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ABSTRACT

A novel design and construction technique for
Microwave Integrated Circuit broadband filters and a
contiguous multiplexer is presented together with
experimental results on a number of devices. The
multiplexer is formed from a cascade of diplexers
each containing a highpass and lowpass filter. Based
on the generalised Chebyshev prototypé, selective
low loss microwave filters for these diplexers are
designed having new suspended substrate configurations.
Octave bandwidths are achieved for the highpass
channels. The contiguous multiplexer built has three
outputs 4 -8 GHz, 8 -12 GHz and 12 - 18 GHz and is
constructed on a single substrate approximately 2" x 1%".
Experimental results show each channel has low passband
loss and highly selective responses at the bandedges
and the multiplexer will meet the normal environmental
conditions. Also, due to the printed circuit realisat-
ion, a high degree of population tracking can be
readily achieved. Detailed computer analysis of the
devices 1is presented and results are in very close
agreement with the experimental results. Suitable
constructionalltechniques are developed so the final

multiplexer could be manufactured on a commercial basis.



ACKNOWLEDGEMENTS

The author wishes to express his sincere
gratitude to Professor J.D. Rhodes who supervised
the research and took an active part in it. The
author would also like to thank Professor P.J.
Lawrenson for permission to undertake the research
in the Department of Electrical and Electronic
Engineering at the University of Leeds and for the
use of the facilities offered by the Department.
Finally, the author wishes to thank Filtronic
Components Ltd., Ferranti Ltd. and the Ministry of

Defence for supporting this work.



CONTENTS

List of Main Symbols

Introduction
1.1 Advantages of printed circuit multiplexers

1.2 Choice of the basic medium for the
printed circuits

1.3 Electrical structure of the printed
circuit multiplexer

1.4 Development of suitable lowpass prototype

Design of M.I.C. Broadband Lowpass Filters
2.1 Introduction

2.2 Distributed quasi lowpass prototype filter

2.3 Suspended substrate realisation of low-
pass filter

2.4 Design of physical dimensions of 8 GHz
lowpass

2.4.1 Design of resonators
2.4.2 Design of unit elements

2.5 Practical results and discussion of 8Gz
lowpass

Design of M.I.C. Broadband Highpass Filters

3.1 Distributed quasi highpass prototype
filter

3.2 Suspended substrate realisation of high-
pass filter '

3.3 Design of physical dimensions of 8 GHz
highpass

3.3.1 Design of series elements

3.3.2 Design of centre conductors of
input and output terminals

3.3.3 ‘Design of shunt resonators

ii

Page No.

10
13

16
16
16
21

23

24
27
31

34
34
36
38

39
45

46



3.5

3.6

Practical results and discussion of
8 GHz highpass

Development, with practical results,
of 4 GHz highpass filter

Conclusion

Design of MIC Broadband Contiguous Diplexers
and Multiplexers

4.1

4.2

4.3

4.5

Theory of broadband MIC contiguous
diplexers

Design of physical dimensions of 8 GHz
diplexer

Practical results and modifications to
p.c.b. of 8 GHz diplexer

Design and practical results of 12 GHz
diplexer

Design and practical results of single
substrate triplexer

Filter and Multiplexer Analysis

5.1
5.2

5.3

Introduction
Analysis of the lowpass filter

5.2.1 Distributed lowpass prototype

Page No.

49

51

53

55

55

57

63

68

69

74

74

74
74

5.2.2 Lumped inductor approximation of the 75

‘'series stubs of the distributed
lowpass prototype

5.2.3 Unit element approximation of the

series stubs of the distributed
lowpass prototype

5.2.4 Effect of the distributed coupling

between the resonators

Analysis of the highpass filter

5.3.1 Distributed highpass prototype and
the lumped capacitor approximation

to 1ts series stubs

76

79

80
80

iii



5.3.2

5.3.3

Highpass with inhomogeneous coupled
lines

Effect of the distributed coupling
between the resonators

5.4 Further analysis leading to an improved
design of highpass

5.4.1

New design equations

5.5 Multiplexer analysis

5.5.1

5.5.2

5.5.3

5.5.4

Conclusions

Appendix

Explanation of the multiplexer
analysis computer programs

Results for the 4-18 GHz triplexer
prototype :

Analysis of 4-18 GHz suspended sub-
strate triplexer

Results for suspended substrate
triplexer

and Future Work

A.l Generalised Chebyshev diplexers

A.2 Getzinéer‘s graphs for finding fringing
capacitances of coupled rectangular bars

A.3 Production and alignment of printed
circuits

References

iv

Page No.

81

86

88

93

98
98

103

104

106

109

112
112
115

119

121



LIST OF MAIN SYMBOLS

Lumped Lowpass Prototype

Cr’ r=2,4,...,(n-1): Series capacitance in shunt

o

2!

L
o

resonant sections.

Modified Cz, when prototype is used in a'contiguous
diplexer.

Insertion loss in dB.

L., r=1,3,...,n: Series inductances.

-L
!

LI

1

(1]

r==2,4;...,(n—l): Series inductance in shunt

resonant sections.

Modified Ll' when prototype is used in a contiguous
diplexer.

General frequency

Number of resonant sections

Degree of prototype

General angular frequency

Angqular frequency when the insertion loss is 3 dB
Angular frequency of finite transmission zeros

Angular frequency closest to bandedge where the
insertion loss reaches 40 dB,

Passband ripple level of amplitude response
(L.e. of [51,]?)

Frequency Transformations

a

H

Simple scaling factor for the distributed quasi
highpass prototype, determining the actual cut-
off frequency.

Simple scaling factor for the distfibuted quasi

lowpass prototype, determining the actual cut-off
frequency.



p : Lumped complex frequency variable.
t : Distributed complex frequency variable

o, Constant in the reciprocal of Richards frequency
transformation. It determines the ratio of pass-
band bandwidth to bandedge frequency for the
distributed highpass prototype. 1In this work
GH = wo.

a,: Constant in Richards frequency transformation.

It determines the ratio of stopband bandwidth to
bandedge frequency far the distributed lowpass

prototype. In this work a;, = 1/uwg

Distributed Quasi Lowpass Prototype

be: Bandedge frequency, i.e. first frequency where the
insertion loss just increases above the passband
ripple level (N.b. Opg, = 2nbe)

: Frequency closest to bandedge where the insertion
. loss reaches 40 dB.

: Centre frequency of stopband.

S. : Selectivity of skirt characteristic. 1In this work,

SL = (f4OL - f3L)/f3L' where f3L is the 3 dB

frequency of the distributed quasi lowpass prototype.
For a diplexer, selectivity is expressed in terms of
the crossover frequency.

Yf, r=2,4,.,.,(n=1): Characteristic admittance of shunt
resonant o/c stubs, normalised to
1Q terminations,

Zr : Zr = l/Y

ACL: Wavelength of TEM propagation at f Depends on
dielectric constant of medium.



Distributed Quasi Highpass Prototype

fou

£

ch

in

40H°

Bandedge frequency (N.b. W = 2nfbH)

Frequency closest to bandedge where the insertion
loss reaches 40 dB.

Centre frequency of passband.

Selectivity of :skirt characteristic. 1In this work

S 3H’ where f is the 3 dB

g~ (F3m = f40m/t 3H
frequency of the distributed quasi highpass proto-
type.

Input impedance seen looking towards the source/
load at a plane immediately left/right of the '
first/last shunt resonator

er, r=1,3,...,n: Impedance of the series o/c stubs at

AcH

a frequency £.

Wavelength of TEM propagation at fCH

Printed Circuit Filters and Multiplexers

(a)

Quantities common to both highpass and lowpass

o

filters

C‘f : Fringing capacitance for an isolated

rectangular strip in a homogeneous medium.

C'fe: Even mode fringing capacitance for coupled

rectangular strips in a homogeneous medium

C'foz 0dd mode fringing capacitance for coupled
rectangular strips in a homogeneous medium

(N.b. These fringing capacitances are shown in
the Appendix, section A2).

Ground plane spacing of housing containing
printed circuit. In this work, b = 0.07"

h : Thickness of substrate. In this work,
h = 0.005"



t : Thickness of copper conductors on substrate.
In this work, t = 0.00085".

€ : Absolute permittivity of a medium
€ ¢ Absolute permittivity of free space =
8.854 x 10~12 F/m.
€ Dielectric constant of a medium.. Normally,

€ = dielectric constant of duroid 5880=2.22

u : Velocity of light in free space = 2.998 x 108 n/s

(b) Lowpass filter

er, r=1,3,...,n: Designed length of unit elements

2'rL,r==l,3,...,n: Physical length of unit elements,
i.e. distance between neighbouring
resonators.

lrL' r=2,4,...,(n=1): Designed length of shunt
resonators

r=2,4,...,(n~1): Physical length of shunt
resonators, l1.e. length of

]
. rL’

shunt arm not including any
extension into the T-junction.

r=1,3,...,n: Lumped inductance of series
iﬁductors which have the same
bandedge impedance as the corres-
ponding series s/c stubs of the
distributed lowpass prototype.

n

Distance of unit elements from nearest side box
wall.

W

L Width of unit elements

Wop,s r=2,4,...,(n~1): Width of shunt resonators

w'rL: Modified width of shunt resonators to account

for interaction between the fringing fields of
the resonator

Characteristic impedance of the unit elements.



(c)

Highpass filter

er' r=

z'rH,r'=
Weg? T 5

vﬂrH,r

Designed length of shunt
resonators

2,4'oooi(n-l)

2,4,...,(1’1'1)

Physical length of shunt
resonators

2,4,...,(n=1) :: Width of shunt resonators.

2,4,+..,(n-1) Modified width of shunt

resonators to account for

interaction between fring-
ing fields of the resonator.

The following symbols apply to each inhomogeneous

section;

the suffix r is used to denote each section

and takes the values 1,3,..., (n-1) :

Coor :

Hh
..

H
oo}

o

£

g

Per-unit-length capacitance~to-ground of
each coupled line operating in the odd
mode, not including end effects.

Frequency (s) where the total shunt
admittances of the highpass become zero.

Length

Distance of the inhomogeneous sections
from the nearest side box wall.

Phase velocity of the odd mode.

Phase velocity of the even mode. In this
work u _~ u= 2,998 x 108 n/s.

er
width
Effective width when calculating Zoor to
account for finite strip thickness. In
this work Wer = Wy + t.

Different effective width when calculating

' 3 -
Eaps In this work Wep = W t

Shunt admittance of equivalent pi-network
of inhomogeneous section at frequency f.



1
Z in

ocer
oor
7'

rH

er

e ()

er

or

Input impedance seen looking towards the
source/load at a plane immediately to the
left/right of the first/last shunt resonator.

Characteristic impedance of each coupled
line for the even mode.

Characteristic impedance of each coupled
line for the odd mode.

Series impedance of equivalent pi-network
of inhomogeneous section at frequency f.

Effective dielectric constant of the
medium for the odd mode.,

Variation of €or with frequency, i.e.
dispersion effects.

Electrical length of the coupled lines for
the even mode.

Electrical length of the coupled lines for
the odd mode.

Characteristic impedance of free space =
376.73 Q.



1. INTRODUCTION

1.1 Advantages of Printed Circuit Multiplexers

One of the key components for Electronic Warfare
signal sorting'is the broadband microwave contiguous
multiplexér. in this country there is a current and an
increasing demand for such multiplexers, with the only
source of supply being in the USA. 1In Ref. [1l.1l], H.L.
Schumacher describes a multioctave contiguous channel
multiplexer supplied from the USA. This multiplexer
is constructed of coaxial lowpass and highpass filters
and consists of a main body with several components
internally milled and with additional discrete components
to form the complete electrical circuit. Due to the
frequent requirement of population tracking between
devices, great skill is required in the assembly and
alignment of these multiplexers.

For operation up to 18 GHz, precision construct-
ion techniques must be used and great advantages were
forseen in printed circuit realisations. The initial
aim of this thesis was to develop a highly selective
broadband low loss contiguous channel multiplexer printed
on a single substrate with little or no external tuning,
and to meet the normal environmental requirements assoc-
iated with such components. Definite advantages over
the coax counterparts would be achieved by this realisat-
ion. 'Not only would there by a considerable reduction in

the size and weight of the multiplexer, but there would



also be a much higher level of population tracking in
both amplitude and phase. Also, the printed form opens
up the real possibility of designing complete sub system
receivers'on a single substrate.

Although the initial aims were very high, this
thesis shows that after encountering several different
problems, complex multiplexers can now be produced on
a single substrate with a performance which surpasses
all expectations. This performance 1s comparable to
that achieved by the conventional coaxial multiplexers.
However, the printed circuits designed in this thesis
could easily be extended to produce superior performances
than the coax multiplexers, as well as possessing the

reduced size and better population tracking properties.

1.2. Choice of the Basic Medium for the Printed Circuits

For many years, some types of microwave filters
have been built in stripline or microstrip. These have
normally been in cases where the bandwidths have not been
too narrow and where the selectivity has not been severe.
For the broadband multiplexers considered here, however,
the impedance variation is very difficult to realise in
microstrip. Moreover for these highly selective devices,
the variation of the dielectric constant of microstrip
with temperature, would produce a temperature stability
insufficient to meet most environmental requirements. In
addition, microstrip structures are quite susceptible to

higher ordered modes. This can be serious when the



filters are required to provide a wide frequency reject-
ion band beyond the passband. Stripline also fails to
meet the temperature requirement and has high dielectric
loss, an inability to fine tune and suffers from
compression of components at the higher microwave
frequencies.

Taking these points into consideration, it was
immediately seen that the solution was to use the sus-
pended substrate stripline as shown in Fig. 1.2.1. The
substrate chosen was RT/duroid* 5880 which is a non-
woven glass microfiber - reinforced polytetrafluorethy-
lene (PTFE) structure. Duroid 5880 was chosen for a
number of reasons. Firstly, it has a suitably fairly

low dielectric constant of 2.22, closely held within 2%

at any point on the substrate, from d.c. to 18 GHz.
Secondly, it has a low dissipation factor of 0.0004 -
0.0009 from 1 MHz -+ 18GHz, which is unexcelled by any
stripline material except irradiated polyolefin. Thirdly,
the substrate will remain dimensionally stable in

extreme environments. This is because the coefficient

of thermal expansion of the substrate is typically only
0.000032 ~» O.OOOOSG/OC for a temperature range of -100°% ~
+ 100°C. The substrate will withstand temperatures up

to 280°C.without warping. Finally, copper-clad duroid
has excellent etching properties and can be easily plated.
This is due to its high average peel strength of 14 lbs/

inch width at ambient temperature, which only reduces to

* Trademark of Rogers Corporation.
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Fig. 1.2.1 The basic suspended substrate stripline
configuration
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6 lbs/inch width at 150°C. Indeed an experiment at
room temperature has shown that two planar coupled
] lines 0.16" long, but only .007" wide and separated
by .004" to form a d.c. block, can be etched success=-
fully.

A substrate thickness of 0.005" (tolerance
= + 0.0005") is used throughout the work since this
produces reasonable physical dimensions for the high-
pass filters and, moreover, ensures that the critical
resonant sections are realised ;n an air medium. Hence
the filter will have good temperature properties.
Both sides of the substrate are % oz. copper-clad,
which is the minimum thickness.available and is about
0.00085". Thus the suspended substrate structure is
obviously capable of achieving an electrical performance
comparable to coax and although the circuits are printed,

fine tuning is possible with screws in the main housing.

1.3. Electrical Structure of the Printed Circuit

Multiplexer

Having established‘the basic‘medium which would
be necessary to develop the printed circuit multiplexer,
attent;on was focussed on the electrical structure best
suited to the printed circuit form. The original approach
for coax multiplexers is shown in Fig. 1.3.1 and is
described in Ref. [1.1]. This essentially consists of
a cascade of COntiguous highpass - lowpass diplexers.

The cascade may start with a lowpass filter to prevent
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Highpass filter with cut-off frequency fn'

Fig. 1.3.1 Block diagram of a general contiguous n channel multiplexer

using highpass and lowpass filters.
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the passband of the highest frequency channel extending
beyond a frequency limit set in the specification, and
aiso to enhance the attenuation of all channels above
this frequency. A highpass filter may also be used at
the end of the cascade to reject any signals from d.c.
to the crossover frequency of the highpass. This filter
would also have to pass signals in the lowest frequency
band of the multiplexer.

| The signal flow in this structure can best be
understood by considering the 4 -18 GHz triplexer £o be
designed in this thesis. 1In cascade form, the triplexer
is shown in Fig. 1.3.2. This triplexer has outputs over
the bands 4 - 8, 8 - 12 and 12 - 18 GHz, with all channels
rejecting signals between O and 4 GHz. The triplexer is
composed of two diplexers having crossovers of 3 dB at 12
and 8 GHz respectively and a highpass filter with its 3 dB
frequency at 4 GHz. Consider signals in the range O - 18 GHz
entering this triplexer. Signals in the range 12 +18 GHz
are channelled by the 12 GHz diplexer to port 1. After
passing through the 12 GHz lowpass filter, signals in the
range O + 12 GHz are channelled by the 8 GHz diplexer:
8 +12 GHz signals go to port 2 whereas 0+ 8 GHz signals
pass through the 8 GHz lowpass. Signals in the range
O-+4 GHz are then reflected back to the source by the
4 GHz highpass, whilst the remaining signals in the 4 + 8 Gz
range pass through the 4 GHz highpass filter to port 3.
Although the isolated filters must be modified before
they can be used in the contiguous diplexers, the basic

requirements which must be satisfied by these filters can

now be summarised:



INPUT

HP 12 GHz

Lp 12 GHz

Fig.

1.3.2

Triplexer covering the bands 4+8, 8+12 and

12»18 GHz

LP 8 GHz

HP 8 GHz

HP 4 GHz




Filter Very good VSWR  Good VSWR Stopband
12 GHz highpass - 12 -+ 18 0+12
12 GHz lowpass ‘ O+ 8 8 + 12 12+18
8 GHz highpass - - 8 + 12 O+ 8
8 GHz lowpass - 438 8-+12
4 GHz highpass - 4+ 38 O+ 4

In conclusion, the lowpass filters must provide
a very good VSWR over the lower frequency part of their
passband, to prevent interactions between the diplexers
and the highpass when these are cascaded together. Other-

wise a poor match at the common port of the triplexer

will occur at these frequencies, producing large insertion

loss ripples in the affected passbands. The other
requirement of each lowpass filter is that it need only
maintain itsvstopband up to an octave. (In some cases,
only a half octave is necessary). For a typical highpass
filter, its stopband must be maintained from d.c. to its
crossover frequency and its passband need only be main-
tained up to an octave. These points are extremely
important for determining the simplest form of printed
circuit to be used.

