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Abstract 
 
The thesis demonstrates the design of high frequency SiGe bipolar integrated power amplifi-
ers (PAs) for mobile communication terminals with the support of electromagnetic (EM) 
simulation. 

Three single-ended PA designs for mobile terminals operating up to 6GHz have been de-
signed, realized and measured. The realized amplifiers fulfill the assumed requirements in 
terms of overall performance mainly due to the exact description of parasitics in passive net-
works. The EM simulation has been introduced in the design of integrated spiral inductors, 
transistor feeding lines, power transistor surroundings and complete matching circuits.  

Simultaneously the evaluation and adaptation of SiGe technology for the purposes of state of 
the art PA applications is being presented.  

The realized power amplifier designs include: 
 

•  An integrated linear dual band WLAN PA for the IEEE 802.11a/b/g specification. 

•  A three-staged linear UMTS PA intended for WCDMA application. 

•  A dual band GSM PA with 58% power added efficiency and 35.5dBm output power 
in the 900MHz band. 

 
Additionally, the EM simulation introduced in chip design contributed to the development of 
new integrated matching structures. Practically applied for PAs, such arrangements result in 
an overall performance improvement. In particular the newly realized structures include: 
 

•  A low-loss, high quality factor microstrip line in lossy silicon to improve linearity and 
efficiency of a WLAN IEEE 802.11a PA. 

•  An integrated, modified microstrip line with defected groundplane structure to im-
prove a 5GHz WLAN PA in terms of broadband linearity response. 

•  Several transistor feed network realizations for a GSM PA by which the power transis-
tor’s robustness has been increased. With an optimized transistor feeding network, in a 
2GHz WLAN PA, an increase of linearity and efficiency performance was observed. 
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Kurzfassung 
 
Die vorliegende Arbeit befasst sich mit dem Entwurf von integrierten Hochfrequenz-
Leistungsverstärkern (PAs) für Mobilfunkanwendungen unter Verwendung elektromagneti-
scher (EM) Simulationssoftware. 

Es werden drei Leistungsverstärker für Mobilfunkanwendungen gezeigt. Die realisierten Ver-
stärker erfüllen die angenommenen Spezifikationen hauptsächlich aufgrund der exakten Be-
schreibung der parasitären Effekte in den passiven Netzwerken. Die EM-Simulation wird da-
bei beim Entwurf der integrierten Induktivitäten, der Transistorzuführungen, der Leistungs-
transistorumgebung und der kompletten Anpassungsschaltungen eingesetzt. 

Zudem wird die Evaluierung und Anpassung der SiGe-Technologie an die Anforderungen 
moderner PA-Anwendungen dargelegt. 

Die drei Entwürfe umfassen folgende Zielanwendungen:  
 

•  Ein integrierter WLAN-Leistungsverstärker für die IEEE 802.11a/b/g-Spezifikation, 
der damit zwei Frequenzbereiche, 2.45GHz und 5.25GHz abdeckt. 

•  Ein dreistufiger linearer UMTS-Leistungsverstärker für WCDMA-Anwendungen. 

•  Ein integrierter GSM-Dual-Band-Leistungsverstärker mit 58% Wirkungsgrad und 
35.5dBm Ausgangsleistung im 900MHz-Band.  

 

Des Weiteren ermöglichte der gezielte Einsatz von EM-Simulationen den Entwurf von neuen 
integrierten Anpassstrukturen. In der praktischen Umsetzung ergab sich daraus eine Verbesse-
rung wesentlicher Verstärkereigenschaften. In Rahmen dieser Arbeit wurden folgende Struk-
turen realisiert: 
 

•  Eine dämpfungsarme Mikrostreifenleitung, realisiert in einem stark leitfähigen Silizi-
um-Substrat, die durch ihre hohe Güte zur Verbesserung der Linearität und des Wir-
kungsgrades eines WLAN-IEEE-802.11a-Leistungsverstärkers beiträgt. 

•  Eine integrierte Mikrostreifenleitung mit einer periodischen Massestruktur zur weite-
ren Verbesserung eines 5GHz-WLAN-Leistungsverstärkers in Hinblick auf die Band-
breite. 

•  Mehrere Transistor-Feeder für einen GSM-Leistungsverstärker, mit dem Ziel einer 
homogenen Auslastung des Leistungstransistors. Mit einer optimierten Transistorver-
drahtung wurde eine Verbesserung der Effizienz und der Linearität eines 2GHz-
WLAN-PAs erreicht. 
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1. Introduction 
 

1.1. Motivation 
 

The very fast growing market for telecommunication terminals increases the pressure on 
hardware producers for more innovation and new designs. Recently, the time in which new 
devices are being developed has shortened significantly and the number of sold mobile termi-
nals enlarged dramatically. That increases the design risk for manufacturers and puts more 
pressure on the correct forecast during the design stage. The end users however require also 
high quality of service in terms of long durability, stand-by time, talk time and up to date ser-
vices. Driven by these needs the semiconductor manufacturers have to develop technologies 
which are suitable for new applications and look for the solutions which precisely predict 
their products. 

 

 
 

Figure 1.1 Main building blocks of a mobile terminal with marked integration steps into sin-
gle chips. 

 
Modern mobile terminals consist of many different Radio Frequency (RF) parts or modules. 
The main building blocks of a typical mobile terminal are depicted in Figure 1.1 where also 
the latest and future levels of chip integration are marked. Due to the miniaturization require-
ments and reduction of the Bill of Materials (BoM) for mobile terminal producers the major-
ity of devices have been integrated into chips or ICs (Integrated Circuits) or even multifunc-
tional System on Chip (SoC) solutions. In today’s level of integration the following separate 
parts can be distinguished: baseband circuitry, transceiver, filters, switch or duplexer, power 
amplifier and antenna. In the future however all those parts should be integrated into a one-
chip RF solution which will make the design enormously difficult.  

In today’s mobile communication systems the operating frequencies of the RF networks and 
circuits reach up to 6GHz and therefore have to be considered as microwave applications. 
This leads to the necessity of the use of microwave tools for designing devices working in the 
mentioned frequency range. The most important circuits which have to be designed in such a 
way are mixers, oscillators, low noise amplifiers (LNAs), switches, filters and power amplifi-
ers (PAs).  
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Up to now chip design methodologies have not included tools which usually were used for 
microwave or printed circuit board (PCB) design. The ICs dimensions were considered to be 
too small compared to the wavelength. However with the increase of frequencies all metal 
lines should be treated as distributed (and should now be called transmission lines). Addition-
ally increasing frequencies produce various parasitic effects which can not be overcome in the 
chip design. Therefore, to describe and correctly model all passives integrated on a chip an 
electromagnetic (EM) simulation is necessary. An accurate computer aided-design (CAD) can 
substantially reduce design-fabrication test cycle, very expensive for integrated circuit manu-
facturers.  

In addition the time in which a product can be merchandized, the ‘time to market’, can in this 
way be reduced, which in the case of commercial semiconductor manufacturers plays a very 
important role. 

Moreover, in PAs built with the use of modern silicon technologies, where high integration is 
possible, passive devices can occupy more than 50% of the overall chip area – a fact that can 
not be neglected.  

For example integrated inductors, which represent today the most complex passive parts of 
the chip, require very precise modeling. Generally speaking, the inductor’s performance is 
dominated by parasitic phenomena. Conventional methods involving analytical models are 
limited in terms of losses, parasitic coupling and accuracy. With the use of EM simulators the 
designer gets layout freedom and is not bound to predefined libraries with fixed layouts. In 
consequence every inductor can be treated individually. Moreover, coupling between induc-
tors or the coupling between inductor and another element can be considered during the de-
sign procedure.  

The reduction of time in which the precise EM simulation is performed allows optimization of 
the layout; even in terms of system simulation. In this way the digital simulation is combined 
with data coming from solved Maxwell equations, and two levels of abstraction are treated 
together. 

EM solvers give also the possibility to integrate and investigate typical microwave structures 
and make usage of effects which lead to performance enhancement. For example the Defected 
Ground Structure (DGS), which is broadly used in PCB design, can be fully integrated on 
chip when special technological features are implemented. By making use of all characteris-
tics like electrical prolongation (with the same geometrical length) and new matching abilities, 
such structures can be applied in integrated matching networks, which lead to a better per-
formance of PAs. 

Furthermore, layout optimization performed with the use of EM solvers can also lead to tran-
sistor ruggedness improvement, which is enormously important in PA design. When advanced 
transistor models are applied parameters like parasitic oscillation or first breakdown behavior 
can be optimized during the design stage. Up to now, this progress was only possible through 
technology changes only. 

Summarizing, the precise EM simulation introduced into the classical chip design shows very 
high potential. State of the art design methodology is usually based on poor-quality models, 
which do not take into account the previously mentioned quantities and qualities. Moreover, 
no on-chip engineering was possible and newly designed structures could not be properly in-
vestigated. 

For a correct and effective PA design not only high-quality tools are required but also the in-
troduction of superior technology in which those devices can be manufactured. In the case of 
PAs the challenge for mass production companies is the trade off between size, prize, power, 
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linearity, gain, ruggedness and operating frequency. It is necessary to add that all overall pa-
rameters of PAs are extremely dependent on the applied technology. 

Currently the PA market for mobile handsets is dominated by GaAs or InP derivate technolo-
gies [1] so called III-V technologies. (III and V mean the group in the chemical periodic sys-
tem, respectively). In the case of mass production the III-V technologies are more expensive 
in comparison to silicon technologies due to smaller-sized wafers. Presently the fabrication of 
ICs is usually made on 4 inch III-V wafers, relatively small in contrast to 12 inch (300mm) 
wafers used in silicon foundries. The additional feature of very easy integration on silicon 
substrates makes the technology very attractive in terms of mass production as many active 
and passive components can be placed on one die. The PAs produced in III-V technologies, 
on the other hand, are forced to be made of many dies – forming a module, with many design 
variables, difficult to handle during fabrication. Moreover GaAs substrates display high ther-
mal resistance and the dissipated heat becomes a difficult to solve issue. The silicon and III-V 
technologies are compared by the most important parameters Table 1.1 [2]. 

 
           Table 1.1 PA technology comparison [2]. 

Substrate 
(technology) 

Substrate 
relative 
thermal 

conductivity 

Substrate 
permittivity 

Substrate 
wafer size 

[mm] 

Substrate 
relative cost 

per unit 
area 

Silicon 2.5 10.9 150-300 1 
GaAs 1 12.9 100-150 10 
InP 1.5 12.6 50-75 100 

 
 
Furthermore, band-gap engineering and carbon implantation applied to typical silicon transis-
tors improves the performance, so the newest featured SiGeC technologies [3] can be straight-
forwardly compared with GaAs or InP.  

On silicon wafers not only bipolar transistors can be made – it gives advantage of building 
very highly integrated Complementary Metal Oxide Semiconductor CMOS transistors usually 
used in transceiver design: the so called BiCMOS technologies. A one-technology solution of 
building transceiver and PA is feasible and CMOS PAs have been reported recently [4]. How-
ever, up to now, the high-linearity specifications for high data rate systems can not be met 
with this approach. Moreover, CMOS PAs suffer from low gate breakdown voltages and hot-
electron effects. 

Silicon processes are continuously improved in performance as well as in design procedures. 
All designs shown in this thesis will be based on high-end silicon germanium processes sup-
plied by the company Infineon Technologies AG. The mutual progress in simulation, model-
ing and technology optimization leads to the reduction of time to market as well as the design 
risk.  

All of mentioned arguments have lead to several realized PA designs in SiGe technology, and 
three of them will be presented in this thesis. 
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1.2. Aim of work 
 
It is the objective of this thesis to show design solutions for incorporating electromagnetic 
simulation in the classical power amplifier chip design for performance enhancement and 
design risk reduction. In particular the adaptation of a SiGe technology for PA purposes, 
newly developed integrated matching structures and design methodology for the needs of PAs 
will be presented. It should be underlined that the use of proposed design methodology brings 
simulation characteristics very close to measurement results. As a result and confirmation of 
the thesis three PA designs will be demonstrated in the closing stages of the work. 

 
1.3. Thesis outline 

 
In the first part of the thesis the methods of characterizing and benchmarking of PAs are pre-
sented. The PA topologies, operating classes and transistor basics are briefly mentioned. 
Chapter 3 is devoted to the available Infineon bipolar technology, specially developed for PA 
application. Next, Chapter 4 describes integrated passive components and innovative match-
ing circuitry required for a correct PA design and developed with the use of EM simulation. 
The design methodology and the design tools are shown in the part 5. Chapter 6 demonstrates 
how the methodology, technology and innovations can form three correctly-working PA de-
signs. The thesis is concluded in the final Chapter 7, where also the outlook on further devel-
opments is briefly presented. 
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Einleitung  
 

Motivation  
 
Der sehr schnell wachsende Markt für Nachrichtentechnikendgeräte erhöht den Druck auf die 
Hersteller, mehr Funktionen auf kleinstem Raum bei ständig fallenden Preisen bereitzustellen. 
Dabei verkürzen sich die Entwicklungszyklen sowohl für Endgerätehersteller als auch für 
Zulieferer. Dies betrifft letztlich auch die Halbleiterhersteller, die nun immer mehr komplette 
Systeme statt einzelner Bauelemente bereitstellen müssen. All dies birgt neue Risiken bei 
Neuentwicklungen, die neue Methoden erfordern, um dem ständig steigenden Komplexitäts-
grad Rechnung zu tragen. Dies trifft insbesondere auch auf klassische Analog- und Hochfre-
quenzschaltungen zu, die immer mehr an ihren Limits betrieben werden und daher eine mög-
lichst exakte Modellierung erfordern.  

 

 
 

Abbildung 1.1 Hauptbausteine eines mobilen HF-Endgerätes mit markierten Integrations-
schritten in einzelne Chips. 

 
Moderne mobile Kommunikationsendgeräte bestehen aus vielen unterschiedlichen Hochfre-
quenz-(HF)-Bauelementen. Die Hauptbausteine eines typischen Kommunikationsgerätes sind 
in Abbildung 1.1 dargestellt. Die zukünftigen Schritte der Chipintegration sind ebenfalls ge-
kennzeichnet. Aufgrund der Notwendigkeit zur Minimalisierung sowie  der Reduzierung der 
Anzahl von Einzelbauelementen (Bill of Materials - „BoM“) für Mobilfunkprodukte, wird die 
Mehrheit der Bauteile in ICs (integrierten Schaltungen) oder sogar in Multichipmodule integ-
riert. Dem heutigen Stand der Technik entsprechend werden folgende Bausteine immer noch 
getrennt realisiert: Basisband-Prozessor, Transceiver, Filter, Schalter oder Duplexer, Leis-
tungsverstärker und schließlich die Antenne. In nächster Zukunft wird es zu einer höheren 
Integration in Form von Multichipmodulen und auch Einchiplösungen kommen, was neue 
Herausforderungen im Entwurf und der Modellierung mit sich bringt. 

In den heutigen mobilen Kommunikationssystemen erreichen die Arbeitsfrequenzen der 
Schaltungen mehrere GHz, so dass folglich Mikrowellenanwendungen vorliegen. Dies erfor-
dert den Einsatz entsprechender  Simulationstools für den Schaltungsentwurf, die dem er-
wähnten Frequenzbereich Rechnung tragen. Typische Schaltungselemente, die auf diese Wei-
se entworfen werden müssen, sind Mischer, Oszillatoren, rauscharme Verstärker (LNAs), 
Schalter, Filter und Leistungsverstärker (PAs). 
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Bis jetzt hat die Chip-Entwurfsmethodik Mikrowellensimulationswerkzeuge meist nicht mit-
eingeschlossen, während sie normalerweise beim Mikrowellendesign oder beim Design von 
gedruckten Leiterplatten (PCBs) bereits genutzt werden. Zudem wurden die Abmessungen 
innerhalb der ICs als vernachlässigbar gegenüber der Wellenlänge erachtet. Mit der Fre-
quenzzunahme muss die vollständige Verdrahtung berücksichtigt werden, was in Form ver-
teilter Elemente und Leitungen geschieht. Hierbei werden mit zunehmender Frequenz Induk-
tivitäts- und Kapazitätsbeläge sowie auch Verkopplungen zwischen den Strukturen, die als 
parasitäre Elemente aufgefasst werden, immer dominanter. Um alle passiven Bauteile, die auf 
einem IC integriert werden, richtig zu beschreiben und zu modellieren, sind elektromagneti-
sche (EM) Simulationen notwendig. Eine genaue rechnergestützte Entwurfsautomatisierung 
(CAD) kann den Entwurfszyklus erheblich verringern, was letztlich auch ein enormes Einspa-
rungspotential bedeutet. Zusätzlich wird die Zeit bis zum Produktionsstart verringert, was das 
rechtzeitige Einbringen neuer Funktionalität in neue Produkte deutlich verbessert (Time to 
Market). Bei Hochfrequenzschaltungen wie Oszillatoren, resonanzabgestimmten Verstärkern 
und Mischern können passive Bauteile mehr als 50% des gesamten Chipfläche belegen - eine 
Tatsache, die nicht vernachlässigt werden darf. 

Zum Beispiel erfordern integrierte Induktivitäten eine sehr exakte Modellierung, da sie  Ele-
mente mit einem sehr hohen parasitären Anteil darstellen. Herkömmliche Methoden, die ana-
lytische Modelle mit einbeziehen, sind bezüglich der Beschreibung von Verlusten, parasitäre-
ren Kopplungen und Genauigkeit limitiert. Des Weiteren  ermöglicht  der Einsatz von EM-
Simulatoren eine größere Freiheit bei der Layouterstellung. Infolgedessen kann jede Art von 
Induktivität mit allen notwendigen Anschlüssen gesondert behandelt werden. Außerdem kann 
die Kopplung zwischen Induktivitäten oder Kopplung zwischen einer Induktivität und einem 
anderen Element während der Entwurfsphase berücksichtigt werden. Die immer kürzere wer-
dende Zeit, die für eine exakte EM-Simulation benötigt wird, erlaubt es in zunehmendem Ma-
ße Layoutstrukturen zu optimieren.  
EM-Simulationen geben auch die Möglichkeit Mikrowellenstrukturen zu modellieren, um 
beispielsweise Anpassungsnetzwerke zu optimieren. Zum Beispiel kann die Defected 
Groundplane Structure (DGS), die bereits im PCB-Design verwendet wird, auf Halbleitern 
integriert werden, wenn spezielle technologische Gegebenheiten vorhanden sind. 

Beispielsweise hat auch die Verdrahtung von Transistorstrukturen einen erheblichen Anteil an 
der lokalen Stromverteilung und somit auch an der lokalen Hochfrequenzanpassung. Um das 
volle Potential einer Technologie sowohl im Hinblick auf Effizienz als auch auf  Robustheit 
auszunutzen, ist es notwendig, diese Effekte mit einzubeziehen. 

In vielen Hochfrequenzschaltungen wie z. B. Leistungsverstärkern besteht, insbesondere für 
Hersteller von Massenprodukten, die Herausforderung, den optimalen Kompromiss zwischen 
Chipfläche, Kosten, Energieaufnahme, Linearität, Verstärkung und Robustheit zu finden. Da-
bei ist es notwendig herauszufinden, welche Parameter von der verwendeten Technologie am 
stärksten abhängig sind. 

Zurzeit wird der Leistungsverstärker-Markt für mobile Endgeräte durch die so genannten    
III-V-Kombinationen der GaAs oder InP-Ableitungstechnologien [1] dominiert. Betrachtet 
man die Kosten in der Massenproduktion, so sind III-V-Technologien im Vergleich zu den 
Siliziumtechnologien wegen kleinerer Wafergrößen, geringerer Integrationsmöglichkeiten 
bezogen auf die gleiche Chipfläche kostspieliger. Momentan werden Leistungsverstärker-
Chips üblicherweise auf 6-Zoll III-V-Wafern gefertigt, die verhältnismäßig klein im Ver-
gleich zu den 12-Zoll-Wafern (300mm) der Siliziumtechnologie sind. Zudem lassen sich in 
Silizium, in Abhängigkeit von der Strukturgröße, sehr hohe Integrationsdichten erzielen, wie 
sie für Digitalschaltungsblöcke (Steuerung, Vorverzerrung usw.) gebraucht werden. Zudem 
weisen GaAs-Substrate hohe thermische Widerstände auf, was zusätzliche Probleme für die 
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Lebensdauer solcher Bauelemente schafft. Die Silizium- und die III-V-Technologien werden 
bezüglich der wichtigsten Parameter in Tabelle 1.1 [2] miteinander verglichen. 

 
           PA-Technologievergleich der Tabelle 1.1 [2]. 

Substrat 
(Technologie)

Relative 
thermische 

Substrat 
Leitfähigkeit 

Dielektrische 
Konstante  

Wafergröße 
[mm] 

Relative 
Kosten pro 
Einheits-

größe 
Si 2.5 10.9 150-300 1 

GaAs 1 12.9 100-150 10 
InP 1.5 12.6 50-75 100 

 
Durch das so genannte „band-gap engineering“ und die Kohlenstoffimplantation, die in den 
letzten Jahren bei Siliziumtransistoren eingeführt wurden, können die neuesten SiGeC-
Technologien [3] direkt mit GaAs oder InP verglichen werden. 

In so genannten BiCMOS-Technologien können auf Siliziumwafern nicht nur bipolare Tran-
sistoren hergestellt werden - es gibt noch den Vorteil, auch integrierte CMOS-Transistoren zu 
erzeugen, die normalerweise im Digitalteil von Transceivern und Prozessoren benutzt werden. 
Dadurch lässt sich ein sehr hoher Integrationsgrad erzielen. Eine Einchiplösung von Transcei-
vern und  PAs ist damit durchführbar und erste CMOS-PAs sind vor kurzem auch veröffent-
licht worden [4]. Es muss aber bemerkt werden, dass es bei CMOS-basierten Lösungen der-
zeit noch Probleme mit niedrigen Durchbruchspannungen und heißen Elektronen gibt, die den 
Einsatz einschränken.  

Die Prozesstechnik wird laufend bzgl. ihrer Leistungsfähigkeit sowie der Modellierung ver-
bessert. Alle in dieser Arbeit gezeigten Schaltungen basieren auf einem SiGe-Prozess der 
Firma Infineon Technologies AG.  

Alle hier erwähnten Argumente wurden bei der Realisierung mehrerer PA-Designs in SiGe-
Technologie berücksichtigt. Drei Realisierungen davon werden in dieser Arbeit vorgestellt.  

 
Ziel der Arbeit  
 

Inhalt der vorliegenden Dissertationsschrift ist die Integration der elektromagnetischen Simu-
lation in den klassischen Leistungsverstärker-Chip-Entwurfsablauf mit der Zielsetzung der 
Schaltungsoptimierung und der Reduktion von Risiken bei der Entwicklung neuer Produkte. 
Insbesondere wird die Hochfrequenzanpassung in einer SiGe-Technologie mit  integrierten 
Anpassstrukturen und einer Designmethodik vorgestellt. Es soll betont werden, dass der 
Gebrauch der vorgeschlagenen Designmethodik die Simulationsergebnisse sehr nah an die 
Messresultate bringt. Die Bestätigung dieser Aussage wird an drei verschieden PA-Designs in 
den letzten Kapiteln der Arbeit demonstriert.  
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Gliederung der Arbeit  
 
Im ersten Teil der Arbeit werden die Methoden der Charakterisierung und des Benchmarkings 
von Leistungsverstärkern dargestellt. Des Weiteren folgt eine Einführung in die PA-
Topologien und Transistorgrundlagen. Kapitel 3 ist der SiGe-Technologie gewidmet. In Kapi-
tel 4 werden integrierte passive Elemente und Anpassstrukturen beschrieben, die unter Ver-
wendung von EM-Simulationen entwickelt wurden. Die Designmethodik und die Design-
werkzeuge werden in Kapitel 5 vorgestellt. Kapitel 6 zeigt, wie mit Hilfe der Methodik und 
der Technologie drei innovative Schaltungen entwickelt und optimiert wurden. Die Arbeit 
wird im abschließenden Kapitel 7 zusammengefasst, in dem auch ein kurzer Ausblick auf 
weitere Entwicklungen gegeben wird. 
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2. Power amplifier basics 
 
Power amplifiers are being used in many diverse applications and systems. For that reason it 
is essential to characterize them in order to build the proper design fulfilling all requirements 
of the system in which they are operated. The designs should be characterized both during the 
design-stage, with a use of simulators, as well after the chip is produced - in the applicational 
stage. A design is assumed to be correct when the difference between the final measurements 
and the simulations are respectively small and the characteristics fulfill the prerequisites of the 
given design specification. 

There exist three basic topologies and several “classes” in which PAs are usually designed. 
They are all briefly described in this section with the main disadvantages and advantages of 
various solutions. It should be also mentioned that not all topologies or classes are feasible in 
given technologies and that the overall performance relies very strongly on the features of the 
technology.  

The principles of transistor matching for PA applications, basic transistor features and 
transistor modeling are also a part of this chapter as they are necessary for a comprehensive 
view of a PA design. 

 
2.1. PA characteristics 
 

In this section the methods of characterizing PAs are shown. The basic parameters or 
characteristics needed for PA description will be presented. 

 
2.1.1. Transfer characteristics 
 

Figure 2.1 shows the main transfer characteristics of a PA which are commonly used in 
specifications and application notes. Using this graph as the function of the input power the 
basic parameters can be displayed and appraised.  

 

 
Figure 2.1 Typical transfer characteristic of a PA. Output power and power added efficiency 

(PAE) - (left), gain and supply current (right); both as a function of the input power. 
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Small signal gain and saturation gain 
The small signal gain can be described by three definitions; transducer gain, operating gain, 
available gain, by which the first one is generally used and refers to the Figure 2.1.  
Transducer gain is defined by: 

sourcethefromavailablePower
loadthetodeliveredPowerGT =         Equation 2.1 

 
In this definition the mismatch appearing on the input and output is included. In the case of 
the operating gain the input has a perfect conjugate matched and with the available gain the 
input and output are perfectly matched. The small signal gain (transducer gain) can also be 
read from the curve in the Figure 2.1 as the difference between the output power and input 
power in the amplifier’s linear operation region. This region is defined when the amplifier 
input power is higher than the noise level and the output power is not in the saturation range. 
Then the small signal gain can be defined: 
 

][][][ )()( dBmPdBmPdBG LININLINOUT −=         Equation 2.2 
 

and plotted as a function of the input power (Figure 2.1 right). 
 
Alternatively, the small signal gain can be calculated from scattering parameters as: 
 

       2
21log10][ SdBG =     Equation 2.3 

 
when port 1 is defined as the input and port 2 as the output. 
 
The second important gain definition in PA design is the saturated gain, also seen in the 
Figure 2.1 in the upper right corner of the power curve. In this case the amplifier has lower 
transducer gain but delivers the maximal output power to the load: 
 

][][][ )()( dBmPdBmPdBG SATINSATOUT −=          Equation 2.4 
 
Output power 
The output power curve of a PA can be also read in Figure 2.1. As one of the main goals of a 
PA is to deliver high output power, this curve is also of great importance.  

There exist two essential points on this curve: the 1dB compression point (IP1dB) – the value 
of the input power in which the output power falls by one decibel with the linear increase (in 
dBm) of the input power across the transfer characteristic. This point can also be determined 
by the means of gain – the point in which the small signal gain falls by 1dB from the constant 
value. This point can be referred to the output power, usually used in PA design (OP1dB). 
 

][1][][][ 11 dBdBGdBmIPdBmOP dBdB −+=        Equation 2.5 
 
The range between the noise level and OP1dB compression point is used to describe the 
maximal linear range of the PA characteristic by which strong nonlinearities do not appear. 
This issue however will be discussed later on in the part devoted to linearity. 

The second significant point on the discussed characteristic is the maximum output power. At 
this point the amplifier is working in saturation with the saturated gain, as discussed before. 
During saturation also the highest efficiency can be achieved. 
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Efficiency 
Efficiency is also a figure of merit for modern PA applications. The overall efficiency curve 
can be seen in Figure 2.1 on the left hand side. The general meaning of efficiency is to show 
the DC power is converted to HF output power of the PA through the process of amplification. 
In the case of Power Added Efficiency (PAE) it is defined by the quotient of the output power 
divided by all input powers the circuit is supplied with [5]: 
 

DCIN

OUT

PP
PPAE
+

=     Equation 2.6 

 
With POUT , PIN, PDC representing output, input and DC supply power respectively. 
 
For high gain PAs the PIN term can be neglected as it is incomparably small to POUT and so 
one can define the DC to RF efficiency. 

To evaluate the efficiency of a single amplifier stage, the collector efficiency (EffCE) is a good 
measure. For bipolar junction transistors (BJT) it is defined by: 
 

CCC

OUT
CE IV

PEff =     Equation 2.7 

 
where VCC is the supply voltage and IC the collector current. 
 
Current consumption 
The DC current consumption curve, in terms of the collector current, is also seen in Figure 2.1. 
For very low input power it can be assumed that the value represents the quiescent current of 
the PA – the point at which the transistor is biased. With the increase of the input power the 
current consumption arises, the so called self-biasing effect takes place. 
 

2.1.2. Linearity 
 

The nature of PAs shows that those devices introduce distortions into the output signal. As 
shown before, the compression point limits the output power vs. the applied input power, 
causing strong nonlinearities. On the other hand the new communication systems require high 
linearity to ensure proper operation and the transmitted signal’s amplitude and phase needs to 
be amplified without distortions. There are several methods of describing linearity of the PAs. 
A perfect BJT amplifier with a linear amplification (transconductance) K1 would have an 
answer [6]: 
 

BEC UKI 1=      Equation 2.8 
 
where IC is the collector current of a bipolar transistor and UBE is the input voltage between 
base and emitter.  

However in reality the output is described by a distorted term, also in the linear region of the 
output characteristic. Therefore: 
 

...3
3

2
21 +++= BEBEBEC UKUKUKI    Equation 2.9 

 
with Kn representing the square, cubic … nonlinearity coefficients.  
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Assuming an input signal consisting of two very close tones ω1 and ω2 and amplitudes U1 and 
U2, one can write: 
 

)cos()cos( 2211 tUtUUBE ωω +=    Equation 2.10 

2121 ,ωωωω <<−     Equation 2.11 
 
At the output appears a number of mixing and intermodulation products, according to the 
relation: 

21 ωωω nmC ±=     Equation 2.12 
 
where ωC are the PA’s output signal frequencies. 
 
The resulting output spectrum can be seen in Figure 2.2. The intermodulation distortion ratio 
(IMD) is the distance between the carriers f1 and f2 and the spectral products. 
 

 
 

Figure 2.2 Theoretical output spectrum of a PA while a two-tone excitation. The second, third 
and fifth intermodulation products are plotted. 

