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Abstract

The present work has been conceived with two mhbjaatives in mind. The first
one being to summarize part of the research andlag@went activities carried out at
the Department of Communication Engineering atWméversity of Cantabria in the
field of GaAs Monolithic Microwave Wave Integraté&ircuits (MMICs) design and
implementation. This thesis presents in fact maewly developed MMICs covering
the implementation of diverse functions and applice. All the circuits are described
in detail together with the associated design flawth emphasis both on its theoretical

justification and its practical application.

The second objective is to serve as a guide angbposting tool for future designs
with the aim of facilitating the work of the MMICedigner, by presenting in detail the
approach followed to ensure the correct functiapalf the implemented circuits. Some
new analysis methodologies will be also proposeth wie potential to simplify and
speed-up the design of complex circuits to easenaadce more reliable the work of the

microwave circuit designer in support ofitst-time-right MMIC implementation.

The Thesis covers both scientific and technologasglects with direct industrial
application in the space sector. Part of the deezlotechnologies and designs,
assembly and characterization information have beefact transferred to the space
industry in order to manufacture and commerciakizenew generation of S-Band

Transponder currently in use in more than 10 spassions.
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Resumen

El presente trabajo de tesis se ha concebido con dos objetivos fundamentales. El
primero, resumir buena parte de las actividades de investigacion y desarrollo llevadas a
cabo por el autor en el Departamento de Ingenieria de Comunicaciones (DICOM) de la
Universidad de Cantabria en el campo del disefio de circuitos MMICs basados en AsGa.

El segundo objetivo, no por ello menos relevante, es servir como guia y herramienta
de apoyo para nuevos disefios, con la meta de facilitar el trabajo de futuros disefiadores
de MMICs presentando en detalle el procedimiento seguido para asegurar el
funcionamiento correcto de los circuitos implementados. Al mismo tiempo y a través de
la experiencia ganada en el disefio de maultiples funciones circuitales empleando
practicamente todas las herramientas de simulacion disponibles, se han propuesto
nuevas metodologias de analisis con el potencial de simplificar y acelerar el disefio de
circuitos MMICs complejos.

Los circuitos y las correspondientes técnicas de disefio que seran objeto del presente
trabajo tienen en comun los siguientes aspectos:

« Se apoyan en la misma tecnologia de fabricacion (AsGa)

« Se han desarrollado orientadas al campo de aplicacién de las comunicaciones via
satélite (dando lugar, en algunos casos, a componentes calificados para espacio)

« Su disefio e implementacion se basan en procesos muy complejos

Debido principalmente a los estrictos requisitos espaciales, los grados de libertad del
disefiador quedan muy reducidos, lo que representa un reto para el disefiador ya que la
creatividad y capacidad de encontrar nuevas soluciones estan limitadas por restricciones
de disefio, no usuales en las tareas de investigacion y desarrollo, que tienen prioridad
sobre los requisitos de funcionamiento, penalizando por tanto la consecucion del

"estado del arte".
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El disefio de MMICs fiables ha de apoyarse en la inclusion, dentro del flujo de
disefio, de una serie de pasos enfocados a asegurar la robustez del proceso de
fabricacion ante variaciones de los parametros del proceso o variaciones de la
temperatura. Es importante subrayar que estos aspectos no pueden ser evaluados a
posteriori, pero deben constituir una etapa en el proceso de analisis y disefio.

Por esta razon el trabajo se focaliza en establecer unas directrices de disefio de
MMICs para la implementacion de diversas funciones y aplicaciones, con especial
énfasis en su justificacion tedrica, su aplicacion practica y la validacion de los circuitos
resultantes de la implementacion correcta ya en la primera serie de fabricacion.

Los circuitos que seran descritos (que son una parte de todos los que se han
desarrollado a lo largo del tiempo de esta tarea; se hara referencia en el ultimo capitulo a
algunos de los restantes) combinan la implementacion de funciones lineales
(amplificadores) y no lineales (divisores de frecuencia, mezcladores). En los ultimos
casos, debido a las dificultades encontradas a la hora de simular de manera eficiente el
comportamiento de los circuitos a traves de las herramientas de simulaciones
disponibles (CAD), las mismas técnicas de simulacion han sido objeto de un estudio
tedrico que ha llevado a cabo el desarrollo de interesantes aplicaciones de las
herramientas de simulacién que pueden explotarse como metodologia general de disefio
para su aplicacion a circuitos no lineales.

La tesis cubre tanto aspectos cientificos como tecnoldgicos, orientados a concretas
aplicaciones industriales en el sector espacial. De hecho, parte de los resultados
conseguidos ha permitido, en el marco de la contribucion del grupo de investigacion de
diseio de MMICs del Departamento de Ingenieria de Comunicaciones de la
Universidad de Cantabria, el desarrollo de una nueva generacién de transpondedores en

banda S que se encuentra en uso en mas de 10 misiones espaciales (Anexo I).

Contenidos de la tesis

La descripcion de las tareas que han fundamentado la consecucion de los objetivos
mencionados anteriormente se ha organizado del siguiente modo:

El primer capitulo presenta el contexto y los objetivos clave de esta tesis doctoral,
focalizandose en el disefio y las técnicas de andlisis de circuitos integrados de AsGa a
medida y especificamente para aplicaciones espaciales.
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El sequndo capitulo describe el primero de los circuitos disefiados e implementados
(un amplificador de ganancia variable: VGA) y la metodologia de disefio asociada para
este tipo de circuito. La metodologia estd fundamentada analiticamente y permite el
disefio de VGAs compactos con control lineal en dB y un amplio rango dindmico, asi
como una buena adaptacién entrada y salida en todas las condiciones de ganancia.

El tercer capitulo cubre el disefio y la implementacion de un MMIC multifuncion
orientado a la generacion coherente de las multiples frecuencias necesarias para la
implementacién de funciones especificas de Radio Frecuencia en modulos transmisores
y receptores de sistemas por satélite. Se pondra especial énfasis en el disefio de un
divisor frecuencial digital cuyo funcionamiento ha sido cuidadosamente explicado y su
implementacién circuital muy detallada para facilitar el disefio de este tipo de funciones
complejas.

El cuarto capitulo se centra en el disefio e implementacién de un divisor frecuencial
de doble mddulo, como evolucién del divisor frecuencial de razon fija descrito en el
capitulo anterior. Se ha propuesto una nueva topologia de divisor frecuencial de doble
modulo que resuelve parte de los inconvenientes de los divisores de doble modulo
convencionales. Adicionalmente se ha propuesto y validado una descripcion analdgica
del funcionamiento de los divisores digitales de frecuencia a través de la extension del
concepto de "oscilador de anillo conmutado”, que permite configurar divisores de razén
variable de cualquier orden. EI modelo anal6gico del divisor frecuencial se ha aplicado
también a las herramientas de simulacion, normalmente limitadas a divisores
analdgicos, con el potencial de acelerar y simplificar el disefio de circuitos complejos
con gran numero de no linealidades, proporcionando informacion adicional como la
respuesta de ruido de fase del circuito.

El quinto capitulo describe el disefio, implementacién y test de un conjunto de
MMICs de RF orientado a la produccion industrial de una nueva generacion de
traspondedores multimodo en banda S reconfigurables en érbita para telecontrol y tele-
comando (TT&C).

Ademas de los circuitos presentados previamente, se presentan dos nuevos circuitos
(un amplificador de bajo ruido y un amplificador driver de potencia con ganancia
variable). El conjunto desarrollado demuestran como la metodologia de disefio que ha
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sido seguida, junto con las técnicas de analisis aplicadas ha resultando en una familia de
MMICs actualmente en uso en una pluralidad de misiones espaciales.

El sexto capitulo presenta en detalle una metodologia propuesta para determinar la
estabilidad de un circuito no lineal de tres puertas basado en la generalizacion del factor
de estabilidad p de un circuito de tres puertas lineal, aplicado a pardmetros S
linealizados en gran sefial y obtenidos bajo bombeo de gran sefial. La técnica de analisis
ha sido validada aplicandose a un mezclador MMIC de AsGa, que, aunque no estaba
directamente relacionado en su aplicacion con las otras implementaciones de MMICs
presentadas en la tesis, podia ser igualmente utilizable en otros circuitos MMIC de los
que componen la familia de esta tesis.

Finalmente el Gltimo capitulo presenta las conclusiones que pueden ser extraidas del
trabajo llevado a cabo en el amplio periodo de actividad investigadora que recoge esta
tesis y que ha dado lugar a diversas publicaciones y ponencias. Se mencionaran también
otras publicaciones que han derivado posteriormente del bagaje de técnicas de andlisis y

disefio descrito en este trabajo.

XXVI




Chapter 1: Introduction

1. Introduction

1.1 MMIC CirRculT DESIGN AND ANALYSIS

A MMIC is a Monolithic Microwave Integrated Circuit
Monolithic...microwave...integrated...circuit...four wordsvhich entail a lot of
fascination. For the majority of the people theseds does not mean anything (even if
unconsciously his daily life relies on them...), ias (designers and engineers) they
mean something that is at the basis of our everydak. They enable the translation
into performance of end-user specifications (howtebeare computers today when
compared to 30 years ago...) and the implementatiodeas into smart and compact
systems otherwise impossible to implement, at #imeestime boosting the performance.

In a MMIC, passive elements and interconnects ateridated on the same
semiconductor substrate as the active devices.thl critical, microscopic circuit
elements are defined on-chip through photolithogyafsfom a scaled-up mask. This
eliminates the parasitic associated with compopeaokages, leads, and solder pads.

Other advantages of the MMIC approach are reduassrand volume with respect
to conventional circuit assemblies, highly repelgtaperformance, and low-cost
fabrication in large-quantities. The MMIC approaghes have its disadvantages too.
Passive elements on a MMIC chip typically have loWethan what is available in
discrete packages or on other substrates and gwmelting capacity is reduced (even if
progresses are being made with the advent of newel@iconductor technologies).
Post-fabrication tuning of circuit elements is athampossible, requiring the more
challenging circuit designs to go through multipkerations before acceptable
performance is achieved. Further, the complexity M¥IC fabrication leads to
extremely long iteration times. A MMIC designer rmhofien wait many months, before

making revisions and checking performance of theppsed solution, hence ensuring




Chapter 1: Introduction

that the simulated performance matches as mucbssshye the measured one becomes
of utmost importance.

MMIC are small circuits, yet they are complex amfcgile”, and there are not a lot
of people doing this type of design work. In no veagingle MMIC design is the same
as another and high level of expertise and knovdeddgthus required to develop
functioning and high performance circuits, espégialhen targeting space and high
reliability applications.

The implementation of a MMIC design involves a ddemwledge of circuits”
theory and a huge number of circuit simulationgpla, fabrication, and testing steps.
The large number of variables involved in thespstaakes it imperative that all facets
of the implementation be documented to assure tapidity and improve the yield of
the final product. Simplification of the analysechnique used in support of successful
designs (ideally targeting “first-time-right” impteentations) can greatly help a designer
in his job and shorten the design lifecycle.

The system priorities and practical constraintsenlythg the implementation of an
MMIC may be quite different. Differences in applicas, functionalities, economic
factors, manufacturability, and even the currematailable test equipment may force
the designer toward a completely different solutiban would be appropriate for a
similar microwave engineering project

A well-documented and step-by-step MMIC designhmodblogy ensures a much
smoother and faster turnaround of circuits. Ciralgsigns along with information
relating to layout, processing, and testing shdogdpreserved and used for future
applications, thereby eliminating duplication ofoef and providing substantial time
and cost savings. This also increases the probalafi first-time success for new
designs.

The use of Computer Aided Design (CAD) tools playpivotal role in first-time
success and yield of a MMIC design. A proper anslgad yield optimization becomes
especially relevant when considering the small gtyanf MMIC required for space
applications compared with those for commercialiappons. Since the wafer cost is a
fixed parameter, to optimize the yield with the mmom production it is necessary to
reduce the circuit sensitivity with respect to fitecess variations.
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The design and implementation of a custom MMIC ntake into account the
customer needs/requirements (translated into ddtadircuit specifications), the
technology, and the processing capabilities. Dedaiinderstanding of the requirements
is necessary to avoid attempts to force-fit a desigo an unsuitable process or to
require performance parameters that cannot be sigopby the process, which can
create substantial cost and schedule delays, l@hd,yand a product of suspect
reliability. The following consideration must bedrdssed:

» Suitability of technology and process to desigrunements;
* Availability of existing models and CAD simulatidools;
* Cost, schedule, and performance trade-off.

Several factors may have a direct or an indiregbaich on circuit yield and
reliability. Device parameter variations as a residl process limitations or level of
control, raw material variations, and EM proximéifects all play roles in determining
overall circuit reliability and yield. The approatdr achieving a reliable design should
take into account the following:

» Definition of realistic performance requirementsrasponse to the design
specifications;

» Selection of adequate topology;

» Use of adequate simulation and test tools.

» Devices and processing characterization and vanat{analysis and
simulation);

» Understanding of potential failure mechanisms.

The definition of realistic and achievable perfono@a requirements and the
selection of the adequate topology to meet desegris is probably the most important
initial step in MMIC design. Pushing the designfpanance boundaries may result low
yield and may have an impact on the reliabilitytioé selected components. When
targeting commercial and space applications (asthwagase of all the circuits which
will be presented in this work) the main focus dddee ensuring that the circuit would
work properly and the room for circuit innovatian not much. The design should be
based on the simplest possible configuration mgdtie RF specs in order to keep the
size of the MMIC as small as possible and to agoitllation errors due to design.




Chapter 1: Introduction

In order to ensure a high rate of success, foryeMIC design it is important to
follow a systematic approach and documented dasigtihodology. A typical process
flow is illustrated in Figure 1.1 where the reqdirmputs for every step are also

identified.
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DESIGN RULES : _‘
l | YiELD
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Figure 1.1: Typical MMIC circuit design and implentation flow

This approach has been followed for the implemeriabf the MMIC circuits
which will be described in the following chaptei$ie most time consuming part of a

circuit design is associated to the analysis artdnagation, especially in the cases in
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which complex non-linear functions are implement8decific emphasis has been put
in order to ensure the most efficient analysis mé@thogy aiming at saving as much as
possible design life-cycle while at the same timesprving the usefulness of the
results. In some cases this has resulted in thicappn of new methodologies, which

may allow significant time reduction for future dgss.

1.2 PURPOSE AND SCOPE OF THE WORK

The present work has been conceived with two mhbjaatives in mind. The first
one being to summarize part of the research andl@@went activities carried out at
the Department of Communication Engineering atWméversity of Cantabria in the
field of GaAs MMIC circuit design. This thesis peass in fact many newly developed
MMICs, both the chips themselves and systems thatthbem. The MMIC chips are
described in detail, as is the role they play m slgstem in which they are used. Multi-
chip modules are also presented with specific attergiven to the practical details of
MMIC packaging and multi-chip integration.

The second objective, not less important, is tgesas a guide and a supporting tool
for future designs, with the aim of facilitatingethwvork of new MMIC designers, by
presenting in detail the approach followed to easilne correct functionality of the
implemented circuits. At the same time, exploititg experience gained during the
multiple designs and through the use of almosthallavailable simulation tools, some
new analysis methodologies have been proposed twehpotential to simplify and
speed-up the design of complex MMIC circuits.

The circuits and techniques which will be objecttbé present work have the
following commonalities:

- Rely on the same fabrication technology (GaAs)

- Have been developed with the target applicationd fibeing satellite

communication (in some cases resulting in spacéfigalaparts)

- The design and implementation demands for complek tame consuming

processes

All the problems associated to this type of appices, which affect enormously the

design of any circuit implementing a specific fuontlity have been faced in the
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development of the presented circuits. The degoéé®edom left to the designer, due
mainly to the strict spatial requirements, wereugsdl to a minimum, representing a
huge challenge for the designer himself in thatiesativity and capacity to find novel

solutions are blocked by the several obstacleshén design restrictions as several
aspects, not normally contemplated in a pure R&Plamentation, become the first

priority in detriment of state-of-the art perforncan

Designing of MMIC for reliability and robustnesssh#&o be supported by the
inclusion, within the design and implementationwfjoof a series of steps aiming at
ensuring the robustness of the fabrication prodesgsrds process parameter and
temperature variations. It is important to underlinow these aspects could not be
evaluated “a-posteriori” but should constitute mtegral step of the analysis and design
process.

For these reasons, this work aimed at establiskikC design guidelines for the
implementation of diverse functions and applicatiowith special emphasis on its
theoretical justification, its practical applicati@and validation of circuits which have
resulted in a first-time-right implementation.

The circuits which will be described (which do ramnstitute the totality of the
circuits which have been developed during the rebeperiods, some of which will be
referenced as foreground in the last chapter of tthesis) encompass the
implementation of both linear (e.g. amplifiers) amsh-linear (e.g. frequency dividers,
mixers) functionalities. In the latter cases, doghe difficulties faced for the efficient
simulation of the circuits, the analysis technighese been also object of theoretical
research resulting in interesting applicationshef available CAD simulation tools to be
potentially exploited as generic analysis methogie® for non-linear circuits.

The implementation of the MMIC is accompanied byesailed description (where
possible) of the implementation, assembly and ctaraation of the circuit and, as a
further support to the MMIC designer, the proposal a MMIC package modeling
which could be further extended to other microwpaekages.

The Thesis covers both scientific and technologiealls and with direct industrial
application in the space sector. Part of achievesllts has a concrete industrial
application, since the research group from the &hsidad de Cantabria, have

contributed with these circuits’ implementation tthe development and
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commercialization of a new generation of S-Banch$ponder currently in use in more
than 10 space missions (ANNEX 1)

1.3 WORK OVERVIEW .

Because of the scope of this Thesis (and the maassyof work summarized in this
dissertation), it is worthwhile to provide an oview of the work as a whole before
discussing the various chip designs, analysis igqoks, implementation results and
proposed innovations in the remaining chapters. ddtwities carried out in support to
the achievement of the above mentioned objectiage been arranged as follows:

This first chapter present the context and the dgjectives of this PhD. Thesis,
focusing on the design and analysis technique éfsGaistom Integrated circuits with a
specific focus of their use in space applications.

The second chapter describes the first circuitgihesl and implemented (a Variable
Gain Amplifier, VGA) and an associated design mdtiogy for such a type of
circuits. The methodology is analytically supportetd allows the design of compact
VGAs with linear-in-dB gain control characterisaad wide dynamic range as well as

good input/output match in all gain conditions.

The third chapter covers the design and implemiemtatf a complex multi-function
MMIC circuit targeting the coherent generation afiltiple frequencies needed for the
implementation of specific radio frequency funcgadn a transmit and receive modules
of satellite systems. Special emphasis is givethendesign of the digital divider which
behaviour has been carefully explained and itsigatimplementation detailed in order

to ease the design of such complex circuits.

The fourth chapter deals with the design and implaation of a dual-modulus
frequency divider circuit, as an evolution of theefl ratio divider described in the
previous chapter. A new dual-modulus frequencyideiv IC topology has been
proposed which overcome some of the drawbacks ofvertional dual-modulus

dividers. Additionally, an analogue descriptiontleé functioning of digital dividers is
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proposed and validated through the extension of shatched-ringoscillator’ concept
to describe variable-ratio dividers, potentiallyvseg as a design guide for any kind of
multiple ratio frequency dividers. The analogue elbdg is then applied to simulation
tools whose utility is normally limited to analogde&/iders with the potential of speed-
up and simplify the design of complex digital citsuwith a high number of non-
linearities providing additional information, likghase noise response of the divider.

The fifth chapter describes the design, implementadnd testing of a production-
oriented RF chip-set to be used in a new generatiomulti-mode and in-orbit
reconfigurable S-band Satellite Transponders fo&QT In addition to the circuits
described in the previous chapters two additiomaluits are presented demonstrating
how the design methodology which has been followtedether with the analysis
techniques applied, resulted in a family of MMIQgrently in use in a plurality of
space missions. Issues such as suitable circulagp, efficient DC biasing, circuit
area minimization, cost-oriented system design addanced packaging techniques

have been addressed during the design.

The sixth chapter presents in detail a particulathomdology to determine stability
in nonlinear three-port circuits based on a gematbn of the three-pont-stability
factor applied to linearized S parameters undegelsignal pumping. The analysis
technique was validated using as example a designédfabricated GaAs MMIC
mixer, not directly related with the implementatiohthe previously described family
of MMIC circuits (as the circuit was targeting dfelient application), by exploiting the
different analysis and design techniques usedhi@rdevelopment and characterization

of the other GaAs circuits described in this work.

Finally, the latest chapter includes the conclusiaich could be drawn from the
work carried out during this extensive research kwfwhich has led to different
publications and papers) together with a mentiosashe additional foreground which
have already directly benefit from the design andlysis techniques described in this

work.
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2 . Variable Gain Amplifier with input

matching compensation

2.1 INTRODUCTION

Variable Gain Amplifiers (VGAs) with wide dynami@amges are required in any
wireless communication systems. Figure 2.1 shows,a@a example, a traditional
heterodyne transceiver used in mobile communication

The VGAs need to fulfill two important functionshé first one is the provision of a
variable dynamic range to compensate for inputaigower variations as RF Front
End components like Low Noise Amplifiers (LNA), PewAmplifiers (PA) and mixers
have usually fixed gains. Therefore VGA has to mevmost of the dynamic range of
the system. Secondly, VGAs are used for controlthig transmission signal power or
for adjusting the received signal amplitude andgaim-control characteristic should be
linearly controlled in the dB scale for ease ohseeiver design.

In a Wideband Code-Division Multiple Access (WCDM#j)reless communication
systems [2.1], the VGA plays a fundamental rol@piimizing system capacity. Since
multiple users can share the same carrier frequeihey transmitter gain has to be
regulated so that equal power is received at tee btation from each user. In constant-
envelop applications such as the GSM, output paeatrol is usually implemented by
adjusting the bias of the PA. However, this appnoas not suitable for linear
modulation systems such as WCDMA because bias tvarg strongly affect PA
linearity. Therefore properly designed VGAs areassary. At the same time they are
used for adjusting the received signal amplituderther to keep the signal to the A/D
input constant.
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Rx VGA
MIX DEM
>—>| >— A XA o -
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RE LO _@ — Signal Digital
Control Processing
TxIF LO
PA RF BP IF BP DIA
MIX MOD
Tx VGA

Figure 2.1: Conventional Receiver/Transmitter Fremid.

