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Abstract

Nowadays communication technique is supportingeciffit standards and provides a
wide spectrum of service. A common multi-freque@nsceiver incorporates front-end
part, which main function is to separate / combneguency channels. This work focuses
on development of the improved key passive compsni@ciuded in the front-end part.
These components are filters and dividers (frequend power).

LTCC technology has been chosen for productiorhefdomponents providing size
miniaturization that is very important for hand-dhedevices especiallfNew solutions
allowing the further size minimization were propgdsé&he idea is to minimize a number of
elements in the structure providing the best aabtperformance.

First of all, a new transversal / recursive passiter with bandpass characteristics
is presented. The lumped elements structure regress equivalent circuit of a ring
resonator with perturbations. Due to optimizinge tsimple and easy tuned filter was
designed.

A new power divider realized with coupled transnussline (CTL) sections was
developed for function with ultra-wideband (UWBYsals. The splitter is matched in the
frequency range of 3.1 — 10.6 GHz.

Multiplexing of contiguous frequency bands was ioyad using the proposed
multiplexing circuit based on CTL sections provigliguasi-balun function. Performance
of the multiplexer is confined only within the bamdth of the quasi-balun.

The theoretical calculations agree with the prattresults. The components were
produced using LTCC technology, tested and foundpgtication in actual projects.

Keywords— analog integrated circuitgircuit analysis, circuit synthesis, circuit
simulation, coupled transmission lines, dielectnaterials, distributed parameter circuits,
frequency division multiplexing, RF communicatiompedance matching, microwave
circuits, LTCC, passive circuits, power combinemower dividers, RLC circuits,
transversal filters, ultra-wideband communication.



Kurzfassung

Derzeitige Kommunikationstechnik unterstitzt versdene Standarts und deckt
viele Anwendungsbereiche ab. Der front-end Abstlanites Multifrequenz- Transceivers
verbindet bzw. teilt Frequenzkanale zur weiteremavieeitung. Diese Arbeit konzentriert
sich auf Entwicklung von verbesserten passiven Kammepten, die im front-end Teil
eingesetzt werden, wie z. B. Filter und Teiler ¢frenz und Leistung).

Die LTCC Technologie wurde fur die Produktion deariponenten ausgewahlt, weil
diese zur Miniaturisierung der Bauteilgrof3e bettragas fir den Einsatz in tragbaren
Geraten von besonderem Augenmerk ist. Es wurde Ikeneepte vorgeschlagen, die eine
weitere Miniaturisierung férdern, ohne dabei digf@enance zu vernachlassigen.

Im ersten Teil wird ein neuer passiver transversakekursiver Bandpassfilter
vorgestellt. Die dabei zum Einsatz kommende lumfgdment Struktur ist eine
aquivalente Schaltung von Ringresonator mit Inhoandtgten. Nach der Optimierung
wurde der leicht kontrollierte Filter mit einfach®truktur entwickelt.

Der zweite Teil beschaftigt sich mit einem neuenstagsteiler, der mit den
gekoppelten Leitungen realisiert wurde. Als Eingahbiet wurde UWB spezifiziert, somit
erfolgte die Anpassung des Leistungsteilers im ¢agbereich von 3.1 bis 10.6 GHz.

Abschlie3end befasst sich diese Arbeit mit der kaklwng eines Multiplexers,
welcher die Funktion eines Quasi-Baluns aufweistd unit gekoppelten Leitungen
realisiert wurde. Dabei wirkt nur die Bandbreitesd@uasi-Baluns begrenzend auf die
Gesamtperformance des Multiplexers.

Die theoretischen Kalkulationen stimmen mit derkpsahen Ergebnissen Uberein.
Diese Komponenten wurde mit LTCC Technologie progitizgetestet und in aktuellen
Projekten verwendet.

Schlagworter— analog integrierte Schaltung, Analysis von Scimglen, Synthesis
von Schaltungen, Simulationen von Schaltungen, geébe Leitungen, dielektrische
Materialien, Schaltungen mit distributive Paramgt&requenz Division Multiplexing, HF
Kommunikationen, Anpassung von Impedanz, Hochfregugchaltungen, LTCC, passive
Schaltungen, Leistungsaddierer, LeistungsteilerCR&chaltungen, transversal Filters,
ultra-breitband Kommunikation.
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Acronyms

3D three-dimensional

ADC analog-to-digital converter

B balun

BalMPX balanced multiplexer

BalTPX balanced triplexer

BPF bandpass filter

BSF bandstop filter
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DC direct current
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F filter
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HPF highpass filter

IC integrated circuit

IL insertion loss

L inductance

LH left-handled

LNA low-noise amplifier

LNB low-noise block converter

LPF lowpass filter

LTCC low temperature co-fired ceramic
M matching

MMIC monolitic microwave integrated circuit
NF notch filter

NOFDM noncoherent orthogonal frequency division multiiex
PA power amplifier

PCB printed circuit board

PD power divider

PM power monitor

gB guasi-balun
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Acronyms

RF

RH

RL

RX

S
S-parameters
SAT
SAW
SCD
SCR
SIR
SMD
TEM
TL

TPX
TV

TX
UMTS
UWB
VGA
WIMAX
WLAN
WPAN
Y-parameters

radio frequency

right-handled

return loss

receive

switch

scattering parameters

satellite

surface acoustic wave

single cable distribution
satellite channel router
step-impedance resonator
surface mounted device
transverse electromagnetic
transmission line

triplexer

television

transmit

universal mobile telecommunication system
ultra-wideband

variable gain amplifier
worldwide interoperability for microwave access
wireless local area network
wireless personal area network
conductivity parameters
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1. Introduction

Nowadays, our life could not be imaged without weslide web providing different
communication types between people. This web is that same as well known
abbreviation “www” that has been using for a lomge& for designation of one of the
services communicated via the Internet. The web dllasights to be named “wwiw”
(world-wide information web), because it contairlks available services providing any
information flow. The communications are realized the Internet, mobile nets, GPS
(global positioning system), TV broadcasting anbdeothard-wire or wireless networks.
Anybody can access desired data or establish cboneto the other one by using
specialized devices. Handheld devices are the mitrsictive, because almost everyone
wants to be always online and have every time utdiinaccess to the wwliw or even be a
part of the wwlw. For example, a mobile phone is thost widely distributed device of
such type. The history of mobile phones developmsmbws increasing of their
functionality and decreasing of them in size. Thege processes are discrepant and they
became possible mostly due to the technology imgr@nt. Mobile phones have full
wireless access to the wwlw, thus the increasedtifumlity leads to more complex
system realization, particularly to high frequer{eiF) signal processing. The HF signal
processing takes place in the front-end part ofaty@ipment and represents a point of
interests in this work.

Frequency response of the widely distributed wegkstandards is depicted in Fig.1.1,
where there are the several ones mentioned abavy®WB-H (digital video broadcasting
handheld) (UHF: 470 — 862 MHz), GSM (global systemmobile communications) (824
— 894 MHz, 880 — 960 MHz, 1710 — 1880 MHz, 185009 MHz), GPS (1.57542 GHz),
UMTS (1920 — 1980 MHz, 2110 — 2170 MHz), BT IEER28(5.1 (2402 — 2480 MHz)
and WLAN IEEE 802.11n (wireless local area netwdgky — 2.4835 GHz, 5.15 — 5.725
GHz). Additionally, WiIMAX (worldwide interoperabtly for microwave access) IEEE
802.16m (2.3 - 2.69 GHz, 3.3 — 3.8 GHz, 5.15 — 5.8Hz) and UWB (ultra-wideband)
IEEE 80.2.15.4a (3.1 — 10.6 GHz) standards are sheWMAX is used for relative high
speed (up to 100 Mbit/s for mobile users) broadhaternet connection on high distances
(maximum range of 50 km), but it can operate eithiehigher bitrates or over longer
distances, but not both. In contrary, UWB providgga-high speed communication (up to
1 Gbit/s) over short range (maximum of 5 m).
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Modern equipment, which is going to be a good cdetei for establishing a valuable
contact between a human and the wwlw, must supgmmnuch standards as possible.
Nevertheless, simple single-standard devices famptementation in specific applications,

Anmi

DvB-H GSM GSM  GPS GSM GSM UMTS WiMAX WLAN UwB F
850 900 1800 1900 WLAN 3GHz WIMAX
WIMAX 5GHz

2.4GHz

Figure 1.1: Wireless standards: frequency response

1.1 Front-End Signal Processing

For example, in order to provide indoor wirelesdeinet network, devices
supporting only WLAN are needed. A typical WLAN hitecture describing such process
is presented in Fig.1.2. An access point (AP) cemtral part of the wireless network that
provides wired to the wireless bridging functiordaswitching function between clients.
Access for AP to an external global network isizeal by broadband technology. Internal
information flows are distributed between the digenvhere each of them must have either
embedded or external adapter providing connectidh thie wireless network. A block
diagram of a front-end part of the adapter opegatith both WLAN frequency bands is
shown in Fig.1.3. Two antennas used for transngittireceiving a signal are matched with
the system input impedance by matching circuits. (D (electrostatic discharge)
protection device protects integrated circuits (lik¢ a switch (S), a low-noise amplifier
(LNA) and a power amplifier (PA) from ESD damageheTswitch commutates the
antennas with receive (RX) and transmit (TX) pdiX part contains a power monitor
(PM) registering power of the transmitted signapl&xers (DPX) in both paths separate 2
GHz and 5GHz channels, which are filters by bansifdters (BPF). Lowpass filters
(LPF) in TX path suppress harmonics coming from Baluns (B) transform a single-
ended signal into the balanced one in order toolepatible with chipsets having balanced
inputs. This is a common block diagram; therefoia, all components must be included.
M, ESD and B are optional depending on system rements. The front-end part can be
realized as a single components solution as weklrastegrated variant — a front-end
module (FEM).
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Thus, main task of the front-end part is to segakaith working frequency bands
and receive / transmit paths. The passive elemewnbddved in this function are filters and
dividers (frequency (multiplexer) and power (sph})). These are the key components,
which investigation put into this work.

Global Network

s : ":_-‘. g
‘ ’ i ﬁ\e(“
3 : o
wireless notehook adapter \-ﬁ i i v :\-. 2

Wireless PCI (USB) adapter
Figure 1.2: WLAN architecture
RX 1 B —BPF—LNA—BPF—L
DPX
Ré2 1B —BPF—LNA—BPFJ i
¢ Ant
s ESD M _H—e
m ESD —;\t
. n
@1 B —BPF— PA _LPF_L
DPX\— PM —
™2 | B —BPF— PA —LPFI |

FEM :

Figure 1.3: A common front-end block diagram

1.2 Motivation

As it was said above, continuous tendency in elanubdf handheld communication
devices shows increasing of functionality and dasirey of size. This process is possible
mostly due to efficient technology development. IO Jow temperature co-fired ceramic)
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technology described in the next topic has beed urseur company for producing passive
microwave components. Providing high values of atiglc permittivity and three-
dimensional multilayer disposition of structurebg ttechnology makes it possible to
develop small-size components. Generally, the depigpcess assumes taking already
known circuit solution and implementing them intd@C piece. This process is standard
and effective enough, but not in all cases. Sintpigking, one can produce a component
as small as possible by just taking as high vafusiedectric constant as needed. But it can
not be a magic, every technology has its own linkits example, either it's not possible to
realize two-layer structures (Wilkinson power detidring resonator with perturbations...)
inside small piece of LTCC or there is no senseige multilayer technology for such
structure realization. On the other hand, circwtusons being able to realized in
multiplayer structure can be relative easy integtam LTCC, but limits on performance of
every circuit exist anyway. Moreover, performanegmdation is observed by switching
from discrete solution to the integrated one arthfipens mostly due to higher losses and
parasitics. Thus, LTCC technology provides effextintegration of passive components,
but with the certain limitations in performance aize.

What could be done if size or performance of agte=si component still doesn’t
meet requirements? New system solutions must balfthat meet the target of this work
— intelligent miniaturization that lies in the mimization of elements number in the
structure providing the best achievable performafae example, the lumped element
transversal / recursive bandpass filter proposethéenwork is an equivalent of a ring
resonator with perturbations fit for multilayer w&tture and optimized for size and
performance. Another example is the new coupled power divider, which compact
structure provides function with UWB signals. Thstldesigned structure described in this
work is the multiplexer operating with contiguouanks. This simple structure allows
refusing from difficult and big circuit solutions.

1.3 Outline

The present work is split into several parts. Tihs fopic refers to LTCC technology
used for the components realization. A new trarsaldgrrecursive filter concept has been
presented in the second topic. The filter is thadpass one, which structure solution
results in a compact design with sufficient perfance. In the third topic, a new coupled
transmission line power divider providing function ultra-wideband frequency range is
presented. The simplest structure of the poweddiiet to enlarge the working bandwidth
extremely in comparison with the existing solutiofifie next topic is dedicated to a
multiplexing circuit deigned to improve performanoé the split frequency channels
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containing contiguous bands. Typical problems efdbntiguous bands splitting are solved
due to using special schematic of the multiplegarresponding analysis, calculations and
practical investigations are attached to each ef tpics. The final part of the work
contains information about practical applications tbe designed components. All
components together or a part of them can be imgésal into front-end signal processing
part. Several running projects are shortly presen@onclusion and future work finalize

this thesis.
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2. LTCC Technology

LTCC (low temperature co-fired ceramic) technolggjywas used for designing the
components described in this work. This is onehefgrogressive multilayer technologies
for production of RF (radio frequency) and micro@asomponents. The ceramic itself is
based on combination of ceramic and metal layérsrefore it is suitable for passive
components realization. 3-dimensional structuresberealized inside the ceramic, while
both passive and active components can be moumteHeotop of the components, thus
forming a hybrid structure. Simplified componentt csiew is shown in Fig. 2.1.
Depending on the configuration, passive inner simes occupy several layers, where
connections between them are provided by vias.cbn@ections could be followed to the
top of the component, where either SMD (surface meal device) components can be
soldered or other external components can be mdumseng wire bond or flip chip
technologies. In case of using the external actianents operating with high power
levels (e.g. amplifiers), thermal vias have torglemented inside the ceramic providing a
thermal balance. LTCC components are typicallye@d on a PCB (printed circuit board).

Flip chip

SMD VWire bonds

LTCC technology could be implemented for a varigtgomponents beginning with
simple couplers and finalizing in complicated sgsdelike front-end modules (FEMS).
Such components are the next generation after dhdia realized by single SMDs
soldered on PCB, thus contributing to the miniaiation process. Detailed material
characterization and practical examples are ginga]i

Production process of LTCC components consistewdral steps; it is shown in Fig.
2.2 and described in [3]. There is no sense to dhlut it one more time. It should be
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mentioned that the last step (characterization) nmaaot only optical inspection, HF
measurements of the produced component have tortee d

blanking

pre-processing: SN drying

ﬁllll-lllﬂ
LABER viotoming SEREY AEED
1

| : !
condudor 1 4
E printing, JIPEIP Leemi
fine line | | | |
process

inspedion

I L EEEEERNEN 5
laminaling

posl-processing:

p-:ls.! ilrlng co- ﬁnng collating
dicing
SMT

wire bonding

inspection

charcaterisation

Figure 2.2: LTCC processing (from [3])

LTCC technology possesses a lot of advantagesldikeesistive and dielectric loss,
good thermal conductivity, high working temperaiurgh integration density, possibility
of 3D circuits integration, robust against mechahiand thermal stress, very good
hermetic property of the substrate, low material @noduction costs and really applied
mass production methods. Production errors relatdisadvantages of the technology
(misalignment, shrinkage, realization precision ...).

There are two different standard technological gsses for LTCC production being
used in EPCOS: shrinkage and zero-shrinkage. Thiekslge technology is simpler
(cheaper) than the second one and it's used fgtespassive components, while the zero-
shrinkage technology makes both-side metallizatipassible (therefore external
components are able to be mounted on the top ofttheture) and it's used for complex
components like modules. Standard ceramic matésiathe non-shrinkage process is
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DuPont Green Tap¥ 951 with the following parameters: dielectric camie, = 7.8, loss
tangentd = 0.003 (the parameters are measured at 3 GHzJiradthickness — 5um
(possible are 30 and 100 also). An inner struasutmiilt by a silver paste with thickness t
= 10pum and conductivity = 510" S/m. More detailed information about DuPont maleri
Is given in [4]. The shrinkage process uses cemmith several values of the dielectric
constant (7.8, 18 and 82), where the ceramic wah Value is optimal for LC structures,
the high-epsilon ceramic — for transmission line)($tructures and the middle value — for
combinations of them, especially for structuresspssing large capacitors.

2.1 Lumped Elements Realization

Some of typical examples of lumped elements reiddizan LTCC are shown in Fig.
2.3. Two or more layers are needed for the rearzaElements occupying two layers are
simple, while elements comprised of more layerssanaller and have more parasitics. By
designing, an optimum between size and performdrase to be found depending on
requirements on the designed component charaatsrist

b) Inductors

Figure 2.3: Examples of 3D realizations of elemémisTCC (drawn using [5])

Equivalent circuits of the lumped elements realizett TCC are shown in Fig. 2.4,
where all parasitics (coupling to ground ¢{{g), coupling between coils (& and
inductance of interconnections;)Lare depicted excluding coupling between the elei
inside the structure. Additionally to the origirdément values (L and C), the losses in the
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materials are depicted (R The parasitic couplings to other neighbor stites have not
been taken into consideration. Two depicted nodeand 2) correspond to the output
nodes of the elements. The parasitics have an ingmathe performance of the designed
structure mainly due to altering the original schén therefore, they must be taken into
account during the design process. The fact tretetament values of the parasitics are
individual for each of the LC structures bringdidiilties into design procedure.

a C, i
| ! |
| L R, |
— Y ANN———
i T Cénpt Canpz jf i
b) Inductor

Figure 2.4: Equivalent circuits of L and C elemeamalized in LTCC

An algorithm describing a design process of the CT€émponents is depicted in
Appendix A. Requirements on a component are usestribed in specification, which
would be firstly tested on realization ability. #il values are realistic, the next step
“preliminary simulations” would be to create a gutiaic solution providing full
compliance with the specification. On this stegotution considering type of realization
(lumped elements, TL or combined) has to be fodter obtaining the optimal solution,
schematic will be implemented in 3D LTCC realizatiand optimized until it will work
accordingly to the preliminary simulations. On thtep, selection on the ceramic type has
to be done (dielectric permittivity), componentsifiguration and their placement have to
be fixed. Afterwards, the structure will be provea stability to the production tolerances.
If critical elements exist, necessarily correctidrasre to be done with the following re-
simulations, until the design is ready for beiransferred to the production line. The ready
components have to be measured and the measurerasults must be run through the
verification. If the problems or inconsistency beem measurement and simulation results

-9-
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occur, corresponding corrections on the simulatitave to be done and the 3D
simulations have to be done on more time. Afterfthal successful production, certain
paper work on the results documentation shoulddne d

A number of explanatory figures are placed in AgjerA, where ready produced
and cut panel containing LTCC components is showrwall as single components.
Additionally, inner structures of the components t& seen on the cut planes. There are
two possibilities to measure the components usetgark analyzer: by pressing on test jig
and by soldering on PCB, these methods are alsictddpin the appendix. The first
method is quicker, while the second one is moreipee Four-port network analyzer is
used for simple structure up to single-ended txigde while a network analyzer with
switch can measure more complicated structuresaconyy more than four ports, like a
balanced triplexer.

This part shortly outlined LTCC technology used jfpooduction of the components
described in this work. More detailed informaticandoe achieved from well known open
sources.

2.2 Integration of HF Components Using LTCC

This work contains investigations on key componeantshe front-end frequency
signal processing supported frequency division ipleltaccess (FDMA), described in the
chapter 1.1. These components are filter, frequelinger and power divider, which are
the parts of different front-end modules (FEMs)ngoof these components are depicted in
the Fig. 1.3. The components could be realizeddikgle components as well as like the
integrated ones into FEMs. Based on the realizatrortiples described in the chapter 2.1,
the components have been successfully integrated u$CC technology.

The transversal / recursive bandpass filter has bealized with lumped elements.
The effect of the parasitics shown in the Fig.@# be neglected because of small element
values needed for the filter realization that cdatdone of the advantages of the filter. The
realization of the frequency and power dividersaneplified in case of parasitics, because
they are built of coupled transmission line secjomhich can be quite easily implemented
in 3D multilayer structure using distributed elertserOnly the design rules could be a
problem for very precise realization of the evemd add-mode line impedance values.

Next three chapters show development of the ingm@owomponents using
mathematical methods and physical model. At thearehch chapter, ready to use LTCC
models are proposed. The last chapter containsmaftton about the projects, in which the
components have found an implementation. The coemsrhave been integrated into the
modules, thus the requirements on high level iatiggn have been fulfilled.
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3. A NewTransversal / Recursive Filter

LTCC technology has being successfully used in omewe applications for
integration of both single passive components amdptex components comprised of the
single ones, like a module. Filter structures argely distributed due to a variety of its
functionality based on frequency characteristiosm@on filters can be mainly classified
by realization on transmission line (TL) filtersimped element filters or combination of
these concepts. It depends on operating frequeoesamic features and frequency
characteristics. Common bandpass filters (BPF) esst resonator filters itself or
combination of lowpass (LPF) and highpass (HP@r8l, thus provide transmission in the
passband simultaneously with rejection of unwai&ads out of the passband. LTCC has
been found as the optimal technology for miniaatian and producing such type of the
filters.

Another filter type is the transversal / recursoree. Block diagrams of the typical
filter are shown in Fig. 3.1. This type is usualbed in digital signal processing (DSP) and
surface acoustic wave (SAW) structures. Due to melastructure size and poor
performance (high losses) DSP filters didn’'t founile implementation in microwave
filter design. Additional problems with the realimen of negative filter coefficients made
the use of LTCC technology in the filter fabricationpossible. Some work has been done
to combine the transversal / recursive filters vattive elements in order to improve the
performance and make the filters realizable with I@NEechnology [1] - [3]. Nevertheless,
it didn’t make a big progress in comparison withnstard passive LTCC filters. The most
critical parameters are size and simplicity of ii=dion.

Some work has been done on designing the transvéiteas without active
elements in order to provide its compatibility witte passive planar technology. It was the
TL filters based on coupler structures [4], [5]amupled resonators [6] — [8]. The main
problem of the filters is too large size (more tHE®» mm in one direction), while its
implementation in the wireless applications is awed with frequency 6 GHz. Standard
size of the filtering components to be used in ehagplication is about 2.0 x 1.5 mm?Z.
Moreover, LTCC advantages (multilayer distributi@m® not fully used and sometimes it
is more reasonable to build a design on printeclitiboard (PCB).