 
Assuming that the input signals have the same amplitudes U1=U2 and a simple polynomial 
model for the PA, the distortion power will vary as the cube of the input power. In this way 
we define the third order intermodulation products: 
 

3
1)( PKP IMDIMD =             Equation 2.13 

 
where PIMD is the power in a single third-order intermodulation product, KIMD is a constant 
and P1=A1²/2 is the power of one input tone.  
 
The third order intermodulation products are very critical in all applications as they are 
extremely close to the fundamental tones and can not be filtered out (see Figure 2.2). 
Analogically, products which spectrum rises with the fifth and seventh power of the input 
signal are called 5th and 7th order intermodulation products. 
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Intercept Points (IPn) 
As mentioned before, the third order intermodulation products increase by 3dB when the 
fundamental tones increase by only 1dB. PAs operated with small input power, in the linear 
range, produce lower harmonic products as only minor distortions happen. However with the 
increase of the input power nonlinearities and intermodulation products start to be visible on 
the output as nonlinear effects increase. The 3rd order intercept point IP3 is defined by the 
crossing of the fundamental frequency and the 3rd order intermodulation curve for the linear 
operated region on the transfer characteristic. This point by means of extrapolation (the 
amplifier is saturated) can be read out of the plotted transfer characteristic (Figure 2.3). 

Practically, the 3rd order intercept point IP3 can be calculated by data collected during the 
linear operation where already the intermodulation products appear: 
 

])[2(])[(][3 122 dBmffPdBmfPdBIM −−=       Equation 2.14 
 
The output IP3 point is defined by: 
 

2
][3])[(][3 2

dBIMdBmfPdBmOIP +≈   Equation 2.15 

 
A similar procedure applies to the 5th and 7th intermodulation point. The IM5 and IM7 
products increase by 5dB and 7dB respectively, with the increase of 1dB of the fundamental 
tone. 

The intercept compression points and curves representing the intermodulation products can be 
incorporated in the transfer characteristics (Figure 2.1) as shown in Figure 2.3. 
 

 
 

Figure 2.3 Graphical explanations of the intermodulation products and intercept points on the 
PA transfer characteristic. 

 
AM/AM and AM/PM conversion 
The AM/AM and AM/PM conversion are fundamental methods for examining the linearity of 
PAs by measuring or simulating the amplitude and phase difference of the output signal 
during an input power sweep. The AM/AM compression can also be seen as the gain 
compression curve. The amplitude and phase nonlinearities can be displayed in this way and 
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indicate the spectrum growth for digitally modulated signals, without the need of applying 
them to the input.  

 
Adjacent Channel Power Ratio (ACPR) or Adjacent Channel Leakage Ratio (ACLR) 
Nonlinearities in PAs are the main reasons of the spectral growth in the bordering channels, 
which is especially important in modern applications when broadband channels are located 
very close to each other. Adjacent channel power ratio is a measure of the degree of signal 
spreading into adjacent channels, caused by distortions in the PA. It is defined as the power 
contained in a defined bandwidth B1 at a defined frequency offset f0 from the channel center 
frequency fc, divided by the power in a defined bandwidth B2 placed around the channel 
center frequency. 
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∫
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dBcACPR         Equation 2.16 

 
where S(f) represents the power spectrum, H(f) a pulse-shaping filter characteristic, fc the 
centre frequency and f0 the offset. 
 
A graphical explanation in shown in Figure 2.4. 
 

 
 

Figure 2.4 ACPR or ACLR calculation method. 
 
In 3GPP WCDMA system standards the ACPR is specified through ACLR (Adjacent 
Channel Leakage Ratio) which has the same physical meaning. 
 
Spectral Masks 
In new broadband telecommunication systems spectrum emission mask are also defined as a 
method to characterize nonlinearities and spurious emission. Due to the spectral growth 
caused by nonlinearities, as shown in the previous part, the output spectrum can interfere with 
other channels. Masks define the maximal spectral content in a given frequency range as 
shown in Figure 2.5, without the need of integrating the power in the associated channels. 
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Figure 2.5 Input and output spectrum with a spectral growth of a PA fed with a CDMA IS-95 

signal [7]. 
 
Error Vector Magnitude (EVM) 
The nonlinearities in PAs cause also degradation in the digitally modulated systems. The 
digital transmitted data in form of bits is changed in transceivers with the use of modulators 
into vectors which ending points form constellation diagrams. The nonlinearities introduced 
by the PA can produce distortion in of phase and amplitude, which results in a distorted 
constellation diagram, as shown in Figure 2.6. 
 

 
 

Figure 2.6 Non-distorted 16-QAM input signal (left) and the same signal after a nonlinear 
distortion (right). 

 
Assuming that the ideal signal is known, it is possible to calculate the error between the 
distorted signal and the reference signal. 
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Figure 2.7 The error vector, distorted signal and reference signal used during EVM 
measurement [8]. 

 
EVM is defined by the scalar distance between two signal vector end points as shown in 
Figure 2.7. Usually EVM can be measured for peak and RMS errors, the second is defined 
following [9] [10]: 
 

∑
∑
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=
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k
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kk

S

SZ
EVMRMS 2

2

    Equation 2.17 

 
with Z(k) representing the reference vector, S(k) the signal vector for each data clock 
transition k, and K for the whole set of symbols. 

The EVM is usually given as percentage of the peak signal level error for the outermost 
symbols of the constellation diagram. 
 
 
Increasing linearity 
High linearity is required in common communication networks and the output of the PA has 
to be an identical copy of the input signal, however amplified. In order to guaranty such 
linearity, a back-off of the input signal is used – the PA is operated in its linear region with 
much less input power. This however reduces the PAE enormously (see Figure 2.1), 
consequently reduces “talk-time” as the battery power is limited. Such methods are not 
feasible for the most mobile terminals, still some systems are designed for 10dB peak to 
average signals (i.e. WLAN), what helps to keep the linearity performance as the PA is 
operated with a 10dB below the 1dB compression point. In the case of low peak to average 
values (i.e. in UMTS system) methods of digital predistortion can be applied [11] or PA of 
other architectures [12]. Other high linearity PA concepts are presented in [6]. 

In this work, methods in which linearity can be improved applying special of interstage 
matching design will be shown in Chapter 4. 
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2.1.3. Noise in PAs 
 
The noise figure is not always a critical issue in PA applications; however it is defined in all 
system specifications. For small signal linear amplifiers the noise figure definition can be 
considered [13]. On the other hand, the noise in nonlinear PAs needs to be characterized in 
the following terms: 

•  In-band noise 

•  Out-off-band noise 
The first one is calculated in the transmitting band of the PA as the ratio of noise power in a 
specified band to the carrier power, incorporating the 1/f noise, mostly of minor importance as 
it is usually covered by the 1/f noise of the VCO, (Figure 1.1). 

The second one is defined by the power in a specified band, which is out of the transmitting 
band. In other words, the interference of the output spectrum on other frequency bands (also 
the RX band) is determined, commonly to the described before spectral mask approach.  

 
2.2. PA topologies 
 

In this section the three basic topologies in which PAs for mobile terminals are being built 
will be shortly described. It can not be neglected, that in the final design the PA’s topology is 
defined by the available technology, and that the technology specifies the key parameters.  
 

2.2.1. Single ended amplifier 
 

The single ended configuration is the most common PA configuration due to the simple 
arrangement shown in Figure 2.8 with no need for additional components like couplers or 
baluns. The transistor has a ground connection; in the case of PA with BJTs it is the emitter 
which has to have a proper connection to ground (in the common emitter configuration). The 
input (base) and output (collector) are clearly defined and can be effortlessly attached to 
microstrip or striplines. The key advantage of this topology is the ease of matching on the 
input and output. The matter of matching networks will be evaluated in the section 4 of the 
thesis. 

 
 

Figure 2.8 Amplifier in a single ended configuration. 
 
The major issue in an integrated single ended PA is the emitter connection to ground. During 
high power operation large currents have to flow through the emitter to the ground. This 
connection has to have a low resistance for DC and low impedance for HF because it causes a 
negative feedback reducing gain and output power, the so called “emitter degradation”.  
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The voltage gain of an amplifier operated in a common emitter configuration, loaded with a 
resistive load RL and having a negative feedback in the emitter is proportional to [14]: 
 

CONNECTION

L

Z
RGain ≈        Equation 2.18 

 
And since the RL value for PAs is usually low (see Equation 2.22, 2.23, 2.25) and defined by 
the required output power level, the emitter ground connection is a matter of great importance. 
The problem increases with the increase of frequency (Equation 2.19) when the connection is 
realized through thin and long bond wires that represent a series connection of resistance and 
inductance. Than the impedance of the ground contact can be calculated with: 
 

∞=+=
∞→∞→ BONDBONDBOND RLjZ ω

ωω
limlim   Equation 2.19 

 
This problem can be reduced when many bond wires are being used in parallel, however this 
solution is chip space ineffective [15].  

Alternatively the flip-chip technology can be used in which the ground is joined with the 
flipped chip by use of bulbs. In this case the heat dissipation can become a main difficulty. 

The almost ideal solution is the realization of a structure which is directly connecting the chip 
surface with the ground – the so called “sinker” contact, well known in GaAs PA designs. It 
can be realized in form of a metal via which joins the emitter with the ground under the die. 
Otherwise it can be reached with the use of a highly conductive substrate and a via realized 
trough high doping under the emitter [16]. This technique conversely introduces high metal-
to-substrate capacitances and losses in transmission lines or inductors. Both methods however, 
require backside metal on the die and a proper cleaving technology.  

The technology in which the sinker feature was introduced is presented in Chapter 3 and in 
finally realized PAs described in Chapter 6.  

 
2.2.2. Balanced amplifier 

 
The balanced amplifier is an extension of the single ended version with some additional 
attributes. However it requires two 3dB and 90 degree couplers for example Lange couplers, 
branch-like couplers or Wilkinson dividers with a 90o delay line. In each case integration on 
chip is difficult and additionally two 50Ω resistors have to be used (Figure 2.9). 
 

 
Figure 2.9 Schematic of a balanced amplifier. 
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The balanced amplifier has inherited the same drawbacks concerning the ground connection 
as the single ended topology, however gained some advantages: 
 

•  Input and output impedances are automatically matched. Assuming a complete 
symmetry, the mismatched power is terminated in the isolated 50Ω ports. 

•  Good phase linearity can be obtained. 

•  The third order intermodulation products are cancelled. 

•  Gain compression and intermodulation values are 3dB greater in comparison to one 
single ended device (2 devices and 2 times higher biasing currents are required). 

•  Overall sensitivity to variations of device parameters is lower. 

•  The reliability can be enhanced (two parallel circuits). If one device fails, the overall 
gain will drop by 6dB, with the remaining power lost in the coupler terminations.  

 
 

2.2.3. Push-pull amplifier 
 

The only PA configuration in which a proper ground connection is not necessary is the push-
pull configuration, also called differential configuration. The single ended input signal is split 
by 3dB and with a phase shift of 180 degrees with the use of devices called BALUNS 
(BALanced to UNbalanced). Then, the upper and lower sinusoid half are being amplified 
separately by each transistor. In this configuration two transistors are usually operated in the 
B-class or AB- class with a virtual ground in-between as displayed in Figure 2.10. Finally, the 
signals are joined, again with a phase shift of 180 degrees. 
 

 
 

Figure 2.10 Push-pull or differential amplifier configuration. 
 
The advantages of such configuration can be listed as follows: 
 

•  No need for a perfect ground connection. 

•  The load-line impedance for equal output power is four times higher than for single-
ended designs. 

•  Current saving and efficiency increasing B- or AB-class operation is easily reached 
when each transistor is conductive for a current conducting angle of 180 degrees.  

•  The matching networks are incorporated in the baluns. 
 
The disadvantages and practical designs of differential PAs are well described in [17]. 
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2.3. Operating classes 
 

PA designs according to system requirements, applications and technology require different 
biasing adjustments and output matching conditions. There are four biasing settings used for 
the classical amplifier approach which will be described in this part. Additionally, the output 
circuit matching methods to design high efficiency PA will be shortly mentioned. 
 

2.3.1. A, AB, B, C operating classes 
 
The first group in which PAs can be distinguished in terms of operation is the one in which 
the biasing conditions control the conduction angle. The conduction angle specifies the 
portion of the signal, when the current is flowing through the transistor as shown in the Figure 
2.11 [18]. The amplifier is assumed to have an ideal transfer function: no saturation or 
breakdown is considered and the knee voltage is the base-emitter potential. 
 

 
Figure 2.11 The conventional amplifier operating classes [18]. 
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The A-class PA, as to be seen in the Figure 2.11 (a), is very similar to a small-signal amplifier 
where the current is flowing constantly through the amplifier and so the conduction angle 
equals 360 degree. The amplifier is completely linear in the small signal range, in reality only 
small distortions are present. On the other hand the maximal theoretical efficiency of an A-
class amplifier is only 50%. 
In order to increase the low efficiency achieved by the A-class one can slightly reduce the 
conduction angle, what unfortunately extends the nonlinearities. In this way the AB-class 
amplifier is designed which has the conduction angle ranging from 180 to 360 degree as seen 
in Figure 2.11 (c).  

As the conduction angle reaches 180 degree the amplifier converts into B-class operation 
(Figure 2.11 (b)), however the maximal available efficiency can not be higher than 78.5%. 
With an even more reduced angle the most efficient, however nonlinear with a large amount 
of generated harmonics, the C-class is reached (Figure 2.11 (d)). 

The conducting angle also implies the information on the achievable output power and 
maximum efficiency. Figure 2.12 displays this relationship. 

 
 

 
 

Figure 2.12 Normalized output power and efficiency according to the operating class [19]. 
 
The operating class has also influence on the generation of harmonics. The harmonic level 
influences linearity and efficiency and requires a proper matching on harmonic frequencies, as 
matching networks are considered [19]. 
 
 

2.3.2. D, E, F operating classes 
 
The D, E operating classes are called switch-mode PAs as they use the transistor as a switch. 
Such amplifiers are characterized by very high efficiencies – theoretically reaching 100%. Not 
only the biasing conditions are to be modified but also a proper topology has to be used for 
the matching networks. The F class amplifier can be compared the mentioned before B class, 
however with a strictly defined harmonic matching. In this case, the amplifiers imply a very 
precise matching network design. On the other hand not all technologies give the switching 
capabilities and generally SiGe transistors are not well suited for this approach.  

Principles of designing switched mode amplifiers can be found in [19]. A realized example of 
an E-class amplifier is described in [20]. 
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2.4. Input and output transistor matching 
 
Generally, there are two main elements out of which a single ended PA is constructed of: 
transistors and matching circuits which realize impedances on the input and output of the 
transistor and match them to the outer environment. Assuming that the parameters of the 
transistors are static and stable, the characteristic parameters of a PA is dependent on the 
matching circuits. It can not be neglected that in the case of high integration levels the 
technology used for transistors has impact on matching networks structure; what will be the 
discussed later on. 
A complete theory concerning small signal amplifier design can be found in [13]. Figure 2.13 
illustrates the transistor matching principles, where the matching networks realize impedances 
seen by the transistor and transform them to a 50Ω generator and load. 
 

 
 

Figure 2.13 Transistor matching principle. 
 
The circuit design of matching networks will be presented in the Chapter 4, where specific 
matching network realizations will be shown. Here only the values of the ZL and ZS for a 
single ended PA design will be determined. 
 
Input matching 
In order to maximize the transducer gain to operating gain one shall realize a conjugate 
matching on the transistor’s input. Thus, for small signal operation, when the transistor can be 
described with scattering parameters: 
 

ZS = ZIN
*       Equation 2.20 

 
where ZIN is the small signal input impedance. 
 
This approach is used in small signal amplifier design where the goal is to achieve high gain. 
It can be applied in the case of matching the PA driver to the 50Ω generator impedance.  

The second method of input matching is based on noise matching, mainly used in LNA design. 
The transistors noise performance is basically dependent on the input matching. The 
impedance to be seen by the transistor should be optimized so that the lowest noise figure of 
the amplifier is achieved, as described in [21]; then: 
 

ZS = ZN*       Equation 2.21 
 
where, ZN is the impedance leading to the desired noise figure of the amplifier. 
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In the case of matching the input of a large BJT power transistor stage one can not consider 
the S-parameters, as they are only defined for small signal characterization. In this case the 
input impedance is specified by the transistor parameters such as the current amplification, 
parasitic capacitances (CBE, CBC) and resistances (RB). (The elements of the transistor 
equivalent network are described in the end of this chapter). Additionally the impedance 
changes with the applied input power as the transistor is undergoing the self biasing effect. 
The input impedance, especially in AB or B class operation, cannot be simply predicted; 
however one can assume that large silicon BJTs used for mobile communication have an 
input impedance lower than 5Ω when operated with large input power. In the case of BJT the 
input matching is much more critical in comparison to the FET input match, especially when 
operated in the AB class. According to [22]: 
 

•  The input matching configuration, including the bias circuit, has a major impact on the 
operation of a BJT PA. 

•  The input match will show different optima for maximum gain, best linearity, and 
highest efficiency. Optimization of the last two may involve substantial reduction in 
power gain. This phenomenon can also be seen in the output matching. 

•  Correct handling of harmonics is a necessary feature on the input, as well as the output. 
Circuits benefit from specific harmonic terminations or filtering on the input. 

•  The process of linearizing the response of a BJT includes the use of a specific 
impedance for the base bias supply voltage. This is a very different bias design issue in 
comparison to the simple current bias used in small signal BJT amplifiers, or the 
simple high impedance voltage bias used in FET PAs. 

•  The use of base ballasting (adding resistors in the base) can improve linearity, 
however reduces efficiency. 

 
The input matching can not be neglected during the design of the power stages as it is 
enormously important for the linearity behavior, efficiency and output power. The problem is 
even more complicated if multi-stage designs are concerned. Impedance transformation 
between the high power output of the driver has to be correctly transferred into the 
dynamically changing input impedance of the power stage. If a full on-chip integration of 
matching networks is used, this is the most challenging point of the PA design and EM 
simulations ought to be used for correct designs. 
 
Output matching 
The output matching in the case of small signal amplifiers can be done through conjugate 
match, as shown in the input match.  
 

ZL = ZOUT
*       Equation 2.22 

 
where ZOUT is the small signal output impedance of the transistor. 
 
If a conjugate matching is simultaneously applied on the input, the maximal available gain is 
reached. This type of output matching can be called gain matching and is applied in the “off-
state” of the amplifier, as in the S-parameter measurement or simulation, all other ports of the 
network are connected to 50Ω – no input signal is applied. In the case of PA output matching, 
this procedure does not make sense as the impedance should be determined during the PA 
operation. Even if an input signal is applied and the impedance is measured, the value of SLL 
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is grater than unity, as the output of a PA delivers more power, than the network analyzer 
(simulator) uses for measurement (simulation). 

Moreover by means of S-parameter matching maximal ratings of the transistor are not taken 
into account. While designing PAs the output power is one the most important parameters to 
be reached, and in this case the transistor is not fully used. [19].  

Furthermore, if the gain matching is applied, the ZOUT parameter of the transistor describes the 
“off” output impedance, as there is no input signal – all other ports during an S-parameter 
analysis are matched with 50Ω.  

To utilize the maximum current and voltage swings (maximal output power) the output 
impedance should be chosen according the load line match theory or load-pulling techniques 
and not with the conjugate approach. In the load line theory case the ZLL at the collector 
directly is mostly real and given by: 

max

max

I
VZLL =       Equation 2.23 

 
where, Vmax and Imax are the maximal swings of voltage and current respectively that are 
possible on the transistors output to reach the maximal output power.  
 
Figure 2.14 shows the graphical explanation of the load-line matching method on the output 
I/V curves compared with the conjugate approach where not the whole current swing is used.  
 

 
 

Figure 2.14 The load-line approach with the marked possible current and voltage swings on 
the output I/V curves of a BJT transistor. 

 
The value of ZLL, as the optimal impedance seen by the transistor, can be also determined by 
load-pull matching techniques [23]. These methods are more precise as the load-line methods 
as they inherit parasitics which surround the transistor and can be applied even outside the 
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transistor package. Here, the load value is swept across the Smith-Chart and the optimal 
values for the maximal output power are found. Values of impedances by which the output 
power is constant form circles, as shown in Figure 2.15. 
 

 
 

Figure 2.15 Constant output power contours on the Smith Chart with the optimal impedance 
for the maximum output power. 

 
Additionally, in very often used AB or B-class amplifiers, the maximal output power is 
reached when the output impedance is real an equals: 
 

OUT

CC

P
V

R
2

2

=     Equation 2.24 

 
where VCC is the supply voltage and POUT the desired output power. 
 
This kind of matching methodology applies only to maximal output power optimization, 
which is not always the only goal during PA design. One should notice that different output 
impedances can be found for maximal efficiency or linearity as it was shown for the input 
matching. There are four optimal load impedance values, according to the following criteria: 
 

•  Maximal gain 

•  Maximal output power  

•  Best efficiency 

•  Best linearity 
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For instance, Figure 2.16 shows simulated load pull contours of constant PAE, output power 
and ACPR of a test amplifier [11]. 
 

 
 

Figure 2.16 Simulated constant PAE (A), output power (B) and estimated constant 
ACPR (C) contours related to load matching for a test amplifier [11]. 

 
 

During the matching network design, a trade-off between the mentioned 4 points has to be 
made, as a matching circuit realizes only one impedance at one frequency. Moreover, the 
situation becomes more complicated as desired impedances at harmonic frequencies have to 
be accomplished. Correct matching not only at the fundamental frequency but also the 
harmonics can lead to an increase of efficiency, or be a method to realize higher classes of 
amplifiers. 

Methods by which PA matching can be realized at two or more frequency bands with one 
network will be the subject of the Appendix A.  

 
 

2.5. Bipolar transistor basics 
 
In a PA design the transistor and its technology and parameters play a significant role. All of 
the resulting performance is technology dependent thus the main transistor features need to be 
described in this chapter. The NPN SiGe power transistor in the most single-ended PA 
applications can be seen as a two port device in the common emitter configuration, as 
illustrated in Figure 2.13. On the other hand, one cannot neglect the physical structure of a 
transistor and treat it like a “black box”. Current highly integrated NPN power SiGe 
transistors have planar finger-like structures as show in Figure 2.17 and 2.18. 
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Figure 2.17 Top view of an integrated BJT transistor structure [27]. 
 
 

 
 
 

Figure 2.18 A cross-sectional cut of the transistor in Figure 2.17 across the dotted line [27]. 
 
 
An exact cross-section of a single finger of an integrated NPN BJT for RF applications is 
shown in Figure 2.19 [25]. It displays all important elements needed for a physical modeling 
scheme. All those parameters have to be taken into account during the PA design process as 
they influence the overall parameters. 
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Figure 2.19 Physical modeling scheme of a SiGe power NPN transistor [25]. 

 
The internal SiGe transistor is displayed by the green area under the emitter contact. The 
internal emitter (n-doped type) is contacted with a highly n-doped polysilicon, to reduce the 
serial resistance RE. This resistance can however be used in the process of emitter ballasting to 
increase robustness; a feature described later on. 

The collector is realized by a so called “buried layer” placed under the whole transistor 
structure. The resistance representing the buried layer can be seen in RCX. 

The base in-between is connected using highly p-doped polysilicon (blue contacts), with a 
series resistance RBX. Commonly with the emitter, the base resistance is sometimes used for 
base ballasting to increase linearity, but it has an immense negative impact on the efficiency. 

A parasitic PNP is also to be seen in the figure. It is placed between the substrate, collector 
and base of the NPN intrinsic transistor. All conducting layers represent capacitances between 
them. The CBC capacitances are seen by elements COX1 and COX2. Also the important 
capacitance CBE is to be seen as CEX. To isolate the polysilicon layers from each other a thin 
oxide-nitride double-layer is used. 

The internal power SiGe transistor can be seen as vertically stacked three layers: N, P and 
N of a precise thickness and doping profile. In parallel, the internal transistor can be modeled 
as shown in Figure 2.20. It consists only of the few basic elements; two diodes, two controlled 
current sources, capacitances and resistances. 
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Figure 2.20 The internal SiGe NPN transistor model. 
 

The main transistor parameters depend not only on the geometrical dimensions or parasitic 
elements but also on doping types and concentrations etc. Those are fully described in 
literature [26].  

In general, bipolar transistors and the technology in which they are produced can be 
benchmarked with the use of a few parameters significant for PA design, these are: 
 

•  current amplification β 

•  transit frequency fT  

•  maximum oscillation frequency fmax 

•  breakdown voltages UCE0 and UCB0 
 

Those figures of merit will be shortly discussed in this section, however the elements of the 
equivalent circuit, i.e.: parasitic capacitances CBC and CBE and series resistances RE, RC and RB 
have also a significant influence on the performance of the transistor and consequently on the 
PA quality. More information about these essential parameters can be found in [26].  

An additional important parameter of a transistor is the maximal current density defined for 
the emitter width. This constrain depends on the electromigration limits as well as on the 
maximal transit frequency fT.  

For the following explanations a transistor configured as a two port in common emitter 
configuration is considered. 

 
Current amplification 
The current amplification β0 is a basic figure of merit for a small signal and low frequency 
operation of a transistor. By applying an operating point (UBE and UCE) to the transistor in a 
common emitter configuration, it results in constant currents flowing through the base IB and 
IC. The ratio of IC and IB defines the static current amplification. 
 

B

C

I
I=β          Equation 2.25 

 
For dynamic but small input voltage change of UBE a change in IB and IC is gained, what 
defines the current amplification β0. 
 

B

C
ACf I

I
∂
∂==

→
ββ

00 lim ; for UCE = const.   Equation 2.26 

where βAC is the small signal current amplification. 
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Additionally, 

B
B I

I
∂
∂+= βββ0 ; for UCE = const   Equation 2.27 

 
In modern silicon transistors the value of the current gain is in the range between 100 and 200 
and β ≈ β0. 

With the increase of frequency the small signal current amplification βAC decreases with 20dB 
pro decade as shown in the Figure 2.21. This phenomenon defines the second benchmarking 
parameter, the cut-off frequency fT. 

 

 
 

Figure 2.21 The decrease of the current gain βAC with the increase of the small signal 
frequency. 

 
Transit frequency 
The cutoff frequency fT is the frequency where the current gain of the transistor becomes unity 
as displayed in Figure 2.25. This is an important figure of merit of the transistor and should be 
about ten times higher than the operating frequency. fT is highly dependent on the input and 
output capacitances of the transistor – on physical dimensions. The usual definition is: 
 

µ
µπ

π
crr

g
cc

f ccee
mT

)(
2

1 ++
+

=    Equation 2.28 

 
where cπ, is the input capacitance and cµ is the base collector capacitance, gm the 
transcondutance and ree and rcc connection contacts of the small signal parameters from the of 
the transistor. fT is also dependent on the hole charge in the transistor and is therefore also 
dependent on the current [26]. 
 
Maximum oscillation frequency  
The maximum frequency of oscillations fmax is defined as the frequency where the unilateral 
power gain becomes unity. fmax can be express as a function of fT [27]: 
 

BCb

T

Cr
f

f
π8max =       Equation 2.29 
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From this equation it is easy to see that fmax is dependent on fT, the base resistance and the 
parasitic CBC capacitance. 
 
Ruggedness 
Transistor breakdown or ruggedness is defined by the maximal voltage applied at the collector 
by which high current occurs, as shown in Figure 2.22 on the output I/V curves. Breakdowns 
can be categorized in two types: the first breakdown causes only spurs and parasitic 
oscillations (the avalanche breakdown), however the transistor can return to normal operation. 
The second type of breakdown, thermal breakdown, destroys the transistor permanently and is 
caused by local high temperature effects (so called hot-spots and current hugging). Figure 
2.23 shows a destructed PA power stage after the second breakdown. 
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Figure 2.22 Breakdown displayed on the I/V curves of the transistor [28]. 
 
There exist several definitions for breakdown values and they are dependent on the external 
conditions. Especially, the resistance of the base defines the UCE0 and UCB0 values. In the 
Figure 2.22 breakdown effects are plotted for the following conditions: 
 
a) The normally operated transistor with a positive base current. 
b) The base is open (or a high resistance at the base). 
c) and d) The base resistance is reduced in comparison to the b) case. 
e) The base has shortcut. 
 

 
 

Figure 2.23 Photography of transistor block after breakdown destruction. 



2. Power amplifier basics 

 32

 
During the normal operation of a PA there are two main reasons why breakdowns can occur. 
First is the increase of the supply voltage (i.e. battery instability); secondly high voltage peaks 
can appear at the collector due to mismatches that take place at the antenna. Figure 2.24 
depicts the main causes of breakdowns in PA. 
 

 
 

Figure 2.24 Breakdown mechanisms in an operating single ended PA stressed by high VSWR 
at the antenna and high voltage from the battery. 

 
A detailed description of the breakdown mechanism (avalanche effects, thermal breakdown, 
punch-through, zener breakdown and tunneling) can be found in [17], [26] and [29]; however, 
there are two important issues to be discussed. 
 
Influencing breakdown 
The breakdown, expressed by the UCE0 value, is one of the figures of merit for transistors used 
in PAs and can be controlled in terms of technology optimization, what is shown in the 
Chapter 3. Furthermore, the transistor technology can be tuned for higher breakdown voltages 
by lowering the current amplification (and vice versa). 

Moreover, the breakdown behavior can be adjusted by means of correct transistor and 
transistor feeder layout. This issue is one of the subjects described in Chapter 4. The 
combination of those two methods was used in the designs presented in the final Chapter 6. 
 
Breakdown modeling 
In order to optimize the PA for the best robustness performance, one should be able to model 
the breakdown behavior during the design stage. In a SGP model (described in the following 
chapter) the breakdown effect can be modeled as an additional current source and a 
multiplication factor “M” [26], [30], [31], as shown in Figure 2.25. 
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Figure 2.25 Modeling of the breakdown effect in a SGP transistor model. “M” is the 
multiplication factor [17].  

 
 
However modern transistor models, like HICUM (also described in the following chapter) 
inherit the weak breakdown behavior internally, what makes the design reliable. Combined 
with a layout optimization with the use of field solvers, HICUM models deliver capabilities to 
optimize breakdown behavior during the design stage. 
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3. Infineon’s bipolar technology and transistor 
modeling 

 
All designs presented in this work were based on technologies supplied by Infineon 
Technologies AG [32]. The list of bipolar technologies in which PAs can be produced are 
collected in Table 3.1. The progress concerning the fT and fmax as well as UCE0 values is visible 
due to continues improvements in the technology.  

 
Table 3.1 Infineon’s bipolar technologies for PA applications. 

