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Vorwort des Herausgebers

Solid state amplifiers are the key components of modern radar and wireless
communication systems. The performance of the overall systems, especially
at the transmitting side, is limited by the available output power of the last
amplifier in the chain/line. This becomes more evident when the operation
moves towards millimeter wave frequencies. The reason for this limitation is
due to the scaling down of semiconductor devices in order to achieve high-
er operating frequencies but at the same time compromises the power hand-
ling capability. As such, the use of new semiconductor materials becomes the
focus of recent worldwide research. The current most promising technology
is the gallium nitride (GaN), which offers high power density, high efficien-
cy and exceptional wideband performance as compared to existing technolo-
gies such as silicon (SI) or gallium arsenide (GaAs). A key advantage to gallium
nitride is its ability to maintain high operating voltages at higher frequency
ranges. This is due to the unique combination of high bandgap energy resul-
ting in higher device tolerance for high maximum field strengths, as well as
the high speed properties of electron mobility and saturation velocity. The-
se advantages thus distinguish the GaN from other competing technologies
in terms of power generation in operating frequencies of 10 GHz and above.
Besides the available output power the efficiency plays an important role in
any device with limited energy and/or heat dissipation, which is the case for
nearly all systems. Since up to now the power added efficiencies of GaN de-
vices at GHz frequencies are still below what GaAs can offer, this efficiency
factor becomes an important research task for the scientific community.

The dissertation of Dr. Jutta Kiihn focuses on the design of AlGaN/GaN HEMT
high-power amplifiers in Class-AB operation for X-band (8-12GHz) applications
with particular emphasis on an optimized power added efficiency (PAE). In this
work a PAE enhancement at the device level with improved design techniques
achieved output power levels of several watts and PAEs above 50%. The presen-
ted work of Ms. Kiihn is a fundamental basis for future research in the field of
AlGaN/GaN-HEMT Power Amplifiers. The results will draw attention worldwide
and entail more relevant research. | wish her all the best for her future.

Prof. Dr.-Ing. Thomas Zwick
- director of the IHE -
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Kurzfassung

Leistungsverstdarker sind Bestandteil eines jeden drahtlosen mehr-
funktionalen Hochfrequenzsystems. Da die Verstdrker einen sehr ho-
hen Energieverbrauch haben und gleichzeitig die Primérenergie au-
tarker Systeme limitiert ist, ist die Entwicklung hocheffizienter Leis-
tungsverstarker fiir autarke Kommunikations- und Radarsysteme wie
z.B. fiir phasengesteuerte Array-Antennen unabdingbar, um zusit-
zliche Kiihlungsenergie einzusparen. Unter den vorhandenen Halb-
leiterbauelementtechnologien ist Galliumnitrid (GaN) aufgrund sei-
ner herausragenden Materialeigenschaften wie der mehr als 10-fach-
en Leistungsdichte verglichen mit Galliumarsenid (GaAs) sehr inter-
essant fiir die genannten Anwendungsgebiete. Die hohe Leistungs-
dichte ermoglicht die Erzeugung hoher Leistungen von iiber 20 W im
X-Frequenzband (8-12 GHz) auf Schaltungsebene, wodurch zukiin-
ftige Anforderungen nach hohen Leistungen tiber grofse Bandbreiten
bei moderater Kompression erfiillt werden kénnen.

Zu Beginn dieser Arbeit im Jahr 2006 lag der erzielbare Wirkungs-
grad mit der relativ jungen noch nicht ausgereiften Technologie der
GaN-Leistungstransistoren noch deutlich unter dem von Transistoren
auf Basis anderer III-V Halbleiter wie z.B. GaAs. Auch die Integra-
tion des neuen GaN-basierten Hochfrequenz-Leistungselements und
die effiziente Ausnutzung des hohen Impedanzniveaus von GaN-
Transistoren innerhalb eines Schaltungsentwurfs wurde bis dahin
nicht hinreichend untersucht. Wéhrend die ersten GaN-basierten
Leistungsverstdrker dieser Arbeit Wirkungsgrade im Bereich von 20-
25% bei Ausgangsleistungen von 15W {iber eine Frequenzband-
breite von 1-2 GHz im X-Band aufwiesen, waren zeitgleich mit GaAs-
basierten Verstarkern Wirkungsgrade von iiber 40 % bei jedoch klein-
en Ausgangsleistungen um die 5W im X-Band auf Schaltungsebene
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moglich.

Diese Arbeit ist aus der starken Nachfrage nach héheren Wirk-
ungsgraden bei Leistungsverstirkern mit AlGaN/GaN High Elec-
tron Mobility Transistoren (HEMTs) entstanden. Zur Optimierung
des Wirkungsgrades wurden verschiedene Ansitze und Konzepte auf
Bauelement- und Schaltungsebene untersucht. Struktur- und Layout-
verdnderungen des Transistors und die Auswirkungen auf den erziel-
baren Wirkungsgrad wurden analysiert, optimiert und in Leistungs-
verstarkerschaltungen integriert.

Neben der notwendigen Verbesserung des Wirkungsgrades be-
fasst sich ein weiterer Teilaspekt dieser Arbeit mit der schlechten Aus-
gangsanpassung einstufiger AlIGaN/GaN HEMT Hochleistungsver-
starker, die fiir maximale Ausgangsleistung/ Effizienz ausgelegt sind.
Vor allem fiir Anwendungen, bei denen starke Eingangs- oder Aus-
gangsfehlanpassungen auftreten kénnen, ist eine optimierte Kleinsig-
nalanpassung unabdingbar. Diese Arbeit liefert eine Losung zur Ver-
besserung der Kleinsignalanpassung mit Hilfe eines balancierten Ver-
starkeraufbaus bei nur geringer Wirkungsgradeinbufie. Auf diese
Wei-se wurde der erste Demonstrator fiir einen GaN-basierten balan-
cierten Hochleistungsverstarker in Mikrostreifentechnologie fiir An-
wendungen im X-Band entworfen und entwickelt.

Die Hauptaufgabe dieser Arbeit besteht jedoch im Entwurf in-
novativer Schaltungstechniken zur Optimierung des Wirkungsgrades
GaN-basierter Hochleistungsverstarker. Die Anwendung bekannter
Entwurfmafinahmen GaAs-basierter Verstarker auf GaN-basierte Lei-
stungsverstdrker wurde in dieser Arbeit unter Beachtung der elek-
trischen Eigenschaften der GaN-Leistungstransistoren wie z.B. dem
hohen Impedanzniveau, der Hochfrequenzdispersion, dem Gewinn
und der Leistungskompression untersucht.

Die Arbeit konzentriert sich dabei auf zwei effektive Mafinahmen
zur Optimierung des Wirkungsgrades. Auf der einen Seite wird der
Einfluss des Leistungs- zu Treiberstufen Gateweitenverhaltnisses auf
das Wirkungsgradverhalten zweistufiger Leistungsverstiarker mittels
vereinfachender Annahmen untersucht. Anschlieffend wird die Theo-
rie durch reale monolithisch integrierte AlIGaN/GaN HEMT Mikrow-
ellenverstarkerschaltungen mit unterschiedlichen Leistungs- zu Trei-
berstufen Gateweitenverhiltnissen verifiziert. Veroffentlichungen in
diesem Bereich weisen {iblicherweise Leistungs- zu Treiberstufen
Gateweitenverhaltnisse von 2:1-3:1 auf. Die Studie hier zeigt jedoch,
dass eine Erhohung dieses Verhiltnisses auf bis zu 4:1 eine zusét-
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zliche Verbesserung um einige Wirkungsgradprozente zu Lasten der
maximal moglichen Frequenzbandbreite bewirken kann, so dass an-
hand der Verstdrkerspezifikationen ein Kompromiss zwischen erre-
ichbarem Wirkungsgrad und moglicher Bandbreite geschlossen wer-
den muss. Auf der anderen Seite behandelt diese Arbeit den Ein-
fluss der Harmonischen Abschliisse am Eingang und Ausgang eines
AlGaN/GaN-Transistors anhand von Load-Pull Simulationen und
der Realisierung geeigneter Testschaltungen. Da die zweite Harmo-
nische das Wirkungsgradverhalten eines in Klasse-AB bis Klasse-B
betriebenen Transistors sehr stark beeinflusst, konzentriert sich diese
Untersuchung ausschliefSlich auf die Terminierung der zweiten Har-
monischen. Der prinzipielle Wirkungsmechanismus der Terminier-
ung der zweiten Harmonischen am Eingang sowie am Ausgang eines
AlGaN/GaN-Transistors wurde nur unzureichend in der Literatur
untersucht und wurde deshalb grundlegend in dieser Arbeit anhand
von Load-Pull Simulationen eines AlGaN/GaN HEMT Modells the-
oretisch analysiert. Anschliefend wurde die in der Theorie erwartete
Wirkungsgradverbesserung durch die Terminierung der zweiten Har-
monischen durch reale einstufige monolithisch integrierte Mikrow-
ellenleistungsverstarkerschaltungen verifiziert. Es wird gezeigt, dass
auch die Terminierung der zweiten Harmonischen eine vielverspre-
chende Schaltungstechnik zur Verbesserung des Wirkungsgrades von
GaN-Leistungsverstidrkern unter Beriicksichtigung einer reduzierten
Bandbreite liefert.

Diese Arbeit bildet die Grundlage fiir den Entwurf GaN-basierter
Hochleistungs-verstiarker mit Wirkungsgraden von tiber 40 % bei gle-
ichzeitigen Ausgangsleistungen von mehr als 20 W tiber bis zu 2 GHz
Frequenzbandbreite. Damit ist der Wirkungsgrad GaN-basierter Leis-
tungsverstarker heutzutage vergleichbar mit dem von z.B. Verstark-
ern auf GaAs-Basis bei gleichzeitig bis zu 5-facher Ausgangsleistung
bzw. 3-facher Leistung pro Chip-fliche. Folglich bieten GaN-basierte
Leistungsverstarker ein hohes Potenzial fiir Anwendungen zukiin-
ftiger monolithisch phasengesteuerter Array-Systeme.






Abstract

High-power amplifiers (HPAs) are part of any advanced wireless
multifunctional RF-system. Due to the high power consumption of
the HPAs and due to the limited prime energy in autonomous sys-
tems, the development of highly-efficient power amplifiers is of great
interest for modern communication and autonomous radar systems
such as solid-state phased arrays as well as for airborne and space
applications to save up additional cooling energy. Of the various
semiconductors and device technologies currently available, the most
promising material candidate for these applications is the wide band-
gap gallium nitride (GaN). Due to its inherent and outstanding ma-
terial properties such as a power density of more than a factor of
ten compared to GaAs devices, GaN enables an impressive capability
for high-power amplification resulting in a high output-power above
20W on circuit level at X-band frequencies (8-12GHz). Therefore,
GaN-based HPAs have the potential to fulfill future demands on high
output power levels over wide bandwidths at a moderate gain com-
pression.

At the beginning of this work in 2006, the obtainable power-added
efficiency (PAE) of the relatively young GaN technology was inferior
compared to other existing III-V semiconductors such as GaAs due to
the fact that the GaN-based transistor technology development was
still in progress and had not reached maturity. In addition, the inte-
gration of the relatively new GaN RF power devices and the efficient
use of the high-impedance level of the GaN devices within circuit
designs is not thoroughly exploited and therefore plays a key role
for the design of innovative high-power amplifiers targeting high ef-
ficiencies. While the first GaN-based HPAs within this work offered
PAE values between 20-25 % with output power levels of about 15W
over frequency bandwidth of 1-2 GHz at X-band, GaAs-based HPAs
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showed PAE values above 40 % at low output power levels of about
5W and comparable frequencies.

This work has arisen out of the strong demand for a superior
power-added efficiency of AlGaN/GaN high electron mobility tran-
sistor (HEMT) HPAs on circuit level. Different concepts and ap-
proaches on device and design level for PAE improvements were an-
alyzed. It is obvious that every single percent in PAE enhancement
contributes a strong positive impact on systems that directly operate
in the space or aircraft environment with limited primary energy for
cooling. Structural and layout changes of the GaN transistor and the
impact on the PAE behavior were analyzed, optimized, and finally in-
tegrated in advanced HPA monolithic microwave integrated circuits
(MMICs).

Apart from the required PAE improvement, one important topic of
this work is based on the poor output matching capability of single-
ended AlGaN/GaN HEMT HPAs designed for high output power
and/or efficiency. An improved small-signal matching capability is
required for application fields where strong input and/or output
mismatches occur, e.g. high power measurement equipment or X-
frequen-cy-band near-field radar. This work presents an effective way
to realize a highly improved small-signal matching capability at the
expense of only a few percent in the PAE performance on the basis of
a balanced amplifier. Thus, a first balanced microstrip HPA demon-
strator in GaN technology for X-band frequencies was designed and
developed.

However, the main aim of this work consists in advanced cir-
cuit design techniques for PAE improvements of GaN HEMT HPAs.
The implementation of well-known design methods from GaAs-based
PAs into GaN HEMT power amplifiers is analyzed in consideration of
the electrical properties of GaN HEMTs such as the high impedance
level, the RF dispersion, gain, and power compression of GaN de-
vices.

Two design techniques are discussed in greater detail that both
deliver an essential contribution to the required PAE enhancement.
On the one hand, the impact of the power (PA)- to driver (DRV)-stage
total gate-width (TGW) ratio on the PAE performance of dual-stage
HPAs is fundamentally analyzed in theory and supported by real
GaN-HEMT HPA MMICs offering different PA/DRV TGW ratios.
According to the literature, commonly PA/DRV TGW ratios of about
2:1-3:1 are chosen for dual-stage HPA designs. Nevertheless, this
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study shows that higher PA/DRV TGW ratios of up to 4:1 may deliver
an additional improvement of a few percent in PAE when skillfully
used. However, the PA/DRV TGW ratio strongly impacts the trade-
off between the obtainable PAE and possible frequency bandwidth.
On the other hand, the influence of the harmonics at the input and
output of a GaN HEMT device is determined by means of load-pull
simulations and the realization of test HPA MMICs. Due to the strong
impact of the second harmonic on the PAE behavior of a transistor in
Class-AB to Class-B operation, this work focuses only on the termi-
nation of the second harmonic. The principal mechanism of second
harmonic termination at both the input and output of a GaN-based
transistor could not be satisfactorily found in literature and therefore
is theoretically analyzed in detail within this work with help of load-
pull simulations of an AlIGaN/GAN HEMT model. Subsequently,
the expected PAE improvement due to second harmonic termination
from the theoretical assumptions is verified by real single-stage HPA
MMIC designs. The study shows that the termination of the second
harmonic also offers a promising design technique to improve the
PAE of high-power amplifiers at the expense of a smaller frequency
bandwidth.

Due to the above mentioned concepts and approaches on device
and design level, this work provides the basis for the design of GaN-
based high-power amplifiers with PAEs above 40 % and output power
levels beyond 20 W over frequency bandwidths of up to 2 GHz. Thus,
the PAE of present GaN-based HPA MMICs is comparable to that
of e.g. GaAs-based HPA MMICs, but with an up to 5-times higher
output power level or rather a 3-times higher power density per chip
area at the same time. Therefore, GaN-based HPA MMICs are of
great avail for future monolithic solid-state phased-array systems.






Chapter 1

Introduction

1.1 Motivation

Energy efficiency is a key requirement especially for airborne and
space applications. At system levels, cooling, DC-DC conversion,
and protective measures dominate to overall efficiency of RF sys-
tems. Monolithic Microwave Integrated Circuits (MMICs) based on
the evolving gallium nitride (GaN) technology provide several ad-
vantages. For example, high operation bias close to on-board power
supply of typical airborne and space systems saves additional energy
for DC-DC conversion. In addition, due to its high robustness, GaN
devices withstand changes in the operation bias, antenna mismatch,
and are also less susceptible to radiation.

The development of high-power amplifiers (HPAs), being the main
power-consumption part in any advanced wireless communication or
airborne related system, is driven by the growing demand on marine,
airborne and space-based radar systems for scientific research, com-
mercial communication systems, and military applications [94], [95],
[46], [119]. All these applications comprise a limited DC power sup-
ply that demands the availability of highly efficient HPAs.

In the near future, GaN technology development will cover all
topics from the transistor device level to the complete modules for
RF-applications. A first European transmit and receive (T/R)-module
based on a GaN MMIC driver amplifier (DA), HPA, and low noise
amplifier (LNA) is presented in [101]. An overview of the develop-
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ment activities with GaN RF-devices in Europe is given in [85].

Over the past few years, intensive research has been dedicated
to the new GaN-based transistor technology and HPA design tech-
niques due to the fact that the combination of both processing tech-
nology and circuit design techniques is essential for an optimum HPA
performance. This work focuses on both topics. On the one hand, it
studies the impact of different technology modifications on circuit de-
signs with regard to the achievable efficiency with each technology.
On the other hand, it deals with innovative HPA design techniques,
mainly for X-band radar applications between 8- 12 GHz, which have
the potential to improve the overall performance with the main aim
of a significant efficiency enhancement.

1.1.1 Advantages over existing III-V Technologies

Compound semiconductors play an important role in microwave pow-
er applications. Factors such as minimal weight, size, and power con-
sumption are particularly important for aerospace self-sustaining sys-
tems. In addition, performance issues in X-band radar applications
require the use of advanced components which enable high efficiency
and high output-power levels to meet future demands.

The standard solution for X-band radar applications has classi-
cally been GaAs based, utilizing either MESFET or pHEMT device
structures. However, the difficulty with these approaches has been
the relative low voltage operation that restricted the device peak power
handling [12].

From their basic material characteristic perspective, GaN-based
electronic devices such as AlIGaN/GaN high electron mobility tran-
sistors (HEMTs) are a good choice to overcome this problem. In ad-
dition, they promise even greater performance improvements in the
future [84].

RF power electronics for high-power and high-frequency applica-
tions operated at high voltages imply the need for a wide bandgap
material such as gallium nitride due to its outstanding material prop-
erties. The most important quality characteristics of Si, GaAs, 4H-SiC,
and GaN are summarized and compared in Table 1.1.

On the one hand, the wide bandgap of GaN devices results in
a high breakdown voltage that is about ten times higher than that
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Table 1.1: Comparison of RF semiconductor material properties after
[70].

| Material [ Si [ GaAs [ 4H-SiC | GaN |
Relative dielectric constant ¢, 11.8 | 13.1 10 9
Bandgap Eg (eV) 1.1 1.42 3.26 3.39
Lattice constant (A) 5.4 5.7 3.1 3.2
Electron mobility y at 300K 1350 | 8500 | 700 1200-
(cm?/Vs) 2000
Saturated electron velocity vgat 1 1 2 2.5
(107cm/s)
Breakdown field E,,, (MV/cm) 0.3 0.4 3 33
Transit frequency fr (GHz) FET 20 150 20 150
Thermal conductivity ® (W/cmK) || 1.5 0.43 3.3-45 1.3

reached with Si or GaAs. Therefore, operation at much higher volt-
ages is possible which results in a reduced need for voltage conver-
sion. As a consequence of the high voltage operation, GaN provides
more than a factor of ten improvement in power density compared to
GaAs devices, which results in higher output-power levels.

On the other hand, the requirement for high-frequency operation
at least through X-band frequencies up to 12GHz can be obtained
with the wide bandgap materials GaN and SiC due to their high sat-
urated electron velocities [70], [144] in combination with their high
current density. The potential for operation at high power levels and
at high frequencies makes GaN ideal for high-power marine, airborne
and space-borne radar and communication applications.

Furthermore, devices fabricated from wide bandgap materials can
be operated at much higher temperatures compared to their Si and
other III-V counterparts [104], but with a significant lower drain cur-
rent at higher temperatures due to electron satuation velocity reduc-
tion at high temperatures. Here, another aspect becomes important,
the selection of the substrate. In general, GaN devices are fabricated
on either SiC, sapphire, or Si substrates. The Fraunhofer Institute
of Applied Solid-State Physics (IAF) technology uses SiC substrates
due to its close lattive match to GaN and the superior thermal con-
ductivity of >3 W/cmK leading to substantial higher output-power
densities of GaN HEMTs compared to transistors made on, e.g., sap-
phire (see Table 1.1). Therefore, SiC is a good substrate candidate for
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power devices even though it is more expensive in fabrication than
sapphire and Si. Thus, the high breakdown voltage and good ther-
mal properties of the AlGaN/GaN material system on SiC substrates
enable new levels of power amplifier performance.

In addition, the beneficial properties of an AlGaN/GaN HEMT
lead to important advantages on design level compared to other ex-
isting III-V technologies, e.g. GaAs. For example, it is well known
that the bandwidth of a high-power amplifier is limited by large in-
put capacitances of large periphery devices capable to provide high
power. Furthermore, the impedance transformation from a low op-
timum load impedance up to the 502 environment also limits the
bandwidth. To obtain a wide bandwidth and high power simultane-
ously, a device with low device capacitance and high optimum load
impedance is required. Since GaN devices offer a high output-power
density and good thermal properties, the fabrication of compacter
devices with the same output power as their much larger GaAs coun-
terparts is possible. The smaller size of the devices, in turn, leads to
a reduction in terminal feedback capacitance and an increase of the
output impedance for a given output power. Consequently, GaN de-
vices enable an impedance matching over a wider bandwidth as well
as a reduced matching effort and likewise lower net insertion losses.

The development of this relatively new semiconductor technol-
ogy will further shift the boundary from vacuum tubes that currently
dominate the high-power class at the higher frequency bands [64].

1.2 State-of-the-Art of X-Band MMICs

Over the last few years, the focus has strongly shifted to GaN-devices
so that GaN development activities have dramatically increased. The
transition from GaAs to GaN was a logical move considering the ad-
vances of GaN compared to GaAs in the field of high-efficiency and
high-power amplifiers.

The trade-off between high-power and high-efficiency is one of the
major challenges for the design of X-band HPA MMICs. Figure 1.1
represents the state-of-the-art power-added efficiency (PAE) results
of HPA MMICs from the last five years operated at X-band frequen-
cies as a function of the obtainable output power. The figure covers
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state-of-the-art results of GaAs pHEMT based HPA MMICs [18], [47],
[121], [30], [99] in form of black squares and GaN HEMT based power
amplifiers. The GaN HPAs are divided into three categories. The first
group includes results from different publications that are marked as
blue crosses and that were found in [8], [23], [50], [71], [79], [80], [87],
[100], [102], [115]. The other GaN MMICs marked as green circles and
red stars were designed and developed at the Fraunhofer IAF, the red
stars indicating particular HPA results from this work [88], [86], [55].
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Figure 1.1: State-of-the-art PAE versus output power dependency of
HPA MMICs from the last five years operated at X-band frequencies.

As can be seen in the figure, the GaAs pHEMT technology is lim-
ited to comparably low output-power levels of approximately 10 W.
A maximum output power of 12.6 W could be obtained by Chu [16].
Though, typical X-band radar applications require output-power lev-
els greater than 20 W on MMIC level, and in the near future even at
module levels. According to the figure and from the general mate-
rial properties of GaN, there are no reasons why GaN HEMT HPAs
should not reach high output power levels above 20 W or even 30 W.
Therefore, the focus has strongly shifted to GaN-based power ampli-
fiers that are suited to provide high output-power levels.

However, the main problem of the relatively new GaN technology
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is the obtainable lower PAE that is considerably inferior compared to
the PAE of GaAs-based HPAs. This fact is clearly shown in the figure.
While three out of five GaAs-based publication examples offer a PAE
beyond 45 %, only one GaN HEMT HPA outperforms the desired
45 % PAE boundary besides two Fraunhofer IAF HPA examples.

The Fraunhofer IAF technology based amplifiers show outstand-
ing results at the front of the center span providing both a high output
power of above 20 W and PAE values higher than 40 %. These results
are only outperformed by a few single-frequency or narrow-band re-
sults reported in [79], [80]. In either case, the results of [79], [80]
indicate that a further performance increase with GaN-based HPAs is
possible.

However, there are different reasons for the inferior PAE behavior
of GaN HEMTs compared to GaAs devices. First of all, the GaN-
based transistor technology development is still in progress and has
not yet reached maturity. As a result, the efficiency performance of
GaN HEMTs is mainly limited due to device properties that still show
e.g. higher DC-to-RF dispersion and higher drain leakage currents
than their GaAs counterparts. The main influencing factors on the
PAE performance of AlGaN/GaN HEMTs are shown in Chapter 2.3.
In addition, the effective use of the high-impedance level of GaN de-
vices for the design of high-power amplifiers needs to be further in-
vestigated.

This work has arisen out of the strong demand for a superior
power-added efficiency of high-power amplifiers. Different concepts
and approaches in order to obtain improved PAE values were an-
alyzed. For the above-stated applications, it is obvious that every
single percent in PAE enhancement delivers a strong positive impact
on aerospace self-sustaining systems.

Therefore, the first part of this work includes the evaluation of the
current Fraunhofer IAF GaN transistor performance (see Chapter 2)
as well as the specific transistor technology progress and its impact
on MMIC design level as described in Chapter 4. In the second part of
this work, the implementation of well-known design measures from
GaAs-based HPAs into GaN HEMT power amplifiers is analyzed in
consideration of the electrical properties of GaN HEMTs such as the
high impedance level of GaN devices. Three topics are discussed in
detail:
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1. Improved matching capabilities due to the design of a balanced
amplifier taking advantage of the GaN-specific high load-impe-
dance level (Chapter 5)

2. PAE enhancement in consideration of an optimized power- to
driver-stage gate-width ratio (Chapter 6) and

3. Higher PAE performance by means of second harmonic termi-
nation (Chapter 6).

1.3 OQOutline

The scope of this thesis is the analysis as well as the design and layout
of AlGaN/GaN high-power amplifier (HPA) MMICs for radar appli-
cations operating at X-band frequencies between 8 GHz and 12 GHz
with a significant improvement of power-added efficiency (PAE). The
evolving GaN HEMT technology provides enormous potential for im-
provements on the circuit level based on the higher impedance with
nearly the same capacitances and transconductances gm/mm com-
pared to GaAs devices. The core areas that were examined in the
course of this work are described in the following chapters.

Subsequent to the introduction, Chapter 2 focuses on the Fraun-
hofer IAF AlGaN/ GaN HEMT device including its principal prop-
erties and outstanding status of current RF-performance at X-band
frequencies. Furthermore, the performance limitations, especially the
PAE limiting factors, are defined and analyzed. In addition, their im-
pact on the PAE behavior of the HEMT device is exemplarily demon-
strated.

Chapter 3 gives an overview of the GaN-specific power-amplifier
circuit design at X-band frequencies. The chapter covers all major
design steps beginning with the transistor characterization at high-
power operation under optimum load conditions, followed by the
specific matching techniques for the different matching networks and
small-signal and large-signal simulations as well as stability consid-
erations. Finally, the circuit design cycle is completed with the layout
aspect of the power amplifier.

Based on the HPA circuit-design expertise, Chapter 4 treats the
development efforts regarding the AlGaN/GaN HEMT processing
technology by means of real HPA MMICs processed with the dif-
ferent technologies. The aim of this chapter is the investigation of
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the impact of different technology modifications on circuit designs.
Hereby, special attention is paid to the PAE performance of the HPA
MMICs.

Chapter 5 covers the design of the first balanced microstrip HPA
demonstrator in GaN technology for X-band taking advantage of the
GaN-specific high load-impedance level. Since the major challenge in
the design of a balanced HPA consists in the dimensioning and real-
ization of the input and output couplers, the use of low-impedance
microstrip input and output Lange couplers was investigated in this
study to enable realizable dimensions of the couplers and to ensure a
sufficient power and current handling capability. With the balanced
HPA a strongly improved input and output matching capability of
better than -14 dB could be obtained over the entire bandwidth from
8.5-13 GHz compared to -5 dB for the single-ended approach.

Furthermore, Chapter 6 features two efficient circuit design meth-
ods to improve the power-added efficiency within single- and dual-
stage high-power AlIGaN/GaN HEMT amplifiers for X-band frequen-
cies. The first part focuses on the impact of the final (PA)- to driver
(DRV)-stage gate-width (GW) ratio on the PAE performance of dual-
stage HPAs. The study entails a detailed theoretical analysis and is
supported by realized HPA MMICs offering different PA/DRV TGW
ratios. In the second part, the principal effect of second harmonic
termination at the input and/or output of a transistor on its PAE
performance is analyzed in theory and proved on the basis of single-
stage HPAs. In addition, unwanted side effects such as a limited
bandwidth and a reduced output power performance are examined.

Finally, the work is summarized in Chapter 7 pointing out the
main results of this thesis.



Chapter 2

High Electron Mobility
Transistor

2.1 Principle Properties

The high electron mobility transistor (HEMT) is an advanced hetero-
structure device based on the MESFET principle [33]. However, due
to its superior transport and general material properties (see Chapter
1), the HEMT device leads to higher gain, higher power-added effi-
ciency (PAE), higher output power, and better low noise performance
for a wider frequency range [83]. This makes the HEMT device most
applicable for high-power applications.

Small-Signal Model

Figure 2.1 presents the small-signal model of a HEMT including the
intrinsic device and parasitic elements. The figure gives an overview
of the intrinsic and extrinsic parameters which are partially used
with-in this work to explain their impact on the transistor perfor-
mance.

The components Rg, Ry, and Rs model the contact and metalliza-
tion structure resistances and the elements Lg/4/s, Cpgi/pdi/pgdi and
Cpga/pda/pgda indicate the extrinsic parasitic inductive and capacitive
effects of the gate, drain and source, respectively [110].

The intrinsic small-signal model consists of eight components. Cgs
illustrates the charge modulation in the channel due to gate-source
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Figure 2.1: Small-signal equivalent circuit of a HEMT including par-
asitic elements.

voltage, Cgq specifies the feedback capacitance, and Cys is a geometric
capacitance between the drain and source that is mostly bias indepen-
dent within the Fraunhofer Institute for Applied Solid State Physics
(IAF) GaN HEMT technology. In addition, the device output con-
ductance G4 is a measure of the incremental change in the output
current Ipg versus output voltage Vpg, while the input voltage Vg is
held constant. G43 and Cqs represent the output impedance.

The transconductance gn, is defined as the ratio of Alps and AVg
and the delay 7 indicates the transit time associated with the carrier
transport through the channel. Finally, Rgs and Cgs declare the gate-
source impedance and Rgq specifies the amount of feedback losses of
the HEMT device. Y-parameter based calculations of the most impor-
tant intrinsic parameters can be found in Appendix A.

AlGaN/GaN HEMT Geometry and Technology Process

In the course of this work, all AlGaN/GaN HEMTs are processed
with the GaN25 process of the Fraunhofer IAF with a 0.25ym gate
length technology that is optimized for X-/Ku-band monolithic mi-
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crowave integrated circuit (MMIC) applications from 6 to 18 GHz. In
addition, the standard FET used within this work offers a gate geom-
etry of 8x125 ym (number of gate-fingers x gate-width) with a gate-to-
source spacing of 1 ym and a gate-to-drain spacing of 3.5 ym and with
a gate-to-gate pitch I of 50 yum. The AlGaN/GaN heterostructures
are grown on semi-insulating (s.i.) SiC substrates by Metal Organic
Chemical Vapor Deposition (MOCVD).

Two different technologies, microstrip line (MSL) and coplanar
waveguide (CPW), can be used for on-chip integration, i.e. the so-
called monolithic integration of the entire circuit design including all
passive components on one chip [48]. Both technologies consist of
a substrate on which metal tracks are fabricated. The most impor-
tant difference between the two technologies is related to the location
of the ground plane. For microstrip technology it is located on the
backside of the substrate, while coplanar technology has signal and
ground metal on the topside of the substrate. This makes coplanar
technology easier and cheaper to fabricate than microstrip. However,
compared to microstrip, losses and dispersion of other modes such
as the slotline mode are somewhat higher [44]. Another advantage
of using MSL technology is its direct compatibility with commercial
hybrid microstrip radar modules [75].

The processing of all HEMT devices and HPA MMICs within this
work is performed in MSL technology consisting of frontside process-
ing, substrate thinning to 100 um, and backside processing including
front-to-back substrate via holes [26]. Further specifications of the
processing technique are given in [133].

2.2 DC- and RF-Performance

This section gives an overview of the current DC- and RF-performance
of an 8x125 ym AlGaN/GaN HEMT at X-band frequencies by means
of device measurement results.

The representative DC and pulsed-DC current-voltage (I-V) char-
acteristics of the 1 mm device at 10 GHz are depicted in Figure 2.2.
The DC output characteristics on the left side in Figure 2.2(a) were
measured up to Vps=60V with Vgs=-4 ... 2V. A maximum drain-
source current of approximately 840 mA /mm was obtained which is
related to an aluminum mole fraction of 22 % for this technology (see
Chapter4.2.1).
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(a) DC I-V measurements in CW mode (b) DC and Pulsed I-V measurements

Figure 2.2: DC and Pulsed I-V measurements of an 8x125um Al-
GaN/GaN HEMT in microstrip technology with a gate length of
0.25 ym.

Since the RF GaN HEMT performance is affected by DC-to-RF dis-
persion effects and thermal phenomena, Figure 2.2(b) compares the
DC (green lines) with the pulsed (red and blue lines) I-V curves in
order to estimate the DC-to-RF dispersion. The DC-to-RF dispersion
that is visible between the DC and pulsed-DC curves indicates the
existence of trapping effects as explained in Section 2.3.3. As a result,
ID, max becomes reduced and Vy increased with a resulting degrada-
tion of the output power and a drop in the efficiency. Nevertheless,
the DC-to-RF dispersion of the HEMT devices in the IAF GaN tech-
nology has been strongly improved within the last few years due to
the HEMT-device technology progress. Temperature effects can be
illustrated by comparing the two pulsed-DC I-V curves with the dif-
ferent quiescent bias points. The general shape of the curves remains
unchanged, but the magnitudes decrease due to the higher channel
temperature of the device measured with the higher gate quiescent
biasing.

Next, Figure 2.3(a) shows the measured DC transconductance gm
of the same device sample. The transconductance shows an asym-
metric behavior, i.e. a sudden rise near turn-on independent on Vpg
followed by a smooth decrease toward gm=0mS for Vgs>1V that
becomes stronger for higher drain bias voltages. A maximum gm
of 310mS/mm was measured at a drain bias voltage of 10V with
Vgs=-1.75... -1.5V and 285mS/mm at Vpg =30V with Vgg=-1.75V
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Figure 2.3: Transconductance and breakdown voltages of a 1mm
AlGaN/GaN HEMT in microstrip technology with a gate length of
0.25 ym measured at 10 GHz.

leading to correlating drain currents of each 100mA. The complete
channel pinch-off is at about -2.5V independent of the drain bias volt-
age.

In addition, the gate-source and gate-drain breakdown behavior of
the 0.25 ym HEMT were taken at an operation temperature of 150 °C.
Mostly, the gate-drain breakdown voltage is above 100V, which is
about four times higher compared with GaAs devices having similar
cut-off frequencies [81]. Figure 2.3(b) shows the breakdown behav-
ior of the reverse biased gate-drain and the gate-source diode for ten
8x125 ym AlGaN/GaN HEMT devices from the same wafer as above.
Both the gate-drain and the gate-source breakdown behavior were
not measured up to breakdown. Nevertheless, the gate-source break-
down behavior of the majority of the measured transistors shows a
strong increase in gate leakage current of up to 0.5mA at 70 V. There-
fore, the expected gate-source breakdown voltage causing a gate leak-
age current of 1 mA/mm is about 80 V. In addition, all devices offer
an outstanding breakdown voltage for the gate-drain diode that is
larger than 150 V.

The device also shows high cut-off frequencies that are extrapo-
lated from the measured small-signal current gain /57 and maximum
stable gain (MSG)/maximum available gain (MAG) curves (see pages
26 and 40) as shown in Figure 2.4. An extrinsic transit frequency
of fr=30GHz and an extrinsic maximum frequency of oscillation of
fmax =42 GHz were obtained at Vpg=30V.
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Figure 2.4: Measured current gain /hp; and small-signal power gain
MSG/MAG of an 8x125 ym AlGaN/GaN HEMT and extrapolated fr
and fmax. Bias point: Vpg=30V and Vggs=-1.8 V.

Figure 2.5 shows CW-load-pull results of a 8x125 um AlGaN/GaN
HEMT measured at 10 GHz and Vps=30V in Class-AB (see page 30)
operation without intentional harmonic matching. In Figure 2.5(a),
the obtained Py, PAE, and power gain are depicted as a function of
Vps. While the output power and power gain increase with increasing
Vps, the PAE performance remains constant at a value of nearly 45 %
up to a drain voltage of 30 V. For Vpg>30V, the PAE performance
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(b) Power-sweep across 21 cells vs. Py,

Figure 2.5: CW-load-pull measurements of a 1mm AlGaN/GaN

HEMT at Vps=30V.
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starts decreasing strongly due to the device characteristic and the fact
that for high drain voltages the high magnitude of the optimum load
impedance I't can not be set up any more due to limitations of the
measurement setup. Nevertheless, at a drain voltage of 40V, a PAE
of 40% can still be proven. Figure 2.5(b) shows a power-sweep of
the same HEMT device across all 21 cells on a 3-inch wafer. As can
be seen in the figure, the measurements offer both an excellent RF-
performance and a very good on-wafer homogeneity, especially for
the output power and gain performance.

A maximum PAE of 49 % was obtained at P, =25dBm with an
associated output power and power gain of 36.6dBm and 11.3dB,
respectively. With a linear gain of 14.8 dB, the gain compression at the
input power level of maximum obtainable PAE is 3.5 dB. In addition,
a saturated output power density of 4.7 W/mm could be obtained.

Figure 2.6 shows the load-pull PAE measurement results as a func-
tion of the output power. In Figure 2.6(a) a mapping across all 21 cells
of the entire wafer is depicted, measured for P, =0... 27 dBm with a
fixed I'L.. The figure on the right (Figure 2.6(b)) shows only one device
sample measured at a fixed input power level and a variation of I'r.
As can be seen especially in this figure, it is not possible to achieve
a maximum PAE and maximum output power simultaneously. De-
pending on I't, a maximum PAE of 49 % or a maximum output power

60 60
V=30V |[10 GHz V =30V |[10 GHz

50V, =-1.8V

40}

30+

PAE [%]

20+

Pou W] P o W1

(a) Mapping results with fixed I'. (b) I'L-Variation of one power cell

Figure 2.6: PAE vs. Py load-pull measurement results of an
8x125 ym AlGaN/GaN HEMT at 10 GHz in CW-mode. Bias point:
VD5= 30V and Vc;s= -1.8V.
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greater than 5W could be obtained.
Finally, Table 2.1 summarizes the most important DC and RF pa-
rameters of the 8x125 um Alg 2,Gag7sN/GaN HEMT with [g=0.25 ym.
According to the excellent results that are shown in the figures and
listed in Table 2.1, the GaN25 Fraunhofer IAF process is a reliable and
highly competitive technology. Furthermore, it is an excellent basis
for further performance enhancement, especially regarding the PAE.

Table 2.1: Measured DC and RF parameters of a 1 mm AlGaN/GaN
HEMT with [z =0.25 ym.

DC Value RF parameters measured | Value
parameters at Vps=30V and 10 GHz

ID, max 840 mA/mm || Poyt (P =25dBm) 36.6dBm
8m, 10V 310mS/mm || PAE (P, =25dBm) 49 %

8m, 30V 285 mS/mm Gp (Pin =25dBm) 11.3dB
BVgs (150°C) | >70V Giin 14.8dB
BVgp (150°C) | >150V Psat 4.7W/mm
fT 30GHz Pmax (FL,I’out) 51W/mm
fmax 42 GHz

2.3 Influencing Factors on PAE Performance

The power and efficiency performance of an AlGaN/GaN HEMT is
mainly limited due to the following factors (three static and three
dynamic phenomena):

* Knee voltage Vi

* Drain leakage current I,

DC-to-RF dispersion Alpc.Rrr
* Feedback

* Compression behavior

* Thermal effects and reliability.

Figure 2.7 shows the impact of the first three influencing factors
by means of the I-V characteristic of an AlIGaN/GaN HEMT.
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Figure 2.7: Static PAE influencing factors marked in red in the I-V
characteristic of an AlIGaN/GaN HEMT.

2.3.1 Knee Voltage

The knee voltage is defined as the voltage of the I-V curves transition
from "linear" to "saturation'. Here, the knee turn-on region has a
substantial impact on the HEMT performance, especially the results
for output power and efficiency due to the fact that Vi >0 causes an
increase in the DC supply power. The DC supply power is the well-
known product of the DC supply voltage and current.