A new lumped element transversal filter presentetbw uses all opportunity of
LTCC utilizing the size of 1.9 x 1.0 mm?2. It proesl the low transmission losses with the
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good rejection characteristics; it's simple in gesand is comprised of any active elements.
The solution is patented in [9].

i} - cut i out

T1 T1

¢
;

TH-1 TH-1

.. B
TH TH
a) Transversal filter b) Recursive filter

Figure 3.1: Block diagrams of transversal / remar§ilters

3.1 Transversal / Recursive Filter Concept

The new filter concept is based on combination ke standard transversal and
recursive filters properties. A block diagram oé tiiiter (Fig. 3.2) contains the same delay
and attenuation blocks. The main aim of the devakt was to provide implementation
ability of this filter type using LTCC technologyhus all of the blocks are passive.
Moreover the blocks are reciprocal; they providdirectional signal propagation. This is a
distinguishing feature of the filter from the standl ones (Fig. 3.1) and is significant for
functionality of the filter. Such filter topologysaumes the use of the attenuation blocks
together with the delay blocks in one arm.

In general, there are several passes (N+1) corthacyearallel which form N-order
filter. The simplest case is"brder filter which contains only two passes coneédn
parallel. Such filter represents itself a lumpednmednt analog of a ring resonator with
perturbations while N-order filter implements a B0g resonator filter.
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Reciprocity of the passes makes synthesis and @ig8gdyocedures more complicated
especially for the filters with order more thanAll. interconnections with feedbacks have
to be taken into account in this case.

For example, in case of single-directional propagatin output signal in time

domain will be like:
N
y(t)=> ax(t-1,) (3-1)
n=0

wherey(t) — output signalx(t) — input signala, - transmission coefficient for n-channel

andrt,, - delay for n-channel. The transfer function irgirency domain will looks like:

N .
S,(f) =) ae™™ (3-2)
n=0
v @)
o [N e O 15

Figure 3.2: New N-order transversal / recursiiterf

Considering reciprocity of the proposed circuit,otwircular signals are able to
propagate through each of the passes, while piegaht circuit with a number of parallel
rings these signals will be the clockwise (CW) dhd counter-clockwise (CCW) ones.
They become excited at the common input, combinérdonysmitting and reflection from
the input and the output of each pass and finaliyjnfthe output signal by it’s interpolating
at the output side. A value of the output signgbedwls on amplitude and phase of the
outcomming CW and CCW signals. A variety of filtegi characteristics can be obtained
by playing with notches. It is clear that the naslwill be produced by cancellation of
those signals at the output side, which are equahiplitude and opposite in phase. Thus
complex magnitude of the output signal can be ¢ated with the following equation:

Uout = 2 Uinciew) + 2 Uinccewy + Z U rercw) + 2 U refcew) (3-3)

where | J — complex amplitude of the incident CW signal umarnput, Uinc(CCVV) -

inc(CW)

complex amplitude of the incident CCW signal upoutpart, Uref(cw) — complex
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amplitude of the reflected CW signal from outpl, — complex amplitude of the

ref (CCW)
reflected CCW signal from output.

It's not so clear from the equation (3-3), but itlwe shown below that the rejection
performance which is formed by the number and wsivf notches depends not only on
the filter order, but also on complexity of the g&s So, in order to improve the rejection
characteristics, the filter could be prolonged iothb direction — either including the
additional parallel passes or making the existimgsomore complicated.

Advantage of the filter is high selectivity duettee structure properties achieving
without using the resonance circuits with high Q& The filter is distinguished in
comparison with other filters [4] — [8] becauserefusing from resonators and couplers to
combine all passes. This type of filter design rilates with a design of the ring
resonators with perturbations [10]. Duality of tiileer occurs in its representation like a
lumped element circuit which is equivalent to thigyresonator filter with perturbations on
the one hand and the quasi-transversal / recuififieeon the other hand.

3.2 Analysis of the Simplest Configuration

Let's consider a simplest configuration of the megd filter (£-order filter). The
filter contains two passes, which are comprise@rbitrary selected constituents. In our
case, the constituents are selected like T-netwdokgass in one pass and highpass in the
other one). The overall structure is shown in Bi@. Such typical structure was taken in
this chapter in order to simplify the analysis @dare.

I I out

Figure 3.3: f-order lumped element transversal / recursiverfilte

The depicted circuit functions under two conditiom®pending on the element
values ratio, either direct signals or the circulaes take part in the performance creation.
Actually both passes are reciprocal, thereforecihmular signals are always existing; the
difference lies only in propagation conditions. Eaxf the two passes provides different
frequency response. There are frequency regiomgich both chains transmit the signal

-15 -



R. Kravchenko A New Transversal / RecurdFilter

(of course with defined attenuations), or one ch@asses the signal through while the
other one rejects, and vice versa.

In case of transmission ability of both channdhg tircular signals exist and play
prior role in functionality of the filter in compiaon with the direct signals. In this case the
circular currents are nothing but the single-digecturrents which are running in opposite
directions. Proposed T-networks represent itselfeg@ivalent of the left-handled (LH)
and the right-handled (RH) lines and the wholecétme is a lumped element equivalent
circuit of the ring resonator filter with perturbats.

3.2.1 Directional Structure

One way directional currents occur during the pgapi@n only through a single
channel, while the other one includes a lot of dgskor the signal. The existing circular
currents are high suppressed and therefore too teeakluence the filter performance.
The use of the direct currents to form notchesotsannew idea and it's widely used. For
example, structures with interconnections betwdwnautput and the input [11] use the
same principle. The design procedure is very simpéeause two passes are untied and
can be calculated separately with the following boration together. Firstly, bandpass
filter with the required characteristics has to designed and then an additional
interconnection between the output and the inpais&coupling or circuit element) will be
implanted in order to get one or at the most twditaxhal notches. These notches are
formed with the directional signals — the signalkicki propagate in two directions
(original BPF and interconnection element). Thenalg are excited at the input, divided
into two parts and finally combined at the outpidies The interconnections transmission
has to be selected in such a way that the signdl defined frequency appears at the
output with the same amplitude as the basic incgmsignal (through the original BPF)
and opposite in phase. Thus an additional notcleagpnside the filter characteristics.

A bandstop filter patented in [12] uses the sammacle. It looks like proposed
filter but its functionality is based on the diresignal transmission. Therefore the
performance of this filter has bandstop charactsteiad of the bandpass one. Two passes
provide pure lowpass filter and highpass filter relsteristics. The notch appears at the
point where the waves observed at the output aral @y amplitude and opposite in phase.
This is a typical example of the filter functioritglbased on the direct signal transmission.
A schematic realization of the filter with real mlent values is depicted in Fig. 3.4a. The
analysis of the circuit seems to be simple duentiependent functionality of two parallel
passes. For these purposes, the filter is dividertwo subcircuits, as it is shown in Fig.
3.4Db, to be analyzed with its following combinatidrhe original circuit is terminated on
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50 Ohm loads; therefore the subcircuits have teifmeilated with 100 Ohm environment.
Expected simulated LPF {55 ¢g5) and HPF (&, $43) characteristics of the subcircuits are
shown in Fig. 3.5a. The most interesting frequemaint locates at 9 GHz, where transfer
functions of the subcircuits are equal in amplitadéd opposite in phase. Zero transmission
appears at the frequency point after the connecifothe subcircuits in parallel due to
cancelation of the signals at the output.

IND IND
=12 Ib=L2
L=0.73 nH =073 nH

C AP CAF CAP CAap
Ib=c1 Ip=c3 Ib=c1 ID=C 3
C=0.82 pF C=078 pF C=0.82 pF C=078 pF

B | ‘ | ‘ - FORT D_D ‘ | | ‘ D—GES‘:‘T
| | || N ||

Z=100 Ohm

PORT

FORT > | Fe2
P=1 Z=50 Ohm

Z=40 Ohm

IND IND D WD
1D=L1 ID=L3 ID=L1 Ib=L3
L=1.12 nH L=2.02 nH L=1.12 nH L=2.02 nH

FORT
PORT Peg
p=s Z=100 Ohm
Z=100 Ohm
CAP

CAP
ID=c2 1D=02

IC-UNpF IC_Um pF

a) Schematic of the filter b) Separated passes

Figure 3.4: A simple directional signal filter (smated using Microwave Office [14])

It is obvious from the subsection’s function thaitlyoone frequency point exists
where the transmission characteristics are cros3ings maximum achievable number of
the zero transmissions is only one, therefore $yjob of the filter is named as notch filter
(NF) or bandstop filter (BSF).

Let’'s provide more carefully analysis of the men&d structure in order to achieve
its full potential functional ability. To get thehwle overview of the filter function the
transmission function has to be calculated. It &sye to operate with parallel
interconnections using Y-parameters, thus eachepasses - in this case only two passes
- has to be represented with Y-parameters, aoiwshn Fig. 3.6. Afterwards all obtained
Y-matrices sum together in the single Y-matrix, ethdescribes the overall circuit. Finally
S-matrix can be derived from the Y-matrix using ttnansformation equations. It's
assumed in the analysis that all elements are atehilvithout losses.

The Y-matrices of the separates passes look camesgpyly:

[v]= i 1- w’L,C, 1 } (3-4)

w(w?L,L,C,—L,~L,) 1 1-w’L,C,
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Figure 3.6: Matrix transformation

1
. 3 1_2—
[Y ]: Jw L2C1C3 w L2C3
I WL,(C, +Cy) -1 1 -1 (3-5)
w’L,C,

The Y-matrix of the complete circuit as a sum @& Heparate matrices is:

jwC (L-aCL,) i J(1+ 0L, (Cy+ C L+ WFC(WC L 1L, = (L, +L,)))))
1-w’L,(C, +C,) L, W(&’L,(C, +C;) -1(L,(w'C,L, -1 -L,)
"C(L1+ 0)2 )
[vl=| . 1wl . . (3-6)
J(E1+ 6PL, (G, + G L+ W Cy(wC L Ly = (L, +Ly)))) jwC, (- w'CyL,) _ J
W(W’L,(C, +C,) -(L,(w’C,L, -1 -L,) 1-w’L,(C, +Cy) WL, + L, )
t1-wCL,

The obtained Y-matrix is quite enormous to be fathnsformed into the S-matrix,
therefore only & parameter will be taken into consideration, whidiresponds to the
transmission function. Calculated transmissiongisiansformation equation from [13] is:
_ 20Y,, 1Y,

B (Y11 + Yo)(Yzz + Yo) - Y12 D(21
C,L,L))/(20Y, - ja(C, +YZ(L, +L,))+ Y, C,(L, +2L, +L,) +jY WL,
Ca(Ly +Lg) +@Cy(Yool, = YA+ Yol —w'Cy(L, +Ls +jYo0l L)) +aCy(=j +
WY, (L, +2L, +L,) +jYZrL (L, +L,) + Y, wl, —w’Cy(L, +L,)RY,wL, —j) +w’C,
(_Lz(Yo(’d—s + j(OJZLSC3 _1)) +L1(j(j _Yow-z)(Yo('dw - J) +(*)2C3(2Yo(d— 2L3 _j(l—z +

_SZIT
L))))=
D)) S0

The equation represents itself a common fractiaih wWie single variablev (radial
frequency) and seven unknown parameters to beps@these parameters arg ¥ input /

Sy =200, ((1+ WL, (Cy + G L+ G’ (L, — Ly +

(3-7)
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output load impedance and L, C — circuit elememties If the unknown parameters are
determined, then frequency response of the trasssnisunction could be calculated.
Let's evaluate a schematic of the notch filter sadwn Fig. 3.4a. The notch position
can be estimated considering following statement:
S,,=0 (3-8)
Based on fraction properties, the equation (3-8) lma solved by splitting into two
equations:
{SZlT =0 (3-9)
S, 20
A fraction is equal to zero if a term of the fractiis equal to zero and its
denominator is not equal to zero. Thus assuminigtbieedenominator of the equation (3-7)
Is not equal to zero; the notch determination pgeds enclosed within finding a solution
for the following equation:
Sy =20, (1_(*)2|—2 (Cs + Cl(1+ Cswz(_l-l L+ C2L1L3(,02)))) =

— 16 _ o\ 2 _ = (3'10)
=w’2Y L L ,L,CC,C,-w'L,CCyL, +L,)+w’L,(C,+C,)-2Y, =0

Element values of the BSF are listed below:
C, =082 pF L, =112 nH
C, =031 pF L,=073 nH
C, =078 pF L, =202 nH

By substituting these values into the equation@B-the following equation with one

undefined variable (frequency) can be achieved:
130107 [6° — 470107 [eo* + 21102 [6? -1=0 (3-11)

Solutions of the equation have to be zero-transorissequencies. As the equation
order is 6, the six roots are expected accordinglyreover, due to the parity power of the
variable (radial frequency) only pairs of the roaith equal value and both signs (plus and
minus) correspond to the equation. Solutions ofetipgation with following transformation
into linear frequencies are shown below:

f, = wl%n: +9 GHz
fu =°’3%n= (298+ j(119 GHz
fo :‘*’S%n: (-298+ j119) GHz

These solutions represent zeros of the polynom).(B4@thematically, a position of
the real notch will be determined with the frequenc

f =9 GHz

notch
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The denominator of the equation (3-4) at frequel&Hz is equal - 315 4346930
and it's not equal to zero as assumed.

The result obtained above means that the filt&ign 3.4a with the proposed element
values provides only single notch response andetber it's arranged to the BSF
community. But as the equation (3-7) shows andai$ written above also, the maximum
potential number of the equation solutions is swkjch are combined into three pairs.
Therefore the maximum achievable number of thehestdrom the depicted structure is
three. At the same time Fig. 3.5 proves appearahsengle zero-transmission only. There
is only one frequency point at which the transnoigss equal in amplitude and opposite in
phase. Why does the limitation occur on the peréoroe of the circuit? This limitation is
put on the filter due to the unidirectional transsmdn of the currents with different
frequencies. Thus such conception of the filterigiesg doesn't provide full deployment
of the filter potential possibilities.

3.2.2 Circular structure

As an alternative the novel transversal / recurdier based on omnidirectional
propagation which uses the whole circuit potengsaproposed in this work. In order to
simplify analysis procedure, the simpleS8tdrder transversal / recursive filter is taken into
consideration. A structure of the filter is sametesone of the BSF described above (Fig.
3.3), thus both S-parameter (3-7) and notchesriomt€3-9) are actual for analysis. There
is only one difference — the element values aeredt The main task now is to put into the
equation (3-7) such LC values that all solutiondl wiot contain complex values.
Afterwards 3 notches appear in the filter perforogmautomatically. The filter analysis
becomes more complex because of the bandpass Ehestacs. The transmission and the
bandstop performances have to be supported withs#ime element values. So the
functional criterion for the transversal / recuesBPF has to be like following:

S, =0
at @ notches< _*7

S,p 720

S, 2 (3-12)
at w passband - }/ V2

su<¥,

The optimal solution for the proposed structure Midae to provide the transmission
at the required passband with the correspondiregadtion by the notches on both sides of
the passband. The criterion (3-12) is comprisedfonfr equations and six unknown
elements (L, Ly, L3, G, G and G), while the system impedance (or conductivily Was
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to be given as a standard for each implementatewaomally. Thus, a variety of solutions
exists, which is represented in different notchifpmss with corresponding to the defined
passband transmission.

Two ways exist to solve the system equation. Bdththem are based on the
unknown element values reduction. The first ont®iassign two unknown elements with
arbitrary values and solve the system with fouragigms and four unknown parameters.
The second one is to put a restriction on the selientby assigning symmetry on the
passes:

C, =C,
{'—1 =L, (3-13)

Such way reduces a number of the unknowns to figor ahe second solution is not
as flexible as the first one, because it providely one type of the rejection performance
solution for the assigned passband. It's not péssdchange notch positions without any
impact on the passband characteristic. Neverthelessit will be shown below, this
solution is most likely the best one.

Another possibility to reduce complexity of the tgys (3-12) is based on a well
known issue that the transmission occurs by pragidhe sufficient matching. In other
words, the equations 3 and 4 in the system (3-42¢ the same meaning and the given
system can be exchanged with the following one:

S,; =0

at w notches
S, 20

at passband{sﬂz }/ i (3-14)

Now the system (3-13) represents much more flexiigllel of solutions, because
there are three equations and six unknown eleméntssults in a range of bandpass
characteristics. But this system has to be cagefided assuming passband ripples, which
behavior and magnitude can be random.

Let's start with the solving process on the thirguaion from (3-13) which
corresponds for transmission in passband. The siing on term and denominator of
the fraction as in (3-7) will be implemented and #guation will take the following form:

V208, =S, (3-15)

In order to detect only the borders of the passkaqdhtion (3-13) is transformed
into:

\/Elzszﬂ =S, (3-16)

By substituting these variables from the (3-7) fledowing equation can be
achieved:
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2J2 Y, (1~ 0’L, (C, + C, (1+ C,0%(-L, =L, + C,L L ,w?)))) = 20Y, - jxC,

+YZ(L, +L,) + Y0’ Cy(L, +2L, + L) +jYZ’L,Cy(L, +L ;) + wC,(Y,wl, —

DA+ Y 0L, — W Cy(L, + L, +jY 0L ,L,)) +0C,(—j + WY (L, +2L, +L,) +j  (3-17)
YZL, (L, +L,) + Y0k, —*Cy(L, +L,)(2Y,0L, — ) + w*C, (L, (Y0l ; + |

(WL ,C, —D) +L ,(j(j— Yol ,) (Yol ; — ) + W C,(2Y, 0wl L, —j(L, + L))

Reduction of the equation to the equal items, éikeequency with equal power gives
us the following equation:

-0 (RA++2)Y L L ,L,C,C,C,—jo’C,(C,Cy(L,L, +L,L, +L,L)+YZL,L,

L,(C, - C,C.)) + W'Y, (A+2v2)L ,C,C4(L, +L,) +C,Co(L L, +L L +L,L.)
~C,Ca(-LiL, +L Ly =L L)) (Y, CI@2L, +2L, + L) +j(YF((C, +C)(L,  (3-18)
L,+L,L,)+L,L.C,)+CC,(L,+L,)+C,Cy(L, +L;)+C,Cy(L, +L,))) -’

YO(Z\/E (L,(C,+C,)+C,(L, +L,)+Cy(L, +2L, +L,;))+ jo(C,+C, +C, +

Y2(L, +L,))+2(1+~/2)Y, =0

Using the condition (3-13), the obtained equati@nsforms into the next simpler
one:
201+ \/E)coGYOLzlL ,C2C, —jw’L ,C,C,(Cy(L, +2L,) +2YZL,L,) - w'Y, L,C,
(4L,C, +2L.,C, + 2(2+~/2)L,C,) +jw’(2L ,C,C, +2L ,C,(C, +C,) + YZL,
(L,C, +4L,C,) +26°Y,(L.C, + 2+2)L,C, +2L,C,) - jw(2C, +C, +2v2  (19)
L,) - 20++2)Y, =0

Left side of the equation can be observed as a lexmmlue with the following
form:
A+jB=0 (3-20)
This issue simplifies the solution process, becdusan be separated into two parts,
where both real and imaginary part must be equaéto:

A=0 (3-21)
B=0
where
A = 20+~/2)w’Y, 2L ,C2C, - W'Y L,C,(4L,C, +2L,C, + 22 +~/2)L ,C,) +
+20Yo(L,C, + 2+2)L ,C, +2L,C,) - 20 +2)Y, (3-22)

B=jw’L,C,C,(Cy(L, +2L,) +2YZL,L,) - jw’(2L ,C,C, +2L,C,(C, +C,) +
YoLy(L,C, +4L,C))) + jw(2C, +C, +2Y{L,) (3-23)

Let's exchange the frequency variable in the equaB-22) with a parameter p like
it shown below:

p=w (3-24)
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Such exchange procedure makes it possible to realicarder of the equation to
number four:

20+2)p*Y LiL ,CIC, = p?Y o L.C, (4L,C, +2L.,C, + 22++2)L,C,) +2pY,,

(L,C, +(2+~2)L,C, +2L,C,) - 2(0+~/2)Y, =0
The equation for B (3-23) is split into two equaand meets automatically the first

(3-25)

solution — zero frequency:
w=0
w'L,C,C,(Cy(L, +2L,) +2Y7L,L,) ~w*(2L ,C,C, +2L,C,(C, +C,) +
+Y2L,(L,C,+4L,C))+ (2C,+C, +2Y2L,) =0
The same exchange procedure as the one implemen{gd4) has to be done using

(3-26)

parameter q:

q=w’ (3-27)
Finally, the equation order is reduced to numbaey, tikat simplifies the calculation
procedure:
9°L,C,C, (Cy(L, +2L,) +2Y;L,L,) —q(2L ,C,.C, +2L,C, (C, +C,) + YL (L.C,
+4L,C,)+ (2C, +C, +2YZL,) =0 (3-28)

In order to solve the equation, the discriminard teabe calculated with the followed
equation:

D = (2L 2C1C2 +2L1C1 (Cl + CZ) + YOZL 1(L1C2 +4L2Cl))2 _4L1C1C2 (Cl(Ll + 2

L,)+2YZL,L,)(@C, +C, +2YZL)) (3:29)
And the solution for g will be:
q — (2L 2C102 +2L1C1(Cl + Cz) + YOZL 1(L1C2 +4L ZCl)) * \/B
2
Frequency to be found can be calculated with theaton, derived from (3-27):
w=./q (3-30)
Thus, the criterion for the solutions considerindyoreal values has to be as the
followed one:
D=0 (3-31)
{qzo

Based on combination of this passband criterio31(Btogether with the notches
criterion (3-9) all element values can be founde Typical values for WLAN / WIMAX 5
GHz passband filter are shown below:

C, =478 pF L, =014 nH
C, =252 pF L, =047 nH (3-32)
C, =478 pF L,=014 nH
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The passband boundaries can be achieved by satibstitbe values in (3-26). The
circuit provides a transmission at DC automaticatiy the calculated passband is confined
with frequencies:

f, =435 GHz (3-33)
f, =625 GHz
The positions of notch frequencies could be derifrech the equation (3-10) and
they are:
f, =26 GHz
f, =74 GHz (3-34)
f, =90 GHz

Characteristics of the filter with assigned elerseante depicted in Fig. 3.8b. As it's
shown, the transmission exists at DC and at 5 Gdtwl bThe notches are situated form the
both sides of the passband.

An advantage of the filter based on the circularents functionality is obvious in
comparison with the standard filter, which functisndefined using direct currents. Both
filters are built using the same schematic, needeis, one of them is BSF and the another
one is BPF. The BSF provides rejection at the feagy band with center frequency 9
GHz, while a suppression of the BPF is not confinaly with the same band at 9 GHz.
The suppression is gained with the additional redcht 2.6 GHz and 7.4 GHz with the
corresponding transmission at 5 GHz WLAN / WiMAXnoa Thus, the new filter uses all
of the proposed schematic potential possibilitiBse BSF needs additional filtering in
order to reach the bandpass characteristics, wheshilts in size increasing of the
component. Therefore, the miniaturization procesglémented in the new filter is not a
result of the technological process implementat#orgtional use of the schematic based on
a new conception is assumed as a basis.