The use of FETs arranged in Pl, TEE and bridged-Quite common in the design
of Voltage Controlled Variable Attenuators [2.2]. @ombination of such kind of
circuits with conventional amplifiers may results VGA with good performance. The
main problem is that, in general, due to the isidmon-linearity of the FETs, they do
not allow a linear gain control characteristic 2.8 problem which can be resolved
using an external linearizing circuitry [2.4], colepted control voltage schemes, or
multiple control voltages [2.5]resulting in biggend complex networks. Moreover, an
aspect that usually is not taken into account ésrteed for maintaining simultaneous
input and output match at all gain levels ([2.€},7]) condition which is of outmost
importance to ensure good power transfer. Extenmatiching networks or balanced
solutions have been proposed [2.8], but this smiuis inadequate to keep power
consumption and layout area at the minimum.

The methodology proposed allows the design of cam@&As with linear-in-dB
gain control characteristic and wide dynamic raagevell as good input/output match
in all gain conditions, embedding in a straightfards manner series and parallel FET
resistors in the amplifying chain.

The method is theoretically supported and has laédated with the design of a
monolithic VGA using a commercially available GaR$1EMT technology. Several
VGAs have been tested and excellent agreement eetite measured and predicted
results has been achieved. The power handling dapalh the fabricated circuit is also
reported, showing that the proposed solution warél even when the circuit operates

in minimum gain conditions, with the strongest silgnat the input.

10
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Originally designed to be inserted in a GaAs muiitdtion chip for use in satellite
system?, it showed performance suitable for its use eveAWMCDMA systems at

1.95GHz to directly drive the power amplifier.

2.2 DESIGN OBJECTIVES

The initial goal of the design was the developmeint VGA for use in receive
chains of S-band satellite transponders to cotitekignal power that enters the mixers
for gain or input power variations compensation.igoperformance was to be
maintained below reasonable levels around the maximain of the VGA. The design
must assure good input/output VSWR and the lowetgr-modulation distortion in

order to not degrade the power linearity of thdesys

Tx
\\ Transmit MMIC
Close
SPUNious § | & e e e e o e o o — - — — — — — — 1
Signals [ VGA Receive MMIC

Al v |

IMF % BPF % SAW %

Figure 2.2: Simplified block diagram of the RF dciity in a satellite transponder.

In Table 2.1 are summarized the initial specifmasi for the circuit.

As the circuit will be placed after the input LNNpise figure values up to 7dB can
be tolerated given the relatively high gain of ¥8A. Despite the input signal power
level for which the VGA is intended is low, a smus signal with a level of up to —
10dBm is always present at the input due to tramd@ofrequency planning and can be
eliminated only after the SAW filter (Figure 2.2)his situation requires good power
handling capability with an input 1dB compressidnab least —10dBm at each gain

! Project ref. number TIC2000-0459-P4-03 “MédulesRadiofrecuencia Monoliticos para
equipos embarcados (MORFEQ)”

11



Chapter 2: Variable Gain Amplifier with input mato compensation

value. Design targets were an output P1dB over frfodBd OIP3 over 20dBm at
maximum gain with minimum degradation when gainvasied. At least 30 dB of

dynamic range was specified with good matching (\FS¥{1.4) in all the conditions.

Table 2.1: VGA Design specifications

Value
Id Characteristic _ Units Conditions
Min. Typ. | Max.

Ve Power Supply 3.5 \'

lg Current 40 mA

Fo Center Freq. 2.07 GHz

BW BandWidth 200 400 MHz @maxgain
Zin Input Impedance 50 Q

Zout Output Impedance 50 Q

RL;, Input return loss 15 dB @maxgain
RLout Output return loss 15 dB @maxgain
ISOL Isolation 35 40 dB
Grax Max. Power gain 17 dB @Vaca)
Griat Gain flatness 1 dB in BW
Gsiope Gain slope 0.03 dB/MHz |in BW

NF Noise Figure 7 dB
GCR AGC Dynamic Range 30 dB Vacor) 10 Vacow)
OIP3 Output intercept point 20 dBm @maxgain
OP;qs | Output 1dB Compression 10 dBm @maxgain
IP1gs Input 1dB Compression -10 dBm @ all gain

T Temperature -30 25 70 °C

2.3 CIrRculT DESIGN METHODOLOGY

2.3.1 Amplifier Design

The first step carried out was the design of amaplidier with a fixed gain in excess
over the specification, to compensate the inewitdbéses introduced by the attenuator

network that would be embedded with the proposeithoa®logy in a second step.

12
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The amplifier was designed to provide around 22dingwith a two stage
configuration. Each of the two stages has beempeid for low-noise and uses parallel
feedback to guarantee stability at all frequencidge widths of the first and second
stage transistor were chosen to give an output pdweéter than +12dBm and a

sufficiently high OIP3 of more than 22dBm.

2.3.2 Gain Control Circuit

Once designed the amplifier, the objective wasnbed in the circuit a network
capable of providing a linear-in-dB gain control ahanism with enough dynamic
range, maintaining good matching and without aiifgcthe power handling capabilities
of the amplifier at every gain value. The solutgimould be compact in order to reduce
occupied area, and with a simple and reliable gonéition to cope with the spatial
environment requirements. The initial idea was e a zero-biased FET as a variable
attenuator controlled by the gate voltage [2.9]mmmted in parallel with the input of the

amplifier.

11d Big Slope
Low Impedance

Small Slope
High Impedance

Vgs U

M/ Vds

Bias point
Vds=0

.
>

Figure 2.3: Functioning principle of a zero-biaseBT used as variable impedance

As the gate voltage is varied, the impedance ptedeto the network is changed,
hence implementing a gain control mechanism thraugariable resistor. Doing so, the
slope of the dVq4s curve is modified, and the FET (depending on ite)spresents
towards external circuitry impedance values randmogn few Q up to KQs (Figure
2.3).

In a shunt configuration the series resistanceef® kat minimum, so reducing the
insertion losses of the attenuator network. Asvidlee of FET-resistance decreases (at
maximum gain the transistor is in OFF state andréséstance behaves almost as an

open circuit) the level of attenuation increasesigger amount of signal is derived on

13
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the resistor, thus preventing the degradation efodion characteristics in low-gain
conditions.

This solution (Figure 2.4) presents two problemsstly, the gain control curve of a
single shunt FET results in only 12-16 dB dynanmaage (depending on transistor
width), not sufficient to meet system requirements.

.
>

IN ouT

12-16 dB

[ N\
N

Attenuation(dB)

v

Vcontrol [V]

Figure 2.4: Shunt attenuator and his gain contrahge (2=500) as a function of the control

voltage

The second problem is the mismatching originatecerwkhe attenuation level
changes. One shunt FET corresponds to only oneedegfr freedom and only one
condition can be imposed on the resulting netwdtkis is the reason for which to
simultaneously achieve attenuation and matchingommon solution is to add a
conventional attenuator circuit at the input of #meplifier. A TEE network is in general
preferred because of its better high frequencyoperdnce [2.2]. Actually, to implement
the gain control scheme is not necessary to adu d®ies variable resistors. With only
one series device, it is possible to obtain theesaesults but with reduced size and
lower insertion losses. To maintain good input rhatcall attenuation levels (the output
match is assured by the amplifier design and isaffetted by the input network, given
sufficient reverse isolation and gain) a second FBUld be added in a “half-tee”
configuration (Figure 2.5).

Figure 2.5: Topology of the half-tee network.

14
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The ABCD matrix of the proposed attenuator netwsrgiven by:

1+ ZSer ZSer
ZSh
2.1
1 @)
L ZSh _

Where Ze, Zsh represent the series and shunt impedance of tiable resistors.

Given the scattering matrix of the designed anmwtifi

_[S11 S12
S:0 =551 522 (2:2)
And the scattering/transmission matrix transforovai[2.7]:
A+B/Z,-Cl/Z,-D 2(AD - BC)
S, S.|_| A+B/Z,+C/Z,+D A+B/Z,+C/Z,+D
S, S,| 2 -A+B/Z,-CZ,+D (2-3)
A+B/Z,+C/Z,+D A+B/Z,+C/Z,+D
@+S,)A-S,)+S,S, 7 @+S5,)A+S,;,) - S,S,
A Bl_ 25, ° 25,
C D| | 1(@-S)A-S,)-S,S: @-S)0+S,)-S,8, | @%
ZO 2821 2821

By using equations (2.1)-(2-4) and transmissionrimgdroperties, it is possible to
calculate the scattering matrix of the network toug by the half-tee and the amplifier
[Stoi] Which is function of the amplifier scattering pareters and the (complex) values
Zserand Zy:

15
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[S11leor = % ZserZsn(S11 = 1) = Zo(Zser + 2Zsp) — ZoS11(Zser + Zo)
[Sizlior = —5 2Z0Z5pS21
[S21ltor = — %ZZOZ5h512
[So2)tor = %ZO(ZSer +Zp)(§12-521—S511-522 —522)
 Zp Zsn(S22 — S11+522 4 521+ 521) — 270 Z 4522

A= Zser Zsn (S11 = 1) — Z(Zser + 2Zsp) — ZoS11(Zser + Zy)

Now, the conditions to be imposed are:

S1ltot = 0
SZ]Iot = A

Where A is a real value, such thay>20logo(A) is the desired gain in dB, ideally

(2.5)

ranging from the amplifier gain to 0. It was expegntally verified that the effect of a
non-zero value for the phase of 8vas negligible at the frequencies of interest (&nd
general below 3GHz), therefore for simplicity italwve has been fixed to zero. Solving
equations (2.5) with respect to the complex vaesbk. and %, the relationship
between Ze; Zshn and the amplifier parameters to meet the matchimgdition and

provide the desired gain (or attenuation) can bebéshed:

_(s21-A [s11- A)1Z,
ser s21

_ ALZ, 1+ S11)
"7 (s21+ ATBL1- A)

(2.6)

Solution of (2.6) gives two complex impedance val@@=R+iX). With the help
of a circuital simulator (ADS), it has been checkEajure 2.6), that the use of the real
part of the solutions (which for clarity we wihdicate with Rerand Ry, respectively)

represents a good first order approximation atflequencies.

16
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Figure 2.6: Comparison between exact (ideal) solutind real part approximation for two gain

values (Gyg=10dB left, G4=15dB right)

The gain of the circuit in both cases is the same the slight variation in the
complex part does not prevent maintaining the inpatch below 20dB. Moreover,
taking into account that (2.6) is solved at a ®ngéquency and that during the design
process the circuit will undergo to optimizationrt@tch with the performance in the
whole band, the approximation was deemed accepi@bikee design stage.

At higher frequencies, when the effects of the demppart of the solution
become non-negligible, this approximation is nogemvalid, and the problem should
be solved by means of more complex external limeaginetworks. Substituting the
values of Rer and Ry, obtained from (2.6), with two of ideal resistor time half-tee
configuration, and simulating the network coupleithwhe designed amplifier, values
always better than 20dB for the input match weriolkd at any gain level. As far as
the gain is concerned, from Figure 2.7 it can bseoked that ideally it should be
possible to obtain almost an arbitrary value ohgaduction if the resistors were able to
span the entire resistive range. In particularseirées resistor should vary from 0 tadb0

while the shunt resistor from a high impedance @dideally an open circuit) ta

e 704 RSer ¥
8 60] — X Rsh /
— 50 <—é<—><——><-x_x_ ?K
3 gg ¥
C i
©
+— 204
N2 101 XIGmax_dB
wn - _;K-BK'
80— X
-10 T T ; T T T T T 1
-60 -50 -40 -30-20 -10 0 10 20 30

Gain (dB)
Figure 2.7: Dependence of attenuation level oftthl-tee circuit on the values of the series and

shunt resistor (Gax gsiS the gain of the sole amplifier)
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Even if generally the electrical characteristiceeath FET resistor can be modeled
as a parallel combination of R and C, at the fregies of interest the effect of the
capacitor can be neglected in the design stagethendpproximation of a FET with a
simple resistor fits well with the actual behavior.

The resistive range which can be covered by a kised FET is limited by its
physical parameters. The bigger the transistor watth, the lower will result the open
channel resistance {R), while at the same time the parasitic effects wdrease. The
lowest possible Rn would be required to minimize insertion lossestlod resistive
network (which contribute directly to the circuibise figure and can severely degrade
amplifier maximum gain), however trade-offs are dezkto avoid too high values for

the parasitic capacitance.

100 : : : : : 100
— ] | 1 1 l 1 — 1
F oA ERT g
L
O, 60_"":_"J'"_J'_"l'"_J:'"' & 7 -Cl:) 60—+ Jor
N 40——————:————:———-}———7' ______ Veontral _| : 40 | Veontrol
g i I I I I ] i i ) i 1 ]
L e e e e e I - B e R e
. I | | | I ; . i )
T o O O 0} o=
16 14 1.2 1.0 -0.8 -0.6 -04 0.2 0.0 1.6 1.4 1.2 1.0 0.8 -0.6 0.4 0.2 0.0
Vcontrol [V] Vcontrol [V]

Figure 2.8: Series FET (gate width=24&, R=10Q2) and shunt FET (18@n, 1k?) resistance as a

function of the control voltage

In Figure 2.8 the behaviors of the series and stesi$tors associated to the selected
FETs are plotted as a function of the applied gatetrol voltage. In both cases a
resistor placed between drain and source has bsed to DC-short circuit each
transistor and to fit the resistive range with dlesired behavior (Figure 2.7).

Care must be taken in the choice of this resistdhe series device, because it has
to limit the overall series arm resistance t@50hen the control voltage is lower than
the pinch-off voltage (¥, situation in which the FET resistance is mudjhkr than the
required 5@. In the case of the shunt FET, at pinch-off it kas@pproach to a high
resistance value and this is easily guaranteedhéhigh channel resistance in the off

State.
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A single voltage ( ¥ontro) IS Used to control the bias of the two FETSs, havdhe
voltage applied to the two transistors is not t@e. As the behaviour of the two FETs
must be complementary, in the same way have tovieethe relative control voltages.
For the series FET 4ies (=Vcontro) Varies between 0 and —1.5 V around the pinch-off
value (M=-0.9V for the chosen technology), while for theishFET its complementary
Vshunt Should range from —1.5 to 0 V. Thus the two vasagre not independent, but

constitute a complementary pair of the form:

VShunt =~ 15 _VSeries (2-7)
J' £R1 ém éi%
NOT
Veontrol Veontrol

— —

sN——I: I

SR

'l" Vss
I

Figure 2.9: Complementary voltage generator

The generation of such signals from a single conntiage is relatively easy and
can be implemented in a straightforward mannergudiie inverting circuit of Figure
2.9. Depending on the specific application R1 tovRfues can be selected to map an
appropriate input signal into the required connatages (source follower stages can be
employed at the ¥niroi NOdes to obtain additional level shift).

Comparing the results obtained in Figure 2.8 wiih ideal behavior of Figure 2.7,
the proposed circuit approximation fits well in tdeonro range between —0.4V and —
1.5V. The final half-tee attenuator was designedigupHEMT FET transistors with
gate widths of 240 and 180n for the series and shunt element, respectively.

Simulated performance showed a 3.0 dB insertiosel®sand 25dB control range

over a wide bandwidth. This was still not suffidiém achieve the required minimum 30
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dB dynamic range. A solution to this problem wasnf® though the insertion of a
second shunt FET between the first and second stagevide the additional amount
of attenuation. The gate width of the deviceyi®) was optimized to achieve an overall
dynamic range of 40dB. In this case the transisé&s been DC-short circuited through
an inductor, which was also used as part of theristtage matching network and to
compensate for any parasitic effects of the FETthWhis solution, the insertion of this
switch between the two amplifying is almost tranmsp&to the circuit behaviour and the
only effect is a net increase the overall contesige. This second shunt FET can be
controlled by the same voltage that leads the §hatnt circuit. The resulting circuit

topology is sketched in Fig. 2.10 (bias circuisynot included).

151

2nd
Stage { Stage
STH o S S ) SOTR
N
Vcontrol Matching
g Inductance
NOT = =
Vcontrol

Figure 2.10: Simplified diagram of the VGA.

2.4 CIRCUIT |IMPLEMENTATION

2.4.1 Electrical Schematic

Following the above guidelines the design of theut has been carried out with
ADS and by using the component design models peavithy the technology
manufacturer. Figure 2.11 shows the final schemattithe circuit including all the
components.

Both stages of the amplifiers are biased througipgnty sized on-chip inductors.
Input/output decoupling capacitors and stabilizmeworks have been also placed on

chip to prevent out-of-band oscillations at higbguencies.
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Interstage
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? [ Switch
— -
Veag1 Vg1 Veag2 T Vdag2 Vg2
INPUT NETWORK FIRST STAGE l vdd SECOND STAGE

Figure 2.11: Electrical schematic of the VGA

2.4.2 Layout

The complete layout of the resulting circuit is\whan Figure 2.12.

EEEE

Figure 2.12:; Layout of the VGA

Input/Output coplanar test points have been indettefacilitate direct on-wafer
circuit characterization. Also DC-bias and contvoltage pins have been distributed

within the chip to match with the available DC-pesb

2.5 SIMULATIONS

A summary of the simulations which have been cdroiet before circuit fabrication
are presented in this section. In all the casesret and output impedance are set
equal to 500hm. The nominal (room) temperaturesiC2 but tests at -30°c and 70°C

have been made for thermal stability checks. Adl tasults include the effects of the
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input/output (600um) and biasing (1mm) bonding wifky using the model provided
by the simulator).

25,98

dEIBII]
dBIBZI1

1.5 GHI freq 2.5 EHIB 1.5 GHI freq 2.5 GHI@

dBIBZZI
nirz1

1.5 GHI freq 2.5 EHIB 1.5 GHI freq 2.5 GHI@

Figure 2.13: Scattering and Noise figure simulat@s a function of Mat room temperature

The control voltages Mg=Vseries aNd Veag=Vshuns are linked by the following
relationship:
Vcagr=-1.5-Vcag1 (2.8)

Only the value of Vag1is used (V) is used in the graphs. Details of each simulation
are described in the relative figure caption. Sated results give a dynamic range
wider than 35dB from 1.8GHz to 2.15GHz with an ager maximum gain of 20dB
within the operating bandwidthFigure 2.13 maintaining good input matching in all
conditions (despite a worsening in corresponderfcéh® pinch-off voltage of the
transistors used as switch which is associatetidcstrong nonlinear behaviour of the

devices in such situation).
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24.04
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Ganancial
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M1=19.677E+ LD
I1=-7.4943E+00
12=8

Al
30 RE+ 0D IVARDATAL. pin 10, CE4GDA

Figure 2.14: P1dB simulation at maximum gainR<®). P1dB(outputF 12.2dB

E

Pautl#,4]

-1a0.0

5 0. BE+BE pin B0 IEERD
- 0. BE+BD pin 5. BE+EUE

Figure 2.15:; Simulated Output Third Order Intercggtint at maximum gain (¢0). OIP3=24.7dB.

2.6 MEASUREMENTS

The S-band MMIC VGA was fabricated with the comnmedrdoundry process
EDO2AH from OMMIC (http://www.ommic.com). All theaenponents were realized on
chip occupying a layout area of 1.4x1.9 fanfrigure 2.16 shows a microphotograph of

the circuit.
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L.,ﬁ.;m..’i

Figure 2.16:Microphotograph of the fabricated circuit. Layarea is 0.95 mm x 1.9 mm.

The circuit draws 34mA from a 3.5Vsupply voltagettee nominal temperature of

25°C. All the results are plotted as functionshaf tontrol voltage Y=Vseries( VshuntiS

set accordingly to (2.8)).

The small signal characteristic of the VGA at difiet control voltages were
measured on a Vector Network Analyzer with an inpotver of —20dBm. In Figure
2.17 is plotted the small signal gain at minimumaximum and intermediate
attenuation level compared with the correspondimgulation. A dynamic range of
approximately 40 dB is achieved in a 20% bandwatttund 1.9 GHz. The excellent
agreement between predicted and measured result dirst prototype demonstrates

the accuracy of the method (as well as confirmirggatccuracy of the models).

Vc=-0.4V

? —N

Vec=-0.9V

0 7//*'2%
-20 B Ve=-1.5V

-40 \II\‘II\\‘II\\‘II\\'I\\\ll\\ll\llll\\ll
1.0 2.0 3.0 4.0 5.0

Freq. [GHz]
Figure 2.17:Magnitude of S as a function of frequency at different contrdtages
compared with the simulations (dotted lines).

S21 [dB]
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Figure 2.18 and Figure 2.19 illustrate: &nd S2 variation over the same gain-
control range. Both input and output match remaialt below —10dB at all gain level.
Noise figure was also measured, and a maximum wvaiug&5 dB was measured at

maximum gain (in line with simulated results).

30
1.0 2.0 3.0 4.0 5.0

Freq. [GHz]

Figure 2.18:Curve of & at different control voltages versus simulatiootfdd).

The gain control characteristic at 1.95GHz, showeéFigure 2.20, varies from —
21dBm to +18.8dBm with a deviation from linearity anly + 1.5dB in the voltage

control range from —0.4V to —1.5V.

S22 [dB]

\\\\[llll‘!I\I}!\!\[l\l!l\l\l‘ll!\‘!l!\

1.0 2.0 3.0 4.0 5.0
Freq. [GHZz]

Figure 2.19:Curve of & at different control voltages versus simulatiootfdd).
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Fin = 1.95 GHz
201 P, =-20dBm ="

0 40dB |
(+/-1.5dB |
-10 Linearity) -

S21 [dB]

-30-25-20-15-1,0 -05 00 05 1,0
Ve [V]

Figure 2.20:Gain control characteristic as a function of thentl voltage

Multiple circuits were assembled and tested on waified the results compared with
the simulation at maximum and minimum gain (Fig2u2l) demonstrate the robustness
of the design. The observed variations in the daawe to be associated to the
fabrication process parameter variations (maigiygd \).

30
20

S21 (dB)
=

-40 IIIIIlIIIIIIIIIIIIIIlIIIIIllllllllllllll
1.0 15 20 25 3.0 35 40 45 50

Freq. [GHZ]
Figure 2.21: Measured maximum and minimum gairLfodifferent VGA. Vs Simulation (Dotted

lines)

The output 1dB compression point was also measomedafer at the different
control voltages, and the results are shown inrfeigu22. Output P1dB of 12 dBm is
obtained in the case of maximum gain with a sagupatput power of +13.5dBm. In the
same condition, third order intercept point was saead to be equal to +22.1dBm
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Figure 2.22:Measured output 1dB compression point at diffecentrol voltages.

According to the system requirements, the variatibmput P1dB as a function of
the control voltage was also monitored. As can bticed the input P1dB decreases
abruptly around the pinch-off voltage of the se &3 however remaining always well
below the desired level of —10dBm (Figure 2.23).

15 — T T
m 1 :
S 54 :
2 |
< 0-
a
5 54 :
a i
C 1 :
= .10 =
15 ; 7 7
-2,0 -1,5 -1,0 -0,5 0,0 0,5
Ve [V]

Figure 2.23:Input P1dB as a function of the control voltage.