Technology name Year Type fT / fmax  [GHz] U CE0 [V] fT UCE0 
[GHz][V] 

Emitter 
width [µm] 

B6 HF 1994 Si 25/30 3.9 97.5 0.5 

B6 HF-PA 1998 Si 20/28 5.2 104 0.5 

B7 HF 
 

2001 SiGe 72/75 
 

2.7 
 

194 
 

0.35 
 
 

B7 HF 70 
 

2003 SiGe 45/60 
 

4.4 
 

198 
 

0.35 
 

 
With the frequency increase at which PAs are operating as well as the higher and higher 
required output power, semiconductor producers like Infineon Technologies AG, developed 
new technologies especially devoted to PAs or transceivers.  

In parallel to the increase of fT the ruggedness parameters (UCE0) had to be taken into account 
during the technology definition. Additionally the devices are getting smaller (the scaling 
factor) to reduce parasitics which are enormously important when the devices are operated at 
high frequencies.  

An overview of Si, SiGe, GaAs and InP technologies offered by numerous manufacturers 
according to UCE0 and fT is displayed in Figure 3.1 [39]. It shows the tradeoff Uceo and fT 
present in every type of technology. 

 However the devices with the best performance are cost ineffective and not suited for mass 
production. This has driven the development of silicon based devices to SiGe and then 
eventually to SiGeC [33]. 
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Figure 3.1 Overview of several technologies in the respect of UCEO vs. fT [39]. Red stars point 

Infineon’s processes listed in Table 3.1. 
 
The continuing development of bipolar technologies purposed for PA applications which took 
place over years at Infineon will be show in this part. The first SiGe process will be shown in 
detail as the base for the following ones, described as the extensions according to product 
requirements. Processes B7 HF 70 and B7 HF HV will be used in the PA designs shown at 
the end of this work. 
 
 

3.1. The original SiGe bipolar process; B7 HF 
 

In the B7HF technology [40] the band-gap engineering was introduced by applying 
germanium (Ge) in the base after the purely silicon transistors in B6 HF [41]. Due to this 
procedure, the following advantages have been achieved: 
 

•  Higher electron mobility- higher β 

•  Higher fT 

•  Lower base resistance 

•  Better noise performance 
 
A typical bipolar SiGe technology is B7HF. A schematic cross-section is placed in Figure 3.2 
[40] [42], the photography in Figure 3.3 and a zoomed-in photography in Figure 3.4 
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Figure 3.2 Schematic SiGe transistor cross-section with main elements of an 
NPN power transistor [42]. 

 

 
 

Figure 3.3 SEM (Scanning Electron Microscope) micrograph of the B7HF NPN 
transistor cross-section with deep trench isolation, substrate contact and 
metallization [40]. 

 

 
 

Figure 3.4 SEM (Scanning Electron Microscope cross section of SiGe 
NPNtransistor with double-poly self-aligned emitter-base technology and SiGe 
baselayer grown by selective epitaxy [40]. 
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Typical technology data important for PA design: 
 
UCE0 (HF power NPN): 2.7V  
fT / fmax: 72/75GHz 
Number of masks used in production: 26 
Current amplification: β=120 
Maximum current densisty: 2mA/µm² 
Active devices: NPN, Vertical-pnp; Lateral-pnp 
Metallization: AlCu; 3 layers: 400µm, 600µm and 2800µm 
Substrate resistivity: p- 18.5Ωcm 
Passive devices:  MIM capacitors: 1.1 fF/µ², Q>100 
   MIS capacitors: 3fF/µ² 
   Poly resistors: 55Ω and 1kΩ /square 
   Inductors: Q= 10…15, L=0.5…22nH. 
 
 

3.2. SiGe bipolar process for WLAN applications; B7 HF 70 
 
The B7 HF 70 process was devoted for Wireless Local Area Network (WLAN) applications. 
IEEE standards 802.11 a, b, g, should be covered by a PA in this technology. The standard B7 
HF process, described before, was the base for new evaluation. The following changes had to 
be made in order to make it feasible for WLAN applications: 
 
UCE0 increase:  
The standard UCE0 of 2.9V was to low in the case of PCMCI cards and had to be increased to 
4.4V. (Typical supply voltage of a PCMCI card is 3.5V – the UCE0 value needs to be slightly 
higher than the battery voltage to avoid process variations). No VWSR specification is given 
in the standards so only the DC behavior was considered during technology optimization.  
Modifications in the process: variation of epitaxial layer in terms of thickness and 
implantation profile. 
 
Low impedance ground connection:  
The 802.11 a standard requires operation up to 6GHz with high gain. To reduce “emitter 
degradation” (the negative feedback caused be high impedance between emitter and ground) a 
structure called sinker was introduced. A number of changes had to been performed to 
achieve this: 
 

•  Substrate resistivity reduced to 15mΩcm. 

•  Diffused sinker 50mΩ/100000µm2, see Figure 3.5. Two masks used additionally. 

•  The backside of the die has to be covered with metal for an ohmic contact. 
 
Additionally the wafers were made thinner to reduce the thermal resistance (rth) of the 
substrate as the backside of the die was used as a heat-sink.  
 
Metallization changes: 
The number of conducting layers has been reduced to three. For cost reduction and design 
rules relaxation, copper was exchanged to aluminum.  
The cross-section of the described technology with all important devices is shown in Figure 
3.5. 
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Figure 3.5 Cross-section of the B7 HF 70 technology with the basic devices. 
 
The technology improvement, concerning the ground connection, has a disadvantage in terms 
of passive devices. The highly conductive substrate causes losses when electromagnetic field 
is applied to it. This is especially visible in the integrated inductors – the Q factors are 
lowered down to values of 7, in the best case. The coupling between inductors increased, 
causing potential problems of oscillation [43]. On the other hand the sinker allowed building 
low-loss transmission line sections shown in [44] and [45]. 

The metal stack used for EM simulations derivated from the doping profile is displayed in 
Figure 3.6 [46]. 

 
 

Figure 3.6 Metal stack and substrate layers for the B7 HF 70 technology [46]. 
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3.3. SiGe bipolar process for GSM applications; B7 HF HV 
 
The B7 HF HV technology was the successor of the B7 HF 70. It was aimed to be used for 
PAs in GSM and EGDE mobile phones Due to the higher operating voltage for PAs used in 
handsets the UCE0 had to be increased. The metal stack and design rules remained unchanged. 
 
UCE0 increase:  
The PAs build with the use of this technology should fulfill the GSM specification. It assumes 
that the PA directly connected to the battery has to stand voltages up to 4.8V without failures. 
Additionally the VSWR at the antenna has been defined to 8:1, which forced to some 
technological innovations. The UCE0 had to be increased up to 5.5V (typically) – to overcome 
the high VSWR requirements and UCE0 variations across the mass production. This has been 
made by the modification of the epi thickness and implantation profile. However, those 
changes were insufficient and directly lowered the fT so additional technological steps had to 
be made. 
 
Lightly doped buried layer (LDBL) – an additional layer implanted in-between the sub-
collector and the epitaxial layer [47] has been built in to prevent early breakdown [29]. It is 
known that the maximum electric field has an influence on the early breakdown behavior. At 
high current levels the width of the BC depletion layer may increase. If the current is 
increased even more, the negative space charge in the epitaxial layer causes a shift of the base 
depletion-layer boundary towards the sub-collector and so the Kirk effect may occur. The 
doping concentration in the sub-collector has therefore a significant influence on the 
maximum electrical field in the transistor and so with the use of LDBL has a positive impact 
on the early breakdown behavior [26], [48]. 

However, the LDBL has also a disadvantage in form of slowing down the transistor: the ft and 
fmax can slightly suffer with the use of this structure. Figure 3.7 displays a cross-section of a 
NPN power transistor with LDBL. 
 

 
 

Figure 3.7 Power transistor in B7 HF HV with LDNBL [29]. 
 
Finger geometry; finger width variation. As the overall emitter area is defined by the required 
current flowing through the transistor and the maximal current density (the current density is 
also dependent on electromigration effects), one can vary the single transistor dimensions by 
the width and length. For breakdown optimization the emitter finger width has been modified 
in order to equally distribute the current over the whole emitter cross-section (Figure 3.8). The 
pinch-in effect; current crowding to the middle of the emitter at high internal base collector 
voltages - the main cause of the early breakdown; can in this way be reduced.  
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The problem can be solved by decreasing the width of the emitter fingers. This results in an 
equal current density and the effect becomes less essential – the current is more homogeneous 
across the emitter width. When large widths are used the breakdown can be controlled 
through emitter ballasting. 
 

 
 

Figure 3.8 Emitter width variation and emitter ballasting in B7 HF HV [29]. 
 
The second benefit of using small emitter width is a certain reduction of the base resistance. 
The internal base resistance, rbi, is dependent on emitter width (W) and length (L) and can be 
calculated for W >> L, [49]: 
 

sibi r
L

Wr
12
1=      Equation 3.1 

 
where rsi is the internal sheet resistance, in B7 HF HV 3200Ω/µm2. 
 
The disadvantage of this method is the reduction of emitter area while the length of the 
emitter finger is kept constant. In order to keep the overall area invariable, the emitter length 
has to be increased. Alternatively the number of transistor cells may be enlarged what also 
increases the parasitic capacitances. 

Additionally increasing of the emitter width does not influent the parasitics as heavily as the 
increase of the length. The parasitics scale linearly with the transistor length and remain 
almost constant with the changing width. 

Emitter ballasting – an additional resistance in the emitter for an extra voltage drop in the 
case of high current has been introduced [50], [26]. For a sudden high current at one emitter 
finger (breakdown), the emitter – base junction voltage is reduced. Than the transistor self 
heating effect is reduced as the dissipated power is lowered due to the negative feedback. 
Additionally the next transistor fingers do not follow the process of breakdown. The value of 
the resistance should be chosen carefully, in order not to decrease the transistor gain. In this 
case the resistance has been realized in the emitter poly contacts. 

Moreover, emitter ballasting helps to equalize the current distribution inside one finger – 
reduces pinch-in effect and so prevents from early breakdowns. 
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The EMI1 (Emission Microscope) photography of the power NPN stages with emitter 
ballasting and without ballasting can be seen in Figures 3.9 and 3.10 respectively. Both 
pictures taken under 3.5V supply voltage and 6:1 VSWR conditions at the 50Ω output. 

 

 
 

Figure 3.9 EMI (Emission Microscope) photography of a B7HF HV power 
stage transistor at 3.5V and VSWR=6:1 at the 50Ω output. No emitter ballasting 
used – non equal distribution of current among transistor causes breakdown 
effects. 

 

 
 

Figure 3.10 EMI (Emission Microscope) photography of a B7HF HV power 
stage transistor at 3.5V and VSWR=6:1 at the 50Ω output. With emitter 
ballasting the current is flowing homogeneously in all transistor blocks. 

 
Transistor finger orientation 
The original finger orientation used in the previous B7 HF 70 technology is shown in Figure 
3.11. In the B7 HF HV technology the transistor fingers have been rotated by 90 degrees 
forming blocks of transistors as shown on the two previous figures. Using this formation the 
following benefits have been achieved: 
 

•  The dissipated heat can more easily be carried away as the active areas are more 
separated from each other. 

•  Base, emitter and collector are connected on both sides of the transistor finger ends so 
an equal current distribution can be achieved. 

•  Two transistor blocks, except the outer ones, always share a contact on one side with 
base feeder, emitter sinker block and collector pad. 

 

                                                 
1 EMI (Emission Microscope) – the microscope is sensitive for electrons which are generated during the 
recombination process. The ratio of the emitted electrons corresponds to the current level. The current level is 
differentiated by colours.  
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Figure 3.11 EMI (Emission Microscope) photography of the original B7 HF 70 
finger orientation. The B7 HF HV uses fingers turned by 90 degrees seen in 
Figures 3.9 and 3.10. Breakdown situation for VSWR of 6:1 and 3.5V VCC and 
transistors with emitter ballasting. 

 
 

3.4. Transistor modeling 
 
In parallel to the technology development, progress has been made in modeling HF transistors 
used for PA applications. For the PA demonstrated in Chapter 6, two kinds of models have 
been used which will be described in this section. The modeling improvement has been one of 
the key issues in the correct design methodology.  
 

3.4.1. SGP (SPICE Gummel Poon) models 
 
In the B7 HF 70 mostly Gummel and Poon [51] bipolar compact transistor models have been 
used. The model is embedded in all modern circuit simulators but originally coming from the 
SPICE environment, and called Spice Gummel Poon (SGP). The equivalent circuit used for 
the modeling of a bipolar transistor in SPICE is shown in Figure 3.12. 

The transistor model is called a one – dimensional type. This means that one parameter 
describes multiple phenomena which appear in the transistor. Thus an error can be observed 
as numerous phenomena happen simultaneously.  

 
Figure 3.12 The SGP model embedded in the transistor structure [52]. 

 
With the use of additional (outer) parasitic elements like series resistances, inductances and 
capacitances, the outside elements of the core transistor can be modeled. In this way the 
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transistor geometry can be influenced. In the SGP model the avalanche breakdown is not 
included but can be built in using an additional current source (Figure 2.25 in the previous 
chapter). 
 
Advantages of the SGP model can be listed as follows [53]: 
 

•  acceptable modeling of standard properties 

•  good convergence in simulators 

•  short processing time 

•  available in all simulators 

•  small number of parameters (maximally 41) 
 
However the list of disadvantages is longer. In the SGP model the following features are 
missing:  
 

•  high-current effects (reduction of fT and β during saturation operation) 

•  other saturation effects 

•  weak avalanche breakdowns 

•  substrate effects 

•  parasitic PNP 

•  2-dimensional effects 

•  thermal effects – reduction of fT  with the temperature increase 
 
Due to lacks in high current performance (no fT description for high currents), undefined quasi 
saturation behavior, breakdown behavior, and temperature dependence, the basic SGP model 
needed to be upgraded to a very sophisticated model for new designs. The complexity of the 
model described in the next section is enormously high, but worth doing when high-quality 
PAs need to be designed.  
 
 

3.4.2. HICUM models 
 
In the B7 HF HV technology the HICUM (High Current Transistor Model) has been 
introduced for better transistor description in the high current region as the GSM PA is mainly 
operated in saturation. The successful usage of HICUM models in SiGe HBTs have also been 
reported in [54].  

HICUM is a semi-physical compact model. The basic description according to [55]: 
 

•  Developed for the design and optimization of high-speed circuits which require 
accurate description of charges as well as capacitances and transit times as function of 
bias. 

•  The physics-based equations describe the model, allowing scalability and predictive 
capability. 
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The values of the large signal equivalent circuit elements, Figure 3.13, depend on: 
 

•  time dependent currents and voltages 

•  junction temperature 

•  lateral dimensions (design rules, emitter size, number of contacts etc.) 

•  specific electrical data (sheet resistances, capacitance per area and perimeter etc.) 

•  technological data (doping concentration, vertical dimensions etc.) 

•  physical data (mobility, intrinsic carrier density and bandgap etc.) 

•  process tolerances (of sheet resistances, capacitances per area, dimension etc.) 

 

 
 

Figure 3.13 HICUM large-signal modeling circuit embedded in the transistor geometry [52]. 
 
The most important model features are [55]: 
 

•  physics-based equivalent circuit containing all relevant effects for present bipolar 
process technologies: 

•  emitter periphery effects 

•  distributed external base-collector region 

•  parasitic bias independence of BE and BC capacitances 

•  weak avalanche breakdown 

•  substrate coupling network 

•  parasitic substrate transistor 

•  low-frequency noise 

•  model equations are physics-based and describe 
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•  charge storage, including collector current spreading, up to very high current densities 
and in saturation 

•  bias dependence of internal base resistance, including both conductivity modulation 
and emitter current crowding 

•  temperature dependence of all elements (where applicable), including self-heating 
effects 

•  geometry dependence of all equivalent circuit elements  

•  non-quasi-static effects, including bias dependent additional delay times (phase shifts) 
for both minority charge and transfer current 

•  energy-band related effects occurring in hetero-junction transistors 

•  basic model parameters, such as capacitances and transit times, easily measurable with 
standard equipment and methods 

•  continuously differentiable formulation of currents and charges as well as even 
capacitances and transit times 

 
The weak avalanche breakdown, which is available in this model, can be used during the 
breakdown optimization of PAs. Composed with a precise EM-simulation of feeder structures 
it can lead to a design which is more robust due to a coherent current and voltage distribution 
on many transistor blocks of fingers. This feature has never been simulated before and can be 
only accomplished due to modern modeling techniques and EM solvers. 
 
 

3.5. Transistor model enhancement through EM simulation 
 
Both transistor models described in this chapter do not take into account the outer 
metallization in which the large power transistor is embedded (see Figures 3.9, 3.10, 3.11). 
The metallization layers affect the parasitic capacitances which eventually degrade the overall 
PA performance, when not taken into account during the design stage.  

In order to investigate the parasitics an EM field simulation can be applied for a precise 
description. The transistor model can eventually be extended within lumped elements as it 
was shown in the SGP model. The elements can scale with the transistor geometry; however 
an EM simulation of the whole transistor structure, as shown in Figure 3.15, can be 
performed. 
 



3. Infineon’s bipolar technology and transistor modeling 

 47

 
Figure 3.15 Metallization of transistor connections used for EM simulation with 
39 ports representing single transistor fingers and connections to each base and 
collector as well as input and output. The emitter, of the area 355µm2, is 
connected to ground through a sinker contact. 

 
The resulting multiport S-parameters can be converted into equivalent capacitances (or 
inductances and resistances – if required) and enhance the SGP or HICUM model as 
displayed in Figure 6.16. The values of the capacitances correspond to the parasitics 
introduced by the circuit in Figure 3.15. 
 

 
 

Figure 3.16 A HICUM model embedded in the parasitic capacitances which 
have been calculated out of the multiport S-parameters acquired from an EM 
simulation. The parasitic capacitance values correspond to the transistor 
geometry shown in Figure 3.15. 
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3.6. Conclusions 
 
The technologies and models described in this section have been used in the Chapter 6 for 
successful PA designs. The exactly displayed B7 HF 70 and B7 HF HV technologies are the 
base for modern ICs and can compete with III-V technologies in terms of overall 
performance.  

Connecting high-quality transistor modeling to a well-optimized PA technology leads to 
reduction of differences between the simulation and the measurement of the final product. 
Applying EM simulation for the passive elements or transistor surroundings makes the design 
very reliable and this approach is shown in the following chapter.  
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4. Matching networks for power amplifiers 
 
As mentioned before, the matching networks in a PA design play a very significant role. In 
the case of integrated PAs in silicon, where integration of passive devices is achievable, the 
on-chip matching networks can occupy more than 50% of the die area. Moreover an EM 
simulation can be applied during the design stage for characterization and optimization 
purposes. Therefore some essential integrated matching networks design procedures will be 
described in this chapter. As an example let us consider Figure 4.1 illustrating a 3-staged 
integrated 2GHz UMTS PA with an input and two interstage matching networks marked [37]. 
 

 
 

Figure 4.1 An integrated UMTS PA [37] with marked input matching, interstage matching 
networks and 3 amplifying stages. 

 
Integrated silicon PAs matching networks consist of distributed elements like transmission 
lines, coupling structures, planar inductors, capacitors etc. All those elements form circuits 
which role is to transform impedances which have to be presented to the transistors. 

The Figure 4.2 displays the basics of matching a single transistor to a 50Ω generator and 50Ω 
load. The impedances ZIN and ZOUT are determined by linear or nonlinear simulations or 
measurement performed during the design stage. The function of the matching networks is to 
introduce adequate impedances ZS and ZL and perform an impedance transformation to 50Ω. 
The proper impedance transformation should be achieved in a given frequency band but also 
specific impedances ought to be realized for the harmonic frequencies. This procedure called 
harmonic matching is required to improve the amplifier’s performance [56] as well as to 
realize highly efficient operating classes. 
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Figure 4.2 Single transistor matching idea. 

 
In general, PA matching networks can be categorized by the following functional areas: 
 
Input matching – converts the generator impedance (usually 50Ω) to the input impedance of 
an amplifier, so the maximum of the generator power is delivered to the PA.  
 
Interstage matching (applied in a multi-stage PA design) – converts the output impedance of a 
driver stage to the input impedance of the next amplifying stage or to the power stage. As in 
the input match the conjugate small signal matching conditions can be applied, but nonlinear 
analysis has to be used to determine the correct impedance to achieve matching of the power 
transistor input.  
 
Output matching – matches the output impedance of the power stage to a 50Ω load. For small 
signal amplifiers a conjugate match can be applied based on S-parameters. However for PAs, 
the impedance presented to the transistor is no longer determined by the small signal 
impedance seen from the 50Ω load, but an impedance chosen from the set of nonlinear 
measurements or simulations, as explained in Chapter 2. The output matching is extremely 
significant in the case of PA design as it influences all important PA parameters. 
 
PA matching networks can be appraised using the following multidimensional criteria:  
 

•  Complexity, area required and number of elements used. The more compact the 
matching network is, the more chip or PCB area can be saved. The number of 
elements used can however influence the bandwidth, functionality, yield and the 
overall performance. On the other hand using too many (even compact) elements can 
lead to performance degradation, due to the losses that are introduced by each element. 

•  Bandwidth in which the matching criteria is fulfilled. As a general assumption: the 
matching can be considered as correct when a return loss (to given impedance) of less 
than -20dB over a desired bandwidth is achieved (1% of the power is reflected). A 
common consideration applies to impedances realized at the harmonic frequencies. 

•  The measured impedance in a real network, including parasitics at the fundamental 
and harmonic frequencies. A realistic matching can not only be appraised in terms of 
return loss vs. the preferred impedance. It is actually realizing a different impedance at 
the desired frequency. An additional parameter which is given by the physically 
realized impedances is the transformation ratio. It is defined as the relation of the 
absolute values of the two impedances which are matched with the network. 

•  Introduced losses, including parasitics. In reality, there are no lossless matching 
networks and each element introduces losses. The losses are usually estimated by the 
quality factors of the elements. On the other hand, low Q factor elements can be 
applied in broadband designs. 
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•  Implementation in the accessible technology. Not all matching techniques can be in all 
cases efficiently applied due to the technology limitation.  

•  Additional functionality, for instance the DC block included in the matching network 
or harmonic termination. 

 
Additionally, the matching networks, or parts of them, should be rated in terms of the final PA 
design. Certainly, the mentioned above features influence the PA performance and the 
matching network is not a “standalone” device. The resulting PA characteristics should be a 
measure in order to appraise and verdict matching network design. The following essential 
parameters of PAs can be influenced by matching networks: 
 

•  Gain 

•  Output power 

•  Linearity 

•  PAE 

•  Harmonic generation 

•  Noise 

•  Robustness  
 

This large list of the most important parameters makes the design of matching networks a 
very important, however complex part in the PA design procedure. 

Moreover, in the case of integrated matching networks for PA applications a significant issue 
has to be taken into account while design procedure. Additionally to a correct impedance 
transformation an equal current distribution among amplifying stages has to be fulfilled. 
Transistor feeder structures which are also a part of the integrated matching circuitry have to 
be optimized in order to deliver the best performance. Such optimization can be only done 
with the use of EM simulators because distributed elements with coupling effects play a major 
role there. Due to a correct combination of interstage matching design and feeder design the 
following PA parameters can be optimized: 
 

•  Robustness. Through an equal current distribution the large output transistor is equally 
fed with current and constant temperature is sustained among large transistor areas. 
Thus the early breakdown does not take place at one transistor block and other 
transistor blocks do not follow this phenomenon.  

•  Linearity. The input matching of the power transistor is very relevant for the 
amplifiers linearity. The feeder is a part of this matching network, and so gives 
opportunities to optimize the overall PA linearity. 

•  Efficiency. With the reduction of losses in the feeding structures the efficiency of the 
PA can be increased. 

 

Furthermore, in this section some new matching solutions and their realization will be shown. 
The use of Destructed Groundplane Structures (DGS) integrated in silicon for interstage 
matching design will be presented which opens new potentials in PA design. The 
development of these structures could not be possible without an EM simulation. 
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In this chapter, the principles of matching will be shortly described. Then the fundamental 
elements for a modern integrated on-chip matching networks will be characterized. The 
influence of those elements on the overall PA performance will be discussed and finally new 
solutions for on-chip matching networks and transistor feeders will be shown. It is worthwhile 
to underline that they have a positive impact on the final PA performance what has been 
verified in realized PA designs and directly documented in this section. 
 

4.1. Matching network principles 
 
Let us first consider some basics of impedance matching to fully comprehend the need of 
matching networks. 

Impedance matching is necessary to provide maximum delivery of RF power, in a general 
case, to load from source, as shown in Figure 4.3 [57]. 
 

 
 

Figure 4.3 Impedance matching principles. 
 
Assuming the load and source impedances: 
 

ZS = RS + j XS and ZL = RL + j XL 
 
the power delivered to load equals: 
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The impedance matching conditions are defined and the maximal power is delivered when: 
 

ZL=ZS*           Equation 4.6 
 
In other words, load and source have to present themselves a conjugate impedance. This 
method is called conjugate matching and is very easy defined for small signal analysis, when 
the values of impedances are clearly defined by small signal S-parameters. In the case of 
nonlinear devices, i.e. PAs the value of the impedance to be matched is specified by nonlinear 
parameters (as discussed in Chapters 2 and 5); however a conjugate match always takes place.  

There are several methods in which impedance matching can be realized, the most important 
solutions for PA design will be shown below. 

 

4.1.1. Lumped elements matching networks 
 
Lumped elements are very often used for matching circuits as they allow constructing 
compact circuits, with many functional elements. For PA applications on-chip as well as PCB 
based lumped element matching circuit can be applied. The design procedures however, 
remain the same for both cases. If matching circuits are made on the PCB with the use of 
Surface Mount Devices (SMDs), there exists a possibility to tune the circuit, by shifting or 
exchanging elements. 

There are several topologies in which matching networks with the use of lumped elements can 
be built. Some simple analytical equations are helpful during the first design stage. The most 
useful topologies in PA design will be shortly presented here. 
 
The L –type matching network is the most primitive, however very functional topology. For 
two resistances to be matched R1 and R2 when R1 > R2, it consists of two reactive components, 
as shown in the Figure 4.4.  
 

 
 

Figure 4.4 L-type matching networks in form of a low-pass (a) and high-pass (b) filter. 
 
The values of the elements can be calculated as follows in the analytical way: 
 
The nodal quality factor is defined by the transformation ratio with an L-type matching 
network. 

1    
2

1 −=
R
RQn     Equation 4.7 

 
Generally, for all matching networks the nodal quality factor is defined by: 
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where XS and RS (Gp and Bp) are the maximal impedances (admittances) of a node during the 
transformation. 
 
Graphical explanations of Qn will follow in this section. 

Thus, the maximal bandwidth is determined for this type of topology, as the loaded Q factor is 
defined by: 
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where ∆ω is the 3dB bandwidth of an equivalent filter. 
 
The reactive components of the matching network can be easily found as: 
 
For the low-pass configuration: 
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For a high transformation ratio, this matching circuit has a very narrow bandwidth – usually 
high Qs are required when a large transformation ratio is necessary. The response plotted as a 
function of the normalized frequency for both discussed configurations is shown in Figure 4.5 
[58]. 

 
Figure 4.5 Matching bandwidth of an L-type matching network according to the matching Q 

factor [58]. 
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The connection of two L-type transformers (first the impedance R1 is transformed to an 
intermediate impedance Rx and then to R2) forms a Pi-type transformer. Such transformers 
have better filtering properties and are the most usual configuration in PA design (displayed 
in Figure 4.6). The frequency response is however no more broadband as Qn factors defined in 
the same way, according to R1 and R2. 

 
 

Figure 4.6 A Pi-type matching network. 
 
The values can be simply calculated as follows: 
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The presented above matching topology can be easily applied for interstage or output 
matching networks. Moreover the elements can be incorporated into the existing circuit parts 
like bond wires or internal transistor capacitance. 
 
Additionally T-type matching networks – also often applied – are shown in Figure 4.7. 
 

 
 

Figure 4.7 T-type matching network. 
 
The theoretical values for this case can be calculated as follows: 
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The solutions with more than 3 reactive elements take part in the impedance transformation 
deliver more bandwidth. Simultaneously, it is necessary to remember that the quality factor of 
the resonant circuits forming the matching network defines how broadband the network is. 
The higher the Q factor the more narrow-band the network is expected. With the use of a 
multistage match the interstage matching steps do not have high transformation ratios and in 
this way low nodal Qn values are achieved providing a broadband response. Detailed 
information can be found in [58] and [59]. 
 

4.1.2. Matching with distributed lines and stubs 
 
Matching is also possible with the use of transmission lines sections or lines with connected 
stubs. A transmission line of a characteristic impedance Z0 and electric length θ, as seen in the 
Figure 4.8, can match an impedance ZL to ZS with reactance compensation (ZS=ZIN*), when: 
 

 
 

Figure 4.8 Matching with the use of transmission lines. 
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ZS=RS+jXS ,  ZL=RL+jXL 

 
Additionally series or parallel (open or shorted) stubs can be connected to the transmission 
line. In the place were they are joined to the main matching line they introduce an impedance 
according to the length, their characteristic impedance, way of connecting and the art they are 
ended [13]. For practical integrated PA realizations a shorted λ/4 line at the fundamental 
frequency can be considered as functional for efficiency enhancements and harmonic 
termination. 
 

4.1.3. Matching with lumped and distributed elements 
 
Both methods presented in the previous two sections can be converted into a matching 
network in which distributed and lumped elements are simultaneously being used. An 
example of a matching network realized out of transmission line sections and capacitors is 
displayed in Figure 4.9. 
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Figure 4.9 Matching with the use of lumped and distributed elements. 
 

The exemplary element values of the capacitors and parameters of transmission lines can be 
calculated analytically in the scheme shown in [60]. This method of matching is very popular 
in PA design, as the transmission lines can be easily realized in form of microstrip, striplines 
or grounded coplanar lines.  

Very significant for this matching method is a low nodal Q factor which allows designing 
broadband networks. In order to study this dependence the matching trajectory can be plotted 
on a Smith Chart, together with the adequate nodal Q factors. The use of the Smith Chart to 
appraise matching networks is the subject of the following section. 

 
4.1.4. Smith Chart for matching networks 

 
The easiest and most comprehensive way to design matching networks is the use of a Smith 
Chart. The matching is being realized through moving across the chart, between the 
impedance to be matched.  

In series connected inductances cause a clockwise shifting in the Z-Smith chart whereas a 
capacitance shifts counter clockwise. For parallel connected elements the same happens vice 
versa in the Y-Smith chart [27], [17]. 

 
Figure 4.10 The Smith Chart with the trajectories by which impedance transformation takes 

place due to the use of matching components [27]. 
 