Ppc = Vpc - Ipc with  Vpcreal = Vbcjideal + Vi (2.1)

Besides, the efficiency of a transistor can be defined in different
ways as shown in Chapter 3.1.2. Within this work, the so-called
power-added efficiency (PAE) of a transistor is used, since the PAE in-
dicates the transistor’s efficiency under consideration of the required
input power level P, which is substantial for a HPA design. The PAE
is defined by

_ Pout_Pi

PAE N — PAEigea - (2.2)

DC

To obtain the impact of the knee voltage on the PAE of a transis-
tor, the above stated equations are combined to the following more
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precise ("real") PAE equation:

Pout — Pin
(Vbe,ideat + Vi) - Inc
1
9l i/ Ve ideal

PAEreal =

= PAE

(2.3)

For a typical 1 mm AlGaN/GaN HEMT operated at X-band fre-
quencies with a knee voltage of 5V and at a drain bias voltage of
Vpc =35V, the impact of Vi on the PAE performance is a factor of
about 0.875 of the ideal PAE assuming Vi = 0. In other words, e.g.,
an ideal PAE of 70 % would be reduced down to 61.25%. As can be
seen in the example, the knee voltage has a deep impact on the PAE
behavior of a transistor and therefore on the HPA design due to the
fact that it will always be a significant percentage of the DC supply
[25].

The walk-out of the knee voltage arises from the lengthening of
the gate-drain space-charge region that is controlled by the bias point
[129]. Therefore, the RF knee voltage increases with increasing drain
bias voltages that cause a significant rise in Ron. As a result and
based on the fact that V) is proportional to the product of Ry, and the
saturated drain current [28], the obtainable PAE is decreasing towards
higher drain biases [43].

A reduction in knee-voltage can be obtained for field-plated de-
vices [14] as discussed in detail in Chapter 4. The field-plate leads to
a reduced DC-to-RF dispersion so that the RF-knee voltage becomes
smaller and aspires towards the DC knee voltage.

2.3.2 Drain Leakage Current

According to the knee voltage, the drain leakage current I, also
affects the PAE performance of a HEMT device. It causes reliability
problems [27], and results in a lowered breakdown voltage and an in-
creased OFF-state loss [98], [63]. The relationship between the drain
leakage current and the impact on the PAE performance can be illus-
trated using an equivalent formula as for the PAE related to the knee
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voltage, i.e. Equation 2.3.

P out — P, in
PAE =
real Vbc - (Ipcideal + Imin)
1

PAE; (2.4)

N4 Tonin/ Ipc

Again, taking a realistic drain leakage current of I,ij =1mA into
account within a Class-AB to Class-B operation with Ipc = 1/mA
(see Section 3.1.2, Table 3.1), the real PAE is approximately a factor of
0.99 of the ideal PAE. Thus, the drain leakage current in the order of
1mA delivers almost no impact on the PAE performance compared
to a knee voltage of 5V.

2.3.3 DC-to-RF Dispersion

Another Pyt and PAE degradation factor for power FETs is the dis-
crepancy between the expected output power from the DC current-
voltage characteristic of the FET compared with the compressed RF
current swing leading to reduced load-pull measurement results of
Pout [18]. The resulting difference between the DC and RF loadlines
is shown in Figure 2.7. The DC-to-RF discrepancy is attributed to the
trapping effects where both surface and bulk traps contribute [143],
[9], [128]. Hereby, the surface trapping effects significantly impact the
problem of drain current collapse [129].

The so-called DC-to-RF dispersion affects the device performance
due to a reduction in saturation current and an increase in knee volt-
age at high frequencies and high bias conditions [20]. Its impact on
the PAE performance can be calculated in accordance with the last
two PAE equations and with respect to AIpc.rr = (Imax — Imin)DC —
(Imax - Imin)RF-

P out — P, in
PAE
real Vbc - (Ipcideal + AIDC-RE)
1

= PAEL, (2.5)

deal ] Alpere/Inc

Assuming that the discrepancy between the DC and RF I-V char-
acteristics of a 1mm AlGaN/GaN HEMT operated at X-band fre-
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quencies amounts Alpc.rr/Ipc=0.1, the resulting real PAE yields
90 % of the ideal case without DC-to-RF dispersion.

To mitigate the DC-to-RF dispersion, surface SiN passivation was
optimized to stabilize surface states and therefore recover surface
trapping effects that are responsible for limiting both the RF cur-
rent and breakdown voltages of the device [42], [67]. In addition,
the adoption of field modulating plates (FP) also improves the trade-
off relation between current collapse and breakdown characteristics
and therefore leads to a reduced dispersion and a resulting higher
output power and PAE [3], [140], [70]. The impact of field plates on
the performance of HPA designs is demonstrated in Chapter 4. Nev-
ertheless, the field plate causes additional gate capacitance that in
turn leads to a degraded high-frequency performance of the power
HEMT device for millimeter-wave amplifiers. Therefore, in case of
high-frequency applications, a deeply recessed gate structure and an
adequate variation of the GaN cap thickness [134], [131] that both
have a strong impact on the DC-to-RF dispersion are preferred to
the use of field plates [18], [108]. Furthermore, a V-shaped gate also
delivers the desired reduction in DC-to-RF dispersion and therefore
leads to a performance improvement [17].

2.3.4 Feedback

Besides the above stated obvious PAE degradation factors, the feed-
back effect should also not be neglected when the HEMT is operated
at high voltages due to the voltage dependency of the feedback ca-
pacitance Coq. In addition, the high-frequency performance is limited
by Cgq and the feedback resistance Rgq. On the one hand, Rgq can
be reduced by the use of an appropriate gate geometry as discussed
in Chapter 4. On the other hand, the feedback capacitance that is
mainly located between the top of the gate and the GaN cap layer
can be reduced by an adapted SiN passivation layer [103] and source-
connected field plates as demonstrated in Chapter 4. However, the
use of source-connected field plates causes a strong increase in Rgq
as is documented in Chapter 4.1.3.

Figure 2.8 shows the small-signal equivalent circuit of a HEMT
device with the feedback admittance Ygg. This circuit can be trans-
formed by means of a compensation of (Cqs + Cgq) With Leomp that
is described in detail in Chapter 3.1.4. The resulting circuit indicates
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Figure 2.8: Small-signal equivalent circuit of a HEMT device includ-
ing the feedback admittance Ypp.

the relation between the ratio of feedback and load currents and the
ratio of feedback and load conductances, i.e. Igg/ ljoaq = Grs/Gr.
Hereby, the feedback admittance can be calculated as

1

Yep(w) = Rea(e0) +

= GFB(CLJ) —|—jaJCFB(w) . (2.6)

N
jwcgd (w)

According to Figure 2.8, the ratio of the feedback power and the out-
put power amounts

Peg  1/2|Igp|*1/G
DPpg _ 1/2|Ip| FB _ GesRy

(2.7)
Pout 1/2|Iload|2 RL

According to [122], the impact of the feedback effect on the PAE per-
formance of a HEMT device results with the above stated power re-
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lation in
_ Prp
PAEreal - PAEideal . (1 - P )
out
= PAEjgea - (1 — wzCéngdRL) . (2.8)

With typical values of Cgq =0.1pF, Rgq =202, and R =600 of a
1mm AlGaN/ GaN HEMT operated at 10 GHz, the real PAE would
yield 95 % of the ideal PAE.

2.3.5 Compression Behavior

Another important aspect in terms of the obtainable PAE perfor-
mance is the gain compression behavior of the HEMT that is caused
by the non-linear characteristics of the HEMT device when operated
at high input power levels and defined as the difference between the
linear and power gain. The gain compression is mainly dependent on
the gm curve progression that is shown in Figure 2.3(a) for a typical
AlGaN/GaN HEMT in Fraunhofer IAF technology. The curve char-
acteristic offers an asymmetric behavior with a sudden rise near turn-
on. This strong increase in g, enables the operation at gm, max and at a
simultaneous small drain current of about one-tenth of Ip . How-
ever, the slow decrease towards gm =0mS causes already a non-linear
behavior of Ip and therefore a decrease in gain. To obtain saturated
output power, a gain compression of at least 3dB is necessary for
AlGaN/GaN HEMT devices in the Fraunhofer IAF technology.

According to Equation 2.2, the PAE is dependent on the relation
of the output and input power level, i.e. the gain performance. There-
fore, Equation 2.2 can be restated as

- Pout 1

= (1-2). 2.9)

PAE
G

As can be seen in Equation 2.9, the PAE increases with increasing
gain performance. With a characteristic power gain of 10 dB the PAE
amounts 90 % of the relation of Pt/ Ppc which is defined as the drain
efficiency 7 of the device.
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2.3.6 Thermal Effects and Reliability

GaN based semiconductor devices on SiC substrate offer a high ther-
mal conductivity that provides a great potential for high temperature
application fields. However, the "operating” temperature has a signif-
icant impact on both the performance and reliability of the device. As
the active region (channel) temperature increases, the crucial device
parameters such as the maximum operating frequency, the electron
saturation velocity, the output power, gain, and accordingly the PAE
performance of the HEMT device decrease [10], [35]. Furthermore, it
is commonly assumed that the reliability of a transistor also decreases
with rising temperature.

Taking all the above-mentioned examples from 2.3.1 - 2.3.5 to-
gether, the realizable power-added efficiency amounts only:

1 1 1
T Vi/Vbe 1+ Inin/ Ipc 1 + Alpcre/ Ipc

1
(1 - w?CayRgaRL) (1 — c)

PAE =

= %-0875-0.99-09-095-09 =17-0.67 (2.10)

Thus, these PAE influencing factors have a strong impact on the
PAE performance. To achieve PAE values above the calculated 67 %
of the drain efficiency from the single examples, the AlGaN/GaN
HEMT performance needs to be improved by an advanced process-
ing progress. Within the last few years, the PAE could be strongly im-
proved by means of the above mentioned technology enhancements
such as the introduction of field modulating plates. An overview of
different technology improvements related to a PAE performance op-
timization is given in Chapter 4 on the basis of high-power amplifiers
processed with the continuously improving technology.






Chapter 3

Power-Amplifier Circuit
Design

In this chapter, the design of an AlGaN/GaN high-power amplifier
(HPA) with its fundamental aspects will be explained. Figure 3.1
gives a general overview of the design flow of a typical power ampli-
fier including all major design steps that are discussed in this chapter.
Furthermore, GaN-specific factors such as the high impedance level
of AlGaN/GaN transistors and the consequences for the HPA design
are elaborated in this chapter.

HPA Structure

Initially, the selection of the amplifier’s structure needs to be made.
The available technology and the required amount of output power
and power gain determine the number of amplifier stages and the
number of transistors that must be used in parallel, especially in the
output stage. The technology defines factors such as the transit fre-
quency, the maximum supply voltage and the noise figure that influ-
ence the estimated gain, maximum output power and noise perfor-
mance of an amplifier at a certain frequency. First of all, the specifi-
cations of the high-power amplifier have to be defined including the
frequency-range, the drain bias voltage Vpg, the output power Poyt,
the power-added efficiency (PAE), and the associated power gain per-
formance.
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Figure 3.1: Design flow of a power amplifier including all major de-
sign steps.

The required total gate width of the output (power)-stage transis-
tors can be calculated with respect to the required output power of
the entire power amplifier, the expected loss of the output matching
network (OMN), and the power density of the output-stage unit tran-
sistor cell. In the case of a dual-stage amplifier, the size and number
of the FET cells in the driver-stage can be determined according to the
transistor periphery of the PA-stage. In this case, the total gate width
of the driver (DRV) has to be large enough to prevent the DRV-stage
FET cells from going into compression before the power (PA)-stage
transistors. The influence of the amplifier’s structure, i.e. the gate
width and gate-width ratio of both transistor stages, on the perfor-
mance of the entire high-power amplifier will be discussed in detail
in Section 6.1.

All HPAs in this work are required to operate within X-band fre-
quencies between 8-12GHz and at drain bias voltages above 30V.
Besides the "monitor" amplifiers (see Chapter 6.2), an output power
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beyond 20 W with an associated PAE > 40 % is required for typical
radar applications. In this work, only one- and two-stage amplifiers
are discussed.

3.1 Device Characterization

For the design of high-power amplifiers, transistors with sufficiently
high frequency and power performance are required. The layout of
the unit transistor cell needs to be extracted from the estimated total
gate width of the output-stage transistors and the correlating cell size
of the single transistor. Geometry issues such as the gate width and
the number of gate fingers have to be decided upon. In addition,
the gate-to-gate pitch has an important effect on the layout and the
characteristics of a transistor as discussed in the last chapter. While
a reduction of this spacing results in a smaller device layout, it also
leads to an increase of the maximum gate finger temperature with a
resulting decrease of the transistor’s reliability.

3.1.1 Transistor Size Selection

Initially, the relationship between the gate width and the number of
gate fingers is analyzed on the basis of AIGaN/GaN HEMTs with a
gate length of 0.25 ym and approximately 1 mm total gate width each;
namely 8x125 ym, 10x 100 ym, 12x85 um, and 16 x60 ym transistors
in microstrip line (MSL) technology. Furthermore, all transistors con-
tain source finger air bridge connections with four external source
vias to ground, but no individual source vias (ISV). The layout of the
8x125 ym HEMT cell is shown in Figure 3.2.

Figure 3.3 depicts a comparison of the maximum stable gain (MSG)
and maximum available gain (MAG) curves of the above defined FET
variants that are all biased at the same drain voltage of 30V. The
green area in both graphics presents the relevant X-band frequencies.
The figure on the left shows the curve characteristics over a wide
frequency-range up to 20 GHz in logarithmic scale, while the right
figure zooms into the relevant X-band area as shown in the black
rectangle from the figure on the left. As can be seen in the figures,
the device with the minimum number of fingers delivers the highest
MSG/MAG values, i.e. an improvement of 0.5-0.8 dB over the entire
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Figure 3.2: Typical pattern layout of an 8x125uym HEMT cell with
key dimensions.

X-band frequency-range compared with the device with 16 gate fin-
gers. In addition, the k-point, which is defined by the frequency at
which the Rollett-factor turns one (see pages 39/40), of the device
with 8 gate fingers is 1 GHz higher than that of the device with 16
gate fingers. Nevertheless, the k-points of all devices are beyond the
upper end of the X-band frequency range, i.e. 12 GHz.
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Figure 3.3: Comparison of the MSG/MAG characteristics of Al-
GaN/GaN HEMT variants each with approximately 1 mm gate ge-
ometry, but different gate widths and number of gate fingers. Bias
point: Vpg=30V and Vgs=-2V.
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The higher MSG/MAG values of the devices with less finger count
can be explained with help of Equations 3.1 and 3.2 according to [33]
and [78], respectively.

So Y21 Sm o
MSG=|-—=| = |2 ~ low-frequency approximation

‘ S12 Y2 wCgq ( quency app )

(3.1)
2
MAG =~ <fT) 1

f7 a4 [Gds(Rin + 7tfrLs) + 7 frCaq (Rin + Rg + anTLs)}

(3.2)

On the one hand, the external capacitance ng increases with in-
creasing number of gate fingers due to the larger gate bus length,
so that the maximum stable gain decreases. On the other hand, at
X-band frequencies the layout of the HEMT device, in particular the
extrinsic parasitic elements, influences the MAG behavior as can be
seen in Equation3.2. Again, with increasing finger count and con-
sequent increasing source bus length, the source inductance L also
becomes larger leading to a reduction in the MAG behavior.

Thus, the parasitic elements caused by the supply paths and con-
nections are mainly influenced by the layout structure of the HEMT
device. In this study, the HEMT structure is analyzed only within one
"direction", i.e. towards a higher number of gate fingers, based on the
8x125 ym HEMT cell from Figure 3.2 with a nearly quadratic lay-
out structure. The MSG/MAG behavior of HEMT devices with fewer
finger counts than eight and consequently wider gate widths would
result in comparable layout structures and therefore also lead to an
inferior MSG/MAG performance. The "quadratic" layout structure
delivers the highest MSG/MAG values. As a result, the transistor
with the 8x125 ym gate geometry is found to be the best device se-
lection concerning the MSG/MAG performance. Thus, this geometry
is extensively used for the designs within this work.

3.1.2 Class of Operation

The bias condition of an amplifier mainly depends on the ampli-
fier requirements for output power, efficiency, linearity, and possible
bandwidth. With the high-power amplifiers presented in this work,
on the one hand, a preferably high output power is basically sought.
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This leads to a Class-A or Class-AB operation. On the other hand,
high efficiencies are required that can be realized with Class-B or
Class-C configurations as shown in Table 3.1. Table 3.1 compares the
most relevant amplifier specifications of this work, i.e. the drain ef-
ficiency #p and the realizable bandwidth BW, operating at different
classical current source amplifier classes with an associated current
conduction angle a. Further characteristics of the amplifier’s operat-
ing classes are listed in [33], [5].

Table 3.1: Overview of the commonly used "linear" operating classes
of classical current-mode PAs.

Biasing 1D, max « Bias Point Possible
BW
Class-A 50 % 27 IDC = Imax/z hlgh
VDC = (Vmax + Vk)/2
Class-AB || 50% -78.5% | 7 -2 | between A and B high
Class-B 78.5% T Ipc = Imax/ 7 moderate
Vbc = (Vmax + Vk)/z
Class-C 785%-100% | 0- 7 Ipc < Imax/TT low
Voc = (Vimax + Vi) /2

The output power and efficiency of a transistor are directly influ-
enced by the operating class of the transistor. Here, the efficiency can
be measured as the drain efficiency which is determined as

_ Pout
D= (3.3)
or as the power-added efficiency (PAE) which is defined as
Pout_Pi Pout( 1)
PAE = — = 1-=. 34
P Poc\' G G4

The use of the PAE is more useful because of the influence of the gain
within the calculation [29]. For G — oo, the power-added efficiency
is equal to the drain efficiency. The DC supply is given by Ppc =
Vpc - Ipc whereas the corresponding current can be calculated by
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Fourier analysis according to Cripps [25] yielding

_ ! vz 0)do
I = —/ I
DC 27 ) apo 4(0)

1 /‘“/2 Imax
27t J—ay2 1 —cos (a/2)
Imax 2-sin(a/2) —a-cos(a/2)

T 2m 1—cos (a/2) ' (3:5)

- (cos8 — cos (x/2)) do

Figure 3.4 gives an overview of the bias point locations of a typical
AlGaN/GaN-HEMT for all relevant classes of high-power amplifier
operation in this work. On the left side, the drain current versus
drain-source and gate-source voltage curves (I-V characteristics) and
the optimum load line for a Class-A amplifier are shown. In addition,
the figure on the right depicts the drain current versus gate-source
voltage in saturation region. The corresponding bias point locations
are marked in both figures.

lq ly
Load-Line (Class-A): Iy =l -R, (Vy-Vy)
11 V__ -V,
ma with RL = _ull.ax_k |”m
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Vk DC Vmax Vds th Vgs

Figure 3.4: Bias point locations of a typical AlGaN/GaN-HEMT for
various operation classes.

For the calculation of the maximum obtainable #p in different
operation classes, Figure 3.5 clarifies the loadlines of a Class-A and
a single-ended and push-pull ("complementary amplifier" using re-
verse polarity transistors in Class-B operation to provide the full wave-
form) Class-B operation.

The corresponding DC supply power result is given in Equation
3.6 for Class-A operation, in Equation 3.7 for single-ended Class-B
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operation, and in Equation 3.8 for push-pull Class-B operation.

Vmax + Vk . Imax

P =
DC, A 5 5
1
= 1 VinaxImax ~ with Vi =0 (3.6)
Vinax — Vi I
Ppc p(single-ended) = (Vmax — k> s
T T
m—1

= o Viaxdmax  with Vi =0 (37)

Vmax + Vk . Imax
2 T
1 .
= 5 Viaxlnax  With i =0 (38)

Ppc, g(push-pull) =

The RF power of a Class-A and a Class-B operation is defined as

VRE IR

Prpea = Preg = NG

_ 1 . Vmax - Vk Imax
2 2 2
1
= 5" VmaxImax with Vi, =0. (3.9)

Consequently, the drain efficiencies for the above stated operation
classes result in

Prpa 1 o
ID,Class-A = — = _-=50% (3.10)
Ppc,a 2
PreB
Ppc,(single-ended)
2
= — =576% 11
Sy =% 6
PreB
Ppc, B(push-pull)
21

= 5 =785%. (3.12)

11D, Class-B(single-ended) =

1D, Class-B (Push—pull) =
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Figure 3.5: Voltage-current waveforms for a Class-A and a single-
ended and push-pull Class-B operation.

Class-A

The DC bias point of a Class-A amplifier is the exact mid-point of the
linear range as shown in Figure 3.4. Consequently, the signal is am-
plified during the full signal period (¢« = 27r) without signal clipping,
i.e. only the fundamental signal component exists, leading to a per-
fectly linear operation. Being operated at Class-A condition, the DC
voltage is (Vmax + Vi)/2. From Equation 3.5, the corresponding DC
current Ipc results in Imax/2. The DC power of a Class-A amplifier
is independent of the RF input or output power levels, which is one
of the major drawbacks of Class-A amplifiers because they consume
this amount of power even with no signal applied [130]. This leads to
a poor maximum efficiency of #p (Class-A) = 50 %.

Class-A amplifiers are most commonly used in small-signal ap-
plications where linearity is more important than power efficiency.
Nevertheless, Class-A amplifiers are also used in large-signal appli-
cations with an extraordinarily need for high linearity and high gain
that outweighs the disadvantage of poor power efficiency [90].
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Class-B

In Class-B operation, the quiescent DC bias current is set to zero so
that the conduction angle of each RF cycle results in « = 7t (half sine
waveform). That causes the RF-output-power to DC-source-power
efficiency to be much higher than with Class-A amplifiers. Class-
B delivers the same RF output power as Class-A (see Equation 3.9),
but with a reduced DC current of Ipc (Class-B) = Inax/ 7T accord-
ing to Equation 3.5. Consequently, the DC supply is reduced by
a factor of up to 2/m for a push-pull configuration compared with
Class-A condition. This results in a theoretical maximum efficiency
of #p (Class-B) = 72/ (8(mr — 1)) which is 57.6% in case of a single
FET cell and up to #p (Class-B) = 7r/4 which is 78.5 % for a push-pull
configuration. Nevertheless, Class-B amplifiers are less linear than
their Class-A counterparts [82].

Class-AB

Class-AB amplifiers are a compromise between Class-A and Class-B
operation. They are biased in between Class-A and Class-B operation
so that the drain current flows less than 360 degrees, but more than
180 degrees, of each RF cycle. The DC current and drain efficiency
are valued between those of Class-A and Class-B setting as shown in
Figure 3.4 and Table 3.1.

Class-C

An additional efficiency improvement can be achieved by further re-
duction of the quiescent bias current, as it is the case for Class-C op-
eration. The DC current in Class-C condition is below the threshold
current as depict in Figure 3.4. Therefore, the transistor is switched
on for only less than half a duty cycle. Even though the resulting
drain efficiency is very high (theoretically up to 100 %), Class-C am-
plifiers have the disadvantage of low output power and power gain
leading to a poor PAE due to the low current conduction angle «.

There are three more main operating classes (Class-D, -E and
-F) for switched amplifiers with which efficiencies up to 100 % are
theoretically possible. An excellent review of these conditions can be
found in [33]. Examples of Class-F PA design aspects and approaches
are reported in, e.g. [37], [89], [92].
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Nevertheless, the optimum choice of the operating class depends
on the application area and the available technology. The high-power
amplifiers discussed in this work are designed for pulsed (FMCW)-
Radar applications with the requirement for high output power and
maximum power-added efficiency at the same time. On the one hand,
Class-A operation offers a poor efficiency and therefore a bad thermal
characteristic. On the other hand, Class-C operation delivers only
low output power and small gain values. Therefore and for least
RF and DC design effort, a Class-AB to Class-B operation close to
the maximum transconductance gm peak for maximum amplification
is chosen for all designs within this work. This results in a good
tradeoff between output power and efficiency as well as largest RF
gain and widest possible bandwidth [109].

3.1.3 Large-Signal Modeling

The large-signal (LS) device modeling is not part of this thesis but
relevant for an amplifier’s circuit design. In particular, the large-
signal HEMT models are especially used in the design steps con-
cerning the device selection and the large-signal simulations. The
large-signal GaN HEMT models that are used in this work are based
on an in-house two-dimensional voltage-lag model to accurately de-
scribe thermal effects and low-frequency dispersion, and their im-
pact on the large-signal performance, i.e. the output power, power
gain, and PAE. Following the general theory presented in [106], long
term memory effects are described by internal states. The parameters
of this model are extracted from (pulsed)-DC, small-signal scatter-
ing (S)-parameters. Model verification is done using time-domain
measurements including the harmonics. This model allows a state-
dependent description of the intrinsic drain current and the gate-
source and gate-drain space charges. The state quantities are the
low-pass filtered voltages Vs and Vpg. This approach facilitates a
correct description of retarded responses (such as the DC character-
istics) as well as the instantaneous responses relevant for RF power
performance. For the MMIC design, a library of passive microstrip
components is available, including all technology specific elements
such as MIM capacitors, (spiral) inductors and resistors.
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3.1.4 Determination of Optimum RF Operating Condi-
tions

The optimum load impedance of a HEMT device depends on the fre-
quency, the operation class determined by Vpg and Vs, and the input
power level. Hereby, the load impedance has a strong impact on the
device’s characteristics, i.e. the obtainable output power, power gain,
and PAE. Based on the requirements of the amplifier, the load resis-
tance Rp can be chosen smaller or larger than Ry pt. For example,
maximum output power can be obtained simultaneously by maxi-
mizing voltage and current swings. According to Figure 3.4, with a
Class-A amplifier the optimum load resistance Ry opt results in

A —
Ry opt (Class-A) = A—‘I/ = M ) (3.13)
max

The most popular techniques to determine the optimum load impe-
dance are the Cripps method as described in [24], load-pull (LP)
measurements and nonlinear large-signal simulation of the transis-
tor model. All of these techniques are reviewed in detail in [130].

In this work, the optimum load impedance of a GaN HEMT de-
vice is determined via load-pull simulations of the LS-HEMT model.

The configuration of the LP simulation of the active device and its
simplified output circuit are displayed in Figure 3.6. Here, the FET

Drain

1

nggs * Rds== Ceff,o

I

Source

b

. FET model

Figure 3.6: Configuration of an AlGaN/GaN-HEMT Load-Pull simu-
lation and simplified active device output circuit.

is connected to a 50} RF source at the input and with a variable
output-load circuit.

The equivalent output circuit (figure on the right) of the GaN
HEMT can be approximated with the parallel-circuit of the drain-



3.1. Device Characterization 37

source resistance Ryqs and Cegf oyt With
Ceff,out = Cds + Cga ~ 0.4 pF/mm (3.14)

as a typical value for a 0.25 ym AlGaN/GaN HEMT technology as
considered here. Since Rgs > Ry in the Ipg saturation region it can
be neglected. Thus, the load impedance I';, depends only on Cegf ot
and Gp=1/Ry, leading to the following relationship
ap YL —Vicad _ . :
I'Nn === ————" with Y] =G —jwC 3.15
e S Load JwCeff,out (3.15)
Accordingly, the input impedance T'j, that is mainly dependent on
the gate-source capacitance Cgs and the losses Refr & Rg + Rgs + Rsf
with  the  current  amplification  factor  B=|Igs/lgs| =

’( gmVgs)/ (jwCes, et Vgs) | can be calculated as follows:

by .
T = é = Reff + 1/ (jwCes,eft) - (3.16)

Within the LP-simulations the complex output load I't, of the de-
vice is varied to sweep the entire Smith chart or a part of the I',
plane on a rectangular (real+imaginary) grid for the evaluation of
the optimum load location for maximum output power (I'L pout) and
maximum PAE (I't, pag) as shown in form of green lines in Figure 3.7.
In the general case, all harmonic loads above the fundamental are set
to 50 Q). Studies on the influence of a second harmonic termination
are given in Section6.2. In this work, load-pull simulations of the
large-signal-HEMT model are performed for Class-AB condition at
about 3 dB gain compression over the entire X-band frequency range.
Hereby, it is important for the HPA design that the load impedance
predicted by the transistor model and the measured value are in good
agreement [120]. Since the calculated load impedances I'l poy: and
I't pag of a Class-AB AlGaN/GaN HEMT at X-band frequencies dif-
fer strongly from each other, the advantages of the obtainable max-
imum output power versus the achievable optimum PAE have to be
weighted up before starting the actual HPA design.

Consequently, the first step of the design of a high-power-amplifier
design is the determination of the optimum RF operating condition
of the HEMT device, at first at a single frequency fy. The optimum RF
operating condition is specified from the choice of the bias condition
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Figure 3.7: Simulated optimum load impedance I't for maximum
output power and PAE of a 1 mm AlGaN/GaN HEMT at 10 GHz and
P=32dBm and at Vpg=30V and Vgs=-2.25V (Class-AB operation).

determined by Vps and Vg, the frequency fy, and the input power
level.

Based on the optimum RF operation condition, the optimum load
location (I', opt) and accordingly the associated optimum input impe-
dance T pt are defined. Though, the selection of or compromise
between the optimum load impedances I't poyt and I', pap needs to
be analyzed based on the HPA design requirements.

I't, and I's equal T} are realized by means of passive output and
input matching networks that are designed to transform I' equal zero
to I'Lopt or I's. In addition, the input matching network transforms
Pinnetto at the gate of the FET nearly lossless to Ppiyio at the 500
source.

After a single-frequency analysis, the frequency dependent
'L opt(f) and I's ot (f) are investigated. The main challenge of a match-
ing-network design with the impe-dance I'. (f) consists in the match-
ing to I'L opt(f) because I'L opi(f) rotates counterclockwise with increas-
ing frequencies and, in contrast, I'; (f) rotates clockwise. Thus, the
frequency-dependent transfer functions are not causal, i.e. they break
the Kramers-Kronig relation. As a result, a optimum matching net-
work with minimum losses can only be designed for a single fre-
quency.

The high ohmic load impedance level of the LP simulations of an
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AlGaN/GaN HEMT is verified by LP measurements of the same de-
vice. It can be estimated according to the above stated simplification
with Ceft out = 0.4pF/mm (Equation 3.14) for a non-field-plated Al-
GaN/GaN 0.25 ym HEMT technology. This approximation is valid
up to frequencies of at least fr/3. Based on the 1mm total gate
width of the device, the obtained Ce o+ value of about 0.4 pF/mm
is comparable to Cgff oyt values in GaAs 0.25 yum pHEMT technology
where, e.g., Ceg oyt = 0.36 pF/mm could be obtained in [121]. Other-
wise, the ohmic part Ry of the GaN device is about 3-5 times higher
than that of the GaAs HEMT together with comparable drain currents
and 3-5 times higher drain voltages resulting in a higher obtainable
output power which verifies the well-known advantage of the high
impedance level of GaN.

3.2 Matching Network Design

After the selection of an appropriate operating class and the optimum
load impedance of the AlGaN/GaN HEMT depending on the HPA
specifications, the passive matching networks at the input and output
of each active device stage including the DC supply paths can be
designed. The design of an amplifier implies a suitable synthesis of
all passive matching networks, accomplishing design requirements
and stability issues [41].

For the system description of the circuit design, scattering param-
eters are used to explain the common power waves as it is usual in
high-frequency technologies. The definition of S-parameters is clearly
stated in microwave textbooks, e.g. in [69], and therefore will not be
described in more detail in this work.

Based on the device models and circuit schematics, CAD (Com-
puter Aided Design) simulations and optimizations are performed
using the software tool ADS (Advanced Design System) by Agilent
Technologies. For the design of the matching networks, all passive
structures such as lines, junctions, MIM capacitors, inductors, and
NiCr resistors are available in a microstrip ADS design kit for SiC
substrates.

The block diagram shown in Figure 3.8 demonstrates the simplest
circuit configuration of a single-stage amplifier, where the circuit con-
sists of a single active device and the input and output fundamental
matching networks (IMN and OMN), which include the DC biasing,
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but no specific harmonic termination networks. For a dual-stage am-
plifier an additional interstage matching network (ISMN) between the
two transistor stages is required.

by

= Pout
M =2 500
N5

Figure 3.8: Block diagram of the design of a single-stage power am-
plifier.

Independent of the type of matching network, the basic functions
of all passive matching networks are similar. They all consist of

e a splitting/combining network in case of several parallel oper-
ated FET cells combined in the transistor-stages

® gate/drain bias voltage supply path(s) to the gates/drains of
the transistors

* an impedance transformation network with minimum net in-
sertion loss and

e stabilization elements/circuits for HPA stabilization issues.

According to the HPA specifications, the main task of designing
a high-power amplifier is to produce the required output power that
mainly depends on the output power density of the HEMT device,
the number of transistors that are used in parallel in the transistor
stage (or rather PA-stage in case of a dual-stage amplifier), and the
net insertion loss of the output matching network. Therefore, the
output matching network is the most critical design step relating to
the required power performance. Consequently, the design of the
HPA is always done from the output to the input of the amplifier
with the input matching network being responsible for a uniform
gain performance over the required bandwidth.
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In general, a specific number of transistors (NpgT,/prv and accord-
ingly Npgr/pa) is used in parallel in the DRV and PA stage of a dual-
stage HPA. This makes a low-loss splitting and combining network
via microstrip transmission lines at the input and output of each
transistor stage necessary. These networks divide the input power
equally over all FET cells of the transistor-stage and combine the out-
put power of all power cells of the transistor-stage again. The use
of Npgr power cells within a transistor-stage necessarily leads to a n-
port passive matching network. To simplify the network design and
to avoid long computing times, in this work mirror-elements were
used within the matching networks to reduce the complexity of the
matching networks down to two-port networks with the result of less
simulation time.

Another important part of a matching network consists in the
gate/ drain bias voltage supply path(s) to the gates/drains of the
transistors. Besides delivering bias to the active devices, the bias
paths are also used to prevent potential instabilities resulting from
a coupling of the various active devices through the bias path. Such
coupling can lead to both RF and low-frequency oscillations. Hereby,
RF oscillation certainly disrupts the normal HPA operation, but sel-
dom causes a failure of any active device, while a low-frequency oscil-
lation producing large bias-voltage swings might induce permanent
damage of the active device [105]. In this work, the bias circuits are re-
alized with microstrip lines and large bias decoupling MIM capacitors
at the end of each bias path to provide DC blocking. Furthermore,
the gate bias paths often include inductors to reduce the required
MMIC chip area and additional stabilization series resistors in front
of the MIM blocking capacitors for low-frequency damping and gain
reduction.

3.2.1 Impedance Transformation

Relating to the basic functions of all matching networks, each net-
work contains an impedance transformation, but with different spe-
cific main tasks [66]. Hereby, the output matching network is the
most critical network concerning the obtainable power performance,
while the interstage and input matching networks are responsible for
a uniform gain performance over the required bandwidth that can be
obtained when designing the IMN and ISMN for best matching at
high frequencies.
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For a "perfect match" according to Figure 3.8, the output match-
ing network needs to transform the 50 () environment (I'y, =0) to the
optimum load impedance Ty opt(f) of the PA-stage transistors over
the required frequency range with minimum net insertion losses to
realize maximum output power and power-added efficiency. How-
ever, a perfect match can only be achieved for a single frequency, but
it is impossible over a finite frequency bandwidth due to the non-
causal frequency-dependent transfer functions of I', and T’ opt(f) as
already stated above. In addition, there are some theoretical limita-
tions on the maximum available matching bandwidth that were first
analyzed by Bode [11] and later expanded by Fano [34]. A detailed
description on the bandwidth limitations can be found in [105]. Based
on the high I't opt of an AlGaN/GaN HEMT at X-band frequencies,
a low-loss output impedance transformation is realizable, but only
with a poor output matching Sy, capability.

Furthermore, the input matching networks within this work are
designed to match the DRV-stage transistors under conjugate match-
ing conditions (I's(f) = T} (f)) to the required 50 () external load
at the input of the amplifier over a given bandwidth. In this work,
the optimum Ty, (f) is defined based on the before specified 'y opt(f)-
Otherwise, a T, (f) obtained by LP simulations of the FET with out-
put matching network would be slightly improved. However, due
to the causality problem concerning the frequency-dependent T'i, (f)
characteristic, the more precise I'in(f) can not also be exactly realiz-
able.

In addition, the impedance matching on the input side is more
challenging than in the OMN case because of the much lower op-
timum input impedance of the transistors compared with the load
impedance resulting in higher net losses. Hereby, a perfect matching
of the IMN always comes at the expense of obtainable gain.

In contrast to the OMN and IMN with a matching into a 50 () en-
vironment on the one side, the ISMN is more complex. It has to trans-
form the optimum load impedance T'p, opt(f) of the DRV-stage tran-
sistors into the conjugate optimum input impedance of the PA-stage
power cells whereby both impedances are frequency dependent and
include reactive parts. Just as for the IMN, the interstage impedance
transformations of this work were designed for best matching at the
upper end of the given bandwidth with as less net insertion losses
as possible for a sufficient flat gain response over the required band-
width.
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The obtainable bandwidth and the achievable power, gain and
PAE performance of the entire HPA strongly depend on the num-
ber of transformation elements used in the matching networks. With
increasing number of elements in the passive circuits, the possible
bandwidth of the HPA can be increased as well, but at the expense
of higher net insertion losses which in turn lead to an inferior HPA
power and PAE performance.

3.2.2 Net Insertion Loss

The net insertion loss of each matching network can be calculated
individually depending only on the number of used transistors, the
S-parameters and the loading of the transistors. These factors and
their relationships are defined for the IMN and OMN in Figure 3.8.

Assuming a4 = 0, the net insertion loss of the OMN Lopmn in the
individual large-signal operating condition of the amplifier depends
on the number of transistors used in the PA-stage Nppr/pa and can
be calculated with by/az = Sy43 and b3/az = S33 = I'L, opt as follows:

Loam 1 PouyomN
Negr/pa PinoMN
_ |
Neer/pa  |as)? — |bs)?
1 Sl
_ sl (3.17)
Nrer/PA 1 —|S33
The resulting IMN loss Ly is defined as
Pout,IMN
Lmn = Npgr/Drv - ;L
in,IMN
b2 2 an 2
= NpgT/DRV [baf —laaf (3.18)

lai> = |bq|*
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Taking into account that
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dependent only on the number of transistors used in the DRV-stage
Nrgr/prv and the IMN S-parameters and the loading I'y, on port2.
According to the calculated net insertion loss of the input matching
network (Equation 3.19), the performance of the IMN can be opti-
mized by minimizing the reflection I'1; at the input of the amplifier.
For I'1; tending towards zero, the net insertion loss becomes lowered.

Finally, the loss of the 2-port interstage matching network Ligyn re-
sults in

Neer/pa  Poutismn
Nrer/pRV  PinIsMN

Neer/ea  |bal” —Jaaf®
Neet/DRV  |a1]? = |b1|?

Lisun =

ENs 1— 1T |2
N, T o1 2 ( - | in| )
_ FET/PA  |1-SpTin| (3.20)

Nret/DRV 1— |y f?
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As it is commonly used, the net insertion loss Lpet is always given
in dB within this work. The conversion into dB is carried out using
the following equation.

Lnet [dB] = —2010g(v/Lnet ) (3.21)

Typical Lyet values for AlGaN/GaN HEMT HPAs within X-band fre-
quencies are about 0.5dB for the output matching network and <
2dB for each of the other matching networks, the IMN and ISMN,
depending on the bandwidth of the amplifier.

3.2.3 Stabilization Elements of the Matching Networks

To provide overall stability of a HPA design, some important de-
sign aspects within the matching networks are considered within this
work. The stabilization elements of the matching networks that are
used as standard in this work are listed in the following.

1. Series capacitors Cs are required at the input of the IMN and
at the output of the OMN for DC blocking, and are therefore
included close to the RF ports.

2. The use of resistors within the matching networks always causes
a decrease in the possible gain performance of the entire HPA.
Therefore, resistors are avoided in the output matching network
to prevent any further power losses. However, within the IMN,
resistors are well suited for stabilization issues and impedance
matching.

3. Series resistors are mostly used in the gate bias paths for low
frequency damping and gain reduction as mentioned above.