An alternative approach to the above is the use
of bandpass filters. However, the periodic passbands of
the lower frequency channels have to be suppressed and
this implies the use of lar§e shunt capacitors which
affects the cut-off frequencies and the temperature per-

formance. Furthermore, it is difficult to simultaneously

produce two crossover frequencies to the close tolerance

12



which 1s required when using a printed circuit form.
Thus it was decided to use the cascaded arrange-
ment of the triplexer. The problem now was to produce
basic lowpass and highpass filters which would satisfy
the requirements summarized in the preceding table and
would enable the specification outlined in Fig. 1.3.3
to be achieved. This figure shows the main electrical
requirements of a specification produced by the Ministry
of Defence and is used as a basis for this work. It
should be noted from this specification that the
minimum stopband insertion loss of 35 dB of any channel
must be achieved within 5% of the crossover frequencies.
This high selectivity is comparable to that obtained
in the coax multiplexers, which produce 60 dB attenuation

within 10-15% of the crossover frequencies.

l.4. Development of Suitable Lowpass Prototype

The coax multiplexers use channel filters of the
elliptic function type having transmission zeros very
close to bandedge and an optimum equiripple performance.
Thus to achieve a performance with similar severe
selectivities, it is at least necessary to realise
characteristics similar to the elliptic function type.
One could consider the exact elliptic function lowpass
prototype [1.2], whose characteristic has the maximum
number of ripples in the passband and stopband. For
given ripple levels in the stopband and passband and

a prescribed selectivity, this prototype is the minimum

13



Passbands

Output 1 (LO) 4 » 8 GHz
Output 2 (MID) 8 12 GHz
Output 3 (HIGH) 12 + 18 GHz

'+

Crossover Frequency Tolerance

8 GHz
12 GHz

H

80 MHz
120 MHz

+

In Band Losses

4.16 -~ 7.68 GHz , 1less than 1 dB
8.32 -+ 11.52 GHz , 1less than 1 dB
12.48 > 18.00 GHz , 1less than 1 dB

Crossover Loss

At 4 GHz + 40 MHz , 4.5 dB < loss < 3 dB
At 8 GHz ad 12 GHz , 4.5 dB maximum

Rejection
Output 1 ¢ 1 + 3.8 GHz and 8.4 + 18 GHz, 35 dB min
Output 2 : 1+ 7.6 GHz and 12.6 - 18 GHz, 35 dB min
Qutput 3 : 1 + 11.4 GHz , 35 dB min

Input port VSWR

4.00 GHz »~ 4.16 GHz, input port VSWR
4.16 GHz ~ 18.00 GHz, input port VSWR

8 : 1 max.

2 : 1 max,.

Fig. 1.3.3. Main parts of electrical
specification for 4 -+ 18 GHz
triplexer
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degree solution and is therefore optimum. However,
when this prototype is used to design a microwave
distributed filter with a 2 : 1 bandwidth or more,
the impedance variation in the filter can be up to
10 :1. This is mainly due to the section producing
the transmission zero most remote from bandedge and
would obviously cause severe problems with a printed
circuit realisation.

Attention was therefore focused on the odd
degree generalised Chebyshev prototype, which has the
maximum number of finite transmission zeros at one
frequency close to bandedge and an optimum equiripple
passband characteristic. It was anticipated that this
prototype should lead to a much smaller impedance change
through the network. Element values for the prototype
have recently been derived at Leeds [1.3] and the
impedance variations in it are typically only 2 : 1.
The prototype is shown in Fig., 1.4.1 with its insertion
loss characteristic given in Fig. 1.4.2; equation (L.4.l)
was provided by Professor Rhodes. This prototype is
considerably more selective than the same degree
ordinary Chebyshev lowpass prototype, with the same
passband ripple level, and is only slightly less select-
ive than the exact elliptic function prototype
(N.b. Selectivity expresses the frequency where the
minimum st0pband'insertion loss is first achieved as a

percentage of a frequency near bandedge, usually the

3 dB frequency).



(There are n
elements to * .
this filter)

Resonant frequency = 4q

Fig. 1.4.1 The generalized Chebyshev lowpass prototype

Insertion

10 1ov 0

9 9 — i
L =10log, [lL+e cos {(m-1) cos (,,m -— + cos Voff (1.4.1)
o} 10 /2 2
/79 -(
Fig. 1.4.2 Insertion loss characteristic of generalised

Chebyshev lowpass prototype



The dimensions of the microwave filters produced
from the generalised Chebyshev lowpass prototype are
physically reasonable. Furthermore, since all the
shunt resonant circuits are resonant at the same
frequency, they can be realised exactly in the dis-
tributed (microwave) domain by open circuited stubs.
This‘will be proved in the next chapter. It shouid
be noted that the shunt resonant circuits in the exact
elliptic function microwave filter can only be approx-
imated. Fine tuning of the resonators éan be simply
achieved using capacitive tuning screws in the main
housing, to produce a highly selective response near
bandedge and good passband VSWR in this region. For
high degree filters, the middle sections become
practically the same. Hence if increased selectivity
is required, a new printed circuit can be made with an
extra middle section, without having to redesign.

The next two chapters explain in detail the
design and construction of the basic microwave lowpass
and highpass filters in the 4 +18 GHz triplexer, using
the generalised Chebyshev prototype. Chapter 4 then
gives the design and construction of the 8 and 12 GHz
diplexers using these basic microwave filters, with
suitable modifications for correct diplexing operation.
The design and construction of the single substrate
triplexer is then given in the same chapter. The
expérimental results presented agree extremely well with

the detailed computer analysis given in chapter 5.
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,. DESIGN OF M.I.C. BROADBAND LOWPASS FILTERS

2.1. Introduction

It should be noted that the dual form of the
lowpass prototype in Fig. l.4.1 is not really suit-
able for a multiplexer application. The main problem
is that the finite transmission zeros of the microwave
filter produced from this prototype depend mainly upon
the characteristic impedances of the resonant elements
and hence the bandedge frequency would be very difficult
to tune. Also, in a p.c.b. realisation, the resonant
sections must be realised by strong coupling through
dielectric. This means large temperature changes,
producing significant changes in the permittivity of
the dielectric, could produce serious shifts in the -
bandedge freguency. A seventh degree.B GHz MIC low-
pass filter was constructed and indeed, the bandedge
frequency could not be tuned. Results showed a minimum
passband return loss of 13 dB, a minimum stopband
insertion loss of 43 dB up to 12 GHz and a selectivity

of 18.6%. Attention was therefore focused on the

prototype'form shown in Fig. 1.4.1.

2.2. Distributed Quasi Lowpass Prototype Filter

In order to meet the required insertion loss
levels given in specification (Fig. 1.3.3), element
values for the prototype are found for ¢ = 0.1

(minimum passband return loss is 20 dB) and a minimum



stopband insertion loss of 40dB. To approximately meet
the selectivity requirement, a degree nine prototype is
used (this will be shown later, see p. 20). The
required prototype is shown in Fig. 2.2.1.

To transform the prototype into a distributed
lowpass prototype which is a necessity for broadband
microwave filters, the Richards frequency transformat-

ion must be used:

P> t/ay | . (2.2.1)

where p is the lumped complex frequency variable,

t = tanh (aLp) and ar, and a, are constants k“L controls
the ratio of the first stopband bandwidth to bandedge
frequency and ar, is a simple scaling factor determining

the stopband centre frequency)

tan(aLw{

i.e. w -+
°L

(2.2.2)
The quasi lowpass response ls shown in Fig. 2.2.2.
Consider now the transformation of the shunt
series resonant circuits of .the ' prototype under
(2.2.1). Suppose Lr and Cr (r = 2,4,...,(n-1)) are
the lumped inductance and capacitance values of each
shunt series resonant circuit in this prototype. The

impedance of this circuit is,

l+L.C p2

rr
Crp

17



-418398H  1.18012 H 1.20707 H 1.18012 H. .418398 H.

o 1 i
W—F—W —}F—m Wo— Fow - 9
-990478 .674728 .674728 «990478c
H H H H.“
H-
K -970849 -970846 F. F
e .
Fig. 2.2.1 Degree nine generalised Chebyshev lowpass
prototype (e = .1, LS = 40 dB)
(N.b. this response is periodic with frequency)
Fig. 2.2.2 Quasi lowpass insertion loss response in

the distributed domain



or Y = L
2 2
l+p /wo
where Y = fL and w, = 1
'chr

tnder (2.2.1l), this admittance becomes

C_t/a
vy = —EF 2 (2.2.3)
t
1+ — 5
L Yo

If we now make the condition:

a; = l/mo (2.2.4)

then using the hyperbolic identity -—-Pil-'l-b-—xé— = % tan2x,

1l +tanh™x
(2.2.3) becomes

tanh (ZaLp) (2.2.5)

In other words we can realise exactly the resonant
circuits of the microwave lowpass by open-circuited
transmission lines of characteristic admittance crmo/z
and length xcL/z, where AcL,is the wavelength of stop-
band centre frequency. Note that this result is only
vtrue if o = 1/v, and such a result cannot be obtained
for the elliptic function filter. In this latter filter,
since the transmission zeros are all different the shunt

resonators can only be approximated. We



now see an immediate advantage of this prototype over its dual
in that the transmission zeros close to bandedge are
controlled by the lengths of the resonators and so it
should be possible to shift the bandedge frequency by
capacitive tuning.

Fig. 2.2.3 shows the trénsformation of the
series lumped inductors of the lowpass prototype under
(2.2.1). Using this transformation and (2.2.5), results
in the degree nine distributed prototype filter shown
in Fig. 2.2.4.

Calculation of the stopband centre frequengyibandedge

frequency and selectivity for a 8 GHz lowpass

From (2.2.2) we have,

tan~ l(aL)
be = =1 8 GHz. (2.2.6)
tan (aLw3)
-1 .
_ tan (aLw40)
and f4oL = - 8 GHz. (2.2.7)
tan (aLw3)

where g and w,q are the angular frequencies of the 3dB
and 40dB points of the lowpass prototype respectively,
and where be and f4oL are the bandedge and 40dB
frequencies of the microwave lowpass filter respectively.

(N.b. these equations imply that the 3dB frequency of

- the microwave filter is 8 GHz).
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Zr (r=1,3,...,9) are characteristic impedances in chms

Yr (r = 2,4,.0-’8)

Fig. 2.2.4

are characteristic admittances in mhos

Distributed quasi lowpass prototype filter

1Q
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and wyo are found by solving (1.4.1) , in turn, for

w
3
§
Lb= 3 and Lb= 40dB respectively using the Newton-

. Raphson technique. We find

wg = 1.01999 (2.2.8)
and 40 = 1.0137 ‘ '! (2.2.9)
whence be = 7.888 GHz (2.2.10)
f4OL= 8.440 GHz (2.2.11)

The selectivity with respect to the 3dB frequency is,

£y, = 8

SL = 100% (2.2.12)

We find SL = 5.50% (2.2.13)

The centre frequency of the stopband is,

= (r/2) \
oL tan Y (a. w ) ° cHz
L3
i.e. ch = 18,21 GHz (2.2.14)

We require the stopband of the low channel of the 8GHz
diplexer to be maintained up to 12GHz, but this is

easily satisfied here since the value of o, ensures a

L
theoretical stopband up to 27.98GHz. Although the
theoretical selectivity is slightly worse than required,
it should improve to around 5% when the lowpass is

diplexed with its highpass filter.
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2.3. - Suspended Substrate Realisation of Lowpass
Filter

The suspended substrate realisation decided

upon for the lowpass is shown in Fig. 2.3.1. The
series stubs of the distributed prototype are realised
by u.e.'s = this will be explained later.

Attention was given to a microstrip realisat-
ion, but this was rejected for a number of reasons.
First and foremost, if microstrip resonators are used
then .the variation of effective dielectric constant with
temperature, producing shifts in the resonant and bandedge
frequencies, would be too great to meet most military
environmental specifications. Secondly, the impedance
levels in the filter cannot be satisfactorily realised
in microstrip. That is, for the necessary small lengths
of the series elements (less than one-eighth of one wave-
length at 12GHz) their widths become too narrow to be
etched using 0.005" duroid. Infact the width of the
middle element becomes only 0.0031" and undercutting would
not only affect its impedance but the element would be
lossy. There would also be difficulty .in etching the
high impedance end resonators in microstrip, since their
widths would be only 0.00275" using 0.005" duroid.
Increasing the substrate thickness to 0.01" would
possibly still Qot solve the etching problems and more-
over the highpass would be difficult to physically realise
using this substrate thickness.

Returning to the suspended sub-

strate realisation, the physical dimensions are,



Printed circuit board

The substrate is just used to svppart
the circuit. In this design, the
dielectric is neglected

Cross-section of Filter box along A-A1l

Fig. 2.3.1 Physical realisation of 8 GHz
filter. (See also photograph

lowpass
no. 1)

-005™



Photograph No. 1 Suspended substrate stripline 8 GHz

lowpass Tfilter.
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infact, quite reasonable. For example, the shunt
resonators are not too wide, therefore not causing
serious discontinuities, because of the comparatively
large fringing capacitances to ground (N.b. the ground
plane spacing is not made too large). The final
printed form is very simple with the circuit on only
one side of the substrate and virtually uniform imped-
ance lines throughout; the whole p.c.b. is then sus-
pended in a simple box of moderate ground plane spacing.
An important point to note is that since the ground
plane spacing is much greater than the dielectric thick-
ness and the dielectric constant of duroid, viz. 2.22, is
comparable to air, the shunt resonators are essentially
in an air medium not in a strong field situation. There-
fore temperature changes should only produce a slight
variation in the effective dielectric constant. Hence
changes in the resonator electrical lengths, which critically
determine the performance of the filter around bandedge,
should be minimised and the temperature properties
approximate airline coax systems. This is an essential
requirement if the multiplexer is to meet most environ-
mental specifications.

Consider now the realisation of the series
elements. Recall that from (2.2.1) these are short
circuited stubs. which produce an infinite impedance
when a quarter of a wavelength long. This quarter wave-
~length frequency occurs at twice the frequency of the

finite transmission zeros i.e. at about 2-3 times the
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cut-off frequency. At this frequency, the shunt
resonators are on open circuit and the attenuation of
the filter is entirely due to the series elements.

Now a direct realisation of the series short circuited
stubs .in printed form is difficult due to the distrib-
uted coupling to ground. However, we recall from p. 12
that for the contiguous multiplexer application we
need only preserve the low channel stopband upto below
an octave above the cut-off frequency which is well
below the resonant frequency of the series elements.
Therefore we only need approximate the short circuited
stubs over this band and the simplest solution is to
use the series inductive effect of a short length of
high impedance transmission line. This effect is
detailed in the wm-equivalent circuit representation of

a length of transmission line and is found in Ref.[2.1.]. .

2.4. Design of Physical Dimensions of 8 GHz Lowpass

It should be noted that no known exact synthesis
for the lowpass structure cited here exists! The design
begins my making the following choices for the ground
plane spacing b and the width of the unit elements, Wy s

Choose b

0.07" (2.4.1)

and Wy 0.025" ' (2.4.2)

This value of b ensures b >> h and this fact coupled
with the low relative permittivity 6f duroid means we

can neglect the dielectric and assume the resonators



are effectively in air. Another point is that the
resonators will not be too wide because b is not too
large. This means that any errors introduced because
of uncertainties in the reference plane locations of
the transmission lines at each T junction, will be
minimised. Equation (2.5.2) ensures that each unit

' element is long enough to produce negligible coupling
between the resonators, but not long enough to prevent
a comparatively broadband lumped series inductive effect.
Before these final choices were made, a few values of
b and w.. were tried and the filter designed (as shown

L
below) until suitable physical dimensions were achieved.

2.4.1. Design of resonators

Assuming each resonator can be considered in
isolation, the cross-section for any resonator is as
shown in Fig. 2.4.1l. This assumption is reasonable
since we do not want any distributed coupling between
the resonators. The substrate and any side walls are
not shown since we assume these can be neglected. Each
resonator is symmetrically positioned between the
ground planes. The fringing capacities shown in Fig.
2.4.1 are found using Gefzinger's graphs [2.2].

Now the following ratio is needed:

t _ 0.00085 _
E = “o.o07 = 0O.012 (2.4.3)

Ce

24

Using this ratio and Getzinger's graphs, we find — = 0.46.
€

o
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Fig. 2.4.1 Cross-section of resonator in filter box
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Fig. 2.4.3 Cross-section of unit element




Now the total static capacitance/unit length for each

resonator is,

Hy=-

c 2C 4cC
Tr_S. = EP_r + - (r = 2,4,...8) (2.4.4)
(o) (o] o

where Cpr/eo = parallel-plate capacitance between one
side of the stripline resonator and ground
\ 4

_ rL :

RTIE0) (2.4.3)
Now the admittance, ¥, of a transmission line (normal-
ised to 10 terminations), operating in the TEM mode,
is related to its static capacitance per unit length,
C, between conductors of the line by [2.2]

C 7.534 %
" = -7ﬁ?=-— (2.4.6)

r
where ¢ is the absolute permittivity of the medium
containing the conductors of the line

where ér is the relative permittivity of the medium

containing the conductors of the line

Substituting (2.4.4) and (2.4.5) into (2.4.6) yields

w. = 1 (b-t) c7534y-45£1 (2.4.7)
rL 4 [ ] r eo L ] [ ]

For the first shunt resonator Yf = Y2 = 0.408659.
Using (2.4.7),

W = 0.0236"

2L (2.4.8)

25
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Checking to see if wWor, > 0.35 (b=-t) (This condition is
necessary if the fringing fields of the resonator are
not to interact - see reference [2.2]1, we find

.35 (b-t) = 0.242". To correct for interaction of

the fringing fields, a new width Yo, is used where

1 = 2L 2L
Wi T3 , 0.1 < =) < .35 (2.4.9)
i.e. W'ZL = 0.0237 ‘ (2.4.10)
Proceeding in the same way, but with r = 4 and Y4 =
0.599764 in (2.4.7), we find
Wi < 0.051 (2.4.11)

By the symmetry'of the filter, the widths of the third
and fourth resonators are w,, and Wor, respectively.
The length of each resonator is given by

[

-~ ACL/Z (r = 2 or 4)

=
]

u
2 em—— (2.4.12)
chL

where u = velocity of propagation of TEM waves in air.

We find Lor, = 0.3241" (2.4.13)

Assuming the effective length of each resonator starts
from a reference line as shown in Fig. 2.4.2, the

required physical length of each resonator is,

-— 1 — "



2.4.2. Design of unit elements

The series lumped inductance , Lr (r =1,3...9),

L
required to approximate each series short circuited
stub of the distributed prototype is found by equating
the impedance of the lumped inductor and series stub
at the bandedge frequency. That is,

where Zr is the characteristic impedance of each series
short circuited stub of the distributed prototype and

= 2nf

YpL bL
Since @y = tan (awaL) (from 2.2.2)
: Z_a
rL
then L =
rL wa
Lr L
= —£ , since Z_=-X (see Fig. 2.2.3),
rooap
(2.4.15)

Now the series lumped inductance approxiated by each u.e.
of length & . (r = 1,3,5) (er < 2 /8, where X is the
wavelength of operation) and high characteristic

impedance 2z, is [2.1]

Series lumped inductance = (2.4.16)

approximated by each u.e.

where u 1is the velocity of propagation along the u.e.

