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ABSTRACT

A NOVEL METHOD FOR 218 GHz SWITCHED MULTIPLEXERDESIGN

Al écBgjl lent
Ph.D.,, Department of Electrical and Electronics Engineering
Supevisor:Prof. DrrNev zat Yeéel dér ém

SeptembeR012, 163 pages

A novel topology is developed and used to design a switched multiplexer. In the new
topology there are two noncontiguous switched multiplexer modules containing the
channels 24 GHz, 68 GHz 1012 GHz and 146 GHz named as odd channels
and 46 GHz, 810 GHz, 1214 GHz and 148 GHz, named as even channels to
improve isolation between adjacent channels. The input signal is split at input into
the two multiplexer and the outputs of the npléxers are combined by18 GHz
power dividers. The input and output multiplexers are combined through switch +
Low Noise Amplifier + attenuator blocks which are also used for amplitude
equalization. The input/output multiplexers are designed usingel temhnique that
transforms a contiguous manifold multiplexer into fwamtiguous multiplexers with

2 GHz bandwidth to form guard bands between channels to improve isolation. The
HP outputs of the channels are split by-HP diplexers with corner frequeps at

the centers of the channels. Then only the LP outputs of these diplexers are fed to the
output to form a nowwontiguous multiplexers. The HP outputs of-HP diplexers

are terminated in 50 ohms. The incorporation of-HWP diplexer to form
noncontigous channels is a novel approach which avoids interaction of channels.
The diplexers forming the switched multiplexer are designed using a novel approach

which incorporate open circuited parallel coupled line as diplexing element. This

iv



structure acts as antegral part of the diplexer and contributes its performance. The
LP-HP diplexers are designed and fabricated successfully in suspended stripline. The
implemented LFHP diplexers are then combined to form the even and odd channel
multiplexers. The meased results of the individual diplexers are then combined
with attenuator+Amplifier blocks to form the circuit model of the targeted switched
multiplexer yielding successful performance. Thus, the design is complete and ready

for the realization of a switeéd multiplexer.

Keywords : Stripline&Suspended Stripline, Diplexéviultiplexer, Switched
multiplexer.
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218 GHz ANAHTARLANABKLKR ¢OJULLAYICI TAS
Y¥NTEM

Al écBgjl lent
DoktorgEl ekt ri k ve El ektroni k M¢ghendi
TezY° netRrat DrsNevzat Yél dér ém

Ey |l ¢ 2 163dayia

Bu tez -alle& maBzZ ndmd le®jaédn deak i -t band geni
ol ukan askel e Ker it hatalsar amahttamgl;amabié
kull anél ar ak tasarl anméexkteéer . ¥zgén t opo
-ojull ayécé ki biri t ane4 GHzt6e8 kHzk1®12al | ar
GHz ve 141 6 GHz kanal |l aDéfperii - e sme k-tiefdti r ka
adl and-® 6zl 80hGHz,4214 GHzve 16l 8 GHz kanal |l aréné
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-ojaud@ daki girik ve -éeékéek -ojull bgpaéeéehbhar
yée¢kselte- +zlaggjédylag eca&r al ar éna bir anah:
bi r lilneektedir.rGi r i K veoj-udkdeakageghar kgamr ile y° nt

tasarl anmakt adeésr¢g.r el Blui yBint enmdaeni f ol d Sér
don¢gktegreglerek 2 GHz band geniklijinde Kk
kor uma bandl| ektaddr. yBRu | @ mi ryialpng@ n é n anahtar
sajlamakta hem de kanall ar araseée yal eéete
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yerlexktirilerek , y@e iniekkeainrailléee n -iékkiélkeay i lc:

vV e -0 ft kanal |l ar élamiad €r enoj s ¢t aleicE2|l amalet
Kkileyicilere ait oyhhark sielke gseo nilraenfdzédgr ggm ana k
y°ntemin en °neml. g et inrat seviyeyk adirmésidia r ar ;
Hem manifold hed e bunl ar én sonuna ekl enen i kil
t asamxléarnmeBu y&itide &kmde l i kaiylracé ol arak a-
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performanséna katkéeda bulunmaktader. Bu
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CHAPTER 1

INTRODUCTION

1.1 Scope and Objective

For electronic warfare systems operating in microwave frequency spectrum, whose
signd density is very high and increasing day by day, cancellation of unwanted
signals such as interference, jamming etc. and observing desired signals in a
narrower bandwidth compatible with instantaneous bandwidth of the system, is a
must. Constructing suctomponents in a compact and easily realizable form is an
essential issue in the electronic warfare industry. Multiplexers are essential
components of wideband communication and electronic warfare systems. They are
used for signal classification purposes dslecting the frequency band of interest

from the microwave frequency spectrum and filtering out the rest of the frequencies.

Switched multiplexers are being used for a long time in modern sophisticated ECM
(Electronic Counter Measure) and ESM (ElecicaBupport Measure) systems. The
most typical application of switched multiplexer is its use preceding an IFM
(Instantaneous Frequency Measurement) receiver, providing adaptive filtering in the
RF section and reducing the incident spectrum in front ofRfNkreceiver. Switched
multiplexers are therefore essential building blocks of adaptive wideband ESM
receivers. They allow a rapid and intelligent modification of the system frequency

characteristics to match the signal environment.

A switched multiplexeris a two port adaptive filtering network whose filtering
characteristics may be electronically controlled to suit the operational environment.

They split the input frequency band into a number of channels each of which may be

independently switchedin®@ bandpass or all stop state.

channel s, it is t Hoswitethddstates. possi bl e to

h a



The main target of this thesis is design and implementation of an eight channel
switched multiplexer operating between-280 GHz, with each channel having 2

GHz bandwidth. For this purpose a survey and critical review of the available
techniques are made and a novel approach is developed that led to a topology which
is simpler to implement with improved properties. It is shown paaallel coupled

line (PCL) three ports can be used for synthesizing diplexers with good input return
loss and improved isolation between channels compared to the commonly-used T
junction type diplexers. Improvements come from the fact that the paranuéter
three port PCL are forced to be parts of the channel filters, thus contributing to the
responses of the channels while in thpifiction case the parameters of the junction

are treated as response degrading factors. It is also shown that sucinglifiiese

ports can be cascaded to form input and output manifolds for parallel or series
connection of channel filters to form various types of multiplexers. By incorporating
switches into the filters it is possible to form switched multiplexers. The agipro
enables design of contiguous wide or narrow channels, thus avoiding the necessity of
formation of guard bands between channels for preventing channel interactions in

different switch combinations.

1.2 CAD Tools

The design stage involves the use of seveyalthesis, analysis, simulation and
optimization tools both in circuit theory and in electromagnetic theory levels. The

synthesis of the individual diplexers were carried out in FILPRO.

FILPRO is an integrated synthesis and analysis tool developedleictri€al
Engineering Department of METU, mainly for the design of amplitude filtering

circuits formed by passive, lumped or distributed elements in cascade topologies.

Analysis of whole switched multiplexer were done by linear tools of ADS (
Advanced Design System) form Agilent Company. This program was also used to
determine the dimensions of lines, coupled lines which were essential to prepared the

layout.



Electromagnetic effects such as parasitics, inter resonator coupling were analyzed in
SONNET, tke electromagnetic analysis software. SONNET performed analysis of all
planar structures such as filters, power divider and diplexers. It solved the current
distribution on the metal using the method of moments. Three dimensional
interconnects, such as cealxto suspended transition and the final layout diplexers
ard manifolds in metal housingyere simulated in CST. CST is capable for using

different frequency and time domain solvers.

1.3 Organization Of the Thesis

In chapter 2, servespaeface to basic muiexer and switched multiplexer concepts.
Basic multiplexer types are introduced, then some theoretical information about
design of diplexers, which is a building block in multiplexers, are given. Key
concepts such as contiguous or {oomtiguous multipleers, doubly or singly
terminated filters are outline in this chapter. This chapter continues with various
multiplexer andswitched multiplexer topologiegshen at then end of the chapter
proposed architecture forIB GHz switched multiplexer is stated.

In chapter 3, the coupled line models are examined in order to establish an
understanding of how the novel diplexer design method works. In this method
instead of directly paralleling the highpass and lowpass channels (it is called t
junction diplexing thoughout the thesis), the use of open circuited parallel coupled
line is emphasized. For clarity examples are given in this chapter to show the
superiority of open circuited parallel coupled line as a diplexing element over t

junction.

In chapter 4, diplears with open circuited parallel coupled lines to be used in switch
multiplexer are designed and realized. The realized diplexers offer a good

performance exceeding the simulation results.

In chapter 5, the proposed switch multiplexer is designed stegielpybeginning

from forming to manifolds to forming the finat28 GHz, 8 evenly spaced channel,

switched multiplexer. the simulation results are based on the actual measurements/3
3



D simulation results of each active or passive component and they seeen to b

promising for the realization of the finallB GHz switched multiplexer.

In chapter 6 conclusions and possible future studies are presented.



CHAPTER 2

A SURVEY ON SWITCHED MULTIPLEXERS

2.1 General Information

The design stage involves the use of salveynthesis, analysis, simulation and

optimization tools both in circuit theory and in electromagnetic theory levels.

In order to be able to design a switched multiplexer, one should first be able to
design a multiplexer, because a switched multipléxalways a combination of two

or more multiplexers in various ways. Multiplexers may be combined in several
ways to form switched multiplexers, like connecting two identical multiplexers back
to back, connecting an input multiplexer to a frequency eshiiutput multiplexer
using power splitters and combiners etc. There are many problematic points in the

design of multiplexers. Some of the critical ones can be summarized as follows:

e Destructive interaction of adjacent and nonadjacent channels leanling t

degradation in input return loss and isolation between channels.

e Problems in the interconnection of channel filters to input and output
manifolds leading to degradation of input return loss and channel filter
characteristics.

e Extreme element values iramow and wide channels in different frequency

ranges.

Such problems get more severe in wideband coverage and in the case of closely
spaced channels. It is shown that PCL three port approach helps to ease most of such

problems.



In the next section basmultiplexer types will be summarized.

2.2 Basic Multiplexer Types

Multiplexers are used to divide frequency band into-seQuency bands by
integrating a number of specially desigraddnnel filtersn special ways. A diplexer

is a two channel multiplexes, triplexer is a three channel multiplexer and so on. In
Figure 2.1 some typical parallel connected diplexers are shown while in Figure 2.2
typical parallel connected multiplexer structures are shown. The duals of these

circuits are named as series cornadanultiplexers.

@ b
LF Channel 50 @ EP Channel 50 @

HP Chanrel | 50 @ BS Channel | 50 @

(c) 50 [d) 50

LF Channel B0 @ EP Channel-1 | &0 @

) )
EF Channel 50 @ EF Channel-2 | 5g @

Figure 2.1 Some Parallel Connected Diplexers
(a) LowpassHighpass Diplexer, (b) Bandpasd®andstop Diplexer, (c) LowpassBandpass
Diplexer and (d) BandpassBandpass Diplexer
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Figure 2.2 Typical Parallel Connected Multiplexer Structures
(a) Parallel Bandpass Filter Multiplexer, (b) Ladder Type LowpassHighpass Multiplexer, (c)
BandpassBandstop and Lowpass Multiplexer, (d) Tree Type Multiplexer using Lowpass
Highpass Dipleers and (e) Manifold Type Multiplexer



The topology to be used depends largely on the technology of implementation,
number of channels, channel bandwidths, separation (guard bands) between
channels, the overall bandwidth to be covered (channelizethebyultiplexer, input
return loss and channel isolation requirements, etc. The topology in Figure 2.2.a. is
suitable for narrow band multiplexers, commonly used in waveguide type
multiplexers with common resonators. However it is severely limited bguheer

of channels. It is almost impossible to design even planar triplexers using this
topology. In order to overcome this problem, in narrow band applications usually the
topology in Figure 2.2.e is used. The topologies of Figure 2.2.c and d are also
suitable for narrow medium bandwidth filters. For multiplexers with wide channel
bandwidths and wide frequency coverage, theHEPladder type topology shown in
Figure 2.2.b is used, as is done in this thesis also.

In applications where a wide frequency bastbuld be covered without any gap
between channels, the adjacent channels shoutfigguous that is, they should
crossover at 3 dB. In the usual communication applications, channels should be
separated by some guard bands with a specified minimussaver loss. Such
multiplexers are termed asoncontiguous In some applications two adjacent
channels may overlap. The signals with frequencies in the overlap region are divided
equally into the two channels.

Since a multiplexer is a lossless multippetwork, all the power available from the
source at the input (Petf) is supposed to be delivered to only one of the output ports
depending on frequency, without any reflection. That is, input impedance of a
multiplexer must be matched to the source larejuencies within the passbands of

all channels.