4. An additional parallel RC network can be included in the IMN
for stabilization reasons as described in detail in Section 3.3.1.

5. To prevent odd-mode oscillations (internal stability) the gate
and drain connections of the parallel operated FET cells are
connected together through resistors and transmission lines (see
Section 3.3.1).
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3.3 Small-Signal and Stability Analysis

To ensure the functionality of the entire power amplifier including
all passive matching networks and the active transistor stages, small-
signal simulations and optimizations of the amplifier need to be done
after designing the matching networks.

The overall system is characterized uniquely for a drain bias volt-
age sweep from 0 up to 40V and a simultaneous gate bias voltage
sweep around the pinch-off voltage using the S-matrix, which gives
a complete overview of the amplifier’s small-signal gain (Sy;), its in-
put and output reflection (S1; and Sp;), and the reverse isolation (S12)
behavior. In this case, the S-parameter matrix will be calculated for
the above mentioned drain (Vpg) and gate (Vs) bias voltage sweeps
over the desired frequency band to cover all relevant biasing con-
ditions. Hereby, the small-signal stability of the amplifier is simply
calculable by the S-parameters dependent on the bias operation and
the frequency.

3.3.1 Stability Considerations

Stability is a very important criterion for the circuit design, as an
unstable circuit can oscillate, whereby its performance can be sig-
nificantly degraded and appropriate control is no longer possible.
Therefore, stability analysis has to be performed to investigate if and
under which condition the circuit is stable or not. Unstable circuits
need to be stabilized. In other words, stability has to be guaranteed
for the entire amplifier (two-port) within the impedance termination
range of interest and at least for the required frequency bandwidth,
but preferably for all frequencies up to the maximum frequency of
oscillation fmax [33].

External Stability

Using the S-parameters, a helpful and frequently employed criterion
to prove unconditional stability of a linear two-port can be derived in
form of the Rollett factor k, introduced in [93]. The following equation

1— 2 24 (A2
_1-iSul-ISml+Ia?

k
21512 S|

(3.22)
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with |A] = |S1152 —S12521] < 1 defines unconditional stability
with k = 1 indicating the boundary between unconditional and con-
ditional stability. Hereby, a k-factor analysis is applicable only on a
single-stage amplifier. In a multistage environment, the k-factor anal-
ysis is still necessary, but by no means sufficient to guarantee overall
stability.

Beside the Rollett factor, an alternative criterion to prove uncondi-
tional stability, the p-factor, is established by M. L. Edwards [31] and
defined as

j = 1— Sy
1S — S1A| +[S12S21]

u indicates the minimum distance between the origin of the Unit
Smith Chart and the unstable region. Consequently, for 4 > 1 the
unstable region is outside of the Smith Chart resulting in uncondi-
tional stability. In contrast, the Rollett factor itself cannot give secure
prediction about unconditional stability. An additional auxiliary con-
dition such as |A| < 1 is necessary and sufficient for unconditional
stability of a two-port.

>1. (3.23)

Maximum Available Gain
An improvement in the k- or p-factor always comes at the price of
reduced maximum available gain (MAG) as can be seen in Equation
3.24. The maximum available gain of a two-port network can be cal-
culated as follows

52

MAG = Grmaxli>1 = ’512

(k —Vie- 1) : (3.24)

Maximum Stable Gain

The maximum stable gain (MSG) is reached when the two-port ap-
proaches the boundary between unconditional and conditional stabil-
ity (k = 1). In this case, the maximum available gain tends towards
its maximum stable value,

S
MSG = Gr maxlk=1 = ‘21

3.25
51 (3.25)

Figure 3.9 shows the maximal available and stable gain as well as
the stability factor k of an 8x125uym AlGaN/GaN HEMT at
Vgs = —1.75V and Vpg = 30 V. The kink at a frequency of 12 GHz
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displays the change between MSG and MAG. Below this frequency
the transistor is not unconditionally stable (k < 1).

40 T T T T T T T T 2
35 —— MSG/MAG
—— k-factor
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Figure 3.9: MSG/MAG-curve and k-factor of a 8x125um AlGaN/
GaN HEMT at Vgs = —1.75V and Vps =30 V.

Low-Frequency Oscillations

The transistors in this work that are designed to operate at microwave
frequencies exhibit a very high gain at low frequencies as can be
seen in the MSG/MAG curve characteristic of a typical AlIGaN/GaN
HEMT from the figure above. Therefore, the transistors tend to oscil-
late at low frequencies. To avoid this low-frequency instability, circuit
techniques such as a parallel RC network in the input matching net-
work need to be applied rendering the two-port unconditional stabil-
ity, but causing a performance sacrifice in form of a decrease in the
possible gain [116]. The resistive part of the parallel RC network is
used to deliver a stability enhancement by preventing the oscillations
at low frequencies. In addition, the usage of series resistors in the
gate bias paths provides a low-frequency damping and gain reduc-
tion. Resistors in the output matching network should be avoided to
prevent power losses.

Nevertheless, there is one important difference between single-
stage and dual-stage amplifiers. On the one hand, for dual-stage
HPAs unconditional external stability can be obtained relatively easy
for f = 0 up to fmax- On the other hand, for single-stage HPAs even
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with the above mentioned RC stabilization elements, unconditional
external stability can be obtained only from a lower frequency limit
on. Below this frequency, the HPA is unstable [111]. This is due to
the fact that the complex output load I';, at the transistor’s output of
a single-stage amplifier always leads to areas where |T'j,| > 1 for the
region where the FET is not unconditionally stable, i.e. for frequen-
cies below a k-factor of 1. In this case, instability can occur. In case
of a dual-stage HPA, only a small area of the T, of the driver stage is
covered due to the interstage matching network with the result that
normally |Tj| > 1 does not occur.

Internal Stability/Odd-Mode Oscillations

Despite a high external stability of the amplifier system (two-port),
the internal stability at the transistor stages has to be analyzed sepa-
rately. Internal instability occurs in so-called odd-mode oscillations.
This can be the case whenever the transistors operated in parallel in
each stage are not completely similar due to fabrication/process vari-
ations, or where the matching networks are not perfectly symmetrical
leading to a feeding mismatch of the single transistors. To avoid such
instabilities, a stability analysis using Z-parameter ports directly at
the interfaces between the transistor stages and the passive networks
is necessary. Ohtomo describes in [73], [72] such a general method of
analyzing and simulating stability of multidevice amplifiers with the
help of circulators at the interface ports which enable the calculation
of the Nyquist plots and voltage distributions of possible instabilities.

To achieve internal stability at the interfaces between the active
devices and passive networks, resistors are inserted between the gates
and drains of the parallel-operated transistors in each amplifier stage
to suppress odd mode oscillations.

If external and internal stability are given for all relevant bias set-
tings over the entire frequency range, a stable amplifier can be ob-
tained according to the small-signal stability analysis. Otherwise, re-
designs and optimizations of the matching networks need to be done.
Even though a power amplifier can be unconditionally stable under
small-signal conditions, it can be unstable under large-signal condi-
tions or vice versa. Thereby, large-signal stability of an amplifier can
be a function of the input signal level. Nevertheless, in this work, no
additional large-signal stability analysis was applied.
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3.3.2 Structural Simulation

After the small-signal simulations and stability analysis with ADS,
the structures of the circuit should be examined with a 3D struc-
tural simulation to identify any coupling effects between the single
elements of the passive matching networks. In this work, the sim-
ulation software program Ansoft HFSS (High Frequency Structural
Simulator) is chosen which is a finite element method solver for elec-
tromagnetic structures. Inductors, coupling effects and passive in-
terconnects can be evaluated with this tool. HFSS simulations are
done for all matching networks of the amplifier. The results are saved
as S-matrices and compared with the ADS small-signal S-parameter
simulation results of the entire amplifier.

Mostly a frequency shift down to lower frequencies can be ob-
tained with the structural simulations compared to that obtained with
ADS. This frequency shift is frequency dependent, i.e. it is larger for
higher frequencies. Thus, this frequency shift seems to support the
assumption that it is mainly caused by the "real" capacity value which
is not exactly simulated with the MIM capacitor out of the ADS de-
sign Kkit.

3.4 Large-Signal Simulation Aspects and Ap-
proach

Large-signal analysis is the last design step concerning the different
design goals such as output power Poyt, PAE, and power gain under
large-signal conditions. This nonlinear analysis is also done in the
frequency domain as are the small-signal simulations [127]. In ad-
dition, large-signal analysis provides an insight into circuit behavior
which cannot be predicted only by small-signal examination. While
small-signal characteristics of a circuit design are useful to analyze
input feeding with very low power, large-signal simulations are re-
quired for circuits operating under input stimuli with high power.
A large-signal amplifier must be characterized at all possible input
signal levels at least up to output power saturation. Nevertheless,
small-signal analysis is suited for first amplifier testing because the
calculations are very fast due to the use of simple linear S-matrix
calculations.
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3.5 Schematic to Layout Conversion

After designing the power amplifier in ADS circuit schematic based
on device models and the passive structures out of the microstrip
ADS design library, the layout of this network must be generated.
All circuit schematics of the power amplifier presented in this work
are designed in ADS. The corresponding layouts are also generated
in ADS, but completed in Cadence Virtuoso where the entire circuit
must be controlled with the aid of a design rule check program (DRC)
which is adapted to the technology used. Layout optimization is nec-
essary to adjust the power amplifier layout to the desired chip size.
Resulting coupling effects between various parts of the network lay-
out must be taken into account. If necessary, re-simulations of the
power amplifier need to be done.

3.6 Summary of Single Design Steps

The design strategy, presented in this chapter, emphasizes the devel-
opment of a high-power high-efficiency AlGaN/GaN MMIC ampli-
fier at X-band frequencies. Initially, the design starts with a proper
transistor size selection as well as the transistor characterization at
high-power operation under optimum load conditions. Thus, the
HPAs in this work are biased in Class-AB to Class-B operation as a
best trade-off between the obtainable output power and power-added
efficiency, regarding the background of radar application.

In a first-step analysis, I'L opt is determined for a single frequency.
Subsequently, T, is specified only based on the location of T' gpt in
the I't, plane, but independent of LP simulations of the FET with out-
put matching network since there is only an insignificant discrepancy
between the two different methods. A further design step includes a
frequency-dependent analysis of I'L op¢(f) and accordingly Ty, (f) for
X-band frequencies from 8-12 GHz depending on the design require-
ments. However, the causality problem concerning the frequency-
dependent I't opt(f) and Tin(f) characteristics result in a non-ideal
realization of the frequency-dependent matching networks.

Furthermore, the matching techniques for the different passive
matching networks were discussed with the main purpose of max-
imum power transfer, i.e. minimum net insertion losses, over a re-
quired frequency bandwidth. Hereby, the input and load impedances
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of the AlGaN/GaN HEMT device play a major role concerning the
required impedance transformations. The high load impedance of
the AlGaN/GaN HEMT enables a low-loss impedance transforma-
tion at the output of the device, but leads to a poor output matching
Sop capability. In addition, the high ohmic load impedance level of
the GaN HEMT that is about 3-5 times higher than that of a GaAs
device together with comparable drain currents and 3-5 times higher
drain voltages results in a higher obtainable output power. The input
impedance of the AlGaN/GaN HEMT is much lower, resulting in an
IMN with much higher losses than in the OMN.

After the design of the matching networks, the small-signal anal-
ysis of the entire HPA was presented including the small-signal gain
and matching performances, stability considerations, and 3D struc-
tural simulations to detect any coupling effects between the passive
elements. In addition, large-signal simulation approaches were given
that are important to estimate the achievable output power, power-
added efficiency (PAE) and the associated power gain and gain com-
pression of the entire HPA. Finally, the circuit design cycle was com-
pleted with the layout design aspect of the power amplifier.



Chapter 4

Impact of Technology
Progress on Circuit Design

While the previous two chapters describe the RF-performance of an
AlGaN/GaN HEMT device and the GaN-related power-amplifier cir-
cuit design, this chapter focuses on real AlGaN/GaN HPA MMICs
with the aim to investigate the impact of technology progress on cir-
cuit designs. Therefore, this chapter gives a short overview of the
modified technology aspects and a comparison and evaluation be-
tween the measurement results of the corresponding HPA MMICs
processed with the varying technology.

4.1 Gate Module

In a first study, the influence of the device’s gate configuration on the
HPA performance is analyzed by means of four different types of gate
modules, i.e. a standard gate, a standard gate with additional gate-
connected field plate, a T-gate, and finally a T-gate combined with a
source-connected second field plate, named as a shield (SH).

Standard HEMTs are generally limited to drain bias voltages lead-
ing to a limited RF voltage and RF output power. The implementation
of field modulating plates (FP) on a dielectric layer at the drain side of
the GaN HEMT delivers some significant improvements concerning
the large-signal performance of the device [70], [3], [15]. On the one
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hand, the function of the field-plate structure is to suppress the cur-
rent collapse phenomena and to relax the electric-field concentration
on the drain side of the gate edge [97]. On the other hand, the benefits
of employing an FP electrode are a significantly improved gate-drain
breakdown voltage with the result of an increased power capacity of
the AlGaN/GaN HEMT as well as reduced high-field trapping effects
(3], [142], [13].

4.1.1 Standard Gate vs. Gate-Connected Field Plate

The above stated principal function of the field plate is discussed
on the basis of two HPA MMIC designs processed with technology
G1: one design containing HEMTs with standard gates, named HPA
Tinto, and a second design using HEMTs with standard gates and
additional gate-connected field plates (GFP), named HPA Reserva.

Device Structures within Technology G1

The simplified schematic layer structure of an AlGaN/GaN HEMT
with standard gates is shown in Figure 4.1. Here, the gate with a gate
length of Ig=0.25 ym is processed first, followed by a silicon nitride
(SiN) passivation layer.

S
S [G]—siN D
P AlGaN —
GaN

SiC Substrate

Figure 4.1: Cross-section of an AlGaN/GaN HEMT with standard
gates.

Figure 4.2 illustrates the schematic layer structure of an AlGaN/
GaN HEMT with standard gates and additional gate-connected field
plate on the left side and a focused ion beam (FIB) - scanning electron
microscope (SEM) cross-section image of the same device on the right
side. As can be seen in both cross-sections, the field plate is deposited
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(a) Schematic layer structure (b) FIB-SEM image (lg =0.5 ym)
Figure 4.2: Cross-section of an AlGaN/GaN HEMT with standard
gates and gate-connected FPs.

on the SiN passivation layer. It is electrically connected to the gate.
It's geometry, i.e. the thickness and extension into the gate-drain
region Ipp, as well as the distance above the semiconductor-surface
need to be analyzed for optimum performance [74]. In this work, an
overlap into the gate-drain region in the order of the gate length I is
chosen as a best result according to an experimental analysis.

Table 4.1 gives an overview of the impact of the field plate on
the intrinsic parameters of the AlGaN/GaN HEMT device. The cal-
culated data that are shown belong to S-parameter measurements of

Table 4.1: Comparison of the calculated intrinsic parameters of 1 mm
AlGaN/GaN HEMTs with and without gate-connected field plate
measured at Vpg=30V and Ipg=100 ... 150 mA.

Para- no FP FP Evaluation
meter relating to HEMT with FP
Ced 0.07 pF/mm 0.128pF/mm | increase of 83 %

= decrease in MSG/MAG
Cgs 0.93 pF/mm 1.083 pF/mm increase of 16 %
Cys 0.202pF/mm | 0.183pF/mm | decrease of 10 %
m ~200mS/mm | ~223mS/mm | increase of 11 %,

but strongly bias-depend
Gys 8.8mS/mm 5.5mS/mm decrease of 37 %
Rgq 23.4 Omm 7Omm decrease of 70 %

= lower feedback losses
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AlGaN/GaN HEMT devices with and without gate-connected field
plate operated at Vps =30V and Ips =100mA.

HPA Performance Dependent on the Use of Gate-Connected Field
Plates

Both HPA MMICs, Tinto and Reserva, are designed in a similar way
for easy comparison. Both designs demonstrate single-stage ampli-
fiers containing a transistor stage and a fundamental input and out-
put matching network (IMN and OMN). Thereby, the transistor stage
consists of two parallel operated 1 mm basic AlGaN/GaN-HEMT cells
with an 8x125ym gate geometry. Both HPAs are designed for the
lower X-band frequency range from 8 up to 9 GHz.

Due to the fact that the additional field plate causes a strong in-
crease in Cgq and consequently a higher output capacitance Ceff, out
(see Equation 3.14), Y1 rp exhibits a relatively higher imaginary part
in the admittance plane compared with the optimum output admit-
tance of the device without field plate. The simulated frequency-
dependent optimum load reflection coefficient I't, values of both de-
vices at 9 GHz are I' nopp(9 GHz) = 0.62 £104° and I'L pp(9 GHz) =
0.76 Z114°. Consequently, the transformation within the OMN of the
HPA Reserva from I't, = 0 to the required optimum load impedance
I'Lopt of the transistor output is also larger. Accordingly, the HPA
Reserva offers a lower gain performance (MSG = gm/(wCgq)) due to
the strong increase in Cgq .

Figure 4.3 shows the chip images of both single-stage HPA MMICs.

RF-I Transistor stage RE.OUT
IMN

OMN

DC bias pads:]
(a) HPA Tinto (b) HPA Reserva

Figure 4.3: Photographs of the HPAs Tinto and Reserva, each with a
chip size of 2.75 x 1.5 mm?.
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The HPA Tinto is depicted in Figure 4.3(a) and the HPA Reserva is
displayed in Figure 4.3(b), each including large-area bias decoupling
capacitors and DC bias pads for direct on-wafer tests. The single parts

of the network design are marked exemplarily in the chip image of
the HPA Reserva.

Measurement Results

All measurements were performed in an on-wafer configuration on
the same wafer for both the HPA Tinto and Reserva to avoid any
wafer-to-wafer deviation. Thereby, the small-signal S-parameter mea-
surements were done under continuous wave (CW) operation and
the large-signal (LS) measurements under pulsed-RF condition at an
ambient temperature of T,=25°C.

Figures 4.4 and 4.5 show the CW-S-parameter results of the HPAs
Tinto and Reserva at a biasing of each Vps=15V and Vigs=-4V, re-
spectively. Overlays of the measured CW-5-parameters of five HPA
MMICs of the type Tinto and Reserva, each from different cells of the
same wafer, are depicted in Figure 4.4(a) and 4.4(b), respectively.

The measured S-Parameters of the HPA Tinto are very uniform
for the five samples. In contrast, the overlay of the measured S-
parameters of the HPA Reserva shows a 2dB deviation between the
different samples that can be explained by the process variation of
the additional FP due to the high E-beam lithography alignment re-
quirement of the FP related to the gate.

/ N\
g,/ N\

HAVENR VSRR

4 6 8 10 12 14 16 2 4 6

2 14 16
Frequency [GHz] Frequency [GHz]
(a) HPA Tinto (b) HPA Reserva

Figure 4.4: Overlay of measured CW-S-parameters of five samples of
the type HPA Tinto and Reserva. Bias point: Vpg=15V and Vgs=-4 V.
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Figures 4.5(a) and 4.5(b) give a comparison of the simulated and
measured CW-5-parameters of the MMIC designs Tinto and Reserva,
respectively. While the HPA Tinto shows a measured maximum small-
signal gain of 13dB at 8 GHz, the equivalent maximum gain of the
HPA Reserva is 10.2dB, i.e. 2.8dB lower than that of its pendant
HPA Tinto. The reduced gain performance is the result of the gate-
connected FP configuration that offers an additional capacitance be-
tween the FP and the drain leading to an increased gate-to-drain ca-
pacitance Cgq, i.e. a high feedback capacitance and hence a much
lower MSG than the non-field-plated device [139]. However, the input
and output reflections as well as the reverse isolation are comparable
for both designs.
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(a) HPA Tinto (b) HPA Reserva

Figure 4.5: Comparison of simulated (line without symbols) and mea-
sured (line with symbols) CW-S-parameters of the HPAs Tinto and
Reserva. Bias point: Vpg=15V and Vgg=-4 V.

The power performances of both MMICs were measured in puls-
ed-mode with a pulse width and a duty cycle of 100 us and 10 %,
respectively. The same bias condition of Vps=30V and Vgs=-4V was
chosen for both HPAs. Figure 4.6 presents a comparison between the
large-signal simulations (line without symbols) and measurements
(line with symbols) of the output power, PAE and gain performance
of the HPAs Tinto and Reserva as a function of input power levels at
8 GHz. For both HPA MMICs, simulation and measurement are in a
very good agreement up to an input power of approximately 26 dBm.
For higher input power levels, the simulation is too optimistic.
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Figure 4.6: Large-signal simulations (line without symbols) and
pulsed-RF measurements (line with symbols) of the HPAs Tinto and
Reserva at 8 GHz. Bias point: Vps=30V and Vgs=-4V.

Nevertheless, the highest PAE values of 22.5% and 23.5% were
measured on the HPAs Tinto and Reserva respectively at an input
power level of 28 dBm as marked in both figures. At the same in-
put power level, the HPA Tinto offers its maximum output power
of 36.8 dBm with an associated power gain of 8.8 dB under approxi-
mately 5dB gain compression. For P, >28dBm, the PAE and gain
performances strongly decrease.

The output power and power gain of the power amplifier Reserva
yield 36.6 dBm and 8.3 dB at P, =28 dBm and at a reduced gain com-
pression of closely 4dB, respectively. Nevertheless, in this case the
output power is still increasing at Pj, =28 dBm and reaches its sat-
urated value of 37 dBm only at an input power level of 30dBm. In
addition, the PAE and gain values do not drop as much as for the
HPA Tinto for input power levels beyond 28 dBm.

Discussion

Table 4.2 gives a comparison of the pulsed-RF-measurement results of
the HPA MMICs Tinto and Reserva biased at Vpg=30V and
VGs=-4V each. As a result, the HPA Reserva shows a slightly higher
output power and a PAE improvement of approximately 1% com-
pared with the HPA Tinto.
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Table 4.2: Comparison of the pulsed-RF-measurement results of the
HPAs Tinto and Reserva at fy=8GHz and at a biasing of Vpg=30V
and VGS: -1.6 V.

Main features || HPA Tinto HPA Reserva Evaluation
at P,=28dBm || "standard gate" | "gate with GFP" | relating to
HPA Reserva
Pout 36.8dBm 36.6 dBm about the same
=48W =46W
PAEmax 22.5% 23.5% factor 1.05 in PAE
power gain 8.8dB 8.3dB -0.5dB due to
higher Cgq
gain comp. about 5dB <4dB 1dB improvement
Pout,sat 36.8dBm 37 dBm
linear gain 14dB 12dB 2 dB lower

Primarily, the HPA Reserva shows a first approach to the expected
HPA RF-perfor-mance improvement due to the adoption of gate-con-
nected field plates. Nevertheless, the obtained measurement results
are still not optimized as this was the first technology run for the
examination of the use of gate-connected field plates. The most im-
portant improvements based on the use of GFPs are summarized in
the following.

The HPA Tinto shows premature saturation effects compared with
the HPA Reserva due to charge trapping effects on the semiconductor
surface and RF breakdown in the conducting channel [118]. These
effects can be reduced by the use of field plates as can be seen in
the pulsed-RF-measurement results of the HPA Reserva offering a
slightly increased saturated output power and accordingly a slightly
higher PAE. Further PAE and P, improvements are expected with
the help of an improved processing technology.

However, a disadvantage of the HPA using HEMTs with gate-
connected field plates consists in the reduced linear and power gain
performance as a result of the higher feedback capacitance and ac-
cordingly lower MSG behavior of the HEMT device using GFPs.

Another important aspect consists in the reproducibility of the
HPA designs. The overlay of the measured S-parameters of various
HPA MMICs from the type Reserva shows a deviation of about 2dB
between the single samples as can be seen in Figure 4.4(b). This dis-
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crepancy results from the process variation of the additional field
plates that is strongly affected by the high E-beam lithography align-
ment requirement of the field plate related to the gate. To overcome
this problem, in a further technology-progress step, the gate and the
GEFPs are processed within one process step.

4.1.2 Gate-Connected Field Plate vs. T-Gate

The advantage of using devices with T-gates instead of standard gates
with additional gate-connected field plates is explained in this sec-
tion on the basis of simulation and measurement results of the mod-
ified HPA MMIC Reserva, described in detail above, now containing
HEMT devices with T-gates. In general, T-gate means that the gate
is processed with an integrated field plate that overlaps the gate like-
wise on the source and drain side [76].

Characteristics of T-Gate within Technology G2

Figure 4.2 shows the cross-section of an AlGaN/GaN HEMT with T-
gates by means of a schematic layer structure on the left side and a
FIB-SEM image on the right side. The principle functions and benefits
of the T-gate are comparable to those of the gate-connected field plate.

lgp Ly Ipp
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(a) Schematic (b) FIB-SEM image (I =0.5 um)
Figure 4.7: Cross-section of an AlGaN/GaN HEMT with T-gate.

Nevertheless, the main advantage of the T-gate compared with
the standard gate with additional gate-connected field plate is the
enhanced reproducibility of the T-gate. This is due to the fact that
the T-gate is processed within one process step while the gate with
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an additional field plate needs an additional process step for the field
plate leading to further process variation.

Table 4.3 gives an overview of the impact of the use of a T-gate
instead of an additional gate-connected field plate on the intrinsic
parameters of the AlGaN/GaN HEMT device. The calculated data
that are shown belong to S-parameter measurements of AlIGaN/GaN
HEMT devices with gate-connected field plate and with T-gate oper-
ated at Vpg=30V and Ipg=100mA.

Table 4.3: Comparison of the calculated intrinsic parameters of 1 mm
AlGaN/GaN HEMTs with gate-connected field plate and T-gate mea-
sured at 30V and Ipg=100 ... 150 mA.

Para- || FP T-gate Evaluation
meter relating to the T-gate HEMT

Ced 0.128pF/mm | 0.13 pF/mm nearly unchanged

Cgs 1.083 pF/mm 0.92 pF/mm decrease of 15 %
about the same value
as without FP

Cgs 0.183 pF/mm | 0.2pF/mm increase of 9 %

about the same value
as without FP

m ~223mS/mm | ~210mS/mm | in between the values
"with/without FP"
Ggs 5.5mS/mm 9.7mS/mm increase of 76 %
slightly higher than
without FP

Rgd 70Omm 10.3 Omm increase of 47 %

in between the values
"with/without FP"

Advantage of T-Gate over Gate-Connected Field Plate

The improved reproducibility is shown in Figure 4.8. The figure gives
a comparison of the overlay of the measured CW-S-parameters of five
samples of the HPA Reserva processed with the two different gate
topologies. On the left in Figure 4.8(a), the HPA Reserva is processed
with transistors containing standard gates with GFPs, named HPA
Reserval. On the right, Figure 4.8(b) shows the measured data of
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Figure 4.8: Overlay of CW-5S-parameter-measurements of five samples
of the HPA Reserva with different gate structures at Vps=15V and
Ips=150mA.

the HPA Reserva processed with T-gate HEMT cells, named HPA
Reservall. Even though the maximum small-signal gain of the HPA
Reserval is higher, the overlay of the HPA Reservall samples offers
an improved and very good reproducibility for all small-signal S-
parameters compared with the overlay of the HPA Reserval samples.
In this case, the slightly reduced small-signal performance of the T-
gate variant is due to the new processing technology and the fact that
the integrated field plate of the T-gate structure with slightly changed
dimensions compared to the GFP delivers a stronger impact on the
HEMT performance resulting in a further decrease of the MSG/MAG
behavior.

After the first process run with the T-gate technology, a T-gate
HEMT model was developed [106]. Figure 4.9(a) shows the CW re-
simulated (line without symbols) and measured (line with symbols)
S-parameters of the MMIC Reserva Il processed with the T-gate struc-
ture. The simulations and measurements were done at Vpg=15V
and Ipg=150mA offering a very good agreement for all frequencies.
The obtained maximum measured gain was 9.5dB at a frequency of
8 GHz.

Large-signal simulations were done with the new FET model as
well and compared with the pulsed-RF-measurements of the HPA
Reservall at 8 GHz and Vpg=30V. The results are shown in Figure
4.9(b) and demonstrate a good agreement for the Pyt and gain curves,
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Figure 4.9: Simulated (line without symbols) and measured (line
with symbols) small-signal and large-signal performance of the HPA
Reservall.

but show a too optimistically simulated PAE for input power levels
beyond 17 dBm. This discrepancy between simulation and measure-
ment of the PAE curve results from the new T-gate model that was
developed only on the basis of the measured S-parameters. There-
fore, the simulated and measured small-signal S-parameters fit to-
gether very well for all frequencies. However, the large-signal replica
is quite bad because the preliminary HEMT-model includes just low-
frequency dispersion, but no DC-RF-dispersion modelling.

Nevertheless, a maximum measured PAE and output power were
reached for the highest measured input power level of 29 dBm. The
trend of the PAE and Pyt curves at P, =29 dBm indicate a tendency
for a further increase towards even higher input power levels. Process-
ed with the T-gate HEMT structure, the HPA Reserva delivers an out-
put power and PAE of 38.1dBm and 25% at an input power level
of 29 dBm, respectively. The associated gain yields 8.5 dB. Compared
with the HPA Reserval, a further increase of the output power and
PAE could be obtained with the T-gate technology, i.e. 1.5dB more
output power and accordingly a 1.5 % higher PAE with an unchanged
associated power gain.

Discussion
The small-signal and large-signal measurement results of the HPA
MMICs Reserval and Reservall are summarized in Table 4.4.
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Table 4.4: Comparison of the pulsed-RF-measurement results of the
HPA Reserva processed with standard gates with additional GFPs
(HPA Reserval) and with T-gates (HPA Reservall) at Vpg=30V and

Vas=-4V.

Main features | HPA Reserval HPA Reservall Evaluation

"gate with GFP" | "T-gate" relating to
HPA Reserva Il

at fp=8 GHz and P;,=28dBm | and Pj,=29dBm

Pout 36.6 dBm 38.1dBm +15dB
=46W =65W

PAEmax 23.5% 25% factor 1.07

power gain 8.3dB 8.5dB similar

gain comp. 3.7dB 3.5dB similar

Pout sat 37 dBm not reached yet

linear gain 12dB 12dB no change

max. measur- | 10.5dB 9.5dB -1dB

ed small-sig- large deviation little deviation because of first

nal gain at between = improved process run

Vps=15V diff. samples reproducibility | with T-gates

Comparing both HPA Reserva variants processed with GFP and
T-gate technology, the measured power gain behavior remains nearly
stable because there is almost no further change in the feedback ca-
pacitance Cgq.

The implementation of the T-gate instead of a standard gate with
additional gate-connected field plate delivers an improved reproduci-
bility as can be seen in Figure 4.8. While there is a large deviation be-
tween the different sample measurements of the HPA Reserval pro-
cessed with GFP, there is almost no discrepancy in the case of the
T-gate variant. The reason for the improved reproducibility of the
T-gate technology is that the T-gate is processed within one process
step while the gate with additional field plate needs an additional
process step for the field plates leading to further process variation.

Moreover, the use of field plates in general and the use of T-gates
in particular leads to an increase in the obtainable output power at
higher Vpg of a HPA MMIC, due to the reduced dispersion effects.
Here, for the highest measured input power level of 30 dBm, the out-
put power is still increasing.
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Finally, the power-added efficiency can also be further increased
by the use of the new T-gate technology. In case of a standard gate
without any field plates, a PAE of 22.5% was reached on design
level. This value was increased by 1% due to the use of additional
GFPs. With the new T-gate technology an additional 1.5% PAE-
enhancement was obtained resulting in a maximum PAE of 25 %, i.e.
a PAE improvement of a factor of 1.1 in total. These results prove that
the use of a field plate delivers the expected positive impact on the
PAE behavior of a HPA MMIC design that in turn depends on the
field plate geometry.

Due to the advantageous performance of the T-gate HEMT device,
this type of transistors is used for all further HPA designs within this
work which are discussed in detail in Chapter 5 and Chapter 6.

4.1.3 Source-Connected Shield

The last gate topology that is taken into consideration within this
study is a T-gate combined with a second field plate, here named a
shield (SH). The shield is applied after the passivation of the gate
metal and terminated to the source to minimize the feedback capac-
itance since a high feedback capacitance causes a much lower MSG
behavior of the HEMT device. The drawback of additional Cgq of the
gate-connected field plate hence is more than compensated using a
source-connected field plate. A schematic and FIB image of the cross-
section of a GaN HEMT with T-gate and source-connected shield is
illustrated in Figure 4.10.

The function of the shield is to maintain the maximization of the
biasing voltage Vg at large-signal operation without additional feed-
back capacitance. Thus, source-connected field plates offer a signif-
icant improvement in maximum available and stable gain compared
with GFP and non-FP devices [70], [141] resulting in higher efficien-
cies. In addition, a further reduction of electrical field peaks is ex-
pected leading to even higher breakdown voltages compared with
the GFP HEMT device.

However, the field-plate variation in the GaN technology mainly
influences the capacitance matrix of the GaN HEMT. As already men-
tioned above, Cgq is comparatively lower for the device with shield
than for a transistor without shield independent of the use of GFPs.
In addition to the decrease in Cgq, Cgs increases resulting in a lower
broadband matching capability. Besides the change in the capacitance
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Figure 4.10: Cross-section of an AlGaN/GaN HEMT with T-gate and
with a source-connected shield.

matrix, the source-connected field plate causes a significant increase
in the gate-drain space charge region resistance Rgq due to slow-
down of the charge carrier which results in higher feedback losses
and analogous to a decrease in PAE. A further analysis of the impact
of a source-connected shield on a T-gate HEMT device of the Fraun-
hofer IAF AlGaN/GaN technology is given in [57]. Table 4.5 gives
an overview of the impact of the use of a source-connected shield on
the intrinsic parameters of the AlGaN/GaN HEMT device. The cal-
culated data that are shown belong to S-parameter measurements of

Table 4.5: Comparison of the calculated intrinsic parameters of 1 mm
AlGaN/GaN HEMTs with and without source-connected shields
measured at 30V and Ipg=100 ... 150 mA.

Para- without SH with SH Evaluation
meter relating to HEMT with SH
Ced 0.1 pF/mm 0.07 pF/mm decrease of 30 %
= increase in MSG/MAG
Cgs 0.95 pF/mm 1.12pF/mm increase of 20 %
= lower broadband
matching capability
Cys 0.21 pF/mm 0.27 pF/mm increase of 35 %
m ~229mS/mm | ~236mS/mm | nearly constant, but
strongly bias-dependent
Ggs 5.9mS/mm 7mS/mm increase of 19 %
Rgq 10.4 Omm 19.3 Omm increase of 86 %




68 4. Impact of Technology Progress on Circuit Design

T-gate AlGaN/GaN HEMT devices with and without shield operated
at Vpg=30V and Ipg =100 mA.

The Fraunhofer IAF AlGaN/GaN HEMT technology using source
terminated field plates was analyzed and recently published in [132,
57, 59]. For a 1 mm TGW HEMT device operated at 10 GHz and at a
biasing of 30 V, mean values for the PAE, Py, and linear gain of 50 %,
38dBm, and 13 dB, respectively were obtained [132]. The impact of
the shield on the transconductance ¢gm and MSG/MAG performance
of this GaN HEMT is described in [59].

HPA Design Aspects

To analyze the impact of the use of an additional source-connected
field-plate device on a HPA circuit design, this study compares two
dual-stage HPA designs using FET devices without (HPA Cesar V1)
and with (HPA Cesar V2) shields. Both MMICs were designed in
the style of the HPA Sacy, see Chapter 6.1. They both offer the same
PA/DRV gate-width ratio of 3:1 as the MMIC Sacy, but with a smaller
total gate-width adapted to the design goals of a satcom project for
telemetry applications in space addressed with these designs. There-
fore, both HPAs Cesar V1 and Cesar V2 were measured in CW- and
not in pulsed-RF power operation.

The current design goals for the design variants Cesar V1 and Ce-
sar V2 include a high power and high PAE performance at a low com-
pression level of -2 dB in CW-operation at a drain voltage of Vpg=28 V.
Here, an output power of approximately 37 dBm and a PAE above
35 % with an associated gain >20dB is aimed at a 2 GHz bandwidth
from 8 GHz up to 10 GHz. The resulting core characteristics of both
HPA MMICs Cesar V1 and Cesar V2 are summarized in Table 4.6.

Table 4.6: Design characteristics of the HPA MMICs Cesar V1 and V2.

MMIC PA/DRV | T-Gate Content | source-
GW Structure of Al connected
Ratio shield
Cesar V1 || 3:1 2x8x125 um (PA-stage) | 22% no
1x8x85 um (DRV-stage)
Cesar V2 || 3:1 2x8x125 uym (PA-stage) | 22% yes
1x8x85 um (DRV-stage)




4.1. Gate Module 69

The matching networks of design Cesar V1 and Cesar V2 slightly
differ from each other, because the use of shields within the HEMTs
of the HPA Cesar V2 leads to only small changes in the input and
output impedance of the transistors. This is because the increase in
Cys approximately compensates for the decrease in Cgq, i.e. Cefrout =~
Cus + Cgq remains nearly constant for both device variants. In both
HPAs, the matching networks are designed for I';, pag due to the chal-
lenging PAE design goal. Since both designs are similar, only the chip
image of the HPA Cesar V1 is shown in Figure 4.11.

Figure 4.11: Photograph of the dual-stage HPA Cesar V1. The chip

size is 3.5 X 2 mm?2.

Impact of the Shield on the HPA Performance

Small signal and large signal measurements were performed in an on-
wafer configuration at a drain voltage of Vps=28V and Ipg=100mA
in CW-operation. All data of the HPA MMICs Cesar V1 and Cesar V2
shown below were taken from the same wafer to mitigate any varia-
tions. Thereby, the CW-S-parameters were found to be very uniform
over the entire wafer.

Figure 4.12(a) shows a comparison of the measured S-parameters
of the HPAs Cesar V1 (line with symbols) and Cesar V2 (line with-
out symbols). Both HPAs offer a small-signal gain > 20dB for a
frequency range from about 6 GHz up to 10 GHz. Within this fre-
quency range, the curve progression of the HPA Cesar V2 is more
constant and about 2 - 6 dB higher than that of the HPA Cesar V1. Fur-
thermore, both curves show a sudden decrease of gain at the upper
frequency band edge. While the small-signal gain of HPA Cesar V1
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starts dropping rapidly at 9.5 GHz, the gain curve of MMIC Cesar V2
starts falling at a 0.7 GHz higher frequency of about 10.2 GHz.
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(a) CW-S-parameters (b) CW-power-measurements at 9 GHz

Figure 4.12: Small-signal and large-signal measurements of the HPA
MMICs Cesar V1 (line with symbols) and Cesar V2 (line without sym-
bols) each at Vpg=28V.

Looking at the input and output reflection S11 and Sy;, the shield
variant shows a significant improvement of the matching capability
around the center frequency of 9 GHz. The HPA Cesar V1 has an
input and output reflection of about -5dB at the center frequency,
whereas the HPA Cesar V2 exhibits an input and output matching
of approximately -12dB at 9GHz and of better than -5dB for the
frequency range from 6 GHz up to 10 GHz.

To sum up, the shield variant delivers a better overall small-signal
performance concerning the small-signal gain and matching capabil-
ities over the entire frequency range, but primarily an improvement
towards higher frequencies.

Large-signal measurements were also done in CW-operation at
the same bias conditions. The power-sweep results of both MMIC
designs at the center frequency of 9 GHz are shown in Figure 4.12(b).
Again, the HPA Cesar V1 is represented by the use of lines with sym-
bols and the HPA Cesar V2 by the use of lines without symbols.

Both MMICs offer the same linear gain of about 21-22 dB leading
to a -2dB gain compression with an associated power gain of about
20dB at an input power level of P;; =20dBm as marked in the Fig-
ure. At this input power level, the resulting gain values are 20dB
and 19dB for the MMICs Cesar V1 and Cesar V2, respectively. The
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required gain of > 20dB at a -2dB compression level was just about
reached with both the HPA Cesar V1 and the HPA Cesar V2 at 9 GHz.

Compared with the HPA Cesar V1, the MMIC Cesar V2 offers a
significantly improved PAE performance up to an input power level
of 23 dBm and a nearly constant 2 dB increase of P,y over the entire
input power range. As a result, the HPA Cesar V2 yields 38 dBm
output power and 37 % PAE at the required -2 dB compression level,
while the MMIC Cesar V1 provides only an output power and PAE
of 36 dBm and 31 % at the same compression level, respectively.