The performed analysis operates with the mathealafipparatus, which doesn’t
provide an overview of the physical processes agfte filter. Therefore it's not clear
what type of the currents exists inside the stmectdvhy did the assumption about the
circular currents occur? In order to analyze tbssie, the following procedure was used.

The complete *-order transversal / recursive filter with the etarhvalues obtained
in (3-32) is used a structure for the analysis. Twoent types are running inside the filter
— clockwise and counterclockwise currents. It ssmable to investigate the currents flow
at the output and their interactions with each iothat is finalized in the filter performance.
At the output node, currents are split into fourtpa- incident CW, incident CCW,
reflected CW and reflected CCW, as it shown in Biga. Detecting these currents is not a
trivial task. A directional coupler should be thesbdevice to define the direction and the
value of the current flowing in this direction. Wnfunately, the coupler put into the circuit
would have an influence on the performance, theeefodevice is needed which doesn'’t
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bring any disturbance into the circuit. Such dewlogsn’t exist in reality; therefore the
ideal element was implemented into the structuseit’& shown in Fig. 3.7b, the additional
ideal device named “Dual Power Sampler” (DPS) isnemted in series with each pass to
monitor the current flows.

ppppppp

a) Circular currents b) Schematic used in measurements

Figure 3.7: Circulating currents analysis (simuflatising Microwave Office [14])

DPS implies two lossless and frequency independaattional couplers. The S-
matrix of DPS is: 010 0
[Sloes = - 000
1000 (3-35)
0100
The sampler is full compatible with the set tas&cduse it passes a signal through
without losses and reflections, simultaneously ¢esithe signal for measurement without
losses, too. The currents cyclically rotate instde structure and each of the power
samplers counts the sum of all signals transmitiealigh it in selected direction. Thus the
system can be tested without disturbances on ntstifanality. The signals circulate inside
the circuit and each port (3, 4, 5 and 6) gathevsvgp of the signal flowing in
corresponding direction. For example, port 3 cowaltgeflected from the output CCW
signals, port 4 counts all incident CCW signals, &he results of the counting (magnitude
and phase of the excited in port 1 signals) arectegpin Fig. 3.8a. The magnitude values
lie above the O dB level, because the countlessbeuraf summing signals is flowing
through the DPS. Superposition of these signateebutput node gives resulting output
signal (Fig. 3.8b). The notches appear at thatugaqy points where signals are equal in
amplitude and opposite in phase. Three zero tresssoms at frequencies 2.6, 7.4 and 9
GHz (the same ones as calculated before (3-34)l the rejection characteristic of the
filter. There is a wide frequency range from 7 8@Hz with roughly equality of the
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Figure 3.8: Characteristics of the structure ftben Fig. 3.7b (simulated using [14])
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circular current amplitudes and with close to 1&Qrée phase difference. This frequency
range is distinguished with the high suppressionrérthan 15 dB) providing good'®
harmonic rejection (more than 20 dB) and sufficiegher harmonics rejection.

Thus the simple measuring technique has proveskisting of the circular currents
inside the structure and their contribution inte flystem functionality.

3.3 Synthesis Procedure of the Filter

The analysis procedure described above assumesthhatalues of all lumped
elements in the filter circuit are known and numbgthe notches and its positions were
proved based on these data. It's reasonable fopthetical realization also vice-versa
procedure — synthesis. The procedure is basednalingy the circuit parameters (L, C
element values) corresponding to the given frequespecification. It consists of several
steps. Firstly, a number of the notches has to dfsnet accordingly to the specified
rejection characteristics. Afterwards, correspogdsthematic has to be built, which
transmission criterion (3-9) covers this numbethaf transmission zeros (N). Based on the
calculated S-parameters, the system equation (3dglxo be solved. The solution of the
equations will be the frequency points which dependhe circuit element values. These
frequencies are the passband boundaries (P) andotbk positions (N). Thus, the new
equations system is achieved and it's compriseWofE P + N frequency dependent
equations with M lumped element variables insidat tmust be found. There are three
possible cases. The first one occurs if M < W, uohssituation there is no freedom for
appropriate solution, because of not sufficient hemof the variables. Physically, the
notch frequencies are interdependent and it's nesiple to put all of them on fix defined
positions. Second variant would happen if M = Wngans that only one solution for the
element variables exists assuming the given fregjasnThe inequality M > W is typical
for the third case. It provides freedom by choodimg element values. A number of the
element values could be assigned until the comdilo= W becomes true. Afterwards, the
procedure used in the second case will be implesdent

Optimal solution would be the second case, beca#ugéves a network with a
minimum number of the required lumped elementsciwldan solve the problem. Let's
consider the case described in the analysis. Téle ilato build a filter that provides
characteristics shown in Fig. 3.8b. Accordinglyataumber of the notches, which is equal
to 3, we have to provide a network which will sitifllowing requirements given in (3-
10) — the equation must have a frequency poweresglinman with six. Thus, the
complexity of the circuit will be increasing untile following requirements will be met:

Flw™)=0 (3-36)
where N - is the number of the notches defined abov
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Thus the first part of the final equation systenmick solutions correspond to the
notch positions, is obtained and it has the foltayiiorm:
w, =FL,L,,..,L,.,C.C,,...Cq
w, =KL,L,,...L,,C,C,,...C
(3-37)
w, =F(L,L,,..L,,C.C,,...Cq)
where A — is a number of inductances (L) in thewir B — is a number of capacitors (C)
in the circuit.
In addition, boundary of the passband can be fobpdsolving the following
equation system:
{(»NH:F(LPLZ,...,LA .C,,C,,....Cg) (3-38)
Wy, =F(L,L,,...L,,C,C,,....Cp)
The equation systems (3-37) and (3-38) must be swdband solved together in
order to get complete solution for the elementsigiing defined filter performance. This
final equation system would be:

21:Cp)
21Cg)
(3-39)
wy =F(L, L,k ,,C,Cyyer,Ch)

Wy =F(L,, Ly, ,CLCs e ,Cp)

Wy =F(L,,Ly,.0L, ,CLCsye,Cp)

If all frequencies are defined, the last step Wil finding the unknown circuit
lumped elements.

3.4 Practical Realization

The simplest %-order transversal / recursive filter described v@boproves
implementation possibility of the filters using tbiecular currents. It's not used in practice
to provide DC transmission trough the filter. Tlasiest way to avoid the DC transmission
IS to put into the both passes DC-blocking circusother weakness of the filter
prototype lies in a small attenuation far from gassband on both sides. It is obvious that
three notches are not able to form wide enougimadtéon bands, for example, from DC to
4 GHz and from 7 to 18 GHz simultaneously. In orderget a filter with better
performance, an additional improvement has to eedaising either higher order filter or
more complicated passes. Let’s realize the secondeption — to put the additional T-
networks into each of the passes as it shown inF&y
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Figure 3.9: f-order lumped-element transversal / recursiverfiltith improved
characteristics

Such filter configuration automatically excludes Di€ansmission and doubles
potential number of the transmission zeros. It ddag seen from the equation (3-10) for
the simplest F-order filter that the frequency variable is povetey 6. An analogous
equation for the filter proposed in Fig. 3.9 wilbntain frequency in power 12, which
corresponds to the maximum number of the possibtehes equal to 6. This number of
the notches is already enough to produce suffiggassband characteristics. An example
of the filter performance for the WLAN / WIMAX 5 GtHband is shown in Fig. 3.10. The
filter was simulated with the ideal lumped elemewithout losses. In comparison with
simple florder filter which characteristics are shown irg.F8.8b, the improved one
provides much better suppression from both sideshefpassband. The higher order
harmonics are suppressed more than 25 dB and WLMANWAX low bands together with
cellular bands are rejected more than 30 dB.

Thus the transversal / recursive filter with ordember 1 is already able to satisfy
BPF requirements. For some special implementatiocguld be not enough steep slope
providing rejection close to the passband. Thikéscase when the filter with higher order
has to be used, because the better steepness caohieeed only by including the
additional parallel pass.

The relative passband covered by the filter (FigOBin this case is about 20 %. But
the filter functionality is not confined with itnlgeneral, it can be used for enormous
variety of implementations. For instance, realizgdtive passband can achieve 100 % and
more. This issue could be useful for ultra-wideb@diVB) applications. Such filter was
simulated (Fig. 3.11a) and its characteristicssh@vn in Fig. 3.11b. Transmission band of
the filter lies inside standard UWB band — form &Hz to 10.6 GHz. The filter structure
now contains not just the simple LPF and HPF T4théke in the previous design, now a
different combination optimized for this specialudmn is used. The simulation is based
also with ideal LC-elements without losses.
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Figure 3.10: Characteristics of the improvékbtder transversal / recursive filter
(simulated using Microwave Office[14])

The WLAN / WIMAX filter depicted in Fig. 3.9 has be implemented using LTCC
technology. The LTCC substrate parameters gre: 7.8, tad = 0.003,0 = 310’ S/m,
layer thickness = 5Qm. 3D view of the structure is shown in Fig. 3.Camponent size is
1.9 x 1.0 x 0.8 mm3, which is typical for BPFs sthis frequency band.

Two types of the filter were fabricated and meadurd& comparison of the
simulations done by Sonnet [15] with the measurégsmenshown in Fig. 3.13. The first
variant of the filter was optimized for better Idn@quency suppression (Fig. 3.13a) and the
second one provides better harmonic rejection cheniatics (Fig. 3.13b). Each of the
filter characteristics operates with 6 notches —ximal achievable number of zero
transmissions in this structure. Five notches imgleted in variant 1 are situated inside 18
GHz band and the last one lies at higher frequen€baracteristics of the filter in variant
2 possess all six notches inside 18 GHz band, ththe last notch which positioned near
from 16 GHz is not strong pronounced. Assuming swetieband suppression, the
insertion loss of the filter is lower than 1.5 dB.

The low frequency characteristics and the passharal are good agreed with
simulations due to avoidance of parasitic effedtshase frequencies. Parasitic effects
(mostly like intercouplings) appear on higher freqaies and slightly change the
performance. Nevertheless, it doesn’'t make a figence on overall appearance.
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Figure 3.11: UWB T-order transversal / recursive filter (simulatethgMicrowave

Office [14])
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Figure 3.12: 3D view of the WLAN / WIMAX BPF (drawusing Sonnet [15])

3.5 Results on the Filter Design

The new transversal / recursive filter conceptias been presented. The filter avoids
all problems of transversal filters realizationngsLTCC substrate. It is distinguished with
its simplicity, absence of any active components amy large structures like a couplers or
transmission lines. In comparison with the filtesing directional current transmission,
which looks similar, the proposed filter uses dacutransmission that improves
performance dramatically and utilizes the strucanmnea much effective. The filter is very
flexible and could be used in various implementaio

The filter provides low insertion loss with goodoeigh suppression characteristics.
The filter structure can be realized easily usingdtitayer LTCC substrate. For example, 5
GHz filter for WLAN is fitted in a package with gz0f 1.9 x 1.0 mm?2. The characteristics
are not worse than ones of standard resonataisfié@emetimes even better.

The calculation method used in this part of thelwean be implemented for all
structures contained parallel interconnected chainsommon case could be filters with
cross couplings, which synthesis procedure is basederation character. The method
provides the straight forward synthesis procedure.
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with different elements values (plotted using Migewe Office[14])

3.6 References to Chapter 3

[1] C. Rauscher, “Microwave active filters based omgxeersal and recursive principles,”
IEEE Transactions on Microwave Theory and Techrsguel. MTT-33, No.12, Dec.
1985, pp. 1350-1360.

-34 -



R. Kravchenko A New Transversal / RecurdFilter

[2] W. Menzel and U. Vetter, “Passive and active mi@osv filter design using
transversal filter principles,Proceedings orEuropean Microwave Conferenc®ct.
2000, pp. 1-4.

[3] W. Mouzannar, L. Billonnet, B. Jarry and P. Guillo®h new design concept for
wideband frequency-tunable and high order MMIC micave active recursive
filters,” Microwave and Optical Technology Lettexsl. 24, No. 6, Mar. 2005, pp.
380-385.

[4] L. Billonnet, B. Jarry and P. Guillon, “Microwaveagursive and transversal active
filters using lange couplersProceedings ofcuropean Microwave ConferencBept.
1992, pp. 5-9.

[5] T. Hiratsuka and E. Ogawa, “A Ku-band transvergdtdrfusing directional couplers
made of a multilayer ceramiclEICE Transactions on Electronicsol. E78-C, No. 8,
Aug. 1995, pp. 1134-1138.

[6] V. Pommier, D. Cros, P. Guillon, A. Carlier andRogeaux, “Transversal filter using
whispering gallery quarter cut resonatorffEE MTT-S International Microwave
Symposium Digestpl. 3, Jun. 2000, pp. 1779 — 1782.

[7] D. C. Rebenaque, F. Q. Pereira, J.L. Tornero, Ldsia and A.A. Melcon, “Two
simple implemetations of transversal filter withupting between non-resonant
nodes,”IEEE MTT-S International Microwave Symposium Digest. 2, Jun. 2005,
pp. 957-960.

[8] S. Jovanovich and A. Nesich, “New filter type shitafor miniature printed bandpass
filters at RF and microwave frequencief?foceedings on European Microwave
ConferenceOct. 2005, 4 pp.

[9] R. Kravchenko, D. Orlenko, et al., “Band-pass Fjltd?atent WO2006DE1695A,
Sept. 2005.

[10]C.-Y. Hsu, C.-Y. Chen and C. H. Huang, "The UWABefil using dual-mode ring
resonator with spurious passbands suppressi®mceedings on International
Conference on Systems and Signals |@$& 2005.

[11]A. Kundu and N. Mellen, “Miniaturized Multilayer Bapass Filter with Multiple
Transmission Zeros,JEEE MTT-S International Microwave Symposium Dig@gt
760-763, Jun. 2006, pp. 760-763.

[12]W. Wendel and M. Blind, “Bandstop filter (Bandspeit Patent DE3304776, 1984.

[13]D. K. Misra, “Radio-frequency and microwave comnuation circuits: Analysis and
design,” Ed. New York, NY: John Wiley & Sons In2Q01, p.288.

[14]AWR Microwave Office Software Inc. v. 9.02r, 2010.

[15] Sonnet Software Inc. v.12.52, 2010.

-35-



R. Kravchenko A New Ultra-Wideband Power Dier

4. A New Ultra-Wideband Power Divider

A power divider is one of the important elementsRR systems. It's required in
many applications using balanced power amplifibeanced mixers, data modulators,
phase shifters and antenna systems. Regardinghthee pifference between the output
ports, power dividers can be classified into twoety. the in-phase dividing splitter and the
18C° out-of-phase one. Power dividers are subdividedeayjization into types: resistive,
transmission line, coupled lines, lumped elementraixed structures. The simplest power
divider is resistive; unfortunately it possessesrentmsses than the other types. The
transmission line splitters are easy to realizenguslifferent technologies, but require a
space. The lumped element structures representadepi circuits of the transmission line
dividers, but their characteristics are pared-dowhe advantage of the splitter using
coupled lines refers to the ability of controllitige working bandwidth by varying the
circuit parameters.

A lot of work on splitters has been done alreadye Tost famous power divider is
Wilkinson divider due to its clear functionality drsimple design. Basic design of the
splitter is the described in [1]. It provides nobegh wide passband in some applications,
assuming narrowband performance of quarter-wavdrahsformers. A large amount of
investigations on the bandwidth of Wilkinson splitts done and some typical of them can
be observed in the following literature [2] - [10The power combiner has been also
presented with lumped elements instead of TLs FL[]3], but a relation between the
bandwidth and the output ports isolation of thesm@es is unsuitable. Last jump in a
splitter design considers hybrid of Wilkinson dierdwith tuning parallel stubs; this
solution provides dramatically enlarging of the thaidth and a decreasing number of
sections in the power divider [14] — [17]. Unforaiely, some successful results achieved
during the improvements provide either negligiblasgband extension or large and
complicated component realization that makes itassble for high level miniaturization.
Moreover, Wilkinson divider is not compatible to lmegrated using LTCC technology,
because of the structure specific based on 2-dimealsrepresentation.

Another type of widespread power dividers is thapted-line splitters [18] — [20].
They provide wider passband characteristics in @ispn with the common Wilkinson
divider. Moreover, the passband width can be cdlattavith coupling coefficient, where
increasing of the coupling corresponds to the badfithvmaximizing. It makes a big
problem by miniaturization using LTCC technologgchuse of impossibility to achieve
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very tight coupling. On the other hand, the miniagtion process results in narrowing the
transmission characteristics that cancels the ddgarof the splitter.

The new proposed in-phase power divider design, [Z2P] represents new
schematics based on a coupled-line structure thatiges power division in a wide
frequency band. It's not necessary to aspire fatirgethe most achievable tight coupling
in order to get maximum of the bandwidth by usihg thew splitter. The condition
providing the best function is the optimal couplirajue.

4.1 Power Divider Concept

The proposed structure of the coupled-line powerddr is based on a standard
design of Marchand balun [23] shown in Fig. 4.1@pfdted ports 1 and 2, 3 represent the
input and the outputs of the circuit correspondingCTL1 and CTL2 depicted in the
figure — are the first and the second coupled tresson line sections terminated on open
circuit (0.c.). It's clear that function of a balus very similar to function of a splitter.
Characteristics of a balun assume symmetrical @uirtg two outputs) transmission — 3
dB insertion loss (dividing ratio by 2) with 18@hase difference between output signals
(resides in a balun meaning). On the other hasglitier provides division of a signal into
2 parts that corresponds to the same 3 dB losdeke phase difference can bé @ 180
depending on the power divider. Thus, a commonrbahuld be observed as a power
divider. However, there is one significant diffecenbetween a balun and a power
combiner that lies in a balun function. As it's Ww&hown, 3-port lossless reciprocal
network can’'t be perfectly matched with loads frath3 ports simultaneously [24]. This
issue doesn’t disturb a balun function — the shaglded input port is perfectly matched,
while the single-ended output ports are not matchédhe same time, the balanced port
impedance measured between the ports 2 and Jipaitectly matched with the balanced
load. To the contrary, every single-ended porthef power divider must be matched. A
matching network with lossy elements must be uswdthis purpose. Therefore, the
structure shown in Fig. 4.1b is just a basementHersplitter design, which suffers several
add-ons defined below.

So getting back to the Marchand balun as a protofgp the new power divider, a
new schematic of the basic structure for the split derived. The task is to design an
inphase (0 phase difference between the outputs) broadbamempdivider. In order to
compensate 180phase shift in the balun, the outputs positionsewaoved to opposite
side and the open circuit was grounded to provaleesponding boundary conditions. A
detailed analysis of the structure is describedvel
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Figure 4.1: Structures based on coupled transnmdsies

4.2 Implementation of the Splitter

The structure from Fig. 4.1b is comprised of twaumgers connected with the
primary line in series. It has been assumed foattaysis that we operate with the lossless

elements and the couplers are backward-wave diredtones, the coupled lines are of the
TEM type similar to striplines placed in a homogaune dielectric medium and the even-
and odd-mode characteristic impedanceg éhd %) of the lines as well as the phase

constant §) are properly chosen. Detailed schematic showrrign 4.2 includes two

couplers with the input / output ports (numbereaahirl to 8) and depicted incident (a) and
reflected waves (b). The schematic is depicteduchsa way that explains deriving the
network S-parameters (4-1) from S-parameters ofsihgle coupler (4-2) by using a

principle of incident / reflected waves.
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Figure 4.2: Detailed schematic of the basementhi@isplitter
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S-parameter matrix of the coupler given in [25]:

0 - W1-k*  ksin® 0

iS] _ j - W1-k? 0 0 ksin® 4-3)
P 1-K? cos@ + jsin®|  ksin® 0 0 -ji-K
0 ksin@ - j1-k? 0
Zo—Zo . .
wherek = —=——= - coupling coefficient, (4-4)
ZOe + Oo

© =BIL (phase line length) and - physical line length.

Taking into account a fact that maximum amount @mfting between the ports 1
and 3 (or between the ports 2 and 4, 5 and 7, @andcurs if the couplers are comprised
of the quarter-wave coupled sections:

L:)\—g or®=E (4-5)
4 2

where ; denotes the guide wavelength in the medium offthe

Thus, at the center frequency, by substitutingthise in (4-1), the scattering matrix
of the coupler can be represented like the follgwin
0 - W1-k? k 0
is] _ - W1-k? 0 0 k (4-6)
%Coupler k O O — JW
| 0 k - W1-k? 0

Basing on this data, S-parameters of the basenaanbe calculated. The calculation

is given in Appendix B. The result looks like tlwldéwing:

2k -1 2k 2k
2k 1 -2Kk? 4-7
2k -2k? 1

1
S =—
[Slpeo 1+ 2K2

Thus, the network performance shows a relation &éetwS-parameters and the
coupling coefficient. It's easy to examine thatioatl functionality occurs with dg::

Kopt =1/4/2 (4-9)
and it has the form:
o L 1]
J2 2
1 1 1
[S]bPDopt: ﬁ 5 _E 4-9
1 11
V2 2 2

Thus, the structure from (Fig. 4.1b) utilizing thearter-wave lines and the optimal
coupling coefficient is perfectly matched at thpuhport and provide in phase division of
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the incoming signal into two equal parts. As it wasntioned above, the network is not
able to match all 3 ports, and this issue is algpialed in the scattering matrix — the
single-ended output return loss is only -6 dB. Tae that the power divider has to be
matched from all ports forces us to apply some ousho realize this requirement.

4.2.1 Matching Procedure

The procedure of matching supposes implantatioonssy elements into the circuit.
Let’s implement the standard one used in Wilkindonder — a parallel resistor between
the outputs, like it depicted in Fig. 4.3.