The theory forexact synthesisof multiplexers is still unresolvef®1], [35]. Exact
synthesistechniques exist only for some simptevpasshighpass diplexers[31],

[32], [37], [41], [42]. A survey ofliterature shows that the design techniques of
multiplexers are independent @kact filter synthesis techniques. Most of the
successful design techniques depend on modifications of independently synthesized

channel filters brought together in the topotsgshown in Figures 2.1 or 2.2 to work
8



as multiplexers. As complexity of multiplexing structures increase, circuit theory
al one canoét cope with design chall enges.
electromagnetic field theory33], [36], supported ¥ powerful optimization

techniqueg27], [28].

The theory of multiplexers employirggngly terminated filters [1]-[8] are based on

the theory ofcomplementary pair of filters. A parallel filter pair with non
overlapping passbands must have input admisyi¢ andY, such thaty ; +Y,=1 in

the passbands of the channels. Similarly, a series connected filter pair input
impedances must satisfy the relatiof¥Z,=1 in the passbands of the channels. That

is, the reactive parts of channel input impedances asppfsite sign so they cancel

to yield resistive input impedance matched to the source resistance over both
channels. Cancellation is exact at the cimss frequency for maximally flat
channel filters [1]6] therefore they take the nammmplementary pars. For
Chebyshev or elliptic channel filters, this effect is still observed but it is approximate,

hence they take the nampseudecomplementary pairs.

In general the desired channel filters can also be synthesized independsmighas
terminatedor doubly terminated filterand then combined to form aP-HP, LP-BP-

HP or BP-BP, BP-BS, etc type diplexers and multiplexers, followed by modifications
and tuningoptimization to get the targeted response. These filters can also be
designed either by firdbrming a LP prototype and then mapping into LP, HP, BP or
BS form or the channel filters can be synthesized directly as LP, HP, BP or BS

filters.

In this thesis the software Filpro is used to design both doubly terminated and singly
terminated channellters and LPHP diplexers. Multiplexer designs are tested by
using bothsingly terminatedand doubly terminatedchannel filters to get some
insight on the properties of the selected topologies. It is seen that both approaches
have some advantages and disaddages depending on constraints of the application.
However singly terminated designs may contain physically unrealizable element

values which needs optimization to get realizable values. Doubly terminated channel



filters are easier to design and usuallyes not to contain unrealizable element
values, but the first element must be deleted and the whole circuit must be optimized.
In designing LPHP diplexers, first singly terminated designs are tested to get an idea
if the requirements can be met quickly not because, the two channel filters of a
LP-HP diplexer are synthesizedh iexact manner simultaneoudlizen, in the
succeeding stages in forming the multiplexer, further informateomn be generated
about the problematic parts of tkéhole circuit andthe designs can beepeated

using either singly or doubly terminated approaches.

Usually singly terminatedadjacent channel filters form better complements. When
doubly terminatedfilters are used as channel filters their first element on the
diplexing nputs are deleted (foreshortening) because if they are used without
foreshortening they load each other heavily leading to gross degradation in response.
Onedisadvantage of doubly terminated designs is that foreshortening may lead to
degree reductioncompared to singly terminateddesigns to satisfy the same
requirements. Theoretically design of the multiplexer as a wdtadeld be possible
because, if properly designed, the transfer characteristics of each channel may get
contributions of other channels ilacrease their skirt slopes. That is, if there lslre
channels and if all channel filters are of degxgedhen the transfer function of each

path from the input of multiplexer to the output of any channel will have a degree of
MxN. This fact may be expltd for improving responses of channels. However
exact analytical handling and synthesis of such circuits is a difficult task. Therefore
usually special approximate design procedures for special struetunesnber of
solutions. Therefore optimization tisastarting with singly or doubly terminated
designs may converge to different circuits. Howeveteoa topology is selected,

after getting insight, experiments indicated that both approaches converge to the
same circuit if optimization is made in a coiied and guided mannesa defined in

[51].

All these comments are also applicablealiesstub commensurate length distributed
elementfilters. For distributed element filters involving contributibigit Elements
we have the following extra property: Aromensurate lindighpass filterwith N

contributing unit elements anifl transmission zeros at f=0 has exdotvpass
10



complementsvith N+M transmission zeros atd= Similarly, a lowpass filter witN
contributing unit elements andl transmission zeros at 4= have highpass

complementsvith N+M transmission zeros at f=0 [5], [6].

In general, the synthesized filters may need conversion into the targeted realizable
forms by inserting redundant unit elements and using Kuroda transformations.
Redundant unit elemé can be inserted only from to the load side because insertion
of any element on source side will degrade the complementary nature of the channel
filters. If realizable element values can be obtained, a better way may be direct
synthesis of channel filterwith contributing unit elements. Both approaches may
have difficulties in realization but usually direct synthesis with contributing unit

elements give quicker results

The realization problems due to extreme element values or due to resulting topology
can be solved by using circuit transformations. In general all multiplexers require
some professional optimization. However, many useful multiplexers can be designed
through manual optimization. In fact, especially in multiplexers with high number of
chanrels, direct application of general optimization techniques is usually not
practical or feasible. It is the common experience that manual optimization while
observing the response is a better way at the initial stages of design, giving hints on
the directims to move and on the relative effects of various parameters on response
and on possible solution patterns. When the targeted response is approached then
automatic optimization tools can be used for fine adjustment of the response and

trimming the elementalues.

Since a very wide frequency coverage with wide channel bandwidths is targeted, in
this thesis, ladder type ERP type multiplexer topology is selected for the switched
multiplexer. In the next section some possible alternative structures amd thei
problematic points are discussed, ending in the final topology to be implemented as

the target of this thesis.
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2.3 Simple Ladder Type HP-LP Switched Multiplexers (SW_MUX)

A simple switched multiplexer can be formed by connecting tweLAHadder
multiplexess back to back style as shown in Figure 2.3. Note that the designed
multiplexer is used both in the input and output stage so all diplexers are used twice.
Since the diplexers used are of-HP type, they are contiguous. That is the loss at
each cros®verfrequency is 3 dB. When they are connected back to back the cross
over losses will be 6 dB. When all channels in SW_MUX are combined, there will be
notches of magnitude 3 dB at crasser frequencies. This is the main disadvantage

of contiguous switchednultiplexers. This problem can be resolved only if the
channels are made noncontiguous, as will be described in some other switched

multiplexer types.

LP 18 LP 16 | LP 14 {E_ ______ P4
A S s R 270 7]
LP 18 } {pis | {Lpa {E— —————— LP4

Figure 2.3 A Simple SW_MUX Based on LPHP Diplexers

2.4 Ladder Type HP-LP Switched Multiplexers with Power
Dividers

Another way to implement the same switched multiplexer can the through the use of

power dividers repeatedly connecting the output of the diplexers until a single output

is reached. This topology is shown imgiie 2.4. It is seen that there is an extra 6 dB

crossover loss if SW_MUX has 4 channels, 9 dB loss if SW_MUX has 8 channel.

That is the loss will increase by 3 dB, each time the number of channels is doubled.
12



This loss can be limited to 6 dB for any nuentof channels by the SW_MUX
topology shown in Figure 2.5 described in [49]. In this topology SW_MUX consists
of an input multiplexer and an output multiplexer. Both multiplexers are 4 channel
multiplexers, each channel having 4 GHz bandwidth. The outpittphexer is a 2

GHz shifted version of the input multiplexer, so when these two multiplexers are
connected using a power divider/switch network as shown in Figure 2.5, an eight
channel SW_MUX with each channel having 2 GHz bandwidth is obtained.

diplexer-1 diplexer-2 diplexer-3
in —— —— e
LP-18 LP-14 LP-10 LP- 6
| HP-14 | HP-10] HP-6 HP- 2
+ 14-18 +10-14 + 6-10 ¥+ 2-b

YV | Fwi—d Fa—d Fa—Sa

out

Figure 2.4 A Switchable LP-HP Multiplexer Using Power Dividers
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A e
1615 14-16 N 1214 10-12 N 510 6-5 N 4-6 2-4
| HP-16 | | HP-12 | HP-8 HP-4 |
16-18 1 14-16 T12-14 10-12 1 8-10 6-8 | 4-6 Tz-4
[ To_1e | [1p_12 |
- LP-12 LP-8 -
LP-16 I | LP- 4
diplexer- 6 diplexer- 5 diplexer- 4

Figure 2.5 An 8 Channel 218GHz SW_MUX

Although it is theoretically correct to use singly terminated filters in the design,
dowly terminated filters with finite transmission zeros and contributing unit
elements, providing highly selective channels can also be used in the construction of
HP-LP ladder type multiplexers.

2.5 Manifold Type Stripline Multiplexers With Tee -Junctions

When te number of channels to be paralleled increases physically it may become
difficult to connect them at a single junction. In stripHiilee structures channels can

be placed along a manifold as shown in Figure 2.6.a. In this structure the channel
filters ae interconnected through T@enctions. The channels are thus separated
physically by some length of lines (or waveguides, or phase shifters as in Figure
2.2.e) which may also function as parts of immitance compensation elements to
reduce interaction bewen channels. In Figure 2.6.b the channel filters are shown as

shunt connecteéxternal OnePort elements for simulation on the software Filpro

14



which is used for synthesis, design and optimization of the channel filters and the

whole multiplexer.

(a) | He

(b)
%mngngngngngnﬁj

CH-1 CH-2 CH-3 CH-4 CH-5 sC

Figure 2.6 A Manifold (Extended Junction) Stripline Multiplexer

It is important to realize that direct connection of the channel filters into the manifold
transmission line (forming -Tfype junctions) may cause serious degladat in
multiplexer performance, because each channel filter will load the manifold, thus the
other channel filters. The level of degradation increases as the number of channel
filters increase, so some alterations should be made in channel filters before
integration. One approach to solve this problem is developed by Mobbs [4], known

as hybrid coupled manifold multiplexer.

2.6 Hybrid Coupled Manifold Multiplexer

When number of channels is large, channel filters involving directional couplers (3
dB hybrids) ae advantageous to use when integration into a multiplexer is
considered4]. A hybrid coupled manifold multiplexer is shown in Figure 2.7. Each
channel is made up of two 3 dB hybrids and two identical filters. Cofijiber
coupler combinations extractdtsignals within their passbands from the manifold
and direct them to one output port of the second coupler forming one channel of the
multiplexer. Modularity of multiplexer is clear. New channels may be added or some

channels can be switched off withotfieeting the other channels, if all chanifedll

15



channel bandwidths are within the 3 dB coupling and isolation bandwidths of the

couplers.

channel-1

channel-2

I ]
coupler | | coupler |
BPF-1|(BPF1 BPF-2||[BPF-2

{DL: Dummy matched load)

channel-n

BPF-n|[BPF

Figure 2.7 Hybrid Coupled Manifold Multiplexer

In order to clarify operatio of the channels, the basics of directional couplers on a 3

dB branchline directional coupler with two branches should be reviewed. The

number of branches may be increased depending on bandwidth requirements and

other constraints or one may use other sypkdirectional couplers, like TEM mode

parallel coupled line couplers or lumped element couplers .

2.2.1 3 dB Impedance Transforming Branchline Couplers With Ideal

Inverters

A schematic drawing of a symmetric, impedance transforming two branch coupler is

shown in Figure 2.8. The convention for port numbering and signals of these ports

when input is applied to pettis as follows:

Port1: Input signal port with termination resistance R

Port2: Transmitted signal port with termination resistance R

Port3: Coupled signal port with termination resistanee R

Port4: Isolated port with termination resistance R

16
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Figure 2.8 Schematics of a 3 dB Impedance Transforming Branchline Coupler with Different
Input -Output Terminations

If the phase of transmitted port signal (P®ytis taken as reference (0 degree), then
the phase of coupled port signal-80 degrees (Pcef3). The arms are formed by
ideal inverters. In order that this device work as a 3 dB coupler, the inverter
impedances should satisfy the following relations:

Branch-1 inverter impedance: ¥R,

Branch-2 inverter impedance: ¥R,

Main arm inverter impedances;&(R*R./2)"?

