; thick =zireonate substrate placed over the slot line. In addition
to knowing the normalised guide wavelength of each mode, the
characteristiec impedance of the microskrip-mode is also known.
This mede has even symmetry about the transmission line. The
only unknown parameter of the transmission line slructure is the
alot-mode characteristic impedance, This mode has odd symmetry

about the transmission line, and its sharacteristic impedance
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is equal to twice the odd-mode impedance, zoo’ of the transmission
line, when the normal mode analysis of section 1.3 is considered.
With knowledge of this mode impedance, the directional coupler

can be modalle@ 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 in a
theoretical analysis of a proximity directional coupler to imagine
four ports completely isolated from each other. Each of these
ports is connected, via a matched line which is not coupled to
any other part of the eircuit, to a point on the transmission
line structure which causes the coupling to take place. Conzider
the atondard microstrip proximity directional coupler, Figure 5.1
ghows a typical coupler where the adjacent ports are at 90'degreﬂs
to each other, The
field pattern set up
in the coupled .

—

transmission line
region can be Tegarded
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

upon their apparent
characterigtic impedancaa.
If two in-phase waveas

are applied to adjacent
Figure 5.1 ports, 1 and 4, it is

: eanily oseen that the
aven-node will be excited, and conversely the odd-mode will he
axoited with a 180 degree ghase difference at two adjacent ports,

In 211 practical microstrip proximitf directional couplers it is
difficult to see how weak coupling ecan be aveided between the input

lines to the dirsetionazl coupler. The angle subtended by adjacent
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input lines will not only influence the degree of this coupling,
but will alsc affect the enérgy split between the two modes in the
eoupler, 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 be'a matter of preference, since couplers. are
made with many different input line configurations., It is
possible that the previcus lack of accurate knowledge of the
transmission line parameters, in the coupled section, has meant
that too many unknowms existed for the effects of the input and
output lines to be analysed. )

By viewing the micrositrip proximity directional coupler
in a rather different manner, 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 itas 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 relurn 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 egually between the two
oubput lines, Studying this last possibility in more detail it
can be seen that the waves in the output lines excited by the
aven-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 oubput ports will be
different depending upon how the separate components interfere.
By suitable design, the unwanted reflections and radiations gan
be reduced, and the even- and odd-mode impsdances chosen to

provide the required split of energy between the three oubtpui porta.

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 juat deacribed for the microstrip proximity coupler.
Tne basic physical structure is shown in Figure 5.2. The input
wave propagatés along microstrip line 1, towards the microstrip/
slot line combination, where its energy ia divided, The energy in

2 the input wave is shared

| ,TeP coaducTol

by the two dominant

modes supported in

the microstrip/slot

line combination, a
reflected wave directed

////:: outward from the

Ao = - coupler in line 4

Lot and a radiated wave

/ from the open-circuited

end of the ground

plane slot. The
energy propagating

along the microstrip/

slot line combinalion
GfounD PLANE is further divided
CONDULTOR {
Figure 5.2 between a reflected
wave which travels
hack 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 Bs
Energy from the microstrip-mode is splii equally into lines 2 and
3, the waves being in-phase with each other due to the modées
even aymmetry about the line. The energy from the slot-mode also
aplits equally between lines 2 and 3, but since the mode has odd
gymmetry about the slot, there will be a 180 degree phase diffarence
between the waves in each line., This means that complete
cancallation 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,

waich is given in a subsequent seciion 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/slet line combination, and the effectiveness of the
open-circuit at each end of the grbund-plans alot, will affect
the performance of the coupler. Both published couplers of this
form (11, 12) have had adjacent input lines at approximately

90 degrees t6 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 uging tranafer
matrices has already been covered in Chapter 1, secfion tad,
In this section the technique will be applied to the microstrip/
slot line coupler whers the input lines radiation from the open-
cirenit, and the discontimmity at the junction of the coaxial
to microstrip connedtpr, will also be considered. PFigure 5.3
is a photdgraph of an actual microstrip/slot line coupler. It
can be seen that two lines of symmetry are present, though for
the purpeses 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
atructure reduces to & two port network given by the equivalent
eircuit of Pigure 5.4. Bach section of the eguivalent eircuit

o O . O O 0
| [

Br| & By Ze B B B
o o o——0

'1—-'63--ﬂh—4$-————-c,-——-—ndp—dﬂ———fa—ap-

 Pigire 5.4

has a physical significance. At.the left of Figure 5.4 there is

a shunt susceptance BB which represents the junction discontinuity



T

Figure 5.3 A MicmatripfSlot Line Directional Coupler,
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_ at the coaxial to microsirip interface. This is followed by a
line of length 13 ; phase constant {33 and characteristic impedance
23’ which represents .the microgtrip 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, ihich has a phase constant f, 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 junetion diacoﬁfirmity similar to those
deseribed 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[B] given by

(8] - I 0
.5 A s 901

The microsfr;p line ia given hy[C]: :
[CJ = Cﬂd’/saea J S.w.{‘.,a'ej

iy
Ji"m#ﬂes mﬁa% s Dyt
and the microstrip/slot line combination, under even-mode

excitation by [ D] :

[®) = [wspl  jResnpb
Lt epl ) s

Thus the transfer matrix for the compleie coupler under even-
mode excitation [A.Je is:

CAJc = (8][c}[][c ][E'J e Sl

The same coupler will now be considered under odd-mode excitation.
Figure 5.5 shows the equivalent circuit. I¥ can be immediately

noticed that there are two extra iransmission line ssctions which
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have not been given a dimension of length. These zero length,

0;1——0 D= o;___c_ 0 o

) i |
B 2 py e Z, pa Z,x Zyfpy |B
o—t—o gy 0——0 S
- 63“_'“‘6"'"““‘" &a — ea—q——-zs——.-
Fi 8 5.

zero phase constant sections with characteristic impedance Zo'
only contribute attenuation in their tranafer function, which
is given by [E]:

suh b  cosht cos 55

where the product -Je is a number in nepers which represents

the attenuation (see Chapter 3, section 3.2.3). These sections
of attenuation merely serve to simulate the energy which is
radiated from the open-circuit at each end of the ground plane
8lot., B8ince the field in the slot is only excited under odd-mode
excitatlon the lossy seetion was not ircluded in the even-mode
equivalent eircuit. The other difference from the sven-mode
equivalent cireuit is in the representation of the microstrip/
8lot line. As expected its characteristic impedance is different,
being given by the odd-mode impedance, Zoo' The length, 12, and
phage consgtant, ﬁ)_ are also different to account for all possibilities
in the coupler's performance. Thus, the transfer function for
this section is given by [1*]:

[F] = Jespls jZ,ampl,
'ist;mij o3, ¢, vae 536

and the transfer matrix for the complete coupler under cdd-mode
excitation, [AJO is

[a), - (8][c) e} [F)E)(c) (8] o
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Fquations 5.4 and 5.7 can be used directly to form
the reflection and iransmission coefficients for each exeitation,
from which the signal at each port can be found. This procedure
has already been discussed in Chépter 1, section 1:4.

5.4 Determination of the Slot-Mode Impadance.

| This section has teen included as part of this Chapter,
rather than in Chapter 3, since the sloi-mode impedance is
determined from the performance of the coupler in which it is
nsed, It is not in the sirict sense a measurement of the characteristic
impedance of the slot-mode of a mierostrip/slot line combination

gince the configuration of the coupler will hawve some effect.

The analysis developed in the prévioua section was used
to model the performance of a number of couplers aimilar to that
shown in Figure 5.3. The couplers were made with microstrip/
alot line combinations close to these measured in Chapter 2.

In this way the phase constants (5, and ﬁ,,in equations 5.3% and
S.S_will be known as a function of frequency. In the computer
program, which caleulates the performance of the coupler, (see
Appendix 2, program GO46) the two phase constanis are calculated
in different waya, ﬁ', the even-mode phase constant, is computed
from the zero frequency ncrmalised guide wavelength, by assuming
that it changes linearly with freguency at a rate of -0-0014 per
GHz, 'The normalised guide wavelength for the slot-mode is wvery
non-linear, so first the guide wavelangth is found by interpolating
botwoen successive walues tzken at one gigahertz intervals. Z¥rom
this, pz , the phase constant for the odd-mode, is calculated.

The input lines to the coupler were made fo be approximately
50 chma. The 3 mm. coaxial microstrip converters were assumed to
exhibit a capacliive discontinmnity. Tnis assumpiion, by virtue
of ita ise in the measurenents of Chapber 3, has élready been
ahown to be a good approximation at a junction beiween a 50 ohm
%3 mm. coaxial and a 50 chm microstrip lina. The value of the

rormalised suwaceptance, B_, is given in terms of only the VSWR

B’
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for the junciion, by equation 3.38 in Chapter 3. For this
computation the VSWR, due fo the discontinmity, was 1:0125 at
1 GHz. Thus matrix [IB] of equation 5.1 can be computed, where
f is the frequency in gigshertz.

The length and width of the lines leading from each
port to the coupler were measured. The ratio W/Hl was used to
determine their characteristic impedance and phase conatant, from
the vesults of Bryant end Weiss (19). These items of information
are sufficient fo allow matrix C of eguation 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 same for both excitations of the coupler.

Matrices (D] and [7] of equations 5.3 and 5.6, can be -
formed from the krowledge of the microstrip- and slot-mode
paramelers gained in previous Chapters. It has already been
discussed how f§, and [5; are _dcrj.w-ed. Tha impedance of the
microstrip-mede is taken from the curves shown in Figure 3,17
of Chapter 3. The even-mode. impedance, Zoe used in the calenlaticns,
is eqgual to iwice the impedance of the microstrip-mode, The slot—
mode impedance, which is unknown, is esqual to twice the odd-mode
impedance, Zoo' Various trial values of_.‘ Zoo are used in the
gomputaiion, the wvalue which gives the best approximation to the
coupler's measured charvacteristics being deemad the correct.
valua for zoo' The lengths 11 and 12 are derived from measurements,
however, Lhey are somewhat arbitrary aince an estimation has to

be made whers each mode effectively terminates.