4. Matching networks for power amplifiers 

 58

The analytical calculations presented in the beginning of this chapter can be performed on a 
Smith Chart as shown in the Figure 4.10. The mathematical background can also be found in 
[61].  

Simultaneously to the usual impedance and admittance circles the nodal Q factors responsible 
for the network bandwidth (defined by the Equation 4.8) can be plotted in the Smith Chart. 
The exemplary circles of constant Qs are shown in Figure 4.11. 
 

 
 

Figure 4.11 Curves of constant nodal Qn factor plotted in the Smith Chart [27]. 
 

4.1.5. Matching limitations 
 
Up to now matching networks has been concerned as limitless in terms bandwidth and losses. 
However, in the case of complex loads certain limitations appear. In the example of matching 
a complex load (R and C) to the generator RG (Figure 4.12) tradeoffs have to be made in 
terms of power transfer (in a lossless network) and bandwidth [62], [63]. 
 

 
 

Figure 4.12 Matching example. 
 
Assuming the input reflection coefficient between transformed load and generator is equal to: 
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and Γ = 0, perfect matching, Γ = 1, total reflection. 
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The ratio of reflected to incident power is: 
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The fundamental limitation on the matching takes the form: 
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Graphically, this equation is displayed in Figure 4.13. 
 

 
 

Figure 4.13 The limits of matching according to [62]. 
 
The meaning of Bode equation is that the area S under the curve cannot be greater than π/RC 
and therefore, if matching is required over a certain bandwidth, this can only be done at the 
expense of less power transfer within the band. Thus, power transfer and bandwidth appear as 
interchangeable quantities. In the case of an ideal situation the matching would be kept 
constant in the whole band and non outside. A network fulfilling this requirement cannot be 
obtained in practice as an infinite number of reactive elements would be required.  

For a given complex load, an extension of the bandwidth from ω1 to ω2 is possible only with a 
simultaneous increase of the attenuation a, as shown in Figure 4.14. 

   
 

Figure 4.14 Matching band, attenuation a and the Q factor [62]. 
 
Precisely, the return loss (RL) in dB is always worse than: 
 

BWQ
fdBRL

Load

03.27][ ≤        Equation 4.19 
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BW – bandwidth over which RL [dB] is assumed to be constant [MHz], 
QLoad – quality factor of the load, 
f0 – load resonant frequency at which QLoad is calculated respectively to the assumed 
bandwidth. 
 
Furthermore, if more realistic elements are used for the impedance transformation, the more 
insertion losses are introduced in the circuit and the attenuation a increases. 

There exist additional limitations of matching networks, not only limited by the losses and 
bandwidth. Not all impedances can be matched with a use of a predefined circuit topology. 
More detailed information can be found in [27]. 

 
4.2. Realization of on-chip matching networks 

 
After describing the basic matching techniques, components required for physical realization 
will be presented in this section. Their parameters directly decide about the PA overall 
performance. 

In PA designs matching networks can be integrated with the transistor on the same substrate 
(the so called on-chip matching) or the networks can be realized on a separate PCB for the 
off-chip matching. 

The second method is very practical (enables tuning etc.); however is very area consuming 
when realized on a PCB with SMD elements. Modern PA designs trend to integrate all 
matching networks on one chip or in one package. The presented in Chapter 3 SiGe 
technologies enable high level of passive device integration, therefore this section will be 
fully devoted to on-chip matching networks. For microwave and RF applications the majority 
of presented here passive elements can be electromagnetically simulated during the design 
stage. 

The on-chip matching networks used in silicon technologies for input, interstage or output 
matching are mainly built of the following components: 
 

•  Inductors 

•  Capacitors 

•  Transmission lines 

•  Power splitters, transistor feeders 

•  Transformers, baluns and couplers 
 
The first four of them will be presented in this section, as they have a remarkable impact on 
the single-ended PA performance. Transformers and baluns and their application in push-pull 
amplifiers are described in [17]. 
 

4.2.1. Inductors 
 
Inductors are the most basic, however very complex on-chip structures used for matching 
networks. The design of them requires almost in all cases the use of an electromagnetic 
simulator, as the known model based approach can not handle all complex phenomena that 
take place in an inductor. A typical RF integrated inductor layout is displayed in Figure 4.15. 
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Figure 4.15 A 3-D view of an unsymmetrical integrated spiral inductor. 

 
Inductance 
In electrical circuits, the effect of magnetic energy storage is represented by an inductance L, 
which is defined in terms of magnetic flux ψ by [64]: 
 

∫ ∫
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SdB
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0µµψ      Equation 4.20 

 
I – the current flowing through the conductor in [A], 
B – magnetic flux density in [T], B = µ0 µr H, where H [A/m], 
S – surface area enclosed by the loop of wire of length C. 
 
Effective inductance 
For chip inductors, the nominal inductance value is measured at low frequencies; however, in 
the operating frequency range the value is higher. Because the inductor has associated 
parasitic capacitance (due to inter-turn and ground plane effects) in parallel with its 
inductance the effective inductance below the first resonance is defined by: 
 

2)/(1 p
e

LL
ωω−

=     Equation 4.21 

 
for a real inductor representation displayed in Figure 4.16. 
 

 
 

Figure 4.16 The simple inductor representation. Self-inductance parallel with parasitic 
capacitance. 

 

where 
P

p LC
1=ω  is the parallel resonant frequency. 

 
However the most basic representation of an inductor assuming series losses is the connection 
of R and L as shown in Figure 4.17. 
 

 
 

Figure 4.17 Inductor representation including series losses. 
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There are several other much more complex inductor representations [65] and in all cases the 
effective inductance can be found from Y-parameters as given by Equation 4.22 when one of 
the ports is grounded. 
 

( )
f

Y
L nn

e π2
Im 1−

=           Equation 4.22 

 
where Ynn is the Y-parameter of the non grounded port. 
 
The series resistive part can be found with the Equation 4.23. 
 

( )1Re −= nnYR         Equation 4.23 
 
Quality factor 
The quality factor Q is an extremely important figure of merit for the inductor at high 
frequencies. The most fundamental definition of Q is based on ratio of energy stored (WS) to 
power dissipated in the inductor (PD), per cycle: 
 

D

S

P
WQ ω=       Equation 4.24 

 
Basically, it describes how good an inductor can work as an energy storage element. In the 
ideal case, inductance is pure energy-storage element (Q approaches infinity), while in reality, 
parasitic resistance and capacitance reduce Q value. This is because the parasitic resistance 
consumes stored energy, and the parasitic capacitance reduces inductivity. 

When the inductor is used as a resonant component close to its self-resonance frequency (SRF) 
fres, a more appropriate definition of the Q factor is in terms of its 3-dB bandwidth (BW) and 
is given by: 

BW
fQ res

L =       Equation 4.25 

 
In microwave circuits where the inductors are used far below the self-resonance frequency, 
the degree at which the inductor deviates from an ideal component is described by the 
effective quality factor Qeff, expressed as [64]: 
 

]Re[
]Im[

in

in
eff Z

ZQ =         Equation 4.26 

 
where Re[Zin] and Im[Zin] are the real and imaginary parts of the input impedance of the 
inductor, respectively. 
 
Assuming a basic model given in Figure 4.17 one can calculate the Q factor by: 
 

R
L

R
XQ e

eff
ω==        Equation 4.27 

 
When complex models are applied or S-parameters are used for inductor description the Q 
factor can be calculated as: 
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when one of the inductor’s port is grounded and Ynn is the Y-parameter of the non grounded 
port. 

Additionally, when one of the inductor ports is shorted than the effective Qeff is equal the 
nodal Qn. 
 
Self-Resonant Frequency 
The self-resonant frequency of an inductor is determined when Im[ZIN]=0, that is the 
inductive reactance and parasitic capacitive reactance become equal and opposite in sign. At 
this point, Re[ZIN] reaches maximum due to parallel resonance and the angle of ZIN changes 
sign. Simultaneously, the inductor’s quality factor Qeff equals zero. The inductor’s first 
resonant frequency is of the parallel resonance type. Beyond the resonant frequency, the 
inductor becomes capacitive. 
 
As an example, the basic inductor parameters (effective inductance, Q factor and series 
resistance) of a 2.5nH rectangular spiral inductor (Figure 4.15) are summarized in Figure 4.18, 
where they are plotted as a function of frequency. The source of the results is a planar EM 
simulator [78]. One can clearly see the frequency dependence of all parameters, which means 
that the modeling shown in Figure 4.16 and 4.17 is not sufficient enough in the case of RF 
and microwave design. Moreover, it displays the necessity of EM simulation when a precise 
characterization has to be performed. 
 
 

 

 
 

(a) 
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(b) 
 

 
 

(c) 
 

Figure 4.18 2.5nH inductor EM simulation results [78] of main parameters. Quality factor (a), 
effective inductance (b) and series resistance (c). Blue line, red line – responses of two 

inductor ports. 
 
Figure 4.18 also shows the asymmetry of a spiral inductor as the blue line and the red display 
the same parameter only measured from port 1 and port 2. The reason on this behavior is that 
the inductor is asymmetric and has an underpath in order to connect the inner windings with a 
port, as shown in the Figure 4.19. The asymmetry is an important issue in inductor modeling, 
when equivalent circuit elements which are symmetric in the model have to be modified in 
order to fit real inductor properties. 
 
Inductor modeling 
All parameters of highly integrated inductors on silicon are strongly dependant on the 
inductor parasitic behavior. Inductor modeling is especially important for SPICE based 
simulators as they use lumped element analysis in the time domain. Handling S-parameter 



4. Matching networks for power amplifiers 

 65

files, of very high accuracy, from measurements or simulations is in many cases impossible 
and therefore inductor modeling has to be applied. Moreover statistical operations can be 
performed when physical models are used. 

Inductor modeling should be based on S-parameter data however Z-parameters and Y-
parameters (used for Q factor and inductance calculations, simply transferred from S-
parameters) should not be neglected. If only the S-parameters are considered the fitting error 
in the Q factor can be large, which makes the modeling useless, especially for matching 
circuit design. This approach makes modeling very difficult and multidimensional problem. 

For modeling purpose the inductor is treated as a two port device and the basic modeling 
elements and their physical representations are visible in Figure 4.19. 

 
Figure 4.19 Basic spiral inductor single Pi model on a silicon substrate. 

 
LS – series inductance, 
RS – series resistance, 
CF – fringing capacitances between metal windings, 
COX(1,2) – metal substrate capacitance, 
RSUB(1,2) – substrate resistance, 
CSUB(1,2) – substrate capacitance. 
 
This type of equivalent network is called single Pi and it is often used in circuit design. As it 
was mentioned before the elements COX, RSUB and CSUB are usually asymmetric in order to 
precisely describe the inductor’s underpath. 

On the other hand not all phenomena are taken into account in this kind of equivalent network. 
For example omitted are [66]: 
 

•  Strong frequency dependence of R(f) and L(f) as a result of current crowding in the 
conductor, i.e., both the skin effect and the proximity effect, which leads to significant 
degradation of the Q factor at high frequencies. 

•  Distributed characteristics to match high-frequency behavior, especially for inductors 
with large dimensions. In addition, metal-line-coupling capacitance is also no 
negligible for thick metal cases. 

•  Frequency-independent circuit elements for compatibility with transient analysis and 
broad-band design. A fixed R is proper for narrow-band design but it is difficult to 
incorporate in SPICE-type simulators. 

 
To overcome these problems, new models have been developed and they are described in [66]. 



4. Matching networks for power amplifiers 

 66

 
 

Figure 4.20 Integrated inductor advanced model [66]. 
 
The model in Figure 4.20 shows a very good behavior in terms of fitting the measured or 
simulated S-parameters, Q factor, effective inductance and series resistance; even above the 
self-resonant frequency.  
 

4.2.1.1. Losses in integrated inductors 
 
There are a few fundamental energy dissipation mechanisms that lead to poor inductor Q-
values and result in performance reduction of PAs in which the inductors are used for 
matching networks. Quality factor, effective inductance and series resistance of an on-chip 
inductor are strongly depending on different physical and electrical loss mechanisms. The 
phenomena are overlapping and affect each other.  

Let us consider a spiral inductor of 2nH constructed in a lossy SiGe technology, where the 
substrate resistance equals 15mΩcm and all major loss phenomena take place. Figure 4.21 
depicts the main loss mechanisms and their approximate appearance over frequency on the Q-
curve.  
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Figure 4.21 The Q factor curve vs. frequency and the main loss mechanisms which appear in 

a spiral inductor [67]. 
 
The losses can be explained as follows: 
 
Resistive losses of the metal 
The resistive loss is responsible for the slop of the Q curve at low frequencies (f << fQmax). 
There the series resistance is defined by: 
 

ρ
A
lR =     Equation 4.29 

 
R – resistance of a uniform specimen of the material, 
ρ – metal resistivity, 
l – length of the conductor, 
A – cross sectional area. 

 
 

Figure 4.22 Resistive losses in conductors. 
 
The limited conductance of metal leads to DC losses and consequently to DC power 
dissipation in the inductor. The losses can be reduced with a use of thick metal in order to 
increase the cross sectional area (even more than 3µm in new BiCMOS technologies). 
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Additionally metals of high conductivity (copper 4.1e7S/m, aluminum 3e7S/m) can be 
introduced. On the other hand, wide metal lines increase the metal substrate capacitance (COX 
in Figure 4.20), thus increase substrate losses – explained later on. 

 
Skin effect 
For a single metal line, the DC current is uniformly distributed inside the conductor. 
Therefore, it can be represented as an inductance L and resistance R in series (Figure 4.17). 
As the frequency rises, the depth of current penetrating into the metal (skin depth) becomes 
comparable to or even smaller than the cross-sectional dimensions of the line.  

The skin effect is the tendency of an alternating electric current to distribute itself within a 
conductor so that the current density near the surface of the conductor is greater than that at its 
core. It causes the effective resistance of the conductor to increase with the frequency. The 
current density J in the conductor decreases exponentially with depth δ, as follows: 

deJ
δ−

=        Equation 4.30 
where 

ωµ
ρ2=d           Equation 4.31 

ρ – resistivity of the conductor, 
ω – angular frequency of current, 
µ – permeability of the conductor. 
 
For example, the skin depth of copper is 2µm at 1 GHz and decreases proportionally with the 
square root of frequency. The skin effect pushes the RF current toward the surface of the 
conductor and the resistance increases with the frequency (Figure 4.17). In consequence the 
series resistance and series inductance is a function of frequency. 
 
Eddy current in metal and current crowding (proximity effect) 
Energy loss inside the nonzero-resistivity metal lines results from current flowing through the 
spiral inductor itself and includes both ohmic and eddy current loss. The eddy current loss is 
generated by inductive coupling between turn-to-turn metal lines – the proximity effect. As a 
result, line resistance and inductance show a dependence on frequency due to non-uniform 
current density in the conductor, additionally to the skin depth effect. The metal resistance 
rises rapidly with increasing frequency while line inductance is less sensitive to the current 
crowding effect. The magnetic field generated by neighbouring lines changes the current 
distribution and results in a higher current density at the edges of the metal lines. A schematic 
illustration of the proximity effect can be seen in Figure 4.23. 
 

 
 

Figure 4.23 Proximity effect in two adjacent conductors. 
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Figure 4.24 displays the current distribution in an inductor at 0.9GHz and 5GHz in form of a 
current density simulation. At high frequencies the most inner windings have much higher 
current densities as the outer thus radically increase metal to substrate losses. This 
phenomenon is called current crowding and is caused by the proximity effect. To overcome 
this problem the inner windings can be made thinner to reduce the metal-substrate capacitance 
in the area where the high current appears; even for the cost of higher series resistance RS 
(especially for inductors operated only at high frequencies, where the DC losses do not play a 
great role). 
 

 
f=0.9GHz f=5GHz 

 
Figure 4.24 Current crowding effects in an inductor. For low frequencies the 
current is equally distributed over the inductor. At 5GHz the current tends to 
have higher densities in the inner windings on the inner side of the strip. Colors 
represent current density in [A/m].  

 
Additionally using thick metal leads to "sidewall-effect" for current flow, reducing effective 
resistance. A cross-section of a metal strip in which the current distribution is common with 
the distribution in the inner windings is presented in Figure 4.25. 
 

 
 

Figure 4.25 Cross-section of an inner winding with current distribution. 
 
Resistive loss in the conductive substrate is caused due to the displacement current 
conducted through the metal-to-substrate capacitance. It is modeled by a substrate RC 
network comprised of COX, RSUB and CSUB. The losses can be reduced with the increase of the 
resistivity of the substrate or the increase of the distance between the inductor and substrate. 
 
Loss due to eddy current in the underlying substrate is caused by the penetration of the 
magnetic field into the conductive silicon. This is substantial when substrate resistivity 
technologies are very low (lower than 1Ωcm) however capacitive coupling losses dominate 
compared to eddy current losses. Substrate eddy loss can be modeled by mutual inductance 
between metal and substrate [68]. A “second inductor” is being mirrored on the substrate 
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surface. The loss in the substrate can be reduced by introducing a patterned ground shield [69], 
although this technique influences the self-resonant frequency and is protected by patent 
rights [70]. Figure 2.26 shows a simulation of currents flowing on a conducting surface, 
caused by the magnetic field of the inductor. 

 
 

Figure 4.26 Inductor and the eddy currents mirrored on the conducting substrate. Colors 
represent surface current density in [A/m] as in Figure 4.24. 

 
Fringing capacitances are the capacitive coupling of the conducting metal lines. Passivation 
and silicon oxide properties are mainly responsible for this effect and it influences the 
resonance frequency of the inductor. Figure 4.27 shows a graphical representation of the 
fringing capacitances using two parallel current carrying conductors. This effect also 
contributes to the proximity effect, causing the general current extrusion to rise. 
 

 
 

Figure 4.27 Fringing capacities between 2 adjacent conductors. 
 
As the major reasons of losses in inductors have been shown, the next part will be dedicated 
to the matching circuit behavior and PA behavior influenced by the non ideal inductor. 
 

4.2.1.2. Influence of inductor Q factor on matching circuits 
 

Using the resonator theory for matching circuits with the difference, that an impedance 
transformation takes place, general assumptions should be done to describe the influence of 
the non-ideal inductor on the matching performance. 
Let us assume a transformation ratio r between two real impedances R1 and R2 i.e.: 
 

1

2

R
Rr =       Equation 4.32 

Thus loaded quality factor of a matching network Qmatch can be defined by an addition of 
quality factors forming the circuit [18]: 
 

eindmatch QQQQ
1111

tank

++=    Equation 4.33 
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1−= rQe        Equation 4.34 

 
Qind is the inductor effective quality factor, when used as a shunt component, 
Qtank is the quality factor of the other components (capacitors) forming the network. 
 
For example, assuming very high Qtank (i.e. 200) and a transformation ratio of r=15 the 
typical dependence of the matching Qmatch vs. inductor Q can be plotted as shown in Figure 
4.28. (Assumed values base on real matching network parameters). 
 

 
Figure 4.28 Matching Qmatch vs. the inductor Q factor. 

 
In special cases described in [71] the passive power transfer efficiency η can be defined. It is 
calculated as the ratio the RF input power and the power delivered to the load: 
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≈=η     Equation 4.35 

 
This approach is however limited to a certain topology (i.e. L-type matching networks [60]) 
and assumes an equivalent network of the inductor constructed of a resistor and inductance in 
parallel, what is insufficient for correct spiral inductor description. In the case of using an 
inductor in series, or using more inductors in a more complicated topology, the S-parameter 
approach described in [72] should be used.  

However, to practically apprise matching circuits, in order to estimate dissipated power, one 
can straightforward simulate the losses introduced by a matching network as a function of the 
Q factor. Let us consider a matching network (typically used in interstage matching networks) 
of the topology shown in Figure 4.29. The role of this network is to transform 20Ω into 1.6Ω 
(transformation ratio r=12.5) at the frequency of 900MHz or 1800MHz with a DC supply 
through the inductor L1. It consists of two capacitors with a high Q factor (reaching hundreds) 
and two inductors with a limited Q factor. The inductors Q factor given by Equation 4.27, has 
been varied and the resulting losses between input and output have been simulated. In this 
way the transfer efficiency η in terms of losses can be calculated. The values of inductors and 
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capacitors have to be modified adequately to the change of the Q factor resulting in a different 
impedance transformation between the ports.  

 

 
 

Figure 4.29 An example of an interstage matching network topology in which the value of Q 
factors of inductors was varied. 

 
The loss simulation results are displayed in Figure 4.30 and show a high dependence of the 
inductor’s Q factor; however the losses are not much dependent on the frequency at which the 
transformation is realized. (The transformation at 1.8GHz shows slightly higher losses). The 
major impact on this behavior has the inductor L2 as it was series element.  

By applying this network for interstage matching one should be aware of the losses between 
the amplifying stages (or driver and power stage) and consider them in the gain and power 
budget analysis. The loss of over 3dB (use of inductors with Qs under 5) makes the network 
unusable in terms of efficiency – too much power is dissipated in the matching networks and 
the assumed efficiency can not be reached. 

 
Figure 4.30 Losses caused by inductors in Figure 4.29. 

 
The same simulation procedure has been applied to a matching network shown in Figure 4.31. 
This time the transformation ratio was r=33 and 25, and the topology included only one series 
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inductor L. This type of matching is often used in the output matching circuitry when low 
impedance transistor output has to be matched to a 50Ω load. 
 

 
 

Figure 4.31 Example of an output matching network topology in which the value of Q factors 
of inductors was varied. 

 
In this case the losses introduced by the matching network are extremely high when the 
inductor has the Q factor lower than 15 (Figure 4.32). It is especially critical when 1.5Ω have 
to be converted into 50Ω at 900MHz as the ωL component in the Equation 4.27 has a very 
low value.  

 
Figure 4.32 Losses caused by inductors in Figure 4.31. 

 
Using inductors of low Q factors in this configuration (i.e. for an output matching network) 
makes the PA design unfeasible as large amounts of output power are lost in the matching 
network, what also has influence on the PAE. 
 
However, one should remember that the matching network is not a standalone device – it is a 
part of a PA in which many nonlinear phenomena take place. To discuss this deeper, let us 
consider the use of non-ideal inductors in a complete PA design [38]. 

Figure 4.33 shows the influence of the quality factor for only one inductor (inductor LX in 
Figure 4.35) on the efficiency of the whole power amplifier. The dependence is plotted on the 
transfer characteristics of a PA to properly measure the influence. Moreover, Figure 4.34 
shows the impact of this variation on the output power in the transfer characteristics [73]. The 
matching network in which the inductor was varied had the same topology as the one shown 
in Figure 4.30. 
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Figure 4.33 Influence of the inductor’s Q factor (LX in Figure 4.35) on PA PAE. 
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Figure 4.34 Influence of the inductor’s Q factor (LX in Figure 4.35) on PA output power. 
 
 
Both the PAE and the output power of a whole PA, constructed with the use of 7 inductors, 
are extremely influenced by the variation of only one inductor LX. When the Q factor 
changes from 18 to 3, the difference in the PAE value, when the PA is working in saturation, 
is 13%. Simultaneously to the losses introduced by the interstage network (Figure 4.29 and 
4.30) the small signal gain is reduced by 6dB. 
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Figure 4.35 Schematic of a dual band PA [38] in which only the value of the Q factor of only 

one inductor has been varied. 
 
The short discussion allows us to conclude that the precise knowledge of the inductors Q 
value is enormously important during PA design. Bad estimation of this basic parameter can 
lead to failed design.  

The main and limiting impact on the Q value has the technology in which the inductor is 
fabricated. Therefore methods of increasing the Q value by introducing changes in the 
technology have been developed [74]. Notwithstanding, there are a few general rules during 
the inductor design which keep the Q factor as high as the technology allows: 
 

•  Building round or octagonal inductors. 

•  Leaving the inner diameter in the inductor as large as possible to allow the magnetic 
field to go out of the inductor and reduce the cross-inductance (proximity effect). 

•  Using wide lines to decrease the DC loss (when operated at low frequencies). By using 
wide lines also the issues of electomigration are solved. 

•  Building the inductors in the most upper layer to reduce the COX capacitance and thus 
reducing the substrate losses. 

•  Reducing the width of inner windings (when operated at microwave frequencies). The 
current crowding pushes the current to the edges of the inner windings and not the 
whole conductor is used. Again, the COX capacitance is reduced. 

•  Placing windings as close as possible to each other to increase the mutual inductance. 

•  Leaving space around the inductor, so no unwanted interactions with other elements 
happen. 

 
As all of the mentioned above directions have been applied, today there exist no more 
solutions to essentially increase the Q factor (without changing the technology). Therefore, 
for a chosen topology one should correctly calculate the Q factor and use these results for 
simulation as the miscalculation can lead to a design failure. 



4. Matching networks for power amplifiers 

 76

Additionally, to the mentioned above methods of keeping the inductors Q factor at a possibly 
high level there exist design tradeoffs regarding the maximal current rating, electromigration 
in time and inductance limitations in terms of frequency behavior. This makes the design of 
integrated inductors a difficult process. 

In the case of PA matching circuits with integrated inductors, it is advised to use inductors 
which were previously simulated with an EM simulator. A complete design-flow, which 
introduces inductors “on demand” is presented in the in the Appendix B and [73]. 
 

4.2.2. Capacitors 
 
Capacitors as well as inductors are the main building blocks of which PA matching networks 
are made. Depending on the semiconductor technology there exist several available types of 
capacitors. In the following description, one can only find a brief overview of the Metal 
Isolator Metal (MIM) capacitors which are mostly used for matching networks in integrated 
SiGe PAs, as they introduce low losses. 

The capacitance of the classical structure - two metal surfaces (electrodes) with a dielectric 
(as shown in Figure 4.36) is defined by [64]: 

 

d
Wl

d
AC rr εεε 6

0 1085.8 −⋅==     Equation 4.36 

 
where W and l are the dimensions of the metal surfaces (electrodes), in microns (µm), 
d – distance between electrodes, in microns (µm), 
εr – dielectric relative permittivity. 
 

 
 

Figure 4.36 Two metal surfaces and a dielectric in-between forming a capacitor. 
 
In order to increase the specific capacitance per square unit and so reduce parasitics and chip 
area the distance between the metal plates is usually very small and dielectrics of high εr are 
used. 

Except the mentioned specific capacitance the parameters like the Q factor and the breakdown 
voltage (dielectric strength) are used to describe capacitors properties. 

The quality factor, commonly as for the inductor, is defined by: 
 

SCRR
XQ

ω
1==     Equation 4.37 

 
where C is the effective capacitance and RS the Effective Series Resistance (ESR), assuming 
an equivalent circuit constructed of an capacitance and resistance in series. 
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The Q factor of capacitors is mostly dependant on the dielectric losses of filling material. In 
modern silicon technologies the delta tangent of the dielectric is lower than 0.001, thus the Q 
factor reaches hundreds. Therefore, no analysis of influence of the Q factor on the losses in 
the matching networks (or PAs in which MIM capacitors are used) have to be performed. 
From this point of view, the capacitor can be assumed as an almost ideal element. 
 
Dielectric strength – the maximal voltage applied to the electrodes that the capacitor can 
withstand before being destroyed. The factor is important as the PA output matching networks 
deal with very high voltage peaks. This parameter is dependent on the filling material and the 
Table 4.1 presents the main dielectric materials used in MIM capacitors and their parameters, 
which effect in the high Q factors [17], [75], [76]. 
 
  Table 4.1 Dielectric parameters used in MIM capacitors. 

Dielectric name εr tan δ Dielectric strength 
[MV/cm] 

Maximal Q factor 

Silicon oxide (SiO2) 3.9 0.0004 11 104 

Silicon nitride (Si3N4) 6.5 0.001 10 700 
Aluminum oxide (Al2O3) 7.9 0.0012 16 400 

 
All integrated passive elements suffer from parasitics. Also the MIM capacitor is not ideal and 
its equivalent network used for modeling is shown in Figure 4.37 – the main capacitance is 
marked with the red circle. 
 
 

 
 

Figure 4.37 A MIM capacitor equivalent circuit. The main capacitance C is marked with the 
red circle; in some models voltage dependant [17]. 

 
Metal Oxide Semiconductor (MOS) capacitors are also used in ICs however they are not 
feasible for matching networks due to very low Q-values, as they are constructed between a 
metal layer and a conducting, however lossy substrate. On the other hand MOS capacitors 
have usually higher breakdown voltages and higher specific capacitances per square unit, 
comparing to MIM capacitors. 
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4.2.3. Transmission lines 
 
Building inductors with the use of transmission lines is possible and such structures can be 
well applied for interstage matching circuits, as shown before. Standard transmission line 
analysis can be used to calculate the inductance and the Q factor of an l [m] long line as 
shown in [13]: 

))(
3
1()tanh( 3

00 llZlZZind γγγ −≈=     Equation 4.38 

where Z0 and γ are transmission line’s characteristic impedance and complex propagation 
constant given by: 
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Where LjR ω+ and CjG ω+ , are the series impedance and shunt admittance per unit length, 
respectively. Equation 4.38 shows that the inductance is proportional to the transmission-line 
characteristic impedance and its length. If the substrate has a low resistivity the loss terms in 
Equation 4.39 will be large, which results in a relatively small inductor quality factor. In 
practice, it is very difficult to obtain analytical expressions for these loss components due to 
the no uniformity of the conductor and substrate mirror current components [71], [77]. 
However some basic theoretical assumptions can be made. 

For small lengths, the inductance of the microstrip transmission line is proportional to its 
length l and inversely related to the width w. So smaller line widths w increases Z0 and, hence, 
raises the inductance L. However this dependence is weaker than linear due to the mutual 
coupling between parallel current components. Analogically the series resistance increases as 
the line gets narrow. Both the series resistance and the inductance are proportional to l, thus 
their ratio remains constant. 
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On the other hand, the shunt elements G is the dominant loss factor for a wide line (large w) 
placed over lossy silicon. In this case, Q decreases almost quadratically with increasing l 
because both the series inductance and shunt-conductance scale with, i.e. 
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In order to make the transmission line a feasible device for matching networks (low loss – 
high Q) the traditional line placed over lossy silicon had to be developed into a special 
structure. To achieve this, the shunt element G in the Equation 4.42 which is causing the 
major loss has to be reduced. 

Modern SiGe technologies in which a highly conductive substrate is used give an opportunity 
to design low loss transmission lines. With the use of a highly doped P+ sinker a connection 
between the lowest metal layer and the substrate can be created as shown in Figure 4.38. The 
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sinker structure is also described in the Chapter 3, as a part of the B7HF WLAN and B7HF 
HV technologies. Employing this connection a “solid” ground surface is created for a 
transmission line which is built in the most-upper thick metal layer. The wave is propagated 
in the low loss SiO2 and partially in the mold compound above the thick metal so this kind of 
line can be called a microstrip line [44]. In this way no field gets into the lossy silicon 
substrate as in all conventional designs without shielding. Figure 4.39 displays a stripline used 
for electromagnetic simulation with the following parameters: length l=390µm, width 
w=30µm, height above ground plane 3.5µm – which results in a characteristic impedance of 
Z=18Ω. 
 