¢ In multiplexer applications the filters will appear as loadatRort2 and paot-

3 of the first coupler as shown in Figure 2.9.

e If the incoming signal frequency is within the passband of a channel then this
signal will be extracted from the main arm and split into two parts and directed
to port2 and por3 of the first coupler wit equal amplitudes and 90 degree
phase difference as shown in Figure 2.9 (a). Then they will pass through the
filters (BPF1 in the first channel) connected at these ports and will be applied
to port2 and poH3 of the second coupler which is just reversersion of
couplerl. The signals applied to pe2tand poH3 of the second coupler will
be split to porl and por4 with another 90 phase difference leading to
cancellation of the signals at pdrtand addition at poit. Thus, the whole
signal will appear at pord of the second coupler. Details of the signal flows

are shown in the same figure.
17



e The signals with frequencies outside the passband of1BRH see identical
reactive mismatches at ports 2 and 3 of codpl@dentical input impedances
of the two filters). It is preferable to have these mismatches simulating OC or
SC. The reflections from these terminations (blue lines in the figure) will
cancel at pori. and add at po#t of couplerl. Thus they will be directed to the

next hybrid chanel as described in Figure 2.9.b.

o If the transmitted and coupled port terminations (input impedances of the two
filters connected to Ports 2 and 3 of coudlgare different from the specified
matched termination Rthen reflections will occur from thegorts even in the
passband of BRE. If reflections are identical, then they will be directed to the
isolated port (Pot# of couplerl). No reflections will appear at input port, thus
showing a good match at input, at the expense of some degradatithes in

adjacent channels.

e Figure 2.10 shows signal flow in a hybrid manifold multiplexer where we have
also incorporated switches in series with filters for a possible sdtdiannel
multiplexer. The signals at frequencigsahd % are directed to chanhké& and
channel2 outputs while the signal with frequengywhich is assumed to be
outside the passbands of the channels flows over the main line towards a

dummy matched termination.
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Figure 2.9 Power Flow in One Channel é Hybrid Manifold Multiplexer
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¢ Realization of inverters of the branch line couplers forms the main barrier for
wideband applications. Also interactions between channels may be heavy,
degrading responses of the channels. Therefore in practice the usadi b
line couplers may have limited applications. Switchable multiplexers for wider
bandwidth applications can be formed using different manifolds as will be

described in the next section.

-w

* cancel

2 P(fy)

? cancel

 PAfy)

P(fx)

Figure 2.10 A Switchable Hybrid Multiplexer

2.7 Circulator Coupled Multiplexers

There are other ways to connect the filters to the manifold to form a multiplexer. As

an example circulators may be used to achieve better isolation between channels. In
20



this approach [50], there would be need to use singly terminated or foreshortened

doubly terminated filters, therefore exact filter synthesis can be used as shown in the

Figure 2.11.
~

v

fy fopennf,

&
&

]
e
-f—
ot

:;"h

Figure 2.11 A Circulator Coupled Multiplexer

Each channel in this casensists of a chann€eropping circulator and one filter, as
shown in Figure 2.11. The unidirectional property of the circulator provides the same
advantages as the hybwdupled approach in terms of amenability to modular
integration and ease of designd assembly. The insertion loss of the first channel is
the sum of the insertion loss of the channel filter and the insertion loss of the
circulator. The subsequent channels exhibit a relatively higher loss due to the
insertion loss incurred during eactiptthrough the chann&ropping circulators.

This is the most common realization for input multiplexers in satellite
communications. The problem here is that circulators cost much and they are usually

narrow bandwidth structures.

2.8 Multiplexers Using Directional Filters

The circulators described in the previous section may be eliminated by using

directional filter structures [50] as shown in Figure 2.12.
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Figure 2.12 A Directional Filter Multiplexer

Figure 2.12 illustras a layout of a multiplexer realized by connecting directional
filters in series. A directional filter is a fogort device in which one port is
terminated in a load. The other three ports of the directional filter essentially act as a
circulator conne@d to a bandpass filter. Power incident at one port emerges at the
second port with a bandpass frequency response while the reflected power from the
filter emerges at the third port. Directional filters, however, do not require the use of
ferrite circulates. This multiplexing approach has the same advantages as the
hybrid-coupled and circulatezoupled approaches. It is, however, limited to nafrow

band applications.

2.9 Parallel Coupled Line Type Manifolds

In this thesis a novel approach is developed whids ysrallel coupled line (PCL)
three ports as diplexing elements of manifolds. In the approaches ugimgtibn

type and hybrid coupled type manifolds the junction elements create problems and
limitations. In this new approach the parameters of the>xdiePCL three ports are
integral parts of the channel filters. Therefore, contrary to the casemnéflon and

hybrid junction, parameters of the PCL three ports will contribute to the responses of
channel filters. Thus, besides avoiding the problent lanitations of Fjunction

hybrid junction manifolds, the junction parameters will help to improve the

performance of the multiplexer.

Parallel coupled line three ports are formed.by leaving one of the coupled port of a

PCL open circuit or short circuiin the equivalent circuit of the PCL three ports
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there are elements which can be treated as parts of the channel filters. Two types of
manifolds can be formed: Series multiplexing manifold and parallel multiplexing

manifold, as described below.

2.9.1Series Multiplexing Manifold

The series diplexing three port and its equivalent circuit formed by commensurate
line and stubs are shown in Figure 2.13 (a). Inspection of the equivalent circuit
shows that the filters connected to the pottsl andout-2 will be in series. In order

that this circuit work as a diplexer the filter connected to one of these ports must
show SC input impedance within the passband of the other filter so that the whole

input signal will be directed to only one of the two ports.

Figure 2.13 (b) shows a possible multiplexing structure (a triplexer). The channel

filters are connected to pe2td6 of t he di pl exing PCLG6s. T
appropriate channel filters are cascaded to form multiplexer. The cascaded diplexing
sectons are separated by transmission line pieces which can be used to make the
input impedance seenatp&rtd6 zer o at the passband cent
PCL section on its left. Thus, for example if the frequency of the incoming signal is

fol (passband center of BPE), then it will be directed to pe&t 6  (-1B he€ause

the impedance atpett6 i s SC at that frequkedhcagnd S
port26 are in series, the BPFO6s must al so

other dannels. The rightmost port should be a SC.

The equivalent circuit of the triplexer is shown in Figure 2.13 (c). It is seen that if the
first el ements of the BPFO0s are shunt S
PCL6s can be tr dilrt leodexanple tipeaconb typef filtets lara t
suitable for this purpose. Such filters tend to have SC impedance outside their
passbands. The shunt SC stubs of the dip
extracted form the combline filter during the 8yesis stage. The transformers can be
used to scale the impedance levels of the combline filters and also adjust the degree
of coupling of the diplexing PCL6G6s. The
through a power combiner or through a manifold led same type as the input
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manifold as shown in Figure 2.13 (d) to form a single irgigle output version of

the multiplexer. Switches can also be placed for switching in and out of the channels
to convert the structure into a switched multiplexer to gmnhe flexibility for
covering targeted bandwidth while being able to reject some frequency bands. The
switches may be placed inside the filters as described in [48]. Figure 2.13 (e) shows

the layout of a possible realization using combline filters.

Practcal realization difficulties may lead to limitations in bandwidths of the
channels. Adjacent channels may interact because their input impedance may not be
low enough to simulate SC over a sufficient bandwidth. Such problems may be eased
by using guard bals between channels. The guard bands can then be covered by

using another multiplexer in parallel using power combiners.
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Figure 2.13(a) Series Diplexing PCL and Its Equivalent Circuit, (b) Series Multiplexing
Structure (a Triplexer), (c) Equivalent Circuit of Series Multiplexer, (d) A Single Input-Single
Output Switched Multiplexer and (e) A Possible Realization Layout Using Combline Filters
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2.9.2. Parallel Multiplexing Manifold

The dual version of the series multiplexing manifold can be formed by using parallel
diplexing circuit shown in Figure 2.14.a. The three port diplexing element is formed
by leaving one port of theoupled line adjacent to the input port open circuit. It is
seen that the filters that will be connected to the output patt$ andout-2 will be
in parallel. In order that this circuit work as a diplexer the filter connected to one of
these ports musthow OC input impedance within the passband of the other filter.
Figure 2.14.b shows a possible multiplexing structure (a triplexer). The channel
filters are connected to pe2td o f the diplexing PCLO6s.
sections are separated bynenission line pieces which can be used to make the
input impedance seenatp&rt6 OC at the passband center
diplexing PCL section on its left. Thus, for example if the frequency of the incoming
signal is fol (passband centerB®F1), then it will be directed to pe2 6BPR-1)
because the impedanceatpbr6 i s OC at that freqgquency.
16 an#20parée in parallel,|, the BPFOsSs must
center frequencies of the other chdan&he transmission line pieces separating the
channel filters form a barrier for channel bandwidths because their transforming
action is frequency dependent, valid usually in a limited band. The rightmost port
should be left as OC. The equivalent ciraifithe triplexer is shown in Figure 2.14.c.
I't is seen that if the first elements of
of the diplexing PCL6s can be treated as
coupled line type filters are suitabfor this purpose. Such filters tend to have high
impedance outside their passbands so that they will not load the other filter too much.
The series OC stubs of the diplexing PCI
form the edge coupled line filteudng the synthesis stage. The transformers can be
used to scale the impedance levels of the edge coupled line filters and also adjust the
degree of coupling of the diplexing PCL
combined through a power combiner braugh a manifold of the same type as the
input manifold as shown in Figure 2.14.d to form a single kspudle output version
of the multiplexer. Switches can also be placed for switching in and out of the
channels to convert the structure into a swidchrultiplexer to get some flexibility
for covering targeted bandwidth while being able to reject some frequency bands.
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The switches may be placed inside the filters. Figure 2.14.e shows the layout of a
possible realization using a version of OC edge calipte filters.

[a] Type-1 Parallel diplexing with two PCL's:

1 &8 1° out-1 Lo 1
— [ —. = X
ou n 2y out-1
2 2* out-2 -
OC Zev,Zod == [ p
k= /1 + 22 _ Zev+Zod 2, (O0Cstub)
Zev=2; (1+1/k) = R e -
= - k)
Zod=2; (1 -1/ e 2, _Zev+Zod _‘tzj o
L 2y Z AT
[b] Manifold type parallel multiplexing
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% ]
ocat— lf)c alt:_ oc at
fom- a5 [opey],  fornten =
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Figure 2.14 a) Parallel diplexing PCL and its equivalent circuit. b) A parallel multiplexing
structure (a triplexer). c) Equivalent circuit of parallel multiplexer. d) A single input-single
output switched multiplexer. €) A possible realization layout using edge coupled line filters.
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I n microwave filter practice short cir
realization. Therefore if possible, the filters containing short circuited elements a
avoided. For this reason in this thesis parallel diplexing PCL approach is preferred
which leads to channel filters with OC stubs and OC PCL types.

Channel interaction problems in contiguous multiplexers can be eased by using guard
bands between chagls. The guard bands can then be covered by using another
multiplexer in parallel using powe&ombiners as shown in Figu2el5 in which two
noncontiguous multiplexers are combined to form a contiguous multiplexer with

single input and single output.

NON_CONT.
MUX-1

RFIN RF OUT

NOM CONT.
MUX-2

Figure 2.15 Combining two non-contiguous multiplexers to form a contiguous multiplexer.

The phase correction at the crossover frequencies of adjacent channels can be
introduced in one path to ensure crossover phaseriectdo reduce the ripple at
crossover frequencies. The overall path length in both channels can be made
identical, so the phase correction network needs to compensate only the phase

difference of the adjacent channel filters at band edges.
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2. 10. A Nwvel Switched Multiplexer Topology

One limitation of the topologies given in Figure 2.14.and 2.15 comes from the
frequency dependent nature of the transmission line pieces separating the channels.
These lines should behave as an open circuit or shorttavithin the passband of

the channel filter on its left. This is not possible over a wide band. Therefore the
adjacent channels will interact leading to degradation in responses. Therefore these
approaches seem to be applicable only to namadium chanel bandwidths. In

this thesis this problem is solved by using LP filters instead of transmission line
pieces to sustain open circuit behaur over the passband of the adjacent channel
filter as shown in Figures 2.16 and 2.17. These figures describe lzanBet, 218

GHz switched multiplexer that is targeted to be designed and implemented in this
thesis. This novel topology solves also the 3 dB ripple problem of the contiguous
multiplexers. In these respects it is radically different from the previouslritded

classical multiplexers, as follows.

The channel filters are grouped into two-HP type multiplexers with adjacent
channels placed in different multiplexers to provide guard bands. The first
SW_MUKX is formed by integrating channels 1, 3, 5, #4(@Hz, 68 GHz, 1012

GHz and 1416 GHz) into a multiplexing manifold, then by connecting the same
structure symmetrically with respect to a switch (Figure 1.16). This SW_MUX is
called the odd half as it contains odd numbered channels. The second SW_MUX is
formed by integrating channels 2, 4, 6, &(&Hz, 810 GHz, 1214 GHz and 148

GHz) into a multiplexing manifold, then by connecting the same structure
symmetrically wih respect to a switch (Figu217). This SW_MUX is called the

even half as it coains even numbered channels. Next even and odd halves are

connected to form the final switched multiplexer as shown in Figure 2.18.

As mentioned above, the topologies used in these circuits enables to solve both
bandwidth limitations and ripples at theoroer frequencies of the contiguous
multiplexers:

The LRHP multiplexers are formed by combing contiguous diplexers having 4 GHz

bandwidth. It should be noted that that instead of transmission line pieces, now
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LPFOs ar e used for iexers Iby presangng O@ éhigha d | ac
i mpedance) to the diplexers on | eft. T h e
for tuning and optimization to improve isolation between channels and to improve

the overall return loss, they also serve as band limiterthéosubsequent channel

filters, to eliminate possible spurious responses.

2 GHz <channels are formed by inserting
channel of the diplexers in cascade with the HPF. The corner frequencies of the
LPFO6s are 2ha@GHzt hhei glherrnetr frequencies of
branch is converted into BP filter with 2 GHz bandwidth.