This behavior has to be associated to the highlylmear behavior of the input

switch in that configuration which would need todmmpensated.
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Having observed a good large signal and inter-nadohrl behavior of the amplifier,
and taking into account that the working frequeany relative bandwidth are also used
in WCDMA systems, Adjacent Channel Power Ratio (R}easurements have been
carried out.

ACPR is an important test parameter for characdtegithe distortion of subsystems
and the likelihood that a given system may causafarence with adjacent channels.
ACPR is a measures of the adjacent and alternateneh leakage power. Value for
ACPR are set by the standard under consideratibithvgenerally set high demands on
the adjacent and alternate channel power ratiaoderato ensure as much as possible
interference free communications. The aim of tleasurement was to evaluate if the
proposed gain-control methodology was able to pi®wan inter-modulation distortion
sufficiently low to be used even in cellular WCDM#stems. ACPR measurements are
normally specified at two frequency offsets frone tarrier (885 KHz and 1.98 MHZ,
adjacent and alternate channel respectively) andasurement bandwidth of 30 KHz.

B = average powerin
A =total power across 30 kHz bandwidth
1.23 MHz channel
bandwidth

C = total power within
30 kHz bandwidth
at offset

«——1.98 MHz ——l=—-1.98 MHz —
Figure 2.24: ACPR specification

The adjacent channel power-ratio method comparesptiwer in the specified
adjacent-channel bandwidth to the total power efdarrier across the same bandwidth.
From Figure 2.24, the +885 kHz ACPR result wouldbdBc (relative to A). Several
signal analyzers today offer an automatic methadnfeasuring ACPR, and for this
scope we have used an Agilent 8560E Spectrum Aealyaupled with a microwave
signal generator.

The ACPR performance of the s-band VGA amplifiesweaaluated using a QPSK
digitally modulated signal at 1.95 GHz with 1.23MHandwidth. Figure 2.25 shows
the output power and ACPR at 885 KHz and 1.98 MHnaximum gain as a function
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of the input power. The measured level of ACPR&%8K3Hz is better than —45dBc and
at 1.98MHz is better than —70dBc at an output powerto +10dBm, meeting with

margin the standard specifications.

20— 0
1 —e— Pout e =10
159 0 ACPR 1.98M11> /«0/‘; 1 0
_ 10 e AcPrRSSSKHZ e 1Y
% 0 - - ‘ 140 =
S 01 | | o
3 S5 1790
T .10 | 160 <
15 . 1-70
-20 - . o 1-80
25 1 ————— %_Q{V'@O
30 25 -20 15 10 -5 O
Pin [dBm]

Figure 2.25: Output power, ACPR at 885KHz and 88MHz offset from the 1.95GHz carrier as a
function of the input power (¥ -0.4V).

Figure 2.26 illustrates the ACPR characteristic88% KHz and 1.98 MHz offset

from the carrier as a function of With —10dBm input power.

-30 —T— — ;
i —— ACPR 885KHz : . P,,=-10dBm
-40 ACPR 1,98MHz ~ s Fyy = 1.95 GHz
g 20 <wodse S\
=R
S0l
o) 1 \a :
Q& 7041~ RN
1 H g A :
oo | <80dBc ~ <80dBc -

-18 -16 -14 12 -10-0,8 -0,6 -04 -0,2 0,0 0,2
Ve [V]
Figure 2.26: ACPR characteristic of the VGA at 883z and at 1.98MHz offset from the 1.95GHz

carrier as a function of the control voltage

Shaded regions indicate that the measure reackeditimum sensitivity of the

spectrum analyzer (note that the values are exguless dBc relative to the carrier

29



Chapter 2: Variable Gain Amplifier with input mato compensation

amplitude, so in lower gain conditions the signalpéatude is very small). Reasonably,
the real value should be lower. Even if in the nmediate \: range, where the
transition of the series switch through the pinéhregion causes an increase in the
ACPR value due to the strong non-linearity of tlevide (as was in the case of the
power compression measurements) the ACPR levélvesya lower than —48dBc which
greatly exceeds the linearity requirement of WCDKA25dBc). At maximum gain (Y
= -0.4V) the output power is +8.5dBm, power gain5ti®, 885-KHz offset ACPR is —
55dBc and 1.98-MHz offset ACPR is better than —80dB/ith these performances the
amplifier could be used to directly drive the powerplifier in a WCDMA system.

A summary of the measured performance is present@ble 2.2. These results, if
compared with previously designed VGAs ([2.4], [2]2.7], [2.11]) demonstrate the

effectiveness of the proposed gain control techaiqu

Table 2.2 Summary of the measured performance

Value
Id Characteristic Units Conditions
Min. | Typ. | Max.
Ve Power Supply 3.5 \'
lg Current 34 mA
Fo Center Freq. 2 GHz
BW BandWidth 1800 2200 MHz
RLin/out | return loss -14 dB @all gain
ISOL Isolation 40 dB
Grax Max. Power gain 18 dB @Vaco)
Griat Gain flatness 1.5 dB in BW
Ggope | Gain slope 0.01 dB/MHz |in BW
NF Noise Figure 6.5 dB
GCR AGC Dynamic Range 40 dB Vacon) 10 Vacow)
OIP; Output intercept point 20 dBm @maxgain
OP44z | Output 1dB Compression 12 dBm @maxgain
IPygp Input 1dB Compression -5 dBm @ all gain
ACPRggs Adj. Channel Power ratio -55 dBc @885KHz offset
@1.98MHz
ACPR g8 Adj. Channel Power ratio -80 dBc offset
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2.7 FINAL |MPLEMENTATION

Once confirmed through measurement the proper l@hafvthe first prototype and
the reliability of the models (this was the firsgsigyn carried out by the department at
these frequencies with this technology), next steg the implementation of the final
circuit. A slight modification in the specificatiomhich was requested by the customer
due to a change in the transceiver frequency ptanmorced to shift the center
frequency from 2.0 to 2.2GHz. However, the full eéssimulations carried out on the
updated circuit is not reported as the behavidhefcircuit was substantially the same
as the previous implementation.

The circuit topology was maintained and the omiynigicant changes were related
to the overall layout (Figure 2.27) and the valoéshe input and output networks to
compensate for the effects of the package seleicledMMIC assembly (Detailed
procedures followed for the characterization of plaekage will be described in chapter
5). Additional Electrostatic Discharge (ESD) prdiec resistors have been placed
between all the DC and control pins to minimizewait stress during manipulation and

assembly.

Figure 2.27: Layout of the VGA
The values of the Rp resistor are in the order of 10 to 20 kOhms, nyalinhited
by the available space.
As the chip had to be fabricated within a Multi jecd Wafer run (MPW), only
predetermined chip sizes were available. For thésaon the circuit was placed in the

same 2mm x 2mm die (Figure 2.28). containing als®NA (described later in chapter
5) to be used together with the VGA in the recailiain of the S-band transponder. A
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Process Control Monitor (PCM) transistor was plaaétiin the two chips. The size of
the transistor was selected as the average salétbe devices used in both the circuits.
The aim of the PCM FET is for direct wafer probaigthe foundry to control the value
of all the significant fabrication process parameteithin each individual chip allowing
discarding non-compliant chips following the redidons set by the yield analysis

described hereafter.

IN

Figure 2.28: Layout of the chip including the desd VGA (mirrored) and a LNA amplifier

Yield analysis based on Montecarlo simulations weFgormed at the worst case
temperature of 70 °© C by varying all the procesampaters with distributions functions
provided by the foundr{o check circuit performance compliance with thecsmtion.

Following the results of the yield simulations, feich sample not meeting one or
more requirement the corresponding value of theidatbon process parameter were
analysed and a set of non-compliance criteria rfratevalue) established. Once the
validity intervals for the fabrication parameterere known, the direct on-wafer
measurement of the PCM transistor at the foundrgulav allow discarding all

eventually no- compliant chips.
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In the figures below, the yield results are plofi@dsome significant parameters.
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Figure 2.29: Number of Samples vs. Gain and Curivé@®DF of the Gain. Frefy[2.0, 2.4] GHz,
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Figure 2.30: Number of Samples vs. Input Match at max. Gain@unahulative PDF of the Input Match.
Freq/7[2.0, 2.4] GHz, Number of Samples=201.
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Figure 2.31: Number of Samples vs. Output Compsa€8ower (1dB) and Cumulative PDF of the
Output Compression Power. Fin=2.2 GHz, Number oh@as=201.
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The graphs illustrate the histogram of samplesx{g}arersus the selected parameter
value (Yield Specification, x-axis) and the cumwmatPDF (Probability Distribution
Function) as a function of the same parameter.

The cumulative PDF describes the probability thatgelected parameter value (e.g.
VGA gain) presents a value lower or equal to thecd@d.

It is important to underline that the results skobké considered as an estimation
because the correct yield can be obtained only withinfinite number of trials.
Limitations to the number of trials have to be assied to CPU memory and
convergence time of the simulator at the time ofgrening the simulations.

A measure of the precision of the approximationtled results is given by the
confidence level (CL), which is defined as the aneaer the normal curve within a
given number of standard deviations. Fgr(@umber of standard deviations) =1 the CL
Is 68.3%, G=2 the CL is 95.4% and for,€3 the CL is 99.7%. For an estimation of the

accuracy of the simulation the following expresstan be used:

N =(%} Y (1-Y) (2.9)

where N is the number of trials,is the error in the estimation, and Y is the vyield
So, referring for example to Figure 2.29 we have20l5 Y (Probability of Yield
Specification> Nominal Specification, obtained gmalg the result of the simulations)
=0.917 (91.7% as can be extracted by the cumul&DE value). If G=2 we obtain:
€=0.039. This means that with this number of trials have the 95.4% probability
(confidence) that the real yield is in the inter9&l7%z+ 3.9%.

A summary of the yield results and the associatedsGeported in table 2.3. The
mean value which appears is estimated considenmgdsults obtained by 50% of the
trials (samples) in the Cumulative PDF.

Table 2.3Summary of yield simulations

Parameter _— Nom. Spec. Mean value Error +/- %
(Yield Spec.) (dB) (dB) CL=95.4% | CL=99.7%
Max. Gain 91.7% 17 19.7 3.9 5.84
S11@ Max. Gain. 100% -15 -24.8 0 0
P1dB@ Max. Gain. 94.5% 10 13.5 3.25 4.82
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Once checked that the probability of proper behavad the circuit was ensured in
more than 70% of the samples (for the worst casaa®), the new version of the S-
band MMIC VGA was fabricated (Figure 2.32) to fit & layout area of 1x2mm for
integration into a single chip with a LNA (chap&r

Figure 2.32:Microphotograph of the final circuit. Layout aréga0.95 mm x 1.9 mm.

All the measurements were carried with the assestiobyvn in Figure 2.33.

Figure 2.33: S-band MMIC VGA assembly on FR4 PCB

The chip was mounted in a 16 pin gull-wing package FR4 Printed Circuit Board
(PCB) with 50 Ohm input/output connector is usadease of testing.

Figures 2.34 and 2.35 illustrate s-parameter measemts of the packaged VGA
between maximum and minimum gain. As can be notimei the gain control range
and the input match performance are substantiblysame as in the previous case,
showing how the proposed methods leads to consistsults and that the package

modeling (described in chapter 5) worked properly.
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Figure 2.34: Packaged VGA Gain variation as a fimeiof the Control voltage vV
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Figure 2.35: Packaged VGA input match variatioraasinction of the Control voltage,.V
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Figure 2.36: Output 1-dB compression at differemttrol voltages (Vc=V1).

Figures 2.36 and 2.37 summarize the output powasorements. It can be noticed

how the input P1dB degradation which was presettterprevious prototype for values
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close to the pinch-off is minimized. This is dueato optimization of transistor/resistor

pair in the input switch to cmopensate the efféectan-linearities.

15 T T T T T T T T

O

P1db [dBm]

T

-2,0 -1,5 -1,0 -0,5 0,0 0,5

Ve [V]

Figure 2.37: Input 1-dB compression as a functibthe control voltage

Overall, the measured circuit performance were tamitigally the same as the first
prototype, and has been omitted for simplicity. Tin@n difference associated with the
shift of the center frequency from 2GHz to 2.2GHhe presence of the package, the
non-perfect ground contact associated to the bgnaiirthe MMIC to the package and
the steep transitions associated to the PCB asgewunttribute to the partial

degradation of the out of band response as sdeguies 2.34 and 2.35.

2.8 CONCLUSIONS

A method to design compact linear-in-dB VGAs withod input/output matching
and power handling capability has been presentadidd dynamic range of 40dB with
a deviation from linearity of onlg1.5dB is obtained. Input and output match remain
always better than 14dB with an output comprespmmer of 12dBm.

The method has been validated with the design dba#\s fully monolithic
amplifier. Several circuits have been tested andelent agreement between the
measured and predicted results has been achieved.

ACPR was also measured at the 1.95GHz WCDMA baodisiy values of -55dBc
at 885-KHz offset and better than —80dBc at 1.98zMiffset with an output power of
+8.5dBm. With these characteristics it has been asinated that the method is
suitable to implement the power control featur&@&A which could be used to directly

drive the power stage in WCDMA systems.
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3. E/D pHEMT multi-frequency generator
MMIC

3.1 INTRODUCTION

Evolution of technology pushes toward bringing dotlve size and manufacturing
cost of any kind of electronic equipments. In tbanmtext, the improvement of MMIC
technology has drastically changed the design oh squipments. This is especially
true for satellites and space modules asking fanpdex transmit/receive circuits with
very stringent requirements. The use of MMIC citswllowed an incredible reduction
in mass and cost from the previous generation rauits employing discrete IC, not
only keeping but also increasing the reliabilitglgperformance of equipments.

Integrated transceiver subsystems using MMIC claifgs being used for satellite
communication applications. In some cases the pieltMIC chip assembly solution
may result in greater manufacturing and tuning fimesulting in higher cost. Current
MMIC technology offers solution to this problem alling the integration of many
functions on a single chip (up to the completegrdéon of a System-on-Chip, SoC)
without a big impact on yield and performance (esgdly with the increased
miniaturization of the technologies), minimizingethumber of chips and resulting in a
lower test and module assembly cost. However timbeu of circuits and the area of
the chip must be carefully chosen to optimisat dissipation and minimize the effect
of wafer variability, which can degrade the yield the process and cancel the
advantages of size reduction and assembly costsgsav

The scope of the work described in this chapter twaslesign, implementation and

measurement of a multi-function MMIC to be usedns of the building blocks for a
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new generation of Telemetry, Tracking and Contrdbl &C) satellite transponder
(details on the scope of the application and thal fiesult of the work will be presented
in chapter 5). The design which will be presentedhis section was carried out with
two goals in mind. First of all to test circuit©dologies and performance achievable
with the selected technology as this representedirt$t design/implementation iteration
with a technology which we never had used at tfiespiencies. Secondly to allow the
evaluation of the suitability of the developed s$ioln to match with the flexibility
required by the overall system design while at Hane time maintaining high
fabrication yield despite fabrication variabilitgrass the wafer.

Commercially available MMICs for space born apgima (especially if we refer
to multifunction or SoC solutions) are really liedk (given the limited marketability)
and in most cases solutions are developed on & masase” basis to adapt with each
specific space mission requirement. Given the iipeequirement associated to the
new S-band transponder to replace previous geaoerratith a higher flexibility (to
enable the use in multiple missions) as well asuced mass, cost and power

consumption, a completely custom design was reduire

The developed MMIC was targeting the coherent geier of multiple frequencies
needed for the implementation of specific radiogfrency functions (direct QPSK
modulation, phase modulation, TT&C reception, andr) in a transmit and receive
(T/R) modules of satellite systems. In addition aoVoltage Controlled Oscillator
(VCO), a frequency tripler and other analogue fiomg (mainly amplification), a
digital divider has been inserted to allow the abéhis mixed analogue/digital chip in
PLL systems. Main focus will be given to the divolfour circuit as the detailed
design of the VCO has been object of a separatk W&B], and the frequency

multiplier did not supposed significant design effo

3.2 TECHNOLOGY SELECTION

There are no technologies that suit the needsl dh@lmodules which were to be
developed in the frame of the project. MMIC desmgmanded many trade-offs in
performance and many factors were to be considetezh starting the design of the

family of application-specific MMICs, including tenology limitations due to space
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mission requirements (e.g. radiation total dosgglsievent upset tolerance, and heavy
ions sensitivity).

All the circuits were developed for on-board tramsger applications in the frame
of the Galileo program, the European Global Satelli Navigation
(http://www.esa.int/esaNA/galileo.htinlOne of the most limiting factor is probably

linked to the strict spatial requirements [3.1],2]3 Space radiation effects have to be
considered when designing a circuit fmerospace systems. The Single Event Effects
(SEE) associated with the transit of heavy ioneugh semiconductor junctions have to
be minimized to reduce failure risk. Radiation eféefrom these particles can cause
degradation, and also failures of the electronid @lectrical systems in space vehicles
or satellites. The most dangerous of this kind fédats is the Latch-up (SEL, [3.3])
which can lead to the destruction of the device lzamito be completely avoided. In this
sense GaAs devices, which are not prone to SELnpegeto be the best choice.
Moreover, gamma-ray robustness of p-HEMT MMICs hasn investigated for space-
borne applications [3.4], [3.5] showing that no etation of RF performance was
observed up to TOrad-dose, which suggests over 100 years of liftn \gamma-ray
irradiation in the space environment.

Another aspect considered was the fact that tloeitsrwere part of a broader set of
functions including also Low Noise and power amgéifion, hence compatibility with
LNA and MPA design would have to be ensured in otdeavoid the use of different
technologies. The family of MMICs also includegitil circuitry, so a process with
complementary logic, i.e. with both normally-On andrmally-Off transistors, is
preferable.

Finally, the selected process should include measent-based accurate models for
active and passive circuit elements, along witlolaylibraries and thermal, reliability
and process variation parameters, all of them #foremmat compatible for use with
standard circuit simulators. Space evaluation/§aation of the process is a must in
this case.

After a careful evaluation, the chosen process av@®mmercial foundry process
from OMMIC in France (EDO2AH), developed speciflgaior low noise applications
up to 60GHz but capable of providing good outpulv@olevel and normally on and

normally off devices. The technology was alreadgduby our research group at the
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University of Cantabria in the frame of other speslated developments, albeit at much
higher frequenciés but the familiarity with the technology and thedels, allowed a
quick check of the attainable performance and plexvireasonable confidence on the

capability to meet almost all the design requiretsen

Figure 3.1: Cross section of a p-HEMT transistasrfr OMMIC

The EDO2AH process features an active pseudomor@hioAs layer grown by
Hetero-Epitaxy and the p-HEMT transistors (Figurg) have a gate length of 0ji@
with an £=60GHz. A significant Indium concentration ensugedtér electron mobility,
higher cut-off frequency and lower operating voésg Two types of transistors are
available: depletion (D) and enhancement (E), feagunominal pinch-off voltage (Y
of -0,9V and +0.225V respectively. D-mode trarmisbperate with negative gate
control voltages whereas E-mode with positive oaeeck providing a lower dynamic
range. A higher dynamic option for E-mode is algailable with a V= +0.1V.

Combining enhancement and depletion mode devibegrocess is suitable for the
implementation of both digital and analogue funtsioThe EDO2AH process is today
(at the time of the design of the circuit the pss&as ongoing) one of the European
Space Agency (ESA) European preferred part list P(EPtechnologies. Some
successful results from this process have already beported ([3.6], [3.7]).

2 B. Aja, M. L. de la Fuente, J. P. Pascual, M. BiitrE. Artal, “GaAs pHEMT broadband low-noise
amplifier for millimeter-wave radiometer”, Microwavand Optical Technology Letters Volume 39, Issue
6, pages 475-479, 20 December 2003.

Aja, B. ; Pascual, J.P. ; de la Fuente, L. ; Détht; Artal, E. ; Mediavilla, A. ; de Paco, P. ralell i
Cara, L,” Planck-LFl 44 GHz back end module” , IEHEansactions on Aerospace and Electronic
Systems, Volume: 41, Issue: 4 Page(s): 1415 09,2885
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3.3 MMIC SPECIFICATIONS

A block diagram of the specified MMIC is showedRigure 3.2. The selection of
the three main functions (oscillation, frequencyltiplication by 3 and division by 4)
was motivated by the use for which the chip wasettged: the generation of all the
system frequencies used in a TT&C T/R module atisdband the frequency planning
of the module itself.

A quasi-MMIC VCO approach (i.e. the resonator placed outsideMMIC) was
imposed instead of a fully integrated solution nhv@nce the flexibility (with respect to
the limited capabilities which can be granted bulby integrated solution) to support
the use in multiple space mission. The tank resoo@ouit outside the chip gives a
degree of freedom (and even better performanceghwis not possible if varactor
and/or resonator were included on chip (and thimdependent from the technology

Multiplier 1 > @

selection).

circuit
Buffer

Buffer
Negatron MMIC
X
: G P> 1>
ivider
|_
|9 Buffer Buffer

Figure 3.2: Block diagram of the frequency generdtd11C

As can be noted, each of the elementary functioesenmts two or more input/output
terminals to access the circuit from the outsidesdution which was adopted to
facilitate the first on wafer testing and allowididferent system configurations through
appropriate connections.

Two possible configurations of use, in transmissemd reception mode, are
illustrated in figures 3.3 and 3.4. Additional RRdadigital functionalities, sketched as
separate circuits in the figures, have not beeegnated in the same chip to make
possible the sharing the same MMIC in both typemoélules (T/R), and to reduce the

chip size to trade off fabrication yield.
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Figure 3.3 : Multi-frequency chip use in a transmiodule

e &

o)

X3 g :

Vol 5
N Gi) +4 :>_|_ g

<&

v

Figure 3.4 : Multi-frequency chip use in a receimedule

In order to meet overall system specificationsjviadial sub-circuits requirements

were fixed as it is detailed in Tables 3.1 to 3.3.