______________________________________

qp 'll

Figure 4.3: All ports matched power divider

The optimum solution would be to operate with Y-rxatconsidering parallel
interconnection between the basement and the mataksistor. In order to do this, the
transformation equations of Y to S and S to Y mgtarameters will be used:

[Y1=[Y1,([U1-[S]) U] +[s) ™ (4-10
[SI= (YT [UI-LYD EYT[UT+[Y]D) ™ (4-11)
where
1 00
[U]: 0 1 Of- unity matrix
001
Y, 0 O
[Y]O: 0 Y, O |-Y-matrix of input/ outputimpedance load$
0 0 Y,

Taking into account that [§dp optiS @ singular matrix, the inverted matrix in (4y10
can not be calculated. We must use an approaabrtect this issue. So, small losses have
to be included in the network by correction of thatrix elements. The new S-parameters
matrix with losses will be now:
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SllL S12L

SlSL

[S]bPD opt L = S21L SZZL S23L

S32I.L S32L

SR:3L

4-12

The approach assumes including the losses in tias&m without changes in

matching and thus includes a small error, which bélcorrected later.
S21L = SlZL :S3lL = S.|.3L = O'%Zl PD opt = 0'%12 PD opt = 0'%31 PFD opt = 0'%13 PD opt

Finally the matrix (4-9) with losses will look likke following:

[S]bPD L=

Corresponding Y-matrix (using transformation equati4-10)) will be:

0 o4
Jo4 %
Jo4 —%

[ 95 -67

[Y]eoL =Yo| -67 48

-67 48

<04
1

2
1

2

- 6.7
48
48

(4-13

(4-14)

(4-15

The matrix will be converted after the parallelisesr (Y,) connection (Fig. 4.3) into

the following one:

[Y]PD L =Y, —67

48+°

0

(4-16)

And finally, using the equation (4-26), we've ghetscattering parameters matrix of

the power divider to be matched:

0
[S]PD Lp = V04

Joa

Jo4 Jo4
Y, -2Y, Y, -2Y,
2Y,+Y,)  2Y,+Y,)
Yo-2Y, Y, -2Y,
T2V tY,) 2Y,+Y,)

(4-17)

Now implementing a vise-versa operation with thesés as in (4-28), we achieve S-

parameters matrix without losses and this operagioninates the error included by the

losses before:
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1 1
V2 V2
Y, -2Y Y, -2Y
¢ —p -2 — P (4-19
2 2Y,+Y,)  2Y,+Y,)
Yo-2Y,  Y,-2Y,
V2 2V YY) AV +Y,)

An optimal value of the matching resistop kas to be found to match the network

[S]PD =

‘H ﬁ‘n—\ o

from all two outputs and this value is:

Y, =% 4-19

Thus S-matrix of the power divider matched in optlinvay with the parallel resistor

is:
S
V2 2
Sooo=| = 0 O (4-20)
opl \/E
1
E 0 0

The splitter is matched from all ports and it pd®s equal in phase splitting. It
should be noted that the output ports are per$etaied at the same time.

4.2.2 Frequency Response

The previous calculations were done for the quaveare coupled sections splitter at
the central working frequency under the conditidrb). After the successful matching
procedure we need to turn to our important targehe- bandwidth. For this purpose,
frequency dependent response of the coupler (4itBhsvused, where:

b1:b5J1—7+a3jksine ] _ -bgV1-K? -b, jksin@
Wcos@+ jsin® ) Wcos@+ jsin®@

b, = a,V1-k? -b, jk sin@ b, = b,v1-k? +a,kjsin®
\/1—?003®+ jsin®@ Wcos@+ jsin® (a-21

b, _a,jksin@-b,y1-k* ] _b,jksin@+a,V1-k?
Wcos@+ jsin®@ ! Wcos@+ jsin®@

o, _bgjksin@+a,\1-k? b, _byjksin®@-b,1-k?

V1-k? cosO+ jsin® V1-k? cos@+ jsin®
The same calculation procedure, as the one cantieth the analysis part, was used,
but taking already the optimal coupling from (4&)this time. The resulting scattering

parameters, which have been got:
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bPD bPD bPD

1 2 3
[Sloro o =| S5° SE° SE° (4-22)
IE A S

where

bPD _ _ 2cos’[@]

1 jA

bPD _ GPD — 2sin[@](1- cosPO] + 2cospe] - jv/2 sin[20] + j3\/§/25in[4®])

2 21 A ‘:B

weo _ opo _ 25IN[O](L- 3cospo)] - i2v/2sin[20])

3 31 A [B
oo = _ (1, sinZI[ZG)]

B2 2jA

2sin’[O](~j + j3cospO] — 24/2 sin[20])

A[B?
po _ — j(66+109c0s[20]+ 70cos[40]+ 35cos[60]+ 24cosBO]) — \/E(40$iﬂ[2@] +42sin[40] - 24sin[60]-17sin[80)])
* 8A [B*

A= 3\/§sin[4®] - 2x/§sin[2®] - j@— j3cosO] +4jcosio])

bPD _ qbPD _
S23 _832 -

B = cos[@] + jv/2sin[O]

What is needed additionally, that is the use ofgarallel output matching load 3Y
as it was calculated before. The final power divid@atched with the resistance provides
the characteristics shown in Fig. 4.4. The splittexs simulated with the following
parameters: = 50 Ohm (port impedancef, = 1@hm (matching resistance)= 7.8

(permittivity of the LTCC), f,= 685 GHz (center working frequency),
A C

—_ 9

4 afe

dielectric medium.
The even / odd-mode coupled line impedances musatigfied with two equations

=4 mm (length of the coupled line sectio, - wavelength in the

(4-4) and the characteristic line impedance ([25]):
_ Lo =2y
Zat+Zy (4-23
Zocr =V Zoe Ly,
where %e and %, - even- and odd-mode coupled lines impedange;rZ- characteristic
impedance of the coupled lines. Of course, the loogigoefficient has to be optimal, like
the one (4-8) and the characteristic line impeddraseto be equal to the port impedance:

k =k
o (4-24)
ZO CTL — ZO
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By substituting this equations system into (4-2Bg conditions for the optimal

matched power divider will be:

1 _ Z,.-Z,
N2 Zg+Z,, (4-25
50=,Z,[Z,,
0
-5
— -10
o
T
O
3 -15
=
o
s
-20
-25
-30
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Frequency (GHz)
a) Amplitude characteristics
200
100
31
- K
2
= P21
[ 0
2 yd
¥ =
o
-100 )
-200

0 1 2 3 4 5 6 7 & 9 10 M
Frequency (GHz)

b) Phase characteristics

12 13 14

Figure 4.4: Characteristics of the optimal resigtaded simple power divider

(simulated using Microwave Office [29])

The even / odd-mode coupled lines impedanceseaeed by solving the equations

system and they are optimal:
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{zmm =120 Ohm 429

Z =21 Ohm

0o opt

The simulation was done using the ideal componitteut losses.

The structure is not full symmetrical (mainly besaiwf termination of the line on
zero impedance), therefore obvious differencest@xisboth transmission characteristics
(S21, S51) and the output matching £5 S33). The bandwidth estimated by the transmission
with 0.1 dB of the amplitude balance is equal to¥80Actually, the splitter is matched in
wider frequency band, but the amplitude balancgearas a restriction criterion in this case.
By examining the phase characteristics depicted~ion 4.4b, phase imbalance was
registered. The phase difference between the optmages varies from “-25to “+25°” in
the passband. This issue could be investigatedrweaddn of the certain implementation in
separate.

4.2.3 Increasing the Bandwidth

The solution proposed in the previous chapterrsaaly accomplished and could be
successfully used in some relative narrowband implgations, like Bluetooth and
WLAN, because achieved bandwidth is already widsugh for these purposes. Thus, the
optimal solution for the network depicted in Fig34is achieved. Unfortunately, the
transmission performance is confined with the phasg from 0 to 180, as it shown in
Fig. 4.4b; as the result, two notches appear inShiecharacteristic. The reason of such

phase behavior is that the splitter behaves liKeL @alun at the lower frequencies, but
without shorting capacitors, which is detailed ddse in [26], [27]. The higher frequency
function is just a mirrored harmonic representatiwat makes limitation on passband from
the right side. In order to improve the phase anel amplitude characteristics thus
enlarging the transmission bandwidth, a paralleltgd capacitor is proposed in this work.
The new basic network used for a wideband splitésign is shown in Fig. 4.5.

The network contains the circuit from Fig. 4.1bwitapacitor parallel connected to
the outputs. It can be easy analyzed using Y-paems)e assuming the parallel
interconnection of two parts. The procedure coasifthe following steps:

1) Transformation of S-parameters of the coupleddiegtions into Y-parameters;
2) summing of obtained Y-parameters with Y-paramebdéthe capacitor;
3) backward transformation of combined Y-parameteis 8tparameters.

These three steps are described in details beldwrpeng all necessary calculations.

Ad. 1) The procedure is equal to the one used lyledion of the matching, but full
frequency dependent S-parameters representati@2)(4as been got at this time. Y-
matrix of the coupled line part is calculated witle equation (4-10) and is:
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P2 I:)12 Z:)4F)6F)7 PlO 2] P6 P73 P].O I:)ZI.7

1
YbPD == Z:)4F)6P7F)10 P2P9 Z:)5F)6P74F)10 (4_ 27)
! 2J.F:’GFJ73F)1OF)17 Z:)5F)6F)74F)10 I:JZF)8
I T CTL2 |
- -
T e ]
| Il i
: 11 |
2]4 ¢

Figure 4.5: Basic structure with increased bandmdied for the new power divider

The variables to be used for Y-parameters anddaitering parameters below are:

P, =138/2 +72y/2 cospO)] -1924/2 cospO)] + 6834/2 cospO] —1429G/2 cosBO] +19389/2 cos[L0d] -
16436/2 cos[L20] + 6726/2 cos[L40] + 272jsin[20] - 2748 sin4O] + 9668jsin[6O] — 2020§ sin[BO] +
+27420sin[L00] —23244sin[120] +9512jSin[140]

__IP
R
P, =30jcos[@] —470j cosBE] + 2022 cosp®] —4727j cos[/O] + 6945 cosPO] — 6330 cos[L1O] +
2786j cos[L30] +54/2 sin[0] + 310J2 sin[30] —1428//2 sin[pO] +3343/2 sin[70] - 4911/2 sinPe)] +
+4476J2 sin[L10] -1970/2 sin[139]
P, =35c0s[] —167cosBE] +387cospO] —529cos[fO] + 338cosPO] + 23j\@ Sin[@] —115j\/§ sin[3e] +
2731/2 sinpO] —374j/2 sin[70)] + 2392 sinPo]
P. =—-3+12c0sPO] - 25cosKa] + 24cospO] + 9j/2 sin[20] - 18j/2 sin[40] +17j/2 sin[60)
P, = j—3jcosRO] +4]cospO] + 242 sin[20] - 32 sin[40)]

P, = \/Ecosp] +2jsin[O]

P, =Y, csc@] cscRO]sin[30]
P, = Y, (L+2cospo]) csco)]
P, =2Y,cscRO]

. P,
I:)11:Yo'|'YP_J_8

NG

P, =2Y, cot[20]

4
. =y, +a PP

1
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L)

NG

P
Pis =5 PPoRs + PPRIR,)

1

P14=Y0+Yp_j

Ps = 1Ps
P, =—12jcosP] +41jcosBO] —71jcosp] +58jcos[/O] + 92 sin[@] - 282 sin[30] +
5072 sin[50] - 442 sin[70]

P
PlS = 37 (4P72P10P14P16P17 - P3P12P13)

1

2
. PP, P.P.P
Py =] 12714 _( 37 12}

V2 P
2
P =i Pnaz_(%ao]
20
2 R

Py =(Y P, +Pg)PyP, - P123)

P, = (Y Py + Py )PP — I3123)

Ad. 2) Y-matrix of the whole network shown in F§5 is:
L PP, 2P ,PP.P, 2iP,P°P,,P,
YbPD_C = 234P6P7P10 Png + Yc ZDSPGP;P:LO - Yc (4 - 28)
. 2jP6P73P10P17 235P6P74P10 —Ye PP+ Y
whereY. = jw C(conductivity of the parallel capacitor).

Ad. 3) The scattering parameters matrix can be caegpusing (4-11). A calculation
problem occurs during the process, because ofdhatien complexity. The solution was
found and it represents reduction of the 3 x 3 ¥izratrix to the 2 x 2 size one, in order to
simplify the situation. By loading the port 2 ankdetport 3 alternately on the load

impedanceY, and using the following equation from [24], twondictivity parameters

matrices will be obtained for the ports 1 and 2 famdhe ports 1 and 3 in separate:

Y., Y| [Y,.]
Y. =| P 2oy +v |tay., Y 4-29
v el vl (4-29
Y. Y.l [Y.]
Yo=| M B gy +Y Ay, Y 4-30
S MR N A A a-30)

Y. and Y; are matrices using the input / output ports 142 B8 correspondingly. So,
it is now to use the matrix transformation equafimm Y to S parameters. By substituting
the conductivity parameters from (4-28) to (4-29da(4-30) with the following
transformation using (4-26), the final transmisdiamctions could be achieved:
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PP

SPPC -y — 418 (4-3J)
“ " ()~ Py
PP,
S =2 oy (4-32)
15 22

An analytical analysis of the capacitors influencethe bandwidth is not easy due to
the complicated constituents in the equations andeld computation ability, therefore a
relation between the bandwidth and the capacitambees is not obvious. Nevertheless,
this relation can be calculated using a numericgthad (Fig. 4.6).

110 / =
=l

70

. U

N
V4

10

C., pF
Figure 4.6: Relation: bandwidth vs. capacitandee/a

The relation is not linear; it begins with 30 %thE relative bandwidth (the circuit
without capacitor: C = 0 pF), grows rapidly up 1@91% (with C = 5 pF) and afterwards
tends slow to its maximum value, while further g&sing of the capacitance value doesn’t
bring essential improvement in the passband, becthes passband is confined with the
transmission zeros (regarding constant length efctbupled line sections) and the phase
flip-flap described above. Thus, a functional ran§éhe capacitance values is limited with
C =0...5 pF, where the bandwidth could be effectiostrolled.

The target was to achieve the maximal bandwidtfop@ance inside minimum area,
therefore an optimal capacitance value assumirgpnredle size would be C =5 pF, which
is realizable using LTCC technology.

On the other hand, the amplitude balance depenaisgty on the capacitance value
as well. The amplitude imbalance as the main @oiteof the bandwidth constraining is a
reason why the bandwidth extension occurs dueet@alpacitor increasing. For example, a
typical relation between the amplitude balance #mel capacitance for the maximal
measured value in the passband for the ultra-wittklsplitter with center frequency at
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6.85 GHz is shown in Fig. 4.7. The balance is ryotrsetrical in the passband and the
transmission performance suffers from the imbalamostly at 3.1 GHz side. It's clear
from the figure that the amplitude balance is lo@gr dB limit within the passband using
selected capacitance value of 5 pF. Of coursepdlesr divider will function with smaller
capacitance values up to 2 pF but showing the wpesgormance — up to 1.5 dB
imbalance, which is not applicable for most of amgilons. Further decreasing of the
capacitor value leads to deterioration of the pentnce dramatically.

2,00 v
1,80

m
=
d~1ﬂﬂ
=
0,20
K\H
._
0,00 t t |
] 2 4 = a 10 12 14 16 18 20

C, pF

Figure 4.7: Relation: amplitude balance vs. capace value (at 3.1 GHz)

Though, the minimum required value is 5 pF, we wike the value of 20 pF in order
to investigate a quasi-ideal case of the splittéh v@.1 dB imbalance. The resulting
performance of the proposed network is shown in &8,

The network was simulated with the same parameterthe ones befor&, = 50

Ohm - port impedances = 7.8 permittivity of the LTCC,f, = 685GHz - center

. A c
working frequencyl o, =—> =

4 af e

even / odd-mode coupled line impedances are opamthey were taken from (4-26).

=4 mm (length of the coupled line section). The

The network provides the bandwidth of 110 % with thdficient amplitude and
phase balance. This issue shows essential improteémeomparison with the original
circuit performance with 30 % bandwidth depicted Rig. 4.4a. The analysis of the
improved network has been done without matchinggutare; therefore the circuit is not
matched from the output side (ports 2 and 3), witiéeinput is perfectly matched. Further
step would be the matching procedure.
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e St S

%

533

-15

Magnitude (dB)
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-30
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Frequency (GHz)

a) Amplitude characteristics

200

U At
\ L

Phase (deg)
o

-100 / F&

-200

c 1 2 3 4 5 6 7 & 9 10 111 12 13 14
Frequency (GHz)

b) Phase characteristics

Figure 4.8: Characteristics of the basement foptheer divider with improved
bandwidth (simulated using Microwave Office [29])
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4.2.4 Final Matching Procedure

Taking into account a fact that the improved netwaifiers from the original one,
the matching calculated already using the paredgistance will be not compatible for this
new case. A new matching circuit will be built histtime basing on the data from a smith
diagram of the output impedances. Assuming thainpet port 1 is matched and the ports
2 and 3 have to be matched; we will consider omlg butput ports 2 and 3, which
scattering parameters are depicted in the smittt oh&ig. 4.9.

Swp Max

14GHz

833 522

0.6 GHz

Swp Min
0.5GH=

Figure 4.9: Smith chart: output S-parameters eflthsement for the power divider with
improved bandwidth (simulated using Microwave GH#f[@9])

The working region is the standard UWB full frequerzand (from 3.1 to 10.6
GHz), it's marked in the figure and it looks likeet output impedances located inside the
region are almost active and an average value enpimssband is equal to 25 Ohm.
Frequency response of the s-parameters introducesilaform and all values are
concentrated inside the small region that makesnth&ching procedure possible in the
whole band. There are several ways to match sueorieind the matching circuits could
be classified on three types depending on the rdstho

1) Type 1: matching with implanted losses;
2) Type 2: lumped element matching;
3) Type 3: transmission line matching.
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The matching types are arranged from the simplestvath the worst performance
to the most complicated one with the best perfocaan

4.2.4.1 Matching with Implanted Losses

The first type of the matching is the simplest dmecause it consists of minimum
number of the components. Taking into account thatreal output impedancef,) of

each port is smaller than the real environment tapee (4), the method assumes
including the losses in series to the outputs deoto get overall output impedances equal
to Zo. Thus, the required series losses could be cagzuldte the following:

R, =Z,-2° (4-33

out

A realization of the method is shown in Fig. 4.1athe 50 Ohm environment and
with the 25 Ohm average output impedance the essistwill be equal togZ= 50 Ohm —
25 Ohm = 25 Ohm. As a result, the reflection ceoedfit curves on the smith chart suffer
the right-hand shift into a region which corresporid the reflection from 50 Ohm
impedance, like it's shown in Fig. 4.10b. The orajinharacteristics of the splitter without
matching circuit are marked with gray color and heas lines, while the matched
characteristics are marked with colored solid ljnd®e arrow shows the matching
direction. Matched amplitude characteristics of fpditter are shown in Fig. 4.10c. An
influence on the input matching could be observedind the output matching procedure;
nevertheless, all ports provide sufficient reflenti coefficients. Though the main
advantage of the power divider is minimal numbertioé elements, there is also a
disadvantage, which causes in the insertion lossause of the lossy components used in
the circuit (the series resistors). The total midinwsses (assuming lossless circuit
elements) are comprised of 3 dB division losseh ®itIB insertion losses and result 5 dB
in sum (see Fig. 4.10c). Thus this simplest typdhef splitter corresponds to low-cost
high-loss solution.

4.2.4.2 Lumped Element Matching

The main aim of the other matching procedures iavimid additional 2 dB losses,
which were presented using the first procedure. This be achieved by refusing from
resistors placed in series to current flow and anphg a resistor placed between the
outputs, thus it appears in parallel. As it's wlbwn, a resistor connected in parallel to

-52 -



R. Kravchenko

A New Ultra-Wideband Power [Dier

Magnitude (dB)
>

ZTL 1 CTL 2
—{__1  +—
———a ==
'
| I 1 |_|:|_
C
| 1
] .
i :
| I
3 RS
' i
a) Schematic
P T B Swp Max
T h 14GHz
S22, 533 "‘\\
- ™,
| 34 6Hz \
d .
|
10.6 GHz ||
/
-‘,r":ll
\ '/'
RN d
\\\\ //;
N e Swp Min
Ry [ 0.5GHz

511 /
522 833\

1 2 3 4 5 6 7

& 9 10 11 12 13 14

Frequency (GHz)

¢) Amplitude characteristics

Figure 4.10: Power divider with matching “type $inulated using Microwave Office

[29])
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nodes decreases the total impedance measuredatrtbees (in our case the outputs). The
average output impedance of the basement is 25 @fain value is less then the
environment impedance of 50 Ohm. Therefore, in otdeachieve the final impedance
equal to the environment impedance, firstly thepaitmpedance must be increased up to
the defined value of intermediate impedangeafd only afterwards it must be decreased
to the environment value using the parallel resistbe intermediate impedance value can
be calculated from the equation for parallel inbewzected resistors:

RIZ,
=—n 4-34
out R + Zim ( )
And it's equal to:
7 = RIZ, _ 100050 ~100 Ohm (4-35

" R-Z, 100-50
where R = 1000hm (the parallel resistor defined above for thataming procedure),
Z,.=2Z,=50 Ohm (the output impedance that must be equalet@ants impedance).

Transformation of the output impedance of the basérdtem the original value to
the intermediate one could be done by differentsmaging both lumped elements and
transmission lines. The power divider using a typgimple lumped element matching
circuit is shown in Fig. 4.11a. The matching procdspicted at the smith chart in Fig.
4.11b shows way from the point A to D step by sfEipe scattering parameters of the
original basement are drawn with the dashed greesland fix the point A as the start one.
We will take under consideration one path only,uasag circuit symmetry. The first
series inductance moves the curve along the reaxtamcle clockwise (curve A-B).
Afterwards, the characteristics will be moved alaihg susceptance circle clockwise
(curve B-C), thus the point C is reached, whichresponds to the real impedance of 100
Ohm, defined above as the intermediate impedance.

The next step (C-D) shows lowering of the impedaralae to the environment one
by including the parallel resistor. The final matdheeirves are depicted in the smith chart
using colored lines and the transmission perforrmanshown in Fig. 4.11c.

The proposed matching circuit has two disadvantagksh arise as a payment for
the simplicity of the circuit. The first drawback asnarrowband function. The passband
limits on the smith chart (Fig. 4.11b) are strettlat far away from each other, while the
original performance depicted in Fig. 4.9 shows blamdwidth concentrated inside the
small area. The splitter is perfectly matched onlyhie region around 9 GHz (Fig. 4.11c¢),
nevertheless, the lower frequency band represéhtgaod return loss values up to 10 dB
that corresponds to the reflection value about 10 %
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Figure 4.11: Power divider with matching “type 3inulated using Microwave Office
[29])
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The second weakness contributes to degradatioreahgut matching. It occurs due
to differences in the input and the output impeéanof the LC network, while the
basement for the power divider was simulated usimgstandard port impedance of 50
Ohm, which corresponds to the output port impedaDegradation of the input return loss
confines the bandwidth dramatically (Fig. 4.11c)s@ution for this problem would be the
equalizing these input and output impedances. @nlylly symmetrical network can
provide an equality of both impedances, therefbeefbllowing Pi-network (C-L-C) as it’s
shown in Fig. 4.12a was proposed. Of course, T-ort\{L-C-L) gives similar results, but
the first network is more attractive due to the lenpentation of two C elements instead of
two L elements that is significant issue by LTCGsidaing in the meaning of losses,
because of much higher quality factor realizedapacitances in comparison with the one
in inductances. The Pi-network used in transfornmatibthe outputs impedances have to
provide the following condition:

zh =z =7,=50 Ohm (4-36)

out

The network with such parameters represents itselfequivalent circuit of a
transmission line with characteristic impedance&s@fOhm. Taking into account that the
impedance transformation operates with real valthes line must be quarter-wave-long.
Under these conditions, the element values caraloelated like the following [25]:

L=L,=L,=2%=—> =116 nH 4-37)

1 1
Z,w 502nBS5IL0°

C=C,=C,=C,=C, = = 047 pF (4-38)

wherew=w, = 2rf, = 2685 GHz(the central working frequency).