The value of «d in the matrix for the lossy section,
equation 5.5, was determined empirically. Measuramente of the
gignals from each port, and the reflected signal of the input
port, were summed. Any power not accounied for was assumed 16 be
radiated. Trial values of o were used to find that value which

gave the same porcentage of power loss din the two ecases.

The resulte for the even— and odd-mode impedances are
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shown in Figure 5.6. It should be stressed that these reaults
are only approximate, but are safficiently aceurate to allow the
initial design of couplers., The resulis for the even-mode
impedance were taken from the microstrip-mode impedances givgn
previously (Figure 3.17, Chapter 3). The odd-mode impedances
were the impedance values which gave the best agrecment 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 eaeh other. The ground plane of the input microstrip lines
was cut away on one side, so thal 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 nake a
good wideband open-circuit at the end of the slot-line, Tests
werea carrisd cut on the Time Domain Reflectometer which indicated
that the ground plane modifications had 1little effect on the
characteristic imredance of the microstrip line. The end of the
glot was direetly 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 slo* line.

The five couplers used to determine the odd-mode impedance of

the coupler, were all identical apart from the widtha of the

microatrip/slot line combination.

Tests were carried out on the coupler with the microstip/
slot line absent., They showed that the power coupled to the
isnlated port and direct port waa -35 dB and -40 dB respectively.
Thia amount of coupling would limit the power from the isolated
pert to =35 dB. In the practical cases measured, it waa seen
that the power from the isclated port was gensrally much larger
than -35 d8, the siray coupling between the input lines having
little effect.
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5.5 A Design for a 3 dB Proximity Coupler.

With the last of the parametera of the microstrip/slot
line combination known, 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 eyually between the coupled and direct ports.
Equations 1.32 and 1.35 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:

}
2= 59{(: -rlodB/qu « :ods/"’JIIz Lir b6
200 -So[( ! -:o”%)('r + :ods’z")}"" ver 59

Where dB represents the coupling reguired in decibels, in this

case dB = -3+0. Tor a 3 dB coupler, it is found that zoe = 125 ohms
and Z00 = 20+7 ohms. TFrom the characteristices given in Pigure 5.6,
the unique values for W/H and D/H are found to be approximately

0:66 and 0+2 respectively. Choosing a similar coupler design

to those previously tested, a coupler was fabricated with measured
W/H = 0655 and D/H = 0+191. Its performance, given in Figure 5.7,
shows the outputs of the coupled and direct ports to be approximately
aqual over the frequency range 4-0 to 5+0 GHz, with a minimum
directivity of 17 4B, The input VSWR, over nearly an octave
bandwidth about this centre frequency, being better than 1.5,

The compuler program that calculates the response of
the model coupler, was used as a theoretical check of this
coupler, In the selting up of the program, the following parameters

were used:

Length of input lines =-3.0 cm,
Length of microsirip line = 6+0 mm.

Length of slot line = T3 mm.
ZS = 55 chma.
Zoa = 20 chma,
Aoe = 120 ohms.
Junction VSWR = 1.0125
ol =0+2 nepers
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Tne performance obtained with these parameters is shown in
Figure 5.8, The power in the direct-and coupled poris 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 impedancea. Tt
was decided for these reasons to accept the differences between
the responses of the isolated ports in the two cases, when
they were clogely approximated, but rippled slightly out of
phase with each other,

Removing the junction discontinuity from the theoretical
model, by setiing the junction VSWR to unity, affected the
regponse 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
response of Lhe isolated port, the other poris again being hardly
atfected. The response of the model under these conditions ia
shown in Pigure 5.9. It is seen that ithe rippling in the isclated
port is completely removed, the directivity now being gueater
than 20 dB. Removal of the rippling also reveals gertain design
faults, which will be discussed in the next Chapter. 1t shows
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that the minimum response of the isolated port does not match

the centre fregquency of the direct and coupled ports.

The remaining aspect of this experimental coupler,
not o far degeribed, is the loss due to radiation. From the
matehing 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 29% for width to height ratios of 1-0.



134
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 geaeral, conclusions will not be made in
order that they may be mors clearly expressed in the next Chapter,
In both the introduction to the thesis, and in Chapter 1, it has
been emphasised that the design and performance of a micrpstrip
proximity directional coupler can only be predicted from the
knowledge of certain parameters of microstrip and related transmission

line structures,

Bach section of this Chapter will be devoted to considering
one of the main fopics where either experimental or theoretical
work, or both, has been carried out. The topics will be discussed
in the _or.d-er in which they appear in the thesis, with the
exception that the theoretical study of microstrip will be

congidered last,

6,2 Phase Velocity Measurements,

The fact that the phase velocity and nommalised guide
wavelength of a mode are simply related, has allowed their
measurement to be made from the knowledge of the phyaical length
and resonant frequencies of a resonator which supports the mode
in question. Thia technique has been inveatigated in Chapter 2,
regul ting in the measurement of the even- and odd-mode normalised
guide wavelengtha of coupled mierostrip linea, and the normalised
guide wavelengtha of the two dominant modes of a microstrip/slot
line combination, The resonator configuration adopted in cach
case was that of a ring, thus eliminating the problems associated
with open- or short-circuit end effscta, encounltered with other

forms of resonators. The ring resonator, however, doez have some
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disadvantages for this application in that for lower order
regonances, around the ring, the curvature is sufficient to
canse a perturbation of resonant fregquency. It has been shown
by Horton and Easter (40) that this effect is small when the

ring'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. The energy for the odd-mode is concentrated lesa in the
dieleetric 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 dielectriec inhomogeneitfy.

Apart from Denlinger's measuremenis 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¢ uged as a comparison for the experimental results. Denlinger's
results are unsuitable for use for comparison purposes because
of the large difference of velative permittivity of the suhatrate
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 wavelengtha of the two modes, than was postulated by
Dryant and Weiss' theoretical amalysis. MNapoli and Hughea
found ‘the difference to be bebween 13% for weekly coupled lines,
and 17% for strongly coupled lines. In their experiments, a
substrate with a relative pemmittivity 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 12-9%
for the same cases. The theoretical differences, calculated

using Bryant and Weias' 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 CHuz, whereas Bryant and Weisa'
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, shown
in Chapter 2, has resulted in them being used for comparison for
two theoretieal 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 wvariational expression.

Getsinger's LSE-mode model for microsirip predicted

the following dispersion relationshipa:

€ = € -5 Ceo S
& I + G(42/%2)
where
= o
P ZuH
G 2 0.6 + 00092, ol 8,2

and &, the frequency-sensitive effective dielectric constant
€gp the effective dielectric constant at zero frequency
€y the subatrate dielactric constant
. ZO the characteriastic impedance at zero [frequency
N 31492 nfl/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 Getainger's

earlier paper which was concerned with a Microstrip Medel (18).
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Tor the coupled line case, good agreement was found to ocecur
between the measurements and predictions of equation 6+1.
This is perhaps not particularly surprising since Egp 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 cquation 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 cccur above 12 GHz.
Tt has been shown that the model has not been used to verify
the practical results, but that the results have been shown
to be consisteni with the operation of a simple model. By
knowladge of the approximate impedance and zero freguency'
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 ia most likely because of the moda's closer
gimilarity with ihe dominant mode of a microsirip line, which

the model represents.

The theoretical analysis of Kowalski and Pregla in
more useful as a verification of the practical measurements
than Getsinger's model. Although the odd-mode is closely
characterised, fthe measured nommalised guide wavelength exhibhits
a consisiently higher effective dielectric constant than predicted
‘over the frequency range considered. Since Kowalaki and Pregla’s
theory agrees with Bryant and Weisa' resulta at szero 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 Naepoli and Hughes (84). This possibilitly was
inveastigated and surprisingly it was found that in November 1971
the manufszoturers 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, Thisa

* higher figure for the dielectric conafant haa 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 Geisinger's model is unaffected mince 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 caleculated
from the measurements, If their theoretical predictions were
re-caleculated 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 aﬂproximately
13/nn, since the theoretical analysis assumes infinitely thin

lossless conductors,

The almost linear frequency dependence of the normalised
guide wavelength of the even- and odd-modes of coupled microstrip
linea 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

conutant,1., as a function of s in the complex frequency domain:
3 s
1; s + .'.l,zsz + Q35" + a*s s T
such that for real frequencies, that is when 8 = jwr
1 . q
T = JuE - afg_a’" ..'ju:i..,w'3 + Qg ive 6a4
since
1 - of -I'Jﬁ P 6-5

then
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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 walid. Tackling the problem

in a different manner, from first principles, it can be seen that

7 - ,J(R +juL) G -rJ'oJC) cin Bl

where R is the resistance, L the inductance, G the conductance,
and C the capacitance, all per unit length, of a transmission
line. If lt«oﬂ; and G« wC, ther from equation 6.7 it can
easily be shown that

p=of(is L(£_aY) e 68

8u*

showing the deviation to be square law as before, It is unlikely
In the case of microatrip that the line parameters will be
congtant with frequency. The most obvious of these, in the
comple‘x frequency plane, is given by:
C=§(=
=C + G5 + C,5%+ .., e B0

for real frequencies s = ji¥, then
C(Jw) Cp = JoC) = W*Cp# ... ves 6,10

C. etcetera

15

agsuming C fo be real for all frequencies, C

must be zero, or more simply

C = §s°) s 6411

The propagation constant can still be expressed by eguation
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, C may be a function of g and gy separately, that is

C = f(o,0r) ; ves! Bx18

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 ongfi The resulting
expression for ilhe phase constant, 8, contains all powers of o
thus giving rise to a first order linear deviation of the phase

constant,

It can be seen from the foregoing discussion th.a.t a
square law deviation of the phase constant with frequency results
when the transmission line parameters are invarient with freguency.
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
§and (f, the almost linear frequency dependence of the normalised
gnide wavelength that was measured, has zome justification

theoretically.