Table 3.1Frequency Multiplier design specifications

Value
Id Characteristic Units Conditions
Min. Typ. | Max.
P4 Dissipater power 15 mwW
F Bandwidh 660 780 MHz
M Multiplying factor 3
Pin Input power 5 dBm
Pout Output Power 5 dBm @50 Q
z Input/output impedance 50 Q
Harm | Harmonic suppression 40 dBc
Spur Spurious tones 90 dBc Not Harmonic
T Temperature -30 25 70 °C
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Table 3.2VCO design specifications

Value
Id Characteristic _ Units Conditions
Min. Typ. | Max.
P4 Dissipater power 15 mw
Negative
F Bandwidh 660 780 MHz )
Resistance
Foutt Frequency pulling 0.2 % Load VSWR =2
Foush Frequency pushing 0.01 % @V 5%
Pout Output power 5 dBm Both outputs
Zin Input impedance 50 Q
ISOL Isolation 90 dB Buffer/ Splitter
Nflkr Flicker Noise 17 dB @VACG(L)
Depending on the
PhN Phase Noise
external resonator
T Temperature -30 25 70 °C

Table 3.3Frequency divider design specifications

Value
Id Characteristic Units Conditions
Min. | Typ. | Max.
P4 Dissipater power 35 mW
F Bandwidh 500 2800 MHz
D Division Ration 4
Pin Input power -5 dBm Sensitivity
Pout Output Power -5 dBm @50 Q
Z Output impedance 50 Q
SEL Latch-up immune
SEU Single Event Upset 107 Errors per bit/day
T Temperature -30 25 70 °C

3.4 CIRCUITS IMPLEMENTATION AND CHARACTERIZATION

The prototype multifunction chip which has beerriizdted is shown in Figure 3.5.
Layout area of 4x5Smfincludes coplanar test points and multiple DC-lgias to
allow individual and collective characterisationtbe functions and independent bias
pads to adjust DC power consumption, check perfooman non-nominal conditions

and test multiple connection configurations.
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Figure 3.5: Microphotograph of the multifunction NI

Following sections will detail the main implememdat features of the circuits
together with a summary of the measured perfornsandewever, relevance will be
given mostly to the design and implementation efdkvider circuit as the other circuits
were object of a parallel research.

3.4.1 Voltage Controlled Oscillator

The VCO consists basically of an external tankuwir¢resonator and varactor) an
integrated negatron (Figure 3.6). This solution wakected because the use of a high
quality external resonator and varactor, providdsigh degree of versatility for the
operating frequency range and higher quality offqgerance, compared with the
attainable with integrated resonators.

To buffer

S

L

|

Figure 3.6: Topology of the oscillator (negatromuglresonator).

46



Chapter 3:E/D pHEMT multi-frequency generator MMIC

The negatron uses a transistor with the sourcectafey coupled to ground. To
simplify the biasing scheme the active device I6ldased. The output is taken from
the drain and the varactor tank circuit is connédte the gate of the transistor. This
solution achieves better isolation between the wugnd the resonant circuit and
requires a single pin for the connection with tegonator.

As can be noticed in Figure 3.5 (left side of th®l®@), for this first implementation
a double input pin has been placed to facilitagtstevith different type of resonators
(i.e. varactors, inductors, and coaxial resonators)

The buffer (a common-source amplifying stage withive bias) was designed to
increase isolation (more than 40dB) in order toiddependence of the VCO frequency
from the load (frequency pulling). As a double autps required to feed both, a
frequency multiplier and a frequency divider (Figus.2) a power splitter plus two
buffers were added. The former consists of a fiesisplitter occupying minimum area,
and the output buffers were designed to providatiaddl isolation and proper power

interfacing with 5@ system.

RESONANT

—» NEGATRON
CIRCUIT

Figure 3.7: High level block diagram of the complesscillator circuit

The MMIC negatron is capable to provide oscillat{oe. negative resistance) in a
band in excess of 1 GHz around 700 MHz, with anpautpower around 5dBm
independent from the used resonator and with ailsktys from supply voltage
(pushing) less than 0.07%. The circuit draws 47modnfa 3.5V supply voltage. Details
of the design technique used for the VCO are oetid scope of the present work and
can be found in [3.8]. Figure 3.8 reports the rmead performance (oscillation
frequency and output power) as a function of thetrob voltage in two different cases

in which a simple surface mount inductor was usetba&-Q resonator.
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Figure 3.8: Oscillation frequency and Output powasra function of the varactor control voltage

with two different low-Q resonatars

Different values and configurations for the tankceit were tested to demonstrate
the capability of oscillation of the VCO in the eatBW in which the negatron shows
negative resistance.

An oscillating BW of 19MHz around 740MHz with antput power of more than
5dBm at each output was obtained with a 2.7nH itatu@eft). The measured phase
noise was —99dBc/Hz at 100Khz offset from the eamwith the control voltage set to
0V. In the second case we used a 2.2nH inductdr avibwer Q factor and a different
tank circuit to obtain a greater oscillating BW #4MHz @710MHz and an output
power slightly lower than 5dBm. The measured phmesse was in this case —95dbc/Hz
@100KHz offset.

To improve phase noise performance a high-Q coaesbnator was tested at
Alcatel space laboratories. Results at three diffeoperating temperatures are shown

in Figure 3.9.

530
525
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Figure 3.9: Oscillation frequency (left) and Outgpdwer (right) as a function of the varactor

control voltage with a high-Q coaxial resonator.
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In this case the achieved frequency bandwidth Wa&-& with a variation with the
temperature (not reported in the graph) around 4Mie output power is slightly
lower than the previous cases, but always grehter 4 dBm with little variation with
the temperature. This is a fact that can be adsocia the dispersion of the process
parameters across the wafer.

In Figure 3.10 and 3.11 are shown the measuredephaise performance at 491
MHz and 1GHz of —106.6dBc/Hz@100KHz and -116.8dB@H 00KHz respectively.
These values are similar to the values obtaineld 8iHtMMIC using the same resonator
configuration [3.9], and it is not far from the [gleanoise achieved with SIGE BICMOS
technology [3.10] despite the much better cornequiency performance of the latter

technology with respect to GaAs.

ATTEN 20dBE aMKR - 1B6. BdB/Hz
RL 18.@dBm 18dB/ 198 . BkHz
‘a
AMKH
180 |0 khz j}
DI-18%.8 ¢B/H; f \
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CENTER 491.5822MHz SPAN 288 . BkHz
RBW 3.@8kHz UBW 3.8kHz SWP B7. Bms

Figure 3.10:Measured spectrum of the free running VCQ£491MHz) at a tuning voltage of OV.
Phase noise is approximately —107 dBc/Hz @100KHz.
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Figure 3.11:Measured spectrum of the free running VCQ£AGHz) at a tuning voltage of OV.
Phase noise is approximately —117 dBc/Hz @100KHz
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3.4.2 Frequency Multiplier

The frequency multiplier consists of a frequenaplér [3.11], a buffer, a power
splitter and two output buffers (Figure 3.12). Tinipler is basically a pHEMT that
works as a harmonic generator. Its biasing poird a@imized to obtain the maximum
third harmonic power. This block also includes resd circuits to attenuate the first
and second harmonics. The first buffer ensures gimawutput power to drive the
splitter. The latter is a lumped Wilkinson powevider designed to contribute also to
the attenuation of the fourth and higher harmonkisally, the output buffers were

designed to improve isolation and output matchiver @ wide bandwidth.
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Figure 3.12: High level block diagram of the freqag multiplier (left) and schematic of the
multiplier-by-3 (right)

The measured output power is greater than 5dBm mvihe than 18% bandwidth
around 710 MHz at an input power of 5dBm (FigurE33. Output match is better than
12dB when the input signal is applied, and powesaonption is 38.5mA@3.5V.
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Figure 3.13: Multiplier Output vs. Input Power witththe operating bandwidth
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Fundamental frequency is around 28dB aftiharmonic 22dB below the desired
signal right at the output of the MMIC (Figure 3)14rhe level of other higher
frequency unwanted harmonics can be further deedeagth external passive filtering.
DC bias requirements at the maximum output power8c5V and 38.5mA. Bias of the

output buffers can be adjusted to trade-off harmamntents at the output and DC
power consumption.
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Figure 3.14: Measured output spectrum of the miidti{Fin= 660 MHz)

3.4.3 Frequency Divider

3.4.3.1 OVERVIEW

Frequency dividers IC are essential building blodks today's frequency
synthesizers and PLLs for a wide range of appbcati There has been a number of
different microwave frequency divider concepts diéscl in the literature. Each of
these individual concepts may be categorized wi basic categories: analogue and
digital.

Main difference between the two types of circugsthat analog dividers rely on
non-linear properties of the active device whilgitdi ones operates substantially like
digital counters (even if its behavior could belgped also from an analogue point of
view as will be further described in chapter 4).

Analogue dividers feature lower power consumptgimpler circuit designs (they
generally exploit a single non-linearity) and higle@erating frequencies, which makes
them attractive for communications purposes. Amamglog divider we can distinguish

between: injection-locked (a free-running osciliateynchronized with a specific
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harmonic), parametric (in which a sub-harmonic ltgen is generated from a
nonlinear element, e.g. a varactor), or regenaxatmixing the input signal with the
feedback signal from a mixer). In all the cases,dlvision mechanism is associated to
non-linear properties of the active device which atrongly variable with frequency
and difficult to model properly. For these reasahss kind of dividers are inherently
quite narrow-band and present a frequency behawhach is quite difficult to predict
accurately.

On the other hand, digital frequency dividers melginly on the on/off behavior of
the active device, yield instantaneous frequeneisidin of a given signal on a cycle-
by-cycle basis, but require quite complex impleragahs and high number of
transistors.

Attempts have been made to broaden the operatimgiwedth of analogue
frequency dividers ([3.12], [3.13]) but all thessafures can be better guaranteed by
digital dividers for which the operating window caaver the range from DC to the
maximum working frequency of the active device offg more flexibility and
modularity than analogue dividers [3.14]. In aduiti high speed quadrature clock
signals are required in modern zero-IF and low-IFeless receivers [3.15] and phase-
shift-keying demodulators, feature which can balgagshieved with a digital divider
[3.16] while requiring additional circuitry in areagjue dividers.

Despite their complexity and lower speed, if congplamwith their analogue
counterpart, digital frequency dividers are usugligferred in the implementation of
frequency synthesizers because of the common megamts of commercial
applications: robustness against process and temupervariations, and an operating
window (i.e. bandwidth) wide enough to cover diffier applications without the need
of redesigning the entire circuit for each applmat All features which can be better
guaranteed by a digital divider. All these reasaskendigital divider widely used in
modern electronic systems. At the same time, affiereintly from the analogue case, its
functioning principle is relatively independentindhe accurate characterization of the
non-linear devices, hence simplifying the designl &me reliance on very accurate
device modeling.

Within the digital domain, the design strategy dam further divided into two

categories: static logic and dynamic logic. Théicianplementation is the most popular
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approach and has been selected for the targetetediy-four implementation given its
wide acceptance and demonstrated functionalitys Type of circuit could in principle
work from the maximum operating frequency of thévacdevice down to DC. In the
reality on implementations the upper limit is aféat both by the technology and the
topology chosen (in addition to the circuit load)ile the lower limit is set by the input

analogue circuitry (e.g. buffers).

3.4.3.2 CIRCUIT TOPOLOGY

After an initial study on the different digital dder topologies capable of meeting
the design specification, the one selected forintidementation of the circuit is based
on the master-slave D-Flip Flop (DFF) with two ¢tqahases ([3.17], [3.18]).

It can be easily shown how a DFF with feedback ftbm inverted output allows
multiplication by two of input signal period Letensider a positive edge-triggered
DFF which initial state is set as D=NQ=1 and Q=MhefN the clock changes its state, Q
follows D and goes to 1. At the same time NQ goezero, and D (due to the feedback)
follows NQ. At the next positive clock edge Q wgib back to zero (as it is the value
stored in D), hence NQ and D will become 1. It barthen easily observed in the logic
diagram (Figure 3.15), that the result is the rplittation by two of the (input) clock

signal period, hence the division by two of theunfsequency.

Sninlnin

B LC S B B

Figure 3.15: D-type Flip Flop with negative feedkdo implement division by 2 and relative logic
diagram
Cascading two master-slave DFF of this type wiluiein a division by four of

the input signal frequency (Figure 3.16).

LD Ql— LD Q—

Fin I:in/4
=2 |k NQ ck NOL1=">

Figure 3.16: Block diagram of a static divide-byfo
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For the implementation of the basic DFF logic c8ICFL topology was selected
for its suitability to the application.

VDD

ouTt o OUT

vssS

Figure 3.17 Generic diagram of SCFL inverter wituece follower output buffering

Functioning principle of SCFL is based on differahtamplifiers. An SCFL
inverter (substantially a buffered differential difigr) is shown in Figure 3.17. The
high speed of this logic family derives from sonrepgerties which can be deduced
from its circuital implementation: small input cagance, fast discharging time of the
differential stage output nodes, and good driveabdipy ensured by the source

followers.

In addition to higher speed than Direct Coupled Fa&gic (DCFL) due to smaller
input capacitance and fast discharging time attitput nodes, SCFL is characterized
by high functional equivalence and reduced sensitio threshold voltage variations
(and all other common mode variations as tempezaand other process parameters)
due to the fully differential structure (DCFL feetua quite low noise margin making it
very sensitive to any kind of process variationfieTcurrent-mode approach used in
SCFL ensures an almost constant current consumpom the power supplies and,
therefore, the power supply noise is greatly reduasecompared to other logic families.
The differential input signaling also improves B€, AC, and transient characteristics

of SCFL circuits.

A drawback of SCFL topology is the complex trarmisgate topology (7

transistors are needed to implement an invertirtg)gaut this is counterweighted by
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the fact that this family has a high functional ealence, so that even complex

functions can be implemented with a reduced nurabeells.

Cut
Cut

o O m ®

Figure 3.18: Logical equivalence of an AND-NOR gaith a two level SCFL cell.

A single two level series SCFL cell can be in fased to easily build a DFF. The
basic logic equivalences are shown in Figure 3T¥& series transistors operates as an
AND gate while two parallel transistors as an OReg&ascading these gates with a
source follower, NAND and NOR functions are impleresl.

The logic block diagram of a master-slave DFF imvahin Figure 3.19 [3.19]. It
can be noticed how the clock controls both the datpisition and the feedback from
the inverted output.

=

Nof|clk NotQ

NotD dk
Not clk

Figure 3.19: Logic diagram of the master-slave Pey-F with two clock phases

Given the differential structure of the SCFL cealhd the inverting characteristic,

only two SCFL cells (two-level) are required to iement a complete DFF. Using
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conventional DCFL logic, at least eight cells wohlve been needed to implement the

same functionality.

3.4.3.3 CIRCUIT |IMPLEMENTATION

Following the principles detailed in the previowectson, a D-ff with feedback
from the inverted output could be implemented thfothe circuit schematic shown in
Figure 3.20 which features a two level series-gatiecuit. Each of the AND-NOR
blocks, is implemented with a differential cell witwo series transistors. The inputs at
the two levels require different DC-offsets in arder the circuit to work correctly;
thus, level-shifting networks using diodes or seufallowers are needed. The source
followers at the output of the SCFL cell are commpdated with level-shifting diodes
which are needed to allow a cascaded connectionuitiple DFF. The current source
was dimensioned to ensure the best common-modeesgipn and, together with the
load resistors, to set the output logic swing. ddeo to ensure an optimum behavior of
the circuit [3.19], the transistors in the diffeti@hpairs should be kept in saturation all

the time to maintain a low gate-drain capacitance.

Even if, in principle, a differential input is nstrictly needed (as one of the inputs
could be connected to a reference voltage), weectmsise a fully differential input to

endure a better high frequency behavior.

(Vdd)

TGnd

NN
I
b*D_'#—Lb"—ErH Y v [

ﬁ o o

w]]

OI{ 9]

]

Vss

Master e Slave

Figure 3.20: Schematic of the master-slave SCFlyfi2-tF
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In additional to the core logic, the overall cirtcis completed by an input and an
output buffer to interface with the external citcyi(Figure 3.21).

DIVIDEBY2 =) DiviDE By 2

DIVIDE BY 4

_ Out Out
Clk Clk v

BUFFER

/BUFFER our
/"IN \
T
PN@Fin Poutr@Fin/4

Figure 3.21: High level block diagram of the compldivider by four

34.33.1 |Input Buffer
The following functions need to be performed by Ibéer:

» DC decoupling of the logic core ;

» Interface with 5@ (required by the characterization set-up and towal
multiple test configurations in the multifunctiohip);

» Generation of two out-of-phase differential signflem a single-ended
input;

» Level shifting of the input signal to level comgmé with the logic cell.

Segunda etapa

ouT1 ouT2

IN2 ¢

Arimera ctapa

i = ¥
i B =

C=C2
-

Nt ® , Ly
=i i=Cl =Cl
Y

£
Atenuador |

Figure 3.22: Schematic of the two-stage differdntiput buffer

To perform these functions two differential stage=e cascaded (Figure 3.22) to

ensure the generation of two complementary sigimala a single phase input signal
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with an accurate and constant 180° phase shiftadditional attenuated input was
included on-chip to ensure proper behavior of tiveddr. This input will be used as the
nominal one as the cascaded amplifier has an egesgiven the very good behavior
of the GaAs transistors at the operating frequembg. non-attenuated input was kept as
an additional option to be used in case the dividees not present the required
sensitivity level (it has to be recalled that trepresented the first design iteration). As
an additional functionality, the input attenuatemiso used to slightly equalize the gain
of the differential amplifier across the full inpgignal bandwidth (500-4500MHz).

Level shifting to drive the cascade of the logicecs achieved inserting source
follower stages directly coupled to the output lné second differential stage (Figure
3.23).

ASROUND AGROUND

LUty o . out2
s$3 Ev— Diferencial [ Gsf4
§ §

¥ DI D4
r D2 05

* D3 D6

Clock NoClock

3 e

asfl 5 P_Osfa

Figure 3.23: Input Source follower stages

3.4.3.3.2 Divider core

A detailed step by step procedure has been apfareithe selection of transistor
sizes and bias, to maximize efficiency, to keep HEMIlways in saturated region and
to adjust delays during the high-low transitionseach one of the three different
transistor levels present in the SCFL cell. DC rting curve was obtained as a first
approach. In a further step the dynamic invertiragdfer characteristic was optimized
taking into account the signals present at therotiguts. The resulting divider core
(Figure 3.20) was implemented with normally off pHE (V>0) transistors with a gate

width of 2x3Qum. The current sources transistors providing ttiaragon current gss

58



Chapter 3:E/D pHEMT multi-frequency generator MMIC

(Vgs=0V) use normally on pHEMT (¥0) with a gate width of 2x30n. The latter
represent the minimum transistor size for which floendry guarantees proper
modeling, and it has been selected to minimizeallveircuit consumption. The overall
voltage swing higher than 5V ensures that transstoall 3 logic levels operate always
well above the saturation voltage (but with a hepgwer consumption drawback) and
the circuits provide enough output voltage swinkisTchoice was associated to the fact
that the design was a first run, and enough saf@ingins had to be ensured. As the only
available voltage (in the overall system speciimat were +3.5V and -6.3V, this
implied that the circuit was designed withg¥gnd, and Vs<=Vsypply Simulated current

consumption was in the order of 50mA@5V. Sourcéovetrs used internally to the

SCFL cell are depletion type with a gate width 83um.

3.4.3.3.3 Output Buffer
The following functions need to be performed by bl er:
» DC decoupling of the logic core.
* Interface with 502 and isolation from the load.

* Amplification of the output voltage swing to theesffied power level.

As the divider provides a DC-coupled differentialtmut, an additional
differential stage is needed to decouple the outpitile a push-pull amplifier

connected to the complementary outputs was usedotode broadband match and the

requested output power (Figure 3.24).
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Figure 3.24: Output Buffer
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3.4.3.4 LAYoUuT

Figure 3.25 shows a micro-photograph of the coreptbvider. The two input
pads are on the bottom left while the output ighenright. The two rows of pads on the
top and bottom of the die are used as multiple lyuppltage and bias pins. All the
circuits’ biasing networks have been separatedderoto better control all sub-circuits
and allow post fabrication tuning of the operatipgint. Due to the low frequency
divided-by-four output, the output bypass capaaiéguired is quite big and it was kept
off-chip to fit the layout area within the availaldpace.

Interconnections between the two logic cells anériral feedbacks have been
optimized to avoid phase shifts and maintain elgailim among simultaneous paths.
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Figure 3.25: Detail of the divider by four

3.4.3.5 SIMULATIONS

The most relevant simulation related to the maiuwiddér specifications are

detailed in this section for sake of completeness.

The results are relative to the overall circuitkB-plus buffers) with input/output
loads set to HQ. The values have been obtained by means of trar&@mulations as at
the time of developing the circuit and with the slation techniques known by that
time, the Harmonic Balance (HB) simulator showedhwvesgence problems in the
available workstations due to high number of noedirities (around a hundred

transistors) present in the circuit and to the fiett in case of divider circuit the
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solution needs to be properly initialized. Everirégnsient simulations do not provide

information on the steady state solution (as iscde of HB), by taking a sufficiently

large transient time interval, we can assume ti@solution is quite close to the steady-

State.

Due to convergence problems also with DC simulatiatatic current

consumption was evaluated by means of transidré:average RF power consumption

in a sufficiently large interval (hundreds of cy&lafter the initial transient behavior is

stabilized was estimated. Overall current consuompivas in the order of 75maA.

Input/output waveforms in a close to steady statation and its relative output

spectrums at different input frequencies are shiowiigure 3.26 and Figure 3.27.
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Figure 3.27:

Input/Output waveforms (left) and autppectrum (right). P=-8dBm, F,=2.8GHz,
Fou=700MHz.

One of the most important parameters which des¢hégerformance of a digital

divider is its input sensitivity. The input sengity is defined as the minimum input

power level for which the circuit works as a divideth the division ratio for which it
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has been designed. In this kind of dividers maximaemsitivity (absolute value) is
observed in correspondence of the “self-oscilldtivaquency. The self-oscillation in
absence of input signal (but in presence of whiisenat the input) is typical of Emitter
Couple Logic (ECL) dividers and consequently of &Cwhich represent ECL
counterpart using field-effect transistors.

The presence of self-oscillation for this type afcuits can be explained as
follows. Being each divider-by-two implemented bynaster-slave DFF with feedback
from the inverted output, an output-to-input feedbpath is established similar to what
happens in ring oscillators (see chapter 4 forhfurtdetails). Depending on the input
clock state, one between the master and the stav&ansparent” while the other is
latched to the value which was present at its dubefore the last clock state change,
thus preventing self-oscillation. Without an inpsignal, flip-flop input differential
voltage (clock and its complementary) are equal ze1d. This state corresponds to an
invalid logic level between HIGH and LOW states, which liegpa transparent state for
both the master and the slave. The circuit behasgean inverter, and starts operating
like a ring oscillator (the oscillation frequencyassociated to the delay in the feedback
path).
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Figure 3.28: Input sensitivity at room temperat(2&°)

Simulated results for frequency divider MMIC inpagnsitivity as a function of

the input frequency is reported in Figure 3.28. Bharp peak between 2.6GHz and
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2.7GHz corresponds with the self-oscillation fregue (650MHz). It must be stressed
that the self-oscillation of the circuit do not repent a problem as the input will be

continuously fed by the VCO or forced to a low \alu

3.4.3.6 MEASUREMENTS

Performance of the fabricated MMIC were checked bt wafer by means of the
coplanar testing point and with the divider assemblbn a test fixture PCB (Figure

3.29) with input/output 5Q connectors.