Equating (2.4.15) and (2.4.16) we find,

27
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_ r
2rL - 7 (2.4.17)

This equation determines the lengths of the u.e.'s,
once ZL is known. The design given here should
ensure a good passband VSWR since we are providing
a suitable approximation to the required series
impedances around the critical bandedge frequency.

The characteristic impedance of the unit
elements must now be determined. The cross section
of the unit elements in the filter box is shown in
Fig. 2.4.3. This figure shows the static capacitances
per unit length between the stripline and ground.
Before we can determine all the fringing capacitances
we must know s. In order to produce a low VSWR
transition from coax to stripline, the centre conducﬁor
of each feed terminal 1is soldered onto the p.c.b. in
the position shown in Fig. 2.4.4. Distance s and
diameter 4 can now be found to ensure that the trans-
mission line formed by each centre conductor and the
box walls is 50Q. Fig. 2.4.5 shows the cross-section
for this line. Notice that to keep the situation
symmetrical, the distance of the centre conductor from

the side wall is made b/2. The characteristic impedance

of the line can then be found by the simple formula: [2.3]

_ 138
z Ve logyg 117 (2.4.18)

where p = b/4d
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We require 2 = 30Q, so with b = 0.07" and €, = 1,

d = 0.0356" (2.4.19)

= - b_4¢

Now s = d-w + (3-3)
i.e. s = 0.03" (2.4.20)

The characteristic impedance of the transmission line
formed by the centre conductor and the hole drilled
in the side box wall for this conductor.is (see Fig.
2.4.6) [2.3]

b
_ 138 21
z = - loglo 3 (2.4.21)
r
This line must be 50Q, so with Z = 50 ¢, €. = 1l and
d = 0.0356",
b, = 0.082" (2.4.22)

The length of each centre conductor inside the box was
made 0.05".

To find the fringing capacitances shown in Fig. 2.4.3

O‘ —t- —3 —2-§- - -—-—-—0.06 =
we need the following ratios: B 0.012, T 0. 07 0.857
Using Getzinger's graphs [2.2]
] = =
C'e/e, 0.46 and c'fo/ €, = 0.51

The total static capacitance per unit length between

conductors of each u.e. is,
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C 2C' 2¢C! 2
.E.L = ef + ef° + ?QR (2.4.23)
(o] (o] (o) (o]
c W
L = L ___ _
where e % (b=t) 0.714

Using (2.4.6) with €. = l we find for 1Q terminations,

ZL = 2,236 Q (2.4.24)
The lengths of the series inductors can now be found
from (2.4.17) (n.b. u = velocity of propagation of TEM

waves in air = 2.998 x 108 m/s). We find,

211, = 0.0462 (i.e. AIZL‘/21.29)
%31, = 0.1268" (i.e. XlZI./ 7.76)
Ler, = 0.1220" (i.e. 1121‘/ 8.06)

where leL is the wavelength in air at 12 GHz.

Assuming the reference plane locations for the T
junctions as shown ianig. 2.4.2, the physical lengths

of the u.e.'s are (refer to Fig. 2.3.1),

— "
z'lL hand 0004
'y, = 0.108" ) (2.4.25)
' = n
A 0.097

Referring to Getzinger's graphs we can see that for

the separations between the resonators in this filter,

there is negligible coupling between the resonators.
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Hence it was justifiable to consider each resonator
in isolation.

A breakdown of the filter is shown in photo-
graph no. 1 and note that the p.c.b. is only ~ .45" x
.64". Note the capacitiv e tuning screws at the
ends of the resonators. These tuning screws enable
a good passband VSWR to be achieved near bandedge,
whilst virtually unaffecting the rest of the passband
(viz. 90%) which is determined entirely by the printed
circuit. The bandedge frequency can also be shifted
by about 3.5% using these tuning screws whilst main-

taining a good passband VSWR.

2.5. Practical Results and Discussion of 8GHz Low-

pass

First results produced a 3dB frequency at
7.07 GHz. However, by scaling the resonators, the
response shown in Figs. 2.5.1 and 2.5.2 was achieved.
The dimensions of the modified p.c.b. are shown in
Fig. 2.5.3. The original low 3dB frequency was due
partly to inaccurate reference plane locations used
for the resonators but mainly the effect of fringing
. capacitances at the ends of the resonators, unaccounted
for in the design. No known information exists for the
discontinuities of stripline T junctions treated in
terms of reference plane locations and a shunt impedance,
for frequencies from d.c. to 18 G_Hi « A better approx-

imation to the reference plane locations than used in
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this design can be found in Ref. [2.4] and will be
used when designing the diplexers. It should also be
noted that no accurate information exists for the
fringing capacitances at the ends of the resonators.
These problems are not serious in practical terms
because the designed resonator lengths are not in
éerious error and can easily be directly shortened on
the p.c.b. or lengthened (using high conductivity
silver paint) until the correct bandedge frequency is
found.

Figs. 2.5.1 and 2.5.2 show a 3dB frequency at
8.0 GHz, a selectivity of 7.74% with respect to this
frequency and a stopband insertion loss of at least 34
dB. maintained up to 12GHz. Note the very good return
loss over the lower frequency part of the passband,
which is an essential requirement for a triplexer con-
sisting of cascaded diplexers. Since the selectivity
will be improved to around 5% in the 8GHz diplexer and
that the almost half octave 40dB stopband level is
sufficient for the triplexer, this filter essentially
meets the specification required for the low channel
of the 8GHz diplexer. (N.B. the stopband should be
improved to at least half an octave in the diplexer).

Consider now the next passband of the filter
between 15.5GHz and at least 18.2GHz. The cut-off and
resonant frequencies of the first possible waveguide
mode, TElol’ propagating through the filter box are

13.05GHz and 15.97GHz respectively. This would possibly



suggest that the second passbana is due to this mode.
However, placing earthed walls in between the resonat-
ors made no difference to the insertion loss response.
The passing is due to the circuit and can be explained
as follows. At ch(i.e. at 18.21GHz), the resonators
become open circuits and the lowpass filter becomes a
cascade of unit elements whose overall transfer matrix

can be written, for 1Q terminations:

(T) [ cos (awer,) jZI‘sin(amcLﬂ
)

j(l/ZL)sin(amcL) cos (aw

where 0= andLand adeis the electrical length of
the cascade of u.e.'s at ch.

The insertion loss of the filter is then,

- _ 1.2 .2
L, = lologlo(1.+ lz(zL 7;) sin (awcLH
1 1+ % 1,2

Substituting for ZL’

Ly s 2.55 dB

Clearly the filter is passing around 18GHz. 1In chapter

5, a computer frequency analysis of this lowpass is
presented and its results agree very closely with the

practical results given here.
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3. DESIGN OF M;I;C. BROADBAND HIGHPASS FILTERS

3.1. Distributed Quasi Highpass Prototype Filter

The two filters for the 8GHz diplexer are
based on the same lumped lowpass prototype (see
chapter 4). To transform ﬁhis prototype into a dis-
tributed quasi highpass prototype, the following

frequency transformation is used:

P -+ ay/t (3.1.1)

where for this filter, t = tanh (aH;ﬂ and & and ay
are constants which have similar meaning to those
constants in the lowpass distributed frequency trans-

formation.

ie. w =+ -aH/tan(an) (3.1.2)

The quasi highpass response is shown in Fig. 3.1l.1.
Following the same method as for the distributed low-

pass resonators, given on pp.17-18 we find that provided

Oy = 0y then
Admittance of each distributed  _ EEathnh(ZaHp)
shunt highpass resonator 2
(3.1.3)
This condition is true if ag = w (r = 2,4,...8)

0

Therefore we can once again realise the distributed

shunt resonators by uniform impedance open circuited

34
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N.B.

3.

This response is periodic with frequency

3.1.1 Quasi highpass insertion loss response

-3,

XCH/ 4

tanh

Series inductor, Lr, of X~/ 4 open-circuited
lumped lIcwpass prototype, stub of characteristic
r=1,3,...,9 i

( )] admittance 1/(qug)

(AN is the wavelength at passband centre frequency,

1.2 Transformation of lumped inductor under
P %<4 / (tanh (aRp) )



35

stubs of characteristic admittance (crwo)/z, which
~in this filter are half of a wavelength long at the
passband centre frequency. Fig. 3.1.2. shows the
transformation of the series lumped inductors of the
lowpass prototype under (3.1.1). Using this trans-
formation and (3.1.3), results in the distributed

quasi highpass prototype filter shown in Fig. 3.1.3.

Calculation of passband centre frequency, bandedge

frequency and selectivity for a 8 GHz highpass

Using (3.1.2), if the 3 dB frequency of the
highpass is at 8 GHz , then the bandedge frequency is,

-1
£ = tan Oy

bH

=1 8 GHz (3.1.4)
tan (aH/m3)

Substituting for a, and using (2.2.8), we

H
have
fbH = 8.088 GHz (3.1.5)
Also using (3.1.2), the 40 dB frequency is
given by
-1
tan (aH/m4o)
f = - 8 GHz (3.1.6)
40H 1
tan (aH/w3)

Substituting for oy and for wa0 and ©q from
(2.2.9) and (2.2.8) respectively,
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(Numbers shown are characteristic admittances in mhos)
Key: ’

Fig. 3.1.3 Distributed quasi highpass prototype
filter
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Fig. 3.2.1 Series coupling element for the highpass
filter
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f4OH = 7.655 GHz (3.1.7)

The selectivity of the highpass with respect
to its 3 dB frequency is |

8 - £
— 40
SH = —5 X 100%

[
L]
o
0
i

H 4.31% ' (3.1.8)

Since the fractional bandwidth of this'highpass is
smaller than that of the lowpass, due to ay > ap.
its selectivity is better than that of the lowpass.
The passband centre frequency is given by,

£y = 2/2) 8 GHz
tan (aH/m3)

14.27 GHz (3.1.9)

For the high channel of the 8 GHz diplexer we require
a passband to only 12 GHz, so clearly this distributed
prototype meets this requirement. The prototype

also has a good enough selectivity and has the
required minimum passband return loss and stopband

insertion loss levels. (see specification, Fig. 1.3.3).

3.2. Suspended Substrate Realisation of Highpass

Filter

The series elements of the distributed proto-

type are open circuited stubs which produce zero
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impedance at twice the frequency of the finite trans-
mission zeros,which is about 1.8 times the cut-off
frequency. Since such a stub is difficult to realise
in printed circuit form, an alternative solution must
be sought. The distributed coupling between the
resonators is insufficient to synthesis the éeries
open circuited stub when a printed form is used. Now
for the 4 - 8 GHz channel of the triplexer, the zero
impedance frequency occurs in the passband, so this
region of frequency behaviour must be simulated if a
reasonable VSWR is to be maintained. Furthermore,
for the broad bandwidth, a significant amount of
capacitance must be realised. This can only be

achieved by coupling through the 0.005" thick substrate

from conductors on the other side. 1In chapter 5, a
computer analysis is presented which shows that a pure
capacitor simulation of the series open circuited

stubs is inadequate, because the impedance of the
capacitor does not decrease rapidly enough with
frequency in the passband. Clearly it is at least
necessary to procduce an effective series combination of
an inductor and capacitor,which approximates to a

large capacitor at low frequencies but resonates to
produce a zero impedance at about 1.8 times the cut-
off frequency. An obvious choice for this elemént is
shown in Fig. 3.2.1. Unfortunately this is a complex
inhomogeneous section but can be described electrically

by its even and odd mode characteristic impedances and

UNIVERS!TY LIBRARY LEEDS
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group velocities plus a large fringing capacitance.
Chapter 5 shows that correct design of this complex
section can accurately simulate an open circuited
étub beyond its gquarter wavelength frequency.

The suspended substrate realisation of the
highpass is shown in Fig. 3.2.2. The shunt resonators
are essentially in air, as with the lowpass resonators,
so the filter will have good temperature properties.
The only strong fields in dielectric occur in the
series elements, but these are in a nonresonant
situation near bandedge. Hence temperature changes
_affecting these elements will only very slightly alter
the return loss for the device, not the bandedge

frequency.

3.3. Design of Physical Dimensions of 8 GHz Highpass

The ground plane spacing of 0.07" chosen for
the 8 GHz lowpass filter is used here, thereby simplify-
ing the diplexer box to be designed later. Also this
will lead to reasonable dimensions for the resonators
since they have the same impedances as the corresponding
lowpass resonators. Walls are placed in between the
resonators to prevent distributed coupling between:
theﬁ. However, these walls are removed later without
any deterioration in the electrical performance. 1In
chapter 5, computer analysis shows that for all the
filters in the triplexer, the effect of coupling between

the resonators is negligible; only when the resonators



Printed circuit board

P.c.b.

i 005"

Cross-section of Filter box along A- A1, without walls

between the resonators

Fig. 3.2.2 Suspended substrate realisation of
8 GHz highpass filter



Photograph No. 2 Suspended substrate stripline 8 GHz
highpass filter



are brought quite close together does the distributed

coupling degrade the electrical performance.

3.3.1. Design of series elements

At this stage an accurate design for the series
elements had not yet been developed. However, although
the design presented below is somewhat intuitive it
does lead to a working broadband highpass. Firstly
we assume that at bandedge the series inductance effect
of the inhomogeneous coupled lines is negligible and
that the coupled lines approximate to a series lumped
capacitor. The required lumped capacitance, crH' is
then found by equating the impedance of the capacitdr
to the impedance of the corresponding series stub of
the distributed prototype,at the bandedge frequency fbH'
That 1is,

. .1
JwbHCrH = )i . tan (aHmbH) (r=1,3,5) (3.3.1)

r H

where mbH = 21rfbH

But from (3.1.2), tan (a

agopy) = ¢

H

1
r“bH

Substituting for L. and Wy We find that the required

lumped series capacitances for 1Q terminations are,

Cjp = 47-03PF;  Cgy = 16.67 pF; Cgy = 16.30 pF
: (303.3)

39
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The static capacitance between each pair of
overlapping strips is now estimated. The fields

between these Strips, including end effects, are

complex and three dimensional and it should be noted
that no known information exists for the capacitance

of the complex structure considered here. Therefore
assume that the fringing capacitance at the ends of

the strips,ch, (see Fig. 3.3.1(a)) is equivalent to

10% of the total capacitance between the strips. We
now assume that the remaining capacitance can be
calculated by considering the situation shown in Fig.
3.3.1(b) which shows two infinitely long coupled lines
of width w_ (r =1,3,....,9) (Note that the box walls
are neglected in this argument. However, the side walls
are a distance .0172" away - see section 3.3.2 - and the
top and bottom walls 0.03165" away, so this is a reason-
able assumption). To calculate the capacitance per unit
length between the infinitely long strips consider

Fig. 3.3.1(c). In this figure, the strips are at a
potential V and -V respectively, so placing a Qround
plane as shown will not affect the electric fields since
it is placed on an equipotential surface. The top

strip is now in a true microstrip situation and its

static capacitance to ground per unit length is given by,

1
c = T (r =1,3,5) (3.3.4)
oor ubrzoor 'A'
where u, = group velocity in the microstrip

n zoor microstrip impedance of the top strip
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ioeo c = - (3'3'5)
oor u Zoor
whefe u = group velocity in air
and €er = effective dielectric constant

of the microstrip

The static capacitance per unit length between the

infinitely long lines is Coor/Z SO we require,

_ C
O.9CrH %m %H (3.3.6)
1.8 u? C
or L . = oor rH (. 1,3,5) (3.3.7)

rH f?;;

(n.b. Zoo assumes 1@ terminations).

Using (3.3.2),

. - (LBu) %mr (3.3.8)
rH L\)bH / eer Lr Al

This equation determines the lengths of the inhomogeneous
sections. However before it can be solved, the widths
of these sections must be determined from inductance
considerations.

Clearly, the middle inhomogeneous sections
must have a greater series inductance than the end
sections if they are to resonate at‘bandcentre, because
the middle sections have a smaller series lumped capac-

itance. This means that the middle sections must be
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narrower than the end sections. The following.widths
are chosen for the inhomogeneous sections, hoping that
these lead to the required indﬁctance levels (The
widths of the end sections came, infact, from an early
design where it was assumed that the inhomogeneous
sections approximated to a stripline in air around band-

centre. This line was made 50 Q):

Make

)
]

1 0.0899" (3.3.9)

and Wy =Wg 0.045" (3.3.10)

The odd-mode characteristic impedance and-
effective dielectric constant of each inhomogeneous

section are calculated using Hammerstad's equations

(Zodr is calculated for 1@ terminations) :[3.11:
( o In, 8 (h/2) + 0.25 Wer W
—— (7= T =5,) !
100w /e_, Yer (b/2) (h/2)
er ‘
Zoor = <
n w : < W w
—O— _er _er 71 _er
where n, = wave impedance of free-space = 376.73Q
€, = dielectric constant of duroid = 2.22
Wor = effective widths of the strip conductor
accounting for its finite thickness
(3.3.11)
Also,

€or = %(er + 1 + (er-l)F)’

1



w! 2 t

_er _er
&2 ® <1

€

-%
where [ (1+12(%,@-)) +0.04 (1-

P oS

er
r /2 °

g

(1 + 12 (%,43))-;5 1

K er

and w"er = different effective width of the strip

conductor (see below)

(3.3.12)

These equations are the most accurate available and

will calculate the impedances to within 1% for most
-strip widths [3.11]. They are essentially for zero
thickness conductors but thick conductors can be
considered by modifying their‘physical widths. The
strip thickness increases the fraction of the total
energy propagating in air, thereby decreasing the
effective dielectric constanﬁ. This 1is equivalent to

an effective decrease in the physical width of the

strip conductor when calculating €ar’ SO wler < W

The static capacitance of the microstrip is increased by
the strip thickness and this is accounted for in
Hammerstad's equations by an increase in the physical
width, i.e. War > W This produces a definite decrease
in Zoor which is only slightly cancelled by the increase
in effective dielectric constant due to strip thickness.
At present accurate equations for thick conductors

exist for t/(h/2) < 0.2 (see Ref. [3.2]) but for the

microstrips considered in this work, this ratio is 0.34.

43
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We will assume that,

wo, = W+t (3.3.13)

w'.o= W -t ‘ (3.3.14)

The errors produced by this assumption will be small
since in this work we are dealing with wide microstrips
(i.e. w,. > t and W, > h).