The preliminary invesiigation of a microstrip/slot
line configuration has shown that mode degeneracy of its two
dominant modes exista under ceriain 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
confipguration without the measurement and constructiocnal errors
of the practical case. The errors in measurement are similar to
those of the coupled microstrip linea, 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 geomeirical circumference, further the importance
of the positioning of the dielectriec loading material was noted,
The wesults for the normalised guide wavelengih of the micrestrip-

mode were close to expectations, being very similar 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 guite 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
mierostrip/slot line configuration. The change of the normalised
guide wavelength of the alot-mode with D/H for a fixed W/H (aee
Figure 2,14) has shown, for a particular frequency, that in
general two velues of slot width have the same normalised puide
wavelength, It is seen that the nommalised guide wavelengthlat

a particular frequency is relatively invarient over a small

range of slot widths. To comment further on this fact would
require further measurements in order that this function be
plotted for other values of W/H.

6,35 Impedsnce Measurements.

A mezsurement of the characieristic impedance of some
microstrip lines has been presented in Chapter 3, in which,
by wsing a novel method, the characteristié impedancs has been
determined over the frequency range 1 - 8 GHz., The results
show the measured characteristic impedance to be lower than
that caleulated by Bryant and Weiss at zero fraquency, and the
frequency dependent solutions of Kowalski and Pregla (45), and
Sohmitt and Sarges (23).

The reason for the measured characteristic impedances
being lower than those theoretically predicted fa not fully
undevstood, partially because the inherent Inaccuracies did not
allow precise enough measurcments to be made. A starting
point in discussing this result is to reconsider the theoretical
model and ifts relation to the practical case. The use of a
shunt capucitance to represent the junclion discontinuity, caused by
the coaxial to microatrip line transition, was based upon
obgervations by Canlton, Hughes, and Scbel (42). A more recent
paper by Wight, Jain, Chudobiak and Makios (87) describes the
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transition in terms of a shunt capacitance and series inductance.
The wvalues at 10 GHz, for a 0-025 inch thick Alumina substrate,
Asing an 0SM 244-4A coaxial to microstrip transition, were

&l = 9 ohms and &€ = 1+1 mmho, This more complex model had been
considered prior to the publication of Wight et al., bubt it was
thought it would add complications to a method, where existing
errors in the measurement technique had not been reduced. The
remainder of the model is posaibly adeguate considering the’
accuracy of the practical measurements. The fact that the
discrepancy between the theoretical and measured impedances
are.worse when the test and standard line are of different
impedance does tend to point towards the preaence of an impedance
discontinuity parasitic, which may be in the form of a deries
inductance (87).

The reaults 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 laddad (9), Kowalaki and
Pregla (45) and Schmitt and Sergea (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 pezks of the compuled phase deviatlons, such
that the overall impedance characteristic is valid. 'This,
however, is mere conjecture; one fact which may be relevant
is that an accidenkal 1ifting of the top strip, over a very
short length of line, adjacent to the lransition, cauged the
peak phase deviations to increase by approximately 507 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
repregented in an equivalent circuif as a series inductance,
then it is very likely that the presence of a small series
induetance 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 game microstrip lines fo measure the characteristic 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 T.D.R.
have already béen emrunciated, 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 cpen-circuited end
béing too @mall for the rise time of the step waveform of the
T,D.R.

Partly because of the uncertainties related above, the
phase shift method of impedance measurement was not used for
measuring the impedance of the microstrip-mode in the microstrip/
glot 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 emall slots having litltle effect upen the impedance. The
effects become noticeable when the slot is greater than approximately
half the top strip widih. '

Measuring the characteristic impedance of the alot-mede
of the microstrip/slot line combination, proved more difficult
than the measuring of the microstrip-mode because it is a TR
mode. It has been shown that impedance measurement genecrally
involves comparison with a coaxial line which supports a TEM
mode. When the two are commected, mode conversion ccecurd,
affecting the measurement to an unknown extent. In Chapter 5,
the characteristic impedance of this mode has been determined
whilot under iis required operating conditions as a dirsctional
coupler. The method, although lacking elegance, has been sghown
to yield reasonably consistent resulta, and is sufficiently
accurate to allow dirsctional couplers to be designed to give
particular performances,

6.4 Dirvechioral Coupler Design,
In Chapter 5, it has been explained how a directional

coupler can 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 GHz, with possibilities
of degeneracy cutside this band. This is a condition that
cannot be easily achieved in a conventional microstrip proximity

coupler,

Por the optimisation of the design of a cr-mpler, 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
caloulated. 1In constructing the model, various assumptions
were made in order to gain simplification, making the spalysis
more 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 kaving uniform
impedances and propagation constants along their lengths. At
the coaxial to microstrip line transition, the junction discontinuity
was assumed to be completely deseribed by a shunt capacitance, asm
in the measurements in Chapler 3, and radiation from the ground
plane glot was assumed to come only from the cpen-cireuited

ends.

The rasults of the theoretical model prediet 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
of “the coupler. "This is a2 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. Tha
length of this section was made equal to a quarter wavelength
at 4+5 Gz, this being approximately the centre of the range over
which mode degeneracy was found to occur with 0+025 inch thieck
zirconate subsirate as the loading dielectric. With the microstrip/
slol line eombination necessary to produce the desired mode
‘impedances, mode degeneracy would occur between 5 and 6 GHz for
an ideal coupler. Because, however, tne 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 Microatrip.

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 he discussed.

The TE and T solutions to the L-shaped wavegzuide
problem provided a sood test for the theorstical method since
the internal 270 degree corner produced sub-regions that were
similar o those encuur'ltered in the microsirip analyais, The
compuber program was tested by itwo cases, and it showed none
of the numerical problems that LaRiviere (67) had noted, In
his solution for the T 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. The Householder Tridiagenalisation (76) and the
method of Bisection (77) were then used by him to cempute the
eigenvaluea. 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 algorithms
'Comhes' (79) and 'Comlr 2' were used to compute all of the
eigenvalues and eigenvectors. These algorithns seem numerically
very shable 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 mairix by
dividing the scalar field by a factor such as N& " where
n is the harmonic number, made little, if any, change to the
convergence of the computed eigenvalues, This showa that the
algorithms used here were relatively inseansitive to the mumeriecal
ordering of the matrix, and further that the sigenvalue system
of the problem is unaffected by scaling of the complete scalar
Tields by a common factor.

The results for the first three TE modes of the L-shaped
waveguide were aurﬁrisingly 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
IE and T modes of the L-shaped waveguide wers found, since the
dominant mode of the shielded microstrip line is formed from the
coupling of the dominant LSE and LSM modes of a simi1a£1y conatructed
guide, but with the atrip absent.

j A major difference in the formulation of the microstrip
golution was that both scalar clectric and scalar magnetic fields
were present, They are offen related to sach other in this type
of analysis by the wave impedance of free aspace, but it was
decided that little reason existed for adopting thia relationship
in this case, so for complete generality it was decided to keep

the two scalars decoupled.

A number of different sealing faclors were tried in
the solution of the microstrip problem to attempt to find the
moat sensitive boundary residuals. The boundary residual between
regions 1 and 2 was the most stable of these and changsd little
in value with Frequency. The boundary residual which was the
most sensitive was that hetwee£ regions 2 and 3. When the
magnetic scalar potentials are relatively large in comparison
to the electric scalar potentials, the Hz component of this
boundary residual passes through a ninimum mear to the required

solution. Generally, this relationship between the electric
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and magnetic scalar fields does not exist and the Hz component

of the boundary residual merely changes with freguency and
matrix size in a continuous manmer. The H_ component of this
boundary residual changes at a much greater rate due mainly to
the contribution by FF23, defired in Appendix 3. This component
of the boundary residual becomes increasingly large with increasing
matrix order, and thus masks the ceontributions from other
coefficients. For this reason, the I-[x component of the beundary
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 %o
unity.

A contour representation of the electric and magnetic
scalar fields haas been shown in Figure 4.8, Tt shows that
belween regions 2 and 3, along the air/dieleciric interface,
violent osecillations occur in the scalar potentiala. Because
these oscillations are related to the number of expansion terms
of the scalar filelda, they may have little physical significance.
The ecoefficient E; in equation 4.65 partially controls the scalaw
magnotic 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 E; can be seen to be greater for larger wvalues of
n, Ideally, one would imagine a scalar magnetic field quickly
decaying away from the edge of the strip, in which case, ﬁ;
would decrease with inereasing n.

The solutions, one of which is shown in Figure 4.7,
show that for the various mabrix sizes the convergence ia
unique, and is cloge to LaRiviere's solulions obtained from
Fourier Matching, The convergence problem was not invesbigated
fully, partly because of the uncertainty cover the reason for the
oscillations of the scalar potentiala along the air/dislectric
interface, and partly because the iniention of this study
was to develop an existing m=thod to 2 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
matehing solutions for microstrip, since he has shown convergence
to be uniqus and the edge condition on the strip to be satisified.
In TaRiviere's approach, there was a relative convergence problem
uging Fourier Matching for the microstrip problem. Thease two
seemingly conflicting results, may point to a difference which
resulis from using a different choice of sub-regions, since it

is thought that Hofmarm 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
cage 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.