>

Figure 3.29: Photo of the chip assembled on thé R€B for the divide-by-four

characterization

All the measurements were carried out with the lélp spectrum analyzer and a
40GHz microwave transition analyzer (HP71500A)tHa following figures, a selected

sub-set of results is shown.
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Figure 3.30:Output spectrum of the self-oscillation

63



Figure 3.31:

Chapter 3:E/D pHEMT multi-frequency generator MMIC

¢ Agilent  16:36:@7 Jan 28, 2083 ! Peak Search
Mkrl 7.5 MHz
Ret 12 dBm Atten 25 dB 2.894 dBm
Peak T Meas Tools:
[+] 2
Log [
1@
dB/ Next Peak
Next Pk Right|
Marfker ¢
7 5P0ARAA MH
_2_?9.4_43;“ Next Pk Left,
Start @ Hz Stop 108 MHz
Res BH 1 MHz VEH 1 MHz Sweep 4 ms (401 prs) Min Search
Marker  Trace Type W fxis Anplitude
Freg 7.5 MH=z 2.894 dBm
2 (1> Freg 22.5 MHz -3.147 dBu
Pk-Pk Search
Hore|
1 of 2

|:|

Output spectrum at minimum operatiregfiency (F=30MHz)

¢ Agilent  15:34:21 Jan 28, 2083 ! Marker
Mkrl 558 MHz
Ref 12 dBm Atten 25 dB 3.852 dBm Select Marker
Peak
Log T >
1@
dB/ Normal
Delta
Marker
ARAPAA MH= Band Pai
and Pair
= j-BHi Start Stop
Start @ Hz Stop 5 GHz N
Res BH 3 MHz YEH 3 MHz Sweep 12.5 ms (491 pts) Span Pair|
Marker  Trace Type W fixis Anplitude pan Center
1 (1) Freq 550 MHz 3.952 dem
2 (1) Freq 1.55 GHz -8.389 dBn
Off]
More|
1of 2

Figure 3.32: Output spectrum at self-oscillatioeduency (F=2.2GHz)

S Agilent  19:54:18 Jan 28, 2003 ! Peak Search
Mkrl 1.18 GHz
Ref 12 dBm Atten 25 dB 2.242 dBm
Peak Meas Tools:
[+)
Log 1
1@
dB/ Next Peak
Next Pk Right|
Marlker ¢
1.18ARAPARAA GH=
2242 dBm Next Pk Left,
Start @ Hz Stop 5 GHz
Res BH 3 MHz VEH 3 MHz Sweep 12.5 ms (481 pta) Min Search
Marker  Trace Type W s Anplituds
1 (1) Freq 1.18 GHz 2.242 dBm
2 (1 Freq 2.80 GHz -41.83 dBu
Pk-Pk Search
Hore|
1of 2

|:|

Figure 3.33: Output spectrum at maximum operatnegdiency (r=4.7GHz)
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Figure 3.36: Measured input sensitivity and maximoput power (T=25°)
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Figure 3.36 illustrates the measured input seirisititogether with the
corresponding output power (measured with a poweterh and the maximum input

power to ensure a correct behavior of the circuit.

The measurements are relative to the attenuated am at room temperature,
with a supply voltage of ¥ pp= -5.2V. It can be noticed how the maximum senisjtiv
is in line with the simulated results and with theasured self-oscillation (slightly less
than 600MHz). The circuit is capable to provideautput signal power of more than
4dBm (depending on the output buffer biasing) wtité input ranging from 80MHz to
4.5GHz and a sensitivity window wider than 30dBm

The current consumption of the divider leading tte tlescribed performance is

summarized in Table 3.4.

Table 3.4 Detail of the measured divider power consumption

Sub-circuit Quantity | I(DC, mA) | Vsuppiy(DC,V)
Input Differential stages 2 4.1 -5.2V
Input Source Follower 2 4.6 -5.2V
SCFL basic cell 4 12.2 -5.2V
Output Buffer 1 11.5 -5.2V
Total 78 -5.2V

If we exclude power consumption figure, all thefpenance requirement were met
by the circuit with significant margin. However, mparing the measured results with
the original specifications it is clear that themgo consumption figure is almost an
order of magnitude bigger. This is associated ® tdchnology used, as the value
specified was derived from a CMOS implementatihi¢h was discarded at the time
of development because of the space requirementgations and the non full
compatibility with low noise and power requiremgnisn analysis was carried out to
quantify the minimum power consumption which coubt@ expected once the
technology selection and associated circuital imgletation. Disregarding the
contribution of the buffers (which have been desdyto interface with 30 system and

provide a quite high security margin), focus wastenSCFL logic core.
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Each of the cells contains three separate curoentss (one in the differential core
and two in the source followers, Figure 3.20) eaichich draws approximately 4 mA.
This high current consumption is associated with liehavior of the smallest pHEMT
transistor, which can be used with the selectedZAbBDtechnology (2x1Am). In order
to ensure a proper behavior as a current soureetréimsistor should be biased in
saturation (currertonstant). With a gate to source voltaggs(¢et to O, this happens
when the drain to source voltageq{Vis greater than 1V. This situation corresponds
roughly to a current consumption of 4mA (M1 in Rigu3.37). It would have been
possible to lower this power consumption by usifgveéer Vs, but to simplify biasing
and layout this option was discarded for this faslign iteration. Hence the power
consumption obtained is in line with the minimunattttould be expected with this

topology and technology selection.
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Figure 3.37: I/V characteristics of a 2x10um gatetiv EDO2AH n-ON pHEMT transistor (I25yvalue)

Some units of the MMIC prototypes were also seriltatel Space laboratories,
to perform space qualification tests. In particutae variation with the input sensitivity
and the output power as a function of the tempezadre illustrated in Figure 3.39 and
Figure 3.40 showing the robustness of the selagitedit topology against temperature

variation.

The downward shift of the self-oscillation frequgn@igure 3.39) has to be
associated (and checked with simulations) to tle tlaat these measurements were
carried out with different conditions £\ppy reduced to 4.5V to minimize current
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consumption) and on a different chip. Moreover, ¢hreuit bias was optimized by the
customer to ensure maximum output power and arble¢teavior only in the targeted
frequency band (0.5 to 2.8GHz) disregarding hidresruency behavior.
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Figure 3.38: Measured Input Sensitivity as a fumctdf the operating temperature
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Figure 3.39: Output power @4 vs. F, as a function of operating temperature.

3.5 COMPLETE CHIP PERFORMANCE

Once the individual characterization was completgderconnection of the
different functions in some of the operational ¢guafations was tested. Connecting
VCO and frequency multiplier as shown in Figure argl Figure 3.4, the resulting
tripler output spectrum is shown in Figure 3.40.(¥@& running at 750MHz and the

composite output delivers more than +5dBm of oufposver with an output match
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better than -15dB. Total power consumption is i dinder of 91ImA@3.5V. Measured
phase noise of the third harmonic is -84dBc/Hz @KHX)
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Figure 3.40: Output spectrum of the frequency rpliéti with the VCO as input

The output of the VCO was also connected to theutingf the divider.
Input/Output waveforms and output spectrum are shiomFigure 3.41 and Figure 3.42
respectively. The 7dBm output power is obtainedwit/CO output power in the order
of +4dBm. Spurious level at Jco, Fico/2 and Fivis-Fuco is between 30 and 15 dB

below desired signal {f4) level.
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Figure 3.41: Output waveforms of the VCO and dibgifour when interconnected \(fo=491MHz)
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Figure 3.42: Output spectrum of the divider coneddb the on chip VCO

3.6 CONCLUSIONS

The design, implementation and characterizatioa wiultifunction MMIC targeting
space applications (including a negatron, a miugtigdy three and a frequency divider)
have been presented. This custom multifunction MMilCuit is in principle capable of
providing a flexible and efficient solution for thgeneration of all the system
frequencies in both transmit and receive moduleshi® S-band TT&C applications for
which it was developed.

Measured results are in good agreement with thalatrans and the overall circuit
shows good performance. The negatron is able twigwooscillation in a band
exceeding 1 GHz and phase noise performances @Gra06dBc/Hz @100KHz offset),
not far from the phase noise achieved with BiCM@&hhology. The multiplier by
three provides two outputs with more than 5dBm eacdd low spurious level.
Frequency divider by four has an operating windosamf 80MHz to 4.5GHz with
excellent sensitivity and an output power highantldBm in the whole frequency
band.

Despite the promising results obtained with the ¢athich would have required
an additional design step to fine-tune the perforcea and reduce the power
consumption due mainly to the over-sizing of thevacdevices and buffers), the overall

system design strategy changed during the desigsepand a modular (multi-chip)
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solution was selected instead by the customer. Whis mainly driven by the excess
variation of the on-chip fabrication parameterse(tlesulting chip size could not be
reduced less than 4mm x 3mm) and by the additiflexibility of use of each
individual circuit (i.e. each circuit could be usieda separate T/R chain). The separate
circuits were then modified and optimized indivilyao allow their use in a plurality
of applications.

Results of the final implementations will be givenchapter 5, while chapter 4
will be dedicated to the design and implementatbthe dual-modulus divider which

resulted from the upgrade of the divider by foleganted in this chapter.
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4 . Dual modulus digital divider design and

simulation

4.1 INTRODUCTION

Dual Modulus frequency dividers are widely usedmodern cellular, GPS, and
satellite communication systems and constitute asergial part of frequency
synthesizers and PLLs used in transmit and receoeeules. They are frequency
dividers with two selectable division ratios whielhe commonly used to extend the
frequency range of programmable dividers. Generéllg division ratio (being integer
numbers) can be controlled through the variatioma sfngle circuit parameter (e.g. the
varactor bias voltage in an analogue divider oexrternal control voltage in a digital
divider).

Despite the higher circuit complexity with respéattheir analogue counterpart,
digital dividers are used as fundamental buildingcks in PLL feedback loops to
implement dual-modulus prescalers. These circutsige high order division ratios of
the input signal frequency (128/129, 256/257 ...Jower its value down to frequency
values comparables with the ones commonly useRlfarreference crystals.

Two division ratios N, N+1 or N-1 are usually implented, being N a power of 2.
Main problem is associated with the generation hef N+1 or N-1 division, as it
requires the introduction of additional circuitrhieh limits the operating frequency if
compared with the same divider operating as argent@ower of 2 [4.1]-[4.5] from
which they are generally derivels a matter of fact, the latter are documentedaup t
>100GHz whereas dual modulus dividers reach frecjgenn the order of 50GHz.

The common implementation of dual-modulus prescedenprises a synchronous

circuit which works at the highest frequency andvites the variable ratio division
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(the dual-modulus divider) and asynchronous coupligs combinatorial logic (Figure
4.1). The counter is usually realized cascadingR¥ Deach working as a divide-by-two
hence resulting in 2N division) working at loweeduencies and providing high divide-
by-value. This part of the prescaler is implemdmtth standard CMOS logic cells and
is available as low cost commercial circuits orvied in the form of digital ASIC
libraries for automatic placement inside the fio@tuit. The combinatorial logic is in
charge of controlling and programming the wholewitr

Prescaler

—— —— ———— —— — — — — —

Fin l Dual-_rr.lodulus
| divider
| x
|

|
—>| Combinatorial Logic |
f

Asynchronous Ly Fout

Counter :

/ o
T Cmos counter T '“:
1
: Fin D D' q D' q :
1 1
! o o B H
' Dff1  Dff2 Dffn Fin/2";

Figure 4.1: Block diagram of a generic dual-modufwsscaler and asynchronous counter.

This chapter presents a new dual-modulus frequeindger IC topology, which
utilizes only two flip-flops and no external gatesovercome some of the drawbacks of
conventional dual-modulus dividers.

The divider has been fabricated with a GaAs PHERdhhology (EDO2AH from
OMMIC) and extensively characterized in the franfecollaboration between the
University of Cantabria and Alcatel Espacio.

Main goal of the work was to provide an evolutaomd performance improvements
with respect to the fixed ratio divider presentedchapter 3 to match with updated
requirements (Tablé.1).

Additionally to the conventional digital divider sign tools (i.e. transient

simulations), an analogue description of the apmraprinciple of digital dividers is
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proposed and validated through Harmonic Balance) (HBIs. The Switched-ring
oscillator’ which can be used as basic building block foreflxatio dividers is
extended to describe variable-ratio dividers florang, potentially serving as a design
guide for any kind of multiple ratio frequency dier .

The analogue modelling of digital dividers is therploited to apply to the
implemented divider simulation tools whose utilisy normally limited to analogue
dividers (HB, phase noise analysis and envelopwesigat) with the potential of speed-

up and simplify the design of complex digital citsuwith a high number of non-

linearities.
Table 4.1: Dual Modulus divider updated design fjmations
Value
Id Characteristic Units Conditions
Min. Typ. | Max.
P4 Dissipater power mW Minimum
Vad Supply Voltage 3.5 \'
D Division Ration 3 4
F Bandwidh 500 2800 MHz Both division ratios
Pin Input power -5 dBm Sensitivity
Pout Output Power 0 dBm @50Q,both outputs
Z Output impedance 50 Q
SEL Latch-up immune
SEU Single Event Upset 10 Errors per bit/day
T Temperature -30 25 70 °C

Even if the circuit was specifically designed toused in transmit/receive modules of
TT&C satellite transponders, it showed very inténgs results even for the
implementation of the first stage of generic lowmgo high-speed dual-modulus

prescalers

4.2 DuAL MoDULUS TOPOLOGY

The majority of dual-modulus dividers reported iterature are based on the
structure of Figure 4.2 which represents a modificaof the conventional Johnson
counter. The circuit is capable of providing N a1 division ratios, with N generally

set to 4.
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Figure 4.2: Block diagram of the dual-modulus (N;INN=4) Johnson divider.

When the mode signal is low Dsffs bypassed (Q3=1, notQ3=0) and the circuit
behaves like a conventional divider by four as dbed in the previous chapter. In
principle, the operating speed is limited by thehteology used for its implementation
(cut-off frequency), transistors” size, and curr@sinsumption, as the maximum
operating speed is associated to the maximum sgewtich the transistors can switch
between ON and OFF state.

When N+1=5, the third DFF stores a high value duanclock cycle, masking the
feedback effect of D-#fon D-ff;, hence preventing division during that clock pério
generating the "+1'. In Figure 4.3 is shown thectichronogram of the divider.

il L

Figure 4.3 : Time chronogram of the Johnson duatiuios divider.
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This topology suffers from two main drawbacks. Tperating speed is limited
by the delays associated to the NAND gates (t1t2ndnd the propagation delay of the
signal across the third DFF and the feedback towhedfirst DFF (t3). Thus, the
propagation delay k) in the critical path from Q2 to D1 must satidhg trelationship:

Te>tl +t2 +t3

Where, T is the period of the clock input signal. If thisnelition is not met, the
signal will not be able to reach the first D-FF drefthe next clock edge. The bigger t1,
t2 and t3 delays, the lower will be the maximumragiag frequency compared with
that of the fixed ratio divider.

The second problem is associated with the presehtee third DFF. If we were
able to implement the same functionality with a éowmumber of DFF, a significant
reduction in layout area and power consumption adel possible.

A solution to this problem has been found by usangew solution with a lower
number of associated delays. The proposed topatogketched in Figure 4.4 for the
case N-1, N, with N=4.

Made
Selector
PN
/3
. D SET Q . D SET Q L
> > out
CLR 6 CLR 6
D-ff D-ft.

Clock 1
(F.)

Figure 4.4: Logic diagram of the proposed dual moduN-1,N, N=4) divider.

As shown in Figure 4.5 (which has been derived with help of SIMULINK®),
the circuit is capable of providing a double digisiratio by using only two DFF. The
circuit works as follows: for the division-by-4 m®dQ1Q2 sequence of states is 00 10
11 01 00 and so on. In division-by-3 mode, when&&r1 the circuit resets this output
skipping the 11 state, resulting in the state sege®0 10 01 00, hence dividing by
three.
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Figure 4.5: Time chronogram of the proposed duatinius divider.

Doing so, the number of D-FF required to implemiat dual modulus division
has been reduced to 2 (with a consequent net saviagea and power consumption of
more than 30%), and the two NAND gates (and astatidelays t2 and t3) have been
substituted by a simpler (and quicker) NOR gateyeher there is still a logic gate in

the signal path which can reduce the maximum spéegeration.

4.3 CIrRcuUIT DESIGN

4.3.1 Dual Modulus divider core

The solution to this problem has been found mergintye first D-FF the control
signal logic (the NOR gate) and the mode controladdition to allowing the operation
at the same speed as the basic divide by four,stiligion further reduces the power

consumption (as an additional current source iok&Ed) and layout area.

Utilizing for the D-ff Source Coupled FET Logic &itecture (SCFL) presented
in chapter 3, the merging of the additional cinguitan be accomplished with an
additional level of series gating in the first Dfigure 4.6 shows a simplified diagram

of the proposed prescaler.
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Figure 4.6: Simplified block diagram of the implertesl prescaler
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In order to implement the circuit in a fully diffamtial topology such as SCFL, all
the signals must be present throughout the cisitit its complementary counterpart.
Using basic logic equivalences, it can be demotestrthat a NOR feedback path from
the second DFF to the D input of the first one iftBvby-3 mode), requires as
complementary signal a NAND feedback from the cam@ntary output (Figure 4.7).

On the other hand, these logic gates should deidated when the circuits operates in
division by four.

Muode

13
L o a D1 Qipl
—D D1 Fou
|—> 6 I 53 61 -
Clock Mod
o DH, ode 5| Ot

Figure 4.7 Fully differential (SCFL) logic schemfthe dual modulus divider

In order to better understand the functioning a& tircuit, one should keep in
mind the logic equivalences described previouslghapter 3. The standard SCFL logic
cell can be modified to implement the proposed -tiatlulus architecture by
introducing properly sized transistdis the first DFF (Figure 4.8).

® For the circuit to operate properly, all transistrin the logic cell must operate in
Saturation all the time.
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Figure 4.8: Modified SCFL cell.

The NOR (plus NAND) function necessary to implemémt mode-selector has
been also embedded in the modified DFF. When thdenselector input (Mode) is
LOW (and its complementary signal is HIGH) the gitacts as a divider by four. In
fact, by adequately selecting the control signet¢le, the correspondent gate is always
in its OFF state preventing the current to flow the associated circuit branch,
effectively deactivating the modé transistor D* Eopen circuit) while its
complementary transistor (not D*) is by-passedsiiort circuit): the logic cell is then
equivalent to a standard SCFL D-ff.

If the mode selector is set HIGH the mode transistaurned ON, so allowing the
implementation of the NOR and NAND functions reedirfor the division by 3
(complementary signals will be present at the cemgintary branch).

The complete schematic of the dual modulus dividesbtained by cascading two
D-ff (the first one being the modified cell) andno@cting properly the feedback paths
(Figure 4.9).

It may be noted that, in order for the circuit tork properly, both the logic gates
and the control signals need to be adequatelyteelelm such a way, no external gate is
required and the resultant dual-modulus dividef halve, in principle, the same speed
limitations of the basic divider from which it dees.
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Figure 4.9: Complete schematic of new the dualwhaddivider

4.3.2 Input and Output Buffers

In addition to the logic core, two buffers have megesigned to guarantee the
functionality and testing of the circuit in a comtienal 52 system and to ensure
enough output power to drive the loads. DC decogpbf the logical core (which

functionality is intrinsically DC-coupled) is alg@rformed.

4.3.2.1 INPUT BUFFER

The input buffer is an optimized version of thecait described in section 3.4.3.3.1.
To reduce power consumption this circuit does movipe any amplification because
the logic cells have been designed to work eveh wéry low input power. In Figure
4.10 is showed the schematic diagram of the comphgtut buffer including the level
shifting source follower. The circuit also provitlee DC-decoupling function of the
digital core.

4.3.2.2 OUTPUT BUFFER

As far as the output buffer is concerned, the mnesly adopted solution has been
discarded because of some problems associatedheithiasing of the transistors (high

failure risk during the switch-on process which Idogause failure in space missions
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conditions) and because an update in the designreegent imposed the availability of

both logic outputs (normal and complementary) famcpssing.

Vdd
| 7 pi: H
I"‘ - ) e
CLOCK NOT_CLOCK
h
IN

Figure 4.10: Schematic of the input buffer: douttiege differential amplifier and a couple of source

follower which generate the complementary clochgimy the logic circuit.

Vdd

Figure 4.11: Schematic of the output buffer: défeial amplifier and a couple of common-source
amplifiers
Two common source amplifiers were seleJ«d to pl@vhe required power level
for both outputs. The interface between the logicecand the output stage was
implemented with a single stage differential am@fifconnected to the D-ff outputs.
The two differential outputs of this amplifier acennected directly to the common-

source amplifiers inputs-
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As can be noted from the schematic the whole ouipfier is still DC-coupled and
the output must be connected to external DC-bloER& solution was needed to reduce
layout area and to avoid too large transient behavduring the changing of the
division mode (the DC blocking capacitors requitedminimize transient behaviour
due to the frequency divider output frequencieseweo big for on-chip integration).
The diodes at the input of the differential amplifiare used for level shifting to
properly bias the differential stage which is dnvdirectly by the digital outputs.
Multiple RC networks have been also integrated t@bize the circuit at high

frequencies.

4.3.3 Mode Generator Circuit

This circuit has the function of generating a ceupi complementary signals from a
single-ended mode signal. The need was motivatethéyact that the generation of
such signals outside the circuit (i.e. on the P@Buld require excessive amount of
area. The signals generated by the circuit shoaNe lvalues which allow the switching
of the mode selection transistors (Figure 4.8) betwthe”on” and “off” state. The input
signal (MODE IN) values HIGH and LOW should varythe interval [0, Vdd].

To implement the function a differential inverteashbeen used. The input signal is
compared with a threshold voltage generated bygiatiee divider and, depending on its
value, the complementary outputs are generateqePrautput levels are ensured by
selecting the current which flows in the circuitiahe pull-up resistors (Figure 4.12).

When the input signal is LOW, the divider will opgx as divider by 4, whereas
when HIGH as divider by 3.