 
 

Figure 4.38 Construction of a transmission line. In a conventional way (left) and with use of 
P+ sinker and a conductive substrate (right). The E field lines between ground and strip has 

been marked to show the space in which the wave is propagated. 
 
A comparison of the quality factor of the designed microstrip line with a traditional line over 
a lossy substrate is presented in Figure 4.40 (a). It displays a high increase of the Q factor, 
what is very important in low-loss matching circuit design. The traditional line has higher Q 
factor only under 1GHz. For higher frequencies the ground losses start to dominate and due to 
the capacitance to ground the Q factor reduces vs. frequency. The Figure 4.40 (b) shows the 
comparison in the effective inductance. It has been lowered due to the high capacity between 
the metal layer and the ground as the distance strip – ground is only 3.5µm. 

The constructed transmission line has been simulated with the use of an EM simulator [78] to 
calculate the Q factor and the effective inductance. 
 

 
Figure 4.39 Equivalent networks and geometry used for EM simulations [78]. 
Left: conventional transmission line over a conductive substrate (high G) and 
the transmission line over sinker (high C but no G) - right. 



4. Matching networks for power amplifiers 

 80

 
(a) 

 
(b) 

Figure 4.40 Microstrip line over sinker and a conventional approach – comparison of the Q 
factor (a) and effective inductance (b) of a 390µm long line. 

 
For the microstrip over sinker, the quality factor and inductance are a function of the width of 
a transmission line. Simulations have been performed to find the optimal width of the line 
(w=10µm, 15µm, 30µm, 60µm). The length does not influent these parameters and was kept 
constant – 390µm. The simulation results are presented in Figure 4.41.  
 

 
 

Figure 4.41 Simulation results of a low loss microstrip line of the length l=390µm for widths 
of w=10µm, 15µm, 30µm, 60µm. The Q factor (left), effective inductance (right). 

 
As it was forecasted the Q factor for thick lines has a higher value as for the thin ones, mainly 
due to series losses (the substrate losses are ignorable due to the use of the sinker). For 
frequencies in which modern PAs are operated (under 10GHz), the difference in Qs is not 
large and should be chosen according the required inductance and the maximal current ratings 
the line should withstand. The effective inductance remains constant vs. frequency and is 
directly dependent on the line width. This makes the Q-curves almost linear as they are a 
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linear function of ω. The significant feature is that the shorted line of length l=390µm does 
not show a resonance up to 20GHz. 

Summarizing, the newly developed transmission line [45] presents very good matching 
behavior and will be used for interstage matching networks in PA operated at 6GHz and over. 
Furthermore, the construction will be used as a base for DGS devices presented in part 
devoted to periodic structures. 
 
The developed modified transmission line structure has been introduced into PA matching 
network and an amplifier for WLAN 802.11a applications operating in the frequency range 
from 5.3GHz to 5.85GHz has been realized [79]. The microstrip structure has been used in the 
PA for interstage matching between the second amplifying stage (driver) and the power stage 
in a configuration as shown in Figure 4.42. The matching network has been simulated and 
compared with another one of the same topology, only the line has been used in the 
conventional way. The simulation results in terms of reflection loss and insertion loss are 
plotted in Figures 4.43 and 4.44. The direct comparison of the most important features that a 
matching network must grant is put in the Table 4.2. 
 

 
 

Figure 4.42 The interstage matching network topology in which the modified transmission 
line structure is used. 
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Figure 4.43 Simulation of the matching and losses with the conventional structure. Reflection 

loss (left) and insertion loss (right). 
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Figure 4.44 Simulation of the matching and losses with the low-loss transmission line. 

Reflection loss (left) and insertion loss (right). 
 
Table 4.2 Summarized significant matching parameters. 

Significant parameter Matching circuit with 
conventional line 

Matching circuit with line 
over sinker 

Loss in [dB] at 5.5GHz -4.7 -2.7 
Z1 [Ω] 57-j37 45-j18 
Z2 [Ω] 3.3-j2.9 1.7+j2.65 

Transformation ratio 15.4 15.4 
Frequency band in which S22 

better than -20dB 
5050MHz – 6260MHz 5070MHz – 6150MHz 

 
Due to the novel structure, the losses of the matching network in the mid-band have been 
reduced by 2dB. 
 
Transmission line implementation in PA applications 
As it was mentioned in Chapter 2, in SiGe bipolar PAs operated in AB-class it is extremely 
important to feed the power transistor correctly. The input matching of the power stage has an 
influence on the most important parameters of the PA. Moreover the transistor’s parameters 
(especially fT) decrease with the increase of frequency and one can not apply lossy interstage 
elements (i.e. low-Q inductors or transmission lines) as it will degrade the PA performance 
(Chapter 4.2.1.2 and [44]).  

In order to evaluate the new microstrip structure two PAs have been compared in terms of 
general performance: a PA with a traditional matching line and with the new approach – 
assuming the same matching topology displayed in Figure 4.43.  

The complete amplifier performance and schematic circuit diagram is presented in the 
Chapter 6; here only the influence of the new matching structure on the PA’s parameters 
compared with the traditional approach where the line is put over the lossy substrate. Table 
4.3 summarizes the additional benefit of the developed transmission line. 
 
Table 4.3 Power amplifier performance with the newly developed structure. 

Significant parameter Performance with 
conventional line 

Performance with new 
matching transmission line 

Small signal gain 24dB 26dB 
Maximal output power 21dBm 25.9dBm 

PAE @ maximal output power 16% 30% 
Maximal linear output power 

(EVM<4%) 
13dBm 17dBm 
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With the correct base matching and low loss impedance transformation between the second 
amplifying stage and the power cell an increase of linearity and output power was reached. 
The first one was mainly due to the correct simulation, modeling and transistor feeding, the 
second due to the lower losses (higher Q) in the interstage matching. This example shows the 
high usefulness of the newly developed transmission line structure in integrated matching 
networks for PA applications. 

The presented here low loss transmission line has also been introduced in amplifiers operating 
at 2GHz. The PA measurement results however showed worse outcome in comparison to a 
design with a traditional line or inductor. The main reason was the low Q factor of the new 
structure at frequencies lower than 3GHz (see Figure 4.40). 
 

4.2.4. Transistor feeders 
 
The transistor feeder can be seen as a part of the matching circuit and therefore needs to be 
discussed in this section. In PA applications large transistor areas are required in order to 
obtain high output power. The current density of a transistor is limited and the transistor is 
divided into finger-like geometries to deliver the required performance as shown in Chapter 2 
and Chapter 3. The methods of supplying the RF and DC to large SiGe power transistors will 
be analyzed in this part of the thesis. The solutions shown here are also documented in [24]. 

The main role of the feeder is to equally divide the RF and DC power among large transistor 
blocks simultaneously with an impedance transformation to a transistor’s input (base). 
Additionally the temperature for all transistor blocks can be kept on the same level as they are 
fed coherently. Transistor feeders are used mostly in integrated interstage matching when the 
driver has to deliver enough power to the power cell.  

The resistive losses of a feeder have to be as low as possible thus a structure shown in Figure 
4.45 was usually applied in earlier applications. It was made out of wide metal construct, 
resulting in low series resistance and a large metal to substrate capacitance. Moreover, this 
structure is characterized by a low impedance at the transistor block – very common for 
bipolar transistors used in PA applications. 
 

 
 

Figure 4.45 Feeding structure used typically in integrated PAs. Four transistor blocks are 
being fed in this way. 

 
However, reducing series resistance through a very wide metal line leads to an 
inhomogeneous RF current (impedance) distribution among transistor blocks, as visible in the 
simulation in Figure 4.46. The collector currents in time domain of an operating PA are 
plotted to show the inhomogeneous behavior of each transistor block. The output matching 
network was completely symmetrical, in order to observe the influence of the feeder only. 
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Figure 4.46 Time domain collector currents of 4 transistor blocks supplied by the feeder 

shown in Figure 4.46. 
 
The simulated irregular behavior of each transistor block, in the case of bipolar transistor of 
low breakdown values, can lead to early breakdown efferts (even during normal operation) 
and performance degradation. 
 
Transistor feeder analysis 
In general, a transistor feeder for 4 transistor blocks, can be modeled as power divider with an 
equivalent circuit shown in Figure 4.47. 
 

 
 

Figure 4.47 Transistor feeder equivalent model. 
 
If the impedances presented to the transistor’s inputs (bases) are not equal parameters like 
robustness, efficiency and output power worsen. Due to the non equal base loading not all 
transistor are working in the same conditions and therefore minimal phase differences can 
cause high current peaks plotted in Figure 4.46. 

With the method shown in Figure 4.45 the series resistance and inductance between the input 
of the feeder and the input of each stage are small – in this way reducing losses, however not 
equal due to the non equal distances between the input of the feeder and each transistor block. 
The inductance between the input port and the outputs to transistors has been simulated and is 
plotted in Figure 4.48. 
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Figure 4.48 The simulated inductance between the input port and the transistor blocks for the 

structure displayed in Figure 4.45. The difference between the outer and inner  
transistors may reach 0.4nH. 

 
By converting the basic feeder shown in Figure 4.45 to a structure displayed in Figure 4.49 it 
is possible to equally divide the DC power among the transistor blocks. The shunt capacitance 
to the substrate for each branch is also equal. However the effective series inductance for the 
outer blocks is different from the inner ones. The transmission lines form an inductor which 
has a length of approximately ¾ windings. Moreover the mutual inductances interact with 
each other making the situation even more critical.  
 

 
 

Figure 4.49 Transistor feeder with equal capacitive and resistive equivalent networks between 
input and transistor block. 

 
Additionally, this phenomenon can be supported by simulations – with the use of a harmonic 
balance simulator. Time domain unequal collector currents for each block simulated with the 
use of the structure presented in Figure 4.49 are shown in Figure 4.50. In comparison to the 
original structure shown in Figure 4.46, the current peaks are not as high, however some 
differences still occur. 
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Figure 4.50 Simulated collector currents of a transistor for the feeding structure shown in 

Figure 4.49. 
 
Finally, in order to achieve an equal electrical distribution the following steps have been 
performed: the lines connecting the inner blocks have been made longer as the outer ones. 
This equalizes the inductive part as the longer lines have higher inductive component. On the 
other hand this makes the resistive part unequal (the longer lines have higher series resistance). 
With the intention of reducing the resistance to the inner blocks, the width of the line was 
broadened. Figure 4.51 displays the changes made to the transistor feeding structure. 
 

 
 

Figure 4.51 The modified transistor feeder with an equal impedance distribution among the 
transistor blocks. 

 
This modification results in an equalization of the collector currents as shown in the 
simulation in Figure 4.54. 
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Figure 4.52 Collector currents simulated with the use of the modified feeder structure (Figure 

4.51). The collector currents at all transistor blocks are almost identical. 
 
Finally, the effective inductances (series inductance between any pair of ports assuming a Pi-
model) and resistances between the input port and the port at the transistor inputs can be 
plotted (Figure 4.53 (a)). The effective inductance of the feeder after optimization is almost 
identical in all branches in the required frequency band. Before the optimization, the inner and 
outer inductances were smaller, however a difference of 0.4nH between them has been 
observed. The same applies to the effective series resistance shown in the Figure 4.53 (b). 
Indeed, the resistance increased, but the difference between the branches is no longer as large 
as before. 

  
(a) (b) 

Figure 4.53 Series inductance (a) and resistance (b) between the input and the transistor 
blocks for the new feeder. 

 
Feeder implementation in PA applications 
The optimized feeder has been used to design a GSM 1.8GHz PA operated with a GMSK 
modulation which will be entirely presented in the Chapter 6. It is necessary to remark, that 
the correct power transistor feeding has a positive influence on the PA performance in terms 
of breakdown behavior and output power as all power cells are supplied coherently.  

In the Table 4.4 the PA performance with the newly developed feeder structure is compared 
with a previous design in which the feeder was a large metal shape (Figure 4.45). 
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Table 4.4 Comparison of the PA performance.  
Significant parameter Performance with the 

previous feeder 
Performance with the new 

feeder 
Small signal gain 35dB 37.8dB 

Maximal output power 33dBm 34dBm 
PAE @ maximal output 

power 
43% 47.1% 

Breakdown observed At VCC = 4.5V and 
VSWR=4:1 

At VCC= 4.5V and 
VSWR=6:1 

 
When large transistor blocks are fed coherently with the input signal and the same impedance 
is presented to each of them, the risk of breakdown effects is much lower. This feature has 
always been controlled by means of expensive technology optimization and lowered the fT 
which resulted in lower gain for high frequencies. When advantages of both methods are 
applied simultaneously the PA may offer much higher ruggedness performance. 

In the case when advanced models for power transistors are used, in which the weak 
avalanche breakdown is described (i.e. HICUM), the use of the new feeder structure can even 
lead to the ruggedness performance optimization during the design stage. 
 

4.2.4.1. Inductor and feeder optimization 
 
A common optimization procedure has been used in order to optimize a feeder structure 
connected to an inductor used in an interstage matching network for a WLAN IEEE 
802.11b/g PA application [38]. Together with two capacitors and an inductor an impedance 
transformation form 30Ω to 2Ω at the frequency of 2.4GHz has been realized between the 
second amplifying stage and the power cell. The schematic of the network is similar to the 
one shown in Figure 4.43, however instead of a transmission line a spiral inductor has been 
used. 

The inductor’s position was especially significant as a conductive substrate has been used for 
the design [64]. This increases the parasitic coupling between the elements. If the high field 
produced by the inductor is coupled not equally into the branches of the feeder, the large 
power cells are not supplied coherently and loose performance. Moreover the current flowing 
through one branch interacts with the current flowing through the inductor causing a mutual 
coupling, as shown in Figure 4.54. 
 

 
   

Figure 4.54 Emission microscope photography of an unsymmetrical feeder causing transistor 
breakdown. 
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The Figure 4.54 shows also a non uniform lightening of the transistor blocks under the 
emission microscope with a mismatch condition applied at output of the transistor. This effect 
was also caused by the feeder’s electrical asymmetry. 

The unsymmetrical power distribution has also been examined with the use of a liquid crystal 
analysis. Under normal working conditions the transistor blocks showed differences in the 
dissipated heat. Figure 4.55 displays the results of the preformed experiment. 
 

 
 

Figure 4.55 Liquid crystals show the asymmetry of the feeder – differences of dissipated 
power between the power transistors are visible. Both transistors do not work identically. 

 
With the use of an EM simulator the improved location (providing symmetrical feeding) of 
the inductor placed close to a transistor feeder was found – layout limitations constrained the 
ideal case. The layout positioning before and after the modification is presented in Figure 4.56. 
 

 
 
Before 

 
After 

 
Figure 4.56 The feeder and inductor before and after the improved positioning. 

 
Commonly to the GSM feeder approach, shown previously, the effective series inductance 
between the input of the inductor and the outputs connected to the power transistors have been 
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calculated to appraise the resulting RF symmetry. The series inductance assuming a Pi-model 
has been plotted in Figure 4.57 before and after the optimization. It shows that in the newly 
designed feeder the difference between the inductances seen by the transistor is much smaller 
as in the previous design. The inductances could not be equalized due to layout limitations; 
however introduced corrections were significant in the overall performance summarized in 
Table 4.5. 

   
   
Before After 

Figure 4.57 Inductance between input port and two outputs connected to transistors. In the 
original state left and in the improved position right. 

 
The power transistor behavior with the previous and new structure has also been simulated 
and analyzed in time domain. The base currents of the two output blocks before and after the 
optimization are plotted in Figure 4.58. As the effective inductance could not be perfectly 
equalized (see Figure 4.57) the presented curves do not match perfectly. The change however 
resulted in a smoothing of the base currents. 
 

 
    
Before After 
Figure 4.58 Base current simulations in time domain. The optimized inductor and feeder leads 

to a smoothing of the output currents. 
 
Transistor feeder implementation in PA applications 
Finally the PA performance with the newly developed structure can be compared with the 
original design. Two identical PAs for the WLAN 2GHz system have been manufactured, 
except the layout change in the transistor feeder structure as displayed in the Figure 4.58.  

Apart of the electrical symmetry reached, which leads to a better breakdown performance the 
parameters listed in the Table 4.5 have been improved: 
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Table 4.5 The change in the PA performance before and after the optimization. 
Significant parameter Performance with not 

optimized feeder and 
inductor 

Performance with 
optimized feeder and 

inductor 
Small-signal gain 31dB 31dB 
Supply voltage 3.3V 3.3V 

Maximum output power 29dBm 30dBm 
Power-added efficiency 42.8% 44% 
Output 1dB compression 

point (OP1dB) 
27dBm 28dBm 

Power-added efficiency @ 
OP1dB 

40% 42% 

Maximal linear output power 
(fulfilling all criteria) 

18.6dBm 19dBm 

 
The feeder layout corrections performed in this example have proven how important the input 
matching of bipolar transistor is. By correct interstage matching network the PA parameters 
like linearity, output power and efficiency can be effectively improved. Additionally the early 
breakdown behavior was not observed in the redesigned amplifier. The main reason for this 
improvement is the coherent feeding of the transistor blocks. 

Two examples of feeder optimization with the use of an EM simulator have been shown in 
this chapter. It is necessary to underline that both the GSM PA as well as the WLAN PA 
enhanced their performance. Generally one can say that the layout optimization with the use 
of EM simulation supported by a system or linearity simulation leads to a significant 
performance improvement in PAs. 

In the Chapter 4.2.3 a new and low-loss transmission line structure has been shown. This 
structure will be used as a base for an integrated Defected Ground Structure (DGS) described 
in the following section. 

 

4.2.5. Integrated periodic structures 
 
Periodic structures or more precisely transmission line structures with periodically defected 
ground plane (DGS) are often introduced [80], [81]. It is known that such structures represent 
good solutions to improve amplifier characteristics. The practical amplifier realizations 
however, have been realized on the PCB level [82]. This section describes how periodic 
structures, called in some cases left-handed structures, can be integrated in silicon to realize 
matching networks of higher functionality [35]. 

The complete theory where left-handed materials are described can be found in [83]. In such 
structures, there are two main features which can help in the design of matching networks, 
these are: 

•  The slow wave mode phenomenon 

•  The filtering capability  
 

In the case of integrated matching networks, the first one can be used to realize electrically 
longer transmission lines with a constant geometrical length. The second feature helps to 
filter-out harmonics as the periodic structure acts like a low-pass filter.  
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Figure 4.59 displays an integrated periodic structure, which was realized in the B7HF 70 
technology (refer to Chapter 3 for technological details). In the modified transmission line 
described in section 4.2.3, the existing solid ground plane has been cut into strips, each of 
30µm width and with a 30µm gap filled with silicon oxide in-between. The conducting sinker 
stripes have been placed on a well conducting substrate – in this way the ground plane with a 
periodic structure was created. 

 

     
 

Figure 4.59 An on-chip integrated periodic structure. Structure used for simulation (left) and 
chip photography (right). 

 
Periodic structures introduced to the ground plane, with the use of the sinker, allows to 
observe the slowing wave phenomenon. In consequence the new structure (Figure 4.59) the 
effect of electrical prolongation, with a constant geometrical length has been reached. This 
was accomplished by the much longer way for the return current on the ground side. This 
current has to flow “up and down” over the striped sinker structure, however good electric 
connection exists over the whole way as the substrate strips are grounded on the bottom side 
and have a high conductivity. Figure 4.60 displays the simulation of the current densities 
across the stripped ground plane. 

 
Figure 4.60 Simulated current flow (current density) over the defected ground plane structure. 

Colors represent surface current density in [A/m] as in Figure 4.24. 
 
Figure 4.61 (left) displays the phase shift which is introduced by the line in the case of the line 
over solid sinker (Figure 4.39) and the line over the striped ground. The graph on the right 
hand side shows the resulting difference of the two phase shifts – the gained phase shift with 
the constant geometrical length – the effect of the slow wave phenomenon. 
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Figure 4.61 The phase change introduced by the periodic structure in 
comparison to a microstrip line over a solid ground (left). The resulting 
difference, electrical prolongation in degrees is plotted right. 

 
Due to the periodic structure, an additional phase shift of 60% has been achieved. 
 
The second important property of periodic structures is the low-pass filter function. This 
periodic structure can be seen as a multiple connection of series inductor (or line over 
substrate) – shunt capacitor (line over sinker). In our case it was a connection of 6 line-
capacitor filters and the equivalent network of this constitution can be seen in Figure 4.62. 
 

 
 

Figure 4.62 The proposed equivalent network of a line with defected ground plane. 
 
The transmission characteristic S21[dB] - of a line over solid sinker and the line over DGS is 
plotted in Figure 4.63. Both ports during simulation were terminated with 50Ω. 
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Figure 4.63 Transmission characteristics S21 of a low loss transmission line over sinker and a 
line with DGS. 

 
The described modified ground configuration of the transmission line can be used as a 
matching element of an interstage network. It has been shown in part 4.2.3 that a low-loss 
transmission line can be applied in matching circuits. By using the feature of filtering and 
matching at the same time, harmonic reduction can be achieved. This attribute is important 
when interstage matching networks for high linearity PAs are designed.  

The line with the DGS structure was simulated in a matching network shown in Figure 4.42 
which was designed to work in the frequency band from 5.25GHz to 5.85GHz. The results of 
this simulation are plotted in Figure 4.64 and present the reflection losses as well as the 
insertion loss between the matched impedances Z1 and Z2. A comparison of the matching 
parameters of conventional microstrip line and the line with the DGS structure is given in the 
Table 4.6. 
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Figure 4.64 Interstage matching network simulation with DGS structure. Marker loss shows 
the introduced losses, marker second the level of the second harmonic. 
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Table 4.6 Summarized significant matching parameters. 
Significant parameter Matching circuit with 

conventional method 
Matching circuit with line 

over DGS 
Loss in [dB] at 5.5GHz -4.7 -5.4 

Z1 [Ω] 57-j37 60-j42 
Z2 [Ω] 3.3-j2.9 3.8-j16 

Transformation ratio 15.4 17.8 
Frequency band in which S22 

better than -20dB 
5050MHz – 6260MHz 4910MHz – 6750MHz 

Second harmonic attenuation -16dB -17dB 
 
The introduction of the DGS structure under the line resulted in a small increase of the losses 
during the transformation as the return current has a longer path and thus the resistive losses 
are higher. 

On the other hand the bandwidth in which the matching takes place enlarged by 65%. An 
increase of the transformation ratio was also observed. Simultaneously the use of the DGS 
matching network resulted in filtering the unwanted second harmonic. 
 
Periodic structure implementation in PA matching networks 
The demonstrated transmission line with DGS was implemented to a WLAN 802.11a PA 
operating in the frequency band from 5.25 to 5.85GHz. Photography of the matching structure 
integrated in the PA is shown in Figure 4.65. The most important PA performance parameters 
which were influenced by the new structure are summarized in Table 4.7. The PA with the 
new structure is compared with the data shown in [79] in which the matching was performed 
with a low loss line over sinker. 
 

 
 

Figure 4.65 Integrated PA in which a line with DGS has been used for matching purposes. 
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Table 4.7 The change in the PA performance with the used of the low loss transmission line 
and line with DGS structure. 

Significant parameter Performance with the solid 
ground 

Performance with DGS line

Small-signal gain 26dB 26dB 
Supply voltage 3.3V 3.3V 

Maximum output power 25.9dBm 26dBm 
Maximal linear output power 

(fulfilling all criteria) 
17dBm 18dBm 

Frequency band in which the 
maximal linear output power 

is fulfilled 

5050MHz – 5300MHz 5000MHz – 5900MHz 

Current consumption at 
maximal linear output power 

210mA 200mA 

Harmonic suppression -15dBc -17dBc 
 
With the use of DGS in integrated matching networks, the PA performance in terms of 
broadband linearity and harmonic suppression can be increased.  
 
Modified line with DGS structure 
In the next design approach, in order to increase the influence of the DGS line high-Q MIM 
capacitors of values 0.5pF have been placed under the line in the areas where the line crosses 
the sinker, as shown in Figure 4.66. 

 
 

Figure 4.66 The line over the striped sinker with additional 0.5pF capacitors in-between the 
line and sinker stripes. 

 
A simulation of a matching network of the same topology as shown in Figure 4.42 has been 
performed to verify the idea of the introduced modifications. The simulation results are 
plotted in Figure 4.67 which presents the reflection loss to the impedances Z1 and Z2 as well 
as the insertion losses introduced by the network. The numerical data describing the matching 
network is collected in the Table 4.8 and compared with the DGS line described previously. 
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Figure 4.67 Simulation results of the modified DGS line in which 0.5pF MIM capacitors were 
additionally introduced in-between the line and sinker strips. 

 
 
Table 4.8 Simulation numerical results of the modified DGS line. 

Significant parameter Matching circuit with line 
over DGS 

Matching circuit with line 
over DGS + MIM 

capacitors 
Loss in [dB] at 5.5GHz -5.4 -5 

Z1 [Ω] 60-j42 56-j38 
Z2 [Ω] 3.8-j16 3.6-j0.5 

Transformation ratio 17.8 18.8 
Frequency band in which S22 

better than -20dB 
4910MHz – 6750MHz 4800MHz – 6900MHz 

 
The additional capacitors under the line increased the matching capability of the structure and 
enlarged the bandwidth in which the matching conditions are fulfilled. Therefore this kind of 
matching network has been used in a PA design. 

The PA amplifier in which the new structure was introduced was identical with the one used 
for the appraisal of the line with the pure DGS structure, so a direct comparison of the 
influence of the matching network can be made. The positive changes coming from the 
implementation of the new structure are presented in Table 4.9 and compared with the results 
shown in Table 4.7. 
 
Table 4.9 PA improvements caused by the introduction of MIM capacitors. 

Significant parameter Performance with DGS 
structure 

Performance with DGS 
structure + MIM 

capacitors 
Maximum output power 26dBm 26dBm 
Maximal linear output power 
(fulfilling all criteria) 

18dBm 18.5dBm 

Frequency band in which the 
maximal linear output power 
is fulfilled  

5000MHz – 5900MHz 4900MHz – 6000MHz 

Harmonic suppression -17dBc -18dBc 
 
In the last case an even better PA performance has been reached comparing with the pure 
DGS line, what underlines the usefulness of the presented solution. It is visible in the 
frequency range in which the PA delivers linear output power and in the level of the harmonic 
output. 
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Moreover, the PA was characterized by an easy to match ability on the output. The output 
matching network was not fragile for small component variations. Therefore, in the case of 
mass production, components of lower tolerances can be applied for the output matching 
circuits. 
 
Comparison of developed structures 
Finally, the low loss transmission line, the line where the periodic structure was used, and the 
line in which the DGS was combined with 0.5pF MIM capacitors, have been compared. In all 
cases the line section was 390µm long, 30µm wide and build in the same silicon technology.  

Figure 4.68 presents the phase change introduced by the 3 identically long structures as well 
as the filtering ability when both the input and output port are terminated with 50Ω. 
 

 
 

Figure 4.68 Transmission characteristics S21 of microstrip structures investigated in this 
section. 

 
The most upper line presents the case when the transmission line acts as a conventional 
microstrip line with low losses. Due to the slow wave phenomenon in structures where the 
ground plane has been periodically destructed, the phase introduced by the line increases. This 
phenomenon is stronger when extra-capacitors are used periodically. It is enormously 
important in IC design where the chip area can be reduced due to the use of lines with 
periodic elements. The amplitude characteristic shows the wanted filtering performance – 
especially well seen in the case where MIM capacitors were additionally introduced. 

The integrated lines with DGS allow achieving also a more effective matching function as 
stand alone devices (without additional components). As an example a 0.5Ω resistor has been 
matched to 50Ω with the simple line over sinker, line with DGS and line with MIM capacitors 
and DGS. The simulation results of the impedance transformation as a function of frequency 
are presented in Figure 4.69 on a Smith Chart. 
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Figure 4.69 Example of matching of 0.5Ω to 50Ω. Simulations in the 
frequency range 0 to 20GHz of 3 presented solutions: low loss transmission 
line, line with DGS and line with DGS and MIM capacitors. The last 
solution indicates the highest transformation abilities. 

 
In the case of the DGS line with capacitors the impedance of 0.5Ω can be easily transformed 
into other impedances without the use of additional components, what saves chip area and 
increases functionality. 

The characteristics shown in Figure 4.69 confirm that the adequately introduced periodic 
structures can perform as fully integrated matching networks. The increased functionality of a 
microstrip line proves the usefulness of the described structure. 
 

4.2.5.1. Enhanced compact circuits with periodic structures 
 
At the end, the idea of lines with DGS can be enhanced with the combination of a spiral 
inductor and MIM capacitors joined to form a structure displayed in Figure 4.70. Owing this 
combination, the value of the used inductor (in a DGS equivalent network) was increased and 
as a result complete matching network may be created.  

 
 

Figure 4.70 A spiral inductor with integrated MIM capacitors. 
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The following equivalent network can be identified with the developed structure: 
 

 
 

Figure 4.71 Proposed equivalent network of the structure presented in Figure 4.70. 
 
The proposed solution has completed matching properties and can be easily integrated into 
matching networks. Moreover, the presented design is much more compact than other 
conventional matching networks and essentially saves chip area. 
Figure 4.72 shows the example of matching 6Ω to 50Ω with this single device at the 
frequency of 2.45GHz. The matching to the 6Ω port in terms of reflection loss as well as the 
insertion loss characteristics are plotted. 
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Figure 4.72 Example of matching 6Ω into 50Ω to at 2.4GHz with the structure presented in 
Figure 4.70. Reflection loss (left) and insertion loss (right). 

 
 
 

4.3. Conclusions 
 

This section presents the most elementary matching principles and methods of their 
implementation. Moreover some new matching structures have been proposed and 
characterized. Applied in PA ICs, the shown structures contribute to performance and 
functionality increase. To verify the new approaches the developed structures have been 
introduced in PA matching circuits. The finally produced PAs, shown in the Chapter 6, 
confirm the simulated improvements. It is worth to underline that the development of the new 
structures was only possible with the use of EM simulation in the design stage. 
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5. Power amplifier design methodology 
 
The flow chart in Figure 5.1 displays the main steps in which a PA is defined, designed and 
produced according to a scheme used in the semiconductor industry. The specified functional 
groups responsible for a continuous product development are marked with grey areas. The 
scheme starts with a product definition and a specification definition, developed by the 
concept engineers. Then a specific technology has to be developed or optimized as PAs have 
very particular requirements. This part of the flow partially belongs to the methodology as the 
technology can be recognized as a tool for the IC designers (or the characterization of the 
technology). The process is continued when proper design (CAD – Computer Aided Design) 
tools and the design method or design flow is defined. This stage is called design 
methodology and will be the subject of this chapter. When the circuit is designed, the layout 
of the chip is sent to a factory, they are produced, tested and verified. The process ends with a 
correctly operating amplifier, which can be merchandised. It is worth to underline that the 
technology development is strongly associated with the methodology and design especially 
when PAs are concerned. 