7.1 Proporties of Single and Coupled Microsirip Lines and

Related Structures,

This theais is conceraed with the properties of single
and coupled microstrip lines and the miernstrip/slot line combination,
in relation to their use in microstrip directiocrial couplers. The
@ingle microstrip line is perhaps the most well known of these
transmisaion lines, The zero frequency solutions for single
miercsbirip lines of Bryani and Weiss (19) are supplsmented 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 soluiions, except that of Mittra and
Itoh, have given both the variation of phase consiant, in some
form, and impedance with frequency. They have postulated, contrary
to previous opinion, that the characteristic impedance of g
microsirip line increases with frequency. In order that the
directional coupler can be made compatible with other microstrip
atructures, the characieristic impedance of a single line is an
important parameter which must be known over the operational
frequency band, A measurement of impedance variaiion with
frequency, of misrostrip lines on 0-025 inch thick Alumina, has
heen presented in Chapler 3 using a new measuremenl technigue.
Athough the impedance values are lower than expected, the wariation
haa been shown praciically, for the firet time, to be eonstant
or to inerease slightly over the freguency range 1 to 8 GHz.

A zero frequency solution by Bryant end Weiss (19)
and fragquency dependent solutions by Kowalski and Fregla (45)
and Krage and Haddad (9) have also been published for a pair of
coupled microstrip lines. Little practical verification of these
solutions was availeble, indeed an experimeat by Napoli and
Hughea (44) had foand some disagreement between their results

and theorefical pradictiona. The even- and odd-mode guide
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wavelengths have been measured for a munber of different coupled
line configurations on 0:025 inch thick Alunmina, and the reaults
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 betwesn 1 and 12 GHz,

the even-mode changing by approximately -0:0013 per GHz 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 Hughea' experiment, this ratio
was found to be much larger than the theoretical predictions
showed, however, it has been shown here tha% inaccuracies of
interpolating Bryant and Weiss' results and comparisen 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., The ahueture,
which for simplieity is called a microstrip/slot line combination,
has been shown to support two dominant modea, one mode being
very similar to the sven-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 number of configuratiqna;
degensrate. The characteristic impedance of the microatrip-mode
of this combination has bean measured. Tor small slot widths,
it has been showr to be close to the characleristic impedance of
a single microsirip line. The characteristic impedance of the
slot-mode has been deduced from the perfommznce of a diractional
goupler, in which the microsirip/slat 1ine coﬁbinatian w=a used,
These parameters have been found -to h@ measured with sufficient
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‘accuracy to allow a directional coupler to be designed.

7.2 A Proximity Directional Coupler using the Microstrip/Slot

Line Combination.

! This type of coupler, firat used by de Ronde, has heen
investigated in some detail. A theoretical model has been made
and ueed both to predict the coupler's performance and to provide
details of the characteristic impedance of the slot-mode of the
mierostrip/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 characteristica showed that 3 dB coupling was
achieved, but that the directivity was impaired by rippling of
the power in the isolated port. Decresasing the power in the
isolated port directly increases the directivity. It can be
geen that the mismatched oulput lines causes power to be reflected
back into the coupler. Reflected power from the direct port will
thus eplit, in a 35 dB 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 diascontinuities at each end. I% has been demonstrated
that the major canse of the rippling in the 3 dB coupler, was the
53 ohm impedance of the output lines. The coupler and the loads
were all matched to 50 chma.

Several deaign faulis have been discussed in the previous
Chapter, but one problem that remains to be dealt with is that of
direct coupling acrosa 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 % dB coupler,
the effect is that the extra power coupled to the isolated and
direct porta is -35 and -40 dB reapsctively. Thus, if rippling
due to the mismatehed inpul lines was reduced, causing the power

in the isolated port to decrease, the direct coupling may become
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roticeable. With couplers with higher centre frequencies, where
the length of -the microstrip/slot line is shorter, the level at

which direet coupling becomes 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 deaign and close
tolerancing in the coupler and its asscciated input and output

linas and terminating impedances.

It has been stated in Chapler 5 that appreciable power
i8 radiated from the coupler for the larger slot widths. This
problem, which is mors serious for those couplers which have
emaller amounts of coupled power, is thought to be dus to radiation
fron the open—cireuited ends of the zround plans slot. This
aspect of the coupler will require further investigation before
the radiation can be minimized, and will be discuzszed further

in Chapler 8,

1.3 Theoretical Consideration of Microsirip and Related Structures,

In Chapter 4, a theoretical approach, first used by
LaRiviere (67), has been applied to solving the microstrip problem
in a more general way. Being more general, the method produces
a hemmitian matrix, rather than as in LeRiviera's study, a real
aymmetric matrix. Different algorithms were required to find
the aigenvalues and eigenvectors of the matrix. These algorithms
were found to be much less dependent upon the mumérical ordering
of the matrix than those lLaRiviere used. This eliminated the need
for one of the scaling opéralions that had previously been Found

to be necessary in order to obtain rapid converpence.
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Tests on the method were carried out by solving the
first few modes of both the TE and T¥ configurations in an
I-shaped waveguide. By using smaller sub-regions in defining
the problem, and hence increasing the lengths along which matching
is performed, resulis 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
gecure a solution of similar accuracy, and, therefore, the basis
functions are nearer to their form for the complete problem.

The testeon 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 internmal 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 LaRiviere, similar accuracy was achieved with little
oplinisation of the scaling coefficients. In Chapler 6, the
problem of the rippling of the scalar fields along the dielectric
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
intexrface, would appear to be the moat likely reason for the

rippling.

The eigenvectors have been shown to be of prime importance
in the detemination of the eigenvalue minimum in solving the
matrix. Therhave also been used to compute the electrie and
magnetic scalar fields, from which the vector fields can be
found and a characteristic impedance defined.

Despite the problem of the rippling of the sealar
potentials, the method has been relatively easy to apply to

the microstrip problem. Merely bs inereasing ths 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 underatanding 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 vreasons for this have ﬁaan
discussed in Chapter 6. Improvements in the measurement technique
to reduce errora in the setting of the reference plane extension,
and elimination of small phase errors due to the instrument, woéuld
justify the adoption of a more complex theoretical model for the
line and its transition. Througheut this study, for convenience
only, open-circuited lines were usad in the measurements. Some
investigation of the effects of the open-cireuit have been carried
out theoretically, but for completeness, practical measurements
should be made on short-zircuited lines. Further supplementary
measurements of the characleristic impedances of the microstrip-
and alot-modes in the microstrip/slot line cembination, would
allow greater flexibility in coupler design, and a greater
underatanding of the relationship of the charaeteristic impedance

and the physical sfructure of the transmission line.

The normalised guide wavelengths of the microatrip- and
slot-modes in the microstrip/slot line combination have been
measured for five of the original nine posaible atructures, and the
dielectric loading has been confined to 0:025 inch thick Alumina
and Zirconate, and 0040 inch thick Zirconale subsirates. With
further measurements, in addition to increasing the knowledge of
these parameters, it is possible that mode degeneracy may be

achieved over a wider freguency range than has been so far discovered.

The proposal that further practical characterisation,
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of the dominant modes of the microstrip/slot line combination,
should be earried out, emphasises the need for a theoretical
solution., Before the Least Square iechnique is applied to this
problem, there is the question of the oscillations of the scalar
potentials along the dielectrie interface, in the microstrip
problem, to be investigated, It may also be poszible that certain
boundaries can be eliminated from the Least Square minimisation
procedure without sericusly 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 ean 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
microutrip solution, a certain normalisation of the bamis functions
was made which quite unintentionally reduced the matrix from a
hemmitian to a real symmetric form. The normalisation can be
seen in equationa 4,62 to 4.69 of Chapter 4. Thus, the matrix
can be stored in half the arsa that the complex matrix occupied.

The algorithms that LaRiviera (67) used did show problems with

the numerieal ordering of the matrix coefficients, so an alternative
tréatment for real matrices suggested by Peters and Wilkinson (78)
is %o be preferred in thies case. The procedure to be followed

for a general real matrix is fo first balance the matrix, using
'Balance’ (80), then reduce it to a real Hessenburg form by
procedures 'Blmhes', 'Dirhes', or 'Orthes’ (79). The transformation
matriz is then derived using 'Elmtrana', 'Dirtrans' or 'Ortrans!'
(78) and the eigenvalues and eigenvectors of the balsnced matrix
found using 'Hqr 2' (78). The eigenvectors of the original

matrix are recovered using 'Balbak' (80). These algorithms are
egsentially the versions for real matrices of the routines that

have been found successful in dealing wilth the complex matrices.

In Chapter 5, it has been shown that by using the measured

characteristica of the dominant modes of the microstrip/slet line
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combination, a 3 dB directional coupler can be made. Some of the
problems that affeet 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. FBxperimental
investigation should reveal how Lhe performance is affected by the
angle subtended between two adjacent input/output lines, and the

area and sghape of the ground plane removed at the end of the slot
line.
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APPENDTX 1.
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The publications included in this appendix have been
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Gould, J.W. & Talboys, E.C., 'Even- and Odd-Mode Guide
Wavelengths of Coupled Lines in Microstrip', Electron,
Lett., 8, 9th March 1972, pp 121-122,

Gould, J.W., 'Transmission Line Impedance Measurement at
Microwave Freguencies', Blectronics and Power, 6th September,

1973, pp 363-365.

Gould, J.W. & BRhodes, G.M., "Computer Correction of a
" Microwave Nelwork Analyser without accurate Fregquency

Measurement', Electron. Lett., 9, 18th October 1973,
pp 494-495.
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APPENDIX 2,

DESCRIPTIONS OQF COMPUTER PROGRAMS RUFERENCED IN THE TEXT.