Vdd

TETRR

NOT_MODE. OUT idBE: Ut

|

Figure 4.12: Schematic of the Mode signal generataruit. The input resistor was add to to protect

the gate of the input transistor from:ces.cess oé gairrent.
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4.4 TRANSIENT SIMULATIONS

In this section are presented the results of s@eeant simulations carried out with

ADS transient simulator. In all the cases the irgnd output impedance are set equal to

500hm and the simulations include the input angatubuffers. If different impedance

is used, it will be indicated in the figure captiofhe nominal temperature is set to

25°C, but simulations at -30°c and 70°C have bemned out to ensure thermal

stability.
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Figure 4.13: Input/Output waveforms and output $pen: mode=LOW, Fin=2.4GHz
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Figure 4.14: Input/Output waveforms and output $pen: mode=HIGH, Fin=2.4GHz

As can be noted in Figure 4.14, in the case oflthision by three (MODE=HIGH)

the duty cycle of the output signal is not 50% rashie case of the division by four (a

situation which is normal in this type of dividerapd consequently the two outputs will
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have slightly different output powex1 dB). However, HIGH and LOW logical values
(and voltage swing) at the output of the D-ff dre same in all the cases.

One aspect that is worth a clarification is thesosawhy the output waveforms
shown in the figures (DC decoupled by means of reatecapacitors) are not
symmetrical with respect to OV. This can be easiplained considering how the
current in the output amplifying stage has beenagsetwhy 500hm loads are used in
the simulations.

The maximum negative excursion @¢a) when the current flows through a load
resistor (Roag) IS given by:

V peak= Rioad*| Ioad

In the specific case, the output power level wasctiegd at 5@ to cope with
different load and to resemble the loading wittoaventional power probe. In order to
achieve an output power level of at least 3dBm @0 & load (to take into account
some implementation error marginsha=6.5mA, resulting in a Weak=325mV when
the output is at logical LOW value and the curridmws in the resistor, which is indeed
the value observed in the simulation results. Witienoutput goes high, no current
flows in the resistor and the circuits operate aftage mode reaching higher value in
the waveform excursion.

As the requirement on the output is mainly on tloevgr level, this does not
represent a major drawback. To demonstrate propleaviour of the circuits, Figure

4.15 shows the response with a high impedangg.§RLOKOHmM).
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Figure 4.15: Input-Output waveforms and Output $peo Fin=2.0 GHz, Pin=-10dBm, Mode
=low), Temp =25°C, R_load=10KOhm
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Figure 4.16: Input-Output waveforms and Output $peu Fin=2.0 GHz, Pin=-10dBm, Mode
=low), at three different operating temperature3Qq®, 25°y 70°).

The sensitivity simulations for the two dividericat have been made separately at
the worst case temperature of 70°C and are repbeeshfter. Additionally, it has been
simulated (not reported here) that the circuitsksarorrectly with input power values
up to +10dBm
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Figure 4.17: Input Sensitivity as a function of thput frequency in divide-by-4 mode.
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Figure 4.18: Input Sensitivity as a function of thput frequency in divide-by-3 mode.
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It is important to underline that for the circub behave correctly, it should
terminate a complete division cycle before chandimg division ratio. To verify the
proper behaviour of the circuit, the changing & thvision mode has been simulated
(Figure 4.19 and Figure 4.20). The mode signal lbesn modelled as a stepwise
function with the high and low values correspondioghe LOW and HIGH levels of

the mode generator.
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Figure 4.19: Changing of the division ratio at Fi:8 GHz, Pin= 0dBm, T=25°C. No output load.
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Figure 4.20: Changing of the division ratio at Fia GHz, Pin= 0dBm, T=25°C.. No output load.
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As the circuit will operate with a single positisepply voltage (Vcc=+3.5V) and all
other bias voltages (Vgl and Vg2 in Figure 4.10) ™ generated through voltage
dividers, the behavior of the current during tbenton has been monitored in all the
building blocks to guarantee the absence of cuspikies (Figure 4.21).
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Figure 4.21: Current behavior during the switch-dfode=LOW, T=25°C (Supply voltage=Vdd)

Yield analysis has been performed on the circuihenworst case (70 9 ifferent
input frequencies, input power levels and divisratios have been analysed. All the
analyses have been carried out by way of transiemtlations in a time interval and
with a number of samples adequate to compute thedfdransform of the signal and
without overloading the simulator (otherwise cagsihe simulator to fail). Due to the
inherent limitation of the transient simulations {ind the steady state response ideally
an infinite duration of the simulation is needeal)some cases the interval chosen was

not sufficient to estimate the correct Fourier sfanm (initial transient was quite long).
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As a consequence, the results given in this seotipresented only an approximation of
the real behaviour which had to be checked thraaghtests.

However, useful information was obtained from thawations. Indeed through a
careful analysis of the results it has been posdiblestablish which control voltages
should have been left accessible on the chip twwakh post-production tuning for
maximizing the yield of the fabrication run. Themsilation parameter selected for
monitoring in the yield simulations was the outgmawer level. This selection was
justified by the fact that it allows the verificati of both the functional behavior of the
circuit (by checking the presence or not of theid#id solution) and that the output
power level is compliant with the design requiretsen

The statistical behavior of the fabrication progeasameters’ variation, is illustrated
by means of t samples histograms and cumulativeaPitity Density Function (PDF)
graphs. In such a way it is possible to monitorchhis the probability that the selected
parameter (in our case . #F./4 or @F/3) shows values lower than the
specifications.In Figure 4.22 and 4.23 are plotteglnumber of samples versus output
power histogram and the cumulative PDF of the autpower for two different
configurations (@Pin=0dBm). The results are simitarany power and division ratio

inside the sensitivity window.
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Figure 4.22: Output power histogram and cumulatRieF @Fin/4. (Fin=2.4GHz, Samples=101)

Simulation results confirm the robustness of theced topology (SCFL) against

process parameter and temperature variationsnlbeanoticed how more than half of
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the samples (m50 in the graphs) have a output pewanr bigger than the nominal one,
whereas almost 80-85% of the samples havg@adBm which was the original design

requirement.
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Figure 4.23: Output power histogram and cumulaffi2F @Fin/4. (Fin=800 MHz, Samples=101)

Simulation results confirm the robustness of tHected topology (SCFL) against
process parameter and temperature variationsnlbeanoticed how more than half of
the samples (m50 in the graphs) have a output pewer bigger than the nominal one,
whereas almost 80-85% of the samples havg@dBm which was the original design
requirement. Table 4.2 summarizes some of thetsesbkained at relevant operating

frequency. (For a detailed explanation of the itsstdfer to the same considerations in

section 2.7).
Table 4.2: Overview of the yield results
Conditions Prob. of Error +/- %
Input Power Mean value(*)

(Input Freq) Pout>0dBm. CL=95.4% | CL=99.7%
800 MHz, -10dBm 86% 5.75 7.65 11.5
800 MHz 0dBm 80% 5.35 8.5 12.75
2.4 GHz -10dBm 75% 5.2 7.56 11.34
2.4 GHz 0dBm 85% 5.4 8.24 12.37

(*) The mean output power is estimated consideringtitigut power of at least 50% of the trials

It is relevant to underline how these results wabtained keeping fixed the value of all
the circuit control voltages (including input angtjput buffer bias). By isolating the non
compliant samples, it was possible to identify bttt most critical process parameter
to be monitored for the selection of the chips hod to act on the control voltages to
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recover a significant amount of originally non-cdrapt chips. These considerations
justified the choice to proceed with the fabricatad the circuit.

A summary of the simulated results is presentethinie 4.3.

Table 4.3: Summary of the simulated performance

- Value : -
Id Characteristic Min. Typ. Max. Units Conditions
Ve Power Supply 3.5 \
lg Current 69 72 75 mA @nominal V;
All division
Fin Input Frequency <0.4 >4.5 GHz ratios
Div. Division Ratio 3 4 MHz
Zin Input Impedance 50 Q
Zout Output Impedance 50 Q
Both Outputs,
Pout Output Power 6 dB 500 P
S Input Sensitivity -20 -10 5 dB
T Temperature -30 25 70 °C

4.5 HARMONIC BALANCE SIMULATIONS : AN ANALOGUE DESIGN
APPROACH FOR DIGITAL DIVIDERS

4.5.1 Introduction

Design and analysis of analogue and digital diwdaave been traditionally
considered as worlds apart. The former is basedhensolution of a circuit with a
reduced number of non-linear devices (1 or 2) sulige harmonic excitations, and it is
solved in the frequency domain. On the other hamdligital dividers the number of
non-linearities tends to be quite large (hundreds) a high number of harmonics is
required to fully characterize the circuits. Thesspects increase substantially the
computation time and may prevent the convergendé¢BoSimulation (especially in the
case in which distributed elements, i.e. microdtrips, are included in the simulations).
For this reason, time-domain simulations are ndgmased (despite time consuming
especially in the case of long transients) to mtedigital divider's behaviour. This
approach was adopted for the design of the fixgdadidivider described in the frame
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of the present work (chapter 3) as well as thecbdssign approach for the dual-
modulus divider described in this chapter.

Several examples of digital divider topologies t@nfound in the literature, but a
general methodology to guide its design and toarpts functioning principles based
on a simple analogue fashion, eventually allowihg &pplication of more efficient
Harmonic Balance simulation tools, have never b#@reloped. The first goal of this
part of the work was to provide an answer this joesand the reason why an analogue
equivalent model has been developed.

During the development of the digital prescalewds in fact discovered how even
this type of circuits could be explained and destyapplying an analogue approach
both for the circuit topology and simulation toolhe method is based on a simple
ideal elements model (inverters, buffers and swsatiefined by simple equations) for a
digital frequency divider: thé‘'switched-ring oscillator”. Common aspects were
identified by modelling the digital/analogue modsafs operation through equivalent
topologies and the use of frequency domain sinarati

A general analogue design methodology for variahte frequency dividers was
then derived and a phase noise analysis based onoH& Balance (HB) originally
developed for oscillators has been applied to #seghed dual modulus prescaler.

The basic analogue principle is the concept ofdfitequency division generated by
a chain of switch-controlled oscillation [4.20].i$hmodel has been extended, through
the use of two properly interleaved topologiescawer the implementation of multiple
ratio frequency dividers.

The design procedure based on the use of the dguoivaircuits has been
retroactively applied to the proposed dual-modyltescaler developed in the frame of
the current work, demonstrating the potential fee as a reference model to synthesize
dual modulus digital dividers. An interesting ecalence between the proposed model
and the basic logic SCFL cell has been also demaigst This equivalence could be
easily extended to serve also for other logic feawil Therefore the reference model
could be used as:

* A unifying approach to study the behavior of analmgnd digital frequency
dividers;

* adesign method for dual-modulus frequency dividers

93



Chapter 4:Dual modulus digital divider design and simulation

» Justification for the application of simulation tea@onceived for analogue

injected oscillators and frequency dividers to @ilgirequency dividers.

Once the design of the circuit was completed, HB phase noise analysis were
performed on the complete circuit proving the ulsigtof these simulation tools to the
design and analysis as an effective mean to retihéceomputational time towards the
steady state solution. Simulations carried out haracterize the divider phase noise
performances, including the complete circuit witte tinclusion of individual noise
sources in the transistors, allowed to additignalentify some limitations associated
to the lack (or the limited validity range) of acate non-linear noise models which
should be subject of further research.

Detailed behavioral modeling was outside of thepscof the research, but working
backwards and doing behavioral modeling of the desmgy divider would be an
interesting continuation of the work as this coblel quite useful for more accurate

synthesizer phase noise simulation.

4.5.2 Analogue Frequency Dividers Simulations

Analysis of analogue frequency dividers is basedhensolution of a circuit with a
reduced number of non-linear devices with harmemidtations, and it is solved in the
frequency domain. Frequency division arises adid salution of the non linear circuit
with proper harmonic stimulus.

Independently on the principle of operation (inj@ctlocked [4.7], regenerative
[4.8] [4.9] or parametric [4.10]), when the HB silator is used it needs to be properly
initialized to converge to the desired solution.fdict, even knowing that a circuit is
capable (in theory) of generating a periodic ougghals whose frequency is a fraction
of the corresponding input signals, and providing HB tool a frequency base which
includes the divided solution, we would always fithe trivial solution (i.e. the non-
oscillating mathematical solution with all the noddtages equals zero at the divided
frequency, which, even if unstable in reality, e tsimplest found by the simulator).
Several procedures have been proposed to solvertiiidem and help the convergence
to the desired solution.
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In [4.11] and [4.12] an auxiliary voltage generafd6) at the divided frequency is
inserted at a relevant node of the circuit andaberall circuit response is optimized
until the effect of the auxiliary generator is ntdlsolve for a valid non trivial solution.
For the e AG the non-perturbation condition is giiy the zero value of the rationy
between the current flowing through the AG and dieévered voltage (i.e. when the
signal provided by the AG equals the steady ststélating solution). For the details of
these techniques the above references providelaustive explanation.

Another method (already applied to basic digitalidrs) uses an auxiliary sub-
harmonic circuit (ASC, [4.6]) to initialize the fygency components of the circuit
variables to non-zero values allowing the applaaf the continuation method. This
method can be easily understood considering byrimefeto the operation of a feedback
inverter. A high impedance inverter with a slopeghsfer characteristic can be used to
simulate oscillations in the frequency domain. As hode impedance is high and the
associated current flowing into the node will bev|Jdhe AG with admittance probe is
not suited to simulate the oscillation as the assed optimization process would be
difficult, whereas the ASC connected via a varialelgistor (R,,) imposing the proper

initial condition can better serve for the purp{BSigure 4.24).

5

4

3

Vout

ASC Rvar .

a) b)
Figure 4.24: a) Ring oscillator schematic for simtibn with ASC, b) Static response of the inverter

used in the simulation

With the ASC connected to the circuit, a HB simiglatis performed sweeping the
continuation parameter from very low to very highlues. For low values in the sweep,
the solution provided by HB has necessarily nonzeoes (as imposed by the ASC
frequency and amplitude). As the resistor valuereases the ASC as a smaller
influence on the circuit response. Actually, foe flargest values of in the sweep '¢10

for example), the ASC is open circuited and hasgffect at all on the circuit behaviour,
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as in any standard continuation method, and tHetiso of the HB simulation
represents the steady-state.

In Figure 4.25 the convergence of the method figrlthsic example is demonstrated
by plotting the amplitude of oscillation versus theept resistance value, proving that
the non-trivial solution survive even when the ABMpen circuited and has no effect
on the circuit. In such ideal case the limitatiafishe frequency domain analysis come
only from the number of harmonics used to reprodbeesquare waves of such strongly

non linear system.
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Figure 4.25: Magnitude of the fundamental tone usrswept resistance values.

A different simulation tool (transient-envelope) ndones time simulation to
initialize the frequency base of the harmonic bedaf4.13]. The use of transient
envelope in analogue frequency dividers has be@posed in [4.14]. With this
technique, it is possible to use a transient seethitialize the divided solution in
support to the convergence to the proper solubahto our knowledge, no application

to digital frequency has been proposed to date.

4.5.3 Digital Frequency Dividers Simulations

In digital dividers the number of non-linear dewces large. Moreover, a high
number of harmonics is required for accurate chiaraation of the digital excitations
(normally square waveforms). These factors incrélaseomputation time and in some
cases prevent the convergence of HB tools in fawburansient analysis. However,
transmission line effects could not always be idelli in time domain simulations

because they tend to slow (and in some cases @ger) convergence. This represents
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a serious problem for frequencies above ~3 GHz ehére presence of the
interconnection lines affect substantially circsiferformance.

Considering the basic digital divider circuit usesla starting point for the design as
a pure RF circuit it would be quite difficult to derstand its behaviour. However, the
logic analysis presented in chapter 3 showed hath, the inverted output fed back to
the input and only one between master and slavveaciuring a clock edge,
multiplication by 2 of the clock period can be éasinderstood. Frequency division
could be interpreted as the consequence of thefisplegic configuration. The circuit
substantially count pulses at its inputs and a&ftéxed number of them, triggers a pulse
at the output resulting in frequency division. # thus possible to establish an
input/output relationship (non-linear and with mew)dased on the logic behaviour or
determine a sequence of finite states, independentkthe rigorous characterization of
the non linearities that build up the circuit.

An interesting method to explain analogue frequediuision is presented in [4.20].
It uses a chain of inverters arranged in a ringfigarmation interleaved with
transmission gates. In this work this concept hasnbextended to understand the
operation of digital frequency dividers in genettal,relate them with their analogue
counterparts, allowing the application of the sammeulation (HB) tools. It is important
to stress that the equivalent circuit of the digdevider is not proposed as a way to
simplify or speed-up HB and phase noise analysigjelver this equivalence could be
turned into a method to synthesize dual-modulugidré based on the combination of
two fixed ratio consecutive order (N, N+1) dividerBased on this simple equivalent
operation principle, it is presented how HB phasese and also Envelope-Transient

simulations, could be effectively used also for diesign of digital dividers.

4.5.4 Equivalent Topology: The Dynamic Divider as a Switbed Ring
Oscillator

If the output of a logic inverter with a given pegation delay is fed back to its
input, an instable system is formed and it willdea oscillate. This constitutes the basic
principle of the well-known ring oscillator. Thersa happens cascading an odd number
of inverters (buffer stages are normally includedstistain oscillation, which some
drawbacks on the maximum operating frequency). &afpon delay through the cell
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sets the time duration of thedntradictory logic statg in which inverter input equals
inverter output. A rigorous procedure to estimateiltation frequency of this type of
circuit can be found in [4.21] whereas specific Imoels for the simulation of such
circuits have been proposed in [4.22] and [4.23].

The ring oscillator topology can be extended to lem@nt a dynamic divider
through the inclusion of switches in the invertkaio, what we have calledSavitched-
Ring Oscillator A feedback structure of inverters and switchestr@nsmission gates)
in a closed loop configuration is often referreda® a dynamic frequency divider
([4.20], [4.25]), even if analogue regenerativeqtrency dividers are also sometimes
called “dynamic” [4.24].

One inverter in the loop is enough to explain dirdaehaviour even if the same
apply for an odd number of inverters. The introducttof switches in the inverter
feedback loop prevents the oscillation as it breidles feedback loop. To work as a
divider, each consecutive switch in the chain sthdad driven by out-of-phase replicas

of the input frequency §.

@Fin @ (120 @PF‘" 6? 180 @ Fin
S e

(a) (b)

Figure 4.26: Block diagram of a divide by 2 (a) atidide by 3 (b) dynamic frequency dividers.

In the circuits of Figure 4.26 the time required tiwe signal to propagate across the
loop is determined by the period of the clock whittves the switches, in addition to
the inverter delay. In the case of two out-of-phas#ches (a), it will take two clock
periods for the change in state to propagate throlg chain, and frequency division by
two is achieved. This principle of operation coldd applied to any number of
consecutively out-of-phase driven switches. In Fegd.26 (b) for example, three
cascaded switches require three half periods ofinpeat clock for the complete
propagation of the signal edge through the chanerdfore, the complete period of the
loop signal is three times the period of the digveignal, hence dividing by three.
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In Figure 4.27 time waveforms (a) and HB spectrbjncrresponding to circuits in
Figure 4.26 are shown.
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Figure 4.27: Simulations of ideal circuits in Figu#.26:(a) Simulated input and output (HB solution

with ASC and 17 harmonics superimposed to transielition) waveforms for a divide-by-two frequency
divider. (b) Simulated (HB) input and output speatrfor a divide-by-three frequency divider

In a loop with one inverter and N switches, the mmam input frequency which can
be divided by N is roughly N times the self ostillg frequency (i.e. when all the
switches in the loop are “on” and the circuit betmlike a ring oscillator). On the other
hand, there is a minimum frequency of operationictviis set by the discharge time of
the buffer stages [4.25]. Self-oscillation of tkhleal divider with all switches “on” does
not implies that the corresponding divider cirawuill self-oscillate at that frequency. It
would depend on the topology chosen to implemeatstivitches. If transistors were
used as transmission gate switches, self oscitlatiould be prevented as the switches
are ‘off” in absence of input signal thus breaking the feat#t loop [4.20]. Presence or
absence of self-oscillation in a digital divider kea the difference in the procedure to
be applied with the HB simulation techniques. le first case the circuit has to be
analyzed as injected oscillator with a certain $yanization range, while in the second
the circuit has to be treated as a regeneratividetiv

In our case, as the multilevel differential SCFLFB-implementation of the divider
Is prone to self-oscillate, the principle of swigdaring-oscillator frequency division can
be applied to explain its behavior.

In the simplified schematic of Figure 4.28 (a), thv levels of transistor can be
associated to the clock and data levels in a reuttll SCFL topology (output buffering

not included).
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Out Not Out

D D @ Clk
Y]

Clk

Out

(a) (b)
Figure 4.28: (a) Simplified SCFL cell; (b) Ringedkator divider cell.

Applying complementary signals to the upper levahsistors, and clock to the
lower level, a switched mode of operation driventhg clock signal is implemented.
As a high logic voltage state at both D and Clkeguired to drop the voltage in the
load resistor (similarly would be the case for eosel cell if driven by complementary
signals), it is straightforward to establish theligglence with the basic ring-oscillator
divider cell in Figure 4.28 (b). Two of these catlsuld be cascaded to constitute a D-
flip-flop driven by two out-of-phase Clk and Not k3ignals (Figure 4.29).

Not
Cli Clk
DAl/' . | 1 Q D o— —e Q
L NOTD e—
Not D FF
Clk Clk CLK o—
—e NOTQ
NOTDAi P I /:——NOTQ NOT CLK &—]

Figure 4.29: Flip-flop with basic cells and its egalent symbol in differential structure.

As the number of inverters must be odd and two azest cells have only two
inverters, an additional inverter would be requitedclose the loop. Working with
differential structures (as SCFL) it is possible awoid this additional delay in the
critical path by taking the feedback from the inedroutput.
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To allow division by 4 and by 3 (our target) in th@me circuit, the two respective
equivalent topologies should be interwoven. Thacbasy to implement this kind of
dual-modulus division is shown in Figure 4.30.

Not Not
Clk Clk Clk Clk

I o s P s s i 1 s
T4

Mode Control

Figure 4.30: Block diagram of the simplest 3-4 doaddulus divider

This solution has the disadvantage that the feddlwaxp must be broken to allow
the change in the division ratio and the outpuuthbe taken from different terminals.
Another possibility consists in implementing simpldditional logic functions to mask
the effect of the last two switching cells, enaglithe use of a single output of the
complete chain as in Figure 4.31.

Not Not
Clk Clk Clk Clk

_|>o__/'h_l> /.JA {>__/!__|>._/'
/}/.;L : Mode Control

5 :
Nk

Figure 4.31: Proposed 3-4 dual-modulus divider atetture.

When in divide-by-4 mode, the OR gate is transpa@nd feedback takes place as
in the fixed ratio divider. In the divide-by-3 cagdiration, the effect of the last two
switches is “bridged” by the OR gate, being equenalto a single switch, thus forcing
the circuit to act as a divider by 3. Given a seqeeof logic values or waveforms for
the signals at node A, Clk and Not_CIk, it is espuild the truth table and simulate in
the time domain the values of the output signalcate B and compare with the results
which would be obtained with the corresponding Emgtio divider.