Using the above equations with (h/2) = 0.0025",

t = 0.00085", Wy = 0.0899", Wy = 0.045" and Weg = 0.045",

we find,
€a1 = 2.138 (3.3.15)
Z ool = 0.12846Q (1 Q@ termminations) (3;3.16)
€a3 = €g5 = 2.081 (3.3.17)
203 = Zoo5 = 0.2404 Q (3.3.18)

The effect of dispersion should be considered. Results

of Edwards and Owen, for the dispersion in €or’ may be
written as, [3.3]
€E_ = €
Eor(f) = €. - =X (3.3.19)
1l + G(£/£)
p
where, ,
.2 -5
= (00r %
G ( €5 ) + 0.004zOor

fp (inGHz) = 15.66 Zoor

(h/2)

In these equations, h is in mils, f is frequency in GHz

and zoor and €or 2re the quasistatic values given by



equations (3.3.11) to (3.3.14), with 2 oor scaled to

509 terminations. Using (3.3.15) to (3.3.19),

€al (18 GHz) 2.141 (3.3.20)

€3 (18 GHz) 2.084 ' (3.3.21)

Clearly the effect of dispersion upto at least 18GHz can
be neglected.

Finally equation (3.3.8) is solved for the
lengths of the inhomogeneous sections, since all

quantitites in this equation are now known.

g = 0.0847" (3.3.22)
fig = 0.0585 (3.3.23)
Loy = 0.0608" (3.3.24)

3.3.2. Design of centre conductors of input and output

terminals

Input and output connections to the p.c.b. are
made using Jack receptacles as shown in photograph no. 2.
The transmission lines formed by the centre conductors
of these terminals with the box walls must be made 50 Q.
The position of each centre conductor in relafion to}the
filter circuit is shown in Fig. 3.3.2, for which ihe
dimensions of the coaxial feeds have already been found

when designing the lowpass. That is,

45



First
inhomogeneous
section

P e

NONCNN AN
|«

- e e o - -

/S L L L LS
w1

v 0 i)

4 AN >1 )

: V7 7\7 77
7 //7 77777 \\ 4 A and

Centre conductor of
Hole in box feed terminal
wall drilled
for centre
corductor

- - o - - -

Position of centre conductor of feed terminal in
relation to filter circuit

L L L L L L L L

07" 0354

|

Cross section of the centre conductor inside the box

NN NN NN

VAV AV AV AV EY A v

Fig. 3.3.2 Input and output connections to p.c.b.




46

d = 0.0356"
and bl = 0.082"
whence s} = b—;—‘i = 0.0172"

The length of each centre conductor inside the box is

made 0.04".

3.3.3. Design of shunt resonators

Let the thickness of the walls between the
resonators be 0.025". Although 0.01" thick walls can
be accurately milled, the above thickness ensures a
better grouqdinq of these walls. The various static
fringing capacitances per unit length for each resonator
are as shown in Fig. 3.3.3. The distances, shown in
the figure, of the resonators from their nearby walls
ate calculated using the lengths of the inhomogeneous
sections given in (3.3.22) - (3.3.24). Due to the length
of the first section, the left hand box wall for the
first resonator can be neglected so the left hand fring-
ing capacitance for this resonator is c'f.
ratios, 2s,/b = 0.479, 2s,/b = 0.511 and t/b = 0.012 in

Using the

Getzinger% curves [2.21] we find,

] - . ) - . =
Cf/eo 0.46; CfoZ/eo 0.63; C'fo4/e° 0.61
(3.3.25)
Calculating the total capacitance between the first

resonator and ground and using (2.4.6), yields the width

of the first resonator:
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= 1 - - -
Wy = k(b £)(7.534 Y, 29_'f 25:_'_f02) (3.3.26)

£
o €s

where Y2 is the normaliéed characteristic admittance

of the first resonator = 0.40856 (from Fig. 3.1l.3).

We find Wou = 0.01741" (3.3.27)

But W,y < 0.35 (b=t) , so the fringing fields will
interact. Getzinger% correction formula, equation
(2.4.9), is now used to produce a greater width to

compensate for the loss of fringing due to interaction:

wiH = 0.0185 | (3.3.28)

o Whg/®
(N.Db. 0.1 < -t/ ° 0.35)
Repeating the above method, but with Y, replaced by Y,

and C'f by C'fo4' the width of the second resonator is,

Wag = 0.0391 (3.3.29)

By symmetry of the filter, the widths of the third and

fourth resonators are LT and Won respectively.

To complete the design the lengths of the

resonators must be determined. The required length of

each resonator is,

"
|
\

(r = 2,4,...8) (3.3.30)

(78
.
o
P
il

oH 0.4136"
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To calculate the physical lengths of the resonators,
the reference plane locations for the resonators must
be considered. No known information exists on the 'T'
junctions in this highpass and there is also uncer-
tainty in the calculation of the fringing capacitances
at the ends of the resonators (N.b. It has been
assumed when designing the series elements that the
dominant circuit effect, produced by the T-junction
discontinuity, in series wifh each inhomogeneous section
is a large lumped fringing capacitance). To produce

a 3dB frequency exactly at 8 GHz will almost certainly
require a little experimentation, so the above uncer-
tainties in the effective resonator length are not a
problem in practical terms. Therefore assume the simple
reference plane locations shown in Fig. 3.3.4 to yield

the following physical lengths of the shunt resonators,

W
_— - _rH
Py T fenm 3 (21 is defined in Fig. 3.2.2)
(3.3.31)
i.e. "'zﬁ = 0.369" (3.3.32)
'y = 0.392°

The complete filter is shown in phqtograph no.
2 and note that the p.c.b is only ~ .58" x .58",
Capacitive tuning screws are placed in the main housing
at the ends of the‘resonators to fine tune the bandedge
frequency and VSWR near bandedge. .The non-resonator

tuning screws at the input and output of the filter
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improve the passband VSWR especially at midband (see
next section). Note that the distance between
adjacent strips of neighbouring inhomogeneous sect-
ions is equal to the widths of the resonators, so
there should be negligible coupling between these
adjacent strips. Also, the distance from the top
strip of the first inhomogeneous section to the
centre conductor of the Jack receptacle is made 0.02"
(see Fig. 3.2.2) to prevent unwanted coupling between

these elements.

3.4. " Practical Results '‘and Discussion of 8 GHz

" Highpass
By shortening the end resonators from .369"

to 0.360", it was possible using the resonator screws
to produce a return loss near bandedge of 9 dB. How-
ever, the return loss near bandcentre was only 5% dB.
Placing‘large capacitive tuning screws in the main
housing at the input and output of the printed circuit
(see photograph no. 2), considerably improved the mid-
band return loss and slightly improved the return loss
near bandedge. The tuned response, given in Fig,(3.4.1),
shows that a VSWR of at least 1.9 : 1 was achieved over
| more than an octave bandwidth. Also, the return loss
could be further improved over the first half octave,
which is the only bandwidth necessary for the 8 -12 GHz.
channel of the triplexer, to 13 dB.minimum upto 13.8 GHz.

However, for this response the return loss fell below 10 dB

in the next half octave.
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Clearly the series elements, in particular
the end elements, are not quite correct and are, in-
fact, later modified when developing a working single
substrate triplexer. 1In the latter the nonresonator
SCrews are unnecessary. In this highpass these screws
are correcting the reactive impedance seen looking
towards the nearest termination at the junction of each
end resonator and end section. The errors in these
end sections are thereby corrected (The change in the
resistive impedances seen looking towards the terminat-
ions will not be serious). These problems are furthér
considered in chapter 5 where a detailed computer
analysis and improved design for this highpass are
presented.

If the separation between the ends of the
resonator walls and the inhomogeneous sections is
increased from 0.015" to 0.06", then the minimum passband
return loss improves by 0.5 dB. It appears therefore
that this separation should be comparéble to the ground
plane spacing if the lumped capacitances between the
inhomogeneous sections and the resonator walls is to be
negligible. Removing these walls entirely, slightly
- improved the ripples near bandedge, unaffected the
selectivity or stopband performance, but allows a.

"box mode * to pass at 14.8 GHz.

The stopband and selectivity performance of the
filter without walls is shown in Fié. 3.4.2. The low
3 dB frequency 1is later scaled to 8 GHz by simply short-

ening the resonators when developing the 8 GHz diplexer.
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Fig. 3.4.2 shows that the highpass is slightly more
selective than the distributed prototype highpass, a
result which is confirmed by computer analysis in
chapter 5. This analysis shows that the effects of
coupling between the resonators is negligible. It
should be noted that by removing the walls, the dis-
tributed static capacitances between the resonators and
ground are reduced. Strictly, the widths of the resonat-
ors should be redesigned éuch that the even-mode
impedances of the resonators are equal to those in the
distributed prototype. This idea cémes from the pi-
equivalent circuit of coupled open circuited transmission
lines in a homogeneous medium and is discussed in more
detail in chapter 5 when coupling between the resonators
is considered. We find that the widths of the end and
middle resonators should be increased by only 19.6% and
20.3% respectively. Clearly removal of the walls only
produces a slight change in the impedances of the
resonators, a result confirmed by the practical results.
The modified dimensions of the highpass are

shown in Fig. 3.4.3.

3.5. Development, with practical results, of 4 GHz

Highpass Filter

This filter was produced by simply scaling the
lengths of the circuit elements of the 8 GHz highpass
by a factor of two. It should be noted, however, that

the fringing capacitances for each resonator in the 4 GHz
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highpass are far field components, so the widths of
the resocnators are the same as the corresponding 8 GHz
lowpass resonators. In a correct design, account of
the T-junction discontinuities both at 8 and 4 GHz
should be considered. However, since little infor-
mation was available on these, the 4 GHz highpass con-
sidered here was designed by simply scaling the over-
lapping lengths of the inhomogenecus sections and the
physical lengths of the resonators (for the latter
this means scaling 2'rH in Fig. 3.2.2 by a factor of
two) . In chapter 5 some attention is given to the
fringing capacitances at the ends of the inhomogeneous
sections and it is proposed that these can be accounted
for in terms of reference plane locations lying slightly
inside each T junction (distance = 0.005"). However,
at 4 GHz it appears that neglecting the effects of the
T junction discontinuities was justified sihce the
electrical performance of the 4 GHz highpass was almost
the correctly scaled version of that of the 8 GHz high-
pass. The main difference was that the nonresonator
tuning screws only slightly improved the midband return
loss, which is not surprising since the shunt capacitan-
ces produced by these screws were comparable to those
in the 8 GHz highpass.

Several experiments on this filter finally led
to a working device and the dimensions of the modified
p.c.b. are given in Fig. 3.5.1l. The main modifications

were an increase in the length of the middle section, a
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reduction in the width of the end sections and an
increase in the separation of the inhomogeneous
sections from the side box wall from 0.0172" to 0.03".
These modifications show that both the even and odd
mode impedances and the lengths of the inhomogeneous
sections are important and must be correctly designed.
An analysis and improved design is given in chapter 5.
Tuned results for the modified filter are
shown in Figs. 3.5.2 and 3.5.3. Measured minimum pass-
band insertion loss for a plated device was 0.6 dB
The nonresonator tuning screws made little
improvement on the tuned response - correct response
has been achieved due to the modifications to the end
sections themselves. Another point to note is that
the minimum stopband level was improved from 34 dB to
40 dB as a result of these modifications, further
showing that the series impedances produced by the in-
homogeneous sections must now be almost correct. Finally,
the box modes can be removed by placing thin inductive
posts through the main housing in between the resonators;

these posts do not interfere with the resonators.

3.6. Conclusion

This chapter has shown that a highly selective
octave bandwidth highpass, meeting the requirements of
the triplexer, can be produced in a suspended substrate
realisation. Moreover due to the air realisation of

the resonators, the filter should have good temperature



Return
loss in

35

25-
201
157
10,

57 .
O v v 1 v v ¥ L ¥ L L] L] L L] T L v v v Ll L L] v L] L] v L Ll L Frq.
4 455 55 66.5 7 758 85 9 9.5 10 10.51111.512 12.513 13.514 14.5 15 15.516 16.5 17 17.5 18 in Giz.

Fig. 3.5.2 Measured return loss of 4 GHz. highpass filter




Insertion
loss in

s —"

351

25
le——  Selectivity

20 = 5.74%

151

104

| L

2 3 4 5 6 7 8 9 1o 11 12 13 14 15 16 17 18 Frequency in Giz.

T ¥ 1 '

Fig. 3.5.3 Measured insertion loss of (plated) 4 GHz. highpass filter




54

properties. This observation was established by
experiment where over a lOOOC change in temperature,
frequency shifts were less than * 30 ppm/oc. This
enables most military regirements to be met. | Also

it should be noted that the first ordered sensitivity
of the device due to movement of the suspended sub-
strate is zero,enabling most vibrational requiréments
to be met. This latter requirement can be a problem
in combline structures where critical capacitance gaps
can change due to movement of the 'fingers' when the
filter is subject to vibration. The above temperature
and vibrationé.l properties also apply to the lowpass,
so the diplexer should have good tracking properties

in most environmental situations.
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4.  DESIGN OF M.I.C. BROADBAND CONTIGUOUS
DIPLEXERS AND MULTIPLEXERS

4.1. Theory of Broadband MIC Contiguous Diplexers

A factor which had to be considered when
developing the MIC filters was that they had to be
eventually diplexed. On a printed circuit a shunt
connection is essential and since the filters
commence with series inductive or capacitive elements
this is possible. ‘

Consider the lumped lowpass prototype (Fig.
2.2.1) scaled so that its 3dB point is at w = 1 and
the complementary highpass prototype, also with its
3dB point at w = 1, formed by applying the transformat-
ion w +~-1/w to this scaled lowpass prototype. By
connecting these filters in shunt at the input port
we produce a contiguous diplexer of the form required
by the printed circuit. For a contiguous diplexer, a
good input port return loss is required'over both
passbands and through the crossover region. Professor
Rhodes has managed to produce a good match at the
critical resonant frequencies of the scaled prototypes,
by modifying the numerical values of the first series
and first shunt elements of each prototype. These
prototypes are then scaled by Richards transformation
with the appropriate values Ay oy and apr o for each
prototype. This forms a distributed prototype contiguous
diplexer which can be physically realised using the

previous design methods.
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In the next chapter, a computer analysis of
this theory is presented and results show that a
good input port return loss is maintained over all
passbands of the contiguous triplexer considered in
the analysis. The return loss around the crossovers
is reasonable but does fall to about 11 dB near the
8 GHz crossover. This result is expected because
the theory is only a first ordered solution to the
diplexing problem. Results can be improved by inter-
action with the computer (see next chapter) to produce
a return loss of at least 14.2 dB over the complete
bandwidth of the multiplexer.

The above design process inherently produces
an enhanced stopband level over both channels at about
15 dB higher than that which would be achieved by an
isolated filter. This improvement is due partly to
the power split at the input which adds about 6 dB
to a channel's isolation and partly to the change in
the first two elements of the channel and the loading
of the other channel, which effectively adds another
9 dB. 'Note that these effects also improve the select-
ivity of each channel when compared with the isolated
filter's selectivity. It should be noted that fesults
show that a complementary pair of singly terminated
filters have about 15 dB greater stopband insertion
loss per channel over the corresponding doubly terminated
filters,when similar passband perfbrmances are required.

However, since the distributed frequency transformation
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is different for the low and highpass filters a
normal complementary diplexer cannot be used directly,
so a new approach has to be used.

The theory produced by'Professor Rhodes is
given in the Appendix, from which the equations for
the first two element values of the prototypes in the

lumped diplexer are:

/(.Ll.z + Z)mO2 -1
[ 4 - .
L 1 oy 4 (4.1.1)

4 2
.(wo - l)(Ll - LlLH.
2 2
o + Ll)

+1)

C, +
2 2 2.,
W, Ll(w

Cl

(4.1.2)

(N.b. the quantities in these equations are found

for a 3dB fregquency at w = 1).

Since only the first series and.first shunt elements
are modified, the two filters of the diplexer are
asymmetrical. The physical dimensions of each filter
in the distributed 8 GHz diplexer are designed using
exactly the methods of the last two chapters and are
calculated in the next section. The above equations
mean that the modified elements become comparable to
the middle elements, thereby easing the physical real-

isation of the diplexer.

4.2. " Design of Physical Dimensions of 8 GHz Diplexer

The two filters designed in the last two

chapters are integrated onto the same substrate and



suspended inside a box of ground plane spacing 0.07",
as shown in photograph no. 3. Notice the inner box
wall which separates the two channels. This wall
prevents coupling between the channels and since it
preserves the same cavity dimenéions for each channel
as those in the isolated filters, it should prevent
any suprious modes from propagating from d.c. - 12 GHz.
As discussed in the last section, the first series
and. first shunt elements of these filters must be
modified for correct diplexing operétion. Fig. 4.2.1
shows the diplexing junction and the dimensions to be
calculated; all other dimensions have already beenk
found in previous chapters. It should be noted that
the following dimensions are calculated for walls
between the highpass resonators. However, these are
later removed without any significant change in
electrical performance apart from box modes entering
at 15.94 GHz and 17.95 GHz.

The design begins by using (4.1.1) and (4.1.2)
to calculate the first two elements of the complement-
ary prototypes of the lumped diplexer. The following
elements are for a 3dB frequency at w = wy (i.e. the
3dB frequency of the original lowpass prototype) not

w = 1:

[
]

l 1.20099 H (4:2.1)

(@]
I

2 ' 0.912758 F . (4.2.2)

The complementary prototypes are then scaled by Richards

transformation with the appropriate values ay s op and
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ayr oy for each prototype. This produces a distributed
contiguous diplexer with a crossover at 8 GHz. The
lowpass filter in this diplexer can then be physically
realised using the methods of chapter 2. Thus the
required length of its first u.e. is, using (2.4.17)

- ’
with Ll =L 1’

o
[

1L 0.1279" (4.2.3)

AIZL/7.69 (4.2.4)

where A12L is the wavelength in air at 12 GHz.

Also, the width of the first lowpass resonator of the
diplexer assuming far field fringing components is,

using (2.4.7) with Y, = C'2w°/2 = 0.563879,

Wor, 0.0433 ‘ (4.2.5)

Clearly Wor, > 0.35 (b~t) so the fringing fields of
this resonator will not interact.

The reference plane locations assumed in this
design are shown in Fig. (4.2.2). Recall that no
known information éxists, for frequencies from d.c. -
18 GHz, on the discontinuities of T junctions treated
in terms of reference plane locations for the three
arms and‘a shunt impedance in cascade with a transformer.
Furthermore, the discontinuities at the diplexing junct-
ion are uncertain. However, in the next section possibly
more accurate reference plane locations for the T junctions,

~given in Ref. [2.4], are considered. Using Fig. (4.2.2),



Reference 2L
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we find the following physical lengths of the first and

second u.e.'s:

EllL = 0.107" (4.2.6)

L'y, 0.103" (4.2.7)

Strictly each resonator should be designed
such that their even mode impedance is equal to the
impedance of the corresponding resonator in the dis-
tributed prototype diplexer. However, for the physical
separations of the lowpass resonators designed here,
referring to Getzinger's graphs [2.2] shows that the
even mode fringing capacitances are equal to the far
field component. Hence the assumption used above that
the lowpass resonators can be considered in isolation
was justifiable. (Note also that the left hand wall
can be neglected for the first resonator, which was
also assumed above).