Program Name: G039.

Deseription,

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 moda].s,' and
has computed the data presented in Chapter 3.

Referring to Chapter 3, a function for gjb is taken
and the peak values, together with their values of ﬁ«g, are
computed, The transmission line models, which contain a junction
suscepbance, have peak valuea which are more negalive as /58
inereasges. The program evaluates the average slope of these
in order to add an equal bui opposite slope, making the peak
values symmetrical about zmero. Since the slope is non-linear,
this process is carried out using linear interpclation. The
program is writfen in FORTRAN and is executed on a CDCT600
computer, The following Subroutines and Functions are used
in the program,

GOLDEN : Golden Section algorithm used for evaluating the
maxima or minima of a function given by FUNCT'LON
DYDX.

FIT :+ Pinds, using a Least Square criterion, the best
line through a number of points.

DYDx : This FUNCTION routine provides the valuea of the

function which is to be maximised or minimised,

It is used in SUDBROUTINE GOLDEN. The routine is
quite complex since the equationa for S¢ generally
requirve an arctangent to be evaluated, The computer

only provides solutions belween :!-.1!/2 for an
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arctangent, so an integer mumber of ~T have to be
added o obtain a smoothly changing function.

The required function for S& must be put into FUNCTION
DIDX 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 + X2. Input to the main program is in the fgyhm 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: GO43.

Deseription.

This program computes the mairix and its eigenvalues
and eigenvectors for the problemé that have been analysed using
the Least Sguare technique of Chapter 4. The program, which is
on microfilm at the end of this Appendix, is purposely writien
8o that different problems can be solved with minimal changes
to the basie program., From Chapter 4, it is seen that each
element of the matrix is formed from the sumation of a number
of coefficients, each of which is formed from the produect 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 88 or CC respectively, the results being
atored in a two dimensional 'C' array. The coefficients, with
which the integrals are multiplied, are each stored in a one
dimensional 'H' array.

Por a particular problem, the integrals are evaluated
in SUBROUTINE SINT, the 'lIl' arrays in SUBROUTINE IARKY and the
matrix, called A6, formed in SUBROUTINE AFR1 and ARR2, depending

upon the complexity of the problem. The algorithms, 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 theze algorithme
into FORTRAN for use in the NAG Library. Their SUBROUTINE namss

correspond in the following manner to those already mentioned:

FO1AVF
Complex Balancing

FO1AVE

T'01AMF 'Comhes'

FO2ART 'Comlr 2'

AQZAAR

AQZABF Further Subroutines called by the
AQ2ACF above Subroutines,

PO 1AAR

The NAG Library was intended for implementation on the ICL1900-
series of computers; asmall changes were made in a few cases to

optimiss their execution on the CDCTE00 computer,

For maximum execution speed it is desirable for large
arrays stored in a COMMON BLCCK in a SUBROUTINE, to be set to
local variables within the subroutine, For the microstrip problem,
thia was found to produce a large number of successive ezlls to
the COIMON BLOCK which the compiler had difficuliy in optimising,
Por this reason the formation of the matrix was split into two
‘subrontines, namely ARR1 and ARR2,

The computing of the separation constants iz ecarried
out in the main program, in addition to the setting of certain
varlables such as the structural paramelers and electrical constants,
The main program also provides the statements which control the
printing of the results. The eigenvectors, obtained from FOZARF
('Comlr 2'), are normalised arbitrarily, and, thus, before being
printed, they are first normalised using SUBROUTINE VIHIORM, A
typical time for producing an 18 x 18, 12 x 12, and 6 x6 malrix
and evaluating their eigenvaluss and eigenveclors is approximalely

1 second on the CDCTE00 computer.
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Program Name: GO46.

Deseription,

This program computes the performance of the proximity
directional coupler deseribed in Chapter 5. It accepls a number
of parameters which correapond to the physical coupler that it
is modelling, these 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

= AN R =N =

Phase corstant of even-mode

=0 = T T - T T

Phase constant of the input/output lines

b

Constant which simulates radiated losses

@B

VSWR that the junction discontinuiiy causes in a matched

system

The transfer matrices, given in Chapier 5, are formed
in SUBROUTINE CPLR. They are multiplied together, using SUBROUTINE
MUL?, to form the total transfer matrix for the coupler. The
power from each of the four porta is then cemputed, and is
exprossed as an amplitude and phase angle. Since the atructure
of the computer program is very similar te that previously used
by the author for Branch Line Couplers (90), the flow chart is
not inecluded 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 G043
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Flow Chart for Prozram G046
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APPENDIX

BOUNDARY RESIDUAL EQ,UATIO\TS FOR THE WICROSTRTP SQLUTION OF CHAPIER 4

The Boundary Reaiduals for the microstrip sclution
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 ete. which are
merely to speed the execution of the program, The equations are
written in the computer programming language I‘ORTrtAN, where the
asterisk denotes multiplication.

2) Boundary betwsen Regions 1 and 2.

Defining,
ZAN=1Z1A(N)
ZM=CANTG(HZ1A(L))
ZBEN=HZ1B(N)
ZEM=0@NIG(HZ1R(M))
TAN=HY 1A(N)
PAM=CENTG LY 1A(M))
THN=IRC1B (V)
TEM=O@ANT G (Y 13() )
TCN=HY 1¢( 1)

TOM~CENI GRY1C (M) )
D=1 1D( 1)

TI=CBNI G (Y 1D(M))
then,

AN 2=PANSTAMFCOS (bt
AB 1 2=TANFTEM*COG6( M, i
AC1 2= ANFTCHACOS (M, M
AD1 2=TAN*TTM*C06 (M, 1
BA12=THH -*TAM*CO',?EN M
BB12=TBN*TEM*COB( N, 3
BO1 2=TBNATCH*C0T(N,M
BD12=TBN*TLH*COB(N,u

CAT2=TCN*TAMCOS( N, M

CB 1 2=TON*TBMXCOE( N M

001 2=TCH*TCU*C05( N, M) +ZAN*ZAK *CO1 EN,M}
CI | 2=TON*TTIEACOB( N M ) + ZANSZEM*CO2( N , bt
DA12=FDI VR AM*COT( N, M

DB 12=TDN*TEM*COB( | ,M

DC12=TDN#TCUACOTCH 5 ) +ZBN#7 m*co;ﬁn u;
nm'zafmmwrm*cuagn 10) +ZBN#ZEA 2004 (M, M

and the 'bmmdary reaidu,lal -Bmé is-givén by:

BR12=AA124AB124AC124AD1 24BA1 2+ BR1 24BC1 248D 1 24CA124CB124CC 1260012
+nmz+m12+1)c12fnn1a Sl {
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t) Boundary between Regions 2 and 3.

Defining,

ZAN=HZ2A(N)
ZAM=CENIG(HZ2A (M) )
ZRN=HZZB(N)
ZBM=CPNIG(HZ2ZB(M))
_ ZCN=HZ2C(N)
ZOM=CENIG(HZ2C(M))
ZDN=HZ2D( )
mn:cﬁmc(nzen(u))
PAN=HX2A( )
TAN=CENIG(HX2A(M) )
TBN=HX2B(N)

m.eﬁms(mczc(u))
TDH=HX2D(N)
TIM=CENIC(HXOD(M) )
TEN =X 21( 1)
TE=CANIG(HX2E(M) )
TEN=HX2F(N)
TR=C@ny G (HX2F (M) )

' then,

AA2F=TANTAM*C26 (N, M
AB23-TANIR*C2T (N, M
AG23=TAN®TG*C 26 (N, M
AD2 3= AN T *C 2T (N, M
AR S=TAN* P RI*C32(N, M
AF23=TANATRI*C32(N,M
BAEjz"lEB‘IiTAM*CZS(N M
BR23=TBN*TEM*C29(N,M
BC23=THN¥IOM 028
BD23=-TBN*TIM*C29 (1
BE2 5=THN*TEI*C 54 (N
BI"?jn"L'BIII*T"M*Cjt! N,M
cmsumwmmzs N, M
cnajnmmmn*cz? n,m +zw«?m*c1s§r4, i

-l»ZDN*ZIli*{.‘?O
Ny “-" +ZDN*ZAM*C19
+ZDN*ZEE"*»£0

N,M
¥,
N,M

+EDN*ZCM*C25( N, M)

CC?j-'I’CN*TC:ﬂ*C26
cnz3=¢cuwmm*ce?(n,m
csezsacmvmmsﬁ M, M
cm's:muwrwcaz ,uz
DARS=TDN* A *C28 (1 , 1)

I}BQinmia-m*czsagN S +m3mzmx{:205ri,ng
DERBTIDNFTCHAC2B(N , I )+ ZBN*ZAM*C 19( N, M
DO23=TIN*TI xC 29 ( N , M )+ ZBN*ZBM*C20( N, M)
DE23=TDN«TR*C34(H,M

DI23=TONXTE #2340, u§+zan*zcaac25(n M)

FAAN*ZAMACTT(N,M
+ZANFZEM*C18(N,M

+ZANXZCH*C23(N, M)

BA23=TENCIAM#C31 (N,
B 25=TEN*TOH#C35( M, M
BC23-TENTCM*C31(N, M)
EB?E:’I’EN*T]H*C%&?I,M

EE23=TEN*TTM*C 30 (1,M
EF23=TEN*TT*C 30 (2,1
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TA23=TRIATAE*CS1 (N, M)
F_B23=memnca;(ﬂ,m;,xzc}e*m*caa(u,ug
FC25=TRNATCU#C31(N, K +zcmzau=czz{u,u
FD23=11*TTI*C33( N M) +ZCK*ZBM*C24 (W, M)
PE23=TRN =T m;o(w,ug
FF25=TFN*TRI*C30 (N, M)+ ZCN*ZCM*C21 (N, M)

and the boundary residual BR23 is given by:

BR25=AA23+AB23+AC25+AD23+AT23+ARP2 5+ BA23+BB23+ 8025+ BD23+BR2 34+BF2 34
CA235+CB23+0C234CD23+CH23+CF23+DA23+DB25+ D023+ DD23+ DE2E+ D23+
EA27+EB23+EC23+ED234+ EB2 3+ EF2 34-FA2 34+ FB2 5+ FC254FD234 FR2Z+ P12 3

Bound: between Regionsz 3 and
Delining,

ZAN=HZ3A(N)
ZAM=CENIC(HAZA(M)) -
ZBN=HZZB{N) '
EPM=C@NIG (HZ3B (M) )
ECN=HZ3C(N)
ZoM=C@NIG(HZ3C(M)) .
PAN=TY 34(N) e ; :
| PAM=CENIG(HYZA(M))
MBN=IY3B(N)
TE-CPRIG(HY3B(M)) -
TOH=H73C(N)
ToM=CENIG(Er3e(m))
TDN=HY3D(N)
T=CHNIG{HEEn(n))

X then,

BB34-TAN*TANH*C13( M, 1) +ZCNZCH*C12( N, 1)
BD34=TANTEM*C 13N, 0 )+ ZCH*ZEM#C 1 2( N, M)
DBE34= 'mmwa:cm(u,u)

\ BE34=TANXTDN*C 1 4( 7,4 )+ ZCN#ZAN*C1 1 (W, M
DB54=TON*TAM#C13( M, M) + ZBN *ZCH#C 1 2( N, M
13334“1'51«*%*015? a§+z:s‘~l*m*012(n,u
DE34=TBN*TCH*C 14
DI 4=TBN*TDH*C 1 4( N M +ZBN*ZnH*CI1(N M)

EB34=TOR¥TAM*C15( N ;

BN3A=TONKTEUMRC 1 5( N H

BRAA=TON®TOM*C16 N,M S =

E."L"'34-"EYJN*T]}£*C16§N,M :

FB%4=TDN*TAN*C15(N,M -rzmvezc&*cw(}l,u;

FD34=TON®TEMHC 15( ¥ ,M )+ ZAN*ZHC 10 (31, M

?5344'13&*1'0:«1*01651@ WM

FIF34=TDU*TIM*C16

N, +zm*znmcog(n M)

and the boundary residual BR34 is given by:

BR34=BB34+BD34+BE5 H+BF354+DB34+DD34+DE34+DF 54+EB3 4+ ED 34+ ER5 44 EF 54+
FESA+FD3A+FEI A+ FT34
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Ihe C arrays are defined by the following set of equations;

10130~ § o0 (ool b-3)
T K) S w0 (b -y Yoo p B (b -3)f dy
C03(4,4)= Sm{?’n (b-y)(ceo st (b -3)) dy,
COA(N,M)= Scaoﬁa (b-y)(co o (b- 3))"’#
CO5(N,M)= ‘gwdf.’(b-g)(mm (b- t,t)) dy
COB(N 1) = S:sm 5 b-a)(s«i«ﬁ&u( "'9))%'}
cor0m)={sub¥(b-gsin (b)) |
COB(N,M)= j:“'“ﬁf?("’?) (““ﬁg? (6'5))“1?’
C09(N, )= f’ws Dy (oot Vo
C10(8,1)= Sf‘” < ?(mﬁ’})ﬁ}
o fomd iyt
c12(,M)= 5:090/51@ Y (mlﬁi’})"“}

C13(N, 1) 5:33“@@?(&5"/@;)*“3
C14(N,M)= S:SE"@ ?(.w. “-5'”}})‘ iy
C15(8,4) = fs'm x"’? (s o2 )*47,

G160, )= S:siaoz"’ smd‘ﬁ’g)'iy
C17(9,1)= SAcea pn ’(d’x)(mﬁh’(d *x)f dn
C1a(N,M)= r (o -<) ooy (ﬁ‘"*)) du
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C19(N, )= Sd‘mun fd.-x)(mﬁ"’(at-x))tlx
C20(N,M)= Samxf')(d—x)(mdm »z))d»x

. S“mﬁ?(o& <) (cos Rk )) e
c22(H,¥)= SM/’oﬁ”(d ) poo s () Y
Sa3(N ) S o -2) con i)
C24(H,M) = Smﬁﬁ’(d-m)(macﬁ)(d-z))*h
c25(1,4)- [ et Pl coop (k=)
c26(,0)= j(su- [ TB AT
027(N,)= Sd.'siags‘”@ ) (Stin e{fi"(‘b'z})’h
c28(1,10)- gmxﬁ% ) i A -)) e
G291, 1)- Luu«f’(d-z)(wxm)@ )

C30(N,M)= S ”{d ,(am/sz_"(d-x)fdz

318,10~ Ssm,s@(at ) (sin o)) o
c32(,4)= deé"(d-x)(wsﬁ*) d o)) o
ossn- [ sin (A sineGe- )
C34(N, )= de- (- sim (el o))
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APPENDIX A,

FABRICATION OF MICROSTRIP STRUCTURES ON ALUMINA.

This Appendix is concerned with the metalization and
photoetehing of the Alumina substrates, and, to a lesser extent,
with the production of the photographic masks for the pholtolithographic

praocesas.

Throughout this study, Coors AD3 995 Alumina was used as
the substrate. Thia ceramic is 99+5% pure aluminium oxide, A1205,
with traces of calcium oxide and magnesium silicate. Recently, its
atructure has been altered by the mamufacturers, with the result
that its density has increased slightly, the main outward effect,
as far as its microwave use is concerned, being an inersase of its
dielectric constani from 9.8 to 10-3.

In order to obtain geod adhesion of the desired metal,
in this case copper, a 'seeding' layer of chromium was [irst
deposited onbo the Alumina. The chromium forms strong molecular
links with the alvminium oxide. Subsequent meizla, such as copper
or pgold, are abie to form stronger bonds 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 impuriiies, on the surface,
be removed. These processes will not be discussed here since
1ittle difference between subseguent adhesive properties of any
metal films deposiled was found for a number of these intricate
methods that were tried. A very straightforward method, which
was finally adopted was as follows:

1) Clean with abrasive powder (if necessary)

2) Rinse in tap water

3) Rub with liguid detergent

4) Rinse in tap water

5) Immerse for about 1 minube 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 1ikely that this method of cleaning was as effective
as the more intricate methods, because of the faect that the evaporator,
which was used to deposit the metals, was not used under the
cleanest conditions, and contamination of the substrate surface
pfobably oceured during the outgassing of the electron gun, vsed
to heat the chromium, After about 400 R 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
deposaited. ’

The thickness of the copper on each side of the substrate
w23 plated up to a thickness of approximately 00005 inch, by
an electrolytic process using the following solution:

1) 10 litres of copper plating solution, containing:
a) Sulphuric acid 56 /1
b) Copper sulphate 200 gfl
e) Potash alum 12 g/1

2) Thiourea 01 g

3) Sucrose 2 g

4) Teepol 2 g

The substrate to be plated was placed beiween two copper snodea,
and the plating current was adjusted so that the current density
was 0+175 amps per square inch of the substrate, for plating on
both surfaces., With this rale of deposition, approximately

0+0005 inch of copper is deposited in 35 minutes. A plate/de-plate
cycle of 6:1 was uged to improve the surface finish of the
electroplated copper.

After the plating waa finished, the subatrate 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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rhotosensitive 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 A%1350 (Shipley Chemical Litd.)
was used for the photolithographic process. Before application,
the surface was cleaned using 'Neutraclean' (also from Shipley
Chemicals Ltd.), washed and then dried in an oven at 40c C.
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 mimutes, 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 mimutes, The photoresist
was exposed to ulitra-violet light through the reguired photographic
mask for between 45 seconds and 10 minutes. The lamp used was a
Philips Ultra~violet lamp, the exposure times, for a lamp to
substrate distanca of two feet, hkad a wids range due to ageing
of the lamp, the latter figure being reached afier 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 ihe surface, application of the photoresiast
and assembly of the substrate and photogravhic master, should be
carried out in a clean area within the dark room. To this snd the
walla, floors and ceilings were sealed, and a polythene curtain
was erected to seal off half of the dark room. A fan blew air intlo
this half, via a filter, so as to form a positive pressure, the

filter removed all but sub-micron sized particles.

The copper was etched using a 60% solution of ferrie
chloride, The chromium was eitched uaing a solution made from
one part of solution A and three parta of solution B, these solutions

being as follows:
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Solution A Distilled water 500 ml,
Sodium hydroxide 250 g.
Solution B Distilled water 1500 ml.

Potassium ferricyanide 500 g.