According to the equivalences illustrated in figgiré.28 and 4.29, it could be
demonstrated by obtaining the simple truth taldlat this solution is equivalent to the

architecture proposed in Figure 4.6 and implemeaseith Figure 4.7.
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4.5.5 HB and Phase Noise Simulations

The phase noise HB simulation techniques proposediigital dividers generally
rely on the behaviour of the circuit as injectedikkestor. Therefore, prior to phase noise
analysis, the circuit has to be simulated in hanm&alance to establish the quiescent
point of operation. In general, these simulatioasehthe advantage of being able to
provide the steady-state solution and, combinedh wérrier modulation and matrix
conversion techniques, information about the phasse response, however a major
drawback is associated to simulation convergenobl@ms in complex circuits with

high numbers of non-linearities.

4.5.5.1 SYNCHRONIZATION ELLIPSES

From an analogue point of view, frequency divisipa3 or by-4 can be considered
as the synchronization by injection of a tone a third or fourth harmonic of the
output frequency. This behavior can be verifiedrewrea digital divider, by applying
injection conditions after the verification of thgresence of the self-oscillation.
Waveforms corresponding to the simulation of selfitation (in an internal divider
node) for the two division modes are plotted inufey 4.32 for transient and HB

simulations, showing a good agreement.
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Figure 4.32Self-oscillation transient (solid line) and HB (¢&s) simulated waveforms in divide-by-4 mode

on the left and divide-by-3 mode on the right.

Once the self-oscillation of the circuit is verdiethe describing function approach
can be applied to the analysis of its behaviorth&scircuit is not formed by ideal (high

impedance) inverter blocks, but by finite admitesdransistors, the admittance probe
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with AG is used [4.12]. For the free-running osdilbn, with given amplitude (Y and
frequency (), the non-perturbation condition for the AG atabitrary circuit node n

is given by :

Yro(Vo, @) =0 (4.1)
Being Y, the total admittance of the circuit evaluated hatt thode, which allow
solving the non-linearity in absence of input signdo study the behavior as a divider,

a single tone with a current source with small ammgé | and frequencw,, and phase
@ (ig(t) =1,Re@“"?)) is injected at the input of the divider, perturbitig free-

oscillating condition causing the oscillation tooxe towards an amplitudesVand a
frequency ws=w, /N at an output node. In the presence of the ABsolute
dependence can be considered of the circuit vasadnh the amplitude and frequency of
this generator, thus abs by applying current Kirchhoff law at node n, th@ldwing
relationship holds:

Yoo (Vs, @ | €).' =0 (4.2)

T IS the current-to-voltage HB relationship at thendamental frequencgs at the
output node n, which accounts for the relationshith the input generator. Direct
dependency at the node n is not possible in (& 2h@generator is applied at the input.
Note that the phase at the output node has beeto €ktas the phase of the input
generator can be set arbitrarily and the relevarameter is the phase difference
between the two. Ifylis sufficiently small (e.g. very low input powewtd) Vstends to
V, and ws tends tow,, and a Taylor expansion about the self-oscillapomt (Vo, (.

Ig=0) can be applied:

aYTn AVS + aYTn aYTn

v, ow,

Aw, = - Ig sin(@) (4.3)

0

aY.
| cos() ——"
, COS@) 3.

gl

arlo
Where Ao = ag —a, andAVg =Vg -V,
Equation (4.3) defines a synchronization ellipséhm plane Yandws, centered on

the self-oscillation point (Y w) which identifies the values of amplitude and treqcy

for which the circuit is able to work as a divid@nly one half of the ellipse (the upper

or lower part) can be stable [4.11]. To trace thiseve, the HB analysis can be carried
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out with an AG placed at a node n, at the frequengyw,/ N with amplitude W4 and
phase@uc. Fixing lg and win , gac can be swept from O tordN to obtain the different
points of the ellipse. It would be possible to abtthe same result by sweeping the
input generator phasgfrom 0 to Ztwith fixed @ac. In order to fulfill Yrn=Y ac=0, Vac
andw, should be optimized. In the case of a circuit vdiffierential structure, as is the
case of the dual-modulus divider under analysisyas discovered that the way to
enable convergence of complex circuits is the use dut-of-phase differential AGs
connected to complementary nodes. These dual epitade auxiliary generators may
also be suitable for the large-signal stabilitylgsia of any differential and balanced
structure. Another useful approach to obtain advdivided solution based on the same
concept is to sweep the input frequency with adigevhile letting Vac and gag to be
optimized, until a null admittance is reached. s tcase open trajectories will be
obtained. Points of these trajectories match wible solutions of the synchronization
ellipses (usually its upper half).

When the circuit divides by 3, non 50% duty cydeh@ output waveforms requires
a small offset in amplitude and phase between tia¢ @uxiliary generators. This effect
has been verified with transient simulations angficmed with measurements.

Synchronization ellipses at the divided frequentydivide-by-4 and divide-by-3
mode, are plotted in Figure 4.33 and Figure 4.3% fesult obtained with a frequency
sweep at -20dBm optimizing a¢ and @ac has been also plotted to verify the

coincidence of this method in the stable half &f sgnchronization ellipse.
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Figure 4.33: Synchronization ellipses in divide-byrode. HB simulations with dual out-of-phase

AG at different input power levels and measuremiemts20dBm input power.
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With higher input power levels the accuracy of thest-order Taylor-series
expansion (3) is reduced, this is why those el8psecome open curves containing
mainly unstable solution points. A parameter exgeaalgorithm may be required to
close the ellipses or trace the curves (given nffiaiie slope points at the edges of the
simulation curves). At the edges of the synchrdionebandwidth and with higher input
power levels, high optimization errors and convaoge problems also cause the
simulator to fail. Measured results for an inpuiveo of -20dBm are also reported in the

same figure, showing good agreement with the sitiauis.
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Figure 4.34: Synchronization ellipses in dividebyiode. HB simulations with dual out-of-phase

AG at different input power levels and measuremfamts20dBm input power.

4.5.5.2 PHASE NOISE SIMULATIONS

Phase noise analysis of digital frequency dividexscommonly studied and
simulated at a system level considering the ciscag a single block, from a time-
domain jitter perspective [4.19]. On the other hatitferent approaches exist for phase
noise analysis of analogue frequency dividers g§.14.27], [4.28]). Phase noise
simulation of synchronized frequency dividers can deen as the extension of the
procedure used for oscillators.

In the case of self-oscillation, the carrier motiola approach [4.29] can be applied
at low offsets from the carrier, obtaining the sevisy of the solution frequency to the

noise sources.
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The matrix conversion approach to non-linear phemsse [4.30] is useful to model
the converted noise from the input source in theeaat frequency division and to fit
phase noise measurements far from the carrier, evittvithout external injection. It
may be computed using HB analysis with noise cdlet[4.31]. Matrix conversion
phase noise calculation can be described with squgd) [4.12]. It represents the
sideband phasor of the voltage at the outpii§(QQ) as a function of the conversion
matrices M and the noise sources vectog(R), Q being the offset frequency, k the

index of noise sources and p the index of noisegded sidebands.

AV, (Q) = XM, (Q)N, (Q) (4.4)

In the case of free running oscillators carrier olation and matrix conversion
approaches reproduce measured phase noise vabthe®asonable agreement.

In the case of frequency division, an improvemanthe input signal phase noise
proportional to the square of the division ratiadsally expected at the output at least
in a range of offset frequencies around the dividadtier. In practice lower values are
observed due to the noise contribution of the @wvidself. Noise sources can be
modelled in the self-oscillation case, and therdwsken frequency division occurs with
appropriate input signals and their correspondihgsp noise data. In the following
simulations, as the built-in thermal noise modetsnf the foundry library were not
capable of reproducing the phase noise performdrase¢ 1/f sources (4.5) in parallel
with white noise sources were added between dradrsaurce in each transistor model.
Noise current density is proportional (by a fackjrto the DC current {I) of the
transistor and inversely proportional to the fregpye(f). Two exponents for the current
(I¢) and the frequencydjfallow some flexibility in fitting the model.

le
(i7) =S @5

This model has been used to test the simulatiol baw it is very simple and may
not be sufficiently accurate to emulate the phasisencontribution of the divider
without injection (self-oscillation) and with lownedium or high levels of injected input
signal at different offset frequencies across thire band of operation. Nevertheless,

accurate modelling of noise sources was beyonddbpe of the work.
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The phase noise simulation of the digital frequedisyders based on HB assumes
that the main contribution to the output phase enagésassociated to the phase of the
fundamental output frequency. This is in agreemtit the conventional procedure to
measure phase noise with spectrum analyzers. Abammaonic content of the output
signal increases, jitter contributions of highemhanics should be included.

Phase noise measurements and simulations splRfihgand AM contributions are
plotted in Figure 4.35, together with input generatoise divided by 4, with a 2.4 GHz

input signal of -20dBm power.
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Figure 4.35Phase noise measurementsgt and simulations for a 2.4GHz, -20 dBm input sigifaltal
phase noise ;) and individual contributions are indicated as AMM, and phase noise of the ideal divider (input

generator noise divided by 4).

Measurements of the frequency divider contributiorthe total phase noise at the
output may be difficult to make, depending on thelijy of the input generator. Set-
ups to remove the input generator contributionprogposed in [4.19] and [4.32]. In our
case, direct measurements were used: with the phaise of the input generator
accurately characterized, an ideal (noiselessydibaiy-N circuit would simply provide
the divided input phase noise (i.e. a reductio2@bg(N)). To represent the frequency
divider contribution (residual noise, [4.32]), tideal divide-by-N phase noise response
to a known input phase noise (measured from thatigpnerator) was subtracted in
(dB) both from measurements and simulations oftttal phase noise at the output
(4.6), and the resulting deviation from ideal bebaw evaluated versus offset

frequencies.
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Devmead simulateo( f ) = Lmeas! simulateo( f ) - (Linput_generator( f ) - 20'09('\')) (46)

In Figure 4.36 are plotted the results for 3 GHauinfrequency, division by N=4
and a -20dBm input tone at different frequencies.

Phase noise deviation from the ideal divider isallgupositive, indicating the
addition of phase noise by the divider. A negatigkie would mean an improvement in
the phase noise behaviour. The shape of measurerdwdiotvs simulations mainly at
low offsets. This can be easily explained taking iaccount that the additional noise
sources modelling focussed mainly on small and omedffset frequencies. However,
noise converted from the input is mainly respomsitor output phase noise shape at
smaller offset frequencies, while at higher frequeroffsets the phase noise is

substantially dominated by the phase noise ofrtpatisignal.

18,00
16,00

14,00 T . .
12 00 —=— Simulation

—e— Measurement

Deviation Ideal divider
[d
oo
o
o
|

-2,00 T T w
1,0E+00 1,0E+02 1,0E+04 1,0E+06 1,0E+08

Frequency Offset [HZ]

Figure 4.36: Simulations and measurements deviat@rthe noise contribution from ideal divider
by 4 (measured input source through an ideal diifte a -20 dBm input signal @ 3 GHz.

No significant difference was found between divisioy 3 and by 4 in terms of
phase noise order of magnitude. Apart from limiasi in the built-in noise model,
some improvement was achieved with the use of addes® sources, but there is still
room for improving accuracy throughout the rangefiéet frequencies and this could

be subject of further research.
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4.5.6 Transient Envelope Simulations

Envelope-Transient is based on the expression ralitisignals in terms of a
Fourier series with time-varying phasors of limiteghdwidth (eq. 4.7):

X(t) => X, (1)« (47)

In all cases where this method is applied, one arenhigh frequency carriersx)
and time-varying low-frequency envelopesx(®) are present. The high frequency
components are analysed with HB, providing redulthe frequency domain, while the
envelope phasors are analyzed in the time domadtetaAiled description of Envelope-
Transient capabilities for the analysis of autonamaircuits is out of scope of the
present work and can be found in [4.33]. Considguigital frequency dividers as
injected oscillators, some of the concepts desdribave been also applied to the
analysis of a digital divider for the first time.

The divided solution can be initialized with a smjrconnected to the circuit only
during a transient time, acting as a seed, and disonnected. This was implemented
with an AG connected to the circuit through an éasing time variant resistance. In
such a manner, once the highest value is reached® is virtually disconnected from
the circuit and the system is free to evolve towatsl natural solution according to its
own dynamics (if the solution is stable, the systeithevolve to it after removing the
AG). By applying this procedure without an inpugrsal, self-oscillation can be
checked.

As the self-oscillation frequency value cannot ®wn with accuracy a priori,
some offset error in the choice of the frequencsebaf the envelope analysis can be
compensated by leaving enough bandwidth for thfeoseillation to take place showing
a frequency shift and some transient behaviouGaasbe seen in Figure 4.37 for the
case of division by 4 with an offset error of 40M#3z. Minimum frequency and
envelope bandwidth must be carefully chosen tanalome flexibility in the evolution

of the simulations towards valid solutions withéags of accuracy.
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Figure 4.37: Transient envelope simulation of salfillation shows a frequency offset between

proposed fundamental frequency and effective soluti

Convergence of the divided solution and the chamglee division ratio can be seen

in Figure 4.38 as explained below
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Figure 4.38: Evolution of the magnitude of the atfundamental frequency. (The mode control
signal has been superimposed).

As the frequency base in transient-envelope sinauas fixed, in order to check the
change in the division ratio the output frequenéywwd be kept constant while
changing the input frequency (e.g. by simultanBoswitching between two generators
while changing the division ratio). The evolutiohtlee magnitude corresponding to the
output fundamental frequency is plotted versus ttogether with the corresponding
mode control signal. Simulation starts in dividedynode with the help of the AG and
then changes to divide-by-3. The two discontingitie the magnitude of the output
signal corresponds firstly to the non perturbatammdition reached by the AG (the
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division is sustained as the magnitude of the duspmynal at the divided frequency is
still non-zero), and then to the change in thesilv ratio. The latter can be associated
to the change in the duty cycle of the output waxef which implies a change in

harmonic content, hence in the output power oftikieled output (Figure 4.39).
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Figure 4.39: Evolution of the output waveform dgrihe change in the division ratio.

4.6 CIRCUIT IMPLEMENTATION

The complete block diagram of the circuit is shawirigure 4.40.
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Figure 4.40: Block diagram of the whole circuit

The ircuit, fabricated with the OMMIC EDO2AH tecHagy is shown in Figure
4.41. Capacitors have been added at the nodesiah wias lines are shared between
different sub-circuits ¢ to improve stability. Theicrostrip lines lengths have been
adjusted by way of meander lines to guarantee ¢hah couple of complementary
signals travels exactly out of phase, thus ensuhegorrect behaviour of the circuit.
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Grounded resistors are present in each line whacinects a transistor gate to a
bonding pad, to avoid electrostatic discharge @noisl due to the manipulation of the
chip during the assembly. A Process Control MonfRXCM) transistor has been also
placed within the chip (bottom right) to controktlialue of all the process parameters

and allow discarding of eventually non-complianipsh

= FF1
FF2
2mm
<l
e— Buffer
Buffer in
out i

2 mm
Figure 4.41: Microphotograph of the dual modulusider with details of the main building blocks

In order to facilitate the characterization thecuit has been packaged in a 16 pin
gull-wing ceramic package (Figure 4.42) and assethldn a Polymide PCB with

input/output microstrip lines and coaxial connestfigure 4.43).

Figure 4.42: Detail of the prescaler packaged ie t6pin ceramic package
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Figure 4.43: Photograph of the packaged circuiteaabled on the Test PCB

4.7 MEASUREMENTS

A summary of the main measurements carried outhenfabricated divider are
illustrated in the following figures. The prescalenas been adjusted to draw the
nominal 75mA from the +3.5V nominal supply volta@é260mW), that is about 40%
less power consumption with respect to the prelaongplemented fixed ratio divider.

By comparing the power consumption figures with CM@nplementations, the
value is one order of magnitude higher. Howeveés worth mentioning that more than
40% of the consumption is associated with the igoiput buffers and the modulus
control signal generator and that the technologytdition affect the heavily the power
consumption. The measured output power varies leet@el dBm for each output and
division ratio, for input frequencies up to 4.5 GHxe voltage swing at an external

50Q load was more than 2x350m¥/ The overall wafer yield was more than 70%.
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Figure 4.44:Input/Output waveforms (left) and outppectrum (right) for Fin=400MHz and
division-by-4.
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Figure 4.45:Input/Output waveforms (left) and outppectrum (right) for Fin=400MHz and
division-by-3.

Figure 4.46: Superimposed Input/Output waveformgHe two division ratios at an input frequency
of 2.5GHz
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Figure 4.47:Input/Output waveforms for Fin=4.5 Ghlad division-by-4(left) and by 3 (right).
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Figure 4.48 Output spectrum at divide-by-4 (lefipalivide-by-3 (right) operation Fin=4.5 GHz
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Figure 4.49: Output Spectral content predicted laysient and HB simulation compared with

measurement for an input signal at 3 GHz with PRGdBm.

Spectral content at the output as predicted by AdBteansient simulations has been
compared with measurements for a -20dBm input $@naGHz in division-by-3 mode
showing good agreement (Figure 4.49). No relevafferdnces have been found
between division by 4 and by 3.

Phase noise measurements were also carried obedafivider, and the results have
been reported (and compared with simulations) atiee 4.5.5.

Engineers working in frequency synthesis would irdiagly note the excessive
noise levels of the selected divider as the naggpically 25 dB lower in HBT devices
(at 100 KHz) mainly because the higher flicker @rrfrequency in GaAs PHEMT.
However it is important to stress how the phasseoequirement of the prescaler were
sufficient for the application (hence the technglogelection toward a low noise
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PHEMT to achieve an optimum trade-off for all thecgits to be developed), and the
results obtained fully meet the overall specificas using large (bigger than 50kHz)
PLL cut-off frequencies to achieve the sub-ldegtaegeted PLL performances. With
requirements for minimum added phase noise or démiDC consumption, other
technologies such as SiGe HBTs in ECL topology wdnd advisable.

In Figure 4.50 the measured input sensitivity fa two division ratios is plotted.
The circuit has a frequency operating range frolovbd 00MHz to more than 4.5GHz

with a very wide sensitivity window.
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Figure 4.50: Dual modulus divider input sensitivaiyd maximum input power

It has to be noted that the goal of the design masto achieve the highest input
frequency of operation, but was optimized for fhasticular application (self-oscillation
around 650MHz, good behavior for input frequendeow 500MHz, current density
of the transistors in the D-ff lower than 0.4mA/ne to space de-rating requirements,
and good reliability).

Higher values of maximum input frequency could hdwee obtained with the
selected technology, if no constraints were impdsethe specifications on device size
and current density at which can operate the tstorsi.

Good agreement with the simulation can be obsdoyecbmparing the value of the
peak in sensitivity close to the simulated valuggyre 4.51). Minimum required input
power is higher than the value predicted by sinmtat Deviations in the technology
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process, in the bias point, underestimation of gtaicaeffects and nonlinear models
inaccuracy could be accounted for it.
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Figure 4.51: Comparison between simulated and nreassensitivity in the two configurations of

the prescaler (Note that the scale on the y-axiffsrent in the two graphs)

In order to validate our design strategy for theplementation of the dual
modulus prescaler, the measured sensitivity has bempared with the one achieved
with the basic divider-by-four circuit from whiclhe prescaler has been derived. In
Figure 4.52 is clear how the maximum operating dssgy is almost the same in both

the cases, hence confirming our initial consideratiand confirming that this topology
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could be conveniently used as a building blockhimmdesign of high speed dual modulus
prescalers.
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Figure 4.52: Comparison between dual modulus prescensitivity (mode LOW and HIGH) )and
divider by 4 sensitivity (divi4).

4.8 FLIGHT VERSION

Based on the successful implementation of the plescthe circuit was further
optimized to match with the system requirements arake it fully compliant with
requirements of the targeted space mission. Datéitke improvements will be given

in chapter 5 even if a full characterization wasied out only at Alcatel premises.

4.9 CONCLUSIONS

In this chapter we the design of a novel dual-meslivide-by-3/divide-by-4
prescaler topology has been reported. The topalgy principle capable to overcome
the speed limitations of conventional dual-modulivsders. Unnecessary flip-flops and
logical gates are completely removed from critgalhs, being the maximum allowable

speed determined only by the basic fixed ratiodd#ivicircuit from which it has been
derived.

The newly proposed topology has been describettiail and the modifications

with respect to conventional topologies have begiaged allowing its application to
any kind of dual-modulus divider.
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Additionally, a digital frequency divider model leas on the “switched ring-
oscillator” concept, suitable for dividers with eveodd, fixed and variable division
ratios has been described. A simple procedure siguea dual modulus prescaler
combining the topologies of two consecutive ordesidérs has been outlined and
applied to the proposed circuit. Both HB and Enpeldransient tools have been
applied to the final circuit to validate the propdsapproach, showing good agreement

with the measured performance.

Phase noise simulation of digital frequency divedbased on their previous HB
simulation has also been presented. The methaay asiull non-linear and noise model
of the individual transistors, has been justifigdtte previous approach to explain how
digital frequency dividers can operate as injeatadillators. The proposed method
provides a test bench to develop accurate modefimpise sources. In addition, a dual
out-of-phase auxiliary generator has been propasedn HB tool for the analysis of
balanced and differential circuits. Finally, Eny@eTransient has been used, for the
first time to the authors’ knowledge, to analyzgitdi frequency division mechanisms

and the change in the division ratio of a dual-mosldividers.

The circuit has been implemented in a custom GaMi®Afor space applications.
The behavior of the circuit has been checked thHroag extensive test campaign,
validating simulated performances, demonstratirggrdbustness of the design and the
validity of the design assumptions. Measured peréorce showed an operating window
from below 100MHz to 4.5GHz with a total power comgption of 75mA@3.5V and an
output voltage swing >2 x 350mYwith an overall wafer yield was more than 70%

This topology could be conveniently used as a mgldblock in the design of high

speed dual modulus prescalers
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5. A Chip-set for multimode Satellite
TT&C transponders

5.1 INTRODUCTION

In this chapter are summarized the design, impléaten and testing of a
production-oriented RF chip-set to be used in a generation of multi-mode and in-
orbit reconfigurable S-band Satellite TranspondersT T&C applications. Most of the
work has been carried out in the frame of the MO@GRgoject and relies on the
several circuits implementations, some of them rilesd in the previous chapters, some
new ones, which will be described in this chap&er] some other which have been
object of separate research works at the University

The transponder functionality is to establish a-tmay transfer of information
between the satellite and the ground. The mainsp@amder functions can be
summarized in: tele-command (to allow modificatfoam the ground station of certain
spacecraft parameters or on-board configuratiegntetry (the transmission to the
ground station of all parameters necessary to kineealth status of the satellite) and

ranging to accurately measure the distance bettieesatellite and ground.