The design method of chapter 3 is now applied
exactly to the highpass filter of the distributed proto-
type diplexer. Firstly, the firstvseries lumped
cépacitance required to produce a good match around
- the bandedge frequency of the highpass in the 8 GHz
diplexer is, using (3.3.2) with L, = L'l,

C1H = 16.38 pF (for 1 @ terminations)

(4.2.8)

Following the design in chapter 3, the width of the

first inhomogeneous section in the high channel of the



diplexer is,

wy = 0.045" | (4.2.9)

Then using (3.3.8) with Ll = L'l, the length of this

inhomogeneous section is,

21y é 0.0577 (4.2.10)

Using this length, the distance of the first highpass
resonator from the wall separating the two channels

of the diplexer is,

s, = 0.0314" (4.2.11)
Getzinger's graphs can now be used to find the dis-
tributed static fringing capacitance per unit length

between the first highpass resonator and the wall

separatingrthe two channels. We find
C'l¢g/eg = 0.50 (4.2.12)

Equation (3.3.26) is then solved to find the width of
the first highpass resonator. 1In this equation we

= ' =
substitute Y, (C 2mo)/z 0.563879 and use C'fo/eo

instead of C'f/eo:

Wou = 0.0361" (4.2.13)

The physical lengths of the first resonators

of each channel are made:

2L 0.278" (4.2.14)

2'2H 0.292" (4.2.15)
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These lengths are consistent with the other resonator
lengths in the diplexer.

Finally, consideration must be given to the
input feed to the diplexer. (The output feeds are as
in the isolated filters). As shown in Fig. 4.2.1 a
standard Jack receptacle is used with its centre
conductor soldered directly onto the p.c.b. at the
diplexing junction. The cross-section of the trans-
mission line formed by this centre conductor inside
the box is shown in Fig. 4.2.3 . The characteristic
impedance of this line is [2.3]

_ .138 4b
7 = = loglo"d (4.2.186)

€y 1

where €. = the dielectric constant of the medium

containing the line = 1, in this case.

We require this line to be 50Q, so with b = 0.07",

4 = 0.0387" (4.2.17)

(2.4.21) is then solved for the side hole diameter to
ensure that the coaxial transmission line formed by
the centre conductor of the Jack receptacle in this

hole is 50Q . We find,

b, = 0.0891" ' (4.2.18)

It should be noted that the distance from this centre
conductor to the bottom strip of the first inhomogeneous
section is chosen to be 0.015" thereby preventing unwanted

coupling between these conductors.
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4. 3. Practical Results and Modifications to P.c.b.

of 8 GHz Diplexer

Recall that the highpass filter had a low 3 dB
frequency of 7.55 GHz and so it was necessary to scale
this frequency to around 8 GHz by shortening the
resonators. Following this modification a good
diplexing performance was achieved by fine tuning of
the resonators. This tuning process was relatively
simple and took no longer than a few minutes. Further-
more, the crossover frequency could easily be shifted
by about 200 MHz so that a crossover exactly at 8 GHz
was readily achieved. For a plated device, the
insertion loss at crossover was about 4.8 dB with a
corresponding common port return loss of at least 15 dB.
The stopband levels of each channel were certainly
much better than in the individual filters, in partic-
ular the insertion loss of the low channel was at
least 40 dB up to 12.93 GHz instead of 11.63 GHz.
Also, the channel selectivities were improved by
diplexing with the low channel's improved to 5.25%.

The input port return loss was at least 10 dB
from d.c. - 12 GHz and the passband insertion loss in
each channel was less than 1 dB. It should be noted,
however, that this level of input port return loss
could only be achieved over the highpass passband by
use of the nonresonator screws. Furthermore, these
screws tended to deteriorate the input port return loss

at lower frequencies, producing a 'see-saw' effect.
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Now the input port return loss around 6.5 GHz was only
12% 4B without nonresonator tuning and must be improved
to prevent a bad mismatch in the 4 -8 GHz channel of
the triplexer, when this diplexer is cascaded with

the 4 GHz highpass filter.

The comparati&ely low input port return loss
arouﬁd 6.5 GHz was due to incorrect reference plane
locations used for the unit elements‘of the lowpass,
especially for the first u.e. By performing several
experiments on the widths of these u.e.'s, a much
improved performance was finally achieved. Infact,
the widths of the u.e.'s had to be increaéed,meaning
that reference plane locations too far away from the
centre of each l&%pass T junction had .been originally
assumed for the u.e.'s. Due to the change in the input
impedance of the lowpass, the width of the first
inhomogeneous section in the highpass had to be very
slightly reduced before a good input port return loss
was achieved through crossover and over the passband of
the highpass. Indeed, experiments have shown that the
input port return loss is quite sensitive to a few
percent change in the first series elements of each
chénnel. These elements must be realised to within
1% for a good input port return loss. The modified
dimensions of the diplexer are shown in Fig. 4.3.1.

A complete set of results on the modified
diplexer are shown in Figs. (4.3.2$ and (4.3.3). These
results satisfy the requirementé for the 8 GHz diplexer

in the triplexer and note especially the improvement
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in return loss around 6.5 GHz. Besides resonator
tuning, the only other tuning was done using the noh-
resonator screw at the output of the high channel.

The other nonresonator screw deteriorated the high
channel response because the first inhomogeneous
section is now almost correct - a fact which is
confirmed by computer analysis in the next chapter.
Also the input port return loss over the highpass
passband has been improved from 10 to 15 dB mainly
because of the modification to the first inhomogeneous
section. Some other points to note about the tuned
results are firstly that the 1 dB frequencies of the
low and high channels are within 3.68% and 3.93% of
crossover, respectively, thereby easily meeting the

5% requirement of the triplexer; note also the low
passband insertion losses of each channel. Finally,
the stopband insertion loss of each channel over d.c. =
11.92 GHz is greater than 40 dB apart from within
about 5% of the crossover frequency.

It should be noted that due to the modifications
to the u.e.'s, the frequency where the low channel
insertion loss falls below 40 dB has been reduced from
12.93GHz to 11.92 GHz. However, this new 40 dB frequency
agrees better with the computer analysis given in
chapter 5. This analysis shows that the stopband
insertion loss of the isolated 8 GHz lowpass, having
the same u.e. widths as in the lowpass of the modified

diplexer, falls to 25 dB at 12.08 GHz. Since this loss



will be increased to about 40 dB when the lowpass is
diplexed with the highpass, the theory and practical
results are in good agreement. The analysis also
shows that the stopband insertion loss of the lowpass
increases slightly as the impedance of the u.e.'s
decreases. Hence the modified diplexer could be re-
designed with narrower u.e.'s, and correct reference
plane locations for the T junctions, to increase the
lowpass loss around 12 GHz.

To conclude this section, we consider in more
detail the reference plane locations for the u.e.'s
at the T-junctions. Reference [2.4] gives graphs for
these reference pianes based on experiments on various
T-junctions. Using these graphs, the reference
plane locations for each T junction in the lowpass of
the modified diplexer are as shown in Fig. 4.3.4.
Note that although the T-junctions in the modified
lowpass are slightly asymmetrical, it is assumed that
the required reference planes are those obtained for
the mean of the left arm and right arm impedances of
each T. Using theSe reference planes, we can calculate
the actual lengths of the u.e.'s (except the first) in
the modified diplexer and then compare them with the
required designed values calculated using (2.4.17) and
the impedances of the u.e.'s in the modified diplexer.
we find that the errors in the actual lengths of the
u.e.'s for the second to fifth u.e.'s are respectively,

+0.3%, +4.8%, -2.2% and ~0.8%. Now if the above
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process is repeated for the unmodified diplexer, then
the errors become +9.7%, +4.8%, +7.4% and 8.3%

(N.b. For these latter errors, the designed lengths
are the ones calculated in chapter 2). Note also
that the first u.e. of the unmodified diplexer will _
be in significant error = this point will be discussed
in the next paragraph. It appears therefore that

the reference plane locations given in Ref. [5.4] are
more accurate than the ones used in previous designs.
However, it must be emphasised that the graphs given
in Ref. [2.4] are only based on experimental data and
take no account of frequency or coupling between the
resonators.

Finally, an estimation of the reference plane
location for the first u.e. at the diplexing junction
of the modified diplexer can be made. This is based
on the assumption that the length of this u.e. is
correct. However, this is justified since the input
port return loss over the low channel is close to the
theoretically predicted value. The required (correct)
length of the first u.e. in the modified diplexer is
found using (2.4.17) with L, = Iﬂl = 1.20099 and with
ZL equal to the impedance of the modified first u.e.
By accounting for the reference plane at the first
T junction, using Ref. [2.4]; the reference plane
location for the first u.e. at the diplexing junction
is as shown in Fig. 4.3.5. Clearlf, the original

reference plane assumed at the diplexing junction (see
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Fig. 4.2.2) was incorrect and effectively led to an
error of 20% in the characteristic impedance of the

first u.e.

4.4. Design and Practical Results of 12 GHz Diplexer

This diplexer was designed by scaling the
1engthkof every element of the first working 8 GHz
diplexer, that is, the diplexer before the modificat-
ions to its unit elements. Note that for the in-
homogeneous sections, only their overlapping lengths
were scaled and for the resonators, only their
physical lengths from the T-junctions were scaled.
Also, reference plane locations similar to those in
the 8 GHz lowpass design were assumed for the u.e.'s.
Each shunt resonator was designed assuming far field
components, however this was justified since the
widths of all resonators are only increased by a few
percent when even mode fringing fields are considered
instead. Practical results showed an input port
return loss of only 2.6 dB arbund 13 GHz and a minimum
level of 10 dB over the low channel, occurring around
8 GHz.

Several .experiments were performed to improve
these results and these led to the circuit shown in
Fig. 4.4.1,with its results in Figs. 4.4.2 and 4.4.3.
The modifications were firstly an‘increase in the
widths of the first to fifth unit elemenﬁs from 0.025"

throughout to 0.0528", .0414", .0389", .0399" and .0406"
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respectively. Secbndly, the lengths of the lowpass
resonators were increased from .209" to .224" (these
lengths include the widths of the u.e.'s). Finally,
the widths of the first to fifth inhomogeneous sect-~
ions were reduced from 0.045" (first four) and 0.0899"
(last section) to 0.0198", .0225", .0225", .0225" and
0.0332" respectively. Clearly, the percentage errors
in the original’dimensions were significant for this
relatively small diplexer, but the new highpass
dimensions agree better with theory (see next chapter).
The practical results show a considerably improved
input port return loss especially around 8 GHz, through
crossover and over the high channel. The falling
stopband insertion loss of the low channel between 17
and 18 GHz agrees with theory (see next chapter) and
this causes the insertion loss of the 8+~ 12 GHz
channel of the triplexer to fall to 32 dB in this

frequency region.

4.5. - Design and Practical Results of Single Sub-

"'strate Triplexer

The modified 12 GHz and 8 GHz diplexers and
4 GHz highpass filter were cascaded together to form
a triplexer and results were very encouraging with an
input port return loss of at least 10.7 dB from 4.05 -
18 GHz. Following this, a single suspended substrate
triplexer was designed and constructed, a breakdown of
which is shown in photograph no. 4. The modified units

are integrated directly onto the same substrate and



Photograph No. 4 Triplexer covering the bands 4-»-8,
8 w12 and 12> 18 GHz, printed on a

single suspended substrate
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the only new problems concern the junctions of the 12 GHz
and 8 GHz diplexers and the 8 GHz diplexer and the 4 GHz
highpass. A practical point to note is that nylon
plugs are used with the tuning screws instead of
locking nuts. A shallow hole is drilled besides each
tuning screw hole and a small nylon plug (about 0.05"
high) 1is inserted in it. This plug overlaps the tuning
screw by the thickness of its thread thereby gripping
the screw. This tightens the sérew as it is turned
allowing very fine tuning. Moreover, the screw remains
in its tuned position and can easily be glued in
position using the small recess around the tuning
screws (see photograph no. 4).
| To produce good transitions between the units
of the triplexer, the units were connected directly
together on the substrate without any 50 @ ‘connecting
lines etc., to form the junctions shown in Fig. (4.5.1).
It is assumed that the uncertain effects of the transit-
ions to the 50Q coaxial lines in the individual units
and the transition to the complex right angle bend on
the triplexer substrate at the input of the 4 GHz high-
pass, can be neglected. All other dimensions for the
triplexer are found from those of the individual 12 GHz
and 8 GHz diplexers and the individual 4 GHz highpass.
The following points should be carefully noted.
The first design of this single substrate triplexer used
50 @ striplines at the outputs of the 12 - 18 and
8 = 12 GHz channels, instead of 50Q coaxial lines.

These striplines were printed onto the substrate and
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the idea was to avoid the use of long coaxial lines.

It was first thought that these latter lines had to

be turned from brass rods - a process which is
impossible for the lengths and diameters involved.
However, it was later realised that copper wire,

0.035" in diameter, would easily suffice. Now due to
the extra mismatches introduced by these striplines,
together with the particular lengths of the striplines,‘
there was much difficulty in producing good 12 - 18 and

8 - 12 GHz channels, especially the latter. Only through
the following modifications was a satisfactory operation
achieved for the 8 - 12 GHz channel. Firstly, the

width of the first u.e. in the 8 GHz lowpass was

reduced from .0406" to .0335". Finally, the widths of
the first to last inhomogeneous sections in the 8 - 12 GHz
channel were reduced from 0.0295", .045" (second to
fourth) and .0899" to 0.0258", ,029" (second to fourth)
and .0612" respectively. The 50Q striplines also
meant that the width of the cavity inside the triplexer
was greater than that in either“the individual 12 GHz

or 8 GHz diplexers; note also in this first design, the
cavity size of the 4 - 8 GHz channel was larger than

in the individual 4 GHz highpass. These larger cavities
allowed a serious box mode to appear at the 8 - 12 GHz
output at about 17.5GHz and allowed another mode to
interfere with the 8 GHz crossover, either appearing at
the 4 - 8 GHz or 8 - 12 GHz outputs depending on the

exact crossover frequency. Therefore it was necessary
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to return to the cavity sizes of the individual units,
yielding the triplexer structure shown in photograph no. 4
with the modifications shown in Fig. 4.5.2. Overall
dimensions of the substrate are only 2.085" x 1.263", so
the box size is only about 2.4" long x 1.45" wide x .38"
deep. The 50 0 striplines are replaced by 50 @ coaxial
lines thereby preserving the same output junctions as

in the individual units. Note that the above modificat-
ions to the printed circuit are still used, although ?
even without them it is likely the triplexer would work
satisfactorily since we are now using coax outputs. The
modified dimensions are, however, close to the theoret-
ical values. (see next chapter).

Initial sealing prob;ems were eliminated by
slightly increasing the box thickness to 0.5" and,
moreover, by milling a groove 0.007" deep in only one
half of the box to support the substrate. The original
0.005" groove when plated tended to prevent a good seal.
These problems were not accounted in the previous,
physically smaller, devices designed in this work.

The increased box thickness also allows the use of
the more robust square flanged receptacles.

Tuned results are shown in Figs. 4.5.3 and
4.5.4. Very little tuning is done using the non-
resonator screws because the end sections of the high-
pass filters in the triplexer are now almost correct.

By tuning the resonators, crossover frequencies exactly
at 8 GHz and 12 GHz can be readily achieved and one

diplexer can be aligned without affecting the other.
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The maximum passband loss in each channel, for a
plated device, is about 0.9 dB and the crossover
levels are about 5 dB. Also the bandedge frequenc-
ies (i.e. the 1 dB points) of any channel are within

5 % of crossover. The minimum stopbénd loss in the

4 - 8 GHz channel, i.e. 40 dB near the 12 GHz crossover,
is due to the insertion loss of the 8 GHz lowpass
falling to around 40 dB in this region. This could

be improved by slightly increasing the crossover
frequency of the 8 GHz diplexer.

The experimental results show that the triplexer
essentially meets the required specification given in
Fig.l.3.3,chapter 1. The results are in close agreement
with the computer analysis presented in the next chapter.
Several triplexers have been to the same specification
and first results suggest that a very high degree of
population tracking will be achieved for both amplitude

and phase.
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5. FILTER AND MULTIPLEXER ANALYSIS

5.1.  Introduction

This chapter contains a detailed computer
analysis, using the LEVEL 2 BASIC programming lang-
uage, of the filters, diplexers and triplexer
designed in the previous chapters. The results of
the analysis are in good agreement with the practical
results. The basic ideas and equationé behind the
computer programs are presented. The analysis of
the highpass leads to a much improved design for this
filter, whilst the analysis of the lowpass shows that

the present design of this filter is clearly accept-

able.

5.2. Analysis of the Lowpass Filter

5.2.1. Distributed lowpass prototype

The first computer program calculates the insert-
ion and return losses, at a number of frequencies, for
the dist:ibuted lowpass prototype having its 3 dB
frequency at 8 GHz. At each frequency, the program
first calculates the overall transfer matrix of the
prototype between the terminations. If this matrix is
[A jé] then the insertion and return losses can be

D
respectively found from [5.11:
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i

a = lolog  [1+5@-0%+%x@a-n%  (5.2.1)

[(A+D)2 + (B+C)2 ]
(a-D)2 + (B~C)*

Lg = 10 log,, (5.2.2)

The results given in Figs. 5.2.1 and 5.2.2 show an
equiripple passband return loss of minimum value 20 dB

-and a minimum stopband insertion loss of 40 d4B.

5.2.2.  Lumped inductor approximation of the series

stubs of the distributed lowpass prototype

AThe next program calculates the frequency
response when the series short circuited stubs of the
distributed prototype ére replaced by lumped inductors.
The program uses the above transfer matrix approach to
evaluate the frequency response. The series inductances
are calculated in the program and are found by equating,
at the bandedge frequency, the impedance of each lumped
inductor to that of the corresponding series stub in
the distributed prototype. The results shown in Figs.
5.2.3 and 5.2.4 show that this pure lumped inductor
simulation of the required series impedance is inadequate,
since it produces a return loss of 15.25 dB at 2.54 GHz.
This level is caused by the impedances of the inductors
decreasing too slowly with frequency and would cause a
poor input match to the triplexer where the lowpass

filters are in cascade.
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5.2.3. Unit element approximation of the series stubs

of the distributed lowpass prototype

The third program analyses the practical low-
pass circuit in which unit elements are used to approx-
imate the series impedances of the distributed proto-
type. In this program the widths of the u.e.'s are
input to the computer via an INPUT statement instead
of a DATA statement. This allows an easy investigation
Sf the effect of the widths on the frequency response.
The program finds the characteristic impedance of each
u.e. using (2.4.6) and (2.4.23) and then calculates
its length using (2.4.17), where for a 8 GHz lowpass
= 7.888 Gﬁz and for a 12 GHz lowpass, £

f I x

bL bL ~
7.888/2 = 11.832 GHz. Again the overall transfer matrix
of the filter is found to determine the insertion and
return losses.