What has not been displayed in the Figure 5.1 are the return paths from each part of the flow 
to the previous steps. Such a design iteration cycle will happen when not all assumptions are 
fulfilled, which increases design time and expenses.  
 

 
Figure 5.1 An industrial PA development process. 

 

In this chapter a methodology of designing integrated PAs in SiGe technology will be shown. 
The methodology gives layout freedom, takes care of parasitics, and gives tools in which the 
PA’s layout can be optimized to reach the highest overall performance. By following the rules 
common for microwave designers, technology specialists and the regular circuit design 
technique, it is possible to design correctly working PAs with only one design approach. The 
methodology relates to schemes used in the industry when the time to market is shrinking and 
still high quality designs are required. Similar design flows have been reported [84], [85] 
however were not particularly devoted to PA design, which is essentially differing in many 
cases. Moreover, the presented here methodology is suited to any CAD software.  

In the first part of this chapter the useful CAD environment will be described including the 
basics of EM simulation. The tools will be shortly evaluated in terms of usage in the PA 
design flow. With the use of proper tools, an optimized technology and engineering 
knowledge, a complete methodology procedure will be shown. 

The results of the methodology have been proven in the designs referenced in Chapter 6.  
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5.1. CAD environment: circuit simulators and system simulators 
 

The CAD environment described in this section is the main tool used by a circuit designer. 
Most of the software has been now integrated into packages of programs or so called design-
environments. The commercially available tools and their vendors are: ADS (Advanced 
Design System) – Agilent Technologies [86], Spectre RF – Cadence Design Systems [87], 
Ansoft Designer – Ansoft [88], Microwave Office – Applied Wave Research [89] etc.  

The multiple simulation types described in this section are based on various models, voltage – 
currents, when a circuit approach is assumed. Hence, typical RF structures are modeled with a 
limited accuracy and do not inherit parasitic coupling mechanisms or complicated loss 
phenomena. All the simulation types or simulators are generally described in this chapter, 
with respect to the necessity of use during the PA design. The mathematical theory behind 
these irreplaceable tools can be found in literature [86], [87], and [90]. 
 
DC simulation 
The DC simulation is the basic simulation for all active circuits. Using this simulation the 
correct bias points of transistors and diodes can be found. All passive components are 
replaced with their DC equivalents (capacitors converted into open circuits, inductors 
converted into resistors of the inductor series resistance). It is implemented in all kinds of 
simulators and should be performed during all stages of the design (DC annotation). 
 
Time domain analysis 
The best known simulation engine among IC designers and the ancestor of many modern 
simulators [87] in the time domain is SPICE, the ‘Simulation Program with Integrated Circuit 
Emphasis’ of the University of Berkeley, California [91], [92]. It is well suited for digital and 
medium frequency circuits. It is also the base of the transient and convolution simulators. 
They solve a set of integral-differential equations that express the time dependence of the 
currents and voltages of the circuit under analysis. The result is a nonlinear analysis with 
respect to time and, possibly, a swept variable. 
 
Linear circuit simulator: Accelerating Current (AC) 
The linear simulation can be applied both to active and passive circuits and is used to analyze 
steady-state response of a circuit. The circuit has a linear response if the input signal power is 
very low and all nonlinear effects are not considered (like mixing, harmonics or saturation). 
As part of the analysis, the DC operating point is calculated and the nonlinear devices are 
linearized around that operating point. It enables to obtain small-signal transfer parameters, 
such as voltage gain, current gain, transimpedance, transadmittance, and linear noise [86]. 
 
Linear circuit simulator: Scattering - parameter (S - parameter) 
For microwave applications where the current and voltage are difficult to be defined the S-
parameter analysis is used – the network is described by the relations of normalized incident 
and reflected power waveforms. The scattering parameters are defined at ports with a 
characteristic impedance (usually 50Ω). S-parameter simulation is a type of small-signal AC 
simulation. It is commonly used to characterize a passive RF component and establish the 
small-signal characteristics of an active device at a specific bias and temperature. All 
nonlinear components are linearized and the linear circuit that results is analyzed as a 
multiport device. Each port is excited in sequence, a linear small-signal simulation is 
performed, and the response is measured at all ports of the circuit. That response is then 
converted into S-parameter data. [86] 



5. Power amplifier design methodology 

   103

The S-parameter analysis is very convenient for characterizing RF and microwave devices 
especially in terms of: input or output impedance, stability control, gain simulation, loss 
simulation etc. 
 
Non-linear circuit simulator: Harmonic Balance (HB) 
Harmonic balance is a frequency-domain analysis technique for simulating distortion in 
nonlinear circuits and systems. It is usually the method of choice for simulating analog RF 
and microwave devices, since these are most naturally handled in the frequency domain. 
Harmonic balance simulation obtains frequency-domain voltages and currents, directly 
calculating the steady-state spectral content of voltages or currents in the circuit [86]. Through 
a reverse Fourier transformation the time domain voltages and currents can also be plotted. 
 
Large Signal S-parameter (LSSP) 
A type of harmonic balance simulation, it performs large-signal S-parameter analyses to 
represent the nonlinear behavior of items such as PAs [93]. The output of this simulation is an 
S-parameter file; however the applied signal does not have to be a low-power signal. It is 
especially useful for PA applications when impedance parameters are a direct function of the 
applied power. 
 
Non-linear circuit simulator: Periodic Steady-State (PSS) analysis 
The periodic steady-state analysis is based on time domain SPICE simulation and is used to 
describe a nonlinear circuit. It is based on the shooting method and can handle strong 
nonlinearities. It is very useful for designing integrated mixers, VCOs or LNAs, however not 
optimal for PAs due to long computation time. A complete description can be found in [90]. 
In the context of high-frequency circuit and system simulation, harmonic balance has a 
number of advantages over conventional time-domain transient analysis, according to [86]: 

•  Designers are usually most interested in a system's steady-state behavior. Many high-
frequency circuits contain long time constants that require conventional transient 
methods to integrate over many periods of the lowest-frequency sinusoid to reach 
steady state. Harmonic balance, on the other hand, captures the steady-state spectral 
response directly.  

•  Harmonic balance is faster at solving typical high-frequency PA problems that 
transient analysis can't solve accurately or can only do so at prohibitive costs. The 
applied voltage sources are typically multitone sinusoids that may have very narrowly 
or very widely spaced frequencies. It is not uncommon for the highest frequency 
present in the response to be many orders of magnitude greater than the lowest 
frequency. Transient analysis would require integration over an enormous number of 
periods of the highest-frequency sinusoid. The time involved in carrying out the 
integration is prohibitive in many practical cases.  

•  At high frequencies, many linear models are best represented in the frequency domain 
(for example S-parameter files). Simulating such elements in the time domain by 
means of convolution can result in problems related to accuracy, causality, or stability. 

Generally, non-linear analyzes are essential during the PA design procedure as many non-
linear phenomena take place and decide of the major PA parameters. 
 
Circuit Envelope 
The envelope simulation uses a combination of frequency- and time-domain analysis 
techniques to yield a fast and complete analysis of complex signals such as digitally or 
baseband modulated RF signals. It represents input waveforms as RF carriers with modulation 
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envelopes that are described in the time domain. This is useful in designing circuits and 
systems involving modulators/demodulators or complex modulated signals. 
 
Mixed signal, system simulation 
In modern communication systems, where digital modulation types are used, a complete 
system analysis incorporating modulation and demodulation is necessary. Active microwave 
devices deal with broadband signals that can not be distorted and a full system-type 
simulation is obligatory during the design stage. In this case digital signal processing (DSP) 
tools have to be used to produce digitally modulated signals. Examples of such simulations 
for PA applications are linearity calculations such as error vector magnitude (EVM) or 
adjacent channel power ratio (ACPR). Recent circuit simulators enclose digital simulators and 
a co-simulation of microwave circuits feed by digitally modulated signals is possible. One 
example is the Ptolemy originally coming from The University of Berkeley [94]. The Ptolemy 
project studies heterogeneous modeling, simulation and design of concurrent systems. The 
focus is on embedded systems, particularly those that mix technologies, including for example 
analog and digital electronics, hardware and software, and electronics and mechanical devices. 
The focus is also on systems that are complex in the sense that they mix widely different 
operations, such as signal processing, feedback control, sequential decision making, and user 
interfaces. 
 
Modeling tools 
The modeling of transistors and passive devices are also a part of the flow, but the tools are 
not always attached to simulators described above [95]. Modeling tools are used for single 
device characterization i.e. transistors, capacitors, inductors. They inherit special routines to 
help the designer during model optimization. Current transistor models describe many 
physical phenomena and therefore the model becomes very complicated – for instance more 
than 90 parameters can be found in HICUM models [96].  

When time domain circuit analyses are performed data from measured or simulated passive 
devices have to be converted to spice models (preferably build out of passive devices) to 
avoid convergence problems. Automatic spice model generation tools are known [78], [88] 
however the output is a very large network which can not be used in all types of simulation 
(for example the noise simulation is not possible due to negative resistors). 

Methods of model reduction, concerning passive networks, are known [97] but they have not 
been successfully implemented yet, in commercially available programs. 
 

5.2. CAD environment for EM simulation 
 
The CAD described in the previous section deals with lumped elements, voltage or current 
sources, transistor and transmission lines which are modeled. This section deals with CAD 
tools devoted for distributed passive components in which Maxwell’s Equations are solved 
[98], [99]. 
There are four “dimensions” in which EM solvers can be categorized and almost all 
combinations of them. They can be divided in terms of: 
 

•  Calculation in the time or in the frequency domain. 

•  Mathematical method of solving the Maxwell’s Equations and the integral or 
differential form of them. 

•  The number of geometrical dimensions in which the equations are solved.  

•  Boundaries surrounding the area in which the Maxwell’s Equations are solved. 
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Those methods are shortly compared and the main mathematical methods are briefly 
described in this section. 

As known from the duality of physical phenomena the electromagnetic field can be either 
calculated in the time or in the frequency domain. A comparison of these two fundamental 
simulation methods is placed in Table 5.1 [100]. 
 
Table 5.1 Comparison of time domain and frequency domain methods [100]. 

Time domain methods Frequency domain methods 
Can handle non-linearities Problems with non-linearities 

Run a long simulation exciting all significant 
modes and then take an FFT 

Solve for specific frequency points of interest

Can produce insightful animations Can exploit new techniques for model order 
reduction 

Include DC point The DC point has to be extrapolated from 
low frequency data 

 
Additionally, there exist several computational methods of solving Maxwell’s Equations. 

In the time domain the commonly used method is finite-difference time-domain method 
(FDTD), or the transmission-line matrix (TLM) method. In the frequency domain the method 
of moments (MoM) is very popular or the finite element method (FEM) for 3D structures. 
More detailed information can be found in [101] and [102]. 

A summary of available methods and the comparison is placed in Table 5.2 [103]. 
 
Table 5.2 Comparison of EM simulation methods [103]. 

Method Memory 
requirements 

CPU time 
consumption 

Method of solving 
Maxwell’s equations 

Finite-difference Large Large Partial differential 
equations 

Finite-elements Very large Medium to large Partial differential 
equations 

Method of moments Medium to large Medium to large Integral equations 
Transmission line 

matrix 
Medium to large Medium to large Differential equations 

 
A further method to distinguish EM solvers is based on the mathematical form in which 
Maxwell’s equations are solved. The equations can be defined either in differential or integral 
form. The differential methods are compared with integral methods in Table 5.3. 
 
Table 5.3 Differential vs. integral methods. 

Differential methods Integral methods 
Discretize entire domain Discretize only “active” regions 

Create large but sparse linear systems Create small but dense linear systems 
Good for inhomogeneous materials Problems with inhomogeneous materials 

Problems with open boundary conditions Good for open boundary conditions 
 
Additionally, the boundaries surrounding the area in which the Maxwell’s equations are 
solved can be defined. Generally, the environment can be open (free space) or shielded with 
magnetic or electric walls. Both methods are compared in Table 5.4 according to [104]. 
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Table 5.4 Shielded and open boundaries [104]. 
Shielded Open 

Coupling between subsections is a simple 
sum of sines and cosines 

Requires 4-D numerical integration of highly 
singular kernel for every element in large 

matrix 
No numerical integration, very robust and 

accurate 
Lacks robustness and accuracy, especially 

when pushing limits 
 
After comparing the available methods of solving Maxwell’s equations, the following part 
will describe in words the mathematical core of some selected techniques after [103]. 
 
Finite Difference Method (FDM) 
The Finite Difference Method (FDM) is a numerical technique used in solving partial 
differential equations. A finite difference solution to Poisson’s or Laplace’s equations can be 
carried out in two basic steps: 

1. Approximate the differential equations and boundary conditions by a set of linear 
algebraic equations (referred as the difference equations), on grid points that lay 
within the solution region. 

2. Solve this set of algebraic equations 

The solution region is divided into rectangular meshes with nodes (i.e. grid points). A grid 
point on the boundary of the solution region (at which the potential is specified) is called a 
fixed node. All interior grid points within the solution are the objective to be determined.  
 
Finite Difference Time Domain (FDTD) 
The FDTD method belongs in the general class of differential time domain numerical 
modeling methods. Maxwell's (in the differential form) equations are simply modified to 
central-difference equations, discritized, and implemented in software. The equations are 
solved in a leap-frog manner: the electric field is solved at a given instant in time, then the 
magnetic field are solved at the next instant in time, and the process is repeated. 

When Maxwell's differential form equations are examined, it can be seen that the time 
derivative of the E field is dependent on the curl of the H field. This can be simplified to state 
that the change in the E field (the time derivative) is dependent on the change in the H field 
across space (the curl). This results in the basic FDTD equation that the new value of the E- 
field is dependent on the old value of the E field (hence the difference in time) and the 
difference in the old value of the H field on either side of the E field point in space. Naturally 
this is a simplified description, which has omitted constants, etc. The H field is found in the 
same manner. The new value of the H field is dependent on the old value of the H field (hence 
the difference in time), and also dependent on the difference in the E field on either side of the 
H field point. 

This description holds true for 1-D, 2-D and 3-D FDTD techniques. When multiple 
dimensions are considered, the difference in space must be considered in all appropriate 
dimensions [105]. 
 
Finite Element Method (FEM)  
The Finite Element Method (FEM) does not use points like the FD method to solve 
differential equations, but divides the area in cells– a proper method to describe irregularly 
shaped boundaries. The numerical analysis is carried out in 4 basic steps: 
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1. Discretise the solution region into finite number of subsections. The entire volume is 
Meshed - absorbing boundaries required for open problems. Grids do not need to be 
uniform. Fine mesh can be used in areas with large field gradients.  

2. Derive the equations for a typical element 

3. Assemble all elements in the solution region 

4. Solve the system of algebraic equations 

 
Method of Moments (MOM) 
The Method of Moments on the other hand is not solving differential equations but integral 
equations. The basic idea behind this method is the reduction of a functional equation to 
algebraic matrix equation system and to solve this equation system by known techniques. 
Several steps used in the procedure: 
 

1. Meshing metal to subsections 

2. Calculating voltages on each subsection separately due to current flowing on each of 
them 

3. Current is placed on all subsections simultaneously and the separate subsections are 
adjusted so that the total voltage is zero everywhere the conductor is placed. Method is 
modified for lossy materials. 

4. Current to voltage coupling or adjustment for every possible pair of subsections is 
stored in an NxN matrix, where N is the number of subsections. This matrix is being 
inversed and 2-D FFT is done. Alternatively a technique which uses a 4-D numerical 
integration to calculate coupling can be applied.  

 
Transmission Line Matrix (TLM)  
The Transmission Line Matrix (TLM) method models the field components of EM waves in 
space, by representing equivalencies to voltage and currents flowing along an orthogonal 
transmission line network. Scattering of the waves on the TLM mesh takes place at each node 
and at each iteration (or time step). After performing a FFT of the impulse at a node the field 
components can be found at the corresponding location in the model. 

The final division of the EM solvers can be made in terms of how many geometrical 
dimensions are taken into account during the field calculation. 

 
Planar EM simulators 
Planar EM simulators are used to model passive planar elements on various types of 
substrates. They are perfectly suited for integrated on-chip passive elements like inductors of 
coupling structures. In such simulators the equations are being solved in only two planar 
dimensions (2D), however the thickness of the conductor and dielectric layers is taken into 
account in 2.5D simulators. In precise, the vertical current flow is assumed to be of minor 
importance and only a surface meshing is performed. Hence, not all equations have to be 
solved, what saves computation time. 
 
3D EM simulators 
The 3D EM simulators solve the Maxwell’s Equations in all dimensions and are suited not 
only to planar structures. The computation time is much longer but the output can deliver 
information about the field behavior in all 3 dimensions. Precisely, the meshing is done in the 
whole volume where the calculated object is placed. 
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For on-chip IC design 3D solvers are not required as the majority of EM phenomena happen 
in planar structures. The time consuming precision is preferably used in the case of simulating 
silicon dies with outer circuitry, like boding, packaging or SiPs (System in Package). In this 
case coupling between bond wires, coupling between bond wire and planar circuit is of great 
importance. This type of highly complicated mechanisms can only be simulated with the use 
of 3D field solvers. 

The described above methods lead to very accurate results but are time consuming. An 
alternative to numeric methods implemented in EM solvers is the analytical approach with the 
use of fast model solvers. 
 
Fast Model Solvers 
There exist an additional group of simulators that base on predefined electrical lumped low-
order models. The parameters of the models are extracted from the geometrical structure 
using analytical techniques. They are limited to a number of devices that can be calculated in 
this way (inductors or transformers), but deliver the result very fast [106], [107], [108]. The 
advantage is also the direct generation of models, easily used in SPICE-like programs. 

The choice of the solver is a matter of many arguments like frequency of use, application or 
even the price. Nevertheless, an EM simulator is irreplaceable in all modern RF IC design 
flows. 

After a brief description of EM solver engines the key issues concerning common problems 
will be presented. It will be continued with a discussion about the input and output of the 
solver which is enormously important in terms of integration in a design flow. 
 
Issues of EM simulations 
The majority of EM simulators requires meshing – dividing the circuit into small cells, and 
then finding a solution for each cell. As the circuit becomes complicated and the precise 
response is required, the number of cells rises increasing the computational effort and time. 
This problem is especially important when the aspect ratio of the smallest element and the 
greatest one is large. It can be solved by adaptive meshing, which refines the mesh size in 
critical areas and leaves coarse where the field is homogeneous. The second method is based 
on conformal meshing – a mesh with no prior shape, filling out complex structures. (Round 
shapes can easily meshed with this method). On the other hand it requires a lot of 
sophisticated mathematics as large meshing areas are not uniform in terms of field behavior. 

Another important issue is the broad frequency response and the DC point for solvers 
operating in the frequency domain. Calculating the response at each frequency is very time 
consuming, hence new adaptive band synthesis methods have been applied in the latest EM 
simulators. A kind of interpolation is being done between the frequency points – single points 
are calculated and some basic assumptions are made. With mathematic engines it is possible 
to realize a multi decade response after solving Maxwell’s Equations in only a few points.  

The DC point is also critical, as EM solvers are devoted for RF and microwave applications 
and often neglect this important issue. This point is usually extrapolated (in frequency domain 
solvers) with an error that might be significant in terms of PA applications (proper biasing or 
efficiency calculations). On the other hand time domain solvers include the DC point 
automatically as the excitation function includes such; however require time consuming 
excitations at each port of interest.  
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Input and output of EM solvers 
Generally, the inputs of an EM simulator are metal geometry, dielectrics surrounding metal 
and boundary conditions. While setting a design flow or concerning methodology one should 
precisely define the inputs and outputs of an EM solver. In the aspect of use in on-chip 
semiconductor applications the very exact layer stack has to be defined before simulation. It 
has to include thicknesses of metal and dielectric layers and its quality (conductivity, delta 
tangent) when losses are introduced. The metal geometry can be either made with the tool’s 
interface or imported from the existing layout, for example with the use of GDS or DXF 
formats. Modern EM solvers include tools with bidirectional interfaces between the layout 
environment and the EM solver itself. 

In the case of SiP simulation a good 3D description ought to be provided including wire bond 
shaping, chip heights etc. This may require a more complex interface; one of the most 
common formats for SiP description is APD (Allegro Package Designer) from Cadence [109].  

The simulation outputs are usually S-parameter files, typically stored in a Touchstone [110] 
format. If the simulation data will be used for further calculations it should be compatible 
with circuit simulators in which the whole PA is being designed. The S-parameters are a 
function of the frequency hence perfectly suited for frequency domain simulators, like 
harmonic balance. When time domain simulations are performed in SPICE-like programs, the 
broadband S-parameters have to be converted into SPICE models. A direct conversion may 
lead to huge model sizes which are difficult to handle. Model order reduction techniques [97] 
can be used in this case to realize a more compact model with the same frequency behavior. 
The resulting model is much smaller than the initial one; however it is completely unphysical 
– a passive element is build up of R-L-C components and controlled sources. This may lead to 
instabilities, which are a killing point for the design. Moreover, in the final design stage, 
Monte-Carlo analysis, which is essential for yield optimization, can not be performed as the 
elements are unphysical and the applied variations would lead to unknown results. The third 
disadvantage is the incapability of noise simulations with such models. Very often resistances 
with negative values are used, which lead to errors in the noise calculation. 

To avoid the described cases, a suggested solution is to use predefined models of high order 
for separate elements – inductors, capacitors, lines, feeders, bond-wires etc. Introducing 
special fitting routines a correct broadband response can be found. This however requires 
predefinitions of physical models appropriately suited for each device. 

Thus the S-parameters appear to be the best solution for PA design – they can inherit precise 
information not only about a single element but the whole matching network can be simulated 
(including coupling between elements). 

On the other hand, using S-parameter files in the final circuit simulation has also some 
disadvantages. Commonly with the unphysical models, the Monte-Carlo analysis can not be 
applied during yield investigation. S-parameters are also unchangeable in terms of 
temperature, process changes and changing in time phenomena.  
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5.3. State of the art design methodology 
 
A typical flowchart of a MMIC design flow [111] is shown in Figure 5.2  
 

 
 

Figure 5.2 Typical flowchart for MMIC design [111]. 
 
A PA design with the use of this design flow is possible; however an enormous difference 
between simulation and measurement may occur. A typical example of how simulation can 
differ from measurement is seen in Figure 5.3. An input power sweep has been performed 
with a fabricated PA designed using the typical methodology and compared with the 
simulation data. 
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Figure 5.3 Power Added Efficiency (PAE); comparison measurement (solid line) and 
simulation (dotted line) according to design flow shown in [111]. 

 
Through the incorrect description of the passive devices used for interstage matching circuits 
and poor transistor modeling the significant differences between simulation and measurement 
are visible, especially in terms of PAE and output power. Specifically, the simulation was 
based on: 
 

•  Inductors coming from quasi-static modeling software using Fast Henry routines [112]. 

•  Single-pi-type models for inductors [113]. 

•  Spice-Gummel-Poon models for transistors [51]. 

•  Only a periodic steady state or harmonic balance and transient simulation available; no 
linearity simulation (EVM, ACPR) was possible to obtain. 

•  None of parasitics or parasitic coupling was included – the elements were treated as 
stand-alone devices. 

 
The insufficient simulation results encouraged to make the following modifications in the PA 
design flow: 
 

•  Not all losses and parasitic capacitances are described by Fast Henry routines used for 
inductor calculations. The software is limited by the conductivity of the substrate: 
substrates with resistance lower than 1Ω/cm can not be calculated due to lacking 
models. Moreover, in modern RF SiGe technologies, the thickness of the metal is 
comparable with the planar dimensions and a planar analysis is insufficient as the 
fringing capacitance is not correctly calculated.  

 
Proposed solution: For critical RF or microwave applications a 2,5D or 3D simulation 
of passive parts is required to correctly describe losses and parasitics. 
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      (a) b) 
 

Figure 5.4 (a) State of the art approach to an inductor. b) An inductor simulated with the use 
of an EM simulator. Current crowding and skin-effect are correctly described. 

 
•  Broadband behavior is required because inductors build on highly conductive 

substrates suffer from many frequency dependent parasitics. Simple Pi-type models do 
not include this feature. 

 
Proposed solution: Inductor modeling requires models of higher order. 
 
 

(a) (b) 
 
 

Figure 5.5 (a) State of the art single-pi model of an inductor. (b) Model of high order in which 
distributed characteristics and substrate effects are modeled [66]. 
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(a) 

 

 
(b) 

 
Figure 5.6 Inductor quality factor fitting. (a) Inductor modeling with the use of a single-Pi 
model (Figure 5.5 (a)) vs. measurement. (b) Inductor modeling with the use of high order 

model (Figure 5.5 b)) vs. measurement. Graphic by [95]. 
 

•  Precise transistor behavior is obligatory for a correct PA characterization. The Spice 
Gummel Poon models do not describe the high current behavior, collector avalanche 
breakdown, base emitter tunneling, self-heating, and substrate coupling, as well as the 
parasitic substrate transistor. 

 
Proposed solution: Use HICUM or Mextram models for PA design. 

 



5. Power amplifier design methodology 

   114

 
(a) 

 
 

 
(b) 

 
Figure 5.7 Power NPN transistor models. (a) SGP model, (b) HICUM [55]. 

 
 
 

 
(a) 
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(b) 

 
Figure 5.8 Power NPN model. fT vs. lin(Ic) for Vc=0.25, 0.5, 1, 2.5 and 3 V. Red solid 
measurement, blue dotted model. (a) SGP model, (b) HICUM. [53]. Graphic by [95]. 

 
•  The layout optimization was not a part of the flow. The circuit simulator handled with 

the predefined parts. For microwave applications the layout of a chip plays the same 
role as the lumped circuitry for intermediate frequency devices. Due to changes in 
layout the overall chip performance can be severely improved. Moreover, with the use 
of EM simulators typical microwave structures (transistor feeders, transmission line 
sections or even defected ground structures) can be applied.  

 
Proposed solution: Apply layout optimization with EM tools. Simulate elements 
taking into account coupling phenomena. 
 
 

       
     (a)      (b) 

Figure 5.9 Example of layout optimization of an inductor which was strongly coupling with a 
transistor base feeder: (a) before optimization, (b) after EM optimization. Colors represent 

surface current density in [A/m] as in Figure 4.24. 
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Before After 

Figure 4.10 Base current simulations in time domain. The optimized inductor and feeder leads 
to a smoothing of the output currents. 

 
•  No information about linearity was delivered by simulator. No system simulation was 

performed. 
 
Proposed solution: For PA applications a nonlinear simulator with a feature to make 
system simulation have to be applied, as most of the phenomenon which happen in a 
PA are nonlinear and additionally digital modulation arts are used. 
 
 

 
 

Figure 5.11 Simulation of the input (green) and output (grey) spectrum of a PA with an 
applied WCDMA signal. 

 
•  No parasitic extraction can be performed if the connecting lines are not treated as 

distributed. 
 

Proposed solution: The most of passive devices should be modeled with an EM 
simulator. The more devices are taken into account the lower is the error between 
simulation and measurement. It is a consequence of the fact that all space interactions 
(coupling) between elements are considered using EM simulation. 
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5.4. Proposed PA design methodology 
 

The proposed design flow does not consist only of the CAD part, but displays all steps which 
are needed to complete a PA design. It includes technology optimization, circuit simulation, 
EM simulations and modeling. Following this approach amplifiers demonstrated in the 
Charter 6 were successfully designed.  
 

1. Specifications 
Generally before every PA project can be started a general specification should be known to 
the designer. It ought to include the following data: 
 

•  frequency band 

•  input power level 

•  output power level 

•  efficiency requirements 

•  modulation type 

•  linearity requirements 

•  ruggedness requirements 

•  supply voltage 

•  current limits 

•  noise limits 

•  temperature range 
 
Using this listed data a PA designer can start his work, however not only the circuit itself is 
the subject of design but also the technology. 
 

2. Technology optimization 
The technology is the most important issue during the PA design. It limits and is also 
responsible for many parameters. Usually it is being optimized for a special product due to 
high voltages, currents and frequencies that are needed for RF PAs.  
 

•  fT and fmax vs. operating frequency 
When the operating frequency is known the maximum cut-off frequency can be defined. As 
the role of the thumb it is assumed that fT should be at least 5-8 times higher as the operating 
frequency in order to achieve enough small signal gain and efficiency. For power applications 
also the maximum oscillation frequency fmax plays a significant role as the amplification of 
power is important. In modern SiGe technologies the maximal fT can reach 200GHz [3] but as 
known by the Johnson limit [114] the UCEO is limited in that way so an optimum for both 
values has to be found.  
 

•  Ruggedness (breakdown voltage) 
The ruggedness – the collector voltage level or the mismatch on the output (high VSWR) - 
which can be applied to a transistor before being destroyed– is one of the features which can 
be controlled by the technology optimization. The breakdown voltage of a transistor is highly 
dependent on doping concentrations and epi-thickness. This however has a negative feedback 
on fT and fmax so the transistor is getting slower and the PA less efficient. A common method 
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of judging a technology is multiplying fT with the collector-emitter breakdown voltage. The 
product (fT * UCEO) should be as high as possible [115] to achieve the best performance. This 
product also gives information if the technology optimization was successful. Usually the 
UCEO value should be chosen 30% (or more) higher as the supply voltage of the battery to 
avoid process variations in mass production. A typical procedure during the design stage is to 
create a split-lot in which the UCEO parameter is varied for every wafer. 

There are a few alternative methods of increasing the ruggedness without heavily influencing 
fT and fmax in means of technology optimization for SiGe transistors: 

- finger geometry variation – [116], [117]. 
- emitter ballasting [26], [118]. 

o helps to homogenize the unstable current distribution among various emitter 
fingers. 

o resistive emitter for an additional voltage drop in the case of high current  
o equal current distribution inside one finger – reduces pinch-in effect which is 

one of the reasons of early breakdown. 
- Lightly doped buried layers (LDBL) – an additional layer implanted in the 

collector [47]. Does not increase UCEO, however helps avoiding the destructive 
breakdown. 
 