The main aim of wusing the 2 GHz offset L
but also to avoid the 3 dB ripples of the classical contigunultiplexers. Inspection

of the circuits shows that there is no attenuation at @ess frequencies of the
channel filters. The signals at the corner frequencies (2 GHz, 4 GHz, 6 GHz, 8
GHz,10 GHz, 12 GHz, 14 GHz, 16 GHz, 18 GHz) will be first sgditthen
combined, so there will be no loss. However the signals within of the passband of the
channels will be attenuated by 6 dB due to spittanbiners. For perfect
recombination the losses at corner frequencies must be 6 dB down with respect to
cener frequencies. Since channel filters are former by symmetrical combinations, the
original designed filter should have 3 dB loss at band edges with respect to center
frequencies. Since the LIRP diplexers are contiguous, the loss at corner frequencies
is 3dB. The other corner frequency for the channel will be coming from the LP filter
succeeding it. If the loss at corner frequency of the LP filter is also made 3 dB, when
manifolds are connected back to back, the loss at corner frequencies will be 6 dB

below the center frequencies, satisfying the above mentioned requirement.

Thus, the topology of the multiplexer is altered as shown in Figures21562.18

where the contiguous HEP ladder type multiplexer or a SW_MUX is converted

into two noncontiguousmultiplexers with adjacent channels shared alternately by
the two multiplexers to provide guard bands between channels as described in Figure
2.15. Thus, only two splitters will be enough to multiplex over any number of
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channels. In the scope of this tlses structure based on this topology will be

designed.
M |16 GHz| |16 GHz| |12GHz| [12GHz| |BGHz 8 GHz 4 GHz 4 GHz
—PCL [ | P [|PCL [ |LP [ |PL [ | P [ ] PCL [ ]LP
16 GHz 12 GHz 8 GHz 4 GHz
HP HP HP HP
18 GHz 14 GHz 10 GHz 6 GHz
LP LP LP LP
/ 16-18 GHz 12-14 GHz / 8-10 GHz / 4-6 GHz
18 GHz 14 GHz 10 GHz 6 GHz
LP LP LP LP
| l [ |
18 GHz 14 GHz 10 GHz 6 GHz
LP LP LP LP
16 GHz| |16GHz| |12 GHz| [12GHz| |BGHz 8 GHz 4 GHz 4 GHz
ot P | P [|PCL [ | P [ |PCL | | LP [ ] PCL O[] LP

Figure 2.16 Even Half of SW_MUX with LP filter
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IN |14 GHz| [14GHz| (10GHz 10 GHz B GHz 6 GHz
—PCL [ | LP [T|PCL [ |LP [ ]PCL | LP
14 GHz 10 GHz B GHz 2 GHz
HP HP HP HP
16 GHz 12 GHz g GHz 4 GHz
LF LF LF LF
14-16 GHz / 10-12 GHz / 6-8 GHz 9-4 GHz
] [ T
16 GHz 1 GHz g GHz 4 GHz
LF LF LF LF
14 GHz 10 GHz 6 GHz 2 GHz
HF HP HP HP
14GHz| 14 GHz [ |10 GHz 10 GHz 6 GHz 6 GHz
PCL [ LP [|JPCL [ | P [ |PCL | LP
ouT
Figure 2.170dd Half of SW_MUX with LP filter
EVEN
CHANMELS
RF IN —18GHzLP RF OUT
QoD
CHANNMELS

Figure 2.18Connection of even and odd channel multiplexers through splitters.
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Direct integration of the LP filters with HP filters of the HP channels may be

problematic, because LP filter will be reflective in the passband of the HP filter,

causing msmatches. These reflections may be weakened by using extra attenuators

between LP and HP filters. Since the extra attenuators will create unaccounted loss a

neater but slightly more complex solution would be to use diplexers in the HP

channels as shown iRi ¢

ur e

2.19

and

20.

The dipl

again 2 GHz offset. Besides, these diplexers will also be used to form bandpass

channels. This will eliminate the design of extra LP filters as well. It is seen that we

still have attenuators in thélP branches. They are needed to attenuate the

unavoidable reflections at switditter junctions. That is, attenuators are usually

unavoidable elements in such reflection sensitive multiplexers. This is mostly the

case in every manifold coupled switch tiplexer.

N

12 GHz

ouT

16 GH=z 16 GH=z 12 GH=z a8 GH=z 8 GHz 4 GHz 4 GHzZ
PCL [ ] LF | PCL LP PCL LF FPCL LF
I I I
16 GHz 12 GH=z 2 GHz 4 GHz
HP HP HP HP
T I l L
14 GHz 14 GHz 10 GHz 10 GHz & GEHz & GHz
PCL  [— HP PCL HF PCL HF
1 ] ] I
18 GH=z 14 GHz 10 GHz & GHz
LP LP LFP LFP
16-18 GH=z 12-14 GHz 8-10 GHz 4-6 GH=z
128 GH=z 14 GHz 10 GHz 6 GHz
LP LP LF LF
I T I
14 GHz 14 GHz 10 GHz 10 GHz 6 GHz 6 GHz
PCL | HF PCL HP PCL HP
[ | [
16 GH=z 12 GHz 8 GHz 4 GHz
HP HP HP HP
| [ |
16 GHz 12 GHz 12 GH=z 2 GHz 2 GHz =4 GHz 4 GHz

16 GHz

PCL

LF

PCL

LF

PCL

LF

PCL

Figure 2.19 Even Half of SW_MUX with diplexers in place of extra attenuators.
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Ird

14 GHz| |14 GHz | |10 GHz 10 GHz & GHz 6 GHz
PCL [ | LP [|PCL P[] PCL LP
| |
14 GHz 10 GHz & GHz 2 GHz
HP HP HP HF
| I T —T
16GHz| |16 GHz| |12GHz| |12 GHz 8 GHz| | 8 GHz 4 GHz| |4 GHz
PCL | HF PCL HP PCL | HF PCL HP
I [ I [
16 GHz 12 GHz 8 GHz 4 GHz
LP LP LP LP
14-16 GHz 10-12 GHz 6-8 GHz 2-4 GHz
16 GHz 12 GHz 8 GHz 4 GHz
LP LP LP LP
[ l [ [
16GHz| |16 GHz| |12GHz| |12 GHz 8 GHz| | 8 GHz 4 GHz| |4 GHz
PCL | HF PCL HP PCL | HF PCL HP
| I I
14 GHz 10 GHz & GHz 2 GHz
HP HP HP HF
| [ ]
14 GHz| |14 GHz | |10 GHz 10 GHz & GHz & GHz
—|PCL [| P [|PCL P[] PCL LP

ouT

Figure 2.200dd Half of SW_MUX with diplexers in place of extra attenuators.
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CHAPTER 3

THE USE OF PARALLEL COUPLED LINES AS
DIPLEXING ELEMENTS

A diplexer has essentially three parts: 2 channel filters and a diplexing mechanism.
As notedin the previous chapteparallel coupled lines can be used as diplexing
mechanisms. In the previous chkep some topologies invdlwg short circuited
parallel coupled lines (SCPCL) to be used for series diplexing and open circuited
parallel coupled line (OCPCL) for parallel diplexing. In this chapter,, fififterent

circuit models will be presentddr pamllel coupled lines, thethe series diplexing
circuits using SCPCL and parallel diplexing circuits using OCPCL will be presented.
Finally a comparison between traditionajuhction diplexing and OCPCL diplexing

will be made in matching and isolation asfse

Parallel coupled lines (PCL) are essential elements of distributed element highpass
and bandpass filters. Parallel coupled line pairs are four port circuits. They can be
converted into three port, two port or one port elements by terminating thesed

ports in OC, SC, open or short circuited stubs, etc. as described in literature, for
example by Sato and Crystal [7] and Malherbe [18]. In most of the distributed
element diplexers and multiplexers parallel coupled lines are used as three port
netwoks which can be used for splitting the input signal into two paths (diplexing
PCL). Similarly three coupled lines with no coupling beyond the adjacent line can

also be used for splitting input signal into two paths.

In this section a summary of three pparallel coupled lines will be presented. Since
derivation of the equivalent circuits of PCL sections are usually confusing and
complex for many engineers with different backgrounds, detailed explanations are

given below using several different approache
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3. 1. Circuit Models of Parallel Coupled LI ines

In Figure3.1a a parallel coupled transmission line pair is shown in a homogeneous
nonmagnetic medium in between two ground planes. For pure TEM mode operation

the propagation constant is

w‘(/:g_ (3.1.1)

\)

Such a coupled line pair can be described in several different ways as follows:

a) Three Line Model of a twowire line above ground:

A coupled line pair can be characterized through their per unit lengtholigrund
and lineto-line inductance and capacitance parametéds L12, L22 and 1.0, C20,
C12, as shown in Figur8.1b. The pair 11-C10 can be assumed to describe a-two
wire TEM mode transmission line between Lihend ground. Similarly, the pair
L22-C20 can be assumed tescribe a twavire TEM mode line between Lin2 and
ground. By the same reasoning the pdiPAC12 can be assumed to describe a-two
wire TEM mode transmission line in between Lth@nd Line2. So, we can model
the coupled line pair as consisting of #ntevowire TEM mode transmission lines as
sown in Figure3.1b. At first sight the terminology of representing a #iv@ system
with three lines may appear to be confusing. However, the two PCL system is

actually a three wire system with the ground befegthird wire.

(a)

0

(b) T () +;
L mdx
" Line-1 . A I_I.I
8] 11 ledx {. C12dx
24 ) 2 Lo, dx _Z‘E
Line-2 22 C,dx
T “20 E 20
a = L

8l
—
o

M
—
™~

N

gl

(d)
(e) M

12

20

—lZ
I
.,}_“_1

ﬁ
1

I =

Figure 3.1Three Line model of a parallel coupled line pair.
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For pure TEM mode operation the per unit length parameters are related to the

propagation constant as follows:

0] W+ &,
ﬂ:a)\/LllClO =a)\/L22C20 :a)\/LlZClZ =S 0HE =
v C (3.1.2)
Thus, L6és and Cb6s of a |l ine are related
& & &
L., =—-1 L,——— L,=—-
. c’Cy 22 c’Cy v c’Cy, (3.1.3)

Thus, the three lines, hence the coupled line pair can be characterized thrquagh the
unit length capacitances 1G, C20 and 2 only, as shown in Figure.lc.
Characteristic impedances of each transmission line can be calculated through the

definitions

Z _ i _ \/g_r Z _ i _ \/g_l’ Z — i = \/S_r
10 = 4 - 20_\/ a 12_\ B
Co cCp, C, ¢Cy C, ¢cCp (3.1.4)

In Figure 3.1d the three uncoupled transmission lines are described now using their

characteristic impedances. The ports of Elnare numbered as 1 and 4 while the
ports of Line2 are numbered as 2 and 3. For use in later descriptions, In Bigjuge

and f the network is repeated for the case of a single ground plane placed at bottom.
On the left we have Liré (or Line 14) and on the right we have LuZe(or Line 2

3). This circuit model will be used to derive other equivalent circuits whichbaay

easier to use on different applications.

b) Even-Odd Mode Description of a Symmetric Coupled Line Pair
If the two coupled lines are identical then we have L11=L22, C11=C22, thus

simplifying the characterization through the impedances also:

e gope |1 _NE L2 e

Cl10 cC10 Cl2 cCl2 (3.1.5)

For such cases the excitations, voltage, current, power waves and coupled line pair
can be decomposed even and odd mode halves as described in F@ure
Representing the voltage waves on Lkinand Line2 as V1(x) and V2(x), we can

always write
VA(x) =Ve(x) +Vod(x) (3.1.6)

37



V2(X) =Ve(xX) —Vod(X) (3.1.7)

Under even mode excitation the two lines have identical voltages, currents and
power. Thus, we can place an OC vaallthe symmetry plane between the two lines,
splitting the mutual capacitor C12 into two equal capacitors, 2C12 as shown in
Figure 3.2c. Since the capacitors are open on the symmetry plane we can disregard
them. The two halves form identical lines whos& pnit length capacitance to
ground is @0only. It is named as even mode capacitance Cev:

Ce=Cypo (3.1.8)

The characteristic impedance of the two identical lines can thus be calculated using
the even mode capacitor as
Jer
Zev=
cCev (3.1.9)

Under odd mode excitation the voltages on the two lines are equal in magnitude but

opposite in phase. Thus, the symmetry plane has zero voltage. That is, it can be
assumed as just extension of the ground planenmititaal capacitor C12 is split by

the symmetry plane into two pieces with capacitance 2C12. Since one ends of these
capacitors are grounded the capacitors 2C12 become parallel with the diroeind
capacitor C10. Thus, the total ls@ground per unit dngth capacitance is
C10+2C12, and it is named as odd mode capacitance:

The characteristic impedance of the odd mode half is then evaluated as

Zod = ‘/;

cCod (3.1.11)

Thus, if the capacitares Cev and Cod can be calculated then the even and odd mode
characteristic impedances describing the coupled line pair can be found. It is clear

that only two parameters Zev and Zodd are sufficient to describe a symmetric PCL.
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Figure 3.2 Even-odd mode decompositiorof a symmetric parallel coupled line pair

c) Norton and PiTeeL Transformations on Three Line Network Model

Norton and RiTeelL transformations can be applied on a three line network model of

a coupled line air circuit to form different equivalent four ports. Norton
transformation is shown iRigure 3.3 Originally it was defined on lumped elements

but can be generalized to cover distributed elements also. Norton transformation
converts a series element (R, C, Z, jX, OC Stub, SC Stub, TL) into a-g&ction
together with a transformer while a shunt element is converted into -aetden
together with a transformer. The new elements are of the same type as the original
element. One of the shunt elementsh@ Pisection and one of the series elements

of the Teesection is negative always. So, Norton transformation can be used to find
new equivalent circuits at the expense of increased redundancy where one element is

replaced by four elements.
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Figure 3. 3. Norton Transformations

Pi-Teel transformations are more sophisticated versions of Norton transformations.