Thege etchants are very suitable since they do not etch the
other metal, however, the photoresist should be removed before
the chromium is etched, since it is dissolved by the chromium
etchant, reducing the alkalinity of the molution. 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 photograﬁhic masters were produced on Ilford
N4E-50 line film, N4E-50 is a 0:004 inch thick polyester film
glving good dimensional stability, acceptable resolution for
microstrip applications and is relatively inexpensive. DBeing
a blue sensitive film, a blue transmission light source was
uged to illuminate through the master drawing. The master
drawing was made using either red 'cut-and-peel' malerial or
black crepe paper on translucent film. Using a Polaroid MP-3
land camera, mounted horizontally, the correect exposure was
found to be 3 ssconds 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 IF-23 (IIford
Itd,) 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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PROGRAM

GO39 TRACE

PROGRAM GO38 (INPUT,,BUTPUT s TRPES=INPUT,, TAPESG=0BUTPUT)

DIMENSION YMAX(8) s XMAX(8) s YMINB) + XMINB) s YP1 (8) s XP1(8) » YP2(8) »
1XP2{8) s YNMAX(8) y YNMINB) » YFITB) s XFIT (B

DIMENSION PDX{4) ,II8B) »JJ1 (4 +XPDX1 (8) » XPDX2 (8

COMMON COM1/IXsDXsYLASTsXLASTsBDsZ s YNEXT

COMMON TCOM2/GL

IICL =1

II{2) =1

I1(3)=2

I1I1{4 =2

II{&B) =3

II{B)=3

II(7)=4

II1(8)=4

DB 18 L=1,8

YNMINCL) =0.0
XMINCLY=0.0

YNMAX {L>=0.0

XMAX L) =0.0

CONTINUE

READ (5,2 GL » ISTOP
FORMAT (1XsFB.4:2Xs 11)
WRITE (B+2)GL» ISTOP
BD=0.025

DB 26 L=1,2

DB 4 IZ£=1,21
2=0.954+0.05KFLOAT (IZ)
IF{L.EQ.2)Z2=1.0/Z2
K=0

DX=0.0

PDX (1) =0.0
PDX<{2)=0.0
PDX{3) =00, 0
PDX(4)=0.0

IX=0

X1=0.0

xX2=3.141589

J=1

M=1

I=11d{J5

DX=PDX (I

CALL GOLDENX1 s X2 XsY s M
YNMAX ((J) =YNEXT

YMARX {J) =Y

XMAX () =X

XPDX1 (J) =X4+X1 DX
IFJ.GT.10GO TO 7
IX=0

GO TO 8

YLAST=YNMIN {J-1>-3.5
XLAST=XMIN {(J-1’
X1=XMIN{J-1+2.5
X2=XMIN (J-1) +3.5

M=C

CALL GOLDEN{X1sXZ2sXsY s M

O3S
GO38
(G0O38
GO39
GO39
GO39
G038
O3S
GO39
GO39
GO39
G038
GO38
GO38
GO39
G038
G038
GO39
G038
GO38
GO38
G038
G038
G038
G038
GO39
GO39
GO38
G038
GO39
GO39
GO39
G038
GO38
G038
GO38
G038
GO39
GO39
GO39
GO3S
G038
G038
GO38
G038
GO39
GO3S
G038
G038
G039
GO38
GO39
GO39
G038
GO39
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005
006
007
008
008
010
011
012
013
014
015
016
017
018
01S
020
022
023
024
024
026
027
028
029
030
031
035
040
041
042
043
044
045
050
055
060
065
070
086
c8s
075
077
080
085
089
0380
085
100
105
110
112
113
115
120
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60

65

70

75

80

85

S0

95

100

105

110

PROGRAM

G038 TRACE

YNMIN (J) =YNEXT

YMIN (D =Y

XMIN (JJ =X

XPDX2 {(J) =X4+XRDX

J=J+1

X1=XMAX{J-1)+2.5
=XMAX{(J-1) +3.7

IF (L.EQ.2) X2=XMAX{J-1)+3.5

YLAST=YNMAX (J~-1) -4.0

XLAST=XMAX (J—-1’
IFJ.LT. GO TO 6
IFK.EQ.1)GO TO 1
D@ 10 J=1,8
YP1 (J) =YMAX (J)
XP1 (D =XMAIX{J)
YP2 (J) =YMIN (D
XP2 {(JJ) =XMIN {(J)

10 CONTINUE
JJ1{1) =1
JJ1 {25 =3
JJ1 {35 =5
JJ1 {4 =6
LB 21 I=1+49
J1=JJ1 1)
J2=J1+42
DB 29 K=1,3
Ki=J1l14K~-1
YFITK =YMAX (K1)

1

YFITK+3) =YMINKI1)

XFITKS =XMAIX{K1)

XFITK+3)=XMINKI1

24 CONTINUE

COC 6600 FTN v4.0-P336 0PT=0 28-/03/74

CALL FITYFITsXFITsSLOPE1sCONST1s1,3>
CALL FITYFIT«XFITsSLOPEZ2sCONSTZ2s4,0)

AMINX=XF IT (1>
AMAXX=0.0
DO 25 K=1,+6

IFOFITKS .LT.AMINXG AMINX=XF IT {(K)
IF OFITKY .GT.AMARXOO AMAXX=XF IT (K)

25 CONTINUE

XFITL = (AMINX4+AMARXOO /2.0
YFIT1) =SLOPEIXRXFIT (1) +COGNST1
YFIT2) =SLOPE2®RXF IT (1) +CONSTZ2
AVGEY={YFITILD+YFIT 205 72.0

PDX{I) =-AVGEY/XFIT {1’

21 CONTINUEL
K=1
GB T0 5

11 IFCJIZ.GT.106G0 TO 12

WRITE (6513) 80D

13 FORMAT (71X, 33HNORMAL ISED JUNCTION SUSCEPTANCE =,F6.4

WRITE by 14

19 FORMAT {/7Xs 6HNORM £ 3Xy 14H4MRXIMAS

14X, 19HMAXIMAS

X

s 3Xs 19HMINIMAS

) 4
X

» 3Xs 19HMINIMAS

/

GO39
GO39
GO39
G038
GO39
GO39
GO39
G038
G038
GO38
GO39
GO39
GO39
G033
GO39
G038
GO38
G038
GO39
GO39
GO39
GO39
GO39
GO38
GO38
GO3S
GO3S
G038
G038
GO39
GO39
G038
GO38
GO38
GO39
G038
GO39
GO39
GO39
G038
GO39
G038
G038
GO39
GO39
G038
GO38
GO39
G038
GO39
GO39
GO39
GO39
GO39
GO39

123
125
130
133
135
140
145
147
150
153
155
160
210
170
175
180
185
180
195
196
187
198
199
200
201
202
203
204
205
206
207
208
208
210
212
213
214
215
216
217
218
218
220
221
222
223
224
225
226
230
295
240
2495
250
255
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115

120

125

130

PROGRAM

GO3S TRACE
12 DO 18 J=1.8
YMAX (D =YMAX (J) £360.0/(2.0%3.14158)
YMIN (J) =YMIN (D X360.0/{2.0%3.14158)
YP1{J =YP1{J)*360.0/{2.0%3.14159)
YP2 (J) =YP2({J) X360.0/{2.0%3.14159)
18 CONTINUE
K=1
WRITE (65155 ZsYP1 (KJ) s XP1 (KJ s YP2 (K) s XP2 (KJ s YMAX (KJ) s XMAX (K) s YMIN (K) »
1XMAX (K3
15 FORMAT (/B6Xs 1H
DO 16 J=2.8
WRITE(Bs175YP1{JJ s XP1{J) s YP2{(J » XP2{J) s YMAX (D) » XMAX (JJ s YMIN (D »
1XMIN (D
17 FORMAT (1H
16 CONTINUE
4 CONTINUE
26 CONTINUE
IF CISTOP.NE.1)GO TO 1
STOP
END

1 FOE.4:2 2XsFB.3+91XsF7.4991XsF8.3:1XsF7.49))

112X 2 2XsFB8.351XsF7.451XsF8.351X6F7.4))

G038
GO39
G038
G038
G038
G038
G038
GO39
GO38
GO38
GO39
GO3S
G038
GO39
G038
GO38
G038
G038
GO38
G038

COC 6600 FTN v4.0-P336 0OPT=0 28/03/74

261
262
263
264
265
266
268
269
270
271
272
290
282
297
310
315
320
325
335
340
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PROGRAM
SYMBOL IC REFERENCE ™MAP (R=1)

ENTRY POINTS

GO39

4102 G038
VARIABLES SN TYPE
4776 AMAXX REAL
4777 AVGEY REAL
4772 CONSTI REAL
1 DX REAL
4763 1 INTEGER
4754 ISTOP INTEGER
4755 IZ INTEGER
5150 JJ1 INTEGER
4767 J2 INTEGER
4770 Kl INTEGER
4762 ™ INTEGER
4771 SLOPE1 REAL
4764 X REAL
3 XLAST REAL
5030 XMIN REAL
5164 XPDX2 REAL
5070 XP2 REAL
4760 X2 REAL
5120 YFIT REAL
5000 YMAX REAL
& YNEXT REAL
5110 YNMIN REAL
5060 YPZ REAL
FILE NAMES MODE.
C INPUT
EXTERNALS TYPE
FIT
GOL DEN
STARATEMENT LABELS
4137 1
4173 5
4241 8
4957 12
4701 15 FMT
O 18
0 24
COMMON BLOACKS LENGTH
COM1 7
COM2 1
STATISTICS
PROGRAM LENGTH 11008
BUFFER LENGTH 407498

COMMON LENGTH 108

TRACE

ARGS

RELOCATION
COM1
ARRAY
COM1
ARRAY
ARRAY
ARRAY
ARRAY
ARRAY
COM1
ARRAY
ARRAY
2036 0OUTPUT
6
5
9626 2
4200 6
0O 10
90642 13
O 16
0 19
P 29
576
2108
8

K775
4774
5140

4761
4766
4756
4753
5134
4773
5126
5010
5154
5050
4757
4765

5020
5100
5040

CDC 6600 FTN v4.0-P336 0PT=0 28,0374

AMINX
BD
CONSTZ2
GL

II

IX

J

J1

K

L

PDX
SLOPEZ
XFIT
XMAX
XPDX1
XP 1
X1

Y
YLAST
YMIN
YNMAX
YP1

FLOAT

FMT

FMT

REAL
REAL
REAL
REAL
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
INTEGER
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