The network contained these elements will be perfeatched at the center
frequency, but the bandwidth is not wide enough.ofptimal circuit could be built using
the following elements achieved iterative:

Loy =L, =L, =105 nH (4-39)

Co =C,=C;=C,=C, =018 pF (4-40)

In this case, an optimum was selected between vadfighe bandwidth and the
return loss. The input matching response showngn4iL2b is much better than the one in
previous case, but still worse than the originalfggenance shown in Fig. 4.8a.
Unfortunately, the parameters of the Pi-network &mequency dependent, so it’s
impossible to realize the perfect wideband matchigugh, the worst value of the return
loss is a little better than 10 dB, the circuialiseady practical applicable.
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Figure 4.12: Power divider with improved matchingge 2” (simulated using
Microwave Office [29])

4.2.4.3 Transmission Line Matching

The last type of the matching circuit avoids thegirency dependence of its input
impedance in the ideal case and it shows mordigeat solution using transmission lines.
The method doesn’'t use series resistors, which helpsave 2 dB insertion losses. A
typical network is shown in Fig. 4.13a. The reahsmission lines are used instead of their
lumped element equivalents, as it was in the ptsvicase. The method is based on the
same principle as before - shifting the complexttecag parameters into the area
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correspondingly to high impedance value with tHeewing lowering of the impedance by
its return into the target area using the paraélsistor. This procedure is depicted in Fig.
4.13b. The trace A-B implies the impedance transé&bion using the quarter-wave TLs.

The parameters of the matching lines can be catmlldte the following:L; = )\% =4

mm (length of the TLs)Z, . =+/Z,, [(Z,, =50 Ohm (characteristic impedance of TL),

where Z, =25 Ohm (input impedance of the splitter without matgh (point A)),
Z,, =100 Ohm (output impedance of the unmatched splitteth WiLs (point B)).

Afterwards, a way from point B to point C couldfealized using the parallel resistor with
the value R = 100 Ohm.

Unmatched scattering parameters of the splittemaked with dashed gray curves
and the parameters of the matched power dividemaked with colored lines, in the
same manner as it was done in the previous chaptermatched scattering parameters are
concentrated closely to each other inside the nragcategion. Such broadband matching
occurs due to the positioning of all frequency p®ialong the circle line with equal
conductivity after the quarter-wave transformatidinus the final network is perfectly
matched at the central frequency and it is broadlathe same time.

This time the outputs are matched but the inpuirnetoss arises as a limitation
factor on the bandwidth. Let’s turn to the smittathagain. Input matching of the circuit
depicted in Fig. 4.13a is shown in Fig. 4.14a atashed gray curve. The optimization
procedure was targeted on the best matching inmtitglle of the passband, thus the
passband coil is placed so, that the center frexyueross a center of the smith chart, while
other frequencies lie on the right-hand side frbmn denter and the outermost values came
out of the matching circle that corresponds to BQichit. A logical step would be now to
move the characteristics to the left-hand side onimg the passband performance in such
a way. A quasi-optimal input impedance value atcireter frequency will be 40 Ohm.

The input impedance value is defined with even- add-mode parameters of the
coupled transmission line, as it's shown in (4-28suming that the coupling coefficient
has to be optimal for the best transmission camualti even- and odd-mode characteristic
impedances can be found from equation system:

1 _Ze"Zo
P2 Ze+Z,, (4-4)
Zyor =40=Z,[Z,

Finally we've got the quasi-optimal values of thepedances for the maximal
bandwidth:

Z, =100 Ohm
{zozo =15 Ohm “-43
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Figure 4.13: Power divider with matching “type 3inulated using Microwave Office
[29])
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The splitter built on these calculated values showsh better performance in the
bandwidth, though the return loss is not optimathie middle of the passband, where its
input S-parameter curves are shown in Fig. 4.14la edlored line. The line from the point
A to the point B shows this correction procedurkee Dverall transmission performance is
depicted in Fig. 4.14b. The bandwidth is wider tlvathe last case and the return loss at
all ports is below -10 dB.

Thus, the maximum achievable bandwidth has beecheehand it covers UWB
bandwidth luckily. In contrary to a coupled transgion line power divider described in
[19], the proposed splitter meets 110 % bandwidttriér with much smaller even- and
odd-mode impedance values that corresponds witthreomaller size of the structure (for
more or less equal impedance values, the new pdiwveter provides 110 % bandwidth,
while the described one provides only 40 %). Moezpthe optimal values for the even-
and odd-mode impedances exist as well as the caupbefficient, while for the known
power divider; these values have to be as high assilple to achieve the maximal
bandwidth. From this point of view, the new propbgewer divider is more attractive for
miniaturization reasons.

4.3 Realization Using LTCC

LTCC technology has been used to realize the padider described in the
previous chapter. As a prototype for the realizgtithe best design is selected. It's the
design utilizing transmission line matching depicie Fig. 4.13a with the impedance
values from (4-42) corresponded to the maximal hadtth, which simulated
characteristics are shown in Fig. 4.14b.

The problem of the realization implies a constraihthe design rules that define
restrictions on physical structure implementatieig,. the minimal line width, the minimal
distance between elements, etc. Thus the mainidaskreproduce physically the coupled
lines with the even- and odd-mode impedances ezhlinore closely to the calculated
ones. We are going to operate with the followingClCTdesign rules:

1) K8 material (ceramic with dielectric permittivity @.8);

2) minimum width of the lines is equal to 50 microns;

3) minimum layer thickness is equal to 50 microns;

4) distance between lines in the same layer is 10@omsg

5) other parameters are standard and they are nieatfir this type of design.
There are two types of the design that corresptmdsgferent integration purposes:

1) acomponent for further integration in modules;

2) asingle component (without the following high leigegration).
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Figure 4.14: Power divider from Fig. 4.13 with guagtimal values of &, Zo,
(simulated using Microwave Office [29])

Difference between these two components lies imthgimum possible height. The
top limit for any integrated component varies betwel.0 and 1.4 mm, accordingly to
implementation requirements. This limit is appliealbor both a module and separate
component realization. Assuming that the modulehwiigh level integration includes
some active components on the surface, the toiglhtealue has to be distributed between
the components placed on the top and the passivetsie inside LTCC. Thus, typical
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requirement for the component to be placed in tloeute will be the maximal height of
0.8 mm, while this value for the separate compomgihtissign the full available area.

Let's firstly investigate more complicated casehe first type of the component
confined with 0.8 mm in height. Based on own heightthe ceramic layer and the
metallization thickness around 7 microns, overaligible number of the layers would be
14. Broadside-coupled striplines were selectedHersplitter realization, because of its full
symmetry and shield protection from all sides. 3D&ure will have a look like it's shown
in Fig. 4.15. The input and output lines shown witagenta color are situated inside the
structure and they are ready to be implementethterconnections within a module. Two
magenta pads situated on the top of the LTCC maah@eneant for soldering an external
SMD resistor. On the right hand side of the pictuhe coupled striplines are confined
within two ground layers, an internal capacitoplaced above. In order to minimize the
size of the component, the coupled transmissia@slare realized in form of spirals, which
function was successfully proved on an examplénefNlarchand balun and its derivative
designs [27]. The matching lines are also impleeenitsing the spiral form, but they are
microstrip lines, which characteristic impedancegsial to 50 Ohm, like it was simulated
above. Due to the special form that is similar tgmcal inductance design, these lines are
not clearly transmission lines and they could bgeoked like a quasi-transmission lines or
quasi-Pi-circuit shown in the Fig. 4.12a, takingoimccount self capacitance to ground.
Assuming all approaches given above, the finalatdtaristics are expected to be not ideal
and slightly different to the ones shown in the. Big 4b.

Special connectors named launchers depicted in4-ig are used to measure the
internal circuit. They are connected with the dirdcom one side and the other side is
situated on the bottom of a ceramic peace. Produt&L ceramic with a lot of structures
inside shown in Fig. 4.17 is ready for the measem@s) The power divider is zoomed out
from the panel. Measurements will be provided usimyobe device utilizing connectors,
which are compatible with the launcher footpring, thrning upside-down and following
testing the internal structures. The procedurewallos to measure components without
cutting.

The power divider has been designed for 5 GHz WLAMMAX band. Though the
bandwidth is too narrow in comparison with UWB aaddhost any power divider could
provide such function, an idea was to use the sgphtter for 2 GHz WLAN / WIMAX
and 3 GHz WIMAX bands. Therefore, working centaguency has been selected in the
middle and it's equal to 4.5 GHz. This issue detee® the line lengths of the coupled
striplines and the matching lines; they are equdlraust be:
Ay _ c 300°

= = 5967 mm = 6 mm
4 af e  4mMBO0°V78
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The capacitance value can be derived from the4=g.In order to cover 55 % of the
bandwidth, we need the capacitor with the valu@.dfpF.

Figure 4.15: 3D view of the power divider realipatusing 14 layers (drawn using
Sonnet [30])

The last step would be an estimation of the eved @dd-mode line impedances.
The optimal values are given in (4-42) and thihesdesign target to be achieved. We have
to operate with a number of layers and line widfiven in the design rules above. Finally,
due to optimization of the even- and odd-mode inaped values, the component will
require all available 14 layers, while the coupkdpline section will occupy only 9
layers. The layers are collated in the followingywéd layers are between each of the
striplines and the ground, 1 layer is between thapted striplines, and the others layers
are occupied for the capacitance and the extemelds. Using the method described in
[28], the impedances result in the following vatues

1883

- 1883V o) onm
wh  C,
1-sb O

1883/

= / & —= 20 Ohm
wb w  C,
=y 4
1-sb s O

Oe

0o

where €, = 7.8 (relative dielectric constant)y = 10Am (line width), b= 450 um

(distance between ground planes for the coupléplists), s= 50um (distance between
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_Co _
0

= 088 (even- and odd-mode fringing capacitances, graph

values [28]).

Figure 4.16: Launcher configuration (drawn usioguget [30])
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Figure 4.17: LTCC panel view

Due to the design rules restrictions, the values raot optimal. The odd-mode
impedance value could not be reduced, becauseithmah distance between the coupled
lines is already used. The even-mode impedancegbasts maximal value due to
impossibility to increase the number of layers. &ese of non-optimal impedance values,
the input impedance and the coupling coefficienthef coupled lines are also not optimal.
For a homogeneous dielectric with the quarter-wamgpled lines, their values are using
an equation (4-23):

k = 0436
{ZO ol =32 Ohm

The simulation results of the power divider withccdated parameters are depicted
in Fig. 4.18. As expected, the matching is notraptiin the passband, but good enough
(the return loss is less than 10 dB). The measurtme comparison with the simulations
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are shown in Fig. 4.18 and they are pretty goodetated. As it's clear from the
characteristics, the maximal potential bandwidthi® % and it corresponds to the value
calculated before. The capacitance value increasednum up to 5 pF (Fig. 4.6) will
enlarge the bandwidth up to the maximal possibleievaThus, the passband will be
covered from 2 to 7 GHz, because of the improveroétite amplitude balance at the left
side of the power divider performance correspondinie graph (Fig. 4.7).

Let us now consider the power divider as a singlmmonent, which is able to
possess the total available height of 1.0 - 1.4 ifime. situation is now much better in case
of design freedom, though we are still confinedhwtihte design rules and only discrete
values of the impedances can be achieved, becétise discrete thicknesses of the layers.
The goal values remain the same as before anchtneybeen evaluated above in (4-42).

The power divider designed under these conditiendepicted in Fig. 4.19. The
structure is similar to the one shown in the Fig54 excepting the values of the elements.
The center working frequency is higher now and é@tpal to 6.85 GHz, therefore the
length of the coupled lines and the matching lises

A 310°

9 —

C
L = L., = = = =
T 4 4f e 4B85M10°Y78

The capacitor is 5 pF that provides function of plogver divider within a bandwidth,

392 mm= 4 mm

which is closely to the maximum achievable valuenumber of the ceramic layers used
for the design is set to 20 corresponding to ble¢haptimal approach and fulfillment of the
design rules. Thus, the impedance values are:

- 188308 s o
o w/b +C7}e
1-sb O
1883VE _ 15 om

whb w C,
SR S X
1-sb s O

0o —

where €, =78 (relative dielectric constant)y = 150m (line width), b= 650um
(distance between ground planes for the coupleplists), s= 5Qum (distance between

CDf" =12 (even- and odd-mode fringing capacitances

the coupled Iines)%e =054 ;

(from [28])). This time the even- and odd-mode inigneces are much closer to the optimal
values. Calculated coupling coefficient and inpopedance are shown below:

k=07=_L

V2

Zy o =35 Ohm
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Figure 4.18: Performance of the power divider (datians using [30] vs.

measurements) plotted in [29]

The coupling coefficient is almost equal to theimpld one, calculated in (4-41). The
input impedance a little bit smaller than the expdmne that results in the slightly worse
matching. Simulated performance of the designedepalivider is shown in Fig. 4.20.
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Simulated characteristics of the splitter are etgmedo be the same as the ones

calculated and shown in the Fig. 4.14b, unfortugatgeveral differences are obvious.

Worsening of the matching is already explained wh#ninput impedance discrepancy.

Figure 4.19: 3D view of the power divider realipatusing 20 layers (drawn using

Sonnet [30])

What is about the bandwidth reduction? The resalts unexpected, higher

frequencies of the splitter are confined with 8/8z23nstead of 10.6 GHz. How can such a

difference of 2 GHz happen? The closer analysisthef structure realized that the

performance is limited with the capacitor realiaati
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Figure 4.20: Simulated performance of the UWB podieider (using Sonnet [30])
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The capacitor is too big in size and the first gelfonance assuming parasitic
inductances of connecting conductors lays about@H&, which influences the function
dramatically. Main contribution is made by the ceation between the coupled
transmission lines and the capacitor. A realizatbthe lines as half-wave sections could
be helpful, but firstly the component size would dreormous and secondly these lines
would bring self resonances decreasing the perfoce@n such a way. Decreasing of the
capacitance size doesn't help, because the passuln® reduced under the conditions
described above and correspondingly to the graphmwvn in the Fig. 4.6. Thus the
performance is confined within these limits and ey solution would be eliminating the
self resonances of the multilayer capacitor. SMimgonent could be used instead of the
multilayer capacitor also, but all such componets limited with frequency as well and
usually they don’t function up to 10 GHz. So, thaimchallenge for the future work is to
solve this high frequency problem.

4.4 Results on UWB Power Divider

The novel solution for the ultra-wideband poweridigr was proposed in this work.
The theoretical investigations show an essentigravement of case size and bandwidth
in comparison with the existing solutions. Most thie existing CTL solutions need
enormous increasing of the even-mode impedancesvalwrder to achieve wideband
performance. Proposed power divider is able toaipewith the same passband ranges up
to 110 % of relative bandwidth but with much smaken-mode impedance values,
resulting in much smaller structure size. The evamd odd-mode impedances must be
equal to the optimum values, which can be calcdlatgng strict defined procedure. In
contrary to the already known transmission linetigps, the described power divider can
be realized in LTCC technology in a small size gsspiral lines. Implementing other
structures is not possible due to performance degjn. Unfortunately, its function at
higher frequencies is confined with self resonavicihe large capacitor based on parasitic
effects, but it's normally for discrete componettiat function under defined frequency
limit. Operation on such high frequencies assuns&sguthe components with distributed
parameters. Thus, the future work correspondsitbrfg the solution for this issue.

Assuming the fact that existing UWB system soluidanction without using the
total UWB frequency band, proposed power dividemliady could be usable UWB
solution. The power divider was successfully deston base of the attached calculation
process, produced using LTCC and measured. Theume@asnts show good agreement
with the simulations that proves applicability bétdesign.
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5. A New Multiplexing Circuit

A variety of the existing wireless communicatioarstards provides a wide spectrum
of service. Modern communication equipment suppgrtnulti-functional operation tries
to cover as much functions as possible. Additignalequirements on the equipment
demonstrate a tendency of system miniaturizati@difey in sum to the small and hi-
performance component base. A common multi-frequet@nsceiver supporting
frequency division multiple access (FDMA) incorpmsa front-end part comprised by a
number of passive elements such as filters, balmstiplexers and different matching
circuits. The main function of the high frequencgnt-end part is to separate / combine
frequency channels, where the most challenging ga®©dielongs to operation with
contiguous channels (located closely to each ath&he present work assumes
development of the components using multilayer LT@Chnology, which makes the
development process more complicated, becauseeotifficult or even not applicable
existing solutions in the multilayer technology.

A lot of work has been done during a long time @etron analyzing a problem of the
contiguous bands being multiplexed and presentiffgrent solutions for this. A basic
theory of a channel multiplexing is given in [1]hie some particular cases are described
in [2] - [5]. There are four common used typeshs tultiplexers, such as manifold, using
directional filters, series / parallel interconnentand the cascaded ones. The first type
provides a contiguous multiplexing of the filtersttwvery narrowband response. Its
realization lies mostly on a waveguide technique ttuspecific of the structure consisting
of a waveguide line with a propagating signal al@amgl bandpass filters connected in
parallel to the line. In order to obtain the optirftaquency division by filtering, additional
components like matching circuit or delays havéaoused in the structure, thus making
the multiplexer design complicated and less corbfmtwvith the multilayer realization,
additionally restricting the maximal bandwidth oécd channel. A number of such
contiguous multiplexers have been described in [&}], where most of them function at
higher frequencies and are intended for a satetlit@nnel combining. An optimization
algorithm for the multiplexers was developed in][1A solution for LTCC substrate
presented in [16] shows good results with a redalarge size making impossible the fact
of using the multiplexer in small and compact desicThe next type of the multiplexers
based on using the directional filters (describedli) is too enormous and complicated

because of implementing two times more bandpassgiand two 90hybrids for each of
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the channels. Such issue doesn’t give an oppoyttaiuse these multiplexers in small
portable hand-held devices. An attention shouldparl for the third multiplexer type
representing itself series / parallel filters ictamnection. The main advantage of these
multiplexers, that the filters and the interconmattpoint can be realized with any
technology including the multilayer one. On theesthand, the structure is simpler and
requires any additional components. A focus liesconnection principles of the filters
inside the multiplexer. Basic theory and designcpdure are depicted in [1] and [2], [3]
correspondingly. The last type of the multiplexethe simplest one and it represents itself
cascaded blocks, which are either diplexers or &sspand highpass filters. The channel
multiplexing is provided with step by step frequiescseparation by using the LPFs and
HPFs, like it shown in [17] and [18]. The last twgpes are mostly useful for the
realization of non-contiguous multiplexers, wheiee tfrequency bands are located
relatively far from each other. In an opposite wtye contiguous band multiplexing is
difficult to realize due to specific requirements a contrabands reflection.

The idea of this work is to develop the simple mpldtxer structure using contiguous
channels that could be implemented with the my#itaechnology, like LTCC. Manifold
multiplexers and the ones using directional filtdan't fit into the idea, because of their
complexity and their size. The point of interest#l Wwe the multiplexers with parallel
connected filters and it's focused on an optimaicfion configuration providing a
possibility of the filters with contiguous bandwhdt interconnection. The practical
methodology and the examples on production of alpicwultiplexers with parallel
connected filters is described in [19] - [21] intale The filters assume to have low (zero
Ohm, in ideal case) input impedance at contra-bfredquencies. Such impedance
behaviour is typical for a majority of filters bgira result of schematics and it is much
more attractive, because the zero Ohm impedanoeich easier to obtain than an infinity
high value needed for high level rejection chanasties. On the other hand, accordingly to
the theory, the filters with high impedance valaéshe mentioned frequencies can be
directly connected in parallel together taking iatttount some restrictions. Usually, series
connected transmission lines are used for an inqmedaransformation (quarter-wave
transformers) from negligible small values to thege ones in order to prepare the filters
for the connection. This procedure alters a libiethe filter characteristics and makes
passbands narrower. Other example utilizing TLp@sed in [22] presents ultra-wideband
response and tries to triplex the contiguous chianriéhe concept shows drawbacks
already in the simulations resulting in worse netloss (RL) values. Thus it's not possible
to achieve the optimal performance by transfornmatd the input impedance. Another
solution for the problem was proposed in [23], [2dhere the filters having the high value
of the input impedance’s real part and speciallingel imaginary parts of the impedance
in the contra-band frequencies could be directlyneated in parallel. During the design
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procedure, the filters must be carefully selectaing: the conditions of the input
impedance values and there is not a necessarilg ig&t the multiplexer built on these
principles could provide a contiguous band functi@me useful idea described in the
patent [25] assumes separating channels on theaadethe odd ones accordingly to their
numbers, combining them into two parts and theoWwithg using two antennas for each
part — even and odd, while the idea of the invenlies on matching the directional filters
together inside the multiplexer. This multiplexerapplicable for three and more channels
and needs two antennas, that issue is not pradticamall applications. Instead of two
antennas, one antenna in combination with a highlitqucontiguous diplexer can be
implemented, thus returning to the question ofdtetiguous diplexing.

The present work contains investigations on a navetjon solution for the filters
with contiguous bands connected in parallel, tluming a multiplexer using easy design
procedure and avoiding an effect of worsening efftlters performance due to using the
original filters possessing zero Ohm input impe@avalue for out-of-band rejection.

5.1 Multiplexer concept

One interesting conception of the contiguous midgkier design providing high
selectivity properties is presented in [26]. Theads to multiple samples of the input
signal using a power divider with the following dreency processing of each channel in
separate by the filters. Such configuration hetpsavoid interactions between the filters,
thus improving the filtering characteristics antting safe distance between the passbands
to negligible small value. A price for the perfectltiplexing would be insertion loss (IL),
where the more channels the higher losses arediegdIurhese losses, of course, are losses
on the power division, beginning with 3 dB on digis onto two channels. The second
drawback is complexity resulting in necessarilyngsilelays and especially Butler matrix.