A Pi, Tee or L section can be converted into another Pi, Tee or L section as shown in
Figure 3.4

2 01

Pl to-Tee

1 &“’ B 7”[
Lt W 1

Figure 3.4 Pi-Tee-L Transformations

These transformations can also be generalized to parallel coupled lines as described
in Figure 3.5 In Figure 3.5a the per unit length capacitancesBction representing a
parallel coupled line ishown. It can be converted into another capacitive Pi, Tee or

L section using RPieel transformations. In the figure a-Ri-Pi transformation is
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shown. Since in the new-Bection we have different capacitances the corresponding
transmission lines wilhave different characteristic impedances as shoviiguares

3.5b and c. In this transformation the interpretation of the transformer may need
care. Tle transformer on the right of,gds actually running along the Lir2 (Line 2

20) , i ncl udiamgd th&. pwowesver, since we Wwi
their ports only, this transformer need be placed only at the two ends of th2, lahe
ports 2 and 2 &iguei3.bcyNote that in thik fguventhe itransmission

line of impedanceZ;, formed between the two wires is drawn wider than the
transmission lines formed between wires and ground, just to ease visualization to
differentiate the wirg¢o-wire and wireto-ground types of transmission lines, from

top view.

This transformation an be used to find different proper alternative equivalent
parallel coupled line sections. The most common application is conversion of an
asymmetric parallel coupled line {£Ciq) into a symmetric one by imposing edu
shunt capacitor condition ¢&-C,o, identical coupled lines). This transformation can
be generalized to make all lines of arphrallel coupled line system identical, as
described irFigure 3.6on a 5 coupled line system. By repeated application-td-Pi

Pi transformations it is possible tmuate all the shunt capacitofSigure 3.6a).
Figure 3.6b shows pictorial descriptions of the initial and final 5 coupled line
system. The resulting transformers may be collected at one end of the structure.
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Figure 3.5. Pi to Pi Transformatiom applied on a coupled line
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Figure 3.6 Equating shunt impedances of an Ncoupled line system for N=5
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d) Two Line model of a PCL pair:

Another important transformation is-frLLeft and Pi-to-LRight transformations
applied on two parallel coupled lines. These transformations result in -anavo
representation for a parallel coupled line system which is easier to handle for the
formation of one, two, three and four port elements by placingowsrport
conditions [18]. Figure.7.a describes this transformation for conversion of the Pi
section into an tRight section. The figures in the top row shows the esestional
description while the bottom ones show the top view. In the LRight moedel th
transformers appear on the right side, hence at ports 2 and 3 only. Biglre
describes Pio-LLeft transformation where the transformers appear on left side and
hence at ports 1 and 4 only. In Figd:&.c the LRight and LLeft models are redrawn

in an easy to use manner for imposition of the port conditions that will be described
later. Note that in this circuit the four port is described by a transformer and two
transmission lines. Impedances of the lines are conventionally referred {o sV
andZ,= Z;Hin the LRight model. In LLeft model we use the conventien Z§and

Z,= Z19 The two models are easier to use for different port conditions.Equations
relating the Rmodel and kmodel of a parallel coupled line pair have special
practical impoance as wi || be seen | ater. There
parameters of the fiection shown in Figur@.7.b can be calculated as follows:

A B] [1 OJ1 z,]1 O] 1+ Y, Z,, Z, (3.1.12)
C D Yo 1]0 1Yy 1] |Yio+Ye@+YeZy) 14YZy, o

AB][1 ot z,1 ok 0] [ ka+YyuZy) Z', Ik (3.1.13)
C D |V, 1]0 1Y, 1[0 Uk| |[k(Y'\04Y', (145 Z5) A+Y,Z,) K o

Given Z=1/Y10, Z12 and Z=1/Y 5, we can cal cul@t&oZlbe part
and k of the new Psection by equating the corresponding A, B, C and D parameters.
Since we get three independent equations to solve for the four unknowns, we may set

any one of the unknowns frgelrd then determine the other three. For example
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s et t 470 ge cdrform an L-section [Right section) shown in Figur&.7.b. The
par ameg e radd kbBthd Right section can be solved as follows:
Equating A parameters k is solved as
k=1+2Z,,/Z,,

(3.114)
Equating D parameters we get
Z',1Z2',=k(+2Z,/Z,)-1 (3.115)
Inserting k from Eq2.13 into2.1.4 we get
Z',12Z'= le(i"'i"'i)

Zyy Zyn Lo (3.116)
Equating B Jl2issokedet er s, ZO0O
Z',=2,,(0+Z,,1Z,) (3.117)
Using Eg.2.16in2.1 5 10cande solved:

1 1 1 1
—=— +
Z 10 ZlO Zzo Z12 + Zzo (3_]_18)

Thus, given 4o, Zypand z,, t h e p ais abdd keande sdhded.
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Figure 3.7 Pi i to- Lright and Pi 1to- Lleft transformations applies to a parallel coupled line
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For a symmetric Psection, imposing the condition,g&Z, the equations are
simplified as follows:
Eq.3.1.18becomes
2 =7, Z,+2,,

Zip+ 22y (3.1.19
Eq.3.1.17becomes

ZI12 = 212(1+ le / ZlO) (3_1_20

Eq.3.1.14gives the transformer turns ratio k as

k=1+2,,/Z,, (3.1.2)

However this expressi oifpa ncdaasd fileavs:wr i t t en
Equating D parameters we get
1+2',1Z2' ,=kQ+Z,,12Z,,)

(3.1.29
Using Eq2.1.10 in2.1.11 we get
1+2Z',1Z' = K? (3.1.23
giving
k= 1+@
Z'to (3.1.29

As will be seen in the following sections theséction modelsdr a parallel coupled
line is useful for imposing the port conditions. Since it is frequently used we redefine

the line impedances ofgections as follows:

Z'yw=12, Z',=2, (3.1.25
Thus, k can also be written iartns of Z1 and Z2 as
k= 1+é
Zl

(3.1.26

Thus, a symmetric parallel coupled line can be represented by any pair 8f of

Zi1, k or 2%, k. That is only two parameters need be specified for a complete
description, with the thiréne being set inherentlyrtiugh the above interrelations.

On the other hand realization of parallel coupled lines usually necessitates the

knowledge of even and odd mode impedances. Therefore it is good to have the
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relations between the parameteis Z and k of the Lsection model and Everdd

mode impedances:

By definition, we have seen that under even mode excitation the two lines are
separated by an OC symmetry plane, hence leading to

Zey = 210 (3.1.27

Under odd mode exation the symmetry plane is a SC plane at ground potential.
Therefore the series impedancg 8 split into two equal pieces of impedance/Z
and the total lingo-ground impedance from any line becomes parallel combination
of Z;pand 4,/2, giving e odd mode impedance as

_ Ll

od

Z1p+ 224 (3.1.29

Using Eq.2.1.8in2.1.16 and2.1.17, it can be shown that
Z,=Z0+ ) Zy=Z0-)
k k (3.1.29)
Thus, knowing Z1 and k of the-¢ection model, & can find the even and odd mode
impedances of symmetric parallel coupled lines easily. The reversed forms of the
above equations are

_ Zev+Zod K= Zev+Zod

7 - =
: 2 Zev-zZod Z,=Zy(k*-) (3.1.30

3.2. Sriesand Parall el DiplexeingUsing Two Parallel Coupled Line

Sections

As examples for the applications of two

three port elements that may be used in diplexing and multiplexing applications.

a) Type-1 series diplexing with wo parallel coupled lines

Figure 3.8.a shows a two parallel coupled line section (PCL) with-2pattort

circuited to ground. This PCL can be used for series diplexing. Development of its

circuit model is described in the figure. The equivalehelt circuit model is shown

in Figure 3.8.b. The SC at pettdecouples the two lines giving the circuit of Figure
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3.8.c. This SC also converts the line2d i nto a SC stub in
transformerof porR 6 as shown in Figure shFdguwed whi c
3.8.e to display the series nature of t
ground in between the ports 16 and 206 ¢
introducing a phase changinglltransformer as in Figure 3.8.f. The transformé&r 1

at portl can be moved to the right ports, canceling the transformer k:1 at @ort

while introducing transformer katport2 6 and t he <circuit can

in Figure 3.8.g. With input applied from pekt the outputs will be taken from gor

16 an2l6 . pofhe shun2b6S€nkoubeatt parta HP fi
be placed in that port with the available SC stub and the transformer being part of

that filter. There is no restriction on the type of the filter that will be plateoort

16. -Hmtypk &plexers and multiplexers this port is used for the LP channels.

This structure is named as Tyfpeseries diplexing PCL. The transmission line at

input is common to both channels. The interrelations between theoddemode
impedances and-K;-Z, parameters are also shown in the figure for convenience.

Figure 3.8.h shows the case when also-Pait i s SC. I n this case
to the classical interdigital type SC PCL that is used in HP filters.

Miscellaneous ses multiplexing circuits:

Just as extension of thgpe-1 series diplexing PClsection, the circuits shown in

Figure 3.9 can be used for series multiplexing purposes.
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Type-1 Series diplexing with two PCL's:

22 _ Zev+Zod 1
3 k=iil+=s==—mr = 2oy=2, (1+—)
@ 2 g1 out 21 Zey-Zod g |l<
2 I:l—' 2" out-2 2= 222 =_.__ZeV;z°d 2od=21 (1~ ")
= k“-1 _ 2
SC 1 ZZ_ZI (k“-1)
k LLeft Model

b) 1 kil . R kil
e e W
2 L
|

ut-1
: —)
— . 2 t 2 2 2'
3 21 =239 o sC [ 2y out-2

TSEstub =
(e) i 1:k kil . (d) i 1:k kil .
in :}“E Z2 “Eout-l in :}”E 22 ”Eout-l
= ' o

1 1

SC stub Z, out-2
>
1:k ’
M1 2 T L
in :}“é Zz 2 out-1
k2
= 1:-k
2
—':% ‘ out-2
I : >
(h) If Port-1'is also SC: %

1 K2 1:-k 1
in 1 1' ]-= — .

Z 2' 2'
= in —§ E:} Eut - o I:I‘ l:i out
e il Sy T

Figure 3.8 Type-1 series diplexing PCL circuit

(a) Type-1 Series diplexing with two PCL's:

1:k >
in 1" Z1
T — S oy out-2
2 (3 out2 —
= 2
SC 1o 1"
in NE2N out-1
k2 . LP port
-—]
[b) Series triplexing

in 1"
1o} out-1
2 _L—| F—— —e 2" out-2

? e 3 outs

[c] Manifold type series multiplexing
in

— i H - H —
—'I:= out-1 —'E= out-2

Figure 3.9. Various possible series multiplexing circuits
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b) Type-2 series diplexing with two parallel coupled lines:

Figure 3.10.a shows an alternative series diplexing PCL with2pért s hor t c i
to ground. With input gpied from portl, the outputs will be taken from pekté and
port-2. Figure 3.10.b shows the equivalentéft circuit model. The SC at pe#t 6
decouples the two lines giving the circuit of Figure 3.10.c. This SC converts the line
2206 i nto a tieCircdttcanbbe eedralvn as in Figure 3.10.d. The
transformer 1:k at pott can be moved to the right ports, canceling the transformer
kilatpotld whil e i ntroduci nZand theacimcsitf carr bme r
redrawn as shown in Figure 3.10.ee@y portl 6 a n2larepncseries. The shunt

SC stub at pof2 enforces that a HP filter or BP filter must be placed in that port
with the available SC stub and the transformer being part of that filter. There is no
restriction on the type of the &t that will be placed at petit 6 . FHP dipldxéts

we willnamepol 6 as LP port. Thi s-2seties digliekingr e
PCL. The interrelations between the parameter se%&-K and Z.-Z,q of the PCL

are also shown in the figure forrogenience. In this circuit the transmission line (Z2)
appearsinpoit 6 onl y. T hZ&-IZ,pdrameters obtinediplexing PCL are
set, then the first TL element of the filter to be connected at that port would also be
set. This forms a constraiint the design of the channel filters. Therefore this series

diplexing circuit seems to be less practical to use than-Tygexies diplexing.
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(a) Type-2 Series diplexing with two PCL's:

R — Y W
2 - 2
out-2 = §C
1:k :
(b) 5 1:k LLeft Model k:1 i (c]) 1 el 1
i n z2 =2 out-1
in zz =z'12 out-1 2 12
1 =
2 2' 2
out-2 2=, SC 2 ——
ST out-2 £y 5290
t
SC Stub
e d
(e) 1, s (d) i 1k kil _,
in i out-1 in
kz LP port ZZ out-1
Ls —e G
1:k 2 2
2y out-2 7
&5 HP or BP out:2 1
port
SC stub SC stub

Figure 3.10 Type-2 Series Diplexing Circuit

It is obvious that in a sesediplexing PCL one of the ports should be shorted to
ground. This applicable for narrow band multiplexers, because the coupling ratio
allows the use of side coupled lines, whereas in wide or moderate bandwidth
multiplexers the utilization of broadside gded lines becomes necessary. Since it is
impossible to make one end shorted to the ground while keeping the opposite end
open, for moderate or wide bandwidth channel multiplexers can not use series

diplexing. Therefore in those type of multiplexers darall di pl exi ng PCL®

c) Type-1 parallel diplexing with two parallel coupled lines:

Figure 3.11.a shows a two parallel coupled line system with2pogden circuited.