•  Current density vs. parasitic effects 
Current density is parameter dependent on the breakdown voltage. If the current density is 
increased, the breakdown voltage is lowered [119]. However, to reach a given output power 
level with a predefined voltage the power transistor needs to carry high currents. When the 
current density is low the breakdown is high but the transistor is getting bigger and in 
consequence the parasitic effects increase in this way reducing the high frequency 
performance. 
 

•  Switching capability 
In order to realize PA in higher classes (D, E, F – class) for an efficiency enhancement, there 
is a need to make the transistor operate like a switch. Generally, bipolar SiGe technologies are 
not well suited for these applications. 
 

•  Grounding vs. operating frequency 
In many technologies the ground connection is realized by ground bonds. As the bonds are 
mainly inductive they represent high impedance for high frequencies. When applied to the 
transistors emitter, for single ended designs, they cause so called “emitter degradation” – 
reduction of gain due to the negative feedback. A way to reduce the impedance is connecting 
many bonds in parallel – this however is surface inefficient [15]. A structure called sinker, 
known from the GaAs technologies and MOSFET applications [120], can be used to realize 
this connection in SiGe [16]. It requires wolfram connectors to the backside of the chip or a 
very conductive substrate, which can cause some additional losses for passive components. 
When a backside metallization is applied a low impedance ground connection can be 
established. 

An alternative method is the use of a flip-chip [121]. The ground connection to the PCB is 
realized in this case with many low inductive bulbs. This however makes the heat spreading 
more difficult as the chip has no large heat-sink under the active area. 
 

•  Integrated passives and the SiGe technology 
The passives are also an important part of the technology and can not be ignored during 
technology definition. For example highly conductive substrates used for sinkers have an 
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enormous impact on the inductor parameters, parasitics and coupling between elements [43], 
[122], [123]. While optimizing a technology one should be aware of the consequences for 
passives which can lead to parameters that can not later be improved.  
Inductors should have the highest possible quality factors to introduce low losses in matching 
circuits and also to reduce noise. The series resistance can be reduced in means of a very thick 
metallization. Highly conductive metals, like copper, can improve the conductive losses, but 
design rules might worsen in means of minimal distances between metal parts. 
Capacitors should also have high Q-factors but simultaneously the nominal capacitance per 
square should be high to save die area. This is usually reached choosing dielectrics of high 
permeability (εr) and low losses (tanδ). An additional issue is the capacitor reliability – the 
voltage rating when used under high voltage stress. 
 

3. Differential, balanced or single ended? 
All topologies mentioned in Chapter 2 have advantages and disadvantages. What can not be 
forgotten is that not every topology can be efficiently realized in every silicon technology. For 
example the push-pull approach is suitable when no good ground connection is given by the 
technology – a virtual ground is used. On the other hand, it requires baluns which can 
introduce losses when used over conductive substrates.  
The 3dB - 90 degree couplers used for a balance realization are difficult to be integrated – 
therefore such solution is not often used in PAs for mobile applications. 
The single-ended PA is today most commonly used topology. A low-impedance ground 
connection is needed, but baluns or hybrid couplers are not required. On the other hand, losses 
of the output matching play a significant role in the overall performance. 
 

4. Class of operation 
The classes described in Chapter 2 are also not an easy choice for the designer. In usual SiGe 
bipolar technologies the highly efficient classes are not realizable due to the lack of proper 
switching capabilities. In this case the driver stage would have to produce a large power 
swing in order to make the power stage work like a switch. However, this approach should be 
continued if the technology is feasible for such operation, as shown in [20]. The operating 
class strongly depends on the assumed topology. For differential PAs the B class is the natural 
one. For the single-ended designs the optimum, concerning efficiency and linearity, lies 
somewhere in-between the A class and the B class – so called AB class. 
Meanwhile, the choice of the operation class is no longer a very important issue, as during the 
circuit optimization the biasing conditions are changed in order to achieve the desired overall 
parameters. This however is only possible, when very accurate non linear models are used for 
transistor modeling. 
 

5. Number of stages 
The quantity of stages in a PA is mostly dependant on the gain each stage has with the respect 
to the system requirements. A budget calculation is the starting point in all PA designs- on 
terms of gain, noise, OP1dB and IP3 [124]. 

While designing PAs for multiple systems or standards a gain variation has to be considered. 
VGAs (Variable Gain Amplifiers) can be integrated in the first amplification stage or 
bypassing stages might be taken into consideration. 
 

6. Biasing 
When the number of stages, class of operation, topology and technology are predefined a 
biasing scheme has to be chosen. Each of the amplifying stages must be stably biased for the 
chosen conduction and the current must remain constant, despite the varying envelope of the 
input signal. For small signal amplifiers a conventional resistive biasing can be applied. For 
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PAs low impedance and relatively high current, voltage sources, are required. Hence 
techniques described in [6] should be used: 
 

•  Diode biasing with temperature compensation (same temperature for the transistor and 
the diode), 

•  Amplified diode biasing, 

•  Low source-impedance biasing. 
 

7. Layout definition 
After defining basic technological and topological issues (points 1-6 in the design flow) 
layout preparation must be performed.  
 

•  Ratio of integration  
As semiconductor technology is shrinking, so do the PAs. However not all parts can always 
be efficiently integrated on chip. A wish of all is a PA with a 50Ω input and a 50Ω output – 
everything placed in one chip. The SiGe processes, comparing to III-V semiconductors, give a 
good possibility to integrate interstage matching networks on chip. Also transformers (or 
baluns) can be easily realized on silicon; with a precaution that the substrate does not have 
high conductivity what implies losses [17]. A completely integrated output matching network 
however, can not always benefit when it is introducing losses. Low Q-factors of inductors can 
drastically reduce output power and efficiency. In this case, the output matching circuitry has 
to be realized on the PCB as the transmission lines and SMD components offering much 
higher Qs than the on-chip integrated components.  
An alternative way is to integrate the output matching on an additional low-loss material. 
Currently materials like Low Temperature Cofired Ceramic (LTCC) [125] or organic 
laminates are used. This technique enables also a step beyond to the System on Chip (SoC) or 
System in Package (SiP) integration. 
 

•  Die size 
Generally the chip size has to be as small as possible, when thinking of mass production as 
the wafer area is then divided by the area of the single die. If the integration ratio is known, 
the technology delivers information about the number of transistors and their size the die size 
and the floor-plan can be optimized. Some general remarks however can be made: 
 

•  coupling between inductors should be avoided – leaving space in-between is 
necessary especially if the substrate is highly conductive; 

•  a large area should be left for ground bonds when the design is single-ended and 
does not have a sinker; 

•  the RF input and output should be located as far as possible to avoid parasitic 
coupling which can lead to oscillations; 

•  when designing multi-path amplifiers the isolation between the paths should be 
considered. Parasitic coupling on chip or between bondwires can produce 
unwanted leakages (crosstalk). Harmonics and spurious should also be taken into 
account; 

•  biasing and controlling circuit area should not be neglected; 

•  enough area ought to be left for interstage or output matching circuits. 
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8. Modeling 
Correct models describing all system components are necessary to determine before starting 
designing with numerous simulators described in the beginning of this chapter. The models 
are based on on-wafer measurements or EM simulations in the case of inductors and 
capacitors. Using complicated routines the models are fitted to the measurement or simulation 
results. The models represent the main input data for CAD programs in final design stage. 
 

•  Transistor modeling 
HICUM [55], [126], [127] Mextram [128], Vertical Bipolar Intercompany Model (VBIC) 
[129], [130], Spice Gummel-Poon (SGP) [51] are names for modes recently used for power 
transistor modeling. Advantages, disadvantages, differences can be found in [52]. Generally 
not all models inherit every phenomenon, like breakdown effects or temperature behavior, but 
HICUM and Mextram are well suited for PA applications in SiGe. An overview of currently 
used transistor models can be found in Table 5.5. 
 

Table 5.5 Transistor models according to [131]. 
Model name SGP VIBIC HICUM Mextram 

SiGe HBT modeling –– + ++ ++ 
Quasi-saturation –– + ++ ++ 

fT modeling –– + +++ ++ 
Substrate modeling –– + + + 

Self heating –– + + –– 
Breakdown –– + + –– 

Parasitic PNP –– + –– –/+ 
No. of internal nodes 3 7 4 5 

No. of parameters 35 80+ 90+ 67 
 
In addition, in the case of designing PAs operating in saturation, there exists an immense need 
for a correct transistor description in the saturation region. It allows determining correct PAE 
values in this region. Hence the need for advance models (like HICUM, Mextram) precisely 
describing this behavior. 
 

•  Load-pull simulations or measurement 
Applying load-pull on wafer measurements to power transistors is a good way for model 
verification. This procedure requires however additional large power test cells in the given 
technology to find optimal loads or source conditions. Methods of passive and active load-
pull are well described in [132]. The nonlinear power transistor model can also be simulated 
under varying load or source conditions. This simulation indicates the impedances which later 
on have to be presented to the transistor in order to reach the given performance, however 
requires high-quality transistor modeling.  

 
•  Inductor modeling 

For fully integrated SiGe PA applications the inductor modeling is almost as important as the 
transistor modeling. In this PA design flow, there exists no need for an additional pre-
characterization of inductors before the CAD design stage in inductor libraries. Inductors 
precisely fulfilling layout and circuit requirements can be simulated during all phases of the 
flow. It is even possible to optimize linearity with a system simulation according to the layout 
and parameters of the inductor. An iterative procedure can in this way lead to significantly 
better PA performance. An automated design flow for integrated inductors is shown in [73] 
and Appendix B. It displays an inductor-on-demand procedure not limited to libraries and 
having in account all parasitic connections. The coils are simulated with the use of an EM-
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simulator and if there is a need, modeled with high order inductor models. The inductor 
design and its parameters are part of the matching structures described in detail in Chapter 4. 
For inductors of minor importance (biasing or choking inductors) a fast model solver can be 
used for a quick, however not very precise, approximation. 
 

•  Capacitor and resistor modeling. 
The integrated capacitor (MIM-cap, MIS-cap), as well as the inductor, can be modeled by EM 
simulations. It has been shown that capacitors do not suffer from so many parasitics, in the 
comparison to integrated inductors. The parasitics and the RF behavior of integrated 
capacitors are shown in [75]. Additionally, capacitors currently realized have very high Q-
factors, in the range between 100 and 1000, and simple scalable models can be used during 
the design stage.  

Resistors are not used for matching circuits (due to losses they introduce in PAs) and so do 
not require very precise modeling. Important issues are: tolerances, parasitic capacitance and 
current rating. Equivalent networks can be found in [64]. 
 

9. Circuit design with the use of CAD tools. 
The design procedure with CAD tools, listed in the beginning of this chapter, can start if the 
technology is settled and all models are updated. This information is essential for further steps. 
In this part the CAD design methodology will be shown for designing a SiGe single-ended 
PA with a technology which is enabling good passive integration.  
 
Preparation: 
 

 A power, linearity and noise budget along the amplifier stages is required [124]. 

 The amplifier structure and matching network topology needs to be defined.  

 Simulations listed in the beginning of the chapter have to be available. 

 Models of transistors and the predefined cell layout need to be known. 

 The accurate dielectric and metal layer stack must be prepared for EM simulation. 

 
Steps of the CAD part: 
 

 According to required output power calculate the power transistor area. Consider the 
transistor layout, maximal current density, parasitics and the chip size. Select model 
for the power transistor and adjust area (usually done with a scaling factor). 

 Perform DC simulation and find the assumed bias point on the I/V characteristics and 
recognize the static breakdown behavior. 

 Perform load-pull simulation [133], [86] or use formula to get the optimum output 
impedance for the desirable output power. Load-pull measurement data can be used if 
PA cells have already been realized and measured on-wafer. For SiGe bipolar 
transistors apply a low impedance on the base, to reach better convergence with the 
eventual network. 

 Design an ideal matching network for the output power match. Take into account the 
realization feasibility (technologically realizable values, packaging – bond wires etc.).  

 Design biasing network for the end-stage. 
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 Simulate and optimize the input impedance of the power transistor under the proper 
output conditions and applied input power. 

 Perform input power sweeps vs. output power simulation. Observe the OP1dB point, 
intermodulation products etc. Optimize the output and input matching network to 
reach the required power parameters. 

 Exchange the ideal passive elements into S-parameter files or models of real elements 
simulated with an EM solver. Use an inductor design flow [73] for a correct 
description of inductors. 

 Consider transistor feeding structures, breakdown behavior, electromigration issues 
and supply symmetry. Simulate time domain current behavior at the power transistor 
base and collector. 

 Optimize the circuit with all previously mentioned parameters – include EM 
simulation of the feeding structures and output matching network.  

 According the budget calculate the power and gain needed for driver or drivers if more 
gain is required. Adjust the emitter areas of the driver(s) to reach the needed gain and 
power. 

 Perform DC simulation and find the proper bias point for the driver(s). 

 Design biasing network for the driver(s). 

 Simulate the input and output impedances of the driver(s). 

 Design lossless interstage matching networks to transform the impedances: input, 
between the drivers, between the driver and the power stage as shown in Figure 5.12. 

 

 
Figure 5.12 Example of 3-stage PA with interstage matching networks and output matching. 
 

 Place inductors, capacitors and lines according to the floor-plan and the general 
remarks given in the section “Die size”.  

 Replace ideal matching networks with real ones (with the appropriate model or S-
parameter file) having in mind the layout. For inductors the inductor design flow 
shown in Appendix B and [73] can be applied. 

 Use EM-simulators to calculate transmission lines, feeders and coupled structures. If 
possible use S-parameter files for a precise description. 

 In the EM-simulation include whole matching structures in order to describe all 
parasitic phenomena. In finger-like structures of the transistors take into account 
parasitic capacitances not described by the inner transistor model. 

 If the output matching is not integrated on chip try simulating the PCB with all 
parasitics and SMD components. 

 Compose the whole PA. 
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Optimize your circuit to reach the specified objective with the following variables: 
 

 Transistor areas (drivers and final stage) 

 Input and output impedance of each stage after each change of the transistor area 

 Interstage and output matching including:  

Matching topology (including layout and floor plan) 

Capacitor values 

Inductor value and layout surroundings 

 Power transistor feeder 

 Bias conditions of each stage 

 Input and output matching (element values, positioning etc.) 

 
During optimization run following simulations: 
 

 DC annotation for the correct biasing points. 

 AC simulation for frequency response and stability check of each stage. 

 S-parameter simulation for small signal gain, input match, and stability control. 

 PSS or HB simulation to calculate output power, efficiency, harmonic level and large 
signal current consumption. 

 LSSP for large signal input/output impedances of transistors. 

 Perform linearity simulations and system co-simulations (AM/AM, AM/PM 
conversion, EVM, ACPR) vs. the input power, supply voltage etc. 

 Use fast model solvers for biasing inductors. 

 EM simulators for inductors, transistor feeder and transformation lines and whole 
matching networks. 

 Optimize the feeder and output matching network for breakdown and high current 
effects if the transistor model describes such.  

 
Use the following interfaces between simulators: 
 

 Touchstone S-parameter files for description of passive components. Include the 0Hz 
point for correct biasing. 

 Model passive components with high order models in the case of PSS simulations to 
reach convergence. 

 GDS, DXF or equivalent files for converting layout data into the geometry data 
introduced to the field solver. 

 
During the simulations consider all PA parameters listed in the Chapter 2, and try to fulfill the 
requirements listed in the specifications. If not all losses are included in the simulations, try 
obtaining better results as required. 
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Check the layout and schematic: 
 

 Layout Versus Schematic (LVS) should always be performed – to keep the schematic 
and layout updated. 

 Design Rule Check (DRC) – the layout has to be verified. 
 
In the final part perform a back-annotation of all possible parasitics. If the results of the 
simulation do not fulfill the requirements iteratively repeat the optimization steps. 
 
The design flow is completed as all simulation results fulfill the assumed specifications for 
the PA.  
 
A general overview of the design flow is presented in Figure 5.13.  
 

 
 

Figure 5.13 Proposed design flow overview. 
 
All in all, the correct design methodology should be reviewed by the final product 
characteristics compared to the simulations results. Figures 5.14 and 5.15 display the 
achievements of the newly proposed methodology: the difference between the simulation 
results and measured characteristics is marginal. The mostly visible errors appear in the 
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saturation region, where the transistor dynamic parameters play the major role within the 
simulation. 
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Figure 5.14 Output power vs. input power. Comparison of simulation and measurement of 

2GHz UMTS PA [134], VCC=3.3V, f=2.1GHz. 
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Figure 5.15 Power added efficiency. Comparison of simulation and measurement of 2GHz 

UMTS PA [134], VCC=3.3V, f=2.1GHz. 
 
 
 

5.5. Conclusions 
 
A complete design flow for integrated PA in SiGe has been shown in this section. It consists 
of the following innovative steps: 
 

•  A 2.5D or 3D field simulation of passives is included in the flow. 

•  System simulation (for example EVM) is possible with data coming from EM-field 
solvers.  

•  Iterative layout optimization for a complete system simulation or ruggedness 
optimization is possible. 

•  An inductor design flow can be incorporated in the overall PA flow. Inductors on 
demand can be designed. 
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•  Parasitic extraction not needed – included in the design. 

•  Advantage of novel structures typical for microwave designs can be made - the EM 
simulation enables additional innovations to be integrated on chip. New challenges in 
integrated circuit design have been opened in this way. 

 
The proposed design flow will be applied to design integrated PAs for mobile terminals in 
Chapter 6. The successfully designed PAs will be presented with some innovations which 
were only possible due to the design flow which enables the use of EM-simulators during the 
design stage. This proves the necessity of using this methodology in modern PA design 
procedures. 
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6. SiGe power amplifiers for mobile terminal 
applications 

 
In this chapter the three integrated PA realizations for mobile radio terminals will be 
demonstrated which are the result of the previously shown design methodology, technology 
and innovations.  

In detail, the design of these realizations was based on the methodology explained in the 
previous Chapter 5. The technology in which the circuits are built is the subject of Chapter 3. 
The matching networks used for interstage matching were the topic of part 4 and the way in 
which inductors are designed is presented in Appendix B. 

Finally, the meaning of the displayed measurement results have been explained in Chapter 2, 
devoted to the main PA characteristics. 
The results of final measurements of PAs designed to the following system standards will be 
demonstrated: 

•  Wireless LAN, IEEE 802.11a/b/g 

•  UMTS, WCDMA applications 

•  GSM, GMSK modulation 
 
The realized PA applications confirm the formulated thesis proposal in which the usefulness 
of EM simulation in PA design has been claimed. Additionally the previously described 
circuit innovations are practically introduced.  

 
 

6.1. Dual band WLAN Power Amplifier 
 
The WLAN communication system is dedicated for short range high speed digital 
communication. The frequency bands are mainly located in the IMS channels and differ in 
Europe, USA and Japan. Generally one can define two operation bands for the WLAN system: 

•  The low band: 2.4 – 2.5GHz 

•  The high band: 5.15 – 5.925GHz 
 

The most challenging parameter for the PA working in this system is the high linearity 
requirement simultaneously with low current consumption. Linearity is required as high data 
rates are encoded in the amplitude and phase of the transmitting signal (64-QAM modulation) 
– the PA cannot interfere those parameters. On the other hand one is not able to polarize the 
PA in a linear state (i.e. A-class) as the supply current is limited in a PCMCIA card where 
such PAs are usually used. No output mismatch conditions are specified and the PA should 
operate at a constant voltage of 3.3V. For a complete specification refer to [135]. 
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6.1.1. PA circuit design 
 
The designed and manufactured dual-band PA has been fully presented in [38]. Figure 6.1 
shows the simplified circuit diagram of the PA. It consists of three major parts: 

•  3-stage 2.45 GHz PA for IEEE 802.11b/g 

•  3-stage 5.25 GHz PA for IEEE 802.11a 

•  Control block 
 

Both PA circuits have a single-ended topology and rely on the extensive usage of the ground 
contact (sinker) of the applied SiGe-bipolar technology B7HF 70, described in Chapter 3. 
Figure 6.2 presents the photography of the realized IC and distinguishes the most important 
on-chip parts. 
 
 

 
 
 

Figure 6.1 Simplified circuit diagram of the dual-band WLAN PA. 
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Figure 6.2 Photography of the dual-band PA. Left the high band, right the low band and he 
control block is placed in-between. 

 
Circuit description, low band 
The first stage input matching of the PA is constructed out of an external SMD capacitor, 
which can be used for input matching corrections. The on-board input matching network is 
connected through a bond wire with an on-chip Pi-type L-C-L matching network, where the 
capacitor plays the role of the DC block and the first shunt inductor can be used for ground 
connection check of the package.  

The first transistor T1 has an effective emitter area of 126µm2 and operates in class-A mode. 
To prevent a low frequency oscillation, a biasing inductance was designed to shunt parasitic 
oscillations. At the emitter, additionally to the low impedance sinker a resistor is used for a 
controlled feedback, as the overall small signal gain should not exceed 32dB. Shunting the 
resistor will lead to small signal gain values reaching up to 38dB and instability issues. An 
additional benefit of this circuit is the reduced deviation of the input impedance vs. the input 
power.  

The second stage consists of the transistor T2 with an effective emitter area of 336µm2. It is 
T-network matched to T1 using a series inductance on the base of T2 and a shunt capacitor 
directly attached to a large ground contact. This type of matching was selected, as it 
represents a low-pass filter and the MIM capacitors can be placed directly above the ground 
contacts with a lot of vias, improving the capacitors Q-factors by the reduction of the series 
resistance. Hence, no additional parasitics on the capacitor ground are found, making the 
matching design more accurate.  

The greatest design effort was required for matching between the second and third stage. To 
achieve the desired output power, the third stage transistor T3 has a large emitter area of 
2184µm2 and thus an extremely low base impedance. Furthermore, the biasing of T2 and the 
output transistor T3 is realized using resistors instead of inductances for feeding the bias 
current, as no mismatch due to the inductor parasitics occurs and the chip is kept smaller.  

The output match has to be realized as optimally as possible to achieve the maximum linearity 
in the given bandwidth. Four bondwires were used to keep the output connection inductance 
to the VQFN-24 package low. The output matching was realized externally using SMD 
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capacitors and grounded coplanar lines. Load-pull tuning using a harmonic load-pull tuner 
was done to obtain the optimum matching to achieve a high PAE as well as linearity 
considerations. The required output matching network was synthesized out of the load-pull 
data and realized using microstrip transmission lines and high-Q capacitors. The output match 
consists of the connection inductance, two transmission line sections and two shunt capacitors. 
A λ/4-wave line is used directly at package output for the supply voltage feeding and the 
second order harmonic block. Figure 6.3 shows partially the output and input matching 
network as well as the chip package. 
 
Circuit description, high band 
The 5-6 GHz section of the PA uses input matching similar to the low band PA. The first 
stage is matched to the input using a shunt inductance and the input DC-block capacitor. 
However, unlike the low band section, the bias current is supplied using a resistor. As much 
as possible gain was required thus no resistor was used at the emitter contact. The effective 
emitter area of the first stage transistor is 90µm2. This first stage is matched to the second 
amplifier stage using a T-network consisting of two capacitors and a series inductor. The 
second stage effective emitter area is 225µm2. While the other stages are biased using a 
resistor, the bias connection for the second stage was realized using a small inductor to 
prevent parasitic oscillations, just as in the first stage of the low band section. The output 
stage transistor effective emitter area is 900µm2. Again, the large transistor has a very low 
input impedance, and a matching network with a highest possible quality factor is necessary. 
As the required inductance was very low (about 200pH), the inductance between output 
transistor and second stage was replaced by a high Q microstrip transmission line. This is 
achieved using the additional capacitance to ground as part of the matching network. The 
transmission line design and optimization was precisely shown in Chapter 4. In order to 
perform a correct impedance transformation, a series and shunt capacitor have been 
additionally used. The output matching of the high band PA was constructed of package-
intern bondwires, transmission lines and two (series/shunt) high Q capacitors. 
 
Control block 
Both RF PA sections are biased by a control block. The biasing itself was realized using 
current mirrors, with the current mirror transistor being placed directly next to the output 
transistor to achieve similar temperature levels. Using several current mirror circuits with 
different current mirror factors, the biasing is fixed by only one external resistor using a 
bandgap circuit as a voltage reference. In addition, the control block features an integrated 
power detector (using a diode), a power-control and a power-down function by reducing the 
bias currents. A band-select function allows fast switching between both PA sections to 
change between IEEE 802.11a and 802.11b/g. 
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Figure 6.3 Measurement board for the WLAN PA. 
 

6.1.2. Measurement results 
 
Figure 6.3 shows the power amplifier test-board used for the measurement setup. The 
substrate material is FR4 and the 1/4 λ transformers are located on the backside of the PCB. 
The chip shown in Figure 6.2 is packaged into a VQFN-24 housing.  
 
Low band PA experimental results 
Figures 6.4 and 6.5 show the measured transfer characteristic for a supply voltage of 3.3V, the 
typical supply voltage for PCMCIA cards. The power control voltage was set for maximum 
output power. The measurement curve shows a small signal gain of 31dB. The input 1dB 
compression point IP1dB is –2dBm and corresponds to an output power level OP1dB of 28dBm. 
The PAE for the 1dB compression is 40% and goes up to 42.8% for the saturated output 
power of 29dBm. The small difference between saturation and compression is a result of 
having the design tuned for maximum linearity. The PAE power transfer curve shows a rise 
quite early for low output power levels, being advantageous for low power operation. Figure 
6.5 shows the corresponding current and small signal gain vs. input power. A quiescent 
current of only 107mA is achieved.  

Considering the frequency tuning of the internal and external matching circuit, a frequency 
sweep is done in Figure 6.6. Operated at 3.3V and for an input power of –6.4dBm (for linear 
operation), it shows a slightly tuned behavior with a deviation of 50MHz for the maximum, 
but the resulting output power and efficiency are still in the specified range. As linearity is a 
big issue for WLAN, an EVM measurement was performed. Figure 6.7 shows the EVM vs. 
average output power of a 64-QAM signal (54Mbit/s). For a maximum EVM of 4% the 
respective average output power is about 19.6dBm. The corresponding spectral mask is found 
in Figure 6.8. It shows high margins to the standard specifications. The most common mode is 
Complementary Code Keying (CCK) for IEEE 802.11b. The measured spectral mask for an 
average output power of 18.6 dBm is found in Figure 6.9. It is only limited by an upper side-
lobe in the spectral mask.  
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Figure 6.4 Output power and PAE measurement result. 
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Figure 6.5 Gain and current consumption measurement results. 
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Figure 6.6 Output power and PAE vs. frequency. 
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Figure 6.7 EVM vs. average output power. 
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Figure 6.8 Output spectrum with OFDM modulation at 19.6dBm output power. 
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Figure 6.9 Output spectrum with the CCK modulation at 18.6dBm output power. 
 
Summarizing the important and specific results obtained for the WLAN system: the low band 
PA reaches linear output power of 18.6dBm (CCK modulation – mask limit reached) or 
19.6dBm (OFDM modulation – EVM limit reached) with a current consumption of 240mA at 
these points.  



6. SiGe power amplifiers for mobile terminal applications 

 136

High band PA experimental results 
Figure 6.10 shows the measured power transfer characteristic for the high band section. The 
maximum output power is 25.9dBm at 3.3V supply voltage and frequency of 5.25GHz. The 
maximum PAE is 30%. The OP1dB is 23.8dBm with a PAE of 24%. Figure 6.11 shows the 
corresponding current consumption vs. input power additionally to the small signal gain curve. 
The quiescent current is 180mA and the small signal gain 27dB. Figure 6.12 shows the 
frequency response for linear operation using an input power of –2.5dBm. It shows a small 
deviation from the center frequency. For the IEEE 802.11a standard the linearity was 
measured using a 64-QAM 54 MBit/s input signal. The EVM vs. average output power is 
shown in Figure 6.13. For a maximum EVM of 3%, the maximum average output power is 
about 17dBm. The corresponding spectral mask is shown in Figure 6.14 for several average 
output power levels. High margins are found, so that the specifications is met for up to 
22dBm. Hence, for lower data rates, much higher output power can be adjusted.  

 
 

 
Figure 6.10 Output power and PAE measurement result. 
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Figure 6.11 Gain and current consumption measurement results. 
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Figure 6.12 Output power and PAE vs. frequency. 
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Figure 6.13 EVM vs. average output power. The EVM limit for the PA is defined by 3%. 
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Figure 6.14 Output power spectrum for several output power levels. 



6. SiGe power amplifiers for mobile terminal applications 

 138

Summarizing the most important and specific results obtained for the WLAN system: the high 
band PA reaches linear output power of 17dBm (EVM limit reached) with a current 
consumption of 210mA at this point.  

The PA key performance parameters for both bands are collected in Table 6.1. 
 
     Table 6.1 Dual band WLAN PA performance. 

Frequency section Low Band High Band 
Small-signal gain 31dB 26dB 
Supply voltage 3.3V 3.3V 

Maximum output power 29dBm 25.9 dBm 
Power-added efficiency 42.8% 30% 

Output 1 dB compression point (OP1dB) 27dBm 23.8dBm 
Power-added efficiency @ OP1dB 40% 24% 

Maximal linear output power (fulfilling 
all criteria) 

18.6dBm 17dBm 

Current consumption at maximal linear 
output power 

240mA 210mA 

 
 

6.2. UMTS power amplifier 
 
The UMTS communication system, or the third generation of mobile systems, is designed to 
offer high speed wireless data exchange as well as classical telephony. For the European 
region the operation frequency is defined between 1920 and 1980 MHz. 

The challenge in the design of the PA for the WCDMA system is the high linearity 
requirement (ACPR better than -36dBc by 27dBm output power) as well as the simultaneous 
requirement for high PAE; also at low output power levels. The first necessity is driven by the 
nature of the Quadrature Phase Shift Keying (QPSK) modulation used in the WCDMA. 
Secondly, the PA is operating not in the saturation region, but with a large back-off where 
usually low PAE values are reached. 

The PA typically is used with an isolator configuration on the output to prevent from 
mismatches of the antenna. Therefore the issues of breakdown and linearity degradation due 
to a mismatched antenna will not be considered. Detailed information about the required 
specifications can be found under [10]. 

 
6.2.1. Circuit description 

 
Figure 6.15 shows the simplified circuit diagram of the three-stage single-ended PA design 
using two on-chip interstage matching networks. The circuit topology is almost identical with 
the one described in the low band WLAN PA. 

The presented here PA has also been manufactured with the Infineon B7HF 70 bipolar 
technology described in the Chapter 3 and operates at 3.3V supply voltage. 