Table 4.7 summarizes all of the relevant small-signal and large-
signal measurement results of both HPA MMICs for comparison and
evaluation of the use of source-connected shields. The expected in-
crease in the small-signal gain performance of the HPA using HEMT
devices with shields could be obtained as can be seen in Figure 4.12(a),
but without the expected lower bandwidth. Thus, the bandwidth
limitation accounts for broader bandwidths than that shown here. In
both cases, there is almost no change due to the use of shields.

Nevertheless, the HPA Cesar V2 offers an improved small-signal
matching capability and a frequency shift of about 0.5 GHz towards
higher frequencies. In addition, a 2dB higher Py, could be obtained
with the HPA Cesar V2 almost independent of the input power level

Table 4.7: Comparison of the small-signal and large-signal measure-
ment results of the MMICs Cesar V1 and Cesar V2 in CW-mode and
biased at Vpg=28V and Vgg=-2.6 V.

Main features HPA CesarV1 HPA Cesar V2 | Evaluation
"gate "gate relating to the
without shield" | with shield" HPA Cesar V2

Small-signal > 20dB > 20dB improvement

gain within within towards higher
5.2-9.5GHz 5.8-102GHz | frequencies

at P,=20dBm

and fp=9GHz

Pout 36 dBm 38 dBm increase of 2dB

PAE 31 % 37 % 6 % enhancement

power gain 20dB 19dB about the same
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and a significant increase in PAE up to an input power level of 23 dBm
due to the benefit of field shaping. The expected benefits of the use
of shields at higher operating voltages are shown in [57].

4.2 Impact of HEMT Structure and Layout on
HPA Performance

A first PAE increase could be observed due to the modification of
the gate module, i.e. the introduction of field plates. Furthermore,
the HEMT structure and layout also have a strong impact on the
HPA performance. This section deals with two aspects concerning
the HEMT structure and layout, the impact of a change in the epi-
taxial structure, i.e. the aluminum (Al) concentration of the AlGaN
layer, and the consequences of a variation in the HEMT layout, i.e. a
reduction of the gate-to-gate pitch.

4.2.1 Impact of the Epitaxial Structure

Within the last section, the RF-performance of the HPA Reserva could
be increased by the implementation of gate-connected field plates
and the T-gate structures. A further technology progress includes
the adaption of the Al content of the AlGaN layer with respect to
the HEMT performance. Hereby, a reduction of the Al content of the
Al Gaj«N/GaN HEMT device is a promising factor to improve the
PAE behavior of the HEMT device and consequently that of the HPA
design.

Influence of the Aluminum Mole Fraction on the HEMT Device

Within this work, the Aluminum concentrations in the barrier of the
Al Gai 4 N/GaN HEMT devices were reduced from x=30% to 22 %.
Subsequently, the change in the device and HPA performance was
analyzed.

According to the literature, a reduced Al content leads to a re-
duced Imax, lower leakage current, and less DC-to-RF dispersion. The
lower gate leakage current results from a reduced electric field caused
by a smaller polarization charge at the AlGaN/GaN interface [77].
Based on the results from Chapter 2.3, the above mentioned factors
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result in a PAE improvement. In addition, the reduced Ip improves
the reliability of the device thus improving the lifetime.

Nevertheless, these positive effects of the Aluminum-content re-
duction come at the expense of a lower broadband matching capabil-
ity due to the decrease in Ip and the increase in Cgq. Another effect
of a change in the Al concentration is that the pinch-off voltage in-
creases, i.e. tends towards more positive values, with decreasing Al
content. Table 4.8 compares the intrinsic parameters of two T-gate Al-
GaN/GaN HEMT devices with 30 % and 22 % aluminum concentra-
tion in the barrier. According to the Table, the Al content has almost
no impact on the capacitances besides a lower feedback capacitance
Cgq leading to an improved MSG/MAG behavior and accordingly
a higher PAE. Nevertheless, the feedback loss Rgq is higher for the
device with the lower Al concentration.

Table 4.8: Comparison of the calculated intrinsic parameters of 1 mm
AlGaN/GaN HEMT with different Al concentrations in the barrier
measured at 30V and Ipg=100 ... 150 mA.

Para- 30 % Al 22 % Al Evaluation

meter relating to HEMT
with 22 % Al

Ced 0.13pF/mm 0.1pF/mm decrease of 23 %
= increase in MSG/MAG
= increase in PAE

Cgs 0.92 pF/mm 0.95 pF/mm almost no change

Cys 0.2 pF/mm 0.21 pF/mm almost no change

Sm ~210mS/mm | ~237mS/mm | small increase

Gys 9.7 mS/mm 54mS/mm decrease of 44 %

Req 10.3 Omm 13.7 Omm increase of 33 %

HPA Performance dependent on the Aluminum Content in the Al-
GaN Layer

Again, the HPA Reserva was taken as an example to illustrate the
changes in the small-signal and RF performance with decreasing Al
content. The results shown in the following diagrams depict the
small- and large-signal measurements of the HPA Reserva processed



74 4. Impact of Technology Progress on Circuit Design

—S,]| E [P [Ves=30V |[85GH]
10 —S,, 2 4ol —*—Gain V=28V =
s, ol —e— PAE ./:7_,, —T.
— s — 30 P / \
m @ — \
S 9 k=2 e
- PR L -
&} —
-5 !
/ \ / £ 10 [ ——— A
-10 % / \\
RY\Wa N S —
-152 4 6 8 10 12 14 16 0 5 10 15 20 25 30 35
Frequency [GHz] P, [dBm]

(a) CW-S-parameters at Vpg=28V (b) Pulsed-RF performance at Vps=30V

Figure 4.13: Measured small-signal and large-signal performance of
the power amplifier Reservalll (22 % Al content).

with the T-gate technology and an Al content of 22 %.

Figure 4.13(a) shows the measured CW-S-parameters of the MMIC
Reserva biased at Vpg=28V and Ipg=125mA. A maximum small-
signal gain of nearly 11 dB was obtained at a frequency of 8.5 GHz
as marked in the figure. In addition, the corresponding input and
output reflection coefficients around this frequency are better than -
5dB and the reverse isolation Si, which is not shown in the figure, is
less than -17 dB for the entire frequency range. In addition to the fre-
quency of maximum gain, the 3 dB bandwidth from 7 up to 11.6 GHz
is highlighted in green.

Figure 4.13(b) presents the pulsed-RF measurements of the HPA
Reserva at the maximum small-signal gain frequency at 8.5 GHz and
at a biasing of Vpg=30V. A maximum PAE of 43 % was reached for
a relatively high input power level of 31 dBm. The output power and
associated power gain at the same input power level yield 39.6 dBm
and 9dB of gain with a compression of 3.5dB.

Discussion

The measurement results obtained with the HPA Reserva III processed
with the reduced Al content of 22 % deliver significant further per-
formance improvements, especially for the large-signal case. Table
4.9 gives a comparison between the measurement results of the HPA
Reservall processed with a T-gate and an Al content of 30 % (see
last section) and the measured data of the HPA Reserva III processed
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with a T-gate as well, but with a reduced Al content of 22% at an
input power level of 29 dBm. In addition, the optimum measurement
results of the HPA Reservalll at P, =31 dBm are shown.

Table 4.9: Influence of the aluminum content on the HPA Reserva
processed with 30 % Al content (HPA Reservall) and 22 % Al content
(HPA Reservalll) at Vpg=30V.

Main HPA Reservall HPA ReservaIII Evaluation

features "30 % Al content" | "22% Al content” relating to
Reservalll

LS results at fp=8 GHz at fp=8.5GHz

P 29dBm 29dBm 31dBm

Pout 38.1dBm 38.6dBm | 39.6dBm | + 0.5dB

=65W =72W | =9.1W

PAE 25% 38.5% 42.3% factor of > 1.5

power gain || 8.5dB 9.6dB 8.7dB +1dB

gain comp. || 3.5dB ~3dB ~4dB about the same

Pout sat > 38.1dBm 39.8 dBm

linear gain || 12dB 12.6dB + 0.6dB due
to higher Cgq

Vas 4V 2.8V Vpinch—off
increases with
decreasing
Al content

By comparing both amplifiers at the same input power level, a
0.5dB increase in Pyt and an enhanced small-signal and large-signal
gain performance of about 0.5-1dB was obtained due to the higher
gate-drain capacitance. Though, the resulting gain compression is
nearly the same.

The reduction of the Al content in the AlGaN layer results in a
lower DC-to-RF dispersion. In addition to the reduced Al content,
the HPA Reservalll was processed with a stabilized T-gate technol-
ogy, while HPA Reservall was processed on the first run with the
new T-gate technology. As a consequence of both factors, the PAE
performance becomes significantly improved by a factor of 1.5 at the
same input power levels and even more when comparing the maxi-
mum values (25 % and 42.3 %). The high PAE enhancement provides
evidence that the influence of possible leakage currents and DC-to-
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RF dispersion together with a stabilized T-gate process has a drastic
impact on the PAE behavior of the HEMT device and consequently of
the HPA design. Furthermore, due to the reduced Inmax, the devices
withstand higher input power levels. Therefore, the amplifier can be
driven into saturation without difficulty. The saturated output power
yields 39.8 dBm.

4.2.2 Impact of the Gate-to-Gate Pitch

In a further analysis the MMIC Cesar V2 from the last section was
compared to the HPA Cesar V3 also using AlGaN/GaN-HEMTs with
T-gates and source-connected shields, but with reduced gate-to-gate
pitch of the transistors within the PA-stage and designed based on
the same design goals as specified in Section 4.1.3.

The reduction of the gate-to-gate pitch (lgg) of the HEMT device
leads to a smaller device structure with reduced parasitics as can be
seen in Table 4.10. Due to the strong decrease in Cgq, the small-signal
gain increases resulting in an improved PAE behavior. Otherwise, the
reduced gate-to-gate pitch causes higher thermal heating effects that
cause an increased gate leakage current.

Table 4.10: Comparison of the calculated intrinsic parameters of 1 mm
AlGaN/GaN HEMTs with different gate-to-gate pitch measured at
Vbs =30V and Ipg=100 ... 150 mA.

Para- || lgg =50 ym lgg =20 ym Evaluation
meter relating to HEMT
with lgo =20 ym
Ced 0.07 pF/mm 0.04 pF/mm decrease of 43 %
= increase in MSG/MAG
= increase in PAE
Cgs 1.12pF/mm 0.99 pF/mm decrease of about 10 %
Cas 0.21 pF/mm 0.19 pF/mm decrease of about 10 %
gm ~237mS/mm | ~170mS/mm | decrease of 30 %
Gys 8 mS/mm 8 mS/mm unchanged
Rgd 19.3 Omm 30mm strong decrease of about 80 %
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Design Configuration and Layout

The HPA Cesar V3 was designed based on the power amplifier Ce-
sar V2. The only difference between the two variants consists in the
HEMT devices in the PA-stage. While the transistors of the MMIC Ce-
sar V2 has a source-to-gate spacing of 1 um and a gate-to-drain spac-
ing of 3.5um with a gate-to-gate pitch of 50 ym, the shrinked FET
version used in the HPA Cesar V3 has a reduced gate-to-gate pitch of
only 20 ym with 0.7 ym for the source-to-gate spacing and 2 ym for
the gate-to-drain spacing. Thus, the relative source-to-gate and gate-
to-drain spacings stay the same, while only the gate-to-gate pitch is
reduced by a factor of 2.5. In the first stage, the same transistor is
used as in the HPA Cesar V2.

Since there was no transistor model available for a FET with re-
duced electrical spacings, in this first-step analysis the same match-
ing networks as for the HPA Cesar V2 were used for the design Ce-
sar V3. Small-signal simulations of the HPA Cesar V3 with measured
S-parameters of the shrinked device led to similar but slightly im-
proved results compared with the HPA Cesar V2.

Figure 4.14 shows the chip image of the dual-stage HPA Cesar V3
with a chip size of 3.5 x 2mm?. In the figure the PA-stage transistors
are marked in terms of a red ellipse to highlight the shrinked FET
version.

Figure 4.14: Photograph of the dual-stage HPA Cesar V3 with the

shrinked FET version in the PA-stage marked. The chip size is 3.5 x

2 mm?2.
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HPA Performance Dependence on the Gate-to-Gate Pitch

As well as for all previous comparisons, the measurement results
shown below were from the same wafer with an even further reduced
Al content of 18 % for improved output power and PAE values (see
Section 4.2.1). Once again, the small-signal and large-signal mea-
surements were taken in CW-operation at the same bias condition
(Vps=28V and Ipg=100mA) as the Cesar variants from the last sec-
tion.

Figure 4.15 gives a comparison of the measured CW-S-parameters
of the HPAs Cesar V2 (line without symbols) and Cesar V3 (line with
symbols). The shrinking of the device structure leads to an increase
in the small-signal gain of approximately 1-1.5dB. The green area in-
dicates the -3 dB frequency range of the HPA Cesar V3 from approx-
imately 6.3-9.9 GHz with a small-signal gain beyond 25dB. For both
designs, the input and output matching 5;; and Sy, are in the range
of -5 to -15 dB within the target band.

The comparison of both designs at the same bias condition shows
that the shrinking of the device structure yields the expected increase
of the small-signal gain of about 1-1.5 dB. Additionally, the input mat-
ching of both designs stays the same since there is no difference be-
tween both input matching networks and first-stage transistors. The
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Figure 4.15: Comparison of the measured CW-S-parameters of the
HPAs Cesar V2 (line without symbols) and Cesar V3 (line with sym-
bols). Bias point: Vps=28V and Ips=100mA.
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output matching of the HPA Cesar V3 turns out to be inferior com-
pared to that of the HPA Cesar V2 because of the modified optimum
load impedance I'L opt of the shrinked FET cells within the PA-stage
combined with the output matching network of the Cesar V2 design
optimized for I opt of the original HEMT device.

The large-signal performance of both Cesar variants is shown in
Figure 4.16. The figure on the left gives a comparison of CW-power-
sweeps at 9 GHz of the HPAs Cesar V2 and Cesar V3, while the right
figure presents the corresponding frequency sweeps at P,,=20dBm,
i.e. at the required 2 dB gain-compression level.

At a frequency of 9GHz, the HPA Cesar V3 delivers a constant
gain and output-power improvement of about 1dB compared with
the MMIC Cesar V2. Furthermore, the HPA Cesar V3 offers a PAE
of 43% at 2dB compression, while the MMIC Cesar V2 delivers a
comparatively lower PAE of 38 % at the same compression level.

In Figure 4.16(b) the frequency range from 8 up to 9.8 GHz in
which both MMICs exhibit PAE values beyond 30 % is highlighted
in green. The HPA Cesar V3 primarily features a PAE improvement
of up to 5% especially for the upper target band. In addition, the
output power and associated gain are enhanced from approximately
8.5GHz on. Thus, the HPA version using shrinked FET cells in the
PA-stage delivers an overall improvement concerning the small-signal
and large-signal performance. Thereby, the additional heating of the
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Figure 4.16: Comparison of CW-power-measurements of the HPA
MMICs Cesar V2 (line without symbols) and Cesar V3 (line with sym-
bols). Bias point: Vpg=28V and Vgg=-2V.
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shrinked FET cells has to be considered and analyzed.

Table 4.11 summarizes the most important large-signal measure-
ment results of the HPAs Cesar V2 and Cesar V3 at the same biasing
conditions for good comparison. In addition, both HPAs offer HEMT
devices with 18 % Al content in the AlGaN layer.

Table 4.11: Comparison of the CW-power measurement results of the
MMICs Cesar V2 (lgg =50 pm) and Cesar V3 (Igg =20 ym) operated at
9GHz and P;,=20dBm. Bias point: Vpg=28V and Vgg=-2V.

Main features || CesarV2 Cesar V3 Evaluation
lgg =50 ym lgg =20 um | relating to HPA Cesar V3

Pout 38dBm 39dBm increase of 1dB
PAE 38 % 43 % factor of 1.13 in PAE
power gain 19dB 20dB increase of 1dB

According to the LS-measurement results at 9 GHz, shown in Fig-
ure 4.16(a), the use of shrinked FET cells in the PA-stage delivers
an improvement of the output power and power gain of approxi-
mately 1dB nearly independent of the input power level, but fre-
quency dependent according to the results of Figure 4.16(b). Based
on the frequency-sweep measurement results, the shrinking of the
gate-to-gate pitch delivers a large-signal performance improvement
only for "higher" frequencies, i.e. in this case for frequencies above
8 GHz.

Consequently, the PAE of the HPA Cesar V3 could also be in-
creased with higher enhancement effects towards larger input power
levels and higher frequencies.

The chapter covered different technology aspects that have a strong
impact on the HPA performance, especially the power-added effi-
ciency. The differences between the technology modifications were
analyzed by means of various corresponding narrow-bandwidth HPA
designs processed with each technology. PAE improvements from
22.5% up to over 40 % could be obtained with the combination of
different technology modifications.

All further HPA designs within this work, which are discussed in
detail in Chapter5 and Chapter 6, use T-gate HEMT devices without
source-connected shields, an aluminum concentration of the AlGaN
layer of 22 %, and a standard gate-to-gate pitch of 50 ym.



Chapter 5

Balanced HPA with
GaN-specific Impedance
Levels

This chapter describes the first balanced AlGaN/GaN HEMT HPA
MMIC demonstrator for X-band that is fabricated in microstrip tech-
nology. A few balanced MMIC amplifier designs at X-band frequen-
cies exist in different technologies as described in [7], [51], [62], but no
balanced microstrip HPA in GaN technology. Nevertheless, the study
of such a power amplifier is promising with respect to the expected
benefits of this concept using GaN technology compared to existing
solutions with other technologies such as GaAs.

The main advantage of a GaN based balanced approach is the
high load impedance level of GaN that be can used effectively in the
balanced design as described in this chapter together with all the
other principal advantages of the AlGaN/GaN material system (see
Chapter 1) as well as the benefits of the balanced approach itself that
is discussed in Section5.2. For example, the high load impedance of
a single-ended HPA with AlGaN/GaN HEMT technology leads to
a poor output matching Sy; capability. Here, the main task of de-
signing a balanced amplifier is the realization of a superior matching
performance over a broader bandwidth together with a good stability.
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However, a major problem of the realization of a balanced HPA
MMIC in a 50 Q) environment based on SiC or GaAs substrates with
an ¢ between 9 and 13 is the design layout of a 502 Lange cou-
pler. This coupler features very narrow line widths and gaps that
are too small for fabrication. In addition, the total line width of
a 50 Q) coupler would not be able to ensure a sufficient power and
current handling capability. To overcome this problem, the use of
low-impedance microstrip Lange couplers on the input and output
side is investigated. On the one hand, with the low-impedance, the
critical line width and gap dimensions can be avoided and the result-
ing wider total line width enables the required current loading for
RF output powers beyond 10 W. On the other hand, for the output
coupler impedance, the optimum load impedance level of the GaN
HEMT HPA in the 10-20 W power regime of approximately 250} can
be chosen to be able to simplify the impedance transformation net-
works between the PA modules (see below) and the Lange coupler.
This would lead to a reduction of the required MMIC chip size as
well as to an improvement of the HPA performance, i.e. to a simple
and broadband matching circuit.

5.1 Principal Aspects of a Balanced Amplifier

The balanced amplifier, introduced by Eisele [32], basically consists of
two identical amplifiers PA 1 and PA 2 as well as two quadrature (90 °)
3dB couplers as can be seen in Figure 5.1. In the balanced topology,
both amplifiers are fed equally with a phase offset of 90° from an
input power splitter [136]. Any mismatch reflections at the amplifier
inputs pass back through the couplers and appear 180 ° antiphase at
the coupler input and therefore become canceled out or absorbed in
the termination resistor Zj. At the output, the power of the amplifiers
is recombined in phase, and unwanted reflection signals are canceled
out or absorbed in the termination resistor Zj just as for the amplifier
input [1]. As a result, the matching at both the input and output of
a balanced amplifier is excellent regardless of the reflection nature of
the individual single-ended amplifier.

Independent of the 90 ° hybrid coupler type, the correlation of the
small-signal scattering parameters of Port1 and Port2 of the entire
balanced amplifier are given in terms of the small-signal S-parameters
of the two individual single-ended amplifiers [117].
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Z ) ()
90° 90° Pout
g2 3 2 31907 ©port 2
= 3dB/ 3dB/
90° 90°
coupler| ¢ S coupler
) o 11b 22b o Zy
Pin 1809 4l _<—Hpo > 1 4|80
Port 1 0° 90 90 0

Figure 5.1: Illustration of a balanced amplifier design configuration.

1 1
|S11| = 5 IS11a — S11pl . [S21] = 5 |S214 + Sa1p] (6.1)

1 1
|S12| = 5 |S12a + S12p] ., [S:2| = 5 |S224 — Soop| (5.2)

According to Equations5.1 and 5.2, the input and output reflection
parameters of the balanced amplifier are zero regardless of the re-
flection behavior of the single-ended PAs as long as PA1 and PA?2
are identical. This leads to a very low input and output small-signal
VSWR of the balanced amplifier, independent of the VSWR of the
single-ended amplifiers. In addition, the transducer gain of the bal-
anced amplifier results in

Gr = 0.25(Sy14 + Sopp|* = [S214]? (5.3)

which is identical to the gain of the single-ended amplifier in the ideal
case. However, the saturated output power of the balanced amplifier
is twice the output power of the single-ended PA. Furthermore, the
S-parameter matrix of the quadrature (90°) 3 dB coupler is

1

SCoupler = _\ﬁ (5.4)

— = O O
——. O O

O O~
O O M=

However, in real HPA designs for large-signal (LS) applications,
the power amplifier usually has "large-signal" output matching which
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ensures a proper loadline setting at the intrinsic transistor output
current source instead of an accurate small-signal conjugate match
because in the general case of an arbitrary cell size both conditions
are mutually exclusive. To analyze the large-signal behavior of the
balanced amplifier the wave equations at the output coupler are de-
termined according to Figure 5.2.

2, A
Asis&—0m) /3
b, b

al a
— -4
Agei™2 1 B —0 1/ \4 ]

b, L J b,

Figure 5.2: Lange coupler at the output side of a balanced amplifier
design with incoming a; and outgoing b; waves.

Assuming that PA1 and PA 2 are identical, the magnitudes of the
amplitudes | As| of the incoming waves a; and a; amount to the same
value, but with 90° phase difference. This leads to the following com-
ponents of 4.

ap = jAs+rshy

ap = As+rsh

a3 = Tpbs

ag = 0. (5.5)

With [b] = {SCoupler] - [a] and some conversions the components of
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[b] result in
R = TLA
1 V2 LY3 JALAs
]
b, = ——TIb =-TLA
2 /2 Lb3 LAs
1 . ' :
by = *ﬁ(]Aerstl)*\Lﬁ(AsJFrst) :*]\/EAS
- 1
by = _%(]Aerrsbl)_ﬁ(Aerrsbz) = V2rTLAs . (5.6)

On closer examination of Port4, the power that is delivered to the
termination resistor is

1
Py=3 bg|? = |rTLAs]* . (5.7)

In case of a perfectly matched PA module (r; = 0) no power is deliv-
ered to the termination resistor, and with increasing reflection behav-
ior of the PAs, the power at the termination resistor also increases.
Thus, the higher the reflection coefficient rs for a given load mis-
match I'y, the more of the reflected part of the available power of the
two single-ended amplifiers is absorbed by the termination resistor
instead of being reflected back into the PA transistors, indicating a
good protection for the PA-FETs.

Based on Equations 5.6, the reflection coefficients at Port1 (by/aj)
and Port?2 (by/aj) can be calculated as follows:

lil _ L As _ I

aq jAs 4 jrsILAs 147l

by —T'LAs I

ap o As — T’SFLAS o 1-— TSFL ) (58)

As can be seen in Equation 5.8, the reflection coefficients at Port1 and
Port2 are not identical. Even if the single-ended PAs are perfectly
matched, i.e. s = 0, both PAs directly "see" the load reflection coef-
ficient I';,, but with 180° phase difference due to the coupler. Conse-
quently, the balanced amplifier delivers no improvement concerning
the large-signal reflection behavior compared with the single-ended
PA.
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5.2 Advantages Over Single-Ended Amplifier

Even though the large-signal reflection behavior of the balanced am-
plifier is not superior to that of the single-ended PA, the balanced
amplifier features quite a lot of advantages over a single-ended am-
plifier according to [40]:

¢ reduction of input and output small-signal reflection coefficients

¢ superior small-signal matching bandwidth which is mainly lim-
ited by the coupler bandwidth

¢ almost doubled maximum possible output power due to the
two parallel amplifiers, minus the coupler losses

* improved stability due to high degree of decoupling

¢ redundancy in hybrid designs: in case one of the PAs fails, the
other one can still work so that the balanced amplifier will op-
erate with reduced power gain (-6 dB)

* advantageous for application fields where strong output and/or
input mismatch-es occur, e.g. high power measurement setups
or X-band near-field radars.

However, a balanced amplifier is expensive due to the need for a large
chip area compared with a single-ended amplifier.

5.3 Determination of Coupler Type

When designing a quadrature (90°) 3dB balanced amplifier, one of
the first questions addresses the coupler itself and what type of cou-
pler would be the best for a specific application. In this work, the
advantages and disadvantages of a Lange coupler are compared with
that of a Branch-Line coupler, since both coupler types are realizable
in microstrip line technology. Block diagrams of both coupler struc-
tures are illustrated in Figure 5.3. As can be seen in the figure, both
networks are symmetrical.

The method of the Branch-Line coupler was first analyzed by Reed
and Wheeler [91]. The advantages of this coupler are its simple struc-
ture and the easy 50 () matching. However, the Branch-Line cou-
pler requires a large chip area because all lines are a quarter of the



5.3. Determination of Coupler Type 87
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Figure 5.3: Comparison of the structure of a Branch-Line coupler and
a Lange coupler.

wavelength long. At a frequency of fy=10GHz, the wavelength of
a microstrip line on SiC substrate with a relative dielectric constant
of ¢&:=9.7 only depends on the ratio of the variable microstrip line
width w. and the fixed height of the substrate (=100 ym) leading to
the well-known equation 5.9

: ‘0 (5.9)

1
4 fo\/exefi(we/h) .

With a typical 50 () microstrip line resulting in a line width of
we =92 um, the effective relative diel. constant amounts to &, off=6.5
according to the nomogram of the effective relative dielectric constant
& off as a function of the ratio w./h as given e.g. in [117]. As a result,
the quarter wavelength is about A/4=2940 ym. To reduce the size
of this coupler, the resulting A/4 lines can be decreased by the use
of dual transmission lines as described in [114]. Nevertheless, the
coupler still requires a large chip size. Besides that, a realization
of a Branch-Line coupler at lower impedance levels, which would
be advantageous for simplified matching of the HPA modules (see
below), would require an even larger chip area and is not feasible for
this reason. In addition, the obtainable relative bandwidth with this
coupler type only amounts about BW, = 10-20 % according to [45].

In contrast, the Lange coupler with its smaller structure requires
less chip size. Furthermore, a wider frequency range can be obtained
with this coupler. Its mechanism is originally explained in full length
in [61]. However, Lange couplers with a nominal impedance of 50 ()
are not realizable on SiC substrate with a thickness of 100 ym be-

A4 =
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cause of the resulting small line widths and low current capability
as described in detail in Section 5.4.2. To overcome this problem, the
design approach used here relies on low-impedance Lange couplers.

Balanced MMIC amplifier designs at X- and Ku-Band frequencies
are summarized in Table 5.1. The table mainly contains balanced
HPAs using Lange couplers, but there is also one amplifier contain-
ing Branch-Line couplers and one employing 0° hybrid Wilkinson
couplers. As can be seen in the table, the obtainable frequency band-
widths of the balanced applications mainly depends on the coupler
type. Only narrow bandwidths are realizable with Wilkinson and
Branch-Line couplers compared with Lange couplers.

Due to the advantageous properties of the Lange coupler such as
the required smaller chip size and the larger obtainable frequency
bandwidth according to the table, this coupler type is used for the
balanced amplifier design discussed in the following.

Table 5.1: Balanced MMICs at X- and Ku-Band found in literature.

Ref. Technology Coupler | Ampli- | Frequency | Return
+ Chip Size Type fiers + relative Loss +
used Bandwidth | + Gain

[39] ion-implanted Branch- | 2-stage | 14-16GHz | not spec.
GaAs MESFET | Line HPAs BW=13% G>13.7dB
not on one chip | coupler
[7] AlGaN/GaN Wilkin- l-stage | 7-8.6 GHz S;i<-10dB
HEMT (CPW) son HPAs BW=20% G>5dB
25.4 mm? coupler
[62] ion-implanted Lange 2-stage | 8-12GHz Sii<-20dB
GaAs MESFET | coupler | HPAs BW=40% G>13dB
16 mm?2 (CPW)
[107] || AlGaN/GaN Lange 2-stage | 3-16 GHz not spec.
HEMT (CPW) coupler | LNAs BW=130% | G=20dB

15.3 mm?

[68] AlGaN/GaN Lange NDPAs | 4-18GHz not spec.
HEMT (CPW) coupler BW=130% | G=10dB
20.6 mm?

[56], || AlGaN/GaN Lange 1-stage | 7-11GHz Sii<-10dB
this HEMT (MSL) coupler | HPAs BW=40% G>8dB
work || 12mm?
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5.4 Balanced-HPA Implementation

A balanced microstrip AlGaN/GaN HEMT HPA MMIC was realized
with a modular circuit concept for the purpose of good testability
of the single amplifier modules, in this case single-ended 50 () ter-
minated PAs, named Reserva, and "low-impedance" Lange couplers.

The block configuration of the resulting balanced HPA MMIC,
named Crianza, is shown in Figure 5.4, illustrating the modular cir-
cuit concept using two identical single-stage amplifiers (PA1 and
PA 2), impedance level transformers, and low-impedance Lange cou-
plers. The Lange couplers are located at the input and output ports
of the PA modules to improve the small-signal return losses and to
achieve simple and easy matching of the balanced design.

Lange Lange
Imp. Coupler Imp. Imp. Coupler Imp. P
level level FO- PA1 H level O LOH level O 56"&3
transf. transf. transf. 2 3 transf.
75 Q
P. Imp. Imp. Imp. 1 4 Imp.
m | level level FOH PA2 H level O+ LO level
50 Q2
transf. transf. transf. transf.
.. . 75 Q
divider combiner
350 50Q 25Q

Figure 5.4: Block diagram of the balanced HPA MMIC Crianza.

The impedance level transformers between the power amplifiers
and couplers are necessary because of the modular concept compris-
ing different impedance levels of the power amplifiers and Lange cou-
plers. In this circuit design, the impedance matching networks are
simple line-capacitor circuits operating in the frequency range from
8 to 10 GHz with good performance. Due to the approximately A/8
line lengths of the transformers, these line-capacitor networks just fit
between coupler and PA1/2 as well as between coupler and input
and output ports of the balanced HPA and the termination resistors.
For the design of the entire balanced amplifier different design steps
are mandatory:
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1. PA module terminated to a 50 () environment
2. GaN specific impedance-level selection of Lange couplers

3. Realization of balanced HPA

5.4.1 PA Module

In the first design step the design of the single-ended power am-
plifier Reserva is defined. The PA module demonstrates a single-
stage amplifier containing a transistor stage and an input and out-
put matching network (IMN and OMN). The transistor stage consists
of two parallel operated 1 mm TGW basic AlIGaN/GaN-HEMT cells
with an 8 X125 ym gate geometry as a best compromise between gate
finger count and finger width to obtain optimum gain performance
as described in Section 3.1.1. Consequently, the total gate-width is
2mm. The HEMT devices are based on the T-gate technology with-
out source-connected shields and a gate-to-gate pitch of 50 yum. The
aluminum content in the barrier is 22 %.

Since the PA is dimensioned for maximum output power opera-
tion in the frequency range from 8 to 10 GHz, Load-Pull simulations
of the 8x125um FET cell are performed within the desired X-band
frequency range to specify the optimum load impedance I'f, of the
used HEMT cells with respect to maximum output power.

After the determination of the optimum load impedance I't, pout,
both input and output matching networks are designed for a 50 (2 ex-
ternal load. The networks comprise simple narrowband line-capacitor
structures for the required impedance level transformation and match-
ing over the desired frequency bandwidth as well as bias feeder paths
that are realized with microstrip lines and large bias decoupling ca-
pacitors at the end of the bias stubs to provide DC blocking. In ad-
dition, small series capacitors for DC decoupling are included close
to the input and output of the input and output matching networks,
respectively.

To realize external stability, a resistor is included in the gate bias
path and to prevent any odd-mode oscillations (internal stability) the
gate and drain connections of both FET cells are connected together
through resistors and transmission lines. Further details of the de-
termination of external and internal stability are described in Section
3.3.1.
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Figure 5.5 displays the chip image of the single-stage HPA MMIC
Reserva with a chip size of 2.75 x 1.5mm?. The layout also includes
DC bias pads for direct on-wafer tests.

Figure 5.5: Photograph of the single-stage HPA Reserva. The chip

size is 2.75 x 1.5 mm?.

5.4.2 GaN-Specific Impedance-Level Selection of Lan-
ge Couplers

The second design step covers the choice of adapted impedance lev-
els for the 3dB Lange couplers at the input and output of the entire
balanced amplifier as well as the structure and design of the couplers
themselves. There are some limitations on the Lange coupler geome-
tries. For example, a minimum line width w. and gap s. are indis-
pensable for electroplated metal. In addition, the gap s. between the
single lines strongly influences the coupling factor which therefore
turns out to be sensitive to MMIC technology deviations, especially
in galvanic metallization structures. Furthermore, the total coupler
line width, calculated from the product out of the number of lines
NL and the single line width, indicates the current carrying capabil-
ity. Thereby, a change of the impedance level of the Lange coupler
has a direct impact on its geometries. When lowering the impedance
level, the RF current amplitude for a given power level increases in-
versely proportional to v/Zr, i.e. P=1/2 Zy[? or [ ~ 1/\/Z1. A
low impedance level of the coupler is advantageous because the total
conductor width increases disproportional with lowering Zj, leading
to an increased current capability.
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Table 5.2 shows the influence of the impedance level Z; on 4-
line and 6-line 3dB Lange coupler geometries for a metal thickness
of t=7 ym realized on SiC substrate with a thickness of h=100 ym
and with an &,=9.7. All dimensions are calculated with Agilent ADS
LineCalc centered to 10 GHz. Due to the requirement for high output
power levels, a 6-line Lange coupler is chosen at the output to ensure
high power and current handling capabilities. In contrast, on the
input side, a 4-line coupler is sufficient. The expected width w. and
gap sc for both coupler variants at an impedance of Z;=50() are
displayed first. In both cases the width of the single line would be
too small for fabrication. As a result, "low-impedance" microstrip
couplers must be chosen for the realization on SiC substrate.

Table 5.2: Influence of the impedance level on the 3 dB Lange coupler
geometries for h=100 ym and &,=9.7.

Coupler Impedance | Width | Gap Length
Type Npc || Z1L/Q welpym | sc/uym | I/pm
4-Line 50 7.8 8.3 2741
4-Line 35 25.1 7.8 2717
6-Line 50 3.9 14.2 2550
6-Line 25 29.3 13.3 2671

At first, the impedance level of the 6-line output Lange coupler
was investigated. For a HPA with an expected output power beyond
20 W and consequently a high RF-current load, the impedance of the
Lange coupler needs to be sufficiently lowered compared to 50 () so
that the coupler provides sufficient power and current handling capa-
bility. In addition, a 2mm PA-stage of an AlGaN/GaN HEMT HPA
requires a load impedance of about 25 () at a drain voltage of 30-35V
(With Vipee ~5V, V =25V, [ ~1A), combined with an appropri-
ate Coyt compensation. As a result, a coupler that is adjusted to the
optimum load impedance of 25} of a typical GaN PA-stage enables
a direct simple matching of the PA-module to the coupler. This di-
rect matching is not exploited in this "first demonstrator” study but
rather to provide a direct testability of the 50 (2 PA-module and the
low-impedance coupler itself. Furthermore, a 2502 coupler ensures
sufficient power and current handling capability and avoids critical
microstrip line width and gap dimensions as can be seen in Table 5.2.
Therefore, a 25Q) 6-line Lange coupler is chosen at the output side.



5.4. Balanced-HPA Implementation 93

In contrast, the load impedance level of a GaAs HEMT with a com-
parable output power level yields only 5-8 (). As a result, a compara-
ble 5-8 () coupler on GaAs substrate with &, =12.9 for direct matching
with the PA module is not realizable. Therefore, when this balanced
concept is applied to GaN, a simpler and broader matching circuit
can be realized.

Regarding the input coupler, the power level at the input of the
PA modules is about 2-4 W with an assumed large-signal gain of ap-
proximately 10...7dB. Due to the resulting low current flow at the
input side, in this case, a 4-line coupler delivers enough current han-
dling capability with the positive side-effect of a lower coupler size
that results in less required chip area. To provide a sufficient cur-
rent handling capability on the coupling lines as well as to keep the
minimum possible line width of the single lines in mind, the realized
impedance of the input 4-line coupler is chosen to be 35 ().

To fit the balanced HPA design into a chip area with a width of
3mm, the mechanical length I. of each coupler has to be smaller than
3 mm minus the upper and lower scribe lines of each 65 ym as well as
the width of the connecting lines between the Lange couplers and the
impedance level transformation networks. The resulting mechanical
lengths of the calculated input and output couplers are 2717 ym and
2671 ym, respectively. This means that the 35/25 ) couplers fit into
the chip size without "folding" the lines. The layout of the output
Lange coupler with crossover connections at both sides and in the
center is shown in Figure 5.6.

The test structure of this Lange coupler was measured on-wafer

T3

50Q
T2

T1

Figure 5.6: Layout of the microstrip 6-line 3dB Lange coupler.
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in a two-port 50() environment with the two unused ports termi-
nated by 50 () resistors. Next, the measured data was transformed
into a 25Q) four-port matrix and compared with the in ADS sim-
ulated coupler with a 250} port impedance. Figure 5.7(a) gives a
comparison of the simulated (solid line) and measured (dashed line)
through connection (531) and coupling factor (S3;) of the output cou-
pler. Simulated and measured data are in good agreement for lower
frequencies up to the center frequency of 10 GHz as marked in the fig-
ure with a coupling factor of 3.5dB =+ 0.4 dB for both simulation and
measurement from 8 to 10 GHz. However, for higher frequencies the
measured S-parameters show a decreasing coupling effect which can
be explained by the difference between the simulated and realized
gap between the single coupler lines. Nevertheless, the symmetry
performance of the coupler is still acceptable.

In addition, the simulated and measured isolation (S;1) is better
than -20dB up to a frequency of 10 GHz and the simulated and mea-
sured directivity at 10 GHz yields 22 dB and 17 dB, respectively.

Figure 5.7(b) shows the simulated and measured net insertion loss
of the output coupler which amount to 0.23/0.29 dB and are in good
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Figure 5.7: Comparison of the simulated (solid line) and measured
(dashed line) through connection, coupling factor, and net insertion
loss of the output 6-line microstrip Lange coupler referenced to 25 ().
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agreement. Here, the net insertion loss is defined as

Sz |* + [S3|?
Lpet = M (5.10)
1—[S11]
Lnet[dB] = —20log(y/Lnet) - (5.11)

A low net insertion loss of the output Lange coupler is extremely
important for optimum power transfer from the amplifier stages to
the output load. This is achieved in spite of compact realization on a
100 pm thin SiC MMIC substrate with rather small line cross-section.

5.4.3 Realization of Balanced HPA

Finally, the Lange couplers and two of the PA modules (PA1 and
PA 2) are integrated to the balanced HPA Crianza with a total gate
width of 4mm according to the block configuration in Figure 5.4.
The resulting design approach presents a first demonstrator for a bal-
anced microstrip HPA MMIC using AlGaN/GaN HEMTs with the
main task of the testability of the single amplifier modules.

Due to the fact that the PA modules and the couplers yield differ-
ent impedance levels, impedance level transformation networks are
necessary between the single-ended PAs, designed for 50 () external
loads, and the Lange couplers, designed for 35() at the input side
and 25() at the output side. In addition, impedance level transform-
ers between the Lange couplers and the 50 () input and output of the
balanced amplifier as well as between the couplers and the termina-
tion resistors are needed. The isolated ports of the Lange couplers
are terminated by Zj =75() resistors. On the one hand, this high load
impedance level leads to a better current drive capability due to an
increase of Z by the factor 1.5 with a given maximum line width.
On the other hand, the higher resistance leads to a slightly reduced
bandwidth, because an additional matching network from 25/35 ()
up to 75() is required.