When designing the 8 GHz lowpass, a width of
0.025" was chosen for all the u.e.'s and Figs. 5.2.5
and 5.2.6 show the frequency response for this choice.
Note that these results agree well with the practical
results given in Figs. 2.5.1 and 2.5.2. 1In particular
note the very good return loss over the lower frequency
region of the passband, necessary for the triplexer,
and the falling stopband insertion loss above 9.8 GHz.
The insertion loss of 25 dB at 12.30 GHz would be
improved to about 40 dB in the 8 GHz diplexer due to
the change in the first series element of/the lowpass

in the diplexer and the effect of the highpass, as
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discussed in the last chapter. Hence this lowpass
effectively has the half-octave 40 dB stopband band-
width required for the triplexer.

The next two pairs of graphs Figs. 5.2.7 -
5.2.10 show the responses of the isolated lowpass
filters formed by using the modified widths of the
low channels of the 8 and 12 GHz diplexers. Note
that for these isolated filters, the width of the
first and last u.e.'s must be equal. The computer
results are in good agreement with the performances of
the low channels in the practical 8 and 12 GHz diplexers
when the following points are noted. Firstly, the
main passband return loss of the isolated filters will
change little when used in the diplexers. Secondly,
the frequencies for these filters where the stopband
insertion loss is maintained up to 40 dB will be
increased to about 12.08 GHz and 17.44 GHz in the 8 and
12 GHz diplexers respectively (for the latter, the
insertion loss will be about 35 dB at 18 GHz). These
frequencies are slightly higher than measured in practice,
but it should be noted that the measured values depend
critically on the crossover frequencies of the diplexers.
Indeed, if these crossovers were tuned to slightly
higher frequencies, then the upper 40 dB frequencies
of the low channels would increase tq the theoretically
predicted values.

The unit element approximation of the series

elements of the distributed prototype produces good
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passband return loss ripples near bandedge. This is
because we approximate the series impedance of the
equivalent pi-circuit of each u.e. (see Fig. 5.2.11

and Ref. [2.1]) to the corresponding series impedance

of the distributed prototype, at the bandedge frequency.
However, the two passband ripples nearest bandedge

and the selectivity of the transition curve are some=-
what poorer than for the pure lumped inductor approx-
imation of the series elements; on the other hand, the
return loss ripples away from bandedge are much better.
Also these differences are slightly enhanceé as the
widths of the u.e.'s are increased - compare the last
three pairs of graphs. These differences are due to

the shunt admittances of the pi-circuit of the unit
elements adding to the admittances of the shunt resonators
and the resultants interacting with the series impedances.
This can be proved by analysing the lowpass circuit
where only the series impedance of the pi circuit of each
u.e. is considered, together with the shunt resonators.
Indeed, such an analysis for the lowpass with 0.025" wide
~unit elements, shows that the first minimum of return
loss falls from 24.16 dB to 15.36 dB, the second minimum
drops to 19.12 dB, the two ripples near bandedge improve
especially the nearest one and the selectivity improves
from 5.99% to 5.29%. The very good return loss over the
lower frequency -region of the passband is also- expected from
physical considerations, since in this region the low-

pass approachs a simple d.c. path between the source
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and load. The two ripples nearest bandedge can be
improved by tuning, whilst only slightly deteriorating
the two lower frequency return loss ripples, to produce
the two minima nearest bandedge of about 17 dB for all

the u.e. widths considered here.

5.2.4. Effect of the distributed coupling between

the resonators

The last program in this section analyses the
effect of the distributed electromagnetic coupling
between the resonators, which was neglected in the
previous designs. The exact equivélent circuit for
a pair of coupled open circuited transmission lines
operating in the TEM mode is shown in Fig. 5.2.12.

The coupling is represented by a series open circuited
stub and in the lowpass this will be in parallel with
the series element produced by the u.e. joining the pair
of resonators. In other words, the series impedance
between the resonators is changed by the coupling.
However, as discussed below, analysis shoﬁs that for

the physical separations between the resonators for all
the lowpass filters in the triplexer, the effect of the
coupling is very slight.

Firstly, for the isolated 8 GHz lowpass, having
the modified widths of the lowpass u.e.'s in the 8 GHz
diplexer, the passband ripples hardly change, except
the minimum nearest bandedge improvés from 15.28 dB to
16.5 dB. Also, the 3 dB frequency is only reduced by

0.13%. Secondly,»for the isolated modified 12 GHz low-
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pass, the minima of passband return loss change from
38.9, 22.3, 16.96 and 14.93 dB to 38.66, 23.02, 17.66
and 17.15 dB respectively. Also, the 3 dB frequency

is reduced by the coupling by 0.96%. The selectivity
of the skirt response deteriorates from 6.23% to 6.44%
and the bandedge frequency (i.e. 0.0432 4B frequency

or 20 dB return loss frequency) changes from within
1.45% to within 1.62% of the 3 dB frequency, with a
consequent slight 'rounding' of the insertion loss

- characteristic between these frequencies. Clearly,

the above effects of the coupling between the resonators
afe slight and so it was justifiable to neglect the
coupling when designing the series elements. The shift
inthe 3 dB frequency can be accounted for by simply
rescaling the designed filter. Finally, the total
admittance produced by each coupling element between
the resonators and the series element of the u.e. join-
ing the resonators, has a zero just above bandedge.
Thus the circuit has extra transmission zeros: at
frequencies just less than that of the multiple ordered
- zero produced by the resonators. However, these extra

" zeros do not improve the filters selectivity.

5.3. "Analysis of the Highpass Filter

5.3.1. "~ Distributed highpass prototype and the lumped

" ‘capacitor approximation to its series stubs

- The return and insertion losses for £he dis-

tributed highpass prototype with 3 @B frequency at 8 GHz
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are shown in Figs. 5.3.1 and 5.3.2. Figs. 5.3.3 and
5.3.4 show the frequency response for the lumped
capacitor approximation to the series open circuited
stubs of this prototype. The admittance of each

lumped capacitor is made equal to the admittance of the
corresponding series stub in the distributed prototype,
at the bandedge frequency. The results show that this
approximation is inadequate for octave passbands and

is caused by the reactances of the lumped capacitors
not falling to zero quickly enocugh away from bandedge.
This means the reactances do not resonate at some
frequency close to bandcéntre and then increase positively,

which are requirements for an octave passband.

5.3.2. Highpass with inhomogeneous coupled lines

The next program analyses the practical highpass
filter where inhomogeneous open circuited digital sectimns
are used to apprdximate the series open circuited stubs
of the distributed highpass prototype. Considerable
work has been done on these and related inhomogeneous
sections. Firstly, Speciale [5.2] has proved that
propagation along a pair of nonsymmetrical inhomogeneous
coupled lines can be considered in terms of an even
mode voltage wave and an odd mode current wave, provided
the so-called ‘congruence condition' is satisfied.

This condition means that the ratio of the per-unit-
length conductor-to-ground capacitaﬁces of the two lines

must be the same when the dielectric is present and when
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it is removed. For the simpler case of symmetrical
inhomogeneous coupled lines, the propagation degenera-
tes to the sum of an even and an odd mode voltage
wave. Using these TEM modes, Zysman and Johnson [5.3]
have developed equivalent circuits for symmetrical
inhomogeneous coupled lines having various terminations
aﬁd the equivalent circuit for the open circuited
digital section is shown in Fig., 5.3.5. The ABCD para-
meters for this two port are:

'zaaTCOteer'Pzamrccteor

A= — = D (5.3.1)
r ZCEI'CSC eer ZoorCSC eor r

82

2 2 _
B'=j- zoer'+ Zoor Zzoorzoer(cot 8r cot 8. + csc eercsc,eor)
r 2 Zaa:cs:eer-zam:c&:eor
(5.3.2)
‘ 2j '
C_= = (5.3.3)
r zoeI' cscC eer ZOor csc eor v
where,
Zoer = even mode characteristic impedance of each line
zoor = odd mode characteristic impedance of each line
) _ =2 = even mode electrical length of each line
er Uor
0 r = §£ = odd mode electrical length of each line
or '
uer'-= even mode phase velocity
u__ = odd mode phase velocity.

or
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The suffix r takes the values 1, 3,...,9 and is used

to denote the different sections of the highpass filter.
It should be noted that the circuit in Fig. 5.3.5 is
different and much more complex than the one for the
homogeneous open circuited digital section, which for
.comparison is given in Fig. 5.3.6.

In the computer program, the width and length
of each inhomogeneous section are supplied using an
INPUT statement, enabling the effects of different
inhomogeneous sections on the frequency response of
the filter to be easily analysed. Using another INPUT
statement, the bandedge frequency is supplied to the
computer. This scales the shunt resonator lengths and
so by varying this input, the capacitive tuning at the
ends of the resonators can be simulated. From the
physical dimensions, the computer calculates and prints
out the even and odd mode characteristic impedances

and the effective relative dielectric constant, e__,

er
for the odd mode, for each pair of inhomogeneous coupled

lines in the highpass. Equation (3.3.11) gives the

odd mode characteristic impedance and (3.3.12) yields
the effective relative dielectric constant for the odd
modé. Dispersion is neglected which, as discussed in
chapter 3, is certainly justified up to 18 GHz. The
even mode phase velocity is assumed to be thé velocity
of light in free space, u, and the even mode character-
istic impedance of each coupled line is found from the

following equation:
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’ o 7.534
oer %[wr/(b-h-Zt)] + C!

(5.3.4)
f + C|fo

7.534
(w_/0.03165) + 1.08 ' (*=1/3..-9) (5.3.5)

where W is the width of the coupled lines.

The équation is derived by using the relationship
between the. characteristic impedance of a transmission
line operating in the TEM mode and the static dis-
tributed capacitance between conductors of the line
(see equation (2.4.6)). The components of the static
capacitance are shown in Fig. 5.3.7. and it is assumed
here that the fringing capacitances can be found using
Getzinger's graphs [2.2]. |

The program then finds the overall transfer
matrix of the filter using the ABCD parameters of the
inhomogeneous sections given ip (5.3.1) - (5.3.3).

Note that u_ =u and u = u,//E;; forr=1,3 ...9.
From this matrix, the insertion and return losses are
then calculated using (5.2.1) and (5.2.2).

The first analysis considers the isolated 8 GHz
highpass formed by using the modified widths of the in-
homogeneoﬁs sections of the 8 GHz highpass in the single
substrate triplexer. Note that for this isolated filter,
the widths of the first and last inhomogeneous sections
must be equal. When juét the overlépping lengths of

the inhomogeneous sections are considered (i.e. .0847",
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.0585" and .0608"), the minima of passband return loss
are only 8.89, 3.53, 2.17 and 4.30 dB. However, by
varying tﬁe lengths of these sections the response can
be improved. Figs. (5.3.8) and (5.3.9) show that by
increasing the lengths of the two end and middle three
sections to .0905" and .0716" respectively, a passband
return loss of at least 16.56 dB is maintained up to
nearly 2% times the 3 dB frequency. Clearly the effect-
ive lengths of the inhomogeneous sections of the 8 GHz
highpass in the practical triplexer must be close to
these increased lengths (excépt for the first section,
of course). That is, it appears that the fringing
capacitances at the ends of each inhomogeneous seétion
can be accounted for by a slight increase in the over-
lapping length of the inhomogeneous section. There
must be some reference plane locations for the lengths
of each inhomogeneous section lying slightly inside
each T junction - the above results suggest that this
extension into the T is only about 0.005". ‘ |
Finally, it should be noted that the bandedge
frequency input to the computer for the working analysis
was 8.24 GHz, not 8.088 GHz. Consequently, the select-
ivity of the skirt response is better than for the dis-
tributed highpass prototype, which agrees with the
practical results. Each inhomogeneous section can be
replaced by its equivalent pi-network and the improvement
in selectivity is due to the shunt admittances of this
network adding to the.admittances of the shunt resonators.

This will be discussed later in section 5.4.
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The next anélysis considers the isolated 12 GHz
highpass formed by using the modified widths of the
12 GHz highpass in the practical triplexer, When just
the overlapping lengths of the inhomogeneous sections
are considered (i.e. .0563", .0389" and .0404"), the
first two minima of passband return loss are 5.20 dB
at 13.36 GHz and 2.22 dB at 18.42 GHz. However, by
increasing the lengths of the two end and middle three
sections to .0636" and .0520" respectively, the much
improved response from 12 - 18 GHz, shown in Figs.
(5.3.10) and (5.3.11), is achieved. Again the effect-
ive lengths of the inhomogeneous sections of the 12 GHz
highpass: in the practical triplexer must be close to
these increased lengths. Note that the bandedge

frequency input to the computer was 12.275 GHz.

5.3.3. Effect of the distributed coupling between

the resonators

The next two programs analyse the effects of
the electromagnetic coupling between the resonators.
As discussed in the lowpass analysis, this coupling
affects the series impedance between the resonators.
The first program considers the working isolated 8 GHz
highpass studied in the last but one paragraph. For
the separations of the resonétors in this highpass, the
. coupling admittance between neighbouring resonators are
found using Getzinger's graphs [2.23. The information

from these graphs is stored in DATA statements in the
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program, from which the resultant transfer matrix of
each u.e. and the coupling open circuited stub produced
by neighbouring resonators is found. The overall
transfer matrix of the filter is fhen calculated, from
which the insertion and return losses are calculated
and printed out. (N.b. the lowpass program with
resonator coupling was developed in the same way).

Results for the 8 GHz highpass show that the
first three minima of passband return loss slightly
improve to 17.45, 21.94 and 17.48 dB; the next two
ripples hardly change. The 3 dB frequency is increased
by 0.60%, the selectivity is unchanged and the bandedge
frequency changes from within 0.79% to within 0.82% of
the 3 dB frequency.

The second program considers the effect of
coupling in the working isolated 12 GHz highpass.
Results again show that the main passband return loss
is only slightly changed and a minimum of 16.9 dB is
still achieved up to 19 GHz. The 3 dB frequency is
increased by 1.57%, the selectivity is practically un-
changed and the bandedge frequency changes from within
0.97% to within 1.07% of the 3 dB frequency.

The above :esults show that it was justifiable
to neglect coupling between the resonators when design-
ing the series elements. It should be noted that the
small changes in the ripples close to bandedge are really
equivalent to the effects of tuning the resonators, so

they are not significant. Also the shift in the 3 dB
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frequency of each filter can be accounted for by simply
rescaling the designed filter. Finally, the coupling
between the resonators introduces extra transmission
zeros at frequencies just above the frequency of the
multiple-ordered zero produced by the resonators.
However, these extra zeros do not improve either filters

selectivity.

5.4. Further Analysis Leading to an Improved Design

of Highpass

This section describes the analysis steps that
were taken which led to suitable design equations for
the inhomogeneous sections of the highpass. These
equations must be satisfied if a good match over at
least an octave bandwidth is to be achieved.

Firstly, each inhomogeneous section of the high-
pass can be replaced by its equivalent pi-network as
shown in Fig. 5.4.1. Now a computer program was written
which calculates and prints out the series reactance and
shunt susceptance of this network at a number of
frequencies. The program also calculates the susceptance
of the first shunt resonator in the highpass. The
width and length of the inhomogeneous section are supplied
to the computer via an INPUT statement, for easy analysis.
From these dimensions, the computer calculates the ABCD
parameters of the section,using the same equations as in
the program used to analyse the 8 Gﬁz highpass in the
last section. The required immittances are then found

using the relationships shown in Fig. 5.4.1.
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Recall from (3.3.1) that the impedance of
each series open circuited stub of the distributed
highpass prototype, at the bandedge frequency, is

given by

ZrH = -er (r=1,3...9) (5.4.1)

Substituting for Lr' the required impedances at band-

edge are,

ZlH = Z9H = =j.418398 (5.4.2)
) >at
and Z5H = =j 1.20707) (5.4.4)

Also recall from (3.1.9) that,

ZrH = O at 14.27 GHz (r=1,3...9) (5.4.5)

The series impedances in the pi-networks of
the inhomogeneous sections of the working 8 GHz highpass
(i.e. the highpass of Figs. 5.3.8 and 5.3.9) are now
comparéd with those in the distributed prototype.

Using the pi—network analysis program, the series
impedances produced by the inhomogeneous sections, at

the same bandedge frequency aré,

Z'y = B'gy = -3 -136773 (5.4.6)
, at
' = 91 = - -
Z2'y = 2oy j 1.02444 bandedge (5.4.7)
and  2'gy = -j 1.02444 (5.4.8)
/

The resonant frequencies of these impedances are found

to be,



U =
Z':LH or 2 9H 0 at 9.08 GHz (5.4.9)
v -
Z'3H or 2Z 7H 0 at 12.98 GHz (5.4.10)
Z'5H = 0 at 12.98 GHz (5.4.11)

If a suitable design were based on producing the
correct series impedances, then it would appear that
the middle sections are almost correct but the end
sections are in error. Now, by varying the dimens-
ions of the inhomogeneous section input to the pi-
network analysis program, it is found that the
dimensions of the inhomogeneous sections which produce
exactly the bandedge impedances of the distributed

prototype and resonate at band centre are,

w = 0.115"

18 ; Lyy = 0.054" (5.4.12)
Wy = 0.032" ; %5, = 0.0637" (5.4.13)
Wey = 0.031" ; 1., = 0.064"  (5.4.14)

We would possibly expect these sections to produce a
good highpass response. However, when the highpass
formed by these sections is analysed, ﬁhe minima of
passband return loss are only 12.72, 8.32, 3.01, 4.76
and 2.90 as! In other words, we have shown that for

a good broadband match, it is not sufficient when
designing the inhomogeneous sections, just to produce
the correct series impedances in the equivalent pi-
networks. The reason is that the shunt impedance
produced by these sections must be taken into consider-
ation. Also,\special attention must be given to the end

sections.

90
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The next step was to write a computer program
which compares the terminating impedances -produced by
the two end inhomogeneocus sections of the working
8 GHz highpass, with those produced by the two end
stubs of the distributed prototype. The two impedances
are shown in Fig. 5.4.2. It is possible these
impedances are similar and would account for’ the shunt
impedances of the two end inhomogeneous sections. The
computer results show that at the bandedge frequency

of the distributed prototype,

z,, = 1 - 3.418398 (5.4.15)
and 2y, = -867478 =3.409453 (5.4.16)

\

]
(zin and 2 in are defined in Fig. 5.4.2)

As the frequency increases beyond bandedge, the reactive

components approach zero and we have

Zin = 1 at 14.27 GHz (5.4.17)
and.z‘in = 1 at 14.02 GHz (5.4.18)
(N.b. ReZ'in + 1 as £ + 14.02 GHz)
The impedances Zin and Z:U1 are in good agreement, so

possible design equations could be

Im Z'in = Im Zin » at bandedge frequency (5.4.19)
Z'in = 0 . at bandcentre (5.4.20)
and’ :
Z'rH = ZrH » at bandedge frequency (5.4.21)
Zgﬁi = 0 , at bandcentre (5.4.22)

(r = 3,5 and 7)
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Note that this design assumes that the shunt impedances
produced by the middle three inhomogeneous sections
can be neglected.