The target of this work is to develop a multiplexeat avoids losses on the division.
Let’'s take a common balun, for example, Marchamk tgescribed in [27]. As it's well
known, the balun function is similar to a powerider. In order to convert a single-ended
signal into the balanced one, the balun dividesrpat signal in two parts and rotate the
phases, thus two output signals have equal ampbtwhd are opposite in phase. The
output signal is differential and can be loadedadatifferential load, while the output nodes
in separate are not matched with a single loadodof-phase power divider could be
achieved by matching of the outputs with the singéels. Examples of a typical all ports
matched balun are shown in [28] - [31]. Unfortuhgtéhe situation remains the same as
with the original in-phase power divider, because of this balun type doesn’t give an
improvement in IL, that doesn't fit with the givéask.
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Let's look at the balun from the other side withaumty attempts to provide all port
matching. Two solutions were proposed in [32] aBd],[ where a broadband slot balun
was used as a junction point for the parallel oganected filters which input impedances
are high (“open” in terms of high frequencies) dod (“short”) correspondingly. In the
first reference, the input impedance of the filtengst represent open network for optimal
functionality and this fact doesn’t meet the requients put on the filters above, therefore,
it's not reasonable to be considered. The secortiadecontains the filters providing the
short circuit input impedance and it provides mordess simple construction with high
selectivity properties. A payment for this issudl we higher insertion losses due to a
mismatch at the outputs. As it will be shown belawjng the typical balun with the
optimal characteristics gives not optimal perforggim the multiplexing circuit.

Therefore, a new approach providing the optimaltiplelxer function is presented in
this work by connecting the filters to a speciatuit, which will be named a quasi-balun.
This circuit is based on the balun design but ildo't be used as the typical balun any
more due to modified properties. The input impeeéanalues of the filters are strictly
defined as the matched impedance in the transmisbend and the short-circuit
impedance out-of-passband that corresponds to piregpeof majority of the resonator
filters. A typical view of the diplexer built usirtgis principle is shown in Fig. 5.1a and the
required input complex reflection coefficient okthilters is depicted at smith chart (Fig.
5.1b). The solution has been already patenteddih [3

F1
X e out |
| iy
n qB I
—l_ R o
out 2
~o |
l
k2 f2 1 f1 f1 /2
a) Block diagram b) Smith chart: input reflection

coefficient of the filters

Figure 5.1: An example of the diplexer using nemgples

There are following notations in the Fig. 5.1:

- gB: quasi-balun;

- in, outl, out2: input and outputs of the circuit;

- F1 and F2: filters for selected transmission bands;

- fl1 and f2: center passband frequencies for corredipg filters.
Simply to say, the filters input impedances mu#ofe the requirements:
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Zinl - Zo
PassbandFL:
Zin2 -0

Zin1 -0

in2 — Zo

G-
PassbandF2: {

where % — system impedance.

5.2 Multiplexing Using the Ideal Balun

Structure of the diplexer containing a common bdBhis depicted in Fig. 5.2 and
it's similar to the one shown in Fig. 5.1a. Reqguients on the input impedance of the
filters remain the same as the ones listed abovB.(ket’s investigate the structure on
guestion, which performance could be expected fibnfFor the future analysis, all
elements will be held as the ideal ones and lossles

——e out |

ik

m B

-
=

—e out 2

&

Figure 5.2: Block diagram of the diplexer usingaduln

As it's well known, S-parameters of the optimalidasd balun look like follow:
0 jIN2 -jIy2
Sbalun opt = J/\/E 1/2 1/2 (5_ 2)
—jilN2 12 12

These S-parameters refer to the balun loaded oredbel load impedance (Z
1/Yy) at all three nodes (the input and the outputs)mally this system impedance value
is equal to 50 Ohm. Thus function is typical foe tommon balun. On the other hand, the
balun functions inside the diplexer under othercgdeconditions. In this case, it's
connected to the filters and the output nodes @aiddd on the inputs of the filters. The
filters impedances are not constant over the wfrelguency range, while they vary from
zero to the system impedance values and could &e ®wore, as it was shown already in
Fig. 5.1b. Thus, the balun will provide differerdrismission characteristics depending on
frequency. It's not necessary to investigate behaviof the characteristics at all
frequencies, as minimum, two typical cases woul@maugh. The first case corresponds to
the frequencies on which the input impedances efitters are very small or close to zero
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and the second case corresponds to that one wéthintbedance close tog.ZThese
frequencies relate to the transmission bands anttazband rejection of the filters — the
point of interests.

Based on Fig. 5.1b and accordingly to the requirgsen the filters (5-1), the input
impedance of the filter F1 is close tg @d the input impedance of the filter F2 is cltse
zero, while observing the passband of the filter &1id the situation is vice-versa for the
passband of the filter F2. Thus, assuming the idmae, where the corresponding
impedances are equal exactly to zero apdad equivalent circuit for the loaded balun is
shown in Fig. 5.3 for both passband frequencies.

Za Z=0
in —I_o;t 1 in —01;5 1
~— B — B
out 2 out 2
Zn _\—‘ Zo L
Z=0 7o
a) At the passband of the filter F1 b) At the passband of the filter F2

Figure 5.3: Equivalent block diagram of the baloaded on ideal filters impedances

Assuming full reflection from the short loaded nptleere is no sense to analyse the
circuit on the transmission characteristics fromtfalee ports. The node loaded on zero
Ohm impedance can be terminated on ground andittigtccould be observed as a two-
port network. Thus, these two equivalent block dhags will be transformed into one
equivalent circuit shown in Fig. 5.4 due to symneairfunction of the balun.

This equivalent circuit is the 2-port network, winicontains the 3-port network with
one port shorted on ground. Using the fact thah b@tworks are terminated on the ports
with the equal impedancesg Z 1/Y,, S-parameters of the 2-port network could be abthi
by transformation of S-parameters of the 3-port .of@king into account an
interconnection of the port named “out2” with grdura rational way would be to
transform S-parameters to Y-parameters applyingired changes and transforming back
to S-parameters. Y-parameters of the optimal desigmalun, which correspond to S-

parameters (5-1), are:

iy 0 -11
Ybalun opt = J\/EO - 1 0 O (5 - 3)
1 0 O
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in _l_th 1

out 2
ZD

Figure 5.4: Equivalent two-port network of the baterminated with one node on
ground

Let's assign ¥ as an admittance connected to the port “out2”.sTht+matrix of
such balun will look like follow:

o 11
YBS=J\/§° 1.0 0 (5-4)
1 0 Y,

Using the transformation equation from [35], thetnmaY gs can be reduced to a
matrix with size 2 x 2:

YBS

ZE{YOI\/EYS —j} 5-5

J2| - 0
This matrix corresponds already to the 2-port neétvahown in Fig. 5.4. Using the
backward transformation, S-parameters matrix caacheved like the following:
Yo-Y, 2j/2Y
_|3Ys+Y, 3Ys+Y,
1 2jW2Ys Yo+,
3Y,+Y, 3Y +Y,

(5-6)

If port “out2” is connected to ground, ther ¥ « and S-parameters of the optimal
balun with one port shorted on ground will be:
_{ 1/3 j2x/§/3} B
Sese =| . 56-7)
V213  1/3
Analysing these S-parameters matrix, a conclusian lbe done that the 2-port
network is not matched at the input and output soaled a part of incident energy is
transmitted through; other part of the energy #ected back from the input. Physical
meaning of this issue is the following - if twotéits are connected to the optimal balun
outputs, where one filter provides zero impedaradaerin the passband frequencies of the
other one causing in reflection from correspondinge, then not all of the energy comes
to the second filter and it will not be perfect ofed with the balun inside the diplexer
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structure, therefore the diplexer will not be petlfie matched, too. Moreover, it occurs in
the ideal case, while the situation in the practiié be even worse assuming losses and
mismatch.

5.3 New Approach

Finally, the optimal diplexing function using fitewhich meet the requirements (5-
1) and the balun providing optimal function is paissible. So, the optimal balun is not a
solution for the optimal diplexer. A new solutioashto be found to fulfill the requirements
of the optimal multiplexer. Marchand balun will lehosen as a prototype for a new
multiplexing circuit. What are the parameters we ogperate with? General Marchand
balun is built of two coupled transmission linets®ts interconnected in manner shown in
Fig. 5.5. Coupled lines are usually being descriv#ti even- (40 and odd-mode (@)
impedance values due to propagation of the modewdaorrespondingly. By varying
these modes, the characteristic impedange+(J of the CTL and the coupling coefficient
(k) between the CTL can be controlled. This relaiggiven in [36]:

_ o2y
) Lot Ly, 5-9
Zyor = Zg Xy,

CTL's characteristic impedance & has to be matched with the system impedance
Zy and this value is constant. The parameter, whigksga freedom, is the coupling
coefficient k. Firstly, S-parameters of the baluawvér to be presented depending on the
coupling coefficient. For this reason, the balurstrhe analysed basing on the single CTL
parameters. The figure 5.5 shows Marchand baluaratgadl on parts, which contain single
couplers. Nodes of the coupler are denoted withsies from 1 to 8, where incident (a)
and reflected (b) wave directions are shown. Theé s assigned as the input one and the
ports 2 and 3 as the output ones; the abbreviabi@n’ means open circuit; other outputs
of the couplers are connected to ground.

£y +— ad
Y

2]

Figure 5.5: Marchand balun: detailed schematithefltasement for new multiplexer
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S-parameters matrices of the basement for the ndtiphexer and the single coupler

will have following forms:

bM bM bM
1 2 3
_| cbMm bM bM _
Slow =[Sx Sz Si ©-9
bM bM bM
Sy 2 3

S, S: Si Su
S
Sgl C2 C3 C4
s S, S oS
The task is to obtain 3 x 3 S-matrix of the basenbasing on the 4 x 4 S-matrix of
the coupler. General S-parameter matrix of thddéssscoupler is given in [36]:
0 ~iW1-k?  ksin® 0
Sleoer = j TR0 SO Y CEEEY
V1-k? coso + jsin@| ksin®© 0 0 - J\/l—T
0 ksin® - p1-k? 0
where © = S[L (phase length) of the CTL, - physical length of the CTL.

Taking into account that the maximal amount of ¢toepling between the ports 1
and 3 (or between the ports 2 and 4, 5 and 7, @andcurs if the couplers are comprised

[S] Coupler = (5 - 10)

of the quarter-wave coupled line sections:
A
L=29 gro=1 (5-12)
4 2

where A, denotes the guide wavelength of the TL in the mredi

Thus, at the center frequency, by substituting ttakie in (5-12), the scattering
matrix of the coupler can be presented like thievahg:
0 -1k K 0
[S], Z| LK 0 0 K G-13
ACoupler k O O — ]W
0 k - W1-k? 0
Using the calculations presented in Appendix Cameters of the basement were
achieved. Now, S-parameters matrix of the basenpeoteeds from the relations
calculated above between by, b; and a, &, &. It looks like the following:
1-3k? 2jkv1-k? -2jkv1-k?
1 H 2 2 2
[Slou :—k 2jkv1-k 1-k 2k 6-149

2
W okvimkr e 1-K>

The S-parameters are the function of the couplexgjor or indirect relationship
between the even- and odd-mode characteristic iemed of the coupled lines based on
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the equation (5-8). This issue provides a relafreedom in control of the transmission
characteristics only by changing the TL paramet€hais, if the optimal function exists,
than corresponding parameters of the multiplexeseiveent can be found. The analysis
procedure will be similar to the one implementedwaband it lies in the transformation of
S-parameters into Y-parameters, the necessarilyversions and the backward
transformation.
Y-parameters matrix of the basement would be:

, 0 -11

kY, -1 0 0 (6-15

VI-K* 11 o 0

Y-parameters of the basement with the node “owtatéd on the admittances,Yas

[Y]bM =

it was shown in Fig. 5.4, are:

1oy 0 -1 1
[Vl =——2|-1 © 0 (5-16)
1-k L o _YsV1-K?
| KYy |
The obtained matrix will be reduced to the 2 x 2:0n
oy, | e ol
[Y]ows :—/—02 Y vl- k2 6-17)
1_k _j O

The backward transformation into S-parameters méitiows in:

1 |:YS(1—2k2)—YOk2 2jkYS\/1—k2}

Yo+ Yk?|  2jkYV1-k? Y (@-2k?)+Y, k>

By connecting the port 3 to ground, which stepgsas to the statements¥> o, the

[S] bMS — (5 - 18)

following matrix corresponded to 2-port circuit stmoin Fig. 5.6 occurs:

S 1-2k*  2jkV1-k?
Mook 1-2k?

So, this is 2 x 2 S-parameters matrix, which cqoesls to the basement for the

(5-19)

multiplexer with the one of the output port conmekcto ground. Optimal situation would
be absence of the reflected from the inputs wagsslting in all-ports matching and the
minimum insertion losses {§= S» = 0, or 1 - 2k = 0). Solving this equation gives an
optimal value for the coupling coefficient:
Ko oot = 1 (5-20)
V2

By substituting this value into (5-19), S-matrix thle basement for the multiplexer
will contain the optimal values:
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_|0 ] _
[S] bMSG opt — |:J 0} (5 2])

So, this 2-port circuit shows perfect matching@hlnodes and full transmission. By
the way, the optimal coupling coefficient for theultiplexer basement provides the same
value as the one for the ultra wideband power éivibased also on the coupled
transmission line sections and described in thiskwia comparison, the optimal coupling

coefficient for Marchand balun is equa%.

CTLI CTL2

R 1+
Py

!—E:]—l ey B
out

Figure 5.6: Two-port network: the basement tern@davith one output on ground

Coming back to the 3-port network shown in the Bi§. and substituting the optimal
coupling value into S-matrix (5-14) related to thiscuit, optimal S-parameters matrix for
the basement can be achieved:

-1/3 j2/3 -j2/3
Sov o =| 1213 U3 2/3 6-22
-j2/13 2/3 1/3

These S-parameters possess now the strictly cansthres without any variables.
Any circuit (not only the presented above CTL basethproviding such S-parameters can
be used as the basement for the proposed type biplexing. Usually, structures of
another balun types could be taken as a prototygh the following tuning it's
characteristics until the parameters required i82pwill be achieved.

Thus, using the proposed coupled line circuit ptmg S-parameters shown in (5-
22) in combination with two passband filters prongl characteristics correspondingly to
(5-1), the optimal contiguous diplexer can be baiit its schematic is shown in Fig. 5.7.
The multiplexer design is based on this conceptwmere cascaded diplexers would be
typical solutions as it's shown in Fig. 5.8.

The first type is the standard diplexer multiplioat method. By increasing the
number of the channels, the number of the diplef@rdhe number of the basements in
this case) grows in geometrical progression causinigigh insertion loss. The coupled
transmission line concept let to connect the basésria series, thus reducing the number
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of that to N/2, where N — is a number of the chémndnfortunately, by large number of
the channels, insertion losses are not equal loliséd among them.

. CTLI CTL2
— ] T
—— ——

FLRY | | RS | F2

outll lout2

Figure 5.7: New diplexer circuit based on couplasigmission line basement

11

o~
J_ f/_‘%_:/ | out 1
— qB
o
% —s cut 2
- Fa
—1aB |
n, | qB
L qB B .
,_ % | & outI7-1
— gB
% —— out 1
Fn
a) Cascaded type
N,
CTL CTL CTL CTL \ CTL CTL
m,“__: 1 — | — \ | — :I‘W“
— — — ) — —
Pl%%P2 FS%/\/\’I/}//F“L PNI%%PN

{ _
T B PR S i et

b) Series interconnection

Figure 5.8: New diplexer circuit based on couplaghigmission line basement
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Another limitation factor is the working bandwidthhe transmission bandwidth of
the basements must cover all frequency bands iadlud the multiplexing. Usually, the
bandwidth of the basement is equal to the workiagdwidth of the corresponding balun.
Basically, the diplexer is intended for the apgimas working with contiguous bands;
nevertheless, its function is extended to diplexaficarbitrary bands, which are situated
inside the basement passband region. Functioneoflifhiexer is confined only with its
working bandwidth. A challenge of the future worksl in the development of an extra
broadband basement design.

5.4 3D Implementation

The realization of the proposed basement for thiiplexing must be similar to the
one for the ultra wideband power divider describethis work due to using the coupled
line sections with equal coupling coefficients. THiéference causes only in different
interconnection principle between the coupled linBased on the calculated optimal
coupling coefficient (5-20) and by solving the etjpres system (5-8), the values for even-

and odd-mode coupled line impedances in the 50 &mnitonment Z, = 50 will be:

Z e o =120 Ohm 03
Z 4o ot =21 Ohm ( )
That corresponds to the optimal conditions:
K, =12
ot ]/\/_ (6-249
Zy oo =50 Ohm

Broadside-coupled striplines will be selected fag tealization, like it was in case of
the ultra wideband power divider. The values ofrmopt even- and odd-mode impedances
are exactly the same as the ones for the powedddiviThis issue means that physical
dimensions concerning the coupled line section béllexactly the same as the ones of the
power divider.

3D configuration of the proposed structure is shamwirig. 5.9. The CTL sections
are comprised of coiled lines in order to occupydeplaces and they are placed between
the ground planes. In the same manner as befaéplt port is numbered with 1 and the
output ports are 2 and 3.

Definition parameters for the structure would be tme width (w), the spacing
between the ground plane and the lines (b) andiiteance between the lines (s). Using the
parameters given priog, = 7.8 (relative dielectric constant) witv=100u and the

methods described in [1], parameters for the steptonfiguration with the even- and odd-
mode impedances from (5-23) can be found from tjuagon system:
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1883/ e,
wh ,C,
1-sb O
5-2
1883/./e, 5-29
wh  w, Ceo
1-sb s O

Oe

0o

Where%, % - even- and odd- mode fringing capacitances.

As it was reported in the part of this work referieg to the power divider, the
optimal values for the even- and odd-mode impedameere not achieved, due to the
limitation of the structure height following to thenited number of the ceramic layers.
This leads to the worsening of the matching charatics, which is not a big problem for
the power divider, because of the negligible reftes in the working passband from all
input / output ports. This situation is other fbetmultiplexing. The channels function on
the different frequency bands; therefore not althef ports are matched simultaneously at
the arbitrary selected frequency point. Thus, ggguirements for the basement are a little
bit stronger and the basement has to be as goqubssble matched to the optimal
parameters in order to avoid unwanted additionfiécgons causing in degradation of the
multiplexer performance.

Figure 5.9: The basement for the multiplexer: bsidel coupled striplines
configuration (drawn using Sonnet [37])

The advantage of the basement in comparison wihpthwer divider lies in the
structure. The basement consists of the CTL sedioy, representing two coupled lines
put into the box and confined with the ground ptaf®m top and bottom sides. The

-84 -



R. Kravchenko A New Multedling Circuit

additional capacitor and the matching TLs are resded, as it was in case of the power
divider. Moreover, the use of the multiplexer citcexcludes implementation of such
active components like switches, which have to beqgm top of the LTCC component.
Such simplification of the structure pushes upttpelimit on the maximal height from 1
mm (as it was for the splitter) up to 1.4 mm depegan application. Free space between
top and bottom sides of the component is giventlier CTL realization only, providing
more freedom for realization of the basement v#sia®@ptimal 3D solution for the
basement under this new limitation will be foundhe following computations.

5.4.1 Structure Optimization

The system equation (5-25) contains three varialgfesencing to 3D realization of
the component. They arey, £, ,bs. The idea is to maximize approach of these pareset

to the real ceramic parameters declared in thecialffidesign rules. The optimization
procedure operating with four unknown parameteras complicated. It's proposed in
this work to confine the optimization with two paraters only. Which ones? It could be
possible to refuse the parameters which at least tmbe predicted, so we can say what
will happen with the circuit performance if they wa be altered. The relative dielectric
permittivity belongs to that category. Accordingbythe equations (5-25), relation between
the even- and odd-mode impedances Had are linear and therefore it could be easy

predicted. It's a little bit difficult with the sead parameter being declined; all of them
provide more complicated influence on the finalutesThe line width is scarce in
equations and will be taken as the second refuaeahpeter. Thus, the relative dielectric
constant and the line width will be set to defimedstant values for the further analysis.
Taking into account, that the fringing capacitanaesthe functions of the ratigh

(graph values from [1]) and therefore the even-@idlmode impedances can't be directly
calculated, the procedure of the equation solutdhhave iteration character. By setting
up the values of s and b parameters, firstly tingiing capacitance values will be extracted
from the given table and afterwards the correspapdmpedances will becalculated.
Finally, values of the coupling factor and the inpupedance can be estimated. Decision
on the further steps will be done after comparibetween these values and set up ones
(the optimal coupling factor and the environmenpa@dance):

AZ = ZO - anlc (5_ 26)
Ak =K, —K

calc

If the delta values are less then set iteratioargibk < Ak, AZ <AZ_,) then the

set?

guasi-optimal solution is achieved. Otherwise, thgut values of s and b have to be

-85 -



R. Kravchenko A New Multedling Circuit

changed and the next iteration step must be dareh Eerations could be repeated a lot of
times until the optimal solution will be found, #hunaking the whole optimization
procedure very complicated.

The following solution was proposed to solve thelgbem of complexity. To achieve
full overview of behavior representation of the myedd-mode, input impedances and the
coupling factor, the whole data massive will beduge the calculations. The final data
representation will be depicted in 3D form: depemyefrom s and b values with constant
set w = 20Qum anck, = 7.8 (standard values). The graphs contained tthaseare shown

in Appendix D.1. They show physical possible resian limited within LTCC design
rules. The graphs are colored separating in suchraner values within different levels.
These graphs have to be used for the coupled is&iplsynthesis. The physical
dimensions can be derived from the 3D curves yngetip either the desired values of the
even- and odd-mode impedances or the couplingrfactd the characteristic impedance.
This is the straight forward design procedure fachs structures using the coupled
striplines. In the presented case, the coupleglisies must correspond to the optimal
conditions (5-24). It could be not easy to findeact point at the graphs in the figures
D.1.3 and D.1.4, where the geometry fulfills thguieements of the optimal values for the
coupling coefficient and the characteristic impesasimultaneously. To simplify this task,
an additional graph will be built containing thet@non characterizing absolute limits on
the optimal values. This criterion is named thereminimization criterion and it's based
on calculation of the absolute error, correspondintpe relative error set up in (5-26). The
error minimization criterion will be calculated ogithe following equation:
_ |Zo B anlc| K K
Caps = +
Z, k

opt T Real

(5-27)

opt

The criterion shows the maximal deviation betwd®n realized and optimal values
of both examined parameters in sum. 3D representati a relation between the criterion
values and the physical parameters of the strucsieown in Fig. 5.10.

It's obviously, that the smaller criterion valude tcloser the solution to the optimal
one. Basing on the graph, the following conclusian be done: the optimal solution using
LTCC structure is localized in the area confinethvihe values of s = 60 ... 30m and b
=1200 ... 170um, where the optimal values are s =irb and b = 140@um.