The entire balanced HPA Crianza has a chip size of 4x3mm?. The
chip photograph is shown in Figure 5.8.

In a final solution, the impedance level transformations between
the PA modules and the couplers would be redundant leading to
a simpler and more compact design that requires less MMIC chip
area. In addition, the expected lower net insertion loss of the direct
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Figure 5.8: Photograph of the balanced single-stage HPA Crianza.

The chip size is 4 x 3mm?.

impedance matching of the PA modules and the couplers would lead
to an improved Sj;-bandwidth performance of the entire HPA.

5.5 Balanced vs. Single-Ended HPA Perfor-
mance

The simulated and measured CW-S-parameters of the amplifier mod-
ule Reserva and the balanced HPA Crianza are plotted in Figure 5.9.
For a reasonable comparison, both HPAs were measured on the same
wafer and tested at the same biasing of Vps=28 V. Simulation and
measurement reveal an excellent agreement over the whole frequency
range for both designs.

A maximum small-signal gain of 10.7dB was obtained for both
the PA module Reserva and the balanced HPA Crianza at a frequency
of 8.6 GHz and 8.8 GHz, respectively. The associated input and out-
put reflection coefficients at the frequencies of best gain performance
are 511 =-8.3dB and Sy =-6.6dB for the amplifier Reserva and for
the balanced approach 517 =-20.1dB and S;; =-23.6 dB. As expected,
with the balanced design a strong improvement of input and out-
put matching could be obtained. The same accounts for the broad-
band matching capabilities over the entire X-band frequency range.
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While the input and output matching of the single-ended amplifier
are about -5dB from 8.5-13 GHz, both input and output matching of
the balanced amplifier are strongly improved to a matching of better
than -14 dB for the same frequency bandwidth.

Nevertheless, the HPA Reserva delivers a 3dB bandwidth with
a gain >8dB from 7 up to 11.5GHz, ie. a relative bandwidth of
BWie1 =45 %, whereas the balanced HPA Crianza offers a slightly re-
duced corresponding 3 dB bandwidth with a gain > 8dB from 7.3 up
to 11.1 GHz, i.e. a relative bandwidth of BW. ~40 %. In both graph-
ics of Figure 5.9 the 3 dB frequency bandwidth is highlighted in green.

According to the theoretical assumption that the small-signal gain
of the balanced HPA is equal to that of the used single-ended PAs as
long as the PAs are identical (see Equation 5.3), both the balanced and
the single-ended HPA show the same maximum small-signal gain.
However, the balanced amplifier shows its maximum gain perfor-
mance only over a very narrow bandwidth that corresponds to the
optimum frequency range of the Lange couplers and the impedance
level transformation networks that are optimized only for a frequency
range from 8 up to 10GHz. Thus, the reason for the reduced 3dB
bandwidth of the balanced topology mainly consists in the additional
impedance transformations from 35/25 € to 50 () between the IMN/
OMN and the couplers for the benefit of the measurability of the sin-
gle modules.
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Figure 5.9: Simulated (line without symbols) and measured (line
with symbols) CW-S-parameters of the HPAs Reserva and Crianza
at Vpg=28V.
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In contrast, the input and output matching of the balanced ampli-
fier are better than -14 dB from 8.5 to 13 GHz which is a considerable
advantage compared with the single-ended PA Reserva with an input
and output matching of only better than -5 dB for the same frequency
range. In addition, the measured reverse isolation Sy, is better than
-17 dB for both HPAs at all frequencies.

Figure 5.10 presents the large-signal measurement results of both
the single-ended amplifier Reserva and the balanced HPA Crianza.
Output power, gain, and PAE measurements were performed in puls-
ed-RF mode with a 10 % duty cycle and 100 us pulse width. The mea-
sured data are displayed for a frequency of 8.5 GHz at a drain voltage
of Vps=25V over an input power range up to 35dBm. According to
the small-signal measurement results both the balanced HPA Crianza
and the PA Reserva show nearly the same linear gain performance
at this frequency. The slightly reduced linear gain of the balanced
approach is partly due to the small additional net insertion loss of
the output coupler that is below 0.2dB at 8.5GHz as can be seen in
Figure 5.7(b), and mainly caused by the different gate bias settings
near pinch-off.

The single-ended amplifier Reserva delivers an output power of
39dBm (7.9 W) at 3dB gain compression with an associated PAE of
46 % and a power gain of 8 dB for 31 dBm input power. For a higher
input power, a saturated output power of nearly 40 dBm is reached.
This leads to a power density of nearly 4 W/mm at 3dB gain com-
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Figure 5.10: Pulsed-RF measurements of the HPAs Reserva and Cri-
anza at Vpg=25V.
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pression and up to 5W/mm at saturation.

The maximum output power of the balanced amplifier Crianza is
3dB higher compared with the PA module, i.e. 42dBm (15.8 W), at
about the same gain compression, but at a 2dB higher input power
level (P,=33dBm). As a result, the power density of the balanced
HPA Crianza reaches almost 4W/mm at a 2dB gain compression
level which is comparable to that of the PA module. As expected,
the associated power gain of 8 dB is equal to that of the PA Reserva.
In addition, likewise the obtained PAE is nearly identical. There is
only a small reduction from 47 % down to 44 % compared with the
PA module.

The obtained measurement results show that a balanced microstrip
MMIC HPA using AlGaN/GaN HEMTs delivers an advantageous cir-
cuit concept and a low-loss output (and input) matching network re-
alization compared with the single-ended PA module. This is done
on the basis of a skillful utilization of the high load impedance level
of a GaN HEMT in the 10 to 20 W power regime, in contrast to the
much lower impedance levels in, e.g., GaAs pHEMTs.

5.6 Conclusions

The developed balanced HPA Crianza delivers some important ad-
vantages over the single-ended PA Reserva. The most important
small-signal and large-signal measurement results of both HPAs are
summarized and compared in Table 5.3.

Based on the theoretical considerations given at the beginning of
this chapter and due to the low net insertion loss of the output cou-
pler at low X-band frequencies in the case of the balanced amplifier,
it turns out that the small-signal maximum gain of both HPAs, the
single-ended and balanced approach, is equal at about the same fre-
quency of 8.6 and 8.8 GHz, respectively. As expected, the balanced
HPA Crianza offers a strongly improved small-signal matching ca-
pability over the entire X-band frequency range. In addition, the
balanced amplifier shows a very good stability because of the high
degree of decoupling of the two amplifiers PA1 and PA2 and due to
the fact that the balanced design does not cause additional possible
ring-oscillations at the interconnection of both PA modules.

The relative 3 dB bandwidth BW, with a gain performance > 8 dB
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Table 5.3: Comparison of the small-signal and large-signal measure-
ment results of the single-ended HPA Reserva and the balanced HPA

Crianza.

MMIC

HPA Reserva

HPA Crianza

Evaluation
relating to PA Crianza

Small-Signal

S-Parameters performed at Vpg=28V

Gmax 10.7dB 10.7dB same Gmayx at about
at 8.6 GHz at 8.8 GHz the same frequency
S;i at Gmax || S11=-8.3dB 511=-20.1dB strong improvement
Syr=-6.6dB Sy=-23.6dB of input and
output matching
S;; within S <-5dB Si <-14dB strongly improved
8.5-13GHz small-signal matching
BW,o with || 7-11.5GHz 7.3-11.1GHz slightly reduced BW
G>8dB BW,o1 =45% BW,e 240 % due to frequency de-

pendent coupler pre-
sence and impedance
level transformers

Pulsed-RF Measurements perfo:

rmed at Vpg=25V

and 8.5 GHz

Pout 39dBm 42 dBm balanced approach de-
at P, =31dBm | at P, =33dBm | livers doubled output

PAE 46 % 44 % power with about

Gp 8dB 8dB the same PAE and

Giin 11dB 10.2dB the same power gain

of the HPA Crianza becomes slightly reduced from 45 % to 40 % com-
pared with the HPA Reserva. The reason for the reduced 3 dB band-
width consists in the frequency dependent and limited bandwidth
of the coupler structures and the additional impedance level trans-
formation networks that are optimized only for a frequency range
from 8 up to 10 GHz. In a final solution of the balanced AlGaN/GaN
HEMT HPA design where the optimum load impedance level of the
PA module (=25()) would be directly matched to the 25 output
Lange coupler, the bandwidth limiting impedance transformers be-
tween the PA modules and the output coupler would be redundant.
As a result, the bandwidth of the PA module should be preserved in
the balanced approach. In addition, the final balanced design would
require less MMIC chip size due to the eliminated impedance trans-
formation networks.
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Since two PA modules are used in parallel in the balanced design,
almost twice the saturated output power of the single amplifier minus
the net insertion losses of the couplers and impedance-transformation
networks is achieved. This leads to a pulsed output power of al-
most 16 W at approximately 2dB gain compression, 8.5GHz, and at
a drain bias voltage of Vpg =25 V. The corresponding output power of
the HPA Reserva amounts to about 8 W at a 3dB gain compression
level and at the same frequency and biasing conditions. These mea-
surement results of the HPA Reserva and Crianza were obtained at
an input power level of 31 dBm and 33 dBm, respectively. Thus, the
balanced HPA needs almost twice the power supply to reach the dou-
bled output power compared with the HPA Reserva. The associated
power gain yields 8 dB for both designs. Finally, the obtained PAE of
the HPA MMICs Reserva and Crianza at the above mentioned con-
ditions are 46 % and 44 %, respectively. Accordingly, the HPA MMIC
Crianza offers only a small decrease in power-added efficiency com-
pared with the HPA Reserva.

Consequently, this demonstrator serves as a "proof-of-concept” for
a first balanced microstrip AlGaN/GaN HEMT HPA MMIC using
low-impedance Lange couplers. This modular concept delivers an
excellent example of the advantages of using a balanced HPA de-
sign in GaN technology with highly improved small-signal matching
capabilities and a doubled output power at the expense of only a
few percent in the PAE performance. In a final optimized solution
as described above, the performance of the balanced power ampli-
fier should be further increased not only concerning the obtainable
bandwidth and reduction of the required MMIC chip size, but also
relating to the achievable output power, power gain, and efficiency of
the circuit due to the reduced net insertion losses, especially on the
output side of the high-power amplifier.






Chapter 6

High-Power Amplifiers
Using Advanced Circuit
Design Techniques

This chapter provides a refined overview of two different circuit de-
sign methods to optimize the PAE within AlGaN/GaN-HEMT power
amplifier MMICs. In the first part, the impact of the driver (DRV)- to
final (PA)-stage total gate-width (TGW) ratio on the PAE performance
of a HPA is discussed in detail. The second part focuses on the effect
of harmonic termination at the input and output of the HEMT-device
on the PAE performance of the entire HPA.

6.1 Influence of PA/DRV TGW Ratio on PAE

Typical HPA specifications at X-band frequencies (8.5-11 GHz) include
an output power target of Pyt >20W at drain bias voltages of up
to Vps=42V. Such high Vpg-levels are not completely realizable at
present because of the high power densities of the device with low
PAE values at the same time leading to thermal problems concern-
ing the structural-design technology (see Chapter 2.1). Therefore, the
simulations and measurements of this chapter focus on drain bias
voltages of Vpg=30-35V. Besides an output power beyond 20W, a
maximal possible PAE is desired for all HPA designs.
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Hereby, a typical HPA gain specification of approximately 20 dB
demands a dual-stage power-amplifier design consisting of a final
(PA)-stage and a corresponding driver (DRV)-stage. Before consid-
ering the details of the circuit design, the specifications of the PA-
and driver-stage size have to be determined on the basis of the per-
formance of the used single power cell and the design goals of the
entire HPA. Here, the purpose of the PA-stage mainly consists in the
generation of the required output power of the entire HPA while the
DRV-stage is responsible to provide the required driving power for
the PA-stage transistors. Consequently, the most important aspect is
to decide how much drive power is required in a particular case to
"drive" the PA-stage into saturation [25].

Thus, this section deals with the influence of the PA/DRV TGW
ratio on the PAE performance of dual-stage HPAs in theory and by
means of practical HPA designs.

6.1.1 Selection of AlGaN/GaN Power Cell Geometry

To be able to obtain 20 W of output power with respect to a design
reserve at the upper end of the frequency band of approximately 15 %
for influencing factors such as variations between the HEMT model
and the measured transistor and with respect to the net insertion loss
of the output matching network (~1dB), an output power of at least
44.6 dBm (28 W) is necessary. This output power is realizable with
either four or eight power cells operated in parallel in the PA-stage.
Since 8 power cells would yield to a very complex structure requiring
a large chip size and leading to high losses within the dividing and
combining networks according to [96], the HPA designs in this section
have only four FET cells used in the PA-stage. Consequently, the
single FET cell requires an output power of at least 7 W.

Therefore, the basic FET cell needs to be chosen and analyzed
first. For simplification all DRV- and PA-stage transistors in this sec-
tion refer to the same basic AlGaN/GaN HEMT cell. In this case,
an 1mm TGW basic FET cell is used with an 8x125um gate ge-
ometry as a best compromise between gate-finger count and finger
width (see Chapter 3, Section3.1.1) to achieve optimum gain perfor-
mance. The used HEMT device is based on the T-gate technology
without source-connected shields and a gate-to-gate pitch of 50 ym.
The aluminum concentration in the barrier is 22 %. From load-pull
(LP) simulations of the HEMT as described in Chapter 3, the opti-
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mum load impedances of the transistor for maximum output power
(I'L pout) and maximum PAE (I';, pag) were determined. The calculated
load impedances strongly differ from each other as can be seen in
Figure 6.1. The advantages of an obtainable maximum output power
against an optimum PAE has to be weighed up before starting the
actual HPA design.

The optimum load impedance for maximum output power yields
(29.6 + j24.2) Q) at 10 GHz and 3 dB gain compression, while the op-
timum load impedance for maximum PAE results in (13.5 + j38.6) ()
at the same frequency. The associated optimum input impedance
for maximum output power is (3.4 + j7.7) Q). Figure 6.2 depicts the
simulated power-sweep of an AlGaN/GaN HEMT with Wg=1mm
at 10 GHz terminated with I't poy: (line without symbols) and with
I't pag (line with symbols) and biased at Vpg=30V.

The device offers a linear gain of 13.5dB in the case of a termina-
tion with I't poyt- The simulated output power at 3 dB gain compres-
sion (marked in the figure) yields about 38.6dBm, i.e. 7.3W/mm,
and the associated PAE reaches 54.1 %. In the case of a termination
with T pag, an 1.5dB higher linear gain of approximately 15dB is
reached. The comparable values for Py, PAE and power gain at the
same input power level as before yield 36.4 dBm, i.e. 4.5W/mm, 64 %,

1,0j

-0,2j -5,0j

L,Pout

z=500 -05
f=8..12 GHz -1,0j L.PAE

Figure 6.1: Load-Pull simulated optimum load impedances of a 1 mm
AlGaN/GaN HEMT for maximum output power and PAE from 8-
12 GHz. Bias point: Vpg=30V and Vgg=-2.25V.
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Figure 6.2: CW-simulated power-sweep of a 1mm AlGaN/GaN
HEMT at 10GHz terminated with the optimum I'p poyt (line with-
out symbols) and I'y pag (line with symbols). Bias point: Vpg=30V
and VGS= -2.25V.

and 10.8 dB, respectively. Thus, the PAE can be improved by 10 % on
device level at the expense of a strongly reduced output power.

Accordingly, the required 20 W of output power can just be real-
ized with four of the above mentioned power cells combined in the
PA-stage and terminated with I't poy at the expense of less power-
added efficiency. This result fits to the experimental investigation of
this 8125 ym basic FET cell via LP measurements and confirms the
above theoretical considerations about the selection of the optimum
cell geometry for the HPA designs.

6.1.2 Analytical Calculations of PA/DRV TGW Depen-
dency

For a fundamental analytical investigation, the calculation of the PAE
of a dual-stage HPA is divided into three subsequent approaches of
increasing complexity:

1. Strongly Simplified Analysis
2. Refined Example with "real” Compression Levels

3. Realistic Example.
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The assumptions made in the three analysis steps are summarized in
Figure 6.3. In the first approach the influencing factors of the PAE
are assessed by using strongly simplified assumptions for the HPA
system to achieve PAE calculations via analytic formulae. Within the
next two steps, these strongly simplified assumptions are replaced by
more realistic descriptions to finally describe a real dual-stage HPA
case. With the help of this step-by-step analysis of the PAE, the main
influencing factors of the PAE are presumed to be identified and the-
oretically evaluated.

1. Strongly Simplified Analysis

- single-frequency analysis at 10 GHz

- identical biasing of DRV- and PA- stage transistors

- identical compression and matching for input and output stages
- lossless matching networks with symmetric feeders

drop assumption of identical
compression level

2. Refined Example with “real” Compression Levels

- single-frequeny analysis at 10 GHz

- identical biasing of DRV- and PA- stage transistors

- "real" compression levels for input and output stages
- lossless matching networks with symmetric feeders

drop assumptions of single frequency
and lossless matching networks

3. Realistic Example

- 2 GHz of bandwidth within X-band frequencies (9 to 11 GHz)
- identical biasing of DRV- and PA- stage transistors

- "real" compression levels for input and output stages

- lossy matching networks with symmetric feeders

Figure 6.3: Assumptions of the three analysis-steps for a sophisticated
PAE calculation.
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Figure 6.4 shows the schematic of a of a power-level diagram of a
dual-stage HPA with its dependencies of DRV- and PA-stage as well
as all other characteristics of the amplifier mentioned in the following
equations. Feeders to the individual FET cells are included to the
passive networks, in particular into the IMN, ISMN, and OMN.

Pin,DRV Pout,PA Pout,HPA
H H H H :
OMN —O

LIMN GP,DRV LISMN GP,PA LOMN

Figure 6.4: Schematic of a power-level diagram of a dual-stage HPA
with all relevant characteristics.

1. Strongly Simplified Analysis

In a first analysis, some assumptions are made to assess the PAE influ-
encing factors with respect to the possibility of a simplified analytical
calculation of the PAE according to a varying PA/DRV TGW ratio:

* single-frequency analysis at 10 GHz

* identical biasing of DRV- and PA- stage transistors

¢ identical compression and matching for input and output stages
¢ lossless matching networks with symmetric feeders.

Here, identical compression is in general only possible at one
specific input power level, or approximately for a very small power
sweep. For high PA/DRV gate-width ratios, identical compression
normally occurs close to the saturated output power at high com-
pression levels.

Simplified Analytical Calculations

Neglecting any network losses and assuming the same loadline for
the driver- and PA-stage, the output power of both HPA stages only
depends on the number of FET cells used in each stage (Nggr,/prv
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and Ngpr/pa) and the output power of the single FET cell provided
at the above-mentioned assumptions. Thus, the output power of both
HPA stages can be calculated according to Equations 6.1 and 6.2.

PoutpA = NreT/PA * PoutFET (6.1)

Poutprv =  NpeT/DRV * Pout FET (6.2)

Since the compression behavior of both HPA stages is not taken
into account in this strongly simplified analysis, no lower limit exists
for the DRV-stage size based on the above-stated assumptions. But it
has to be considered that in a real case, the output power of the driver-
stage minus the losses of the interstage matching network indicates
the lowest value that is required to "feed" the PA-stage. This output
power is likewise necessary to prevent the DRV-stage transistors from
going into compression before the PA-stage transistors.

However, the relationship between the possible output power of
the DRV- and PA-stage of a HPA directly depends on the ratio of the
total gate-width (TGW) of both stages leading to equation

Poutprv _ TGWpRry 63)
Pout,pa TGWpp

Assuming all matching networks being lossless, the ratio of the
DRV- and PA-stage output power can also be shown as

Poutprv _ Pinpa _ 1 6.4)
Poutpa  Poutpa  Gppa
leading to the following equation:
 TGWpa
Gppra = TGCWory (6.5)

The latter equation holds only for a small input power segment of
the power sweep close to PAE-peak. For Poypa/ Pinpa < "Popt", Gppa
is larger than TGWpa /TGWpry, while Gppa turns out to be smaller
than TGWpa / TGWpry for Pout,pa/ Pinpa > "Popt'
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On closer examination of the power-added efficiency and its de-
pendence on both amplifier stages, the PAE is calculated in detail for
the entire HPA as well as for both transistor stages. In this first step,
all matching networks are assumed to be lossless for simplification.

The particular PAEs of both power amplifier stages are calculated
as follows referring to the basic PAE-equation from Chapter 3 (Equa-
tion 3.4) and the above-mentioned equations and simplified assump-
tions:

P — P,
PA EDRV _ out,D];{[\)/C — \1]n,DRV
P 1
— out,DRV . 1 _ ) (66)
NreT/DRV * PDCFET Gpprv

Pout,pa — Pinpa

PAEpy =
Ppc,pa
P 1
= utPA (1 ). 6.7)
Nreet/pa - PbcFET Gppa
For the entire HPA, the PAE yields
Pout,HPA 1
PAEppa out, (1— (6.8)
Ppc,prv + Ppc,pa GpHprA )

Provided that the DC power is independent of the size of each
transistor stage based on the assumption of identical biasing of the
DRV- and PA- stage transistors, the equation above (6.8) can be re-
stated depending on Ppcrer. As a result of the assumed DC power
simplification, Ppc = Vpc - Ipc is assumed to be constant as long
as Ipc is constant which is the case for Class-A operation. In ad-
dition, the assumption of identical compression behavior leads to
Gpprv = Gppa = GpFET-
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PAEppy = Pout,HPA 1
(NreT/DRV + NEET/PA) PDCFET GpHrA
_ Pout,HPA 4 1
(1+ TeR) Poc pa GpprvGrpa
1 1
= DEer 7wy (1 ). (6.9)
DRV G 2
(1+ Toniy) PFET

Equation 6.9 shows that as the TGWpry decreases the PAE of the
entire amplifier increases. As a result, the DRV periphery needs to be
designed as small as possible concerning to an optimized PAEppa.
Nevertheless, it still has to be large enough to "drive" the PA-stage.

Influence of PA/DRV TGW ratio on PAE in Simplified Example

In Equation 6.9 the PAE performance of a high-power amplifier is
shown only in dependency on the PA/DRV TGW ratio of the HPA
itself and the performance of the unit FET cell that is described in
Section 6.1.1. Since the number of FETs used in the PA-stage is de-
termined as 4 being necessary to produce the required typical out-
put power of 20W of the HPA, only the number of FET cells used
in the DRV-stage is variable. According to Figure 6.2, the output
power of the entire HPA is equal to the output power of the PA-
stage in case of a lossless output matching network, i.e. the saturated
Poutipa = 4 - Poutper = 44.6dBm.

With the above-mentioned assumptions, the power gain at 3dB
compression level equals 10.5dB for the single FET cell (see Figure
6.2) as well as for N parallel FET cells leading to a power gain of the
PA- and driver-stage at 3dB compression of 10.5dB as well. Con-
sequently, the power gain of the entire dual-stage HPA amounts to
Gpupa= GpreT 2= 21dB. According to Figure 6.2, the drain efficiency
of the FET cell is DEggr = 59.6 %.

Figure 6.5 shows the PAE dependency on the PA/DRV GW ratio
by including these values in Equation 6.9 for different driver-stage
sizes and a DC power that is only dependent on P;,, but independent
of TGWpRry. The figure shows the simplified calculated PAE-sweeps
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of HPAs with different PA/DRV TGW ratios at 10 GHz and Vpg=30V
as well as a PAE-sweep of the CW-simulated 1mm AlGaN/GaN
power cell terminated with the optimum I'p poyt from Figure 6.2 at
the same frequency and biasing for comparison.

60 ,
||—— single FET |[V,;=30V |[10 GHz|
| HPA (4:04)|ly =225y =
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Figure 6.5: CW-simulated PAE-sweep of a 1 mm AlGaN/GaN HEMT
as well as simplified calculated PAE-sweeps of HPAs according to
Equation 6.9 with different PA/DRV TGW ratios at 10GHz. Bias
point: Vpg=30V and Vgg=-2.25V.

The theoretical upper limit of a realizable PAE of a power ampli-
fier (PAEgpa) amounts to 51.7 % for a PA/DRV TGW ratio of 4:0.4.
The ratio 10:1 is chosen on the basis of the theoretical PA driving limit
that nearly exactly fits to Gpypa=10.5dB per stage (or FET). In a real
HPA design, a much lower PA/DRV TGW ratio is required due to the
network losses and bandwidth limitations, especially caused by the
ISMN mismatches. For a PA/DRV TGW ratio of one the theoretically
lowest PAEppa value of 28.4 % is obtained, demonstrating a reduction
by nearly 50 % compared with the PAE of the single FET cell.

Conclusion of Simplified Assumptions

As expected from Equation 6.9, the PAE of the entire amplifier in-
creases with increasing PA/DRV TGW ratio, that means with decreas-
ing driver-stage size at a constant PA-stage size. Table 6.1 summarizes
the calculated PAE values for the HPAs from Figure 6.5 at 3dB gain
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Table 6.1: CW-simulated PAE of a Wg=1mm FET cell as well as sim-
plified calculated PAE of HPAs with different PA/DRV TGW ratios at
3dB gain compression, Vps=30V and 10 GHz according to Equation
6.9 and Figure 6.5.

| PA/DRV TGW Ratio “ Gain/transistor-stage [ Pout,sat [ PAE ‘

single FET cell 10.5dB 38.6dBm | 54.1%
4:0.4 (10:1) 10.5dB 44.6dBm | 51.7%
41 10.5dB 44.6dBm | 455%
422 10.5dB 44.6dBm | 37.9%
4:3 10.5dB 446dBm | 32.5%
4:4 (1:1) 10.5dB 44.6dBm | 284%

compression (Py,=34 dBm) performed at 10 GHz with a Class-AB bi-
asing of Vpg=30V and Vgg=-2.25V. For comparison, the performance
of the single FET cell according to Figure 6.2 is recorded in the table
as well.

As can be seen in the figure and table, with decreasing driver-
stage size, the theoretical upper limit of the possible PAE;p4 is reach-
ed with a PA/DRV TGW ratio of 10:1 and amounts to 51.7 %. Fur-
thermore, a PA/DRV TGW ratio of one leads to a reduction of the
maximum PAE value by nearly 50 % compared to the single FET cell.
In reality, this is typical for a Class-A operation where the required
DC power is constant. Nevertheless, in this case the interaction of all
the simplified assumptions leads to this strongly reduced PAE value.

Consequently, the maximum possible PAE of a dual-stage power
amplifier will be in the range of the approximately 50 % up to 95 %
of the maximum PAE value of the unit transistor cell depending on
the PA/DRV TGW ratio and under consideration of the simplified
assumptions to the HPA defined above without any network losses.
According to the above stated results, it seems that the PA/DRV TGW
ratio has a very strong effect on the PAE performance of a dual-stage
HPA that will be relativized within the next analysis steps with more
realistic assumptions according to a real HPA design.
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2. Refined Example with "Real" Compression Levels

In the next analysis step, the "identical" compression levels for the
input and output stages are replaced by "real" compression levels
depending on the size of each HPA stage. All other assumptions are
the same as in the first analysis step:

* single-frequency analysis at 10 GHz

¢ identical biasing of DRV- and PA- stage transistors

* "real" compression levels for input and output stages
* lossless matching networks with symmetric feeders.

The compression behavior of both amplifier stages is a very impor-
tant factor concerning the realizable PAE. The conclusion of the sim-
plified analysis is that the PAE of a dual-stage HPA can be optimized
by minimizing the driver stage size. This is only true for the assump-
tion of an identical compression behavior of both stages. In real cases,
the compression levels of the input and output stage strongly depend
on the size of each transistor stage. On scaling down the driver stage
size, the transistors of the input stage are driven more and more into
compression while still being able to "drive" the PA-stage transistors.
In this case, the calculated output power of the DRV-stage indicates
the lowest value that is required to "feed" the PA-stage assuming loss-
less matching networks leading to Equation 6.10:

P,
P out, DRV > (?LPA . (6.10)
PPA

This output power is likewise necessary to prevent the DRV-stage
transistors from going into compression before the PA-stage transis-
tors. However, a large driver does not go into compression before
the PA-stage transistors but wastes a lot of DC power that is not con-
verted into driving power for the PA-stage leading to a reduced PAE
of the entire HPA.

Figure 6.6 displays the CW-simulated output power of a driver-
stage with one or two parallel basic FET cells as well as the CW-
simulated input power of a PA-stage with four parallel FET cells. All
power-sweeps are performed at 10 GHz with a Class-AB biasing of
VD5= 30V and VGS: -2.25V.
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Figure 6.6: CW-simulated output power of a DRV-stage with one and
two basic FET cells and CW-simulated input power of a PA-stage with
4 parallel FET cells, each at 10 GHz and at Vpg=30V and Vgs=-2.25V.

According to Equation 6.10, the output power of the driver has
to be larger than the required input power of the power-stage to be
able to drive the PA-stage. For reaching a saturated output power
of the HPA, the 4mm PA stage needs an input power of 34.1dBm
(Pout,pa/sat/ Gppa) as marked in the figure.

With regard to Figure 6.6, even a driver consisting of only 0.4 mm
TGW (PA/DRV TGW ratio of 10:1) is just able to drive a 4 mm power-
stage up to the optimum PAE point of the power sweep. In this case,
the special driver condition Gppsa = Gppry = TGWpa/TGWpry
is valid only in the point of simultaneous saturation of the PA and
DRV stage with a minimal gain reserve of 0.5dB or DRV stage power,
respectively. However, this example does not include any network
losses and is assumed to operate only at the single-frequency of
10 GHz. Additional network losses and at least a narrow bandwidth
around 10 GHz lead to an increase of the required driver-stage output
power.

According to the figure, the 1mm DRV-stage delivers 4.5dBm
more of saturated output power than the required minimum input-
power level of 34.1 dBm for the PA stage. Therefore, a DRV-stage with
at least 1 mm gate-periphery delivers a more practical "output power"
value that is necessary for a real HPA design with a 4mm PA stage
with network losses.
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Taking the required output- and input-power level of the PA-stage
of 44.6 dBm and accordingly 34.1 dBm with a resulting PA-stage gain
of 10.5dB into account, a more precise calculation based on Equation
6.8 can be done under consideration of a "real" compression level and
a realistic DC-power consumption of the DRV-stage depending on its
total gate-width.

Table 6.2 gives an overview of the PAE behavior in the refined
example for HPAs with different PA/DRV TGW ratios at 3dB gain
compression, Vps=30V and 10GHz. In each case, the values for
power gain and associated drain efficiency of the driver at the par-
ticular input-power level are taken from Figure 6.2 and declared in
Table 6.2.

The following conclusions can be drawn out of the results shown
in Table 6.2. On the one hand, the larger the DRV-stage size, the
less the transistors of the input stage are driven into compression
leading to a higher power gain of the driver-stage and an insignif-
icant increase in PAE of the entire HPA according to Equation 6.8.
On the other hand, the larger the driver-stage size, the higher is the
DC-power consumption of the driver and consequently of the entire
HPA resulting in a strong decrease in PAE. The influence of a real
compression behavior and a realistic DC-power consumption of the
driver-stage becomes important, especially with decreasing PA/DRV
TGW ratio when comparing Table 6.1 with Table 6.2. In the latter ex-
ample, the achievable PAE values of the HPAs with different PA/DRV
TGW ratios are between 81 % and 96 % of the maximum PAE value

Table 6.2: Refined calculated PAE of HPAs with different PA/DRV
TGW ratios at 3dB gain compression, Vps=30V and 10 GHz accord-
ing to Equation 6.8 under consideration of a "real" compression level
and DC-power consumption of the DRV-stage depending on its TGW.

PA/DRV DEassprv | Geprv | Pocprv | Pocapa | PAEnPA
TGW Ratio

4:0.4 (10:1) 57 % 11.5dB 455W 5355W | 52%

4:1 36.2 % 12.4dB 716 W 56.16 W | 49.7 %
4:2 25 % 12.5dB 10.38W 59.38W | 47 %

4:3 20.7 % 12.65dB | 12.49W 61.49W | 454 %
4:4 (1:1) 18.3% 12.7dB 1416 W 63.16 W | 44.2%
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of the unit transistor cell. Again, the networks are assumed to be
lossless.

3. Realistic Example with Real Bandwidth and Lossy Matching
Networks

In a final analysis step, the HPA is presumed to be operated over a
2 GHz bandwidth within X-band frequencies from 9 to 11 GHz. In
addition, the frequency-dependent losses of the matching networks
are taken into account. The assumptions made for this example are
specified as follows:

* 2 GHz of bandwidth within X-band frequencies (9 to 11 GHz)
e identical biasing of DRV- and PA- stage transistors

* 'real" compression levels for input and output stages

* lossy matching networks with symmetric feeders.

For a frequency-dependent gain analysis, load-pull simulations of
the single FET cell are done over the entire X-band frequency range
from 8 up to 12GHz. Figure 6.7 depicts CW-simulated power gain-
sweeps of an 8x125um AlGaN/GaN power cell for different input
power levels over X-band frequencies with a drain and gate biasing
of Vpg=30V and V5s=-2.25V, respectively.

The "small-signal" gain curve at Pi,=0dBm shows a strong de-
crease in gain with increasing frequency from approximately 16 dB
at the lower end of the X-band down to 11.5dB at the upper end of
the X-band. The frequency-dependent gain slope characteristics stay
constant up to an input power level of 30 dBm and then change dras-
tically over the frequency range for even higher large-signal input
power levels.

The relatively high losses towards the upper end of the required
HPA frequency bandwidth define the upper limit for the gate-width
for the basic FET cells within the output stage. According to the
above-stated assumptions, the HPA is designed to be operated with
a flat gain for a frequency bandwidth from 9 to 11GHz. To com-
pensate the strongly reduced power gain at the upper end of the
frequency band with the objective to obtain gain flatness over the
desired frequency range, the input and interstage matching networks
are designed and optimized for best matching at the upper end of the
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Figure 6.7: CW-simulated power gain-sweeps of a 1 mm AlGaN/GaN
HEMT for different input power levels at X-band frequencies. Bias
point: Vpg=30V and Vgg=-2.25V.

frequency band. In addition, losses in the ISMN for lower frequencies
may be introduced intentionally.

Consequently, the low power gain at the upper end of a specific
frequency bandwidth as well as the gain compression at the oper-
ating input power level and the losses of the passive matching net-
works strongly affect the input power of the PA-stage. For a 2GHz
bandwidth from 9 up to 11 GHz, the power gain at 11 GHz at an ap-
propriate power level has to be taken into account. With regard to
Figure 6.7, this power gain yields approximately 11 dB. Depending
on the frequency and the number of FET cells used in parallel in each
transistor stage, typical net insertion losses for the input and inter-
stage matching networks are approximately 1.5-2 dB per network. In
a worst-case scenario, the power gain of the PA-stage at the upper
end of the frequency band would result to only 7 dB.

Before delving into the real HPA design, the influencing factors
on both HPA-stages are considered and some realistic analytical cal-
culations are done in terms of the PAE.

Key Issues to the PA/DRV TGW Ratio
The determination of the PA-stage periphery primarily depends on
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the following three factors:

¢ the required output power of the entire power amplifier P,y Hpa

* the power density of the basic FET cell Py rpr/pa used in the
PA-stage

¢ the loss of the output matching network Lowmn.

Besides these obvious factors, the output power variation of the FET
cells resulting from the process and heatsink variations should be
considered and incorporated into an additional output power margin
Cpadd/pa of the PA-stage. Consequently, the number of transistors
Nret/pa used in parallel in the PA-stage can be calculated as follows
[29]:

Pout,HPA 611)

NEET/PA = 3 . .
out,FET/PA * LOMN * Cpadd/PA

In this case, the output power that is available for the unit transistor
cell depends on the required bias operation and frequency-range as
well as on the transistor topology.

Similar considerations as for the PA-stage can be done for the
driver. In this case, the size of the driver-stage transistors mainly
depends on

¢ the required total output power of the first stage Poy¢ DRV

e the number of transistors used in parallel in the DRV-stage
* the power gain of the PA-stage transistors Gprpr/pa and

e the expected loss of the interstage matching network Ligyn.

Together with the above mentioned factors, an extra output power
margin Cp,q4/prv has to be provided for output power variations
due to process and heatsink variations as well as to prevent the DRV-
stage transistors from going into compression before the PA-stage
transistors. Taking all these factors into account, the required output
power of the DRV-stage transistors results in equation

NreT/PA - Pout FET/PA
Gppa - Lismn

PoutprRV = - Cpadd/DRV - (6.12)
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Realistic Analytical Calculations

The implicit total power-added efficiency of the HPA is calculated
with the help of the simplified PAE-equation 6.8 but in consideration
of the losses of the matching networks. Thus, the PAEppa yields to

PAEgpa Pout,HPA 1 1
Ppc,prv + Ppc,pa GpprvGpra LivN Lismn Lomn
_ Pin 1pA _
Ppc,prv + Ppc,pa
- [Gpprv Gppa Limn Lismn Lomn — 1] - (6.13)

When Ppcprv and Ppcpa of Equation 6.13 are replaced with the
solutions from Equations 6.6 and 6.7 and with respect to the losses of
the matching networks, the power-added efficiency of the entire HPA
results in

PAEpRry PAEpa [Livin Lismn Lomn Gppry Gppa — 1]

PAEpps =
H PAEpRry Livn LismnGppry [Gepa — 1] + - -

_ 6.14
-+ + PAEpaLpyn [Gppry — 1] (619

There exists no explicit solution for this equation. According to
[29] the assumption of Gppry and Gppa >> 1, reduces Equation 6.14
to

PAEypa = PAEpa - LomN - (6.15)

The assumption of comparatively high power gains of the DRV- and
PA-stage compared to one is just a special case that cannot be ful-
filled over the required 2 GHz frequency range from 9 up to 11 GHz.
This is because of the gain compression losses at the operating input
power levels together with the high losses of the power gain towards
the upper end of the frequency range (see Figure 6.7) and the net
insertion losses of the passive matching networks. Nevertheless, the
power-added efficiency of the entire HPA primarily depends on the
PAE of the power-stage and the net insertion losses within the output
matching network. This conclusion is in agreement with the main
purpose of the DRV-stage to generate maximum gain at appropriate
power levels over the entire bandwidth while having a relatively low
impact of driver efficiency in accordance with [25].
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Conclusion of the Analytical Calculations

Besides the PAE influencing factors out of Equation 6.15, the PAE of
the entire HPA is also strongly affected by the PA/DRV gate-width
ratio according to Equation 6.9. Up to now it was assumed that only
one unit FET cell size is used within the HPA design for the driver-
and PA-stage, i.e. a 1mm basic FET cell with an 8 x125 ym gate ge-
ometry. In the first and simplest theory presented in this section, only
the total cell size has an effect on the RF-PAE behavior of the DRV and
PA stages. Together with practical gain versus frequency considera-
tions (MSG/MAG characteristics), the cell geometry comes into play,
see above Subsection6.1.1. In theory, a driver with a gate-width of
2mm can be designed with two of the above mentioned 1 mm basic
FET cells used in parallel, or with a single larger FET cell with a gate-
width of 2mm. In this case, the MAG degradation of the FET cell
with the enlarged gate-width has to be analyzed and compared to
the lower net insertion losses of the passive matching networks con-
cerning the reduction of the combining network that is necessary for
the two parallel operated FET cells. This trade-off between the MAG
degradation of the single FET cell depending on the gate-width of the
transistor and the impact on the passive losses when combining vari-
ous FET cells is a further design aspect that should not be ignored. In
practice, it turns out that the MSG/MAG characteristic of the 2mm
FET cell is unacceptable for X-band frequencies. The practical selec-
tion should be 2x1mm cells in this case.

Concluding, the PA-stage has to be designed for operation at best
efficiency or maximum output power depending on the HPA specifi-
cations, while the driver-stage needs to be designed with the lowest
periphery that is required to "feed" the PA-stage and simultaneously
to prevent the DRV-stage transistors from going into compression be-
fore the PA-stage transistors. Enlarging the TGW of the driver leads
to a lower compression level and therefore to an increased power gain
at the expense of more dissipated DC power that is not translated into
output power by the HPA FETs. This leads to a reduced overall effi-
ciency.