TAPES

REAL

ARRAY

ARRAY

ARRAY
ARRAY
ARRAY
ARRAY

ARRAY
ARRAY
ARRAY

FMT

4225
4451

94653
4722
0 21
0 26

COM1
comMe
COM1

coM1l

COM1

U 4

11
14
17

FMT
FMT
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SUBROUTINE GOLDEN

OO00O00000

~ M

TRACE

SUBROUTINE GOLDEN{ARA:BB» XX, Y, M

DIMENSION AR{21) +sB{21) s+ X1(21) +X2(21) s YX121) sYX2{21)
GOLDEN SECTIOGN ALGORITHM FOR MAXIMISING OR MINIMISING THE

X=XX
N=1

AR

a1
Y

™

TAU=0.618
A (1) =AA
B{1)=B8
X1 {1 =B{1)-TAUXRB (1) -A1))
X2 (1) =A(D +TAUXKB (1) A1)
X=X1 (N)

YX1 (N> =DYDX OO

X=X2 {(NJ

YX2 (N> =DYDX OO
N=N+1

FUNCTION Y=F OO

INITIAL STARTING POBINT FOR X

DITTO
PEAK FUNCTION VALUE

1 FOR MAX,

IFIN.GT.200G0O 10O 2
IFM5:5+6
IF X1 N-1) .LT.YX2{N-1,5G0 TO 3
GG TO 7
IF (X1 IN-1) .GT.YX2(N-13506G0 TO0 3

A (NJ =X1 (N-1)

B (NJ =B (N~-1)

X1 {NJ =X2 (N-1)
X2 (N> =B (N—-1) = (1.0-=TAU K{B (N-1) -A N’ )

G2 T0 4

B (NJ) =X2 (N—-1)

AN =R (N-1)

X2 (NJ) =X1 (N~-1)
X1 {N)=AN=-1)+{1.0-TALL X (B (N) -AN-1)>

GO TO 4
IF (X2 (N-1) .GT.YX1 (N~-1) ) X=X2 (N—-1)
IF (X2 {IN—15 .LT.YX1 {N-1)) X=X1{N-1)

D=ABS ({(YX2 (N—-1) =YX1 (N-13) /YX2 (N-1))
IFD.LT.10.0E-15) X= (X1 {N—-1) +X2 (N-13) /2.0

Y=DYDX OO

XX=X

RETURN

END

0O FOR MIN

GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOLD
GOALD
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175
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185
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192
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203
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210
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SUBROBUTINE GOLDEN TRACE CDC 6600 FTN v4,0-P336 OPT=0 28/03/749 19.16.13. PAGE
SYMBOL IC REFERENCE MAP (R=1)
ENTRY POINTS

2 GOLDEN
VARIABLES SN TYPE RELOCATION
215 A REAL ARRAY 0O AAR REAL r.P.
242 B REAL ARRAY O BB REAL F.P.
214 D REAL b N INTEGER F.P.
212 N INTEGER 213 TAU REAL
211 X REAL 0 XX REAL F.P.
267 X1 REAL ARRAY 314 X2 REAL ARRAY
B ¥ REAL F.P, 341 YXI1 REAL ARRAY
366 YX2 REAL ARRAY
EXTERNALS TYPE ARGS
ABS REAL 1 DYDX REAL 1
STATEMENT LABELS
N & 100 3 3 9
0 9 INARCTIVE 57 b N 7

STATISTICS
PROGRAM LENGTH 4138 267
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SUBROBUTINE FIT

SUBROBUTINE FITIYsXsSLOPECONSTsN1sN2)
DIMENSIOGN Y {105 » X {10

TRACE

SUMX=0.0
SuUMY=0.0
SUMXX=0.0
SUMXY=0.0

DO 1 J=N1,sN2
SUMX=SUMX+X {J)
SUMY=SUMY+Y (J)
SUMXX=SUMXX+X {J) KX {(J)
SUMXY=SUMXY+X {JJ XY {(J)

CONTINUE

AN=FLOAT (N2+1-N1)

SLOPE= (SUMXY . /SUMX-SUMY /AN’ / (SUMXX/SUMX-SUMX/AN>
CONST=SUMY /AN--SL OPEASUMX/AN

RETURN

END

FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT
FIT

CDC 6600 FTN Vv4.0-P336 OPT=0 28,/03/74
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005
010
015
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060
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075
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SUBRBUTINE FIT

SYMBOL IC REFERENCE ™MAP

ENTRY POINTS
2 FIT

VARIABLES SN
101 AN
100 J
0O N2
79 SUMX
77 SUMXY
0 X

EXTERNALS
FLOAT

STARATEMENT LABELS
0 1

STATISTICS
PROGRAM LENGTH

TYPE
REAL
INTEGER
INTEGER
REAL
REAL
REAL

TYPE
REAL

1228

TRACE
(R=1)
RELOCATION
F.P.
ARRAY F ..
ARGS
1
82

N N

CDC 6600 FTN v4,0-P336 0OPT=0 28/03/74

CONST
N1
SLOPE
SUMXX
SUMY
gy Y

Nonooco

REAL
INTEGER
REAL
REAL
REAL
REAL

ARRAY

MM
VUUT
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FUNCTION DYDX TRACE COC 6600 FTN Vv4,.0-P336 OPT=0 28.03/749 19.16.23. PAGE
FUNCTION DYDX OG0 DYDX 000
REAL MsNV GO38DYDX
COMMON COMI/ZIXsDXs YLASTs XLAST»BD s Zs YNEXT DYDX 005
COMMON COM2./GL GO38DYDX
X=XX DYDX 006
AL=8.0 DYDX 007
FREQ=30.0%X/(2.0%3.14158%AQL) DYDX 010
CAP=BD0.3141589 DYDX 015
BD1=3.14159%F REQ**CAP10.0 DYDX 020
XPDX=X4+DX*KX2.0 DYDX 025
X1=34.7%X/35.0 DYDX 031
X2=0.3KX35.0 DYDX 031
T1=TAN (X1’ GO338DYDX
S92=3SIN X2 GO39DYDX
C2=C0S 2 GO39DYDX
XV=ZK(T1HRC24S2-Z*BD1XKT1%52) GO3S8DYDX
YV=C2-Z*BDI1XTIHRC2-T1*,32 GO33DYDX
M=XVKTANH (GL) —{C2K{T1+ZRBD 1) +S52) GO38DYDX
NV=YVXTANH (GL) + (S2K {(ZXT1+Z*Z*BD 1) —ZKC2) GO38DYDX
P=XVKTANH (GL) + ({C2K (T14+Z4BD1) +52) GO38DYDX
Q=S2K (ZXT14+ZRZ4BD 1) —ZKC2-YVKTANH (GL GO38DYDX
C= INVAP-Q*M / (MEP4+Q*FNV) GO38DYDX
Y=ATAN (C) DYDX 045
IFJIX.NE.O)GO TO 1 DYDX 050
IX=1 DYDX 055
YLAST=0.0 DYDX 060
XLAST=0.0 DYDX 065

1 IFOX.NE.O.0G0 TO 2 DYDX 070
Y=0.0 DYDX 075
YNEXT=0.0 DYDX 080
XPDX=0.0 DYDX 085

2 XNEXT=X DYDX 0890
IF(Y230,31,32 DYDX 085

30 N=-1 DYDX 100
G3 70 33 DYDX 105
31 IF (X 32:34,32 DYDX 110
34 YNEXT=0.0 DYDX 115
GO TO 35 DYDX 120
32 N=0 DYDX 125
33 N=N+1 DYDX 130
YNEXT=-(FLOAT (NJ) 3. 14159-Y> DYDX 135
D=YNEXT~YLAST DYDX 140
IF OX.GT.XLAST)GB TO 3b DYDX 145
IFABS (D) .LE.3.14159G0 TO 37 DYDX 146
GO TO 33 DYDX 147
37 IFD)38,36,36 DYDX 148
38 YNEXT=YNEXT+3.14158 DYDX 148
36 IF (D>35,35,33 DYDX 150
35 YLAST=YNEXT DYDX 155
DYDX=YNEXT+2 . 0%XPDX DYDX 160
XLAST=X DYDX 165
RE TURN DYDX 170
END DYDX 175



FUNCTION
SYMBOL IC REFERENCE ™MAP

ENTRY POINTS

2

DYDX

VARIABLES

2b4
267
266
306
260

O
261
262
301
273

3
270

O
272

2
277

AL
BD1
cAaP
D
DYDX
GL

™

NV

G

T1
XLAST
XPDX
XX

X2
YLAST
YV

EXTERNALS

STATEMENT LABELS

153
160

C
211

COMDN BLOCKS

ABS
COS
SIN
TANH

1

31
34
37

COM1
COre

STRATISTICS

PRAGRAM LENGTH
COAMMON LENGTH

DYDX

SN TYPE

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

TYPE

REAL
REAL
REAL
REAL

INRCTIVE

LENGTH

3078
108

TRACE

ARGS

(R=1)
RELOCATION
CoM2
CoM1
F.P.
COoM1
1
1
1
1
160
171
217
O
199
8

32
35

38

302
275

265

305
300
274
263
304
276
271
303

COC 6600 FTN V4.0-P336 OPT=0 28/03/74

BD
C2
DX

FREQG
IX

S2

XNEXT

X1

YNEXT

ATAN
FLOAT
TAN

INARCTIVE

REAL
REAL
REAL
REAL
REAL

INTEGER
INTEGER

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

REAL
REAL
REAL

o b b

172
215

COoM1

COM1
CoOM1

COM1
COM1

30
33
36
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