This analysis was done assuming a constant valutheofline width. It's also
interesting to investigate behavior of the chamdsties depending on the line width. The
same 3D analysis as the previous one will be pegbakis time. The question is only,
which parameter should be the second one, s or ddlit would be a relation s/b. In
such a way both variables will be related, moreo¥®r equations (5-25) contain the
relation s/b and the fringing capacitances in #gjgation are also functions from s/b. Thus,
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the relation s/b can be observed as the secondnptaa This relation must provide a
value in range of 0.04 ... 0.075 (optimal 0.05) imlasrto achieve the optimal overall
performance accordingly to the first analysis. Tingt parameter will be also a relation

such w/b.

Criterion

200
Fon

1200 b,um

1700

Figure 5.10: Error minimization criterion from (33

The value of b will be set to 1.4 mm (optimum aegkekin previous analysis) and the
relation s/b will be varied from 0.02 to 0.86 walstep of 0.06. S/b variation are confined
with the values presented in [1] in the table simgwdependency of the fringing capacitors
from this relation. The other values are not pdedsib be calculated due to absence in the
fringing capacitances in the defined table relatethe source. The calculated results are
shown in 3D form in the figures in Appendix D.2.

As it was seen from these pictures, the line wpd#lys not the last role in forming of
the characteristics. The pictures showed abovedeca variation of all three variables (w,
s and b) already. As it was in the previous angjythie error minimization criterion (5-27)
will be observed in order to get the optimum reslite calculated values are combined in
3D representation (Fig. 5.11). The graph showsnaptiocated performance, where is clear
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that the smaller values of w/b and s/b the smadlethe criterion. The first minimum
corresponds to w/b = 0.02 (or w = @fh) and s/b = 0.02. This is not our case, becaiese th
line width of 30 um is not realizable in LTCC tedhmgy and the relation s/b = 0.02 was
not optimal, as in the previous calculations. Theosid minimum lies in a range of the
optimum relation value of s/b = 0.05 and correspotadthe value of w/b = 0.08 (or w =
110um). These values are already realistic.

1,60
1,40
1,20
1,00

0,30 -

Crterion

0,60
0,40

0,20

0,00

0,22 4

s/h

0,08

|
=

0,05

Figure 5.11: Error minimization criterion from (23

Using these two steps of the analysis let us td fime optimal solution for the
coupled striplines operating with three variabls § and b) and this optimum is absolute
for this type of investigations. Thus, in order haild the optimal basement for the
multiplexing, the requirements (5-24) have to biélked. The practical realization of this
basement using the coupled striplines must protiddransmission line properties shown
in (5-23). Corresponding to these properties, tiysggal dimensions are:

w =110 pum

S=75 pm 5-28
b=1400 pm
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5.4.2 Performance Using the Ideal Basement

Taking into account the discrepancy between optipaabmeters defined in (5-28)
and the official design rules for components pradliasing LTCC technology, in order to
have the whole overview, firstly a diplexer usimpal basement will be calculated and
afterwards a diplexer using the real basement. ,Tactsevable potential of the proposed
basement will be estimated. It would be possiblagproach the optimal circuit parameters
using other technology.

Let’s take into consideration satellite channelsval@onverted by LNB (low-noise
block converter) and forwarded to a digital recei(this application is presented in the
chapter 6.1). A typical frequency range of suchmalg is 950 — 2150 MHz. Using several
LNBs, the sub bands have to be combined togetledord they will be forwarded to the
tuner. This is a common task of multiplexing usitantiguous bands. As an example,
combination of two sub bands will be observed withresponding frequencies: 959 —
1192 MHz and 1265 — 1501 MHz. A distance betweenghb bands is only 73 MHz,
which is smaller than each bandwidth and it comesis to about 30 % of the relative
bandwidth. The relative distance between the subddas 6 %, while the relative
bandwidths of the sub bands are 21.7 % and 17 ¥esmondingly. Both narrowband and
high rejection filters must be used in this sitoatior the channels separation; moreover
the diplexer circuit must properly operate withtsacsmall gap between the channels.

This task is only demonstrative and main goal isshow the diplexer function,
therefore requirements on contra band rejectiothefdesigned filters will be simplified.
Transmission line resonator type filters are sel@dor this purpose. 3D view of the filters
realized using LTCC is shown in Fig. 5.12a and esponding simulated transmission
characteristics are depicted in Fig. 5.12b. Coupkeighline resonators shown in the Fig.
5.12a use shorting capacitors in order both to mire size of the filters and to make
tuning of the filters more flexible. Performancetbé filters shows typical Butterwort BPF
response without any additional notches from bathssof the passband.

These filters will be connected together using baltie ideal quarter-wave
transmission line sections and the proposed idasérinent. Thus, the proposed solution
could be compared with the standard one. Block+selie simulations will use ideal
schematic of the corresponding components (theofltee quasi-balun basement) and real
simulation results of the filters shown in Fig. B0l The simulation schema is shown in Fig.
5.13, where F1 and F2 are real simulated parameteéne corresponding filters. The input
3-port sub-circuit contains either a standard tra@asion line section or a new quasi-balun
basement depending on the simulation as it's shiovime same figure.
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Figure 5.12: TL bandpass filters used for diplexisighulated using Sonnet [37])

The simulation results of these two diplexing citeware depicted in Fig. 5.14. It's
clear that using the ideal basements, there arehanges in the passband in comparison
with the original filters, depicted in Fig. 5.12hdugh, there are differences in matching
depending on which type of the basement is taken.

Figure 5.13: Block diagram using ideal diplexinghwieal filters (drawn using
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The common transmission line diplexing shows pueefggmance in comparison
with the proposed solution based on the quasi-béléndB return loss vs. 27 dB). The
diplexer based on the quasi-balun basement proVekes internal and therefore less
external unwanted reflections.
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a) Common TL basement
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b) New proposed quasi-balun basement

Figure 5.14: Performance of the diplexers usinglitl@sements (simulated using
Microwave Office [38])
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Both matching circuits are good enough for the uir¢erminating with 50 Ohm
loads; nevertheless, it's only the ideal simulagiovhich don’t take into account parasitic
effects occurring during full 3D simulation and raover standard tolerances during
production of the hardware. The final values of tatirn loss the same as the passband
characteristics could be much worse than the stnl@nes, therefore, it's very important
to achieve the simulation values as good as peassithhe new proposed quasi-balun
basement gives such opportunity. Let’s do the Yailhg step — practical realization.

5.4.3 LTCC Realization

The optimal geometrical values achieved (5-28)tlier quasi-balun above are close
to the values defined by design rules for LTCC texdbgy. LTCC realization lets us
operate with the following quasi-optimal values=nM00 pm, s = 100um and b = 1400
um. In contrary, the transmission line realizatisrsimpler in this case, because it's almost
always possible to achieve either microstrip limeswipline with impedance close to 50
Ohm. But a simple solution brings best results alatays. In the same way, as in the
previous simulations, both diplexer types wereizedl to be compared. Full 3D realization
of the diplexers including the basements and therdi in a single package are shown in
Fig. 5.15.

Both diplexers have equal sizes of 5.1 x 4.8 xmin®®. Side view is not informative;
therefore front cut is added. Two filters are digégafrom the sides and the basement is
placed in the middle of the structure. Additiorethinological advantage of the new quasi-
balun proposal is that it doesn’t require more spdm@n the common transmission line
solution. This occurs, because both the single éninsmission lines and the coupled
transmission lines are equal in length (they arartgn wavelength). Moreover, the
broadside-coupled lines are stacked in z-direcflidrus, four lines compounding the quasi-
balun shown in Fig. 5.12 are equal in size to timed compounding the TL basement in
the same picture.

Characteristics of both diplexers are shown in FEd6. The standard solution
provides spread transmission characteristics wibhsening of out-of-band rejections. In
contrary, the new solution does almost no chang@eiformance of the filters, remaining
the bandwidth and the attenuations in the sameerdRggarding to the return loss, the real
simulations of both solutions of course show wopsformance. Though the real
realization of the diplexer using the quasi-ballasdment doesn’'t provide the optimal
structure parameters defined in (5-28), it is d$idkter, than the optimal solution for the
diplexer using the transmission line basement. Tths new proposed diplexer is more
attractive for mass production, assuming worseohmayacteristics based on the production
tolerances.
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b) New proposed basement using quasi-balun

Figure 5.15: 3D view of the diplexers (drawn us8annet [37])

Of course, the proposed diplexer is not a univezsaiponent, which could solve all
tasks. Function of the diplexer is confined lodigalith the bandwidth of the quasi-balun;
the component can’'t operate with signals out ofbiédwidth. This issue makes the
diplexer special oriented on diplexing of the cgatius bands, which task is very difficult
for the other types of diplexer. Frequency bantigasing far away from each other can be
also combined without problems taking into accdhetbandwidth of the basement.

For example, it's not possible to cover all dowmeerted frequency sub-bands for
satellite application within 950 — 2150 MHz becaa$eéhe bandwidth limitations for the
basement. Though this task could be solved usiognabination of the new UWB power
divider (tuned on required frequency band) desdribethis work and the quasi-balun
basements. The second solution would be developofethie broadband basement using
the quasi-balun like in case of the UWB power divid
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Figure 5.24: Performance of the real diplexers @ated using Sonnet [37])
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5.5 Results on the Multiplexing Circuit

The new solution for multiplexing procedure was pgosed in this work. The
multiplexer is specialized for operating with cguous bands as well as with the arbitrary
ones. The basement for the multiplexing lets fltén be connected together and it's
implemented using the quasi-balun concept realigethe coupled transmission lines. In
comparison with the existing solutions, such migtger configuration provides much
better performance, because the filters charatteyisvill not changed and much less
reflections occur during the multiplexing. Moreoytre majority of the existing common
filters, which input impedance behaviour lies untter special conditions corresponding to
the Fig. 5.1 b, can be connected with the proptssgment. The filters passbands have to
be situated inside the working bandwidth of theelaasnt, which is the limitation factor of
the design. Of course, the bandwidth of the basensemsimilar to the bandwidth of
Marchand balun, which relative value could be m=in LTCC up to 70 %. The future
steps would be the investigations on potentialrgiig of the bandwidth.

The attached calculation procedure proves an optinod the solution. As an
example, the diplexer was calculated and optimipedunction with 50 Ohm impedance
environment. Additionally, the optimization proceduis shown making it possible to
rebuild the diplexer for function with different ronment impedances by changing the
even- and odd-mode impedance values.
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6. Several Applications of the Designed
Components

The high frequency components described in thikvwearry out the main functions
of frequency processing in receive / transmit frentl part, such as frequency filtering and
frequency / power division of the RF signals. A tdt applications based on wireless
communications mainly require these components. cdmponents are universal in case
of frequency range; they could be tuned on arhitrsorking frequency bands. As an
example, a project “Satellite (SAT) Channel Combine shown below, where some
LTCC components take part in realization of an pomént for Digital Broadcast Satellite
(DBS) communication. Another project is going on @orporation with Technical
University of Graz (Institut fuer Signalverarbeiturund Sprachkommunikation) and
partners (XERXES Electronics GmbH and xFace e.which is named “Noncoherent
orthogonal frequency division multiplexing (NOFDMiItra-wideband (UWB) receiver”.

6.1 Single Cable Distribution

Since satellite broadcasting turns from analogigital signal processing, interest on
it has been increasing due to improved quality,umimer of translated channels and
additional service functions. High Ku-band was apjeal in addition to low Ku-band used
for analog systems and both polarizations (verteadl horizontal). Moreover, digital
signals occupy much less frequency space, thanatit@og ones. Thus, potential
advantages of DBS were possible to be realizedingakto account a number of the
existing satellites, the number of channels cambeeased just by simultaneous receiving
the signals from different satellites. Of coursejcts system improving leads to
complication of the realization.

Former installation techniques of a DBS receivdi@tautilizing multiple satellite
reception is shown in Fig. 6.1a, which is takemTfrfd]. A multiple LNB system assumes
using multiple cable distribution correspondingtie number of the satellites. Such system
installation provides direct access of each SAEirax to all of LNBs making the receive
procedure as simple as possible. Unfortunately, pheposed solution requires an
enormous place for the cables violating ergonongavyMore beautiful technical solution
would be refusing from all these cables and usinly a single cable to provide the same
function. The picture presented in Fig. 6.1b (d#lso taken from [1]) shows the single

-99 -



R. Kravchenko Several Applications of the Designed Components

cable solution. This solution became possible urtder new industry standard for the
single-cable satellite reception and distributionCENELEC EN50494 [2]. A short
description of the standard challenges can be foarj@], [4]. Accordingly to it, several
users have a possibility to receive radio and tsien channels from several satellites via
single cable.

4 cables ' 1 cable
b L
Bedo0™ Bedre0™
O Ling o \wing oo

a) Traditional installation with quad LNB b) Installation using Single Cable LNB
Figure 6.1: SAT installation (from [1])

Technical background of the single cable distrimutfSCD) technology is described
in details in [5]. The technology is also well known different sources like the satellite
channel router (SCR) [6], [7] and the channel staglswitch (CSS) one [8] — [11]. A lot
of ready to use products specified on this area li@uters and switches have been
produced by several suppliers [12] — [22]. RF pairtthe routers provides frequency
division multiple access. A typical block diagrarhtbe RF part supporting quad LNB
system is shown in Fig. 6.2. It contains two intggd circuits (ICs) RF5210 [23], which
are marked with blue color; the other componengseaternal. This system configuration
provides allocation of six channels inside the vimgkirequency band of 950 — 1500 MHz.
Normally, ICs are universal and they function ie thtal frequency band allocated for the
satellite communication, such as 950 — 2150 MHanganes the upper B-band is also
used: 2250 — 3000 MHz). The operating frequencyldaneach IC in the system contains
three sub-bands and they are separated by Suriamesic Wave (SAW) filters included
parallel into each of three passes inside the IGh& output of the IC, the sub-bands suffer
level equalization and they are combined togetbeming a compound balanced signal.
By combining several ICs together, a balanced mplelter (BaIMPX) is needed. The
BalMPX is located inside a region confined with ed rrectangle in the Fig. 6.2 and
contains baluns and a power divider (PD). A freqyeallocation of the band 950 — 2150
MHz is shown in Fig. 6.3. The whole band is dividetb four bands (B | — B 1V), while
each of these bands is subdivided into three sndsésB1 — sB12) mentioned above.
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Figure 6.2: CSS: functional block diagram (from][23

Logically, the single IC depicted in Fig. 6.2 suppoone of the bands: B 1 — B IV,
where SAW filters are responsible for the sub-battdsclear, that, in order to cover the
whole DBS frequency band, four ICs are necessapicélly, such broadband response is
not needed and some suppliers (for example, Dire@®y) use only frequency band from
950 MHz to 1800 MHz. A system supporting operatrath this band will contain three
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ICs RF5210 and the balanced triplexer (BalTPX) espondingly. Realization of this
BalTPX based on LTCC technology will be shown below

Bl B Il B Il BIV

AL A A A
3 ™ ™S e ™y

sB1 | sB2 | sB3 | sB4 | sB5 | sB6 || sB7 | sB8 | sB9 [IsB10|sB11|sB12

950 1200 1500 1800 2150 MHz
Figure 6.3: Frequency allocation for DBS

The figure 6.2 represents a multiplexer circuitgloly. Such circuit doesn’t provide
frequency selectivity and includes additional netessarily losses due to using the power
divider. The losses on division of a signal intoeth parts are 4.77 dB. An alternative
circuit shown in Fig. 6.4 is proposed in order void the disadvantages mentioned above.

. i

Band 1 | B F :

|

| i

| i
-— : Single
Band2 | | B F TPX —e Cable
'—-L-—i : Dirop

i i

| i

! !

] |

Band3 | | B F i

' |

Figure 6.4: Balanced triplexer: block diagram

The circuit is a little bit complicated than theoposed one, but implies the better
performance. In order to reduce the transmissiegds, a triplexer (TPX) have to be used
instead of the power divider. Frequency selectivigyprovided using the filters (F)
included in each pass. Finally, baluns convertlsiegded signal into the balanced one.

The elements used in the realization could berdresversal / recursive filter and the
multiplexing circuit described in this work. Theoadband PD shown in the work can be
useful also if the original circuit proposed aboveuld be implemented.

The triplexer with contiguous bands proposed is thork would be the best solution
for the task. Unfortunately, relative bandwid#h@2 %) is too broadband for the triplexer
function. Thus, future work on the triplexer desifgas to be put on enlarging of the
working frequency band. Instead of it, a typicaitmnation of lowpass-highpass filters
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was used for the channels separation. Regardindiltees, there are no limitations on
using the transversal / recursive filter type. RFipacommon Marchand transmission line
baluns [25] was involved in module design.

3D view of the designed module is shown in Fig., &hich is fitted into a size of
7.2 x 6.2 mm2 and comprised of 20 ceramic layetd wielectric permittivity of 18 and
thickness of 38um each. The single-ended output is situated orletitdnand side of the
module, while the balanced inputs are on the rigirtd side. The inner structure is marked

with green color, while the pinout — with the matgeane.

Figure 6.5: Design of the balanced triplexer: 3Bvwidrawn using Sonnet [40])

A real prototype of the LTCC component was produaad successfully tested. A
typical view of the BalTPX samples is shown in F8¢6.

,

N\

.  —

i
0 1

Figure 6.6: Balanced triplexer samples
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It's easy to recognize signal pins (small metakgda and ground plates (the large
ones). Performance of the triplexer is shown in Big, where simulation curves are solid
and the measured ones are dotted, the output ledharith port 1 and the balanced inputs
are marked with ports 2, 3 and 4.

0
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Frequency [(GHZ)

Figure 6.7: Characteristics of the balanced triptgsimulated using Sonnet [40])

The measurements show good agreement with the ationg. Return loss in both
corresponding curves is not less then 10 dB. Thiseswould be enough for single-band
components, but it can be critical in case of rpléting, because a reflected signal affects
on contraband passes and causes on transmissicactenestics. Thus, the transmission
inside the passbands is not constant and presdntsneof sin. There are no interactions
between neighbor bands in the middle of the pasisbaue to the triplexing function,
while the boundaries suffer strong impact of th#eotions from the neighbor. Total
amplitude imbalance inside the passbands varies fr& to 2.0 dB.

There are two ways of the flatness improving: usimgbetter multiplexing circuit or
using the filter with higher steep slope in ordeiiricrease the channel isolation. The first
opportunity lies in the following investigations groposed in this work multiplexing
circuit by increasing of the working passband. Ekeond variant assumes using the high
rejection transmission line filters and it will lexamined right now. 3D-view of the
balanced triplexer prototype with the TL filtersseown in Fig. 6.8. The high selectivity
filters possess of 6 coupled resonators and ocowpsh larger size than the transversal /
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recursive filters, therefore the total size of B&TPX is equal to 8.4 x 7.4 mm2 and it’s
around 14 mm? bigger than the size of the previdpkexer.

The filters with a specific transmission functiorene used in order to improve the
amplitude imbalance in the passbands. The resanaterso coupled that a pre-correction
on the transmission characteristics is formed akatvn in Fig. 6.9a providing form of the
passband closely to the sin-function with oppositg. Thus by connecting such filters
together inside the triplexer, the sin-form of taracteristics came from the multiplexing
sums with the anti-sin form of the filters transsim and will result in the flat
transmission characteristics. The final performaofce triplexer is shown in Fig. 6.9b.

Figure 6.8: Design of the balanced triplexer withfilters: 3D view (drawn using
Sonnet [40])

As it was already defined, the solid curves deftiet simulation data and the dotted
ones show the measurement results, where the porbers remain the same as in the
previous case. In comparison with the results shawrthe Fig. 6.7, the passband
transmission is more flat. Payment for this isssieam increase of the component size,
complexity and insertion loss. Additional IL of Bdrises as a result of the flatness
improvement of 0.5 dB, which lies now in the ram§d.0 — 1.5 dB. The following steps to
improve the flatness would be based on selectiom@foptimal profile of the TL filter's
transmission characteristics. The use of the samiéphexing procedure doesn’t give a
possibility to improve the output matching; therefohe worst values remain on the same
level. A solution for this issue will be the usetbé multiplexing circuit proposed in this
work, which is optimal for function with contiguoushannels and that must be still
optimized for broadband function.

3D-view of the fabricated triplexer is shown in F&§10, where pin locations and
their destinations are the same as the ones iRithé.6.
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Thus, two types of the balanced triplexers wereppsed for this project with an
open way for the future investigations on the npldtxing circuit proposed in this work.
The first triplexer is a low cost solution usingtlransversal / recursive filter described in
this work, while the second one is improved in cafsthe flatness and is worse assuming

the insertion loss.
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b) Transmission characteristics of the BalTPX

Figure 6.9: BalTPX using TL filters with pre-cortem (simulated using Sonnet [40])
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I
0 1

Figure 6.10: Samples: Balanced triplexer with inyea flatness in passband

6.2 NOFDM UWB Receiver

Wireless standard IEEE 802.15.3a for a high-da-naireless personal area
network (WPAN) assumes use of UWB signals for sh@mge and high speed
communication. UWB technology serves mainly foherttransmission of huge amounts
of data or objects localization, therefore, doesgftlace neither cellular nor wireless local
area network (WLAN) connection technology. Frequelnand occupied by UWB signal is
situated in the range of 3.1 to 10.6 GHz. It isig ¢hallenge to build a simple, high
performance and low cost UWB receiver supportinghhiransmission speed. Present
project “Noncoherent orthogonal frequency divisionultiplexing (NOFDM) ultra-
wideband (UWB) receiver” focuses on developmenaafovel noncoherent receiver for
wireless multicarrier transmission scheme of UW@hai and described in [26]. The idea
was developed by Prof. Klaus Witrisal from TU GrBetailed information can be found
in [27] — [30]. General block diagram of the reaiis shown in Fig. 6.11.

Front-end part of the receiver is standard andnisists of an antenna, bandpass filter
(BPF), low-noise and variable gain amplifiers (LNéd VGA). Conventional digital
receivers need high-speed analog-to-digital coever{ADC) and fast digital signal
processors. This issue results in high power copsom level. In contrary to this, the
proposed receiver uses autocorrelators connect@arallel, thus parallelize the process
and reduce ADC processing speed. The autocorrslatonsist of delays, mixers and
integrators and they all are combined togetheh@nliiock diagram and will be realized in
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a single module. All passive structures will beegrated in LTCC substrate, while active
elements will be mounted on the top side. The &ep would be analog-to-digital
conversion with the following digital processing.

.
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Figure 6.11: Functional block diagram (from [26])

A common noncoherent receiver exploits instantasgmwer of a signal, while a
coherent receiver operates with absolute phaserniafiton. Thus the noncoherent
architecture is robust due to its simplicity andwvpo efficient assuming operation with
impulse signals. On the other hand, an energy tteteaffers from a signal-to-noise ratio
(SNR) loss compared with the coherent receiverigganuch less robust with respect to
interfering signals, reducing in such a way date.ra

The proposed receiver architecture possesses wilntajes of the noncoherent
receivers. Additionally, the autocorrelators haweip choosen instead of common used
energy detectors (ED), thus to be able to discaensignals at different frequencies.
Moreover, it's able to mitigate narrowband integieces and it allows high-rate
multicarrier transmission and frequency tuning.