Based on the above given analytical calculations, the optimization
of the HPA driver-stage size has a significant impact on the entire
HPA design. On the one hand, it strongly affects the overall efficiency
of the HPA. On the other hand, the DRV-stage gate-width mainly
determines the realizable bandwidth of the power amplifier.
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Table 6.3 summarizes the theoretical possible PAE values of high-
power amplifiers with different PA/DRV TGW ratios, each at the
same compression level, frequency, and with the same biasing for
good comparison. In addition, the PAE of a 1mm AlGaN/GaN
power cell at the same operation is recorded in the table.

As already mentioned before, the PAE values according to Table
6.1 give a first impression of the influence of the PA/DRV gate-width
ratio on the PAE performance of a dual-stage HPA. Nevertheless, the
values strongly differ for varying PA/DRV TGW ratios in this sim-
plest calculation leading to unrealistic PAE results.

In the second case, the same Equation (Eq.6.8) is taken for the
PAE calculation, but with modified assumptions, i.e. a more realis-
tic compression level and DC-power consumption of the DRV-stage
depending on its total gate-width. As well as for the first and sim-
plest calculation, the passive matching networks are assumed to be
lossless. Here, the PAE results still depend on the PA/DRV TGW ra-
tio, but seem to be more realistic being in the range of approximately
44 % up to 52 % based on a single FET cell with a PAE of 54.1 %.

The third PAE-column contains the calculated PAE according to
Equation 6.13 that differs from Equation 6.8 in the form that it takes
the losses of the three passive matching networks into account. These
losses are estimated to -2 dB for the IMN as well as for the ISMN and
-0.5dB for the OMN at the single frequency of 10 GHz. Therefore, the
last column delivers the most realistic PAE-values for the different

Table 6.3: CW-simulated PAE of a 1mm AlGaN/GaN power cell as
well as analytical calculated PAE of HPAs with different PA/DRV
TGW ratios at 3 dB gain compression (Pin,=34 dBm), at 10 GHz, biased
in Class-AB operation, and with the assumptions of the three analysis
steps defined above.

PA/DRV PoutrerpA | PAEpeTHPA | PAEFET/HPA | PAEFET/HPA
TGW Ratio (Tab. 6.1) (Tab. 6.2) (Eq. 6.13)
single FET 38.6 dBm 54.1 % 54.1% 54.1%

4:0.4 (10:1) 44.6 dBm 51.7 % 52 % 51.4%

4:1 44.6 dBm 45.5% 49.7 % 49.1 %

4:2 44.6 dBm 37.9% 47 % 46.5 %

4:3 44.6 dBm 32.5% 45.4 % 44.9 %

4:4 (1:1) 44.6 dBm 28.4 % 44.2 % 43.7 %
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PA/DRV TGW ratios at the single frequency of 10GHz. The com-
parison of the last two columns shows that the net insertion losses
of the passive matching networks diminish the PAE performance of
the HPA at about 0.5-0.6 %. The two PA/DRV TGW ratios that are
considered in the following are bolded in the table.

6.1.3 HPA Designs with Focus on PA/DRV TGW Ratio

In the following, the importance of DRV-stage size will be discussed
with respect to PAE improvements by means of two dual-stage HPA
designs with different DRV-to-PA-stage gate-width ratios. The design
goals for both amplifiers are the same, namely a saturated output
power of Psyt =20 W with a PAE target of 40 % under approximately
3 dB gain compression and up to 2 GHz of bandwidth within X-band
frequencies, i.e. 20 % of the relative bandwidth BWi.

An output power of 20W can be achieved with the use of four
8x125 ym AlGaN/GaN power cells combined in the PA-stage yield-
ing a PA-stage periphery of 4mm as described in detail in Subsec-
tion6.1.1. Thus, the determined PA-stage periphery is used for both
HPA MMICs.

Power Level Diagram

Figure 6.8 gives an overview of a dual-stage HPA with different PA/
DRV gate-width ratios with respect to the required output power of
the entire MMIC. The figure should be examined from the output to
the input. First of all, the design goal of a saturated output power of
Pgat =20 W needs to be placed at the output of the amplifier. With a
simulated net insertion loss of nearly 0.5dB for the output matching
network including the 4:1 power combiner as well as with a PA-stage
gain of 10.5dB, the required PA-stage input power needs to be at least
33 dBm. Furthermore, considering a typical net insertion loss of ap-
proximately 2 dB for an interstage matching network which primarily
depends on the required frequency range and the number of combin-
ers and dividers of the unit transistors used in the DRV- and PA-stage,
the required driver output power is approx. 8.5dB lower than the PA
output power, i.e. 35dBm. With some reserve for broadband perfor-
mance, the output power of the DRV-stage needs to be large enough
(>35dBm) to enable a saturated output power of Psat ~20W over
the full bandwidth of 9-11 GHz.
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Figure 6.8: Block diagram of a dual-stage amplifier with different
output/driver gate-width ratios.

Determination of the DRV Periphery

Depending on the results from the analytical calculations, the size of
the driver-stage has to be determined. For simplification, within the
driver-stage the same power cells are presumed to be used as in the
PA-stage. Therefore, only a few PA/DRV TGW ratios come into con-
sideration, namely a PA/DRV TGW ratio of 4:4, 4:3, 4:2, and 4:1 as
described in the beginning of this section. Since at a PA/DRV TGW
ratio of 1:1, the driver-stage needs a lot of DC power which is not
converted into output power, this PA/DRV TGW ratio is not very
efficient. It delivers an improved gain performance at high compres-
sion levels but at the expense of a poor power-added efficiency. The
trade-off between gain and PAE has always to be considered.

Relating to the results obtained from the simplified example at
the beginning of this section, in this study PA/DRV TGW ratios of
4:2 and 4:1 are chosen to analyze the effect of a reduced driver stage
with respect to the trade-off between the obtainable gain, PAE and
bandwidth. The PA/DRV TGW ratio of 4:2 is convenient with most
HPA designs found in literature (see Table 6.4) that commonly feature
a PA/DRV TGW ratio between 2:1 and 3:1.
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Table 6.4: AlGaN/GaN HEMT HPA MMIC designs at X-Band fre-
quencies found in literature.

Cit. Tech. | Freq.- Vps and PA/DRV | pulsed Pout | PAE
+lg range chip size | GW ratio [%]
[yum] | [GHz]

[115] [ MSL [ 9-11 Vps=30V | 2.4/1 40-41.6dBm | 23
0.2 2.2 mm? =2.4/1 =10-14.7W

[23] MSL | 85-10 Vps=20V | 8/4 >432dBm | 29-43
0.5 18.6mm? | =2/1 =21-285W

[79] MSL | 85-95 | Vpg=25V | 896/24 | 43-46dBm | 33-38
0.25 18 mm? =3.7/1 =30-40W

[101], || MSL | 8.7-11.5 | Vpg=30V | 4/2 41.4-43dBm | 31

[102] || 0.25 12 mm? =2/1 =14-20W

[126], || CPW | 10 Vps=35V | 4/2 41.3dBm <25

[123] || 0.3 13.5mm? | =2/1 =135W

[125] || MSL | 8-10 Vps=31V | 4/2 39.5dBm > 20
0.3 13.5mm? | =2/1 =89W

[124] || MSL | 8-11 Vps=40V | 4.8/2 40-43 dBm <25
0.3 13.5mm? | =2.4/1 =15-20W

In addition, according to Figure 6.6 and to [58], even a driver gate-
width of only a quarter of the PA-stage gate-width is able to drive
this PA-stage. The two resulting HPA designs are titled Duras (4:2)
and Syrah (4:1), respectively. The specifications of both designs are
summarized in Table 6.5. The last column of the table shows the PAE
results of the last analytical assumption according to Equation 6.13
including the above specified net insertion losses.

Table 6.5: Design approaches of HPA MMICs Duras and Syrah.

MMIC || PA/DRV | FET Bandwidth | Theoretical limit
GW ratio | structure according to Eq. 6.13
Duras || 4:2 8x125um | 1.5-2GHz PAE=46.5%
lg=0.25 ym
Syrah 4:1 8x125um | 1.5-2GHz PAE=49.1%
lg=0.25 ym
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On the one hand, the expected PAE of the HPA with large PA/DRV
gate-width ratio is higher than the PAE of the HPA with the conve-
nient PA/DRV TGW ratio of 2:1 but at the expense of smaller band-
width and strongly reduced gain-reserve at the upper end of the fre-
quency bandwidth. The two HPA MMICs Duras and Syrah were
investigated with respect to power compression over bandwidth and
PAE with regard to their different output/driver gate-width ratios of
4:2 and 4:1, respectively.

The determination of the DRV periphery depends not only on
the required input power of the PA-stage transistors, but also on
the frequency-dependent net insertion loss of the interstage matching
network. Thereby, the ISMN in turn is dependent on the periphery
of the DRV-stage. According to the number of FET cells forming the
driver, additional combining networks become necessary within the
interstage matching network leading to additional passive losses.

On the other hand, with the use of larger FET cells in the DRV,
the same output power can be obtained with less transistors so that
the number of transistor cells and the resulting number of combining
networks in the interstage matching network can be reduced at the
price of a lower power gain, especially at higher frequencies.

OMN Specifications

After the determination of the HPA periphery the output matching
network has to be designed to transform the 50 Q) external load to I',
for maximum output power of the transistor stage over a frequency
range of about 2 GHz with a center frequency of fp=10GHz. First, the
optimum load impedance I'; poyt of the transistor stage is determined
by load pull simulations of the HEMT cell. The main purpose of
the OMN consists in this transformation with minimum net insertion
losses according to Equation 6.15.

The structure of the OMN consists of three parts:

¢ a combining network for the four parallel FET cells used in the
power-stage

e drain bias voltage supply path(s) to the drains of the PA-stage
transistors

* an impedance transformation RF-path.
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Since both designs consist of a PA-stage with four parallel-operat-
ed transistors, the OMN is the same for both MMICs. The number
of inputs of the output matching network is equal to the number of
power cells used in parallel in the PA-stage. Figure 6.9 shows the final
structure of the layout of the output matching network together with
the PA-stage transistors.

drain bias voltage
PA-stage supply path
transistors

combining network and

/ impedance transformation

RF-pad

drain bias voltage
supply path

Figure 6.9: Layout of the output matching network and the PA-stage
of both HPA MMICs.

In a first step the drains of the four PA-stage transistors are com-
bined using microstrip lines and junction components. The lines are
kept as short as possible to minimize additional losses but with re-
spect to the conversion to a layout and the design rules, especially
minimum distances between the single components such as lines and
via holes. The combining network is done in a tree-like structure and
kept symmetrical so that simulations can be reduced to a two-port
simulation of just a part of the network by using mirror elements to
reduce simulation time.

The bias stubs are realized with microstrip lines and large bias
decoupling capacitors at the end of the bias stubs for DC blocking
because the impedance level at the bias is unknown. One bias stub at
each side of the network is used for symmetry reasons as described
above and is dependent on the number of transistors used in parallel
in the PA-stage and the consequential amount of DC current loading.
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The third part of the network delivers the main impedance level
transformation as well as the matching over the required bandwidth.
At first, the external 50 () load is transformed into the optimum I'y, of
the single transistor at fy as intended. In a further step, the matching
over the required relative bandwidth of 20 % is obtained through op-
timization of the dimensions of the components used in the matching
network. This part of the network includes a small series capacitor
close to the output of the network (the RF-pad) that is relevant to pro-
vide DC decoupling to the output but is not intended for impedance
transformation, as well as a single section lowpass network that con-
sists of a capacitive reactance in form of a parallel capacitor shunt-
ing the higher load resistance along with a series resonant inductive
reactance in form of microstrip line components. Additional low-
pass matching networks would result in more complex multisection
matching networks that deliver a matching over a broader bandwidth
at the expense of higher net insertion losses. Since the aim of this
matching network consists in the required impedance transformation
over a 2GHz bandwidth with minimum losses, only one lowpass
impedance matching network is used.

In this network design the width of all microstrip lines is kept
equal to a value of 92 yum which corresponds to 50 (). The most im-
portant issue for the selection of the line width is the amount of cur-
rent that is expected to flow through the microstrip line. However,
microstrip lines offer an inductive behavior that depends on the ratio
of the length to the width of the line. Microstrip lines, especially in
bias stubs, can be shortened by reducing their width with respect to
the current capability.

Figure 6.10 depicts the simulated reflection coefficients S1; and
I'y; of the output matching network (left graph) as well as the calcu-
lated net insertion loss of the matching network Lomn (right graph).
Figure 6.10(a) shows the output reflection coefficient I';; (blue line)
as well as the matching Sq; (orange line) to the simulated optimum
output load impedance I't poyt (red line) of the single power cell over
the entire X-band frequency range from 8 GHz to 12GHz in a 50 Q)
environment. A matching of better than -18dB is obtained over the
required frequency range of 2 GHz from 9 GHz up to 11 GHz with an
optimum match of better than -25dB around the center frequency of
10 GHz. It can be seen that the output matching network is designed
for best matching at the center frequency.



6.1. Influence of PA/DRV TGW Ratio on PAE 129

0,6

0,5
m
el
o 04
1%
s
503
T
Q
£02
3
Z 01
811
- —r 0,0 : ‘ :
z=500 o 8 9 10 11 12
f=8...12GHz -1,0 22 Frequency [GHz]
(a) Simulated reflection coefficients (b) Calculated net insertion loss

Figure 6.10: Simulated reflection coefficients S1; and I';2 as well as
calculated net insertion loss of the output matching network for the
designs Syrah and Duras over the entire X-band frequency range.

The loss of the output matching network Loyn primarly depends
on the required bandwidth of the network, specified in the Q-factor
that is defined as the ratio of the center frequency to the bandwidth
BW [1], i.e. a high Q-factor implies a very small relative bandwidth.

wo

Q= BV (6.16)
Typical Lomn values are in between 0.5-1 dB dependent on the band-
width. According to Figure 6.10(b) this matching network delivers
a very small loss of better than 0.5dB for the entire X-band fre-
quency range. Within the 20 % bandwidth the loss is even smaller
than 0.44 dB. This low loss is realized by the use of as less elements
as possible that are required to provide a good matching within the
2 GHz bandwidth.

Critical Aspects to the ISMN

The structure of the interstage matching network primarily depends
on the number of transistors used in parallel in the DRV- and PA-
stage. In this chapter, two PA/DRV gate-width ratios are compared,
a 4:2 (HPA Duras) and a 4:1 (HPA Syrah) ratio. Consequently, two
different interstage matching networks are necessary for both HPA
designs. Nevertheless, both ISMNs offer the same main functions,
namely
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¢ to transport the output power of the DRV-stage transistors to the
input of the PA-stage transistors with minimum net insertion
loss

* to provide bias voltage supplies to the drain of the DRV-stage
transistors and separately to the gate of the PA-stage transistors.

In order to transport the output power of the DRV-stage transis-
tors to the input of the PA-stage transistors with a minimum net inser-
tion loss, the optimum load impedance for maximum output power
of the transistors used in the DRV stage has to be transformed into
the optimum input impedance for maximum output power of the
PA-stage power cells. The impedance transformation between the
two frequency dependent impedance levels including reactive parts
makes the interstage matching network more challenging compared
with the output matching network with a matching into a 50 Q2 envi-
ronment.

To realize the PA/DRV TGW ratio of 4:2, two power cells of the
same size and periphery as in the output stage are used for the DRV-
stage as well. The same power cells as in the PA-stage are used for
the driver offering an optimum between gain and output power. The
resulting interstage matching network of the HPA Duras (ratio 4:2)
consists in a combining network of the two FETs used in parallel in
the DRV-stage, followed by a drain bias stub on both sides of the
network for drain biasing of the driver-stage transistors. After the
drain bias stubs the network is split again into microstrip line and
capacitor elements in form of a single section lowpass network for the
impedance transformation as well as a gate bias stub on both sides
for symmetrical gate biasing of the PA-stage transistors. Finally two
more splitting networks to the input of the four PA-stage power cells
are necessary. Within the gate bias paths inductors are used to realize
high impedance RF blocking and resistors are included between the
inductors and DC-blocking capacitors to stabilize the entire amplifier
design.

The interstage matching network of the HPA Syrah (ratio 4:1) dif-
fers from the other one due to the fact that there is only one transistor
used in the DRV-stage. In this case a splitting network is used first,
followed by a drain bias stub on both sides of the network, a lowpass
impedance transformation with the help of line and capacitor ele-
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ments, two gate bias stubs, and finally two more splitting networks
to the input of the four PA-stage power cells. The four bias stubs have
a similar configuration as in the other interstage matching network.

Both ISMNs are constructed symmetrically for equal power sup-
ply of the PA-stage transistors, and to reduce the simulation complex-
ity and time through the use of mirror elements as described in the
OMN design paragraph. In this case, the several network configura-
tions are designed with different line-capacitor element combinations.
Out of results of the analyzed ISMN variants, the designs shown here
are the best compromise between impedance transformation and low
net insertion loss over the required BW. The layouts of both interstage
matching networks are depicted in Figure 6.11.

(a) ISMN of the HPA Duras (b) ISMN of the HPA Syrah

Figure 6.11: Layouts of the interstage matching networks and both
transistor stages.

Since the matching over a specific frequency range is not ideal,
the interstage matching networks are designed for better matching
at the upper end of the frequency band than at the lower end of the
frequency band because of the frequency-dependent sensitivity of the
FET yielding to a sufficiently flat gain response.

Figure 6.12 gives a comparison between the simulated reflection
coefficients I'11- and I'pp of the interstage matching networks for the
designs Duras (on the left) and Syrah (on the right) over the entire
X-band frequency range. Thereby, the center frequency of fy=10GHz
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is marked in the figures. In both cases the optimum source and load
impedance of the transistors used for maximum output power is de-
picted for the same frequency range. It can be seen that especially
the I';; curves are matched only in a small frequency range to the
optimum output load impedance I'y opt (red line).
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(a) ISMN of the HPA Duras (b) ISMN of the HPA Syrah

Figure 6.12: Simulated reflection coefficients I';1- and I'yp of the in-
terstage matching networks for the designs Syrah and Duras over the
entire X-band frequency range.

In Figure 6.13 the calculated net insertion loss of both interstage
matching networks which is calculated for the ISMN using formula
3.20 is exhibited over the entire X-band frequency range. At the cen-
ter frequency of 10 GHz both matching networks offer a minimum
net insertion loss of approximately 1.5 dB. With the interstage match-
ing network of the HPA Duras consisting of the smaller gate-width
ratio of 4:2, the desired better matching at the upper end of the fre-
quency band is realized with a constant net insertion loss of 1.5dB.
Otherwise, the ISMN of the HPA Syrah features a matching with
such a low net insertion loss only for a small frequency range around
10 GHz. The net insertion loss is less than 2 dB for the required 20 %
frequency range from 9 to 11 GHz with strongly increasing losses
at the upper and lower ends of the frequency band. The required
low-loss matching at the upper frequency band cannot be realized
because of the difficult transformation of the relatively high PA/DRV
gate-width ratio of 4:1.

As a result, the net insertion loss at the center frequency is almost
the same for both matching networks while the PA/DRV TGW ratio
has an impact on the low-loss matching over a broad bandwidth.
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Figure 6.13: Calculated net insertion loss of the interstage matching
networks for the designs Syrah and Duras over the entire X-band
frequency range.

Consequently, the intentionally introduced higher losses of the ISMN
towards lower frequencies to realize the desired gain flatness over the
entire required frequency range is only possible with the interstage
matching network of the HPA Duras.

IMN Design Aspects

The last matching network that needs to be designed is the input
matching network. The structure of this matching network is influ-
enced by the number of driver stage transistors leading to the need of
splitting networks to the single power cells associated with additional
net insertion losses. The general requirements on the IMN include

e a splitting network to the single FET cells used in the driver
stage

® a gate bias voltage supply path to the gates of the DRV-stage
transistors

e an impedance transformation to match the transistors to the
50 () external load at the input of the amplifier and

¢ stabilization networks to provide external stability to the entire
HPA.
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The input matching network of the design Syrah with the 4:1 gate-
width ratio requires no splitting network because the DRV-stage con-
sists of only one transistor. This reduces the complexity of the input
network. The impedance transformation to match the transistor to
the required 50 () external load at the input of the amplifier is more
challenging than in the OMN case corresponding to the much lower
optimum input impedance of the transistor compared with the load
impedance resulting in higher net losses. Different transformation
networks with varying elements were tested with the resulting net-
work topology shown in Figure 6.14 delivering the best results con-
cerning best match and minimum losses.

Within both input matching networks a gate bias voltage supply
path is added consisting of inductors, stabilization resistors and DC-
blocking capacitors. At the input of the PA Syrah a series capacitance
is used in the matching network for DC decoupling, which has a
minor influence on the impedance transformation.

Another very important part of both input matching networks is
the introduction of a parallel resistor-capacitance circuit to enable or
enlarge the overall stability of the entire two-port amplifier at the
price of increased network losses. Nevertheless, the input matching

(a) IMN of the HPA Duras (b) IMN of the HPA Syrah

Figure 6.14: Layouts of the input matching networks and driver-
stages of the HPAs Duras and Syrah.
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networks of both designs are designed for best matching near the
upper end of the frequency band to compensate frequency dependent
mismatch.

Figure 6.15 shows the simulated reflection coefficients I'1; and Sy
of both input matching networks over the entire X-band frequency
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f=8..12 GHz 1,0) Unont| =8 ... 12 GHz 1,0j —Toont

(a) IMN of the HPA Duras (b) IMN of the HPA Syrah

Figure 6.15: Simulated reflection coefficients I';; and Sy, of the input
matching networks for the designs Syrah and Duras as well as the
optimum input impedance of the HEMT device, each over the entire
X-band frequency range.

range as well as the optimum input impedance of the used transis-
tor(s) for maximum output power within the same frequency range.

The simulated input reflection coefficient I';; and the calculated
net insertion loss of the input matching networks for the designs
Syrah and Duras over the entire X-band frequency range are com-
pared in Figure 6.16. Both matching networks offer a very good
small-bandwidth matching of better than -25dB around the center
frequency of 10 GHz. Furthermore, the simulated net insertion loss
at 10 GHz yields about 1.7 dB for both IMNs. As expected, the loss of
the input matching network of the design Syrah using only one tran-
sistor in the driver stage is slightly lower than the other one at higher
frequencies. The same accounts for the I'j; matching to the external
50 ) that turns out to be better over the BW for the HPA Syrah (see
Figure 6.15).
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Figure 6.16: Simulated input reflection coefficient I';; and calculated
net insertion loss of the input matching networks for the designs
Syrah and Duras over the entire X-band frequency range.

Compression Ratios of the DRV- and PA-Stage vs. Bandwidth

After the design of the matching networks which are described in
detail above, a further important design step is to check the compres-
sion ratios of the DRV- and PA-stage over the desired bandwidth. To
maximize the efficiency of the DRV stage, two options can be chosen:
either the total cell size of this stage can be lowered, or the impedance
of the load line can be increased. In this section, the cell size of the
driver stage of the design Syrah is reduced compared with the de-
sign Duras because increasing the impedance level of the DRV out-
put would result in a more critical matching transformation from the
low-value real part of the PA-stage input impedance. The transfor-
mation to a double impedance level is more critical with respect to
the quality factor or net insertion loss of the ISMN.

The PA /Driver gate-width ratios of the two HPAs Duras and Syrah
were analyzed. In a first step, the simulated DRV, PA and total "in-
trinsic" power net gain of the HPAs Duras and Syrah were compared
versus P, at Vps=30V and Vs=-2.25V and at each center frequency,
i.e. 10GHz and 9.4 GHz, respectively. The results are shown in Figure
6.17. Looking at the gain compression of the HPA Duras in the figure
on the left (Figure 6.17(a)), the DRV- and PA-stage are driven simul-
taneously into compression for low input power levels. For an input
power of 28 dBm, the compression level of the PA-stage yields almost
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7dB while there is still only a small compression of the DRV-stage
of 2.5dB. Thus, the fact that the compression level of the PA-stage
is almost three times higher than that of the driver implicates that a
smaller driver would still be able to "drive" this PA-stage. In the figure
on the right (Figure 6.17(b)), the DRV- and PA-stage "intrinsic" power
gain curves of the HPA Syrah with a reduced driver gate-width are
depicted for different input power levels. In this case, the resulting
compression levels of both HPA transistor-stages are contrary to each
other, compared with the HPA Duras. While the compression level of
the PA-stage yields only 4 dB for an input power level of 28 dBm, the
DRV-stage is driven into the double compression of 8 dB at the same
input power level. Nevertheless, the obtained small-signal gain of the
HPA Syrah is 2.5dB higher than that of the HPA Duras, while both
HPAs offer about the same power gain value for high input power
levels.
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(a) HPA Duras at 10 GHz (b) HPA Syrah at 9.4 GHz

Figure 6.17: DRV-, PA- and total-"intrinsic"-power-net-gain of the
MMICs Duras and Syrah simulated at Vpg=30V and Vgs=-2.25V ver-
sus input power.

To check the compression ratio of the DRV- and PA-stage over the
desired bandwidth, a combined frequency and power sweep is done
in the harmonic-balance simulation of the entire HPA circuit [59].
Thereby, the "intrinsic" net gain of both stages (i.e. between gate and
drain terminals of the DRV or PA FET cells) and the total "intrinsic"
net gain between the DRV gates and the PA drains is plotted (Figure
6.18 and Figure 6.19). Each compression behavior is shown for an in-
put power sweep from 0-28 dBm at Vpg=30V and Vgg=-2.25V which
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is the small-signal bias point for class-AB operation. Both amplifiers
are designed for a frequency range of 2GHz from 9 up to 11GHz
with maximum gain and best matching between 9 and 10 GHz.

The DRV-, PA- and total-"intrinsic"-net-gain of the HPA Duras
with a PA/DRV TGW ratio of 4:2 is shown in Figure 6.18. With re-
gard to the increasing gain loss of the unit FET cell towards higher
frequencies, primarily a detailed analysis of the gain compression of
the HPA at the upper end of the required frequency bandwidth is
essential. Looking at the HPA Duras, there is almost no compression
(less than 2 dB) of the driver stage at the upper end of the frequency
band at 11 GHz for an input power of 28 dBm, while the PA stage is
driven into a relatively strong compression of approximately 8 dB at
the same frequency and input power level. This means that this DRV
stage has a reserve with which it could easily "drive" an even bigger
PA stage. Consequently, a PA stage with a fixed gate-width of 4mm
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Figure 6.18: DRV-, PA- and total-"intrinsic"-net-gain of the MMIC
Duras simulated at Vpg=30V and Vgs=-2.25V for different input
power levels over the X-band frequency range.
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could be driven by a smaller DRV-stage leading to the design Syrah
with a PA/DRV TGW ratio of 4:1.

At the center frequency of 10GHz compared with 11GHz, as
mark-ed in the figure, the compression level of the DRV-stage in-
creases by about 1dB as the compression level of the PA stage de-
creases by about the same value. Finally, at the lower end of the fre-
quency band at 9 GHz, both compression levels are about the same.
The resulting total "intrinsic" net gain compression of the entire MMIC
Duras is found to be nearly frequency-independent over the entire
frequency bandwidth from 9 up to 11 GHz.

Figure 6.19 displays the "intrinsic" net gain simulations of the HPA
Syrah with a PA/DRV TGW ratio of 4:1. In this case, the driver-stage
becomes "over-compressed" in comparison to the PA-stage at the up-
per end of the frequency band around 10.5-11 GHz so that the PA
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Figure 6.19: DRV-, PA- and total-"intrinsic"-net-gain of the MMIC
Syrah simulated at Vpg=30V and Vs=-225V for different input
power levels over the X-band frequency range.
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driving power is at its limit with a 4:1 ratio for higher frequencies. At
the center frequency of 10 GHz, the PA- and DRV-stage are simultane-
ously driven into compression, i.e. about 5dB each. The compression
level of the DRV stage increases with decreasing frequency and re-
sults in a 5 dB higher compression level than the PA stage at the lower
end of the frequency band. The total "intrinsic" net gain of the HPA
Syrah shows a maximum between 9 and 10 GHz at 9.4 GHz, but no
frequency-independent gain compression over the entire frequency
range such as the HPA Duras. In addition, the frequency range of the
MMIC Syrah turns out to be smaller than that of the MMIC Duras
with its smaller PA/DRV gate-width ratio.

This leads to the assumption that the amplifier Syrah with the
PA/DRV TGW ratio of 4:1 is near its performance limit. Never-
theless, as already mentioned, the design Syrah yields an approxi-
mately 2.5dB higher maximum small-signal-gain at the center fre-
quency than the HPA Duras.

These considerations show that PA- and DRV-stage are driven si-
multaneously into compression for an optimized PA /DRV TGW ratio
leading to a "softer" compression behavior of the entire HPA than in
the case of an over-dimensioned driver ratio. For a broadband design
with optimized PA/DRV TGW ratio, an acceptable "balance" (2 dB)
of the DRV- and PA-compression level should be achieved over the
entire bandwidth.

In conclusion, the small-signal and large-signal simulation results
of both HPA MMIC designs are compared with each other and with
the expected simplified analytical calculations from the beginning of
this section. Table 6.6 summarizes all of the relevant data evaluated at
9.5GHz, Pj,=28dBm and Vpg=30V. Beginning with the small-signal
behavior, the HPA Duras with the PA/DRV TGW ratio of 4:2 de-
livers a flat gain over a 2 GHz frequency bandwidth from 9 up to
11GHz and holds a 3dB bandwidth from 8.6-11.6 GHz, while the
HPA Syrah with the enlarged PA/DRV TGW ratio of 4:1 shows a
gain peaking between 9 GHz and 10 GHz with its maximum value at
9.4GHz. In addition, the achievable 3 dB bandwidth of the MMIC
Syrah is reduced to 1.8 GHz. However, the maximum obtained small-
signal gain is about 2.5dB higher than at the HPA Duras. As ex-
pected, the higher maximum small-signal gain comes at the prize of
a reduced bandwidth. With regard to the large-signal simulations at
above mentioned conditions, both designs offer the same saturated
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output power and power gain of about 20 W and 15 dB, respectively.

At this high gain-compression level, the maximum PAE values
are reached, namely 42 % with the HPA Duras and 44 % with the
MMIC Syrah. According to the simplified calculations, these simula-
tion results show the same tendency of PAE improvement based on
an enlarged PA/DRV TGW ratio. Nevertheless, the values of the sim-
ulated PAE enhancement is not as high as expected, i.e. about 4.5-5 %
below the calculated PAE value. This is the fact due to the simpli-
fied assumptions of the analytical calculations that are valid only for
a single-frequency, while these HPA MMICs are designed for a fre-
quency bandwidth of approximately 2-3 GHz.

Table 6.6: Comparison of the small-signal- and large-signal-simu-
lation results of the HPA MMICs Duras and Syrah evaluated at
9.5GHz, Pin=28dBm and Vpg=30V as well as the expected PAE on
the basis of the simplified analytical calculations at comparable con-
ditions.

MMIC || PA/DRV | Freq.-range | max. small- | LS-Sim. | PAE
GW ratio | +3dB BW signal gain of PAE | after
+curve char. Eq.6.13
Duras 4:2 8.6-11.6 GHz | 25dB 42 % 46.5%
3GHz flat gain
compression
Syrah 4:1 8.7-10.5GHz | 27.5dB 44 % 49.1 %
1.8GHz gain peak
at 9.4GHz

Stabilization Issues

After the design of all matching networks, the stability of the entire
amplifier as well as the stability of the individual transistor stages
must be analyzed. External instabilities such as the instabilities of the
complete amplifier including bias oscillations at low frequencies and
RF oscillations close to or even within the frequency bandwidth of the
amplifier need to be located and eliminated with the help of u-factor
analysis as described in detail in Section 3.3.1. The HPA Syrah with its
high PA/DRV TGW ratio offering more small-signal gain over a small
bandwidth is more difficult to stabilize because of the extreme gain
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behavior. As a result, the resistor values in the gate-bias paths of the
ISMN need to be doubled compared with the HPA Duras to enable
external stability. Within the input matching network, it is reverse.
Within the IMN gate-bias path, the HPA Syrah needs only half the
resistance compared with the design Duras to achieve stability. This
is due to the fact that the matching of only one transistor input to the
50 Q) environment is much easier because of the higher impedance
level than the matching of 2 parallel operated transistors.

Besides the determination of external stability, the internal stabil-
ity of the individual stages is examined by a Z-parameter analysis at
the input and output of each transistor as described by Ohtomo [72]
(see Section 3.3.1). In both designs, odd-mode resistors are included
between the inputs and outputs of all parallel operated transistors of
each stage to enhance the stability of the used FETs.

HPA Chip Layouts

Figure 6.20(a) and 6.20(b) shows the chip image of the dual-stage HPA
Duras and Syrah, respectively. The chip size is standardized to 4.5 x
3mm? for both designs. In the figures the varying driver stages are
marked with red ellipses to highlight the different cell sizes of the
driver stages.

O

(a) HPA Duras (4:2) (b) HPA Syrah (4:1)

Figure 6.20: Photographs of the dual-stage HPAs Duras and Syrah
with the varying driver-stage marked. The chip size is 4.5 x 3 mm?
for both designs.
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6.1.4 PA/DRV TGW Relating HPA Performances

Although a large number of wafers is available, the data shown below
is taken from the same wafer to reduce any variations.

Initially, the S-parameters of both HPAs Duras and Syrah were
measured in pulsed mode at Vpg=30V and Ipg=150mA/mm. The
results of the measured S-parameters are depicted in Figure 6.21 em-
phasizing the small-signal gain Sp; and the S;; and Sy matching of
both HPAs. The 3dB frequency bandwidth of the HPA Duras from
8.5 up to 10.5 GHz is marked in green in the figure. The design Duras
offers a flat maximum gain of approximately 22.5 dB from 8.7-10 GHz,
while the HPA Syrah with the reduced PA/DRV gate-width ratio de-
livers an slightly improved maximum gain of 23.1dB at 10 GHz and a
reduced 3 dB bandwidth from 8.9-10.4 GHz compared with the HPA
Duras. Both designs deliver a decrease in the measured maximum
gain performance of -2.5dB (HPA Duras) and -4.4dB (HPA Syrah)
compared to the simulations. While the MMIC Syrah offers almost
the same 3 dB bandwidth as predicted by the simulations, the mea-
sured frequency range of the HPA Duras is shifted 0.5GHz down-
wards on the frequency axis. Furthermore, both designs show their
best input matching between 9 and 10 GHz of better than -10dB and
a GaN specific poor output matching for all frequencies.
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Figure 6.21: Pulsed-S-parameters of the dual-stage MMICs Duras
(solid line) and Syrah (dashed line) measured at Vps=30V and
Ips=150mA /mm.
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All large-signal measurements are performed in pulsed-RF mode
with a duty cycle of 10% and a pulse length of 100 us. Figure 6.22
illustrates a comparison of the broadband large-signal simulations
(line) and pulsed-RF measurements (line with symbols) of the dual-
stage HPAs Duras and Syrah, respectively. Power, gain, and PAE
results of both amplifiers are depicted at Vpg=30V and for an input
power of Pjp=26dBm.

For the HPA Duras (Fig. 6.22(a)), simulated and measured data are
in good agreement in the intended frequency range up to 10.5 GHz,
however, there are some deviations for the upper X-band range from
10.5 GHz on. The green area marks the bandwidth from about 8.4 GHz
up to 10.6 GHz of the MMIC Duras with a measured PAE of > 30 %,
an output power of more than 42dBm, and an associated constant
gain of 15dB.

The amplifier Syrah (Fig. 6.22(b)) shows deviations for simulation
and measurement results over the entire X-band frequencies, where
the simulated data turn out to be too optimistic compared with the
measured ones. Nevertheless, the principal trend is the same. The
MMIC Syrah exhibits 1.6 GHz bandwidth from 9.1-10.7 GHz show-
ing almost similar results as for the HPA Duras. Especially the in-
ferior bandwidth behavior of the amplifier Syrah corresponds to the
challenging PA/DRV gate-width ratio of 4:1.

By comparing both broadband measurement results, it can be
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Figure 6.22: Broadband large-signal simulations (line without sym-
bols) and pulsed-RF measurements (line with symbols) of the dual-
stage HPAs Duras and Syrah at Vpg=30V.
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seen, that the decrease of the driver stage does not yield in a PAE
enhancement as desired, but has a critical impact on the overall band-
width. The reason could be the "over-compressed" DRV-stage com-
pared with the PA-stage of the MMIC Syrah with the 4:1 PA/DRV
TGW ratio.

Figure 6.23(a) displays the pulsed RF-measurements of the HPA
MMIC Duras measured at 9.5 GHz versus input power. The biasing
of the power-sweep measurements is the same compared with that of
the frequency-sweep measurements. For easy comparison with the
broadband measurement results, the data of this graph is marked
at the same compression level of -5dB at the same input power of
26dBm. The achieved output power at this compression level is
42.5dBm, i.e. = 17.8 W, with a PAE of 36 % and an associated gain of
16.4 dB. The saturated output power of the MMIC Duras with this bi-
asing reaches Ps,t=43 dBm (20 W) with an associated PAEmax > 40 %.
These results fit perfectly to the broadband measurement results, i.e.
the obtained output power is the same, the power gain is about 1dB
higher, and the achieved PAE turns out to be 2 % higher.

The pulsed-RF-measurements of the HPA Syrah are depicted over
input power in Figure 6.23(b). The power sweep is shown for a
drain voltage of Vps=30V with a slightly adjusted gate biasing of
-2V compared with Vpg=-2.25V for the frequency-sweep measure-
ments. The frequency for the power-sweep is chosen to be 10 GHz
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Figure 6.23: Pulsed-RF measurement results over input power of the
HPAs Duras and Syrah.
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which turned out to be the optimum frequency for maximum output
power, PAE, and power gain according to the broadband pulsed-RF-
measurements from Figure 6.22(b). Once more, the results at 26 dBm
input power are marked for comparison with the broadband mea-
surements, indicating a -8 dB compression level. At this high com-
pression level, an output power of 42dBm (15.8 W) with an associ-
ated gain of 15.9dB and a PAE of 37 % is reached. Again, power- and
frequency-sweep measurement results are in good agreement. The
output power is nearly identical, and the power gain and PAE are
slightly better measured with the power-sweep, i.e. 0.9dB and 4 %,
respectively.

Conclusions

Table 6.7 gives a comparison of the large-signal simulation and pulsed-
RF-measure-ment results of the two HPA MMICs Duras and Syrah.
Both the broadband and the power-sweep results are evaluated at the
same input power level of 26 dBm and a drain voltage of 30 V.

On closer examination of the broadband simulations and mea-
surements, the HPA Duras shows a very good agreement of simu-
lation and measurement results of the obtained PAE, output power
and power gain values within the frequency-range of 8.4-10.6 GHz,
where the PAE is higher than 30%. The maximum simulated and
measured PAE is approximately 35 %. However, the simulations of
the MMIC Syrah are quite too optimistic compared with the mea-
surements. Even though, the simulations of the HPA Syrah offer an
improvement of PAE with similar output power and associated power
gain compared with the MMIC Duras, the measurement results devi-
ate from the simulations showing an inferior behavior. Nevertheless,
the principal trend is the same. For frequencies up to 11 GHz the
measured PAE turns out to be about 5 % below the expected and sim-
ulated value. Consequently, the obtained measured maximum PAE
yields only 34 % that is 1 % less than the maximum PAE of the MMIC
Duras by offering about the same power gain and an output power
reduced by approximately 0.7 dB. This result stands in contradiction
to the expected PAE improvement due to a higher PA/DRV gate-
width ratio according to the theory presented at the beginning of this
section and the simulation results.

Compared to the broadband measurements, the pulsed-RF power
sweeps show slightly improved results for the obtained output power,
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Table 6.7: Comparison of the large-signal-simulation and measure-
ment results of the HPA MMICs Duras and Syrah evaluated at
Prn=26dBm and at Vpg=30V.