Figure 3.11.b shows the equivaldnRight circuit model. The OC at pe& makes

the transformer ineffective and decouples the two lines giving the circuit of Figure
3.1lc.Line26é now becomes an OC stub and the
in Figure 3.11.d. With input applied from pdrt the outputs will be taken from pert

1 @nd pori2 6 . 't is seen that-1bheantlo powiultt sbeo
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parallel. The series OC stubatpard6 enf orces that a HP fi

placed in that port with the available OC stub and transformer being part of that

filter. There is no restriction on the type of the filter that will be placed atlport. I n

LP-HP type diplexers and multiplexers that port is used as LP port. This structure is

named asType-1l parallel diplexing PCLThe interrelations between the evasd

mode impedances an#-Z;-Z, parameters are also shown in

convenience Figure 3.11.e shows the equivalent circuit when-fiodt

the figure for

is al so

In this case the PCL section becomes an interdigital type OC PCL two port that is

used in theslassical distributed element HP filters.

Type-1 Parallel diplexing with two PCL's:

[a] in [b] 1:k LRight Model
R R U = 2
. N ocC =2
2 Trezouwz :}H 2=
ocC
2 2
k= l+%2—= ev+ “od Zev=zl(1+‘l") 1
1 Zev~Zod k in 2, = Z'm
z 2oyt 2 = -1
2.=2 _fevtod 2,472, (1 ) -
1= 2 2 o K -
2,2, (k"-1)

0C stub 22 : . 0C stub
k:1 2 2 ol
out-2 HP or BP 2, =2,
< port T2
1 '
~— 1 10—
: > \ .
in 1 in z1 = Zl[l
* T g e

kil
2
Eut-z

2
Eut—Z

out-1

out-1

i ZZ
I SR U |
— 1]

- 2, “E - 2,
o T

1H

Figure 3.11. Type-1 Parallel Diplexing Circuit

d) Type-2 parallel diplexing with two parallel coupled lines:
Figure 3.12 shows an alternative parallel diplexing circuit wittv o
now port2 6 o f the PCL is | eft OocC.
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circuit model. TheOCatpe# 6 makes the transfor mer |
two lines giving the circuit of Figure 3.12.c. Line226 now b e cgsiumans an
the circuit can be redrawn as shown in Figure 3.12.d. With input applied frosh,port
the outputs will be taken from pettd a n-2 The circuits to be connected to
these ports will be in parallel. This three port is named as2yparallel dblexing

PCL. The series OC stub at p@rtenforces that a HP filter or BP filter must be
placed in that port with the available OC stub and the transformer being part of that
filter. There is no restriction on the type of the filter that will be placepgo&atl 0
except that its first element must be a transmission line with impedanE®wever

since 4, Z; and k are interrelated, in designing and modifying the filter atoré
should also consider the impedance of the transmission line al gortis fach
actually forms a constraint. Therefore it seems that this parallel diplexing is less
practical to use than Tygeparallel diplexing PCL.

Type-2 Parallel diplexing with two PCL's:

@ (b) , . 1K LRight Model B,
1o 1+1out-l == " H 2
3 — Y — 2% be
out-2 ocC

1 1"
in 2, =219 out-1
(c] 1
2 1:k 0C stub
2 —e 2°
out-2
HP or BP out-2 2 oc
port 2 12 1 o
1 L
out-1 1 - ¢ 1
Z2,=2, LP port in 2, =2, out-1
=* —®

1
22 _ Zey+Zod Zey=2y (1+ )

k
Zl Zev - Zod

1

20472, (1- )
2.= 22 _ZeytZod s o k
e 2 2 2,72, (k“-1)

Figure 3.12Type-2 Parallel Diplexing Circuit
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Traditional diplexers us&-junctions as their diplexing ends. In the following section
a comparison between-jlinction diplexing and OCPCL diplexing will be made.

First these structures will be compared in return loss aspect.

3.3. Comparison of Return Loss Performances of PCL a&ahT-
Junction Diplexing

In this sectiorthe use of OCPCL (open circuited parallel coupled line) in diplexers is
investigated. It will be shown that #n OCPCL is usedis diplexing elementhe
return loss of the diplexer especially at low frequenciegdiswnto DC) is much
lower than the case when TFéenction diplexing is used. It will be shown that
OCPCL can be used with any type of highpass filters whereas #luresion
diplexing is to be used there should be at least one coupled line (befotwthe s
circuited stubs) in the highpass section in order to eliminate the loading effect from
the lowpass channel at lower frequencies. Let us begin with a simple example by
designing the highpass and lowpass channels seperately.

Design of the lowpass chanel:

The channel filters are synthesized using the software Filpro. Therefore the
terminology and circuit element symbols of Filpro are used whenever applicable.
Thecorner frequency [f) is taken as 4 GHZ he quarter wavelength frequency)(f

is 8 GHzand passbandipple is taken as 0.01 dB& degree six singly terminated
LPF will be designed with 3 contributingrit Elements (UB )sand 3transmission
zeros ( mihibys The acircuit is then synthesized bextracing the
transmission zeros in tharderinf-UE- inf-UE- inf-UE giving the filter of Figure

3.13.

ST W F W F [ F b

RS : SO Zo : 85.163 Zo : 37.925 Zo : 93.198 Zo : 44.264 Zo : 75.641 Zo : 132.43 RL : SO
Lng : 9. 3685 Lng : 3S.3685 Lng : 3S.3685 Lng : 3S.3685 Lng : 3. 3685 Lng : 9. 3685
Er = 1 Er : 1 Er : 1 Er : 1 Er : 1 Er = 1

Figure 3.13. LP channel Filter Schematics
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Design of the highpass channel:

T-Junction diplexing:
The corner frequencyyJ is taken as 4 GHz , The gterwavelength frequencyqf

is 8 GHz and ripple is taken as 0.01 dB. HP will be designed with 6 contributing

UE 6 s tramsmikzzion zero at f=0.he elements arextractedn the ordetUE-UE-

UE-zerocUE-UE-UE giving the circuit shown in Figure 3.14

<"\> s L L lL L L L ¢]

RS : B0 20 : 367.60 Zo : 118,03 2o : 35.391 Zo : 18,553 Zo : 25.974 20 : 40.371 Zo : 48.160 RL : S50
Lng : 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng : 9.3685
Er : 1 Er : 1 Er : 1 Er : 1 Er : 1 Er“iad Er : 1

Figure 3.14. HP channel Filter Schematics

Formation of the diplexer with Tee Junction:
The circuit for HP channel is repeated in Figure 3.15.a. In Figure B.1&.
transformer is inserted to be used for tuning together thighLP channel. Next in
Figure 3.15.c¢the LP channel is connected in parallel with HP chartoeform a
diplexer with Tee type junction. In Figure 3.d5the HP channel is tuned for
maximum return loss up to 8 GHz. Thened circuit is given in Figure 3.35 The

return loss for ta tuned and untuned circuits are given in Figure.3.16
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(a)
50
e L L % L L L I#
Zo : 3€7.60 Zo : 119.03 2o : 35.391 Zo : 18.553 Zo : 25.974 Zo : 40.371 Zo : 48.160 G0
Lng : 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.368%
(b)
o) L% R I LI & T
N Insert Trf: n=1
()
('\g >“ R I R I
N
Insert LPF in parallel
(d) Diplexer circuit:
Ex
] || f || f
ip
i N N N
LPF Tune impedances
(e) Optimized diplexer circuit
Ex
H| i T i L L T
ip
50 1.309 Zo : 95.21  Zo : 109.50 Zo : 44.239 Zo : 18.553 Zo : 29.870 Zo : 43.197 Zo : 49.123 50
Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 8.6190 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685
LPF
Figure 3. 15 Formation of the Diplexer with T-junction
[ RETURN LOSS |
0 *-\ """""""""""""""""""""""""""""""""" | eaatatas: b e e
: \ before tuning
e \
e —
: § //\\/_\ /
20.0 ¢
= after tuning
LOSS :
10dE~ |
30.0 ;
40.0
50.0 |
o 1£00.00 z200.00 FRE® 450000 £400.00 2000.00
200 MHz~

Figure 3.16. Return Loss of the diplexer with tJunction before and after tuning
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OCPCL diplexing:

The design fohigh-pass channel is performed on Filpro and given in Figure 3.17
The corner frequency/ffis taken as 4 GHz , The quarter wavelength frequeigy (f

is 8 GHz and ripple is taken as 0.0B. HP will be designed with 6 contributing
UEOG s  dansimisston zeros at f=0. The extra TZ at f=0 will be used in the
formation of the diplexing PCL. The Transmission zeros can be extracted in different
orders giving different diplexer topologies aftesertion of the LPF as shown in

Figure 3.17. The LPF is the same as in the previous design.

m
X

() i < } o
" TL TL TL % TL TLJT’LD

Zero-UE-UE-UE-zero-zero-zero

=
T

(b) — o8
e B S

UE-UE-UE-zero-UE-UE-UE-zero

Ex<
TL T Ths TL 2y TL
ip

UE-UE-UE-zero-UE-UE-UE-zero

(d] -
Ex<
TL TL TL TL TL TL
ip

Zero-UE-UE-UE-UE-UE-UE-Zero

-l

()

Figure 3.17 Four different forms of extraction for HP channel Option-2

Upon extraction we have two observations:

The first pint is the improvement of the return loss at low frequency region. In the
former case the return loss at lower frequencies was severely affected when the
diplexer has been formed, but in this case it is almost unaffected near DC. This is due
to the isolaing effect of the open circuited stub. In the previous case both channels
loaded each other and namely the short circuited stub has caused degradations in LP
channel at lower frequencies. The second point is that [compaigages 3.17.a, b

andc] as theopen circuited stub is extracted closer to the diplexing end the return

loss gets better in low frequency range. Hence we can deduce that if the open
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circuited stubis extractedin the diplexing end, return loss would be much more
easily tuned for all fregencies including DC. Ais is demonstrated in Figure 3.18
Further,comparing Figure 3.17.c and Figure 3.1if.i$ seen that when the OC stub
is extracted at thdiplexing end, théocation of theshort circuited stulwill have no
importance,because theopen circuited stub serves as an isolator for channels
especially near DCwhereas for Figure 3.17.a and Figure D11t is seen that
moving the short circuited stub to the loadesive get a better return lodse to the
fact that the further the shamtcuitedstuly the less the LP channel is loaded.

| RETURN LOSS |
0 E l/’_
o
i /< %
. o \ 8(d)
e Y//K ™
LOSS \
10dB/
N\ 8(b) 8(c)
30,0
8(a)
40.0
50.0 -----------------------------------------------------------------------------------------------------------------------
0 1600.00 3200.00 On:"s@ 4200.00 £400.00 8000.00

Figure 3. 18 Comparison of different extraction schemes for Optior2

All four schemes can be tuned as in the case{dunction.
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In Figure 3.19 the steps in the foration of OCPCLdiplexing three port are
presentec@ndthefinal circuit for HP channel optief is given.