From the above analysis, (5.4.19) and (5.4.20)
are approximately satisfied by the two end sections of
the working 8 GHz highpass,and the middle three sections
which satisfy (5.4.21) and (5.4.22) are given by (5.4.13)
and (5.4.14). Analysis of the highpass formed by
these sections and the shunt resonators, shows that the
first four minima of passband return loss are: 25.09 dB
at 8.227 GHz, 19.63 dB at 9.12 GHz, 7.78 dB at 12.65 GHz
and 7.70 dB at 17.01 GHz.

Clearly, the design equations (5.4.19) - (5.4.22)
are not gquite correct. The good match near bandedge
is due to the correct series impedances produced by
the inhomogeneous sections around this region. Further,
the shunt admittances around bandedge produced by the
middle three inhomogeneous sections gaﬁ be neglected
in comparison with the admittances of the shunt
resonators. However, as the above analysis shows,
these shunt admittances cannot be neglected from 1l GHz
onwards. Indeed, their frequency beﬁaviour is approx-
imately that'of a lumped capacitor, so they become sig-
nificant when compared with the admittances of the shunt
resonators for frequencies from 11 GHz onwards. For
the above design, the mismatch around bandcentre is
caused by the total spunt admittance produced by each

resonator and neighbouring (middle) inhomogeneous
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sections not becoming zero at the same frequency as

the series reactances become zero. This results in
interactions occurring between the series and shunt
elements of the filter and therefore causes the

poor mismatch at 12.65 GHz. This fact is confirmed when
we study the working 8 GHz highpass. Here the series
impedances produced by the middle sections become zero
at 12.975 GHz and the total shunt admittances become
zero at almost the same frequency viz. 12.835 GHz and
12.425 GHz. The terminating reactances produced by

the end sections bécome zero at 14.02 GHz.

5.4.1. New design eguations

We can now write down new design equations for

the inhomogeneous section highpass. That is,

Im an = Im Zin at bandedge (5.4.23)

Z'rH = ZrH frequency (5.4.24)

Im z&n = 0 (5.4.25)
at £_< £

2y = O ¢ ~cH (5.4.26)

where r = 3,5 and 7

and fc is the solution of both

j'than (4ﬂaHf) + Y"3(f) =0 (5.4.27)
and jY, tan (41raHf) + Y'3 (f)+Y'5(f)=o (5.4.28)

where Y'; and Y'. are the shunt admittances produced

by the second and third inhamogeneous sections respectively.
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Equatiéns (5.4.23) and (5.4.24) ensure a good match
around bandedge.. The concept behind the other
equations is thét we make the series impedances
produced by the inhomogeneous sections resonate at

the same fregquency as that when the total shunt

admittances in the highpass become zero. This will
enéure a good match at this fregquency and hence at
frequencies beyond it. Notice that the resultant
immittances in the circuit will all increase positively
above this frequency (N.b. we even make the terminat-
ing reactive component zero at this frequency - see
(5.4.25)) . ‘

It should be noted that the working 8 GHz
highpass (Fig. 5.3.8) almost satisfies the new design
equatidns, which accounts for its good passband. 1In
practice the exact solution to these equations would
be difficult, but considerable simplification can be
achieved by making £he middle three sections equal.
Equation (5.2.24) is then 'solved for the second
section only, but the error in the series impedance
produced by the third section will be negligible. The
simplification also means that (5.4.27) and (5.4.28)
cannot be satisfied by the same frequency, however their
solutions are close and it is sufficient to satisfy
only (5.4.27). 1In physical terms, this means that
there will be a small shunt admittance when thé series
reactances are zero. However, this can be altered by
scaling the shunt resonator lengths to produce an optimal

performance (see next but one paragraph).
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Equations (5.4.23) = (5.4.27) could be simply
solved, for example, by numerical techniques. However,
using the last two programs and varying the dimensions
of the inhomogeneous section in these programs, we
find that accurate solutions to the equations are

given by the following inhomogeneous sections:

L

= ", = ' = "
=w 0.0539" ; 2'1H 29H 0.0910 (5.4.29)

Y1H 9H
and w3H = Wey = Woy = .0227"
(5.4.30)
23H = £SH = 27H = .,0757"

These sections mean that the solutions to (5.4.27)

and (5.4.28) are 12.885 GHz and 12.490 GHz respectively,
which are clearly close together. Also, the error in
the bandedge impédance of the third section is only
2.23%.

Analysis of the highpass formed by these
sections shows a minimum passband return loss of 14.85 dB
was achieved up to 19 GHz. Although the shunt resonators
were resonant at the correct frequency for an 8 GHz
highpass, the 3 dB frequency was 7.973 GHz not 8 GHz.

By scaling the lengths of these resonators by 8.088/8.3,
the very good response shown in Figs. 5.4.3 and 5.4.4
was achieved. These results show a minimum passband
return loss of at least 17 dB up to nearly 2% times

the 3 dB frequency (> 18.82 dB over the first octave)
and there is the correct number of passband ripples.

Clearly, scaling of the resonators can account for the
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non zero middle shunt admittances which occur when the
other immittances are zero. This produces a more
optimum response by producing a trade-off between the
minima at 11.32 GHz and 17.55 GHz with the two minima
near bandedge, especially the nearest (before this
scaling, the ripple nearest bandedge was 21.04 dB).
The 3 dB frequency is increased to 8.141 GHz, but the
length of every element can be rescaled by 8.141/8 to
produce a 3 dB frequency at 8 GHz. Another advantage
of this design is that the minimum stopband insertion
loss is greater than that for the distributed highpass
prototype. This is because by making the series
impedances resonate below bandcentre, they have a higher
reactance in the stopband than the series impedances of
the distributed prototype.

| Finally, the design of a high degree (say
degree 15) highpass must be considered. Firétly, it
must be realised that for any degree, n, of the
generalised Chebyshev prototype, the series elements
except the first and last are very similar. The same
is true for the shunt resonators. Hence little error in
the series impedances would be introduced by making all
the inhomogeneous sections the same, except the two end
oneé. A suitable design would then be to solve (5.4.23) -
(5.4.26), where (5.4.24) is only solved exactly for
two inhomogeneous sections symmetrically positioned
about the centre of the filter. We‘shall choose the
two sections closest to the centre of the filter, so

that £ is now the solution of:
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Y n-1) 2 tan (drgf) + 2¥H() 0, formeven (5.4.31)

tan (41raHf) + 2Y'(f) 0, formodd (5.4.32)

or Y(n_3)/2

where

m = (n=1)/2 = number of shunt resonators in the
filter. Y(n—l)/z or Y(n_.3)/2 are the characteristic
admittances of the two identical shunt resonators
symmetrically positioned about, and closest to, the

centre of the filter

and Y'(f) is the shunt admittance produced by each

middle inhomogeneous section.

owing to the variation in the admittance of
the resonators through the filter, the resultant shunt
admittances will not all be zero exactly at the same
frequency. However since the impedance variation is
slight, the zero frequencies will be very close. 1In
any case, this can be accounted for by scaling the
shunt resonator lengths, as in the 8 GHz highpass
designed in this section.

We now have a novel design technique for the
broadband generalised Chebyshev highpass using inhomo-
geneous coupled lines. It should be noted that the
Elliptic Function prototype would not be suitable for
this design'owing to the large impedance variation in

the prototype.
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5.5. Multiplexer Analysis

5.5.1. Explanation of the multiplexer analysis

computer programs

The first program analyses the theory of

| generalised Chebyshev contiguous diplekers developed
by Professor Rhodes (see Appendix for theory). The
program considers the distributed 4 -18 GHz triplexer
'prototype' and the cascade arrangement'of it 1s

shown in Fig. 5.5.1. The term-'prototype' is used
because the triplexer consists of two distributed
diplexer prototypes, scaled to 12 and 8 GHz, and a

4 CHz distributed highpass prototype. By a distributed
diélexer prototype, we mean that lumped diplexer proto-
type considered in the theory by Rhodes, scaled by
Richard's f:equency transformation (with the appropriate

constants a‘, a. and a,, a, for the lowpass and highpass

L L H H
filters respectively). This means that the series
elements of the filters in the triplexer are the ideal
short or open circuited stubs which result from applicat=-
ion of Richards transformation. 1In the practical
triplexer analysis program, these stubs are replaced by
unit elements or inhomogeneous coupled lines. The basic
structure of the multiplexer analysis programs will now
be explained.

The first stage is to calculate and store,

using array variables, the ABCD parameters of the transfer

matrix of every filter in the triplexer, at scome
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frequency. Let the transfer matrices of the lowpass

filters be given by
- Al(R-1) j BL(R-1)
(T) R [jCl(R-l) Dl(R—l)] (5.5.1)
where R =1,2 or 3

Note that for R=1, this is made the unity matrix and
V corresponds to the redundant all-pass network inserted
between the source and the 12 GHz highpass, as shown
in Fig. 5.5.1. This network is inserted to make the
form of the analysis for the 12 -18 GHz channel, the
same as for the other channels. The transfer matrices
of the 12 and 8 GHz lowpass filters are given by R = 2
and R = 3 respectively. Let the transfer matrices of

the 12, 8 and 4 GHz highpass filters be given by
_ A(R) j B(R)

for R = 1,2 and 3 respectively.

"Fig. 5.5.2 shows the complete program used to
analyse the practical triplexer, but the basic form of
this program is the same as the one used to analyse
the prototype triplexer. Lines 10-520 calculate and
store, in the form discuséed above, the transfer matrix
of every filter in the triplexer. The multiplexer
analysis section of the program.is contained in lines
620 - 990.

Consider now £he junction 6f the Rth highpass

filter with the main line of the triplexer (see Fig.

99



Fig. 5.5.2 Computer program which analyses suspeﬁded
' substrate triplexer -

10 PRINT "PRACTICAL MULTIFLEXER RESPOMSE":PRINT

20 DATA 418333402, 49996y, 1827361 2. 1 0355, . 0305

30 DATA 1.130125.661355:3.774104, . 35066152, 034325 . 0716

40 DATA 1.20707s. 9708463, 77404y , 35066152, (13442, . 0716

S0 DIM LCS2sCP (S s ZECS) s 2052 s EF ¢S5 3 LM 55 » 2 (22

B0 Z2(15>=1.7S093:12 (2 =2, 13323

70 FOR R%Z=1 TO 3

20 READ L (R »CP (R%=1) s ZE (R%) » 20 (K% s EF (R » LM (R

F] LB=-RO=SLRY ICP (B=RI) =CP (RX=12:ZE (6~RXD =ZE (R

95 Z0¢6=-R%) =20 (R%) § EF (6=R) =EF (RX> 1LN (6=R%) =LN (R%> : NEXT

100 PRINT”ENTER WIDTH AND LENSTHCIN INS.> OF FIRST"

105 INPUT"SGHZ HIGHFASS INHOMOLENELUS COUFLED LIMES”$Z0s LN
110 R=.0025:T=2.5E~4:B=7, 534

115 ZE=B/(20-3.16SE~-2+1. 02>

120 EF=1/SGR(1+1260/ (Z0-T> ) 1EF=. S 3, 22+1. Z20EF>

125 EnéBgng(EFF/((2g+T)/H+I.393+.66?0LUE(I.444+(ZD+T)fHFI
T30 DIM AC3YsBL3) sCCID s DE) s H1 (2D s B1 ¢2) 5 C1 (2 2 ‘

135 W0=1.20798: W1=1.23555 I @s0@k@
140 INPUT"ENTER END FREQUENCIES AND STEFWIDTH"3F1sF2sS

145 INPUT"LOW CHANNELS SCALING FHUTORS"$K (1) 5K (23 2 PRINT

150 IF F1<0 THEN 100D

160 PRINT“FREQ.  COMMON PORT RET. LOSS  INS. LOSS OF CME .
165 PRINT”IN GHZ. "3 TRB(ID "12-18GHZ "3 “8~12GHZ ";”g-sgzg§n5Ls
170 L%=0

120 F=F1+L%esS

190 LC1>=1.110412CP (1) =. 964151

200 ZE(1D=ZE:Z0C1>=Z0EF (1> =EF 1 LN 1) =LN

210 FOR R%=1 TO 3 :

220 AR%I=1:B (R =D:C (R%) =02 D (R =1

220 IF R%=1 THEM 250 :

240 A=K (R%=1>SATN (1 /W02 ~ (R0-44R%> T E=1): wOSUE 320

250 A1 R%-15=A R 2 B1 (R%=1) =B (R%) 101 CR%=1) =C (R 2 D1 (R=1) =D CRed
260 RACRXI=12BR% =0:C R =02 DR =1 '
270 A=ATN(W1) &, 97074/ (16—4 6K $ B=1

230 IF R%<3 THEN 300

290 CP1)=CP (4> 1 ZE (1) =ZE(S) 1 201> =20 (5 2 £F (1= e =LN¢
290 CR L) =LP () tZE ) 10=EF (5) LN (1) =LN (S5
310 60TO 620

320 FOR M%=1 TD S

330 IF B=1 THEN 390

340 O=L (M%) $F/Z (R%-1> ZATNC1 /W01 ) oH

350 A1=COS D

250 Bl=Z (REZ<1)eSIND

370 C1=SIND /Z(R%-1)

380 GOTO 450

390 E=LN M) oF €4, 25365/ (16~4eR%) 1 0=E®SOR (EF (M%) )

400 A2=1/TANCE> 2 B2=1/SIN(E) :C2=1/TAN (D) : I@=1,5 1N (D

410 C1=2E (R%) ¢B2-ZD(R%) Dz o

420 A1=(ZE (R *A2+Z0 (R%) ¢C2) ~C1 '

430 B1=(ZE(R¥%) [2+Z0 (R%) [2-207E (K%) 020 (RE) & (2o Ho el :
o oloaie 2 OO R ¢ (C2eR2+BZ D) ) s2-C1
450 T=TANIZ2eReF) ei1.-4

460 A2=A1~-B1eCP (M%) oT

470 B2=R1

430 C2=C1+A1eCP (M%=1) oT+R1OCP (M) o] = » 5 - .

430 D3=R1-Bl1eCP(M%-1>eT O STTBISLE (M2i=1) 4P (i) oTeT
SO0 RAl=RA(R%) ®R2-B (R L2 '

S0S BRZ=RRX SE2+E (R o2

S10 C1=C (R #R2+D (R%) o2

$15 DR =D (R%) ¢D2-C (k%) e k2

S20 CCR%=CI3A (R =R1INEXT M::RETURN
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FOR RX=1 TO 2
Hl=1tR2=0D:R1=03BE=0C1=0:0Z=021=12 =1

FOR Mx=0 TO 2 STEP 1

A=A1 (M) eR1-C1 D SB12R=H1 (M) oH2+121 (M) oB2
E1=B1 (MX>*R1+D1 (M) eB12BE=BeeDll (M) —-B1 (MX) oR2
Al=R:A2=

A=A1 (M%) ¢C1+C1 (MDD oD1 2 B=H1 (M) S22-101 (M) o2
D1=D1(M¥2eD1-B1 (M2 eC1:D2=EB1 (M} eC2+D1 iMX2 oD
Cl=R:CZ=B

IF Mx=RX~1 THEN 790

B=RCMX+1> [2+B(MX+10 (2
A=(RMX+12 oD MRE+1+BRIME+1 ST MH+12 2 /B
B=(C(M%+10 oA CM%+1D =B MX+10 oD (M3+13) /B
A1=R1+B2eH-BleE:RI=HZ+EleH+EZ ek
Cl=C1+D2eR+D1eBiCE=CE+D1oR~1Izeb

NEXT M=

=070 =220

H3=R1:R4=HS: B3I=R1:BI=BIL
R1=1sR2=0:B1=0:E2=0sC1=1)2
=aTa vvo

B=R1Ll2+R2 (2
R=(R1eC2+C1eR2s A BIB= (Rl 21 - 2eH2) /B
AZ=R3+B4eA-BE3eEIAI=HI+ETeH+EJ ok
C3=C2+DdeR+D3eE:Cd=Cq4+D3eH~[qeR

A1=R(R%) A2=C (R¥%) B3I HS=H (k%) oRI+EG e (R
Bl1=B(RX) ¢A3+D (RX) ¢ES: B2=D (FX) ¢B3=FE (RX) oR4
C1=R(RX) ¢CI+C (R¥*)> oI C2=R (R #LC4-C (RX) «D3
D1=D(R%) ¢D2-B(RX) ¢C3: D2=R (R o234 +LI (R oDq
E=R1+D1+B2+C2:0=A2+02+B1+C1

Cuuﬁﬁnﬁmucwncwu:&u:m
=0 li=1: D=1

a=
Ce

A=E (2+0(2

CHeR¥) =4,34293eL 05 (H 42 INEXKT KX
A=A1-D1+Be-C2

P=R2-D2+EB1-C1 *

A= (RI2+B[2> 7 ¢E(2+O (2>

A=4,.34294¢L0OG 17D

PRINT F3TRB(12> R3TABGE®

FOR R%=1 TO 3:PRINT Q<¢RX)§INEXKT R%X:PRINT
L%=L*+1:1F F>=F2 THEN 140 ELEE 180

1000 END



5.5.1). Lines 630-800 evaluate the overall transfer
matrices of the networks to the left and right of

this junction and store them as

A3 + jA4 jB3 + B4
jC3 + C4 D3 + 3D4
Al + jA2 iB1 + B2
and [ﬁcl M JCZ JDl . jDZ] , respectively.

This process is shown in Fig. 5.5.3(a).l In order to
find these matrices, the input admittances of the high-
pass filters to the left and right of the Rth junction
must be found. This is done using lines 720-740.
These shunt admittances can then be considered as two-
port neﬁworks in cascade with the lowpass filters, so
their combined matrix can be easily found. This is
effectively done using lines 750-760.

The next stage is to calculate the input
admittance of the network to the right of the Rth
junction, ndting that this network is effectively on

open circuit. This is done using lines 820 and 830

and is represented in Fig. 5.5.3(b). Next, the transfer

matrix to the left of the Rth junction is modified to
include the transfer matrix of this shunt admittance
(see lines 840 - 850). Finally, the overall transfer
matrix of this modified network and the Rth highpass
is calculated and stored as,

Al + ja2 jBl + B2
jcl + c2 Dl + 3jD2
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R th junction —_
A

A3+3A4 3B3+B4 ||\

Al +3A2 3Bl + B2
1Q

jC3+C4 D3 +jD4 jC1+C2 D1 + jD2

:
(

X ——
T)
. (a) H:\
1Q
Rth junction
A3 +3A4 3B3 +B4 AL(R) 3BL(R)
1a (1), =
Yrt1 HR
jC3+C4 D3 + jD4 jC1(R) DI1(R)
(b)
10 Al+jA2 3Bl +B2
310

jCl +C2 . D1 +3D2

v(c)

Fig. 5.5.3 Transfer matrix approach to analyse the Rth
channel of a N channel multiplexer




This process is done in lines 860-890 and represented
in Fig. 5-3-3(c)'
The insertion loss of the Rth channel can

now be found from [5.1]

I

Ly = 101og, 5 | (Al + ja2) ’% + (D; +jD2)

+—(/.1—LRI;‘——”’;_(_B2_-’- + L+ ca) /AR 1%
; /

(5.5.3)
where Ry and Rs are the load and source resistances
respectively, which in this case are unity.