The point of interests regarding the realizationhaf receiver is concentrated on the
passive components that could be realized using@.Tkhe receiver architecture shown in
Fig. 6.11 is simplified for better understandingitsffunction. In general, the meaning of
the joint points depicted in the figure is a pow#ision that could be realized either using
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power dividers or couplers that depends on requiredion ratio. For example, a typical
autocorrelator is physically realized using thddwing blocks shown in Fig. 6.12, where
PD - 3 dB power divider, D — delay line. Originarsal and the delayed one are mixed and
integrated. This would be a realization of thetfagtocorrelator shown in Fig. 6.11. The
other autocorrelators connected in parallel andusgpd by delay lines use couplers for
joint point’s realization in order to equalize thignal level among the autocorrelators.

ol S

|

Figure 6.12: Autocorrelator: detailed block diagram

The power divider described in this work is a ge@amdidate to be implemented in
the receiver. The first receiver prototype, whishgbing to be designed, will not use the
whole UWB frequency band and will be confined wtitle band from 3 to 5 GHz, because
of the challenges on a design of the delay linebs @uplers. Nevertheless, the receiver
will provide high speed communication (with caldeld speed above 500 Mbit/s) over
limited distance (less than 5 m), already. A simgd&ver divider realized using LTCC with
internal ports is shown in Fig. 6.13.

Figure 6.13: 3D view of the PD realized using LT @€awn using Sonnet [40])
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The power divider has been optimized for the remeivhis LTCC component is
comprised of 20 ceramic layers with dielectric pigtimity of 7.8 and thickness of 55
microns each. The size of the component is 2.%% gnf.

Simulated performance of the splitter is depictedFig. 6.14. For S-parameters
representation, port 1 is denoted as the inputamgeports 2 and 3 as the output ones. The
power divider is matched inside the working baretum loss is less than 12 dB) with
corresponding low losses (3 dB on division onto fpasts plus 1.5 dB on transmission
loss). Isolation between the channels is more 112adB within the band.
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Figure 6.14: Performance of the power divider (dated using Sonnet [40])

Measurements of the power divider are not availabléhe moment, because the
splitter is a part of the future LTCC module incorgiting the autocorrelators connected in
parallel as it's shown in Fig. 6.11. But it's naaessary taking into account the fact that
feasibility of the splitter was already proved ihist work, where the measurements
correlate very good with the simulations. So, we ttast in these simulations.

6.3 Universal Balun

Most of the components developed in the presenkwike the power divider and
the multiplexer, are based on the modified Marchiaaldn design. It seems that the balun
is a universal structure, which modifications brimgw properties. This issue can lead to
the unification of a design process and therefaredécreasing of time needed for
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development of passive components and modules.ekample, a block diagram of a
typical receive front-end part supporting multiefuncy operation is shown in Fig. 6.15.
It contains baluns (B), filters (F) and diplexeB¥(X). Minimal number of the components
to be designed is 8, assuming a fact that eachhefbaluns functions at the whole
frequency range for both channels. In case whegquémecies for receive channels (RX)
situate close to each other, contiguous diplexsnggeicessary.

e T
Rx1 B = i
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E DPX |
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| | DPX|H—
—i] i
Rx3 1| B F |
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! 1 i
R4 | B F i
— FEM |
|

Figure 6.15: A common receive front-end part: fiml block diagram

An alternative front-end part based on designsgseg in this work is shown in Fig.
6.16. The module provides the same functionalityhasone shown in Fig. 6.15a and it's
comprised of baluns and quasi-baluns (gB) only. Tiret vertical line with the baluns
situated on the left-hand side of the block-diagr@mains the same as in the common
module. The next baluns pairs provide a filter tiorwg where each pair contains equal
baluns. The filters can be both either step-impedaresonator (SIR) type or the
transversal one. Finally, the diplexers are exchdngith quasi-baluns, which are equal
due to their functionality. Thus, in order to realisuch module, six basic designs must be
done instead of eight ones as it was in the prevaase. The quasi-baluns are the same as
four first baluns, but with altered the even- amdd-onode coupled transmission line
impedances. Procedure of such module design is neasier and therefore quicker,
because the realization assumes a design of thke $ialun type for different frequencies.

The next proposed structure of the module is shawirig. 6.17. This module
consists of even less components. There are eosfilhside, because the baluns take both
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Figure 6.16: Balun-based receive front-end part

balancing and filtering functions as it was showrj31]. Such design procedure provides
miniaturization in addition to the unification. Thygiasi-baluns remain the same as in the
previous balun-based module, while the baluns areed onto different frequencies
corresponding to the channels. A number of the aomapts to be realized is less than in
the previous module, as well as a number of the lagesigns — five.
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Figure 6.17: The simplest balun-based FEM
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The same procedure can be done, for example, vathraard receive / transmit (RX
/ TX) module operating with two frequency bands. émginal simplified architecture
(power monitor, electro static device protectiom amtenna matching are not depicted) is
shown in Fig. 6.18a. It contains switch (S), diglex (DPXs), bandpass filters (BPFs),
lowpass filters (LPFs), baluns (Bs), low-noise aoaver amplifiers (LNAs and Pas). A lot
of modules based on this block diagram have beere diready, some of them are
described in [32] — [36].
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Figure 6.18: A typical RX/ TX FEM
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Unificated balun-based architecture is depictedFig. 6.18b. Eleven different
passive components are replaced now by six ungfichalun designs. The proposed above
FEM structures (Fig. 6.16, 6.17 and 6.18b) can beduike references for the future
module designs. The design procedure is uniform simple. There are only technical
restrictions based on the functional bandwidthhef baluns. Using this method, | designed
RX module for WiIMAX (worldwide interoperability fomicrowave access) applications
[37]. As the result, a size of the module is alnteste smaller than sizes of the analogue
modules ([38] — [40]). This fact proves applicatyilof the methods.

This part of the work has shown some tasks whexeetimponents described above
found practical implementation. Of course, thesaponents are not ideal or universal, but
in some cases, they provide either performancedugment or essential miniaturization
of a structure. The components were realized witinmodules using LTCC technology,
though any technology could be used for the rettimaas well as single components
production.
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7. Conclusion

The present work showed the development processeokey components (filters,
power dividers and multiplexers) with improved aweristics for microwave front-end
applications. New solutions on improvement of techinand mechanical characteristics of
the components were presented. The thesis contissriptions of the components
implementation and real applications using them.

7.1 Summary

In this work, new design ideas for inner structwfesome microwave passive
components have been presented. The main prinagdames decreasing a number of
elements in the structure that provide better teethparameters of the structure and gives
substantial miniaturization effect together witte thdvantages of LTCC technology. The
investigations were focused on the key componentthe front-end part of the devices
supporting wireless communications: filters andjérency / power dividers.

First of all, the new transversal / recursive filmncept has been presented. The
filter is a lumped element equivalent circuit ofiag resonator with perturbations and it
avoids all problems of common transversal filtezalization using LTCC substrate. The
filter is distinguished with its simple structuretmout any active components and any
large structures like couplers or transmissiondirfes an example, 5 GHz filter for WLAN
with a size of 1.9 x 1.0 mm?2 was realized. Theefilprovides low transmission loss with
good enough suppression characteristics.

The next novel solution presented in this work M/B power divider. Theoretical
investigations show essential improvements on thaponent size and performance in
comparison with the existing solutions. The proplogewer divider is able to operate with
110 % relative bandwidth using small even-mode wapee values of the coupled
stripline, therefore, resulting in small structsiee. A prototype of the power divider based
on the attached calculation process was succesdlelsigned, produced using LTCC
technology and measured. The measurements show agreément with the simulation
results and this fact proves applicability of tlesign.

A new solution was proposed for the multiplexer raieg with contiguous bands.
The basement for the multiplexer lets the filtenshwspecific defined input impedance
characteristics to be connected together withootreous signal reflections. A design of
the multiplexer is based on the quasi-balun conceplized by coupled striplines. In
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comparison with the existing solutions, such midtger provides much better

performance, because the filters characteristicerstany changes and much less
reflections occur at the interconnection node durthe multiplexing. The attached
calculation procedure has found an optimal solutida an example, the diplexer was
calculated and optimized for function with the 5Gn® environment. Additionally, the

presented optimization procedure shows a posgitiditrebuild the diplexer for function

with different environment impedances by changihg even- and odd-mode coupled
stripline impedances, only.

Finally, the practical implementations prove apglidity of the developed structures.
These simple structures allow refusing from diffiand big circuit solutions. Of course,
these components are not ideal or universal, baey throvide either performance
improvement or essential miniaturization of a dinoe in some cases. The components
were realized both integrated in modules and likegls. An implementation of the
components is not confined only with LTCC technglo@ny other technology, which can
provide realization of the circuits, could be usadwell.

7.2 Future work

Nothing can be investigated thoroughly and thidasot exclusion. Some tips are
given below regarding my activities on future invgations of the components.

The transversal / recursive filter examined abores@nts a simple structure that is
built of two parallel paths. The next step wouldtbearry out detailed investigation of the
filter containing higher number of the parallel pas. Geometrically, such filter will have a
form of a framework for 3D sphere. Such struct@wenuch more complicated in analysis
and design, but performance of the filter is pradido meet the most overparticular
specifications. This filter type could be a gooddidate for the next filter generation.

Regarding UWB power divider, the performance athhfgequencies has to be
improved. Function of the splitter at the high fieqcies is confined with a self resonance
of the large capacitor and the interconnectionslir@n the other hand, the same capacitor
enlarges the bandwidth and this issue leads tollssion. My future work considers
development of the appropriate 3D solution optidif® the high frequency function.

One important restriction is put on the use ofgh@posed multiplexer operating with
contiguous bands. It functions strictly within thendwidth of the basement, which relative
value realized in LTCC is about 70 %. My researarkaon potential improvement of the
bandwidth is planed for the nearest future takimg iaccount significance of contiguous
channels multiplexing in modern equipment.
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Appendices

The appendixes are split into four parts, where endetailed information about
several aspects in this work is placed. The fistt gontains some general information
about LTCC design and manufacturing; next two ppresent calculations made for the
power divider and the multiplexer circuit in degailFinally, calculated and organized
parameters of the coupled striplines configuratiead for multiplexer design are placed to
the last part.
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Appendix A: LTCC Components

Appendix A.1: Design Process

All of the HF components described in this work &vénplemented in 3D structure
using design flow algorithm, which is shown in Fig.1.1.

Specification
acceptance

v

Decision on
realization

[
Y

Schematic
correction
not OK
_ 3|>|:: Structure N
simulations correction
Sensitivity
analysis
Hardware
production
not OK . f
Simulation
measurements ;
correction

Paper
work

End

Figure A.1.1: Design flow algorithm

Design of each component begins with specificatiwerview and acceptance of
realization possibility. Afterwards, the followindecision have to be met, how the
component will be realized (using either lumpedradats or elements with distributive
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parameters). Preliminary simulations using ideaduit elements realization must be done
before the component will be realized in 3D struetin order to prove and fix preliminary
component performance. At this stage, an optinonaprocedure is included in the process
and it is named “schematic correction”. After trecalation of the elements parameters
has been done, the structure has to be realizéd @C with corresponding tuning and
optimization procedure. A sensitivity analysis @a®e provided with the final structure in
order to test its functional stability dependentprnduction tolerances, where additional
corrections on the designed structure have to b doneeded. If the design phase is
finalized, the component must be produced, measanetlverificated. The verification
procedure assumes comparison of measured and seahutaostly. A decision has to be
done, if the component meets specified requirementsot. In case of negative answer,
redesign procedure must be started, which incladesysis (why the measurements don’t
agree the simulations) and correction (re-simutgtiphases. A paper work finalizes the
design process, where all necessary documentatish lme done.

Appendix A.2: Production

In this appendix, a typical view of LTCC componeiggshown. Appearance of the
components within the sintered panel is depicte&ign A. 2.1. Perspective view on the
components as well as cut sections of the compasgmesented in Fig. A. 2.2.

Figure A.2.1: LTCC components — sintered und cuE€Clpanel
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b) Side cut plane

c) Top cut plane

Figure A.2.2: LTCC components
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Appendix A.3: Measurements

Measurements of LTCC components could be donereithieg a test jig (Fig. A.
3.1) or PCB (Fig. A. 3.2). The first measuremerdgedure is used in case of quick and
mass measurements, while the second one is marsg@nd used for verification of the
components.

c) Measurement equipment

Figure A.3.1: Measurement of a component usingjigpst
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CICICIG
CICICIE
WEIUICIC

c) Balanced triplexer

Figure A.3.2: Measurements of components using PCB
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Appendix B: S-parameters for the Power Divider

This appendix contains calculations of the basenBptarameters for the power
divider shown in Fig. 4.2. The basement consistéwaf series connected quarter-wave
broadside-coupled striplines (couplers). The caltoihs are based on S-parameters of the
single quarter-wave coupler. Taking into accoumtnaztion method of the couplers inside
the basement and considering the scattering paeasnite a relation between reflected
and incident waves, the calculation can be cawigds it's shown below. S-parameters of
the quarter-wave coupler are:

I \/0_ ~W-K K 0
- W1-k? 0 0 k

1Sl couper = | K 0 0 - jW1-k? (B
0 k  -p1-k* 0

Relationships between the incident and reflectedewdor the splitter basement and

the coupler are given like the following:

— bPD bPD bPD
bl_al 1 +a3 2 +a8 3

b, = aisng + assggD +ag bgD (B-2)

— bPD bPD bPD
b8_a1 1 +a3832 +a8 3

bl = aisfl + aZSfZ + a3Sf3 + a4854
b2 = a18(2:1 + a28(2:2 + a38(2:3 + a48(2:4
b3 = aisgl + a283(>:2 + a3S§3 + a4S§4
b4 = alsgl + aZSEI:Z + a3851:3 + a4851:4
b5 = aSSfl + aGSch + a7SICS + a'SSIC4
b6 = aSSgl + aGSSZ + aYSSS + aBSg4
b7 = aSSgl + a683C>2 + a783c>3 + a883c>4
bS = a584cl + a684c2 + a'7S4C3 + a'884C4

(B-3

So, the task is to find the unknown coefficiergsb, from (B-3) and by putting

those into (B-2) to get desired S-parameters mafrtke basement for the power divider.
Considering schematic of the basement network . (Fg) the following

relationships are derived:

a2=pb5
ad=-b4
ab=h2 (B-4)
ab = -bb
ar =-bv

Therefore the equations (B-3) became simpler view:
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b1 = aisfl + bsslcz + asslcs - b4Sf4
bz = alsgl + bSng + aSS§3 - b4SC2:4
b3 = alsgl + bSng + assgs - b4S§4
b4 = 818401 + b55402 + aSst - b4SS4 (B _ 5)
b5 = bzslcl - beslcz - b7sfs + assﬁ
b6 b28(2:1 - b6S(2:2 - b7S(2:3 + a88§4
b7 = bzs;:l - besgz - b7S(3:3 + a88§4
bs = bzsgl - besgz - b7SE1:3 + atsS§1:4

By substituting the scattering parameters from JBfito (B-5), we achieve the
following equation system:

b, = —jbV1-k? +ak
b, =—ja,v1-k? bk
b, =ak +jb,v1-k

b, = b.k - jav1-k?

(B-6)
b, = jb,v1-k® —b.k
bs = —jb,V1-k* +a.k
b, =b,k — jagV1-k?
b, = —bgk + jb,v1-k?
To get the final solution the next steps using Stuigns were done:
1) by andb, = in b,:
by = b, @-2k?) + 2ja kv1-k? (B-7)
b, in b,:
b, =-ja,v1-k* —b.k? + ja,kvl-k? (B-18)
b,=>in bg:
1 . .
by = 1-k? (ak —a,) + 2jagkv1-k? B-9
= Trkeas 2 VLK ek ma) + 2akai-k*] (B-9)
b, in b;:
2k? -1 2k 2k
= + +a,——— B-1
o, T I e P R F TP (8-10
2) b,>inb,:
b = jKV1-k* (@—-2k?) ta Vi-k*  _ 2jk*v1-k? (B-11)
AT ek P-1-k2+2k* P -1-k2+2k*
b, in b,:
2
b, = a, 2k N 1 2k (B-12)

a a
1+2k?  °1+2k? P1+2k?
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3)b,2>inDb,:
iV1-k?2 jkv1-k? 2jk3y1-K?
A e TR tad e 27D
b, - in byandb, :
1-k?2 k(L-k?) - 2k3(@-k?) + k(@1 +k? - 2k*)
=— B-14
s a11+k2—2k4+a31+k2—2k4+ i 1+k? - 2k* ( )
k1=K a jk2/1-k? _ g N1-K*(@-K?) (B-15
! 1+k?-2k*  C1+k?-2k* " 1+k?Z-2k*
b, andb, = in by:
2k 2k? 1
b, :a11+ 2k?2 —a31+ 2k?2 +a81+ 2k?2 (B-16

Now we’ve got the relationships (B-10), (B-12) afi2t16) that can be substituted
into (B-2). Afterwards the S-parameter matrix oé thasement for the power divider is
achieved and looks like following:
2k -1 2k 2k

2k 1 -2Kk? (B-17)
2k -2k? 1

1

S =—
[Slpeo 1+ 2k2
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Appendix C: S-parameters for the Multiplexing Circuit

Calculations of S-parameters of a basement fonmthikiplexing circuit shown in Fig.
5.5 are provided in this appendix. The basemensistsof two series connected quarter-
wave broadside coupled striplines (couplers). Tdleuations are based on S-parameters
of the single quarter-wave coupler and relatiortsvben reflected and incident waves, like
in case of the power divider. There is only ondedénce - connection method of the
couplers. S-parameters of the quarter-wave cougter given in appendix B (B-1).
Relationships between the incident and reflectedeswdor the basement and the couplers

are given below:
— bM bM bM
b1 =ao; tas,; tas;
— bM bM bM
b4 - a1521 +a4822 +a7833 (C_l)
— bM bM bM
b7 - a1531 +a4832 +a7S33

b, = aisfl + azsfz + assfs + a48f4
b, = aisgl + azsgz + assgs + a4S§4
b, = a1851 + azsgz + aSS§3 + a4S§4
b, = a:LS4Cl + azs4cz + a3S4C3 + a4S4C4
bs =S +asS; +a,S; +aS,
bs =asS;, + a5y, +a,5y; +aeS;,
b, =asS;, +aS;; +a,5;; +asS;,
by =asS;; +a,S;, +a,S; +aeS;,

(C-2)

A general S-parameters model of the basemen fonglemultiplexer can achieved
from the coupler’'s parameters, assuming intercaimreproperties, where:
a2="h5
a3=-b3
a5=h2 (C-3)
a6 = b6
a8=-p8

Assuming (C-3), the equations (C-2) can be tramséat into the following one:
b, = alsfl + bssfz - bssfa + a4Sf4
b, = 818(2:1 + b58(2:2 - bss(z:a + a48(2:4
b, = als.'s(‘:l + bssgz - bssga + a483(,:4
b, = alsil:l + bssgz - bssga + a4851.:4
bs = bzslcl + besfz + a7slca - bsslc4
b = bZSgl + bGng + a7sgs - bssg4
b, = bzsec,l + besec,z + a7sec,3 - bssec,4
b, = b2S4C1 + b684cz + a7S4C3 - b884c4

C-4
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After substituting scattering parameters of thepteufrom (B-1) into (C-4):

b, = -jb.v1-k2 - b,k
b, = —ja,V1-k? +a,k
b, :alk—ja4«/m
b, =b.k + jbv1-k?
b, = -jbV1-k? +a,k
b = —jb,v1-k? —byk
b, = bk + jbyv1-k?
b, = bek - ja,v1-k2

To get final solution the next steps using the stiions were done:
1) b, in by:

(C-9)

b, = -a (L-k?) - ja,kv1-k? —b.k (C-6)
by in by:

kA=K _, JkN1-K? 1=K

b, =~
8= 1+k? Y1+ k? " 1+k?

C-7)
b, andbg,=> in b, :

2jk1-K* 2K 1-k?

b, =- a +a
TR 1+k? “1+k? T1+k?

(C-9)
2) bg=> in by:

1-k? _a jkv/1-k? ‘a jkv/1-k?

b, = -
6 a11+k2 *14K? T 14+K?

(C-9
b, > in by:

_L2M_ L2 L2
VI-KP@-K?) o k@-k?) | 2

1+k? *1+K? "1+K? (€-10

b, =a, !
b, andb, = in b;:
1-3k? ‘a 2jk1-k? _a 2jkv1-k?

1+k? " 1+K? T1+k?

1

3) b, in b,:

(C-1)

2jk1-k? 1-k? 2k?
+a +a

1+k? “1+k? T1+Kk?

Now, S-parameters matrix of the basement proceexns the relations calculated

b, =2,

(C-12

above between;bb,, b; and a, &, &. It looks like the following:

1-32  2jkV1-Kk® -2jky1-K?
[S]szlJrL2 2ikVI-k®  1-K? ok Cc-13

~2jkV1-k2  2Kk? 1-k?
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Appendix D: Broadside-Coupled Striplines

A broadside-coupled striplines are used both in godivider and in multiplexing
circuit designs. Optimal values for even- and oduie line impedances calculated for
both designs have to be implemented in real myéiatructure. It means that these values
must be transform into geometric parameters ottheled lines. Taking into account the
design rules restrictions applied to designed LT&o@ponents, an optimization procedure
executed in chapter 5.4.1 has to be done in owdind the best compatible geometric
solution. Some intermediate results are shown i dppendix, like even- and odd-mode
impedances, the coupling factor and the charattemapedance of the coupled striplines
vs. geometrical parameters. The presented calontatre done for the coupled stripline
configuration shown in Fig. 5.9.

Appendix D.1: Absolute Relations

In this part of the appendix, the graphs show i@latbetween the broadside-coupled
stripline parameters and absolute values s, b (fF@m5.9).
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Figure D.1.1: Even-mode impedance of the coupleglistes
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Figure D.1.3: Coupling factor of the coupled sinpbk
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Figure D.1.4: Characteristic impedance of the cedstriplines

Appendix D.2: Relative Relations

This second part of the appendix contains the grawhich show relations between
the broadside-coupled stripline parameters andivelaalues s/w, b/w (from Fig. 5.9).
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Figure D.2.1: Even-mode impedance of the coupleplistes
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Figure D.2.2: Odd-mode impedance of the couplaplstes
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Figure D.2.3: Coupling coefficient of the coupledines
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Figure D.2.4: Characteristic impedance of the cedstriplines.
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