The input stage consists of an input matching network using an on-chip shunt inductance and 
only one external shunt capacitor. The DC-block is integrated on the chip. The first transistor 
has an effective emitter area of 126µm2 and is designed to operate in class-A mode to reach 
high gain and low nonlinearities. Using a T-match, the input stage feeds the second one 
operated in class-A as well. Its effective emitter area is 336µm2. The most critical matching in 
the design is found between T2 and T3 as the input impedance of T3 is very low. This implies 
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the usage of an inductor with a maximum of its quality factor at the operating frequency. For 
this reason, an octangular single-winded inductor was used (see Figure 6.16). Finally, the 
output stage T3 with an effective emitter area of 2184µm2 is matched externally and operates 
in class-AB mode. All transistors use a triple base connection, to keep the transistor base 
resistance as low as possible. 
 
 

 
 

Figure 6.15 Simplified circuit diagram. 
 
As the output match was realized externally, four bondwires were used to keep the connection 
inductance low. Load-pull tuning using a manual harmonic load-pull tuner was done to obtain 
the optimum matching to achieve a high PAE as well as linearity considerations. The required 
output matching network was synthesized out of the load-pull data and realized using 
microstrip transmission lines and high-Q capacitors. The output match consists of the 
connection inductance, a short transmission line section and a shunt capacitor. A λ/4 
transformer is used at this position for the supply voltage feeding and the second order 
harmonic block.  

All circuit stages are biased with a current mirror circuit using a resistor connected to the 
transistor base. The current mirror transistor is placed directly next to the output transistor to 
achieve similar temperature level. The current mirrors are controlled by the bias circuitry 
enabling features like power-down as well as the output power reduction facility. 

The manufactured chip can be seen in Figure 6.16. The RF-section requires a die area of only 
1 x 1.3mm2. The absence of ground-bonds can be seen as well. 
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Figure 6.16 Chip photography of the 2GHz UMTS PA. 
 

6.2.2. Experimental results 
 
Figure 6.17 shows the application board, build on an FR4 substrate used for the amplifier 
measurement setup. External input and output matching networks have been build and 
optimized to get the desired performance with use of transmission line sections and high-Q 
capacitors. The λ/4 transmission line is not visible in the Figure 6.17 due to its placement on 
the backside of the measurement board. 
 

 
 

Figure 6.17 Measurement board photography. The chip was packed in a VQFN 20 package. 
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The chip has been placed into a VQFN 20 package with a heat sink underneath. To ensure 
proper heat dissipation, the PCB features several solder filled via contacts.  
The output power and PAE transfer characteristics are plotted in the Figure 6.18. One can 
observe that the output power curve is very linear and the PA goes quickly into saturation 
after the required output power is reached. Moreover a high level of PAE is reached before 
the PA gets into saturation. 
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Figure 6.18 Measurement results: output power and PAE at VCC=3.3V and f=2.1GHz. 

 
The transfer characteristics representing gain and the supply current are plotted in the Figure 
6.19. Again, the linear behavior can be observed by the flatness of the gain curve and the low 
current supply sustains the earlier graph where high PAE could be seen. 
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Figure 6.19 Measurement results: gain and supply current at VCC=3.3V and f=2.1GHz. 

 
Additional experiments have been performed to monitor the influence of the supply voltage 
on the output power and linearity behavior as the battery voltage in mobile terminals may 
drop. Figure 6.20 displays the results of this variation on the output power transfer 
characteristics. The PA remains linear throughout the small signal region as only the gain is 
lowered. In the worst case by VCC=2.4V the OP1dB compression point remains is the same 
small distance from the compression level. 
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Figure 6.20 Power transfer characteristic for varied supply voltage at f=2.1GHz. 

 
Another interesting point is the frequency response as it shows mistuning of the amplifier. 
Figure 6.21 illustrates the measured frequency response for an input power of -3dBm 
corresponding to the OP1dB. The amplifier center frequency is slightly shifted and the 
maximum output power is reached at 2.15 GHz.  
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Figure 6.21 Measured frequency response for Pin = -3dBm and VCC= 3.3V and Iq= 90mA. 

 
As the PA was designed for WCDMA mobile handsets, linearity is an especially important 
parameter. For the measurement setup the PA was fed with a WCDMA test signal and the 
output signal was observed using a Vector Signal Analyzer. The output spectrum under 
WCDMA conditions is presented in Figure 6.22. The Adjacent Channel Power Ratio (ACPR) 
level of -36dBc for the first channel (+/-5MHz offset) is reached for the output power of 
26dBm with an efficiency of 34%. The ACPR levels of the first and the second channel “n+1” 
(+/-10MHz offset) vs. output power are shown in Figure 6.23. The second channel reaches the 
limiting ACPR linearity of -46dBc at the output power of 26dBm. 
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Figure 6.22 Output spectrum under WCDMA conditions, for VCC= 3.3V and Iq= 90mA. 
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Figure 6.23 ACPR level for the first and second channel vs. output power for VCC= 3.3V, 

f=2.1GHz and Iq= 90mA 
 

Another often found linearity characterization of the power amplifier is the Error Vector 
Magnitude. Figure 6.24 shows the measured EVM characteristics vs. the output power. The 
EVM remains under 4% up to the output power of 28dBm, where also the OP1dB point is 
located.  
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Figure 6.24 Error Vector Magnitude measurement under WCDMA conditions for VCC=3.3V, 

f=2.1GHz and Iq= 90mA. 
 
Finally, the UMTS PA key performance parameters are summarized in Table 6.2. 
 

Table 6.2 UMTS PA key performance. 
Parameter Value 

Small-signal gain 32dB 
Supply voltage 3.3V 

Maximum output power 29.5dBm 
Frequency 2.1GHz 

Maximal PAE 52% 
Output 1 dB compression point (OP1dB) 28dBm 

PAE @ OP1dB 40% 
Maximal linear output power (fulfilling all criteria) 26dBm 

PAE @ maximal linear output power 34% 
Current consumption at maximal linear output power 400mA 

 
 

6.3. GSM power amplifier 
 
The GSM PA is built in the B7 HF HV technology displayed in the Chapter 3 and it is an 
evaluation of the technology used in the two previous PAs designs. In this case the challenge 
was to construct a PA in silicon germanium with performance parameters as PAs built in the 
III-V technologies. Especially, the case of the following issues was the subject of 
investigation: 
 

•  Required up to 4W output power at VCC=3.5V what implies very high currents.  

•  Robustness – the ability to withstand high collector voltages and output VSWR up to 
6:1. 

•  High efficiency requirements (PAE>50%) 

•  Noise requirements 20MHz from the carrier 
 

These parameters can be optimized by means of EM simulation of matching circuits during 
the design stage, as shown in the Chapter 4.  
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The power transistor optimization and technology optimization regarding robustness was 
explained in the Chapter 3. Additionally, the robustness investigation is documented in [29].  

The design covers all GSM bands, thus can be called quad-band – the specific requirements 
can be found in [136].  
The GMSK modulation used in the GSM system (the data is embedded in the signals phase) 
does not require linearity performance as it was requisite in the two previous designs. Hence 
the PA can be operated in saturation, without back-off, where the efficiency is maximal.  
 

6.3.1. Circuit description 
 
The quad band PA is a two-path 3-stage design with fully integrated interstage matching 
network and a bias block as schematically shown in the circuit diagram in Figure 6.25. The 
stage covering the frequency band from 824MHz to 915MHz will be called low band and the 
1710MHz to 1910MHz high band. 
 

 
 

Figure 6.25 Dual path GSM PA schematic. 
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The floor plan of the amplifier is planned in the way that the coupling between the bands 
would be minimized. Extreme coupling usually takes place as high currents flow through 
bondwires on the output of the PA. Thus the outputs are located on separate sides of the chip. 
Moreover the routing of the lines which transmit HF signals was optimized to minimize the 
parasitic coupling between the bands. 
 
Low band circuit design 
The low band of the GSM PA is constructed out of 3 amplifying stages. The emitter sizes are 
1000µm², 2100µm² and 6384µm² for the first second and third stage respectively. All stages 
are biased with the use of inductors, as the circuit has high gain and parasitic oscillations 
should be avoided. The previously used resistors (WLAN PA, UMTS PA) introduce high 
noise which is one of the critical parameters for the GSM PA. 

The input matching circuit is integrated on-chip and includes a DC block however requires 
one capacitor on the board level. It is build out of two capacitors and an inductor forming a T-
type matching network. The interstage matching between the first and second amplifying 
stage has a T-type topology however the biasing inductors play also a significant role in the 
impedance transformation. The matching in-between the second and final stage is also T-
typed but includes a power splitter after the first capacitor in order to equally divide signals 
among the large transistor blocks. The matching is continued as capacitors and a transistor 
feeder perform the transformation to the transistor bases.  
 
High band circuit design 
Commonly to the low band the high band circuit is constructed of T-type matching networks 
and 3 amplifying stages. The emitter sizes are 420µm², 420µm² and 5040µm² for the first, 
second and third stage respectively. All stages are biased with the use of inductors and feeder 
structures are applied to correctly supply the transistors with HF power and DC. 

The photography of the manufactured PA is visible in the Figure 6.26. 
 

 
 

Figure 6.26 GSM PA microchip photography.  



6. SiGe power amplifiers for mobile terminal applications 

 147

6.3.2. Experimental results 
 
The PA has been placed into a VQFN40 leadless package and mounted on a FR4 
measurement board as visible in Figure 6.27. λ/4 lines have been put on the output of each PA 
to eliminate the second harmonic and increase efficiency. They have been put as close as 
possible to the outputs in order to maximize the effect. 

On-board input matching was required in case of the high band PA which was realized by one 
SMD capacitor joined with 50Ω line using measurement connectors. In case of the low band 
PA the on-board input matching was built with the use of a 50Ω line and single shunt 
capacitor. 

The output matching for both bands has been realized with the use of 14Ω transmission lines 
and high-Q SMD capacitors – the impedance value has been reduced from the standard 50Ω 
as the output impedances which have to be presented to the power stages are in the range of 1 
– 2Ω. Thus a straightforward matching network could be realized. For both bands the output 
matching is completed through a transmission line section, shunt capacitor and a series 
capacitor which also plays the role of a DC block. 

In order to optimize the biasing point of the PA and consequently its performance, each 
amplifying stage could be adjusted with the use of external resistor with the respect of the 
base current. 
 

 
 

Figure 6.27 GSM PA measurement board. 
 
Experimental results, low band 
The low band transfer characteristics are plotted in the Figure 6.28 and 6.29. The desired 
output power of 4W (36dBm) with the efficiency of 54% is reached as the amplifier is 
working at saturation. The plot in the Figure 6.28 shows these results as the function of input 
power. 
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Figure 6.28 Transfer characteristics, output power and PAE at f=850MHz and VCC=3.5V. 

 
The small signal gain of 36dB and the saturation gain of 30dB can be seen from the Figure 
6.29 where also the current consumption is depicted as a function of the input power.  

 
Figure 6.29 Transfer characteristics: gain and supply current at f=850MHz and VCC=3.5V. 

 
Parameters like output power, efficiency and supply current as a function of the operating 
frequency are plotted in the Figure 6.30. With the vertical blue lines the GSM bands have 
been marked. 

 
Figure 6.30 The frequency response with the input power PIN=2dBm and VCC=3.5V. Low 

band GSM frequency bands have been marked with dotted lines. 
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The overall frequency performance shows a slight shift into higher frequencies when the 
maximal PAE is concerned. On the other hand the output power reaches maximal value in the 
required frequency band. 

In order to observe the spectral growth the GMSK modulated signal has been applied to the 
input of the PA. Figure 6.31 displays the output spectrum and the limiting masks (solid red 
lines). 
 

-90,00

-80,00

-70,00

-60,00

-50,00

-40,00

-30,00

-20,00

-10,00

0,00

10,00

929,0 929,5 930,0 930,5 931,0
Frequency [MHz]

Le
ve

l [
dB

m
]

GMSK Level
Limit

 
Figure 6.31 Output spectrum with GMSK modulation and VCC=3.5V. 

 

The output spectral masks are not crossed by the output spectrum when a GMSK modulation 
is applied. 
Additionally a test of the noise level at 20MHz from the carrier has been performed and is 
plotted as a function of the output power in Figure 6.32. 

 
Figure 6.32 Noise at 20MHz from carrier and noise floor vs. output power at VCC=3.5V, 

f=850MHz and the limit marked with a red dotted line. 
 
The required noise level at 20MHz from carrier is not fulfilled when the amplifier is working 
in the small signal region. For the saturated condition, over 34dBm output power, the high 
small signal gain reduces thus the noise decreases. The increasing shot noise does not influent 
this behavior. It is worth to repeat that the GSM PA will be operated mainly in the saturation 
region. 
 
Experimental results, high band 
The high band transfer characteristics are plotted in the Figure 6.33 and 6.34 where the output 
power, efficiency, gain and supply current as a function of the input power are shown. In this 
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case the output power of 33.7dBm is reached with the efficiency of 47%. The small signal 
gain is 31dB and the saturation gain 28dB. 
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Figure 6.33 Transfer characteristics, output power and PAE at f=1600MHz and VCC=3.5V. 
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Figure 6.34 Transfer characteristics: gain and supply current at f=1600MHz and VCC=3.5V. 

 
The frequency response of the amplifier is presented in Figure 6.35 where the curves for 
output power, supply current and efficiency are plotted. 
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Figure 6.35 The high band amplifier frequency response at VCC=3.5V and PIN=2dBm: Output 

power, PAE and supply current. 
 
The best performance parameters have been reached for the frequency of 1.6GHz, with the 
respect of output power and efficiency. Thus all results are shown at the frequency of 1.6GHz. 
Commonly to the low band approach a GMSK signal was applied to the PA to observe the 
spectral growth. The results of this experiment as well as the limits are plotted in Figure 6.36. 
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Figure 6.36 Output spectrum with GMSK modulation signal applied at VCC=3.5V. 

 
The spectral limit on the output is not reached in the case of the high band PA as well. 
Commonly with the low band, the noise value 20MHz away from the carrier was calculated. 
The results are presented in Figure 6.37. 
 

 
Figure 6.37 Noise at 20MHz from carrier and noise floor vs. input power at VCC=3.5V, 

f=1600MHz and the limit marked with a red dotted line. 
 
The noise limit given by the specification has not been reached for the whole output power 
range. Inversely to the low band, where much more gain was required, the shot noise 
dominates the measurement result and therefore the noise increases with increase of the 
current (output power). 
 
Breakdown behavior 
The breakdown behavior, a feature very important in the case of GSM PAs, has been 
investigated and documented in the work [29].  
Shortly summarizing the PA in both bands can withstand the VSWR of 6:1 at the 50Ω output 
and the voltage of 4.8V at the battery, what has been required by the specification. This result 
was mainly achieved due the technology changes presented in Chapter 3 as well as due to the 
application of the new feeder structure.  
 
The most important parameters of the GSM dual band PA are collected in the Table 6.3. 
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    Table 6.3 GSM PA key data summary. 
Parameter Low band High band 

Supply voltage (maximal) 3.5V (4.8V) 3.5V (4.8V) 
Frequency 930MHz 1600MHz 

Output power 35.5dBm 33.7dBm 
Small signal gain 36.7dB 31dB 

Saturated gain 30.6dB 28dB 
Maximal PAE 58.6% 47% 

Breakdown at VSWR 6:1 6:1 
Noise (20MHz) @ 

saturated power 
-80dBm -79dBm 

 
6.4. Conclusions 

 
In this section physical realizations and measurement results of three PAs for mobile radio 
terminals have been shown. These designs base on the theory, technology, methodology and 
circuit innovations which were the subject of all previous chapters. All realized amplifiers 
demonstrate satisfactory performance what proves the proposed design methodology in which 
the EM simulation was involved.  
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7. Conclusions and outlook 
 
Within this thesis the design of SiGe bipolar based power amplifiers (PAs) with the support of 
electromagnetic (EM) simulation is demonstrated. Three single-ended PA designs for mobile 
terminals were realized. Particularly, integrated amplifiers for the following mobile systems 
have been designed: 
 

•  Wireless-LAN, a dual band application for the IEEE 802.11a/b/g standards. 

•  UMTS, a single path application for the WCDMA applications. 

•  GSM, a dual band amplifier for the GMSK modulation. 
 

With the introduction of EM solvers during the design cycle the simulation results can be im-
proved to fit very close to the measurement results as most parasitics appearing in the match-
ing networks and interconnections can be properly described. This methodology helps to re-
duce design costs and significantly shortens the time-to-market period in commercially de-
signed products. 

Moreover EM simulations in chip design can contribute to the design of new integrated struc-
tures. The usefulness of the EM simulation has been proven in new integrated interstage 
matching structures targeting an improved overall PA performance. These structures were 
realized in integrated PAs and show the essential positive influence of these constructions. 
These designs include: 
 

•  A low-loss, high quality factor microstrip line in lossy silicon to improve linearity and 
efficiency of a WLAN IEEE 802.11a PA. 

•  An integrated modified microstrip line with defected ground structure (DGS) to im-
prove a 5GHz WLAN PA in terms of broadband linearity response. 

•  Several transistor feeder realizations for a GSM PAs by which the power transistor’s 
robustness has been increased. With an optimized transistor feeder in a 2GHz WLAN 
PA, an increase of linearity and efficiency performance was observed. 

 
A complete PA design methodology has been presented applying the EM solvers as an inte-
gral part of the circuit design procedure. By means of this methodology system performance 
and breakdown behavior can be optimized with the respect to the circuit layout.  

With the introduction of EM simulation in transistor modeling, the parasitics surrounding 
large power transistors can be properly described. Thus transistor models can be enhanced 
with outer metallization parasitics which increases the model performance. 

In future designs the EM simulation should not only be used for on-chip design but also intro-
duced during the package or module design. The upcoming PA designs will inherit more 
functionalities and multi-chip solutions are expected to come. The system in package chips 
will include not only PAs and matching networks but also transceivers, switches and filters. 
The influence of the whole physical design on the system performance must be investigated 
and optimized, involving EM solvers. A co-design between on-chip microwave structures and 
module parts with the use of EM solvers is a challenging mission in the approaching new in-
tegrated circuit solutions. 
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Zusammenfassung und Ausblick  
 
Im Rahmen dieser Arbeit wurden drei bipolare Leistungsverstärker für Mobilfunkanwendun-
gen entworfen. Bei diesen Leistungsverstärkern ist das Verhalten der passiven Elemente von 
entscheidender Bedeutung. Aus diesem Grunde wurden die passiven Bauelemente mit Hilfe 
eines Feldsimulators dimensioniert und optimiert. Es wurden Leistungsverstärker für die fol-
genden Systeme entworfen: 
 

•  Wireless-LAN: ein linearer Dualbandleistungsverstärker für die IEEE-Standards 
802.11a/b/g.  

•  UMTS: ein linearer WCDMA-Leistungsverstärker. 

•  GSM: ein Dualbandleistungsverstärker für die GPSK-Modulation. 
 
Zusätzlich wird auf die Auswertung der SiGe-Technologie in Bezug auf moderne Leistungs-
verstärkeranwendungen eingegangen.  

Durch die Verwendung von Feldsimulatoren konnten die Simulationsergebnisse mit den 
Messergebnissen in sehr gute Übereinstimmung gebracht werden. Das lag daran, dass fast alle 
parasitären Effekte, die in den Anpassnetzwerken und Verdrahtungen auftreten, korrekt  be-
schrieben werden konnten. Die dabei entwickelte Methodik führte zu einer Verkürzung der 
Entwicklungszeit und einer deutlichen Verringerung der Designkosten. 

Darüber hinaus wurden mit Hilfe der Feldsimulation neue integrierte Leitungsstrukturen und 
Anpassstrukturen entwickelt und optimiert. Die Anwendbarkeit der elektromagnetischen 
Feldsimulation ist bei der Entwicklung dieser Strukturen nachgewiesen worden. Dadurch 
wurde die Performance der Leistungsverstärker deutlich verbessert. In den integrierten Leis-
tungsverstärkern wurden folgende spezielle Anpassstrukturen implementiert: 
 

•  Eine dämpfungsarme Mikrostreifenleitung in einem stark leitfähigen Silizium-Substrat, 
die durch ihre hohe Güte zur Verbesserung der Linearität und des Wirkungsgrades ei-
nes WLAN-IEEE-802.11a-Verstärkers beiträgt. 

•  Eine integrierte Mikrostreifenleitung mit einer periodischen Massestruktur zur weite-
ren Verbesserung der Bandbreite eines 5GHz WLAN-Leistungsverstärkers. 

•  Mehrere Transistor-Feeder für einen GSM-Leistungsverstärker, mit dem Ziel einer 
homogenen Auslastung des Leistungstransistors. Mit einer optimierten Transistorver-
drahtung wurde dabei eine Verbesserung der Effizienz und der Linearität in einem 
2GHz WLAN- Verstärker erreicht. 

 
Es wurde eine komplette Entwurfsmethodik präsentiert, bei der die elektromagnetische Feld-
simulation ein wesentlicher Bestandteil ist. Mittels dieser Methodik konnte das Leistungs- 
und Durchbruchverhalten der Power-Transistoren durch Layoutoptimierung verbessert wer-
den. Durch die Verwendung der elektromagnetischen Feldsimulation beim Entwurf der An-
schlussverdrahtung der Leistungstransistoren konnten die vorhandenen parasitären Effekte 
richtig beschrieben werden. Somit konnten die Transistormodelle um die äußeren Metallisie-
rungs-Parasitäten erweitert werden, wodurch die Genauigkeit der Modelle deutlich erhöht 
wurde.   
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In zukünftigen Projekten werden elektromagnetische Feldsimulationen nicht nur für Anpass-
netzwerke, sondern auch zur Gehäuse-Modellierung und zum Moduldesign verwendet. Die 
künftigen Verstärkerbausteine werden mehr Funktionalität beinhalten und Multi-
Chiplösungen werden zum „System im Package“. 
Das bedeutet, dass nicht nur Anpassnetzwerke, sondern auch die komplette Verdrahtung und 
die Anbindung von Systemkomponenten wie Transceiver, Schalter und Filter mit Hilfe von 
Feldsimulationen entworfen und optimiert werden müssen. Ein Co-Design zwischen On-
Chip-Mikrowellenstrukturen und Modulteilen stellt dabei den nächsten Schritt bei der Ent-
wicklung künftiger Systeme dar. 
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Appendix A 
Designing matching networks for two frequencies by 
applying the Chebyshev passband filter technique 
 
Matching networks which are capable of matching impedances at one frequency or in a 
frequency band have been presented in the Chapter 4.  

However one can design a matching network, build of lumped elements, able to match i.e. a 
real impedance at two frequencies. 

The perturbation technique is often used to design a passband filter working at the desired 
frequencies with the impedance to be matched as the reference impedance. The filter-like 
design method will result with a matching network with a Chebyshev equally rippled 
characteristic. 

Such matching networks consist of two resonant networks (series and parallel) and can be 
realized in the following steps: 
 
1. Design a prototype of a Chebyshev low pass filter. Assume that the matching network has 

to have so small number of components as possible and the matching should take place at 
two chosen frequencies. Let us assume the number of prototype elements is n=2. 

2. The prototype filter has the following configuration: 
 

 
Figure A1 Prototype network. 

 
The elements have been chosen as: g1 – inductance and g2 – capacitance.  
 
The modification of the filter design technique is that the reference impedance is changed to 
the impedance to be matched with the network. For an even number of n the last element 
(gn+1) does not equal 1 but has different values for different ripples of the filter. If one can 
calculate all coefficients for every ripple of a Chebyshev filter the match of every real 
impedance to 50Ω is possible. 

Normally, the last element of the ladder should have a resistance of 50=(gn+1) * Z0Ω. For a 
given ripple and an even number of elements a calculation of all gn elements is possible. 

In this configuration the following impedances can be matched to 50Ω, with the given ripple. 
Thus g1 and g2 values can be calculated. 
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Table A1 
ZIN* (Z0) Ripple* g1 g2 gn+1 

45,4171888 0,01 0,44923218 0,40805725 1,10090478 
36,8737158 0,1 0,84377654 0,62226353 1,35597942 
32,4770067 0,2 1,0387981 0,67474106 1,53955075 
25,174635 0,5 1,40436898 0,70708953 1,98612612 
18,7704591 1 1,82414917 0,68480235 2,6637601 
12,1812099 2 2,49185977 0,60707734 4,10468256 
8,58236373 3 3,10673489 0,53326258 5,82590083 
6,28973944 4 3,72812416 0,46897859 7,94945489 
4,71770747 5 4,381408 0,41340402 10,598368 
3,5923808 6 5,08298068 0,36520004 13,9183463 
2,76410446 7 5,84620243 0,32319028 18,0890414 
2,14272157 8 6,68353344 0,28641903 23,3348096 
1,67016382 9 7,60752036 0,25411611 29,937183 

 
*Other values of ripples and impedances can be calculated using equations [59].  
 
For example matching 2.14Ω requires a ripple of 8dB and the values of elements are: 
 

ZIN=2.14 
g1=6.68 
g2=0.28 
g3=23.3 

 
3. Convert or scale the prototype in: 
 

•  Impedance 
•  Frequency 
•  To bandpass 

 
As it is done in a conventional case when designing bandpass filters with a Chebyshev 
characteristic. This transformation can be done using equations: 
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where g1 is the value of the first inductance from the prototype (for 2 resonators, n=2), g2 is 
the value of the first capacitance from the prototype (for 2 resonators, n=2), Zin is the 
impedance to be matched. ω0 is defined by 210 ωωω = , where ω1 and ω2 are frequencies at 
which the match has to take place and  

0

12

ω
ωω −=∆            Equation A2 

Equations A1 
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The transformation is done in frequency and to bandpass, so the original two prototype 
elements have to be replaced with four elements with the values of L1’, C1’, L2’, C2’. 

The first inductance in this case is transformed in a series resonant network.  The capacitance 
is transformed into a parallel resonant network.  
 

 
Figure A2 Transformation in resonant networks. 

 
In this way the reference impedance is the one to be matched, and the output impedance is 
50Ω. With this method one can achieve matching of impedances with values lower than 50Ω 
at 2 frequencies. 

Note: ω1 and ω2 frequencies have to be changed in order to match exactly at the desired 
frequency. A Chebyshev filter, for n=2, at this frequencies has an insertion loss of the 
designed ripple. Thus the upper frequency has to be increased and the lower reduced. 
 
Design Example 
 
Design a matching network to match ZIN=2.73Ω to 50Ω at 2.45GHz and 5.5GHz. 

Prototype values from Table A1: 
 

G1 = L1 = 5.84620243 
G2 = C2 = 0.32319028 

 
Values of elements calculated using Equations A1: 
 

L1‘=0.6nH 
C1‘=3.06pF 
L2‘=0.41nH 
C2‘=4.46pF 

 
The schematic realization is displayed in Figure A3. 
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Figure A3 Circuit diagram of the realized matching network. 

 
The designed in this way matching network allows obtaining the reflection loss characteristic 
shown in Figure A4 and insertion loss characteristics displayed in Figure A5. 
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Figure A4 Reflection loss of the designed network – matching at 2.5GHz and 5.5GHz. 
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Figure A5 Insertion loss of the designed network at 2.5GHz and 5.5GHz. 
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Appendix B 
Integrated inductor design flow 
 
The design flow for complete PA solutions has been presented in Chapter 5, and the 
usefulness of the EM-simulation was confirmed. Integrated inductors however, used i.e. in 
VCOs can be treated separately and a separate design flow can be established. 

The presented here design flow can also be a part of the described previously PA design 
methodology. 

An integrated inductor is a device which can be described by numerous equivalent circuits 
[65], [66], [137] or by a set of S-parameters. Today, measured or simulated S-parameters can 
be used in harmonic balance simulators like ADS [86] or Ansoft Designer [88]. For SPICE-
based simulators passive R-L-C models are optimal. Practical usage shows, that applying 
physically based models the convergence is easier reached, a parameter variation is possible 
and noise simulations are more accurate.  

The design flow described here is open for all simulation environments and incorporates a 
model extractor. 

The design flow is shown in the Figure B1 in the form of a flow chart. It is assumed that the 
designer is working with a predefined environment (Main Simulator (5)). The design blocks 
are explained by numbers in brackets: 

(1) Designer’s input, first assumptions and the technology file. The designer usually has 
some first guesses about the inductor. The precise technology data must be known. 

(2) Quick inductor calculator based on a model-type analytical tool. Output after less than 
5 minutes is: inductance, quality factor, series resistance, layout and a passive R-L-C 
model. In this step the designer has a less accurate inductor model suited for uncritical 
usage such as a bias inductor. The output in the schematic level is an R-L-C model 
(LVS – Layout Versus Schematic clean) useable in the Main Simulator (5) and a DRC 
(Design Rule Check) clean layout. Examples of commercially available inductor 
calculators: Spiral [107], VeloceRF [108]. 

(3) EM simulator. 2,5D or 3D. An accurate EM simulation is performed if the inductor 
plays an important role in the circuit. The inputs are the DRC clean geometry and the 
technology data provided in point (1).The outputs are usually S-parameters which can 
be directly used in the Main Simulator (5). Examples of commercially available EM 
simulators: Momentum [86], Sonnet [78], HFSS [88]. 

(4) R-L-C model extractor is required only to get a better convergence in a SPICE-based 
simulator or to perform a parameter variation. The model should be very compact and 
the use of controlled sources and negative values of the R-L-C elements ought to be 
avoided. The extractor might be an external program however it might be a part of the 
EM simulator (3). 

(5) Main Simulator is the simulation environment in which the chip is being designed. 
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Figure B1 The proposed design flow. 
 
Each of the steps where a computation is done should be cross-checked to avoid 
miscalculations.  

The design flow is completed when the simulation in the Main Simulator (5) fulfils the 
designer’s assumptions.  

The concept of the design flow is very flexible and adjustable. The designer is enabled to 
control and verify the development of the inductor on each stage of the flow. The composition 
of implemented tools is not fixed. The interfaces between every single stage are clearly 
determined; this allows an exchange of the software tools. A continuous improvement of the 
inductor design flow is possible with a minimum of maintenance. 
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Inductor verification 
In order to verify the designed inductors a set of test structures was fabricated on a test chip. 
The EM simulation completed in point (3) and measurement results done on wafer are 
compared in Figure B2, concerning the Q-factor, and in Figure B3, concerning the inductance 
value. The geometry was generated using an internal Infineon’s tool, point (2) in the flow, and 
the EM simulation was performed using Sonnet Software [78]. The RF on-wafer 
measurements were performed on a Cascade Microtech prober station and Agilent´s 
HP8510C Network Analyser - system. 
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Figure B2 Quality factor. Comparison between measurement and simulation 
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Figure B3 Inductance. Comparison between measurement and simulation. 
 
A complete design flow for integrated inductors was presented which can be used in all 
design environments with several commercial available tools. The design flow was positively 
verified in PA projects and can also be used for other HF or microwave applications like 
integrated VCOs or LNAs. 
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