B B
] L i b byl L b
ip

T Zo & 1401.4 Zo : B40.66 Zo : 13386 Fo : 34409 Zo : 15.790 Zo : 2454 Zo : 33,625 Zo : 43,014 50
LPF Lmg: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3885 Lng: 9.3885 Lng: 9.3685 Lng: 9.3685 Lng: 9.36885

(b} 1:1
Ex
] it it L yt L il ]
ip

[ Split Trf ; Left Trf= 0.59

() TR
E:x
m| L L i L T | ]
1p

[ Insert TLine: Z =50

(d E} :
(23
ip

[ Delete

"I YRR

=
=
=
=

—

Convertto PCL

o JHIHIHIE I

AN Note down Zeven | Zodd

M

=)
=

Figure 3.19. Formation of HP channel for Option-2

The circuit in Figure 3.17.c is repeated in Figure &IBhenthe short circuited stub
in the middle is distributed n b et ween the UEG6s wudheng
resulant circuit is shown in Figure 3.19.The transformer has been moved left and
spitted in twoparts. As the left portion is to be used fouilding OCPCL, it is
specified along procedure given below.

k:\/1+é =\/1+% =1.69
Z, 50 (3.3.)

Since 2 =92.9 and we setZ=50 Hence we should set the transformer. Then we

should get the even and odd impedarases
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1 1
Z.,=2,(1+-)=501+—)=795
ev 1( k) q 169)

Loy = Zl(l—l) = 5((1—i) =205
k 1.69 (2.32)

In Figure 3.1 we add a 50 ohm transmission line to use itlaardl we distribute
the series open circuited stub on the left of the lin€igure 3.1 and e. Finally in
Figure 3.19.fwe get the OCPCL with&en=79.5 ohm and @dd=20.5 ohms, which
complies with the results we obtained 8.3, and @.32). Return loss of the

diplexeris given inFigure 3.20 The element values for the final circuit is shown in

Figure 3.21

RETURN LOSS

10.0

z20.0

LOSS
10dB~

=0.0

+0.0 /
so.o i et (R W N [ A A N S

o 1€00.00 =3z00.00 L3 =) “+200.00 S+400.00 S000.00
SO0 MH=~

Figure 3.20. Return loss for HP channel Option2

L Filter Element Uslues |
£
T | T
ip
RS : SO Zo : S0 Ext 1-Port Zo : 92.908 1:n : 0.5916 1:n : 4.8286 Zo : 187.08
Lng : 9.3685 File: LP4_COl. Lng : 9.3835 Lng : 9.3s885
Er : 1 Er- : 1 Ero : 1
I’ T Ir‘ L % T Ir'
Zo : 122.58 Zo : ©9.5e8 2o : 122.68 Zo : 51.978 Zo : 125.08 Zo : 61.817 Zo : 228. 48
3.3685 Lng : 9.3685 Lng : 9.3635 Lnag : 9.3885
1 Er : 1 Er = 1 Er 1

Lng : 9.3885 Lng : 3.3885 Lng : 9.3685 Lng :
Er : 1 Er : 1 Er : 1 Er

Zo : 47.940 Zo : 228.46 Zo : 48.014 RL : 50
Lng : 9.3685 Lng : 9.3685 Lng : 9.3685
Er : 1 Er : 1 Er : 1

Figure 3.21. Final HP channel schematics for Optior2
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3.4. Comparison of Isolation performances of PCL and Tunction
Diplexing

In the previous section the circuits asptimized for the best return loss without
considering the isolation of channels. Now we will optimize the circuits to get best
isolation (stopband attenuation levels) by keeping return loss at about 20 dB. It will
be shown that iPCL diplexingis used, lierejectionof the diplexer is higher than the
case when Tedunction diplexing is used. It willsobe shown that the use of PCL
diplexing adds another degree of freedom to the structure and can be used in
optimization whereas Ted&unction diplexing laks this freedom. The validity of the
claim will be demonstrated through exdmpliplexer designs. Another issue to be
pointed out is the comparison of singly and doubly terminated design approaches. It
will be seen that using singly terminated filters wéhd to unrealizable element
values and transformers in the circuits which need to be eliminated through
transformation and optimization. In the end it will be shown that the singly
terminated filters Wi converge to doubly terminatefdters since doulyl terminated

filters are globally optimum.

Let us desigra diplexer wth crossover frequencyt 4 GHz, the diplexer is aimed to

have a return loss of 21 dB up to 8 GHz and, the highpass channel must have a
rejection of 50 dBc at 3 GHz and the lowpassneigh must have a rejection of 50

dBc at 5 GHz.In order b achieve the above specifications we will design two
diplexers first by TeeJunction diplexing, then biCL diplexing. We will design

and make coarse optimizations of diplexers in FILPRO, then Weptimize the
circuits in ADS. Just as a demonstratiopt® begin with a simple example by
designing theHP and LP channels separatelgnd then combining them to form

diplexers

Design of the lowpass channel:

The corner frequencyq) is taken as &£Hz The quarter wavelength frequency)(f

is 8 GHz and ripple is taken as 0.01 dB.FLWill be designed with 6 contributing
UEOGs @#dds 6 aThe éireuit iB synthesized as singly terminated one. The

62



T Z 0 s exteactedl as inUE- inf-UE- inf-UE- inf-UE- inf-UE- inf-UE giving circuit

of Figure 3.22This LPF will be used in both-junction and PCL diplexing.

Filter Element Uslues

I

J

J

J

TL ( L ( TL f
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Lng : 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685 Lng: 9.3685
Ersmacd Er 2 1 Er & 1 2 g ¢ Ers ety |2 SO |

Figure 3.22LP channel schematics

Design of the highpass channel:

T-Junction diplexing:
The corner frequencyf) is taken as 4 GHz , The quarter wavelength frequegy (f

is 20 GHz and ripple is taken as 0.01 dB. HP will be designed4vithntributing
0.
T Z 60 s exwactedin the order ZerdJE-Zero-Zeroc-UE-ZeroZero-UE-Zero-Zero

UE® s

adds 8at f

UE-Zero,giving the circuitof Figure 3.23
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Filter Element Ualues
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Figure 3.23HP channel schematics after t
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TL TL TL TL
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]
1p
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Figure 3. 24 Design steps for HP channel and diplexer
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Figure 3.25. Diplexer return loss after tuning transformer in HP channel

It should be noted thahe impedance of the lashuntshort circuited stub in the
circuit in Figure 3.26has an impedance of 377 Ohms which is unrealizable. This is
due to using singly terminated design approach. This issudeavidovered in the
next sectionwhere diplexer is to be optimized in ADS. The circuit is repeated in
ADS for convenience in Figure 3.28hd corresponding plots for thiplexer are

shown in Figure 3.27
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TR SR i
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Figure 3.26. HP channel schematica f t er t he extracti o
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Figure 3.27HP channel schematics after t

After 50 trials of optimization, the diplexer has return loss of 20 dB up to 8 GHz and,
the highpass channel has a rejectiomatgr than 50 dBc at 3 GHz and the lowpass
channel has a rejection greater than 50 dBc at 5 GHarder b reach the 21 dB
return loss goal the circuit has to be optimized several times more. The optimized

circuit and its esponses are given in Figu287 and3.28respectively.
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oo oz oo onz Faons Foa oz Foacrz Fooorz
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7 TLe FL9 FL10 L
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Figure 3. 28 Diplexer after optimization in ADS
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Figure 3.29. Diplexer response after optimization in ADS

We note thathe impedancef thelaststub has chaged from 377 ohms to 170 ohms
after 50 trials.Further experimentation with both singly and doubly terminated HP
filters had shown thahey converge to close values with doubly terminated approach
converging faster. Therefore in later designs doubly iteated approach is

preferred.

Design of the highpass filter for PCL diplexing:

The corner frequency(f is taken as 4 GHZ'he quarter wavelength frequency)(f

is 20 GHz and ripple is taken as 0.01 dB. HP will be designed with 4 contributing
UEOsd8a8&Z06s .altZ ofs exmactedin the orderZeroUE-Zero-Zero-UE-
Zero-Zero- UE-Zero-Zero- UE-Zerogiving the circuit in Figure 3.30.
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Filter Element Ualues
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Figure 3.30. HP channel after extraction

Next weconvertthe highpass channgito a realizable PCL form. This is done by

d

stri

buting

t he

ser i

es

ocC

stubs

onto

Figure 3.31.&b. Then he first stub on the left is split into two equal pieces in order

to form the dipl&ing PCL section lateNext the stubdJE-Stub triplets are converted

into PCL sections withhe resultant transformdyeing at theleftmost position as

shown in Figure 3.31-d. Then a 50 Ohm transmsisn line is added and the LPF is

inserted to form the diplexer circuit (FiguBe31.e). The inserted transmission line is

needed in the formation of theansmissiorine-stubtransbrmer triplet whichis the

equivalent circuit of diplexing PCL as shown in Figure 3.3Ite transformeneed

be tunedo form thedesiredPCL sectioras shown in equation8.1.29 and 3.130 as

follows:

The circuit model of a PCL involves the three parameters/ZzZand k as described

in Figure 3.12. Now in the leftmost section of the diplexer circuit of Figure 2.30.e we

have 4=50 ohms as the transssion line impedance.,4s the series OC stub

impedance and it is the splitted half of the first stub whichyis 28.52 ohms. So,

the transformer turns ratio needed to complete the equivalent circuit of diplexing

PCL will be

k

\/1+ L
Zl

J 7842
50

1.6
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Hence we should set the transformer in FILPR®@=&/k =0.625. Tlhuswe get the
even and odd impedancefthe diplexing PCL as

1 1
Zy,=2,(1+—-)=501+-—)=812
o= Z,L+3) =500+ )

Zggo = Z,(1- 1) =500~ =) =189
k 16 (Ohms)
The nextstageis to optimize the whole diplexer in ADS. The circuit before

optimization is gven in figure 3.32

TR

AN AN N N
Kuroda - Left- Equal Stub

CHIHTHIHTI

[\ Split- Two Equal pieces

N 3

Convert to PCL ©

N ol el e el

D\ Insert TLine: Z = 50 ohms Insert LPF

(e) Diplexer:
LipF

01 el e e

l LPF
diplexing PCL

Figure 3.31 Formation of the Diplexer
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Figure 3.32 Diplexer before optimization

The circuit schematics and the response aftemagtion is given in Figure3.33
and 3.34 espectively.
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Figure 3.33. Diplexer after optimization
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Figure 3. 34 Diplexer response after optimization

Next we are going to compare the insertion and return

loss ne=pof two

diplexers (Optiorl and Optior2). Theresponses are given in figure 3.35.
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Figure 3.35a) Return Loss for T-junction (blue) andPCL (red). b) Insertion Lossof HP
Channelwith T-junction (blue) andPCL (red). c) Insertion Lossof LP Channelwith T -
junction (blue) andPCL (red).
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From figure 3.35wve deduce that for approximatelye same return loss (about 20

dB) the rejection both in HP channel and LP channel are bette€CL diplexing

case This is due to the fact that the diplexing PCL serves as another degree of
freedom in the optimizationspntributing to all responsesh@& isolation between HP

and LP channels ialsobetterin this type of diplexing witha sharpeinsertion loss
responsd@.he design approaches described in this chapter for the LP, HP and PCL
diplexing three ports are used in the succeeding chapters in the same manner, with
slight modifications, like increased orders in some channels. Therefore digm de

details will not be repeated to keep the thesis compact.
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CHAPTER 4

EM MODEL ING OF DIPLEXERS

4.1 Why Do We Need EM Modelling?

In chapter 1 various SW_MUX topologies were introduced as a preface. At the end
of chapter 1, the proposed topologysa@escribed in a system point of view. As it
has been already noted, the main blocks were diplexers, power divider and band
limiting filters that is; 2 HP and 18 LP. It is required that the circuits and the EM
structures should be introduced briefly.

In chapter 2, design methods are defined for diplexers. However there is along way
between the measured diplexer and the theoretical design. An attempt for directly
realizing a computer design will always be condemned to failure. Usually the
electromagneticiswulation fills the gap between the computer circuit and the real life
diplexer. This type of simulators can be developed in house for specific applications
or commercial 2D or 3D simulators such as SONNET ,HFSS, CST etc. can be
used. As a matter of fabte f or e 199006s these type of
usage because of their need for very powarfachines considered for their age. In
t he 1990 N;js el ectromagnetic simul ati on
calculation times were needed for mulisonator filters, because the price of EM
simulation of sharp filter structures is either compotatime or hardware resource.
However, together with the increase in CPU speed and by invention of new
numerical method€M simulation began to play a key role in filter design hasl
reduced experimental design work for distributed element filterstefbre, the need
for having a production facility next to the filter lab is certainly no an apriori
condition. Either the structure is metallic resonator filter (like coaxial Ir&ddie
resonators or waveguide cavity resonators or suspended substrateleatridi
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resonators, electromagnetic simulators like HFSS, CST provides almost all

information on:

e their nportbehavionn terms of Sparameters

e their resonance frequencies

¢ their internal electromagnetic field distribution
e their surface currents and face losses

e their dielectric and metallic losses

e their stored energy and quality factor

I n many ways, 3D EM simulation is |ike &
passive rf & microwave filters. The accuracy of 3D EM simulation is very high,

which dlows reaching to the final design with minimum number of design iterations.