(N.b. all the analysis in this chapter has been done
for 10 terminations) '

l.e. Ly =10log, [k (E2+0%)1 (5.5.4)

where E ‘sum of the even parts = Al + D1 + B2 + C2

(5.5.5)

and O sum of the odd parts = A2 + D2 + Bl + Ci

(5.5.6)

Lines 900 - 920 use these equations to find the insertion

loss of the Rth channel.

The above process is performed for each high-
pass junction (i.e. for R = 1,2 and 3), so the insert=-
ion loss of each channel is determined. For the last
value of R (i.e. R = 3), the input'port return loss

of the triplexer can also be found. Thisg is because

101
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Al + jA2 jBl + B2 ‘
[}Cl + C2 D1 + 3D2 becomes, for R = 3, the

transfer matrix of the complete network between the
source resistance and the load resistance of the 4 GHz
highpass. Now the scattering reflection coefficient,
sll(s), and the input impedance of the triplexer,

ZT(s) are related by [5.41],

ZT(s) -1

(s) = E;TET—;—I (5.5.7)

S11
But from the overall transfer matrix,

2 (w) = (Al + jA2) + (B2 + jBl)
ptI® (C2 + jC1) + (DI + jD2)

(5.5.8)

. S. (1) - [{Al-Dl+B2-C2) + §(A2-D2+Bl=Cl)
. 119¢ (AL +DL+B2 +C2) + j (A2 +D2 +BL+C

(5.5.9)

Now input port return loss is defined as 10 loglo

(1/|Sll(jm)|2), so is therefore given by

B2 4 02
(A1=D1 +B2~C2)2 + (A2 -D2 +Bl -C1)2

L = 10log,l 1

(5.5.10)

Lines 930 - 960 calculate LR and this, together with LAR’
are printed using 970 -980. Theprogram then goes back
to the very beéinning of this section and repeats the
process for another frequency etc. Note that the
analysis method described here could easily be general-

ised to a n channel multiplexer.
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5.5.2. Results for the 4 -18 GHz triplexer prototype

Results show that a good input port return
loss is achieved over most of the 4 -18 GHz band, but
that the return loss does have a minimum of 10.85 d&B
at 8.1 GHz. This result is not surprisinq because
the theory developed by Rhodes is only a first
ordered solution to the diplexing problem and does not
account for the different distributed frequency trans-
formatiohs used for the high and lowpasé filters. Also,
it must be remembered that the final triplexer circuit
is quite complicated. The improved response shown in
Figs. 5.5.4 and 5.5.5 was achieved by making the follow-

ing modifications:

(1) The first series inductance in the modified
lumped lowpass prototype, used for the diplexers, was
reduced by 7.54%, from 1.20099 to 1.11041. This reduces
the characteristic impedance of the first series stub

in both filters of each diplexer by 7.54%.

(11) The first shunt resonator capacitance in the
modified lumped lowpass prototype was increased by 5.63%,
from 0.912758 to 0.964151, This increases the charac-
teristic admittance of the first shunt resonator in both

£ilters of each diplexer by 5.63%.

(1ii) The lengths of the lowpass resonators in each
diplexer were reduced by O.3%. This is essentially a

tuning effect.
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Fig. 5.5.4 Input port return loss for the 1 + 18 GHz distributed triplexer 'prototype’'.
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In these improved results, the bandedge frequencies (i.e.

.0432 dB points) are within 2.33% of crossover. Aalso,
the actual crossovers of the 8 and 12 GHz diplexers
are, respectively, 3.092 dB at 8,020 GHz and 3.082 dB

at 12.0321 GHz.

5.5.3. Analysis of 4 - 18 GHz suspended substrate

triplexer

The triplexer analysed here is based on the
single substrate triplexer designed in section 4.5 and
the program used is shown in Fig. 5.5.2. In the
analysis, the working 8 GHz highpass (Fig. 5.3.8) is
ﬁsed for the high channel of the 8 GHz diplexer and is
scaled by factors of 8/12 and 2 respectively to form
the high channel of the 12 GHz diplexer and the 4 GHz

highpass. Note, however, that the first series and
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first shunt elements of the high channel in the diplexers

must be suitably modified, according to the theory by

Rhodes. The value of the first shunt resonator capacitor,

given in section 5.5.2(ii), is used to determine the
admittance of the first shunt resonator in these high

chénnels. That is,

Y, 0.964151 mo/2

0.595628

The dimensions of the first inhomogeneous section in
the highpass of the 8 GHz diplexer ére supplied to the

computer via an INPUT statement, so the effects of

(5.5.11)
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this section on the triplexer response can be invest-
igated. The length of this section ishscaled by 12/8
to form the corresponding section in the 12 GHz
diplexer. The overall transfer matrix of each high-
pass can then be calculated by the same methods used
for the isolated highpass, discussed in section 5.3.2.

For the 12 and 8 GHz lowpass filters in the
analysis program, the widths of the u.e.'s are made
.0405" and .027" respectively. The characteristic
impedances corresponding to these widths, for 1a
terminations, are 1.75098 @ and 2,.,13923 Q@ respectively.
The widths chosen are close to those in the practical
triplexer, but by making the width of every u.e. in
each filter the same, the analysis is simplified. The
lengths of the u.e.'s are then calculated using (2.4.17),
but note that L1 must be modified to account for the
diplexing situation and the value used in the program
is given in 5.5.2(i), viz. 1.11041l. Note that in

(2.4.17), £, . = 7.888 GHz for the 8 GHz lowpass and

bL
= 7.888 x 12/8 = 11.832 GHz for the 12 GHz lowpass.

fpL
Considering now the shunt resonators, their adﬁittances
are found using (2.2.5) but note that C2 now takes the
value in section 5.5.2(ii). The lengths of the 8 GHz
lowpass resonators are given by (2.4.12), which are
multiplied by 12/8 to form the resonator lengths in the

12 GHz lowpass. Using the above information, the transfer

matrix of each lowpass can easily be found.
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The transfer matrices of the filters are
stored in arrays and the multiplexer analysis proceeds
exactly as discussed in section 5.5.1. Note that
runing is simulated using line 145, where the lengths
of the resonators in the 12 and 8 GHz lowpass filters

are scaled by factors K(1l) and K(2) respectively.

5.5.4. Results for suspended substrate triplexer

The response shown in Figs., 5.5.6 and 5.5.7
is achieved for the following lowpass scaling factors
and dimensions of the first inhomogeneous section in

the 8 GHz highpass:

K(1) .985 , K(2) = .991 (5.5.12)

Width =Wig = .0271" , Length = 2]H=.O716“ (5.5.13)

For this response, the bandedge frequencies (i.e. 00432dB
points) are within 2.45% of crossover. Also, £he
actual crossovers of the 8 and 12 GHz diplexers are,
respectively, 3.122 dB at 8.0123 GHz and 3.1l dB at
12.0799 GHz.

The results clearly satisfy the original spec-
ificatioh (Fig. 1.3.3) and are in good agreement with the
practical results (Figs. 4;5.3 and 4.5.4). In particular
note fhat the insertion loss of the 8 - 12 GHz channel
falls to 33.3 dB at 17.45.GHz. The insertién losses of
the 8 -12 GHz and 4 - 8 GHz channel fall below 40 dB at

some frequencies between 17.2 and 20 GHz due to the



Input P
port
return
loss in
dB.
40‘
35 4
30 4}
25 {}
20-
15 ;
101
Asﬂ
o L§ \J Y L4 T L v ™ T v ] T \ g L 2 T ' 2 L3 4 8 v L Lg T T v v T v v Fm'
4 4.55 5.56 6,5 7 7.5 8 85 9 9.5 10 0.511 11.5 12 12.513 13.5 14 14.515 15.516 16.5 17 17.5 18 in Giz.

Fig. 5.5.6 Return loss for the 4 » 18 GHz singie suspended substrate stripline triplexer




Insertion loss of the three channels of the

4 =18 GHz single suspended substrate

stripline triplexer (N.B. Selectivity expresses the 40 dB frequency in terms

of crossover)



insertion loss of the 12 GHz lowpass falling below 40 dB
in this region. These losses could be increased to 40dB
minimum up to at least 18 GHz by correctly redesigning
the 12 GHz lowpass using 0.031" wide u.e.'s. '(Narrower
u.e.'s have a slightly broader stopband bandwidth =
compare Figs. 5.2.5 = 5.2.10). Although the insertion
loss of the 4 - 8 GHz channel does have a minimum around
the 12 GHz crossover, it still remains above 52 dB.
This is higher than the measured minimum, but we must
remember that narrower u.e.‘'s for the 8 GHz lowpass
were analysed than used in the practical triplexer and
the practical minimum can be noticeably increased by
slightly tuning the 8 GHz crossover. Finally, the
ripples of stopband insertion loss in the 8 -12 and
12 - 18 GHz channels, between O and 6 GHz, do occur in
the practical triplexer and are due to interaction
effects between the channels. |

It should be noted that the dimensions in
(5.5.13) are very similar to those of the first section
in the 8 GHz highpass of the practical triplexer. This
first section could be designed by solving (5.4.23)
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and (5.4.25). It is now understood that we are comparing

the terminating impedance produced by the first imhomo-
geneous section with the terminating impedance produced
by the first series stub of the highpass in the proto-
type diplexer. Due account must now be taken of the
input impedance produced by the low channel. Equation

(5.4.23) would be most easily solved at the frequency
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where the lowpass shunt resonators become short circuits.
' The other eguation could be simplified by justifiably

neglecting the low channel.



109
6.  CONCLUSIONS AND FUTURE WORK

Broadband, selective and low loss MIC
lowpass and highpass filters have been successfully
designed and constructed. Based on these filters, a
contiguous multiplexer with outputs 4 - 8 GHz, 8 - 12 GHz
and 12 - 18 GHz has been successfully built on a single

substrate and its main results are:

(i) Input VSWR < 1.8 :1 from 4 - 18 GHz
(1i) Stopband attenuation > 35 dB‘apart from within
5% of the crossover frequencies.
(iii1) Passband insertion loss < 1 dB apart from with-

in 5% of the crossover frequencies,

Several devices have been constructed to the
same specification and first results suggest that a
very high degree of population tracking will be achieved
for both amplitude and phase. Fine tuning in the cross-
. over regions is achieved relatively simply with capacit-
ive tuning screws, but the main parts of the passbands
are not tuned and are reproduced very accurately for all
devices. Initial temperature and vibrational tests
suggest that the crossover frequencies of the multi-
plexer will lie well within 1% of 8 and 12 GHz under most
environmental conditions.

The filters used in the triplexer were designed
just to meet the required specification. However, since
these basic filters are not particularly complicated ahd

are by no means at their physical limitations, higher
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degree filters could be designed to produce
multiplexers satisfying more difficult specifications.
Indeed individual filters of higher degree and hence
greater selectivity have been constructed and if used
in a mﬁltiplexer would increase the attenuation level
to greater than 60 dB apart from within 5% of the
crossover frequencies. bue to the basic temperature
variation, the 5% value cannot be readily reduced
directly. To reduce this figure, it would be necessary
to introduce temperature compensation techniques which
are not trivial. However for most applications, 60 dB
attentuation within 5% is adequate.

‘ Recent work has been done by Professor Rhodes
and S.A. Alseyab of Leeds university on a modified
form of the lowpass prototype and is shown in Fig. 6.1l.1.
This prototype has 3 transmission zeros at infinity. and
(n=-3) zeros at wg and is infact slightly ﬁore selective,
for the same minimum stopband insertion loss and passband
‘return loss, than the same degree prototype considered
’in this thesis. However the main advantage of it comes
when it is used to design a lowpass in the distributed
domain, using the techniques developed in this work.
The end shunt capacitors become shunt open circuited
stubs, quarter wavelength long at a frequency about
2.13 times the cut-off frequency of the filter. This
’produces a third ordered transmission zero at this
frequency and should produce a broaa stopband. 1Indeed

experimental results for an 4 GHz lowpass show that the



Fig.

6.1.1 The generalised Chebyshev lumped lowpass

prototype filter with n-3 transmission

zeros at € and 3 zeros at infinity.

input receptacle

6.1.2 Printed circuit of the distributed
filter based on the above prototype

lowpass
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theoretical minimum stopband insertion loss is maintained
up to nearly 2% times the cut-off frequency. This band-
width is much greater than is inherently possible from
the physical lowpass structure considered in this work.
The new printed form of the lowpass is shown in Fig.
6.1.2.

Using this new lowpass and the broadband high-
pass designed in chapter 5, it should be possible to
design a multiplexer having at least octave bandwidths
for each channel. A particular example would be a 4-8
GHz, 8 - 18 GHz diplexer. Moreove;, by using a high
degree design, the atéenuation in each channel would be
at least 60 dB apart ffom within 5% of the crossover
fréquency. This and similar devices would then have
performances well in excess of those produced by the
more common discrete component technology, in a fraction
of the size and weight. Also, the devices would have
superior population tracking propertiés due to the
printed form. |

The results presented in this thesis are comp-
arable and in some reséects are superior to the dis-
crete componeht coaxial-type multiplexers. As discussed
above, these results can be further improved by adding
more sections or using the new lowpass_prototype.
Interesting results on narrowband filtefs and rultiplexers
areipresently being discovered by contiﬁuing research at
the university. It therefore appeérs that the suspended
substrate structure will become one of the more important
media for the'realisation»pf microwave filters and multi-

plexers.
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7. APPENDIX

Al Generalised Chebyshev Diplexers

This section contains the design of contiguous
generalised Chebyshev diplexers developed by Professor
Rhodes. Fig. A.l.l1l shows the nth degree generalised
Chebyshev lumped lowpass prototype with its 3 dB
frequency at v = 1.

Fig. A.l1l.2 shows the high-low contiguous lumped
diplexer based on this prototype. The highpass in the
diplexer is formed by applying the frequency transformat-
ion w + 1/w to the lowpass. By modifying the first
series and first shunt elements of each filter, the
diplexer can ge matched at the common port at the
critical resonant frequencies of the filters. The
common port match should then be good at all frequencies.

Assume that the isolated lowpass is approxim=-

ately matched at w = l/wo, then

jL
1,
Yo Y +

T =1 (A.1.1)

where
Y is the input admittance, at w = l/mo, seen look-

ing to the right of the first shunt resonator of the

isolated lowpass (see Fig. A.l.l)



Fig. A.l.1l First few elements of the generalised
Chebyshev lumped lowpass prototype

filter. (Insertion loss = 3 dB.
atm-—-l)c

L' 2C'

Nl Ly

Fig. A.1l.2 Lowpass -highpass.contiguous.generalised
Chebyshev lumped diplexer.
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1 . c2“’03
i-eo Y = -i—-.—-j-—ll—. - J _T_ (Aol.2)
1 w =1
‘w_' (o}
(®)

Using ‘(A.1.2), the input admittance of the lowpass side
of the diplexer at this frequency is,

Y, = 1
- 3Ly 1
. T 3
. v -
°© Jug (€5 = ) A 1

4 _ 1=-3L,.

W 1 -1

“s
(A.1.3)

For the highpass side,
Y. = —'1—-— (A.1.4)
H *jmoL 1

To match the diplexer at the common port at this

frequency, we require

L H (A.l.S)
i.e. jL'l 1 - 1
—_ % 3 — T
w 1 g (C'2 Cz) 1-3 — 1
1-31L, * 4, o 1
o o
o
| 1 (%)
3 1-3 2_; 0O
1 Jug (€56 ol’y  feTdTY
i.e. T + 7 .=
l" — "'l - —— - 1 -] -
’ ) Yo : " Ig= wo ml-dud
° o



114

From the real part,

4
1 5 - . wo
2 2 2 2
L - '
l-+-li (mo 1) + Wy L 1
uf

i.e. L

1 o (A.1.7)

and from the imaginary part,

w
oy, 0 (C'y=C,) i wo3 L, - f}-i) +12
2 L.° 4.1 2(2-+L2
Wy +Ly Yo Yo ¥ 1)
4 2 .
(No - 1) (Ll -LL 1 + 1)
ioeo C|2 - Cz = 2 2 2 (Aol.S)

wg L& (wo-le)

(A.l.7) and (A.l1.8) provide the modifications
to the doubly terminated lowpass prototype for diplex-
ing with a complementary filter. From this modified
prototype, the distributed diplexer can be designed

using the methods discussed in chapter 4.
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A.2 GRAPHS FOR FINDING THE FRINGING CAPACITANCES
OF COQUPLED RECTANGULAR BARS, BY W.J. GETZINGER.
(See Ref. [2.2 1)
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rectangular bars.
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Normalised odd-mode fringing capacitance for
coupled rectangular bars.
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isolated rectangular bar.



119

A3 Production and Alignment of Printed Circuits

The substrates are produced by standard printed
circuit manufacturing techniques. Briefly, this
involves producing an accurate photographic positive
or mask of the printed circuit. This is  then placed
over a small piece of photo-resist coated, copper=-clad
duroid and exposed for a short time to ultra-violet
radiation. After exposure, the board is processed in
developer chemical which washes the exposed areas of
resist away. ‘The circuit can then be etched in an acid-
based solution where the unexposed resist protects
the circuit.

For the highpass filters and multiplexers, two
masks and two exposures are required. Care must be
taken to ensure that these two masks align correctly.
This can be very simply achieved by fixing one mask,
on a bench say, and méving the other mask over it until
in correct alignment. This alignment is known from the
design and by using a magnifying glass, the two masks
can be very accurately located. Once in correct position,
Fhe two masks are taped together down one side to form
an 'envelope'ﬁin which the duroid can be fixed. Clearly,
the printed circuits on both sides of the duroid must
now align and there is no need at this stage to cut the
duroid to-its exact size in the filter box.

To easily locate each substrate in its filter
or multiplexer box, the outline of the substrate includ-

ing the 0.03" groove used to support it in the box, is
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drawn on the mask. This produces a copper outline on
the printed circuit and shows where the circuit must

be cut. Note also that the inner wall separating the
two channels of a diplexer is represented by a copper
rectangle on the p.c.b. This is cut away so the
p.c.b. should correctly fit round the wall. The centre

conductors of the receptacles also help to locate each

substrate.
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