MMIC || Broadband Broadband Power-Sweep
Simulations Measurements Measurements
at Vps=30V, Vg=-2.25V
8.4-10.6 GHz (2.2 GHz) at 9.6 GHz
Duras PAE >30% PAE >30% PAE =36%
4:2 PAEmax =35.5% | PAEmax =35% PAEmax >40%
at P, >30dBm
Pout >43dBm Pout >422dBm | Pyut =425dBm
=17.8W

Poutmax =42.7dBm | Poutsat =43 dBm
at P,y >30dBm

Gp =1517dB | G,  =15dB |G,  —164dB
at Vgg=-2.25V at Vgs=-2V
9.1-10.7 GHz (1.6 GHz) at 9.8 GHz
Syrah PAE >33% PAE >30% PAE =37%
4:1 PAEmax =37 % PAEmax =34 % PAEmax =41.3%
at P, >30dBm
Pout >42.7dBm | Pout >414dBm | Poyut =42dBm
=158W

Pout,max =42dBm Pout,sat =42.9dBm
at Py, >30dBm
Gp =17dB Gp =14-16dB | Gp =159dB

power gain, and PAE. Here, the HPA Syrah with the adjusted biasing
indicates the better PAE values (approximately 1% above that of the
HPA Duras) as expected from the theory and HPA simulations.
Furthermore, the design goal of a saturated output power of
Psat =~20W with a PAE target of 40% was nearly reached with both
designs. Nevertheless, the additional design target for a 2 GHz band-
width within X-band frequencies could only be obtained for the HPA
Duras. The higher gate-width ratio of 4:1 of the MMIC Syrah leads
to strongly increasing net insertion losses in the interstage matching
network towards the upper end of the frequency band which lead
to a lower bandwidth reserve, especially at higher frequencies. In
addition, the ISMN of the HPA Syrah offers a stronger mismatch ac-
cording to Figure 6.12 that also causes a limitation of bandwidth.
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As a result, the higher gate-width ratio of 4:1 seems to be "over-
compressed" relating to the measured data. On the one hand, the
desired and expected PAE improvement of a HPA with a PA/DRV
TGW ratio of 4:1 can only be reasonably verified by the power-sweep
measurements, and, on the other hand, the power amplifier Syrah
shows a quite reduced operating bandwidth (1.6 GHz) whereas the
PAE is higher than 30 % compared with the HPA Duras with a corre-
sponding bandwidth of 2.2 GHz.

6.1.5 Optimized PA/DRV TGW Ratio

Based on the results obtained from the comparison of the HPA MMICs
Duras and Syrah, an improved HPA MMIC with optimized PA/driver
gate-width ratio titled HPA Sacy was developed. The PA/DRV TGW
ratio is chosen in between the gate-width ratios of the MMICs Duras
(2:1) and Syrah (4:1) leading to a new PA/DRV TGW ratio of 3:1.

In addition to the improved PA/driver gate-width ratio with the
purpose of PAE enhancement, this MMIC had also the target specifi-
cations of high output power levels > 20 W and high drain operating
voltages up to 35V. According to the two designs Duras and Syrah,
the MMIC Sacy was also presumed to reach its target performance
over a 1.5-2GHz bandwidth within X-band frequency range. The
center frequency of the HPA Sacy was designed to be 9 GHz.

Design Aspects

In a first design step, the total gate-width of the output and driver
stage were chosen in accordance with Figure 6.8 from the last section
and according to the design goals specified above. For the HPA Duras
with a total output gate-width of 4 mm a saturated output power of
20 W could just be achieved over a very narrow bandwidth around
the center frequency. However, this design comprises a design goal
of >20W output power over a 2GHz frequency bandwidth. There-
fore, a 6mm gate-width periphery was chosen in the output stage
of this MMIC design due to the requirement of higher output power
over a large frequency bandwidth realized on the basis of power scal-
ing. Again, four power cells are used in parallel in the PA-stage.
The resulting single HEMT cell yields a 1.5 mm gate periphery. An
optimum gain performance over the required X-band frequencies is
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achieved once a 10x150 ym gate geometry is used as a best compro-
mise between gate-finger count and finger width. Figure 6.24 de-
picts the comparison between the simulated MSG/MAG-curves of
the two GaN HEMT variants with 1mm (red curves) and 1.5mm
(green curves) gate geometry at Vpg=30V and at two different gate
voltages of Vigs=-2V and Vgs=-2.25V. It has to be considered that the
larger FET cell (10x150 um) features a MSG-MAG intersection point
at lower frequencies rather close to 10 GHz compared with the 1 mm
FET cell with an 8x125um gate geometry, dependent on the bias
point. Consequently, the gain of the larger FET cell is significantly
reduced for high frequencies.

The resulting output matching network of the HPA Sacy is de-
signed in the style of the OMN of the amplifiers Duras and Syrah
taking the modified I't of the larger FET cell into account. Again,
the main focus of the OMN is a smallest possible net insertion loss to
reach maximum output power. The loss of the output matching net-
work persists below 0.65 dB for all relevant frequencies up to 10 GHz.

Since the PA/DRV gate-width ratio is set to 3:1, the resulting dri-
ver-stage has a total gate-width of 2mm. As for the design Duras,
two 1mm FET cells with an 8x125 um gate geometry are used for
the driver-stage. ISMN and IMN are designed on the basis of the
design Duras but optimized for maximum output power and PAE in
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Figure 6.24: Comparison of the simulated MSG/MAG-curves of the
two GaN HEMT variants with 1 mm (red curves) and 1.5 mm (green
curves) gate geometry at Vpg=30V and at two different gate voltages
of VGS= -2V and VGS= -2.25V.
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consideration of the modified FET cell in the output stage and the
adapted PA/DRV gate-width ratio.

Compression behavior of the DRV- and PA-stage
Following, the simulated gain compression behaviors of the DRV-
and PA-stage as well as of the entire HPA Sacy were analyzed. At
first, the DRV-, PA- and total-"intrinsic" net gain of the MMIC Sacy
was simulated at Vpg=30V and Vgg=-2.5V versus input power. In
Figure 6.25 the gain compression curves are shown for the center
frequency of 9.4 GHz. Compared with the gain curves of the HPAs
Duras and Syrah (figure 6.17), the resulting compression levels of
the DRV- and PA-stage of the MMIC Sacy are more homogenous,
even though the small signal gain of the PA-stage is 2.5dB higher
than that of the DRV-stage. This is mainly due to the different load
of the transistors used for the driver- and PA-stage at 9.4 GHz that
causes a not perfectly matched ISMN. In addition, the HEMT with
the 10x150 um gate-geometry delivers a slightly higher MSG value
of approximately 0.4 dB at the frequency of 9.4 GHz as can be seen in
Figure 6.24.

While the PA-stage transistors start going into compression at an
input power of 15dBm, the DRV-stage FETs go constantly into com-
pression starting at small input power levels. For an input power of
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Figure 6.25: DRV-, PA- and total-"intrinsic"-net-gain of the MMIC
Sacy simulated at Vps=30V and Vgs=-2.5V at 9.4 GHz versus input
power.
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28 dBm, the compression levels of the DRV- and PA-stage yield 5.2 dB
and 6.5dB, respectively. Thus, the desired "balance" (£2dB) of the
DRV- and PA-compression level is reached with the PA/DRV TGW
ratio of 3:1.

Figure 6.26 depicts the DRV-, PA- and total-"intrinsic" net gain
compression of the MMIC Sacy simulated at a biasing of Vpg=30V
and Vgg=-2.5V and for the same input power levels as chosen in the
last section for the HPAs Duras and Syrah for easy comparison.
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Figure 6.26: DRV-, PA- and total-"intrinsic"-net-gain of the MMIC
Sacy simulated at Vps=30V and Vgg=-2.5V for different input power
levels over the X-band frequency range.

On closer examination of the compression levels of DRV- and PA-
stage at the upper (9.8 GHz) and lower (8.3 GHz) ends of the fre-
quency band as well as for the center frequency of 9 GHz, an overall
compression level in between the two other designs Duras and Syrah
can be obtained as expected. At the upper end of the frequency band
the compression level of the PA-stage with about 7dB corresponds
to the double compression level of the DRV-stage. The resulting dif-
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ference between DRV and PA compression levels at the upper end of
the frequency band is about 3.5dB. Since the PA compression level
decreases with decreasing frequencies down to 4dB at the lower end
of the frequency band, and the DRV compression level increases re-
spectively up to 6 dB at the lower end of the frequency band, a "bal-
anced" (+2 dB) compression level of DRV and PA is achieved at least
over the lower half of the bandwidth of the entire HPA design Sacy.

The simulated "intrinsic" net gain of the MMIC Sacy delivers an
almost linear gain curve above 25 dB over the entire frequency range
from 8.3 GHz up to 9.8 GHz with a maximum gain of nearly 27 dB
at 9.5GHz. In addition, the entire HPA shows a "flat" compression
level over the whole bandwidth of about 1.5GHz. Compared with
the other two designs Duras and Syrah, the MMIC Sacy takes ad-
vantage of both: it reaches the same maximum small-signal gain and
the same bandwidth as the HPA Syrah but features the desired flat
compression behavior as the HPA Duras.

HPA chip layout

The MMIC chip layout of the dual-stage HPA Sacy is displayed in
Figure 6.27. Even though the PA-stage size is larger than that in the
other two MMICs, the chip size is still the same as for the HPA Duras
and Syrah, namely 4.5 x 3mm?.

Figure 6.27: Photograph of the dual-stage HPA Sacy. The chip size is

4.5 x 3mm?2.
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Experimental Results

The large-signal performance of the HPA Sacy was obtained on a
wafer with an epitaxial Ill-nitride growth such as the other two de-
signs Duras and Syrah. All frequency and power sweeps were mea-
sured in pulsed-RF mode in a broadband system with an input and
output load of 50 Q.

The measured pulsed small-signal S-parameters of the HPA Sacy
are depicted in Figure 6.28. The bias condition was chosen to be
Vps=30V with Ipg=120mA. A small-signal maximum gain of 24.5 dB
could be obtained at a frequency of 9 GHz with an input and output
matching of better than -5 dB as marked in the figure. There is a 2.5dB
decrease of the measured maximum gain compared to the simulation
results. Further, the 3dB frequency bandwidth from 8.2-9.4 GHz is
marked in green in the figure signifying almost the same but slightly
reduced bandwidth as predicted by the simulations.
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Figure 6.28: Pulsed-S-parameter measurements of the HPA Sacy
taken at Vpg=30V and Ipg=120mA.

Figure 6.29(a) depicts the pulsed-RF frequency sweep of the MMIC
performed with a constant input power of P;,=24 dBm for a 4 dB com-
pression level at Vpg=32 V. Further measurement results of the HPA
Sacy can be found in [57].

According to the broadband measurements of the HPA Duras and
Syrah, the area highlighted in green shows again the bandwidth in
which the HPA delivers an output power greater than 40 dBm with
an associated PAE of >30%. The measured bandwidth covers and
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Figure 6.29: Pulsed-RF-measurements of the HPA Sacy at Vpg=32V.

even exceeds the intended and designed bandwidth from 8.3 GHz up
to 9.7 GHz. Referring to the design goals, an output power of >20W
is required. This design target is achieved for a frequency range from
8 GHz up to 9.2 GHz with an associated PAE and gain of 40-46 % and
18.5-20 dB, respectively.

Even though a maximum output power of 44 dBm (25 W) with an
associated maximum PAE of 46 % can be obtained at a frequency of
8.5 GHz, the figure on the right (6.29(b)) shows a power sweep of the
same MMIC with the same bias condition at the center frequency of
9GHz. At 24dBm input power (4dB gain compression) an output
power of 43.7dBm (=~ 23.5W) can be reached together with 44.5%
PAE and 19.5dB power gain.

As can be seen in the figures above, the design goal of Pyt sat=20 W
with an associated PAE> 40 % can be obtained with the HPA MMIC
Sacy. Furthermore, the HPA Sacy with its sophisticated PA/DRV
gate-width ratio of 3:1 being in between those of the MMICs Duras
and Syrah delivers a considerably PAE enhancement of 2-4 %, com-
pared with the two other designs with the same bandwidth as the
design Syrah.

Conclusions

With all three HPA designs the design goals of Poytsat=20 W with an
associated PAE above 40 % could be achieved. Nevertheless, the im-
pact on the PA/DRV gate-width ratio on the PAE and output power
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performance is shown in this section. Table 6.8 contains the main
pulsed-RF measurement results of all three HPAs (Duras, Syrah and
Sacy) for comparison. In this case, the HPAs Duras and Syrah were
performed on the same wafer, while the HPA Sacy was evaluated
with a posterior run containing an improved technology relating to
e.g. a reduced low-frequency dispersion of the HEMTs. Nevertheless,
the results are comparable.

As expected from the simulations, the linear gain of a HPA be-
comes larger with increasing PA/DRV gate-width ratio. Nevertheless,
this statement correlates with the limitation of the obtained band-
width of the single HPA designs. The higher linear gain values are
only achieved at the expense of smaller bandwidth.

The same assumption is made for the power-added efficiency ac-
cording to the analytical calculations. However, the principle trend
that the PAE increases with increasing PA/DRV gate-width ratio is
only valid when the HPAs Sacy (3:1) and Syrah (4:1) are compared
with the HPA Duras (2:1). When comparing the HPA Sacy with the
HPA Syrah, no further PAE enhancement is achieved. In contrast,
the PAE becomes lower again. This is due to the fact that the ISMN
matching becomes more difficult with increasing PA/DRV TGW ratio
leading to higher mismatches and net insertion losses, especially to-
wards higher frequencies, and therefore to a limited frequency band-
width and a lower PAE. In addition, with increasing PA/DRV TGW
ratio, the DRV compression level grows higher at comparable input
power near output saturation with the effect of a lower DRV-stage
power gain that also causes a decrease in the PAE of the entire HPA.

As a result, in this comparison the PAE value becomes higher for
HPAs with a PA/DRV TGW ratio of up to 3:1, but lower again for
HPA designs with larger PA/DRV TGW ratios than 3:1 because of an
"over-compression" behavior (HPA Syrah). In addition, the designs
with higher PA/DRV TGW ratios become more narrow in bandwidth
because of the higher mismatch in the interstage matching networks
with increasing PA/DRV TGW ratio.

Finally, the saturated output power mainly depends on the gate-
width periphery of the PA-stage. As expected, since the HPAs Duras
and Syrah feature the same PA-stage periphery of 4 mm, both HPAs
deliver a saturated output power of approximately 20 W, even though
the obtained output power of the HPA Syrah is slightly reduced com-
pared with that of the HPA Duras. Furthermore, with the HPA Sacy
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with the larger PA-stage periphery of 6 mm, theoretically 30 W of sat-
urated output power are expected. However, only 24.5 W are realized.
The reason for the reduced output power is the relatively high PAE
that is obtained with the HPA Sacy compared to the other two de-
signs. In contrast to the HPA MMICs Duras and Syrah, the HPA Sacy
was designed for maximum PAE rather than maximum Py;.

Table 6.8: Comparison of the pulsed-RF measurement results of the
HPA MMICs Duras, Syrah, and Sacy.

Main Duras Syrah Sacy Evaluation

features 2:1 4:1 3:1

lin. Gain 22dB 24dB 23.5dB increases with
increasing PA/
DRV TGW ratio

PAEmax 40 % 41.3% 45 % expected to in-
crease with in-
creasing PA/
DRV TGW
ratio, but HPA
Syrah is “over-
compressed”

BW with 8.4-10.6 GHz | 9.1-10.7 GHz | 8-9.6 GHz

PAE>30% || (2.2GHz) (1.6 GHz) (1.6 GHz)

Pout sat 43 dBm 42.9dBm 439dBm | ~20W with

=20W =195W =245W 4mm PA-stage

of HPAs Duras
and Syrah
~25W with

6 mm PA-stage
of HPA Sacy
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6.2 Harmonic Termination Effects on PAE Be-
havior

This section explains how the PAE of a power amplifier from Class-
AB up to Class-B condition can be increased by terminating the even
harmonics. In this case, the largest harmonic besides the fundamental
is the second harmonic.

The influence of the harmonics on a transistor can be demon-
strated by determining all components of the output current wave-
form of a transistor. Thereby, the DC supply provides the mean com-
ponent that is decreasing monotonically as the conduction angle is
reduced (see Section 3.1.2). The magnitude of the DC supply, the
fundamental current component as well as all higher harmonic com-
ponents can be calculated according to [25] with the help of Fourier
analysis. The current waveform yields

1 06/2 Imax
Iy = — /%/2 T cos(a/2) [cosf — cos(a/2)] cos(nB)dd .  (6.17)

The results from Equation 6.17 for n=0 (DC supply) up to n=5 (5"
harmonic) are shown in Figure 6.30. By examining the curves, it can
be seen that the DC component decreases as expected. In addition,
throughout Class-AB range the only significant harmonic besides the
fundamental is the second. All higher harmonics show amplitudes
close to zero for Class-A up to Class-B operation.

It is clear that the transistor output current contains some signifi-
cant harmonic components, especially second harmonic in Class-AB
operation. Harmonic termination (HT) however, presents a method
of controlling these harmonic components presented to a transistor
at the input and output, principally by means of wave shaping of the
voltage and current waveforms at the FET to reduce the overall power
dissipated in the transistor [53]. As a result, the increase in efficiency
arises from the reduced transistor power dissipation. The effective
power that is delivered at the harmonics above the fundamental (es-
pecially at the second harmonic in Class-AB operation) is prevented
due to a total reflection of the even harmonics at the load. Thus,
this reflected power at the harmonics is added to the RF fundamental
output power leading to an enhancement in efficiency.
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Figure 6.30: Fourier analysis of the current waveform components vs.
conduction angle after [25].

According to the Fourier analysis of the current waveform (6.17),
the first three components of the drain current (the DC, fundamental,
and 2™ harmonic component) result in

Ips(Class-A) = In;x + IH;X -cos(wpt) + 0 - cos(2wyt) (6.18)

Tps(Class-B) = 2% - 1% Lo (pt) + 2 ey - cos(2wot) (6.19)
s 2 3r

for Class-A and Class-B operation, respectively. As can be seen in
Figure 6.30 and Equations 6.18 and 6.19, the second harmonic com-
ponent is zero in Class-A operation but increases towards Class-B
operation up to 2/ (377) Imax, i-e. the harmonic current ratio of the ond
harmonic to the fundamental is I, /I; =0.42. Thus, the output power
at the second harmonic results in Py .4 = (0.42) - P15 There-
fore, second harmonic termination in Class-B operation theoretically
leads to a PAE enhancement of

PAEinur = (1+ (0.42)2) - PAEopr = 1.176 - PAE,opr . (6.20)
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Harmonic shorts connected directly to the input or output of a
device are used to prevent any harmonic voltage from being gener-
ated so that Vpg is a sinewave whose magnitude can be set by the
load resistor value to generate maximum permissible voltage swing
[25]. Consequently, a short circuit at even harmonic frequencies is a
promising option to improve the PAE of a HPA as well.

Initially the harmonic termination can be realized using short-
circuit stub-networks that are implemented in a shunt connection into
the amplifier design directly at the reference planes of the transis-
tor device. Any shift of the HT position relating to these reference
planes makes the short-networks sensitive to varying source/load
impedances [113]. Figure 6.31 shows the circuit block diagram of
a single-stage HPA with second harmonic short-circuits at the input
and output of the intrinsic device, as well as input and output match-
ing networks that are still required to match the active device at the
fundamental frequency.

Figure 6.31: Circuit block diagram of a single-ended HPA with second
harmonic short-circuits.

In this study, the effect of harmonic termination on the PAE per-
formance is demonstrated at device level first by using harmonic bal-
ance simulations with a real device large-signal model as described
in Section 3.1.3. Next, the short-circuit stub-structures are designed
separately as discussed in detail in Subsection 6.2.2. Finally, the 2"
harmonic stubs are implemented into a single-stage HPA design at
the input and/or output of the device to determine the influence of
the second harmonic short-stubs concerning the PAE performance on
MMIIC design level.
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6.2.1 Influence of Harmonics on the PAE of a HEMT
Device

First, the influence of the second harmonic on device level is ana-
lyzed. For this purpose, an 8x125um AlGaN/GaN T-gate HEMT
device without source-connected shields, an aluminum concentra-
tion of the AlGaN layer of 22 %, and a gate-to-gate pitch of 50 um is
characterized at 10 GHz in Class-AB operation on the basis of a non-
linear large-signal model to determine the optimum load and input
impedances for maximum PAE values at the fundamental operating
frequency with and without second harmonic tuning.

In a first step, fundamental load-pull (LP) simulations of an Al-
GaN/GaN HEMT are performed at the fundamental frequency for
which the second harmonic is set to 50() load. In the next step,
additional load-pull simulations of the same transistor are done to
determine the maximum PAE for optimum second harmonic tuning.

AlGaN/GaN HEMT without Consideration of Harmonics

Load-pull simulations of the device are performed for Class-AB con-
dition (Vps=30V and Vgg=-2.25V) and for an input power level of
P,=32dBm (4dB gain compression) at 10 GHz. This LP-simulation
means that the complex output load Iy is varied to sweep the Smith
chart on a rectangular (real+imaginary) grid for the evaluation of the
optimum load location for maximum P,,; and PAE at the fundamen-
tal. Thereby, the second harmonic load is set to 50 (). The resulting
optimum I's and I'y for maximum output power and for maximum
PAE are shown in the Figures 6.32(a) and 6.32(b), respectively. In ad-
dition, the source and load stabilization circles are depicted in the
figures (green curves) exhibiting a stable region at the outside of each
circle. Comparing the I'y values for maximum output power and
PAE, their locations in the Smith chart strongly differ from each other.
Thus, a maximum PAE in a power amplifier design can only be ob-
tained by terminating the HEMT device with I't, pag at the expense of
lower output power and vice versa.

The resulting PAE values of the HEMT device terminated with
I'L pag are depicted in Figure 6.33 as a function of the real- and imagi-
nary-part of the output load I'y in 0.05 Re{I't } and Im{I } steps from
-0.7 to 0.7. As can be seen in the figure, a maximum PAE of 54.2%
can be obtained for I't, =-0.1 +j0.65.
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Figure 6.32: Simulated optimum I's and I't for maximum output
power and PAE of an AlGaN/GaN HEMT at 10GHz, P,=32dBm,
and biased at Vpg=30V and Vgg=-2.25V.

Table 6.9 gives a comparison of the simulated output power, PAE,
and power gain performance for a 1mm FET cell terminated with
I't, pag for maximum possible power-added efficiency and with I't, poyt
for optimum output power values. There is an improvement of 4 %
in PAE at the expense of 0.5W of output power by terminating the
device with I't pAE-
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Figure 6.33: The simulated PAE of an AlIGaN/GaN power cell with
We=1mm is depicted versus the real and imaginary part of I';, based
on LP-simulations and performed at 10GHz and P,,=32dBm. Bias
point: Vpg=30V and Vgg=-2.25V.
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Table 6.9: Simulated Poyt, PAE, and gain values for a 1mm Al-
GaN/GaN HEMT terminated with the optimum load impedance for

maximum Poyt and PAE at Vpg=30V, P,;,=32dBm, and 10 GHz.

Load, 'y, Source, I'g Pout PAE | Gain

[W/mm] | [%] [dB]

T pout= 0.5 295.7° T's pout= 0.86 /161.4° | 4.6 50.2 | 10.4
= (27.6+j36.9)Q) = (3.94j8.1)Q2

T paE= 0.66 Z98.8° Tspap= 0.89 /163.6° | 4.1 542 | 10.8
= (17.4+j39.8)Q2 = (3.04j7.2)0

Finally, Figure 6.34 shows the simulated power-sweep of the FET
device terminated with the above obtained optimum Iy par at the
same bias condition and frequency. Thereby, the maximum PAE value
of 54.2 % is reached for an input power level of 32dBm at 4dB gain
compression. The output power at the same compression level yields
36.1dBm with an associated gain of 10.8 dB.

A further PAE enhancement is possible according to the theoreti-
cal analysis from the beginning of this section with the help of second
harmonic termination. Based on Equation 6.20 and wrongly assum-
ing a Class-B operation, the simulated maximum PAE of 54.2% can
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Figure 6.34: Simulated power-sweep of a 1 mm AlGaN/GaN HEMT

at 10GHz terminated with the opt. I'tpap at Vps=30V and Vgg=-
2.25V.
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be increased up to (1 + (0.42)?) -54.2% = 63.8%, i.e. a further PAE
improvement of 9.6 %. Taking into account that this transistor is op-
erated in Class-AB operation, the expected PAE enhancement due to
second harmonic tuning is slightly less than the theoretically calcu-
lated value.

AlGaN/GaN HEMT in Consideration of Second Harmonic Tuning

Additional load-pull simulations are performed regarding the second
harmonic tuning to determine optimum harmonic source and load
impedances.

Figure 6.35 shows the simulated PAE versus the magnitude (from
0 to 1 in 0.05-steps) and phase (from 0° to 360° in 5-degree steps) of
the output 2" harmonic termination of a 1mm AlGaN/GaN power
cell. Thereby, the HEMT device is terminated with I'r pag at the fun-
damental frequency of 10 GHz and operated at an input power level
of 32dBm and a biasing of Vps=30V and Vgs=-2.25V. According to
the figure, the maximum obtained PAE of 54.2% with the 2" har-
monic set to 50 () can be improved by more than 7 % by tuning the
second harmonic over a specific but small angle. The maximum PAE
value yields 61.5% and can be realized with an optimized second
harmonic termination with a magnitude of 1 (lossless case) and a
phase of 120°. As can be seen in the figure, for a value of zero for
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Figure 6.35: Simulated PAE versus magnitude and phase of the out-
put 2" harmonic termination of a 1mm AlGaN/GaN HEMT at
10 GHz and Pj,=32dBm under consideration of the optimum I'| pag
for maximum PAE at fj. Bias point: Vps=30V and Vgg=-2.25V.
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Mag{Ty, onq} a PAE of 54.2% is obtained, indicating the initial case
for which the 2" harmonic is set to 50 Q).

To provide a second harmonic short at 2fy at the output of the
HEMT device, a short-circuit stub is used that can be designed only
with a phase of 180° (see Subsection 6.2.2). To realize the short at the
optimum simulated phase of 120°, the short-circuit stub-network is
not implemented directly to the output reference plane of the HEMT
device, but has to be 60° phase-shifted.

Figure 6.36 depicts the simulated power-sweep of the 1 mm Al-
GaN/GaN HEMT terminated with the optimum I'; pag at the funda-
mental frequency and an optimum second harmonic termination at
the output of the device (lines without symbols) as well as the second
harmonic set to 50 () load (lines with symbols) for comparison. As
can be seen in the figure, the gain characteristic is completely unaf-
fected by the termination of the second harmonic, while the achiev-
able output power yields only 3.6 W/mm at an input power level of
32dBm compared with 4.1 W/mm in the case with the 2"¢ harmonic
set to 50 () load. Nevertheless, at higher input power levels the same
output power is obtained independent of the termination of the sec-
ond harmonic. The comparable PAE at 32 dBm input power amounts
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Figure 6.36: Simulated power-sweep of the 1 mm AlGaN/GaN HEMT
at 10 GHz terminated with I'y pag at the fundamental frequency and
an optimum output second HT as well as the second harmonic set to
50 ) load for comparison. Bias point: Vpg=30V and Vgg=-2.25V.
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61.3%. However, a maximum PAE of 62.7% is also obtained at a
higher input power level of 33 dBm.

Compared with the output 2"! harmonic termination, an equiva-
lent magnitude and phase sweep of the second harmonic is done for
the input side of the HEMT device at the same conditions as before.
The PAE values that are obtained in this way are depicted in Figure
6.37, showing a maximum PAE of 61 % at a magnitude of one and
a phase of 180°. This corresponds directly to the short location in
the Smith chart, i.e. an input short-circuit stub needs to be inserted
directly in front of the gate of the HEMT device.
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Figure 6.37: Simulated magnitude and phase of the 2" harmonic at
the gate side of an AlGaN/GaN power cell with Wy=1mm at 10 GHz
and Pj,=32 dBm under consideration of the optimum I'; pag for max-
imum PAE. Bias point: Vps=30V and Vgg=-2.25V.

Table 6.10 summarizes the PAE performance of a 1mm FET cell
terminated with the optimum load impedance I't par at the funda-
mental frequency of 10 GHz and ideal second harmonic terminations
at the input and/or output of the device operated at a biasing of
Vbs=30V and P,,=32dBm. In the first case, the second harmonic is
set to 50 Q2 leading to a PAE of 54.2 %. With an optimum 2" harmonic
termination at the drain side of the HEMT the PAE yields 61.3 %,
i.e. an absolute PAE enhancement of 7.1%. An ideal 2" harmonic
tuning at the gate side of the device delivers a comparable PAE im-
provement of 6.8 % with a maximum PAE value of 61 %. Using both,
an optimized input and output harmonic termination, a further PAE
improvement can be obtained with a maximum PAE of 62.3 %, yield-
ing a PAE enhancement of 8.1 %. The output power and power gain
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Table 6.10: Simulated PAE values for a 1mm FET cell terminated
with the optimum load I'ppag for maximum PAE at Vpg=30V,
Pn=32dBm, and 10GHz and in consideration of an optimum loss-
less 2 harmonic tuning at the input and/or output of the device.

2" harm. at output | 2”@ harm. at input | PAE | A PAE
[magnitude/phase] | [magnitude/phase]
0 0 542% -
1/120° 0 61.3% | +7.1%
0 1./180° 61.0% | +6.8%
1./120° 1/180° 62.3% | +8.1%

values stay nearly constant for all four cases.

According to the simulated load-pull results above, second har-
monic tuning delivers an absolute PAE improvement of approximately
7 % in Class-AB operation, independent of the 2"¢ harmonic termina-
tion at the input or output of the AlGaN/GaN HEMT device in the
above mentioned operation mode and with the assumption of a loss-
less 2™ harmonic tuning. This result fits together with the above
theoretical PAE enhancement of 9.6 % in Class-B operation.

In reality, harmonic tuning is realized with the help of short-circuit
stubs that are implemented close to the input or output of the HEMT
device leading to some non-negligible losses. Taking these losses
into account, the achievable PAE improvement becomes drastically
reduced. Table 6.11 gives an overview of the effective PAE enhance-
ment due to input and output harmonic tuning compared with the
case with an optimized load I'; pap at the fundamental and with all
higher harmonics terminated to 50 (). For example, if the magnitude
of the second harmonic termination yields only 0.8, the PAE improve-
ment decreases from the theoretical possible value of approximately
7% down to 3 %, independent of the 2" harmonic tuning at the gate
or drain side of the HEMT device as can be directly derived from
the diagrams 6.35 and 6.37, respectively. According to Table 6.11, the
influence of input and output second harmonic termination is com-
parable to a slightly better performance of the harmonic termination
at the load.

Figure 6.38 shows the simulated time domain output voltage and
current waveforms at the intrinsic device level with an optimized
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Table 6.11: Influence of a lossy 2" harmonic tuning at the input or
output of an AlGaN/GaN HEMT device on the PAE performance.
The FET cell is terminated with the optimum load I'L pag at the fun-
damental, at Vpg=30V, and P;,=32 dBm.

2" harm. PAE | APAE || 2" harm. PAE | A PAE
at input at output
[mag./phase] [mag./phase]
0 54.2% - 0 54.2% -
1.00 Z180° | 61.0% | +68% || 1.002120° | 613% | +7.1%
0.95/180° | 60.0% | +58% || 0.95,120° | 60.2% | +6.0%
0.90 £180° | 589% | +4.7% 0.90 £120° | 59.0% | +4.8%
0.852180° | 58.0% | +3.8% 0.852120° | 58.0% | +3.8%
0.80 £180° 57.3% | +3.1% 0.80 £120° 572% | +3.0%

I't pag at the fundamental and with all higher harmonics terminated
to 50 Q) (green lines), as well as with an optimized load at fy and
an optimized input (blue lines) and output (red lines) second har-
monic tuning, respectively. All simulations are performed at 10 GHz,
P;,=32dBm, and a biasing of Vps=30V and Vgg=-2.25V.
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Figure 6.38: Simulated time domain output voltage (solid lines) and
current (dashed lines) waveforms at the intrinsic device level with
optimized load at the fundamental and harmonic loads of 50 (2 and
optimized input/output second harmonic terminations, respectively.
All simulations are performed at 10 GHz, Pj,=32dBm, and a biasing
of Vps=30V and Vgg=-2.25V.

The figure on the left (Figure 6.38(a)) illustrates the effect of out-
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put second harmonic termination. According to Figure 6.30, there is
a significant 2" harmonic component in the drain current in Class-
AB operation. On closer examination of the output side of the tran-
sistor, with a shorted output second harmonic, the drain voltage at
2fo becomes zero based on a voltage-controlled drain-current source
leading to a zero output power at the second harmonic. As a result,
the drain voltage at the fundamental frequency becomes enlarged
with steeper slopes and appears rather sinusoidal compared with the
case without output second HT according to Figure 6.38(a). Con-
sequently, the increased output power at fy due to the forced zero
output power at the second harmonic leads to an improvement in ef-
ficiency. Another effect of the output second harmonic termination is
that the overlap between the output current and output voltage be-
comes slightly reduced due to a smaller effective operating current
angle & as can be seen in the Ipg characteristic. This overlap indicates
the power that is dissipated to heat by the device [6]. As a conse-
quence, the less power that is dissipated by the device, the higher the
PAE of the device becomes. Therefore, the PAE enhancement of the
device with optimized I't pag(fo) and output second harmonic tuning
can also be explained by the reduced overlap between the intrinsic
drain current and the intrinsic drain voltage.

The same conclusion can be drawn in case of a device with opti-
mized I'y par(fo) and input second harmonic termination, see Figure
6.38(b). In contrast to the output HT, input harmonic tuning has no
significant influence on the drain voltage, being only indirectly influ-
enced due to the modification of the drain current from the gate side.
Consequently, there is almost no change in the Vg int signal with and
without input 2"4 HT. However, the modified drain current leads to
a small effect on the PAE. The drain current characteristic in the fig-
ure shows a reduced operating angle &« where Ipg >0. Therefore,
the overlap between the output current and output voltage becomes
reduced, leading to less dissipated power and consequently to an im-
proved PAE performance.

These results confirm the conclusion of [22] which indicates that
the drain efficiency can be maximized by satisfying one of the two
following equivalent conditions: maximize the fundamental output
power or minimize both dissipated power on the device and the out-
put harmonic power by appropriate selection of harmonic termina-
tions. While the output HT is designed to properly terminate the
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drain current harmonic components with the aim of maximizing the
fundamental output power, the input HT network controls the drain
current generating mechanism as explained in [21].

Figure 6.39 shows the simulated dynamic intrinsic load curves for
the device terminated with an optimized load at the fundamental and
with the second harmonic set to 50 (), and optimized at the input and
output, respectively. Again, all simulations are performed at 10 GHz,
P,=32dBm, and a biasing of Vps=30V and V5s=-2.25V. In particu-
lar the loadline with output harmonic tuning shows a long vertical
portion near the knee voltage corresponding to the relatively flat bot-
tom of the drain voltage waveform (Figure 6.38(a)). In addition, the
trajectory of the device without harmonic tuning is located far from
the DC bias position (Vps=30V and Ips=100mA), while the trajec-
tories of the device with optimized input or output harmonic tuning
are kept close to or even around the location of DC bias. Input and
output harmonic termination result in a modified load-line towards a
Class-AB push-pull operation where the input and output harmonic
termination emulates the 2fj load of the second FET in contrast to the
simulated loadline of the device without harmonic termination that
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Figure 6.39: Simulated dynamic load lines at the intrinsic device level
with optimized load at the fundamental. Second harmonic loads are
either set to 50() (no HT) or optimal tuned at the input or output
of the device. All simulations are performed at 10 GHz, P;,=32dBm,
and a biasing of Vpg=30V and Vgg=-2.25V.
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shows a typical Class-AB single-ended operation. The theoretically
achievable PAE with a push-pull Class-B operation yields 78.5% as
shown in Chapter 3.1.2. However, this high PAE value is not possible
in this case because of the knee voltage, Class-AB operation, and only
2" harmonic tuning instead of tuning all even harmonics.

6.2.2 Harmonic Short Circuit Stubs

The goal of a 2"¢ harmonic short-circuit stub is the termination of
the second harmonic while keeping optimal conditions for the fun-
damental matching, i.e. a high Q-factor at f; according to [112]. Dif-
ferent kinds of short-circuit structures exist. The most simple real-
ization of a 2" harmonic short-circuit stub is an open-ended A/4-
transmission line. The drawback of this type is the fact that this
structure offers no broadband application and additionally occupies
a large chip area at X-band frequencies which makes a realization in
MMIC technology difficult. For a wavelength of

Mfo) = —C  ~11.8mm (6.21)

0 " \/Ereff

at the fundamental frequency of fyp=10GHz and with &,¢=6.5 ac-
cording to Section 5.3, the required quarter wavelength at 2f; yields
about 1.5mm. The simulated input reflection coefficient of the A/4-
transmission line yields Z;1 (fo) = 1.250) — j86.65Q) at 10 GHz leading
to a Q-factor of Q = Im(Z11(fo))/ Re(Z11(fo)) = 69. The parallel
resistance results from the product of Im(Z11(fp)) and the Q-factor
leading to 12.7 k().

However, the Q-factor strongly depends on the characterization of
the losses in the MSL definitions and in case of LC-networks of the
dielectric losses in the MIM capacitances. Since the characterization
of the microstrip lines and MIM capacitances are not exactly defined,
but only estimated, the value of the Q-factor is only estimated as well.
Nevertheless, all simulated Q-factors in this section are calculated on
the basis of identical assumptions. Therefore, these values only serve
as a comparison between the different network variants.

To overcome the problem of the placement of such a large short-
circuit stub-struc-ture, this section describes two different 2@ har-
monic short-circuit stub-structures that require less chip area, namely
series resonators. Both short-circuit designs are analyzed in the fol-
lowing emphasizing the advantages and drawbacks of each configu-
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ration. The series resonators are then implemented in a shunt connec-
tion close to the input and/or output of the HEMT device according
to the circuit block diagram of the single-stage HPA in Figure 6.31
to shorten the 2" harmonic at the gate and/or drain side of the de-
vice. Both short-circuit stubs are designed for best transmission at
the fundamental frequency of 10 GHz and for best reflection at the
2" harmonic at 20 GHz.

Stub-Structure 1

The first second-harmonic short-circuit stub consists of a relatively
small MIM capacitor of 70 fF and a long short-circuit microstrip trans-
mission line with L;=0,9nH. The resulting resonance frequency of
this resonant circuit yields

1
=———— ~20GHz. 6.22
fres 21 -LC z (6.22)
The schematic and the layout of the stub-structure 1 are illustrated in
Figure 6.40.
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Figure 6.40: Schematic and layout of stub-structure 1 to shorten 2.

The simulated reflection coefficient S11 of the stub-configuration 1
features only a small return loss of approximately -0.1dB at 10 GHz
and the desired resonance at 20 GHz with a return loss of better than
-1.5dB for a frequency range of about 4 GHz, as can be seen in Figure
6.41(a). In addition, Sy in Figure 6.41(b) clearly reaches the required
close proximity to the short region of the Smith chart at 20 GHz
(511(2fp)=0.81 £179.2°), but with some considerable losses and sub-
sequently degradation of the expected power-added efficiency. Ac-
cording to Table 6.11, with this short-circuit stub-configuration with
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a S11 magnitude of 0.81 at 2fj, a maximum PAE improvement of 3 %
at device level can be realized, independent whether the 2"¥ harmonic
tuning is applied at the input or output of the HEMT device, respec-
tively.
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Figure 6.41: One-port simulation results of the short-circuit stub-
structure 1.

Ideally, the additional short-circuit stub-network does not interact
with the fundamental matching circuit, but this is only true if Sig
delivers an open at fo=10GHz with 1£0°. Nevertheless, it is not
possible to design a 2-element series resonator at 2fy with an open
at fo. For example, this stub-configuration yields a Si1(fp) at the
fundamental frequency of 0.99 £33.7° (figure 6.41(b)). Therefore in
practice a significant compensation readjustment to the fundamental
matching network is necessary.

Furthermore the stub is optimized for a high Q-factor at the de-
sign frequency. The Q-factor is 76.7 for Z11(fp) = 2.15Q — j165Q) at
10GHz. The resulting parallel resistance amounts 12.7 k(). As a re-
sult, the Q-factor of this stub-structure is approximately 10 % higher
than that of the A/4-transmission line.

Stub Structure 2

To reduce the significant loss of the stub-structure 1, a second short-
circuit is designed. This stub-structure features two resonant circuits
leading to two different resonance frequencies. The stub-circuit is
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designed for lower losses and to deliver "shorts" at the second and
fourth harmonic, at 20 GHz and 40 GHz, respectively.