Why is EM simulation so realiable ? The answer is quite simple: the operation
dictates the calculation of the electromagnetic fields within the filter structure. It does
notuse6equi val enced6 as in closed formul ato
instant access to the field data provides a variety of angbgssibilities that are not

possible in anexperimentalapproach. However the user must be skilled enough to

exploit the the maximum capacity of the design tool. Such exploitation should
involve commenting of the analysis data. Indeed, EM simulation creates huge files of

field data. If it is just used to plot-garameters, then the tool is certainly not used
successfly enough. Since the use of EM analysis is mentioned, the EM modeling of

diplexers should be continued.

The diplexers were in LIPIP form. As every HP channel should span a bandwidth of

at least 4 GHz, and the rejection is desired to be more than 50 d8mntatr
frequency of the adjacent channel, the use of edge coupled lines with stubs (serving
as finite transmission zeros) is essential due to problems in practical realization of the
circuitry. The LP channel will consist of unit elements and stubs ferdiit lengths

(90 and 180 degrees). LP channel can easily be modelled and realized beause of the
simplicity of its EM structure. However, there are some elagant realization

techniques for very low impedance stubs, but this is out of the scope of tiss thes
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It is the HP channel that will dictate the EM structure (microstrip, stripline,
suspended stripline etc.) of the circuit. In chapter 2 it is seen that edge coupled lines
with stubs may require broadside coupled lines. This fact limits the EM strudioire

two choices stripline or suspended stripline. For the ease of production and tuning
suspened stripline will be used. For the sake of the argument and HP filter at 14
GHz will be designed and simulated step by step. This procedure will be repeated

while designing the HP channels for the diplexers throughout the thesis.

4.2. Design of 14 GHz Highpass Filter

The design steps will not e given as detailed as given in chapter 2. A Hp filter at 14
GHz with the specifications below is designed in FILPRO. Bamg déckquency: 14

GHz, Cut off frequency: 26 GHz , Passband ripple: 0.01 dB, rejection at 13 GHz: 60
dBc. The filter will be in the form of Generalized ChebysBeas given in Figure

4.1a. The open circuits are replaced by series LC resonators. Inducttre in
resonators are splitted into two equal pieces and they are replaced by transmission
lines as given in Figure 4.1.b. The resultant circuit is shown in Figure 4.1c. the series
open,short circuit in the parallel arm is transformed into step resondhbers,
inductors are replaced by transmission lines and the circuit is translated into ADS.
The optimized circuit in ADS and its response is given in Figures 4.2a and 4.2.b

respectively.

TR R

6?-: {’—-—»4: F——n—n F—mﬂ F——n—i: F—mﬂ I’HI]

(b)
ST TP F T F H

(©)
Figure 4.1 Design steps for the 14 GHz HPF in FILPRO
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Figure 4.2 14 GHz diplexer (a) ADS schematic (b)he optimized response

EM modeling will proceed as follows:

First the capacitors are replaced by broadside codpled. The capacitors to be
replaced are shown in Figure 4.3. Notice that the width of coupled lines should be
chosen as the same width as the transmission lines that were used to replace
inductors. It should be kept in mind that the higher the impedairite transmission

line the better the less is the degradation of the response, however there i#.trade
The higher the impedance of the transmission line the narrower the physical line
would be. As the transmission line gets narrower, broadsida@lembline to replace

the capacitor will be longer. This limits the upper frequency of the approximation. As
a result it can be deduced that the width of the transmission line should be thin
enough to replace the inductors, but wide enough to replace piheitca. Another
possibility is to use very thin line to replace inductors and very thick broadside
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coupled lines to replace capacitors, but this time reflections frgamdfions forms

by thin and thick lines connected together will cause extra reflactibich would in

return degrade the return loss of the structure. The broadside coupled lines replacing
the capacitors are shown in Figure 4.4. In the Figure SONNET simulations are

included as two port circuits and parallel capacitors are used for fiimgtun

Figure 4.3 Capacitors to be replaced

Figure 4.4 Simulation layout for broadside coupled line replacing capacitors.

After replacing the capacitors and the inductors in the ¢jrtie circuit will be
divided into building blocks as FCap (broadside coupled lir@L and TL-stub TL.

As shown in Figure 4.5.a to c. Note that the primed ones in Figure 4.5.a are
TL+cap+TL triplets and unprimed ones are TL+stub+TL triplets. Theselibgil

blocks will be simulated by SONNET and the results are embedded into the circuit
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as 3port circuits in ADS as shown in Figure 4.5.a. Whole circuitigptmized and
later but into Nport circuit form as shown in Figure 4.6. Here only length of the
transmission lines and stubs are optimized. ThgboN circuit is recursively
simulated in SONNET and optimized in ADS until we get a-peot circuit as

shown in Figure 4.7

79



2'.4 -
B4l
4 Gt

A1 2 Ohm
= 4
F1f Ge Fie

B4
Fef Gt

Fle=

@)

(b)

AN\

DA

RN

NN

e w

A N N N O A N AN ONNOVNDADDDAIDDIN N\ \‘l// Ll
N A A A NN R . N N )
e R s e e e e e R e e e e e e e e e e e e e e e e e e e N NN N \I:
N

NN

NNNNNRY

A

N

(©)

Figure 4.5(a) TL+cap+TL and TL+stub+TL triplets in ADS (b) TL+cap+TL in SONNET (c)
TL+stub+TL in SONNET
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Figure 4.7(a) Final SONNET layout (b) Its response
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It is seen that passband return loss is beltbvdB and the insertion loss is below 1

dB. A rejection of 50 dBc is achieved at 13 GHz. Th&es occurring above 18

GHz is due to the weakness of the simulation program for taking into account the
walls which are put to shift the box mode resonances over 20 GHz.Finally the final
layout is simulated in CST and the filter is manufactured. The amecdl drawing

for CST simulation is given in Figure 4.8 a and 3.8 b. The result of ibe 3
simulation is given in Figure 4.8.c. It is seen that the return loss gets better about 2
dB and the spikes in SONNET vanishes whereas the insertion loss andmejecti

remain the same.

| |
(b)

Figure 4.8(a) CST layout (b) top and bottom sides viewed together
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Figure 4.8 (continued) (c) CST result

When the real filter is to be manufactured, tuning screws are added totehe f
mechanics in order to compensate for the PCB manufacturing tolerances. The
manufactured filter is given in figure 4.9.a. The measurement results after tuning are

given in figure 4.9.b.

)o &
+-

(a)
Figure 4.9 (a) 14 GHz HP filter module

84



Trace 2

_ File Trace/Chan Response Marker/Analysis Stimulus Utility Help

Marker 3 [ 16.0000000000 GHz [=]

Transform [ Gating [

|Tvansform Start/Stop

=] [-10.000000nsec =]

[ 10.000000 nsec EI

e | 7] X]

Turn Off
Markers

Tr_1_511 LogM 10,00dB/_0.00dB TR 521 LogM 10.00dB/_-30.0dB Marker 4
20.00 1: | 14.00000p GHz _ {16.228 dB Off
2: | 18.00000) GHz  17.335 dB
i 3: | 14515000 GHz _ 113.857 dB Marker 5
! 1: | 1400000 GHz {12722 dB =
. 2: | 13.000000 GHz 43541 dB Off
5106 S >3 |16.000000 GHz 068542 B
: = 4 [ 18:000000-GHz—( 58908 48] Marker 6 _
/1 4
Off
-10.00
Marker 7
=
20,00 off
{ Marker 8
| =
-30.00 b —— Off
T
| |
-40.00 : e 5 Marker 9
ik “| o 5.2 p z Off
? } /3 \ )% - X
-50.00 1 1 — -
‘ 1 \/ All Off
\ -
I \/ h |
-60.00 “ ! H
. Return
\
-70.00 | ‘M ‘;"
1
-80.00 I hd ‘ Favorites
1/ >Ch1: Start 10.0000 GHz — — Stop 24.0000 GHz
| cont.  cH1: s21 C 2-Port LCL

(b)

Figure 4.10 (continued) (b) Its response.

It is seen that the passband return loss is about 14 dB and passband insertion loss is
1.2 dB at 14 GHz and below 1 dB up to 18 GHz as expected. Rajetti® GHz is
better than 40 dBc. The difference in the return loss may emerge form manufacturing

tolerances of PCB and mechanical body as well as the launching scheme.

EM modeling of diplexers follow the same path but this time there are two channels
to design : LP channel and HP channel. The filters in these channels can be designed
as singly terminated or foreshortened doubly terminated filters. The diplexing OC

PCL will be formed as told in chapter 2 and will not be repeated here.

4.3. Design of 6 GHz Dplexer

As an example, 6 GHz diplexer is designed. First the LP and HP channels are
designed as singly terminated filters. For HP channel passband ripple is taken to be

0.01 dB, the corner frequency is taken as 6 GHz and quarter wavelength frequency
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is taken as 12 GHz. Design steps are straight forward and are given in figure 4.10 (a)
to (g). The formation of OC PCL is given in figure 4.10 (g) and detailed calculations

are not given here as they are already given in chapter 3 in equation (3.1.30).
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()
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Figure 4.11 Design steps for HP channel of 6 GHz diplexer

For LP channel passband ripple is taken to be 0.01 dB , the corner frequency is taken
as 6 GHz and quarter wavelength frequency is taken as 10 GHz. Design steps are
straght forward and are not repeated here. The final circuit in FILPRO is given in

Figure 4.11.
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Figure 4. 12 FILPRO circuit of LP channel of 6 GHz diplexer

Having designed the LP channel, and obtaining the OC PCL sectiBnand HP

channels are connected to the through and isolated ports of the OC PCL respectively
while leaving the coupled port open in ADS as shown in Figure 4.12.
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2=50Chm
=
4 T i
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Figure 4.13 ADS circuit of 6 GHz diplexer
LP section is madeled as 3 ports circuits replacing the-§tub TL triplets as shown
in Figure 4.13.
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Figure 4.14TL -stub-TL triplet
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Figure 4.15N-port circuit for optimizing diplexer response
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After redacing all the triplets, only length of the transmission lines and stubs are left.
N-port circuit is formed using eocalibrated ports for optimization of stated lengths.
The procedure for HP filter is followed in HP and LP channels and the following
circuits consisting of two Mport circuits diplexed in parallel via OC PCL, later OC
PCL section is modeled in SONNET and it is connected to the LP section of the
diplexer as shown in Figure 4.16P and HP sections are simulated and the whole
circuit is optimeed recursively to obtain the desired performance. Final diplexer is
achieved in Figure 4.16. As in 14 GHz HP filters tuning screws are placed for
compensating manufacturing tolerances. The measurement results and pictures of the
manufactured dipexer ar@vgn in Figure 4.17 As seen form the graph an input
return loss of16 dB is achieved. The rejection at 5 GHz for the HP channel is above
47 dBc and the rejection for at 7 GHz for the LP channel is above 40 dBc, the
ultimate rejection for both channels above 35 dBc. The insertion loss for both
channels is better than 0.5 dB. The crossover is exactly at 6 GHz having a4oss of
3.8 dB for both channels. Other diplexers are designed in a similar fashion and the
responses are given below in figure 4.18
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Figure 4.17 (a) top side for 6 GHz diplexer (b) bottom side for 6 GHz diplexer
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Figure 4.17 (continued) (c) 6 GHz diplexer module (d) Its response

94



4.4 Measurement Reslts For Other Diplexers
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Figure 4.18(a) response of 4 GHz diplexer (b) response of 8 GHz diplexer
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Figure 4. 18 (continued) (c) response of 10 GHz diplexer (d) response of 12 GHz diplexer
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(e)
Figure 4.18 (continued) (e) response of 14 GHz diplexer

It is noted that as the cresser increases the response fails to comply with
SONNET results. As the creswer frequency increases, return loss degradation is
obvious. Besides the cresver loss increases in an unexpected level and in some
channels crosever frequency seems to shift. The former reasons, i.e. return loss and
crossover loss are of concern since crosgr shift can be adjusted by tuning. Hence

it becomes compulsory ththe reason for degradatichould be found and corrected

The prime suspect is an old friend: the connector. The launching scheme should be
optimized for the entire band. For this reason a 50 ohm transmission line was drawn
and simulated with the curreatr gap,seal, pin radius and air above pin. When we
increase the air around the pin from 20 mils to 24 mils and the distance between the
top wall and pin from 32 mils to 40 mils the return loss decreases-1@mB to-34

dB. Later diplexers were simukd according to new launching scheme to ensure

performance. The responses are given below from figure 4.20 (a) to (g).
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(b)

Figure 4.19(a) mechanical view of connector (b) prespective view of connector
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Figure 4.19 (continued)(c) original response (d) optimized response
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Figure 4.20(a) response of 4 GHz diplexer (b) response of 6 GHz diplexer
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(d)
Figure 4.20(continued) c) response of 8 GHz diplexer (d) response of 10 GHz diplexer
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