Figure 6.42 shows the schematic diagram and the layout of the
stub-configuration2. In this case, the lower short circuit with the
larger dimensions of the MIM capacitance C; and the microstrip trans-
mission line L; delivers the short at the second harmonic, while the
upper short circuit with the smaller C and L dimensions causes the
short at the 4" harmonic. Both short-circuits are independent of each
other and can be designed separately.

via = via GND
L, G,
c, Main Line
Main Line Main Line L,
L
. © 10
via = via GND

Figure 6.42: Schematic and layout of the stub-structure2 to shorten
2f0 and 4f0.

The simulated reflection coefficient S1; of the stub-structure?2 is
depicted in Figure 6.43. This stub-structure features a similar reflec-
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Figure 6.43: Simulated reflection coefficient Sq; of the short-circuit
stub-structure 2.
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tion at 10 GHz of approximately -0.1 dB compared with stub-configu-
ration1, while the reflection at 20 GHz differs a lot. On the one
hand, at the second harmonic the short-circuit stub 2 delivers a three
times lower reflection of approximately -0.5dB. On the other hand,
within the Smith chart the reflection coefficient Sq; clearly presents
the required close proximity to the short region of the Smith chart at
20GHz as well as at 40 GHz (see Figure 6.43(b)). The Sq; values for
the fundamental frequency of 10 GHz as well as for the second and
fourth harmonic are summarized in Table 6.12. The magnitudes for
the 2" and 4" harmonic are 0.93 and 0.90, respectively. These values
correspond to a PAE enhancement of 5-5.5 % on device level as shown
in Table 6.11.

The Q-factor of the stub-configuration2 has about the same value
at the fundamental frequency than the other stub-circuit, namely
75.5. However, the parallel resistance of the stub-circuit2 amounts to
4.3kQ). Thus, the resulting parallel resistance of the stub-structure 2
is about 3 times lower than that of the stub-configuration 1.

To sum up, the stub-configuration1 yields a higher loss at the
second harmonic leading to a smaller possible PAE improvement as
shown in Table 6.11. Nevertheless, the resulting parallel resistance of
this stub-circuit is three times higher than that of the stub-configura-
tion2. Consequently, stub-structure 1 implemented at the output of
the device is barely discernible at Ry. In addition, stub-structure 1
requires less chip area and is therefore easier to implement at the
input and/or output of the device.

Table 6.12: Simulated reflection coefficient S1; of the entire stub-
structure 2 at the fundamental frequency fp =10 GHz and for the sec-
ond and fourth harmonics.

[ S11 | magnitude/phase | real+imaginary part of I' |

at fy | 0987/ —82.9° 0.75Q — j56.60
at2fy | 093 £—179.8° | 1.79Q — j0.1Q
at4fy | 090 /+179° 2.50Q + j0.45Q
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6.2.3 Effects of Harmonic Load Termination

The harmonic termination stub-structures should be implemented di-
rectly to the input and/or output of the active device for best results.
Since this is not possible for the layout of the power amplifier, the clos-
est accessible point outside of the transistor within the fundamental
matching networks is used. This makes the harmonic short difficult
to realize at the correct point resulting in the need for a readjustment
of the stubs and fundamental matching networks.

Initially, the influence of an output harmonic termination on the
fundamental output matching network is discussed concerning the
two different stub-structures. Subsequently, the effect of an input
harmonic termination on the fundamental input matching network is
analyzed.

Harmonic load termination is a promising technique for realiz-
ing high efficiencies with MMIC power amplifiers. There are various
publications that predict a PAE improvement of up to 10% using
harmonic load termination in power amplifiers within L-Band and
X-Band frequencies in different technologies and operation classes
[52], [4], [19], [36]. Terminating the second harmonic at the load of
a transistor while keeping I't pag(fo) at its optimum value leads to a
PAE enhancement that results from the shaping of the drain current
waveform [54].

The harmonic load termination in terms of a series resonant circuit
tuned to the second harmonic frequency is shown schematically in a
simplified active device output model without DC supply networks
in Figure 6.44.

I L

nggs * RysF Ceff.Oul ! Lcomp Ry =

Z,=50Q
T T G (no HT) | atf,
short circﬁil
at 2f

Figure 6.44: Simplified active device output model with second har-
monic tuning.
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The equivalent output circuit of the GaN HEMT can be approxi-
mated with the parallel-circuit of the drain-source resistance Rqs and
Ceff,out with

Ceffout = Cds + Cgq ~ 0.4 pF/mm (6.23)

as a typical value for a 0.25 ym GaN HEMT technology as considered
here. Here R4 and the drain-source capacitance Cgyg are both non-
linear functions of the drain-source and gate-source bias voltages Vs
and Vgs. Since Rygs > Ry in the Ipg saturation region it can be ne-
glected. Hence, the load resistance Ry, can be calculated according to
Equation 3.13 and yields about 60-100 () with an expected maximum
drain current of Inmax=0.8-1 A and a drain voltage of Vpg=30-40V.
Furthermore, at the fundamental frequency of 10 GHz, the reactance
of Cef out yields

1
j wo Ceff,out

1
B 2 7'[f 0 Ceff,out

i.e. Ry and Xc are at a comparable impedance level.

In addition, Figure 6.44 includes the short-circuit at 2f; as well as
the effective compensation inductance Lcomp,noHT connected in par-
allel to the load resistance Ry, at the fundamental. Lcomp, noHt parallel
connected to Ry, is equivalent to the circuit on the right, consisting of
the fundamental output matching network and the 50 () load.

The main problem of harmonic load termination of an AlGaN/
GaN HEMT is the small value of Cef oyt leading to a rather high
impedance level of I't which makes a matching of the second har-
monic short-stub at the load of the transistor more difficult than at the
input of the device with the low input impedance I';, of the HEMT.
Thereby, the effective compensation inductance of the output match-
ing network at the fundamental results in

Xc(fo) = ’

~ 400, (6.24)

X
Leomp, noHT = ’]w(;‘ ~ 637 pH . (6.25)

The second harmonic short-circuit is realized through a series res-
onance of C; and L to prevent the harmonic drain voltage component
at 2fy leading to a zero output power at the second harmonic as ex-
plained in more detail in Section 6.2.2. Accordingly, the drain voltage
at the fundamental frequency becomes enlarged resulting in a higher
output power at fy which in turn leads to a PAE enhancement.
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The primary requirement on the short-circuit is a low-resistance
short at 2fy according to the results from the LP-simulations of the
HEMT device with 2" harmonic tuning (see Table 6.11). Here, the
PAE improvement is strongly influenced by I'p »f. Therefore, the
demand that ]FL, zfo‘ tends towards 1 leads to a maximum possible
PAE.

To achieve this requirement, the parallel resistance R,eg 260 = Zi/Q
of the stub-circuit needs to be minimized. With a constant given Q-
factor in MMIC technology, the parallel resistance becomes reduced
for a lowered image impedance Z; = +/L1/C; of the stub-circuit
which is the case for a low inductance L; and a high capacitance C;.

Nevertheless, according to Equations 6.26 and 6.27 a high capaci-
tance and low inductance in the 2 resonator lead to additional capa-
citance C,q4q at fo that needs to be compensated with the fundamental
OMN.

Xcadd(fo) = ’ jwoly — ]w(l)Cl (6.26)
1
Cadd (fo) ‘ ooXcaaafo) (6.27)

Thus, the effective output capacitance Cef oyt at the fundamen-
tal including C,4qq4 of the second harmonic short-stub results in

Ceff, outHT (fO) = Ceff,out + Cadd (628)

leading to a reduced compensation inductance Leomp at according to
Equation 6.25. As a result, the higher the effective output capacitance
including C,4q, the smaller is the resulting parallel resistance of the
short-circuit at the fundamental frequency and in turn the narrower
becomes the possible bandwidth of the fundamental output matching

network.
L
Rees = || i / Q (6.29)
eff, out HT

In other words, the higher the resulting parallel resistance of the
short-circuit at the fundamental frequency, the less it is discernible
compared with Ry. According to the results of both stub-configura-
tions, the short-stub2 offers a three times higher parallel resistance
based on the calculations given in Subsection 6.2.2 which makes this
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stub-network more suitable for the use as a harmonic load termina-
tion.

Nevertheless, in simulations both stub-structures are implemented
to the output of the active device followed by the fundamental output
matching network. In this way, the influence of both harmonic load
terminations on the fundamental output matching as well as on the
net insertion loss are examined and compared with each other.

Impact on Fundamental Output Matching Network

Figure 6.45 depicts the simulated output reflection coefficient (left
side) and the net insertion loss (right side) of the output matching net-
work without (blue line) and with 2"¢ harmonic termination stubs, i.e.
with the implemented short-stub 1 (green curve) and short-stub 2 (red
curve). Thereby, the net insertion loss of the OMN is calculated ac-
cording to Equation 3.17. The green area in the left figure indicates the
-10dB matching-bandwidth of the output matching network with-
out termination stub-network yielding a bandwidth of approximately
4.5 GHz. Even though both short-circuit stubs are designed for termi-
nating the second harmonic only with best transmission at the funda-
mental frequency, there is a strong influence of the termination stubs
on the -10dB matching-bandwidth of the matching network leading
to a decrease of the -10 dB matching-bandwidth of about 1/3. In ad-
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(a) Output reflection coefficient (b) OMN net insertion loss

Figure 6.45: Simulated output reflection coefficient I'y4 and net inser-
tion loss of the output matching network without (blue line) and with
(red+green line) 2" harmonic terminations.
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dition, the stub-structure2 causes a frequency shift of the matching-
bandwidth of about 2 GHz downwards that is only compensable with
additional losses in bandwidth. Consequently, the implementation of
a short-circuit stub at the output of an AlGaN/GaN HEMT device
strongly affects the fundamental matching.

However, the matching networks with harmonic termination stub-
circuits deliver a very high net insertion loss of more than 20 dB at the
2" harmonic (Figure 6.45(b)). The net insertion loss of the matching
network without HT is less than 0.5 dB at the fundamental frequency,
and increases only up to 0.65dB taking one of the short circuit stub-
structures into account. There is a good agreement between the in-
creased net insertion loss and the reflection coefficient of the stub
structure itself at 10 GHz (Figure 6.41(a)).

Due to the strong influence on the fundamental matching espe-
cially concerning the stub-circuit2, the stub-structure1 is chosen for
the harmonic load termination. Even though the stub-configuration 1
yields the higher loss at the second harmonic leading to a theoreti-
cally smaller possible PAE improvement as shown in Table 6.11, the
influence on the fundamental matching is less with regard to the high
parallel resistance of this stub-circuit (see last subsection).

A comparison of the simulated reflection coefficients I'y4 of the
output matching network with (right side) and without (left side)
second harmonic termination in terms of the stub-structurel is de-
picted in Figure 6.46. The green curve shows the output reflection
coefficient I'y4, while the red curve depicts the matching Ss3 to the
simulated optimum load impedance I'; pag for maximum PAE of the
power cell over a frequency range from 0.1 up to 30 GHz. The loca-
tion for the optimum load reflection coefficient I't, pAg of the device
at the fundamental frequency is displayed in blue. In case of an im-
plemented 2™ harmonic termination stub (Figure 6.46(b)), the 2"
harmonic is closely matched to zero impedance in the Smith chart.
S33(2fp) yields 0.8 £178.8° compared to the stub-structure itself that
delivers a magnitude of 0.81 at the second harmonic. The loss of
the entire output matching network including the 2"? harmonic stub-
circuit is comparable to the loss of the stub-circuit at 2fj itself. As
shown in Table 6.11, theoretically a PAE improvement of 3.3 % is pos-
sible with this configuration.
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Figure 6.46: Comparison of simulated reflection coefficients of the
output matching network without (left side) and with (right side)
second harmonic termination including the device’s load reflection
coefficient I'r, (blue) at fundamental frequency.

6.2.4 Influence of Input Harmonic Termination

In contrast to the output harmonic tuning, the input HT network
controls the drain current generating mechanism as described in [21].
High efficiencies can be reached as long as the input signal driving
the device current generator is purely sinusoidal [130]. However, in
a real HEMT device with the transistor biased close to pinch-off volt-
age as in Class-AB and Class-B operation, the current waveform is
non-ideal due to harmonic components leading to signal distortion.
The main reason for the signal distortion at the input gate of the
transistor is the typical gate capacitance Cgs of the FET that yields
a strong nonlinearity around threshold voltage Vi, with respect to
applied input voltage. The non-linear characteristic of Cgs distorts
the input waveform thus destroying the a priori assumption of sinu-
soidal drive. The improvement of the performance limitation due to
this effect is done by retrieving the sinusoidal drive by inserting short
circuit input harmonic terminations directly in front of the device,
ideally placed directly across Cgs [137]. Initial simulations of the de-
vice with and without input HT are done to study the possible PAE
improvement.
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However, in the real HPA MMIC design it is not possible to place
the input HT at its optimum position. PAE improvements due to
the use of short-circuit stubs at the input of the transistor device are
reported in [2], [65], [135], [38]. Most of these papers describe the
achieved PAE values with input harmonic tuning based on Class-F
operated pHEMT devices at frequencies between 1-5 GHz, however
Watanabe [135] presents the influence of input HT on the basis of
a GaAs FET performed at 6 GHz in Class-AB operation. A maxi-
mum simulated PAE of 31 % (no HT) and 38 % (with input HT) was
achieved in saturation yielding to a PAE improvement of 7 %. This re-
sult has the same tendency to the here simulated AlIGaN/GaN HEMT
devices with and without input harmonic tuning given at the begin-
ning of this section.

Alternative approaches to reduce the effect of non-linear input
capacitance include a shunt capacitor circuit for realization of broader
band solutions, but at the expense of worse input matching, due to
the voltage-dependent increase of capacitance, proposed by P. White
[138]. In addition, a novel compensation technique using an inverted
diode is proposed by K. Jeon [49].

Impact on Fundamental Input Matching Network

In this section, the use of short-circuit input harmonic termination
is analyzed in comparison to the short circuit output harmonic ter-
mination. Just as for the output matching network, both short-stub
structures are inserted in front of the gate of the HEMT device during
ADS simulations. Figure 6.47 shows the simulated input reflection co-
efficient (left side) and the net insertion loss (right side) of the input
matching network without (blue line) and with 2" harmonic termi-
nation stubs, i.e. with the implemented short-stub 1 (green curve) and
short-stub2 (red curve). The green area in Figure 6.47(a) represents
the -10 dB matching-bandwidth of the input matching network with-
out harmonic termination covering a 3 GHz bandwidth. The com-
parison of the I'jj-curves with and without HT shows only a small
decrease in the -10 dB matching-bandwidth for the matching network
with harmonic termination, whereas the sub-structure 2 (HT2) is in-
significantly inferior to HT1. On the whole, the input reflection coef-
ficient remains nearly unaffected by the termination stubs.
Regarding the net insertion loss of the input matching networks
with and without 2" harmonic termination shown in Figure 6.47(b),
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Figure 6.47: Simulated input reflection coefficient I'i; and net inser-
tion loss of the input matching network without (blue line) and with
(red+green line) 2" harmonic terminations.

as determined using Equation3.19, the smallest net insertion loss is
reached for a frequency range from the fundamental frequency of
10GHz up to 12GHz. At 10 GHz the net insertion loss yields 1.6 dB
and 1.7dB for the network without and with harmonic termination
stub structures, respectively. This result fits perfectly together with
the simulated reflection coefficient of the stub structure itself at the
fundamental frequency shown in Figure 6.43(a). Nevertheless, a high
net insertion loss at the 2" harmonic can be noticed for the network
with harmonic termination stubs compared with the IMN without
HT. The net insertion loss at the second harmonic becomes even more
increased by the use of the short-circuit?2 that also features an addi-
tional high net insertion loss close to the 4" harmonic.

In the ideal case, the input matching network is lossless, i.e. the
net insertion loss is equal 0dB. At the fundamental frequency of
10GHz, the real network offers a minimum net insertion loss in-
dependent of the use of harmonic termination resonant short-stubs.
However, it also shows high net insertion losses at 2fy (HT1 and HT2)
and 4fy (HT2) due to the direct coupling of the "main line" and the
resonant circuits.

Since both stub-circuits deliver similar results regarding the fun-
damental matching capabilities and the net insertion loss at 10 GHz,
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for further consideration the stub-circuit?2 is used for the input har-
monic termination due to its lower loss at the second harmonic ac-
cording to the last subsection.

Figure 6.48 gives a comparison of the simulated reflection coeffi-
cients of the input matching network with (right side) and without
(left side) second harmonic termination using stub-structure2. Ac-
cording to Figure 6.46, the green curve represents the matching of
the input reflection coefficient 'y, opt of the FET to the input load of
50 () at the fundamental frequency while the red curve displays the
matching of the 50 () load at port 1 of the IMN to the conjugate I'iy opt
of the transistor. In addition, the location for iy opt Of the device at
the fundamental frequency of 10 GHz is shown in blue.

z=50a 05
f=0.1 ... 30 GHz -1,0) — T #=01..30GHz -1,0) L

(a) without HT (b) with HT-2

Figure 6.48: Comparison of simulated reflection coefficients of the
input matching network without (left side) and with (right side) sec-
ond harmonic termination (stub-structure?2) including the device’s
opt. input reflection coefficient Iy, opt (blue) at the fundamental fre-
quency.

In Figure 6.48(a), the red curve shows a good matching to the
optimum T'j, opt at the fundamental, but no matching at the second
harmonic (S2(2fp) = 0.81 £166.2°). However, in the case with an
embedded termination stub (figure 6.48(b)), the red curve still shows
a good matching to the optimum ', opt at the fundamental, but also
a very good shortening of the second (S (2fp) = 0.91 £179.8°) and
fourth (Sx2(4fy) = 0.90 £179.3°) harmonic. According to Table 6.12,
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the stub-circuit itself delivers a magnitude of 0.93 and 0.9 at 2f; and
4fy, respectively. These values are comparable to the losses of the
entire matching network at the second and fourth harmonic.

With this configuration, theoretically a PAE improvement of ap-
proximately 5.3 % is possible (see Table 6.11).

Conclusions

Regarding the location of the opt. load reflection coefficient I't, pap
compared with the location for the optimum input reflection coeffi-
cient I'iy opt, @ much higher design effort is necessary to reach an even
worse matching result with smaller bandwidth for the harmonic ter-
mination at the output than at the input of the device. At 10 GHz, the
high impedance of I'; pag strongly affects the harmonic load termi-
nation compared with the low-impedance of Ty, opt which is located
close to the short in the Smith chart and offers only a small influence
on the input harmonic termination. On the basis of the obtainable
PAE values at device level, Table 6.13 gives an overview of the es-
timated PAE values for a single-stage PA terminated with I'y pag at
Vbs=30V, P;,=32dBm, and 10 GHz and in consideration of the influ-
ence of the above simulated fundamental matching networks includ-
ing the input and output 2" harmonic terminations.

Table 6.13: Estimated PAE values for a single-stage PA terminated
with Ty pag at Vps=30V, P,=32dBm, and 10 GHz and in considera-
tion of the above simulated fundamental matching networks includ-
ing the input and output 2" harmonic terminations.

| Fundamental IMN [ Fundamental OMN [ PAE | A PAE |

- - 542% | -

- with 2 HT 575% | +3.3%
with 2" HT - 59.5% | +5.3%
with 2" HT with 24 HT 60.9% | +6.7%

In addjition, in contrast to the matching of the IMN to the optimum
Lin, opt the matching to the optimum I'L pag in the output matching
network is very sensitive towards even small changes of the C; and
L, values within the short-circuit stub.
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6.2.5 Design Configuration of the Monitor-HPAs

In this section, the use of 2"? harmonic termination stubs at the input
and/or output of a HEMT device is analyzed according to the ap-
plicability as a circuit design technique to improve the power-added
efficiency of a high-power-amplifier. Since the PAE of a HPA mainly
depends on the efficiency of the PA-stage as discussed in the last sec-
tion (6.1), harmonic termination finds the highest impact when used
at the input and/or output of the PA-stage transistors. Since in gen-
eral the PA-stage of a X-band power-amplifier consists of several par-
allel FET cells, harmonic termination stubs need to be implemented
symmetrically to all PA-stage FET cells. To identify the impact of
the harmonic termination on the PAE performance of a HPA by ex-
cluding any other influencing factors, in this study only one FET cell
is examined with an input and output matching network to a 50 ()
environment. Thereby, the PAE of the HEMT device together with
the fundamental matching networks is analyzed with and without
2" harmonic termination at the input, output, and both input and
output of the transistor [60].

Critical Design Aspects

As a result, four single-stage HPA MMICs, named Monitor 1 to Mon-
itor 4, each with an 8x125 ym AlGaN/GaN-HEMT are designed with
all possible 2™ harmonic termination variations for a narrowband
frequency range around the X-band center frequency of 10 GHz. For
all MMICs the T-gate HEMT technology in chosen with a gate-to-gate
pitch of 50 yum. No source-connected shields are implemented, and
the aluminum concentration of the AlGaN layer is 22 % again.

To simplify measurements, the matching networks of these de-
signs contain no additional DC-paths. The DC-biasing occurs be-
yond the RF-probes so that DC-probes are excluded leading to re-
duced complexity of the test structure MMICs. Nevertheless, the
input and output matching networks contain parallel capacitances
for DC-blocking. Though, all four power amplifiers are designed for
comparison.

Table 6.14 gives an overview of the four PA designs with and with-
out harmonic termination at the input and/or output of the device.
The MMIC Monitor 1 consists only of the above mentioned HEMT
device with fundamental matching networks at the input and output
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Table 6.14: Overview of the 2" harmonic termination within the four
PA MMICs.

| Circuit [[ HT within IMN [ HT within OMN |

Monitor1 - -
Monitor 2 - HT
Monitor 3 HT -
Monitor4 HT HT

of the device but without any second harmonic terminations. Har-
monic termination in form of additional short-circuit stubs is used
within the output matching network (HPA Monitor 2), within the in-
put matching network (HPA Monitor 3), and at the combination of
both (HPA Monitor 4).

Layouts

The MMIC chip layouts of the HPA Monitor 1 to Monitor 4 are shown
in Figure 6.49. The chip size of the MMIC Monitor1 amounts to
2.25 x 1.25mm?. With a chip size of 2.25 x 1.5mm? each, the other
three designs are slightly larger than their pendant Monitor1 that
has no specific harmonic termination network. All four MMICs are
processed on the same wafer for easy comparison.

6.2.6 Evaluation of the Harmonic Termination Influ-
ence on PAE

Small-Signal Measurements

Figure 6.50 shows a comparison of the measured CW-5-parameters
for all four MMICs Monitor 1 to Monitor4 at Vpg=30V and a drain
current Ipg=150mA. The green region presents the 1dB bandwidth
of about 2 GHz relating to the original MMIC Monitor 1. As can be
clearly seen in the figure, there is a reduction in the Sy;-bandwidth for
both MMICs with harmonic load termination (Monitor2 and Moni-
tor4), while the MMIC with input harmonic termination (Monitor 3)
retains the bandwidth of the MMIC Monitor 1 almost unchanged. The
decrease in the Sy;-bandwidth for the MMICs with output harmonic
termination can be explained by the simulated fundamental matching
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(a) HPA Monitor 1 (b) HPA Monitor 2

— —]

- |

(c) HPA Monitor 3 (d) HPA Monitor 4

Figure 6.49: Photographs of the MMICs Monitor1 to Monitor 4
with the harmonic termination networks marked. The chip size is
2.25 x 1.25mm? for the HPA Monitor 1 and 2.25 x 1.5mm? for the
three other designs, respectively.

of the single networks with and without harmonic termination (see
Subsection 6.2.3). There is a similar reduction in the -10 dB-matching-
bandwidth of the corresponding output matching network with and
without termination, while the -10 dB-matching-bandwidth of the in-
put matching network with and without termination remains con-
stant.

Large-Signal Data

In Figure 6.51 the CW-power-results of all HPAs (Monitor 1-4) mea-
sured at Vpg=28V and Vgs=-2.5V are compared with each other. On
the left side in Figure 6.51(a), CW-power sweeps at 10 GHz are shown,
while on the right side in Figure 6.51(b) CW-power-measurements are
performed for a frequency range from 8 GHz up to 11 GHz at a con-
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Figure 6.50: CW-S-parameter measurements of all HPAs Monitor 1-4.
Bias point: Vpg=30V and Ips=150maA.

stant input power of P;,=29dBm. The input power level of 29 dBm
is found to be the best to achieve maximum efficiency as can be seen
in the figure on the left. The MMICs are measured in a broadband
system with an input and output load of 50(). As intended and
designed, 10 GHz is found to be the optimum frequency to achieve
maximum PAE with all four HPAs.

On the one hand, the achievable output power Py, and gain at
10GHz are reduced by up to 20% and 9% due to the harmonic
termination as shown in Figure 6.51(a), respectively. Hereby, the
output power Pyt is in the range from 36 dBm to 36.8dBm for all
HPA MMICs at an input power of Pi,=29 dBm and at a frequency of
10 GHz. The associated gain reaches 7.2 - 7.8 dB for all HPAs.

On the other hand, the PAE is increased due to the application
of harmonic termination despite of the reduced output power to the
same time. The PAE enhancement implicates that the DC power must
be reduced even stronger than the output power. For the HPA Moni-
tor 1 without any intentional harmonic matching, a maximum PAE of
46.9 % is realized. Additional harmonic load termination (Monitor 2)
and input harmonic termination (Monitor 3) give significant increases
in the PAE up to 51.1 % and 52.2 %, respectively. The highest PAE of
53.2% is measured with the MMIC Monitor4 with both input and
output harmonic termination. Furthermore, a strong reduction in



6.2. Harmonic Termination Effects on PAE Behavior 189

0
\[——Mon1|[V,.= 28V |[10 GHz Vo= 28V |[29.dBm
H—=—Mon2lly =-25Vv = 5 Ves=28V] 4

[}
o

[dBm]

a
o

3 ||—v—Mon3 £ K
22 T TN\
S0 /""j/'#' " L - !%
8 20 - // ¥ 30 %.?//

B 7 m f/ *‘ Mon1 \
£ ol < —=—Mon2 \
|.|<J -~ ——— 20 % —v—Mon3 \
z ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ —e— Mon4 ‘
14 16 18 20 22 24 26 28 30 32 8 9 10 1
P, [dBm] Frequency [GHz]
(a) Power sweeps at 10 GHz (b) Frequency sweeps at P, =29 dBm

Figure 6.51: Comparison of CW-power-measurements of all HPAs
Monitor 1-4. Bias point: Vpg=28V and Vgg=-2.5V.

PAE is shown in Figure 6.51(b) when moving away from the center
frequency of 10 GHz. While Monitor 3 offers almost the same fre-
quency range than the standard harmonically-unmatched Monitor1,
Monitor 2 and Monitor 4, both with output HT, show only an im-
provement of PAE for a small frequency range of less than 1GHz
from about 9.5 GHz up to nearly 10.5 GHz.

Discussion

Both the power-measurements and the small-signal simulations and
measurements show equivalent gain performances. While the input
HT has almost no impact on the gain characteristic and matching
over the entire X-band frequency range, the output HT strongly af-
fects both the gain characteristic and the fundamental matching per-
formance, especially towards higher X-band frequencies. The CW-
power-measurement results are summarized in Table 6.15 for easy
comparison.

The same as for the gain and matching performance accounts for
the output power realized with the different HPA MMICs. On the
one hand, input HT delivers only a small decrease in Poy¢ of 0.2dB at
10 GHz compared with the standard HPA MMIC. On the other hand,
output HT provides a reduction of 0.7 dB in the output power.

On closer examination of the obtainable PAE, the observed mea-
sured PAE improvements correspond perfectly to the estimated PAE
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Table 6.15: CW-power-measurement results of the four HPA MMICs
measured at 10 GHz, P;,=29dBm, and at Vpg=28V and V5g=-2.5V.

l MMIC “ Gain [ Pout [ PAE [ Evaluation
Monitor 1 7.8dB | 36.8dBm | 46.9% | - standard
=48W - harmonically-unmatched
Monitor 2 72dB | 36.1dBm | 51.1% | - PAE-increase at 10 GHz
(output HT) =41W > 4% with reduced

Gain and Pyyt
- PAE-increase over narrow

bandwidth of 1 GHz
- high design effort
Monitor 3 7.7dB | 36.6dBm | 52.2% | - PAE-increase at 10 GHz
(input HT) =45W > 5% with const. Gain and

slightly reduced Pout
- 4-5 % PAE-increase over
2.5GHz bandwidth
compared with standard
Monitor 4 7.2dB | 36dBm 53.2% | - PAE-increase at 10 GHz

(input+ =4W > 6% with reduced
output HT) Gain and Pyyt
- PAE-increase over narrow
bandwidth of 1 GHz
- high design effort

enhancements from Table 6.13. This study shows that the elaborated
use of input as well as output second harmonic termination of an
AlGaN/GaN HEMT delivers a comparable PAE improvement of 4-
5% on circuit level at the fundamental frequency of 10 GHz in CW-
operation compared with the standard MMIC that is harmonically-
unmatched. Using both input and output HT yields even a PAE
enhancement of up to 6%. This suggests the conclusion that with
a typical 0.25um AlGaN/GaN HEMT technology, such as that an-
alyzed here, a PAE-enhancement of up to 6% over a narrow band-
width is realistic as long as the technology is stable and there are not
too many devices in parallel in the PA-stage.

Nevertheless, the design of a suitable network for broadband har-
monic termination is a challenge. Within this section, the potential
for HPAs with high PAE-values is evaluated only for narrow-band
applications. As can be seen in Figure 6.51(b), the PAE improvement
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due to output second harmonic termination is realized only at the
expense of smaller bandwidth. In this case, an increase in PAE can be
obtained only over a narrow bandwidth of 1 GHz around the funda-
mental frequency, i.e. a relative bandwidth of 10 %. There is a strong
decrease in the obtainable PAE below and above this frequency range.
In contrast to the output HT, the input harmonic termination deliv-
ers a PAE enhancement of 4-5% over a wider bandwidth of about
2.5GHz around the fundamental frequency compared with the stan-
dard MMIC. As a result, using input harmonic termination delivers
a high potential for further HPA applications even with the purpose
of broader bandwidth of up to 2-3 GHz.






Chapter 7

Conclusion and Outlook

GaN based HPAs have become of particular importance for airborne
and space related radar applications as well as for communication
systems [95], [46]. Currently, however, the GaN-based transistor tech-
nology development is still in progress, offering lower power-added
efficiency (PAE) values in comparison to e.g. GaAs [18]. Due to the
limited power supplies of modern airborne and space related self-
sustaining systems, PAE improvement is indispensable. As a result,
the focus of this thesis was the design of AlIGaN/GaN-HEMT high-
power amplifiers in Class-AB operation for X-band (8-12 GHz) ap-
plications with particular emphasis on an optimized PAE. Class-AB
operation is commonly used for high-power radar applications where
high output-power levels above 20 W with associated PAE values be-
yond 40 % are required.

Figure 7.1 gives a temporal overview of the RF-performance of all
single- and dual-stage HPA MMICs that were designed, processed,
and evaluated in the course of this work. All HPAs were designed
for a center frequency between 8-10 GHz with main attention to the
realizable PAE performance. Besides the indicated values that were
measured in CW-mode, all other MMICs were operated in pulsed-
RF mode with long-pulse operation (100 us) for a duty cycle of 10 %.
Especially the single-stage HPAs (unfilled symbols) suggest a contin-
uous development with significant PAE improvements on MMIC de-
sign level over time. Essential PAE enhancements could be obtained
related to the first HPA designs that offered PAE values of about 20 -
25%. In the course of this work, PAE values of above 40 % could be
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Figure 7.1: Temporal overview of the RF-performances of all HPA
MMICs reported in this work with a center frequency between 8-
10GHz. Besides the indicated circuits that were measured in CW-
mode, all other MMICs were operated in pulsed-RF mode with a
duty cycle of 10 %.

realized with recent dual-stage HPA MMICs in pulsed-RF and even
in CW-mode, and PAE values of even above 50 % were measured with
single-stage monitor amplifiers.

This significant increase in PAE over time was achieved due to
both a PAE enhancement at the device level and on improved design
techniques. The first aspect consists mainly in the GaN HEMT de-
vice processing technology. Over the last few years, the DC- and RF-
performance of the AlGaN/GaN HEMT could be increased rapidly
up to the outstanding Fraunhofer IAF 0.25 ym GaN HEMT technol-
ogy performance demonstrated in Chapter 2.1. The impact of the
technology progress on HPA circuit designs was investigated within
the scope of this work (Chapter 4). By means of modifications on the
gate module, i.e. the implementation of gate- and source-connected
field modulating plates, as well as due to an improved HEMT struc-
ture and layout, i.e. the reduction of the aluminum mole fraction and
a reduced gate-to-gate pitch, the PAE could be improved from 22.5 %
to over 40 % at the HPA design level.



195

The second aspect, the PAE improvement on the design level, was
of particular interest in this thesis. In addition to the different de-
sign aspects for PAE enhancement, this work presented a first bal-
anced microstrip HPA demonstrator in GaN technology for X-band
frequencies to overcome the GaN-specific problem of a high load-
impedance level that causes a poor output matching capability. So far,
this is the only balanced AlIGaN/GAN HEMT HPA available in mi-
crostrip transmission line technology. It was designed in a modular
concept taking advantage of the GaN-specific high load-impedance
level. As a result, with the balanced HPA design a strongly improved
input and output matching capability of better than -14 dB could be
obtained over the entire bandwidth from 8.5-13 GHz compared to
-5dB for the single-ended approach. Further optimizations of this
balanced approach promise the great potential to further improve the
RF-performance of the HPA and reduce the required MMIC chip size
to the same time.

However, mainly two different design features for PAE improve-
ment were analyzed in theory and proven on the basis of single- and
dual-stage high-power amplifiers designed for Class-AB operation at
X-band frequencies. These two design aspects were investigated by
means of two highly sophisticated design studies.

The first study focused on a PAE improvement due to a skillful
selection of the power (PA)-stage to driver (DRV)-stage gate-width
ratio of dual-stage HPA MMICs. Most GaN-based power amplifier
designs published in the literature use PA/DRV TGW ratios of about
2:1 [23], [102]. Nevertheless, a fundamental theoretical analysis indi-
cated that higher PA/DRV TGW ratios of up to 4:1 offer promising
performance results concerning the PAE behavior of these HPAs. This
is due to the fact that a reduced total gate-width (TGW) of the DRV-
stage at a constant PA-stage size requires less DC power. To achieve
high efficiencies, the TGW of the DRV-stage needs to be designed as
small as possible in order not to waste a lot of DC power which is
not converted into output power. However, the DRV-stage still has to
be sufficiently large to drive the PA-stage transistors into saturation
even over the required bandwidth of the HPA.

Therefore, HPA MMICs with different PA/DRV TGW ratios be-
tween 2:1 and 4:1 were designed, developed, and characterized. The
evaluation of the experimental results proved the theoretical assump-
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tion. An increased PAE could be obtained for higher PA/DRV TGW
ratios but at the expense of a smaller realizable frequency bandwidth.
Depending on the required output power, PAE, and operating fre-
quency bandwidth, an increased PA/DRV TGW ratio turns out to be
an effective design measure to improve the PAE. It could be demon-
strated that a PA/DRV TGW ratio of 3:1 is feasible for X-band GaN
HEMT HPAs with an output power level higher than 20 W and PAE
values above 40 % over a frequency bandwidth of about 1.6 GHz for
approximately 8-9.6 GHz. Compared to comparable HPA designs
with a PA/DRV TGW ratio of 2:1, which so far is widely used for
GaAs and even for GaN designs, a PAE improvement of up to 5%
was possible for a very narrow frequency range. However, the design
study exemplified that a 4:1 TGW ratio is overdone even for narrow
X-band GaN HPA designs.

A reduced PA/DRV TGW ratio could also be beneficial for future
switching amplifier applications in communication systems operated
in Class D, E, and F.

In the second analysis, the influence of the second harmonic of a
GaN HEMT, being the largest harmonic besides the fundamental in
Class-AB to Class-B operation, was examined. For both GaAs and
GaN technologies, input harmonic termination (HT) is favored ac-
cording to the literature [49], [137]. However, no or only rudimental
reasons for the preferable use of input HT are mentioned there.

Due to the fact that the basic mechanism of second harmonic ter-
mination at both the input and output of a GaN-based transistor was
not satisfactorily treated in the literature, it was fundamentally ana-
lyzed in theory within this work on the basis of load-pull simulations
of AlGaN/GaN HEMT models. The theoretically achieved results
offer a large potential for PAE enhancement. By time-domain wave-
form analysis of the large-signal simulations of input and output HT,
the principal mechanisms of input and output HT could be clarified:
output HT leads to output voltage shaping and input HT results in
an input voltage shaping that in turn forms the output current.

Subsequent to the theoretical analysis on FET device level, single-
stage power amplifiers were designed to prove the expected PAE in-
crease due to the use of input and/or output second harmonic ter-
mination. As expected, a PAE improvement of 4-5% could be suc-
cessfully demonstrated at the center frequency of 10 GHz for either
input or output second harmonic termination and up to 6 % using
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both input and output harmonic termination. However, at the out-
put side the beneficial PAE increase was obtained only at the ex-
pense of a strongly reduced frequency bandwidth down to only about
1 GHz bandwidth and an approximately 0.5dB lower output power.
In contrast, second harmonic termination at the input side delivers
the desired and expected PAE increase over a frequency bandwidth
of 2-3 GHz at X-band frequencies without considerable loss in output
power. Therefore, input harmonic termination is most suitable for
HPA applications where high PAE values are required.

The results obtained with harmonic termination show similar ef-
fects compared to switching amplifiers concerning the signal form-
ing at the input and output of the HEMT device. Both, the HT and
switching amplifiers seem to have the same impact on a HPA.

Summarizing, the results of this work have the potential to essen-
tially contribute to further AlIGaN/GaN HEMT HPA design devel-
opments for next generation communication systems as well as for
airborne and space related applications where high overall efficien-
cies are of particular necessity.






Appendix A

Calculation of
HEMT-based Small-Signal
Model Parameters

The small-signal equivalent circuit of a HEMT is shown in Figure 2.1
in Chapter 2.1. The intrinsic circuit model consists of eight nonlin-
ear components that are directly dependent on the process-oriented
technological parameters. They accurately predict the bias-dependent
S-parameters. The equivalent circuit model elements can be extracted
by generating the frequency-dependent Y-parameters of the intrinsic
device. The expressions of the capacitance components can be calcu-
lated in terms of the Y-parameters [110]:
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Ced(w) [pF/mm] = W -10'2 /TGW(mm) (A1)
€y () [pF/mm] Im[Yq (w)]w— wCqq(w) 1102 /TGW/(mm)

w
Cas(w) [pF/mm] = Im[YZZ(w)]w_ “Ced@) 1012/ TGW(mm)

w

Furthermore, the transconductance gm(w) and output conductance
Qds(w) are defined as follows

Real[Y21 ((U) - Y]Z((U)}

103
gm(w) [mS/mm] T+ jRgs - 10 3Cys - 107 10°/TGW(mm)
(A4)
Ggs(w) [MS/mm] = Real[Yar(w) + Yiz(w)] - 10°/TGW(mm).(A.5)
The last three intrinsic parameters yield
Rgq(w) [Omm| = Real __Y (w)} - TGW(mm) (A.6)
L Y12
Rgs(w) [Omm] = Real Yo (@) —T—le(w)] - TGW(mm) (A.7)
_ 1 Im(Yin(w) = Vo1 (w)) 12
T(w) [psec] = @ Real (Va1 (@) — Yia(@)) <10 . (A.8)



Appendix B

Pulsed-RF Power
Measurement Setup

In general, the large-signal measurements of the high-power ampli-
fiers presented in this work are done in pulsed-RF mode at an ambi-
ent temperature of T,=25 °C. The configuration of the used pulsed-RF
power measurement setup is shown in Figure B.1. The system con-
sists of a probe station including a thermo chuck on which the device
under test (DUT) is placed for the measurements. Bias networks com-
bine the RF, DC, and pulsed stimulus from the network analyzer and
the pulse bias sources, and deliver the signals to the DUT. Further-
more, the IC-CAP software extracts and displays the measurement
results.
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Figure B.1: Block diagram of pulsed-RF power measurement system.
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