The RF hardware section of the transponder is base@ chip-set of GaAs
circuits including Multi-Chip Multifunction MMIC mdules (MCMM) and custom
MMIC circuits, which have been developed and quedif specifically for this

implementation.

*Project ref. number TIC2000-0459-P4-03 “MdbdulosRiadiofrecuencia Monoliticos para
equipos embarcados”
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Some of these circuits have been extensively de=trn the previous chapters
(the VGA in chapter 2 and the dual modulus divigechapter 4) while others have
been derived by optimizing the preliminary desigrentioned in chapter 3 (and are not
part of the present work). In some cases, customi@GéVvhave been completely re-
designed and will be described specifically in tbieapter. Additionally, a subset of
circuits have been developed in parallel worksiedrout in the frame of the same
project, and will be briefly summarized for sakecompleteness as they have been used

to demonstrate the functionality of the completstam.

The active circuits contained in the MMICs inclutte functions needed for the
front-end: a LNA, the RF and IF down-converterd,thé Variable Gain Amplifiers
(one RF VGA, two IF VGAS), and a variable gain éristage), the VCO for both,
transmit and receive sections, the dual modulupiracy divider and multiplier needed
to synthesize the frequency plan. All the chips ehdeen implemented with the
OMMIC E/D pHEMT technology described in chapter 3.

Issues such as suitable circuit topology, effici@€ biasing, circuit area
minimization, cost-oriented system design and adednpackaging techniques have
been addressed during the design. Measurements yatd results from the
manufactured circuits will be presented showing thase components, even though
especially designed in the frame of the GALILEOSA®ntract for the TT&C
transponder predevelopment, are suitable for a&tyadf missions, from Deep space to
near Earth, including spread-spectrum transpondéfs precision ranging function.

This is witnessed by their use nowadays in a plyraf space missions.

5.2 EvOLUTIONOF TT&C PLATFORMS

During the last twenty years, S-band Telemetry Hirax & Control (TT&C)
systems have been demanding transponders with ralasth set of requirements
corresponding mainly to telecom and military Gea$yonous Earth Orbit (GEO) and
‘remote science’ programs, but now Low Earth O(hEEO) and Medium Earth Orbit
(MEO) missions (Earth observation, radio navigati@mote sensing and meteorology)
have gained relative importance in the space bssidee to the increased number of

missions (and that GEO and remote science are maowviather frequency bands). Earth
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Exploration has now commercial applications and fact has developed the demand of
LEO/MEO satellites.

TT&C in S-Band is an evolving market due to thebhipncurrency of telecom
applications in the S-Band. GEO applications usimg frequency range in TT&C have
diminished over the last years, being the militagcom satellites the major exception,
whereas LEO/MEO satellites represent the largest p& the S-Band TT&C
transponders market. However, nowadays some telepmiications in the S-Band are
emerging as well, such as the mobile telephonyiesgmting a potential customer for
TT&C in S-Band, following ITU’'s recommendation obrmmon frequency band for
both payload and TT&C.

Several factors have imposed new constraints dwemT&C systems. We can

highlight some of the most important:

* Higher Telemetry (TM) and Tele-command (TC) dateesademanded by the
operators (as current S-Band TT&C transponders froost manufacturers

worldwide have rather limited bit rate availabilftyr the uplink);
* The need of a better spectrum use with more efficigodulation schemes;

* The reduced mass, volume and power budget thadteatiocated to TT&C in a

satellite.

These new missions have a reduced number of instigmand their demand in
terms of mass and power is typically moderated. fEueiced cost of small platforms
makes them more affordable for the limited budgétas commercial program that need
to look over the investment contention to ensuespitofitability.

Such applications require new standard charadtayisthat define a new
transponder profile. A large number of satellitesrequired to provide global earth
coverage so the concepts of mini (<500Kg) and m{er00Kg) satellites are being
pushed up to reduce mission costs typically bel@M&. In this sense, mass/volume
requirements will have higher relative importana@empared to electrical/functional
parameters than in previous generations of sa&edifuipment. Price will also suffer
additional pressure beyond its evolution along pobdife cycle. In addition, the need

for optimized use of available bandwidth and forltimode operation capabilities
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requires a high degree of flexibility in terms ofadable functionality and possible

configurations.

In order to optimize the usage of allocated banttwdliring the different phases
of the mission, LEO/MEO satellites are increasingbking for multi-mode on-flight
configurability. For example, a navigation systeke IGALILEO defines two operation
modes, asecure modéandling TT&C Spread Spectrum (SS) signals, asthadard
mode(STD) with classical TT&C PM-BPSK signals with ES®de ranging system.
The PM mode is residual carrier PM with BPSK subeaplus a PM pilot for ranging,
used to ensure coverage by most ground segmeitnstats it is more standard. This
mode is hence especially convenient for initial iorimjection phases coverage.
Additionally, the requirements are different, foraenple, when the transponder is set to
operate in low TM rate (PSK/PM) plus ranging ortigM rate (OQPSK). A third
example is constituted by some meteorology systdmas are already demanding
complex dual-mode operation that should allow bditect to ground TTC links and
relayed links via the Tracking and Data Relay JitgelSystem (TDRSS) Space
Network. This multi-mode capability adds a new céeRrjty dimension to the S-band

transponder.

LEO satellites do often make use of GNSS receif@rprecise position tracking
to simplify the transponder design, by eliminatithg@ requirements for coherency and
ranging. But this is not a the case of small sésllbecause the GNSS receiver is an
expensive piece of hardware which increased thaine] mass, volume and power
consumption: as many positioning systems still refy coherent Doppler tracking,
ranging capability associated to the satelliteansadditional feature which should be

maintained.

The new solution which has been developed by Thalesia Space Espafia
(TAS-E) based on the circuits which are describedaapart of this work, is the
Integrated S-Band Transponder (ISBT) [5.1], strgnglriven by LEO Earth
Observation (EO) applications, although easily aefigured for other missions (e.g. :

GEO, MEO navigation). The main features of thim$fonder can be summarized as:

» Compliance to several link standards including |IBegeelay CDMA links. All

applicable known standards are taken into acceli@-SNUG is the reference

for spread spectrum modes and ECSS-E-50-05 fostdradard modes. Future
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standards under preparation like ECSS-E-50-02 {ngnand Doppler tracking)

have been considered as well.

» Flexibility in terms of the available modulationrifoats, bit rates and ranging
schemes. Moreover, it will provide on-flight modeitehing capability to fit

most demanding operational requirements.

* Multi-standard capability (broadband, variable HWdaonfigurable synthesizer)

to cut development time down and to reduce reactme to market evolution.

» Adaptability (a configurable set of power levelsscitlator stabilities and

interface compatibility with different platforms).

» Compactness, modularity and a design oriented rtglgy tuning, reducing

price and delivery time.
» Use of radiation tolerant technologies.
The following missions were initially envisaged toe ISBT transponder:
* Galileo IOV (MEO, Navigation)
» Cryosat 2 (LEO , Earth Observation)
* Swarm (LEO , Earth Observation)
* SAC-D/SAOCOM (LEO, Earth Observation)

Most of them are LEO-EO missions operating in tmades in the downlink. High
rate uplink configurations are being considered few missions (through SW
uploading). A summary of the modulation schemeslantates used in on-going ISBT

programs missions is reported in the following ¢abl

Table 5.1: Functioning modes of the ISBT transpofficteongoing missions

Program GALILEO CRYOSAT2 SWARM SAC/D SAOCOM
Uplink Modulation SS PCM/PSK/PM | PCM/PSK/PM | PCM/PSK/PM | PCM/PSK/PM
TC rate 2 kbps 2 kbps 4 kbps 4 kbps 4 kbps
Downlink Modulation SS PCM/PSK/PM | PCM/PSK/PM | PCM/PSK/PM | PCM/PSK/PM
TM Rate 25.48 kbps 16 kbps 8 kbps 4 kbps 4 kbps
Uplink Modulation #2 PCM/PSK/PM - -- - -

TC rate #2 2 kbps -- -- -
Downlink Modulation #2 PCM/PSK/PM OQPSK QPSK QPSK
TM Rate #2 25.48 kbps 6 Mbps 2 Mbps 2 Mbps
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From the table, it emerges clearly how latest LE®sians (except for Cryosat 2
that is a rebuild of an older mission) demand ¥av transmission modes, a low rate that
iIs compatible with ranging and a high rate for ed¢ry download. In the case of
Galileo, the dual mode for both up- and downlinknigosed by link security reasons

more than for an optimization of the transmissiates.

5.3 RF SysSTEM ARCHITECTURE

The new TT&C transponder is based on a well-prarehitecture and frequency
plan, validated in the two previous transponderegations developed by TAS-E with
more than 100 units on flight. The two main objeesi of the developments have been:

a) Higher degree of integration, achieved by mearth@hew high-performance
building blocks (MMICs for the RF front end and it ASIC for the
baseband processing), that leads the lowest vailiesass and volume for

such a unit in the market.

b) Higher level of performance in two levels: a brdigtiof available modulation
schemes and bit rates to fit very different missoanarios and the flexibility
to operate in dual mode (high/low TM rate) to make ISBT the more

versatile TT&C and a used as a reference platfeamsdveral years.

In order to provide the required compactness aexlility a greater level of
integration is achieved with the use of a custom-pmwer ASIC technology for the
digital part, whereas RF functions are implemenrtgdhe optimally designed GaAs
MMICs and the advanced packaging techniques destrib this work, aiming to
reduce size and weight in comparison with the pevi generations of TT&C
transponders. This also offers a partial solutiorthe cost problem, as long as high
yield and higher level of integration at the MMI@ig level are achieved [5.2], [5.3].
Figure 5.1 shows a general block diagram of a pamder configuration example,
making use of the MMICs developed in the framehefproject MORFEO.
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Figure 5.1: Simplified architecture of the new lgiteted S-Band TT&C transponder with the
developed chips and Multi-Chip Multifunction MMI@dules (MCMM)

For the new transponder architecture, building kdobave been designed and
optimized in their corresponding band, but allowagersatile use in different parts of
the chain.

The custom IF VGA, for example, is used at both #t IF2 due to a broadband
design. Moreover, in each building block it has rbewcessary to go deeper into
integration with the implementation of multifunatiocircuits, in which several
functionalities are jointly optimized on the santepc In this way, the GaAs area and
the routing interfaces are minimized. Exampleshid toncept are the two Converters
implemented at RF and IF which include RF, LO anémplification, and single ended
to balanced conversion along with frequency conears the same chip. Another way
of improving integration was the reduction of I/@tdrfaces and the simplification of
routing commands. This was achieved by using MMI&uits which combine
analogue and digital functions, as in the caséefftequency divider used in two parts
of the transponder.

In addition to these characteristics, the desightMdICs allow the selection of
different configurations (i.e. power levels, gain.s® as to provide high level of
adaptability depending on the mission. Moreovee, tlumber of control voltages has
been minimized to simplify tuning during the intaion, with the aim of reducing time

and assembly costs.
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5.4 PACKAGE MODELING

The integration of the MMIC-based modules into tiext level of interconnection
in the microwave equipment relies on microwave pgakgy systems so as to facilitate
it. Such package systems provide in addition a asoitation free environment
preserving the high reliability of GaAs dies whishrequired for space applications.
Metallic micro-packages with ceramic feed-througlvén proven to be the best solution
for this issue, also including better shieldingadier size and easier interconnections in
comparison with the Aluminium or Kovar ones [5.lpwever, parasitic effects of the
micro-packages worsen the electrical performanddefcircuits. Such effects must be
foreseen during the MMIC design step and includedhe simulations to assure the
optimum performance of the designed MMICs aftelkpgng.

Complex EM simulations are very time-consuming ahe@ results may be
guestionable without measurement verification. Bos reason, model extraction is
often a pseudo-physical deduction, in which a prelary modeling step is followed by
further optimization so that the final model wiit an original set of measured S-
parameters. In this sense, the reproduction ofetkect environment in which the
packaged MMICs will be allocated is extremely intpat to generate multiple sets of
accurate “real world” S-parameters to be used ebdisis of the model extraction.

The selected package was a Ceramic Quad Flat Rack@@QFP) from
MiniSysteminc. Different pin distributions (16, 24nd 28 leads) were measured and
characterized. Figure 5.2 shows an example of pilG&QFP in which the external
leads have been preformed (gull-wing configuratibejore soldering in order to be

compliant with the stress requirements for leadmtkpges in airborne systems.

Figure 5.2: 16-pin Preformed Gull Wing lead CQFReddo integrate some of the MMICs.
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Different assemblies were tested, placing a sedushmy circuits in the package
cavity to evaluate the self and mutual parasitegrents associated to the leads. As an

example two configurations are illustrated in Feg6r3.

Die Attach Plane
Die Attach Plane . i o (gnd) [
(gnd)

Port 1 Pon3| + AN ::lPort(i‘

Port 2 (7] [ Tpord Port 2 (7] T AN [ FPord
R Microstrip i B Microstrip
509 line 50Q lines

Bonding Bonding
Wire Wire

Figure 5.3: Example of dummy circuits used to datee the equivalent model of the selected package.

Single (left) and coupled (right) leads. All unugeds are grounded through via holes.

The objective was not to develop a general purpaosgel of a CQFP but a custom
model to support a successful MMIC development. Bionplicity and bandwidth
requirements, the coupledmodel was empirically found to be a good choiceaas
starting point for the characterization. Then, &#shfound by accurate data-fitting that to
exactly model amplitude and phase response of dbkgge, additional elements were
to be added, based on existing models [5.5], [6tructures with similar geometry.

The equivalent model obtained for a couple of ashateads is shown in Figure 5.4.

___________________ 3 L
Sei B DV Nate
;l les R2 lcq Cda - PG3
M13 M24 —— Lgnd
N ~Cc N Rce= ;Cc:
L1 L2 —
P2 Tcw R Tcz Cda—]—,[ pa | +

External portion of the lead Internal portion of the lead

Figure 5.4: Equivalent circuit model of the packdgea couple of adjacent leads
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The equivalent circuit model consists of a selfuictdnce (L1 for the external
connection with the PCB and L2 for the internal mection with the bonding wires) and
a parasitic capacitance associated to the dietebtiween the lead and the ground
plane, which is also divided into two parts. Thearaeries resistance has been lumped
into a single element (even if in the simulatiorartpof this resistance has been
integrated in the inductance) which correspondgbuto the AC resistance calculated
at 2GHz. The mutual inductive coupling factor;{Nnd the mutual capacitance)@re
extracted from the measurement of the coupled looediguration (Figure 5.3), once
the coupled line model was validated in a sepassembly. The RC parallel between
two internal portions of the leads has been intceduo provide a better fit to measured
data and to allow the lead to be left unconnectitd &vDC path to ground. Finally ghg
represents the common ground inductance which dispen the epoxy used to solder
the package and on the ground plane thickness.

It has been verified that the difference in couplbetween corner and central leads
is almost negligible. Hence, as the package is sgimeal, it has been divided into four
parts (Figure 5.5), representing each of its fades Each of the four parts is connected
to the other identical parts by means of the Diacht node. The ground inductance is
connected, as well, to this node, which represéms point where the package is
soldered to the ground plane of the PCB.

The values of the different elements were tuned anteasonable match with the
measurements was achieved. The obtained valuesdiimd) also the correspondence
with the model in Figure 5.4) were:

K1 (M;) =0.5; K2 (My) = 0.01

L1b(L2, L4) = 0.8nH ; L1a (L1, L3) = 0.4nH

R _m_1 (R)=1e50hms; C_m_3 ¢g = 0.003pF
C_m_1 (Q) = 0.003pF;

R1 (R1, R2) = 0.40hms; R1b = 0.30hms

Cl ga(C1, C3) =0.21pF

Cl _gb (C2, C4) =0.21pF

C_m_2 =0.0008pF

C_da (Gg = 0.003pF
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The difference between the coupling factorg &hd My is due to the fact that the
latter is relative to non adjacent leads. Simila®B/ m_2 is the capacitive coupling

between non adjacent leads. The ground inductamateniust be placed in the Die
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attach node depends on the type of epoxy usgg=0.020nH for standard epoxy and

Lgna=0.008nH for power epoxy.

A proof of the validity of the developed model foequencies below 3GHz is
shown in Figure 5.6 and 5.7, where excellent agez¢ran be observed between the
lumped model simulated response and the measuremprib 3GHz. Similar level of

agreement has been obtained for any combinatitmedeads.
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Following these results, the parasitic effectshef ¢quivalent extracted model have
been used throughout the MMIC design stage, torensptimum performance of the
circuit, once assembled into the package.

One of the most important objectives of circuitigesfor large or medium scale
production, is to achieve the maximum system irgtegn level. This usually means
carrying out a complete system on the same chipwhknas System on Chip (SoC).
However, these designs are normally useful onlyHerparticular application they were

designed for, and provide lower yield in manufagtdue to the large size of the chip.
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Moreover, SoC test bench complexity is higher amdenexpensive than for individual
circuits.

Nowadays, a new alternative which is widely usedhis so called System on
Package (SoP), in which the design of smaller paftshe system is carried out
separately in order to increase manufacture yrelduce test complexity, optimize the
use of different technologies for different chigd allow the reuse of the same circuits
in other applications or configurations. For thesgsons, the SoP approach has been the
selected solution even in the cases in which th& filesign iteration aimed at a
complete SoC integration (as described in chapte).3

Once the packages were modeled, another step fbrimathe new transponder
architecture was the use of SoP approach to allmwiritegration of several MMIC
devices into one unique module resulting in MCMMhnigh fabrication reliability.
Using this solution, the full advantage of size aaght reductions brought by MMIC
utilization could be exploited, achieving high pagkg efficiency by selecting the
proper chips following preliminary on-wafer scresmi trough PCM transistors

measurements. In the same way, the total asserosly are reduced.

Figure 5.8: Photographs of the developed Multi-Chipltifunction MMIC modules (MMCM)
assemblies IF2K 1 (top left), OL2K (top right) af@K 2 (bottom)
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A set of three Multi-Chip modules can perform maokthe RF functions of the new
S-band transponder. Additional circuits have beamtained in individual packages as
they proved to be very sensitive to internal ireezfice (i.e LNA and MPA).

Photos of some of the assembled MCMM modules Her donfiguration of the

ISBT shown in Figure 5.1, are shown in Figure 5.8.

5.5 MMIC DESIGN AND | MPLEMENTATION

The design of MMICs has been performed with paldicaare as circuit tuning is
practically impossible after manufacture (evennfgome cases is needed to tune
circuit’s response to the targeted applicatiorsabe case of the LNA, MPA and VCO).
Some design guidelines should be taken into acdousmtcomplish a successful design.
For this reason, as a first step we followed theegal guidelines for the design of
circuits for space applications [5.7] taking intcaunt the applicable de-rating [5.8].

Comprehensive electrical simulations, including Di@ear, non-linear, noise and
thermal analysis were carried out in order to deiee the performances of the main
circuits as extensively shown in previous chaptéransistor size and bias points were
optimized to achieve minimum consumption while iflifg the specifications in the
thermal range from -30°C to +70°C.

Turn on/off response was also monitored by meandrarisient simulations,
preventing the circuits from being damaged by ueetgd current spikes during the
switching-on of the power supply. Circuit stabiligas analyzed carefully to guarantee
the correct functionality. Methods based on MU orfd€tors are often inoperative
because of multi-loop paths and nonlinear effeespecially in complex circuits and
assemblies. Advanced software techniques wereinsime cases [5.9]-[5.12] to fully
evaluate potential instability and prevent it byaghg compensating circuitry in
sensitive positions.

Yield tools, based on the statistical models of fiéd@ication process provided by
the foundry, were used in order to predict the awn in performance due to process
variations. All the chips were designed to be wirto process variations. The
influence of every circuit element was analyzeddetermine its effect on circuit
performance. If a small change in the element vehuesed a large change in the circuit
performance, either the element or the circuit kogyp were modified to guarantee the

maximum reliability. Finally, whenever possible pabogies that were proven to be
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process tolerant were selected (as the case, &n@e, of the digital divider in chapter
3).

To check if each fabricated circuit is complianthamhe expected behavior and
facilitate chip selection, PCM (Process Control Marng) transistors were included in
every MMIC.

Target single chip area was set to 2 mm x 2 mnnaetoff yield and fabrication
costs without compromising functionality. Howevea the first design iterations (e.qg.
LNA and MPA) different sizes were used to allowtiteg of additional function and to
fit the chips into an intermediate Multi-Project-¥¥afabrication.

The number and locations of pins were chosen t@lgyrthe interconnection and
the integration into the micro-package. A summdrthe simulation and measurement
results for the MMICs which have been describethéprevious chapters or in separate
works is reported hereafter together with desigd amplementation details for the
newly developed circuits (i.e. the LNA and the MPA)I the MMICs were assembled

and tested in their final package.
5.5.1 LNA

5.5.1.1 DESIGN

A new circuit has been designed to meet systemneggants. The topology chosen

for the circuit implementation is illustrated ingiere 5.9.
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Figure 5.9: Input LNA schematic topology.
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Main design specifications to be used for this tnpiage of the ISBT were the
following:
* Gain between 28 and 32dB in the 1.97 - 2.17 GHdba
e Minimum +10dBm 1dB output compression point
e Minimum saturated output power of +12dBm and Outpirtd order intercept of
20dBm
e < 1.5dB Noise Figure in the 1.97 — 2.17 GHz band

* Power consumption between 28 and 35 mA at 3.5V

The circuit designs relies on two stages optimigedarately: the first one is in
charge of providing the noise characteristics efwnole circuit, while the second is an
output buffer stage which guarantees the poweracheristics.

For the first stage a cascode configuration hawen lmhosen to ensure enough gain
and good noise with low power consumption. Thisichaevas dictated by the fact that,
due to the high losses and poor quality factorhef integrated spiral inductor (Ld_in)
needed in the drain bias lines, an amplifying $stmeccapable of providing enough gain
was needed not to degrade the noise behavior.

The output buffer stage is a parallel feedback dmplwhich has been selected
because of its wide operating bandwidth and roandtstable performance.

The amplifier is DC decoupled by means of on-clapazitors while the input noise
matching network is implemented off-chip to guaesnbetter flexibility (tuning and re-
configurability) and improved noise performance.eTdutput power match (network
C3, L3 and Cout) is on chip.

In the MMIC design, attention was mainly focused amhieving a low minimum
noise figure (NFmin) in a broad bandwidth (0.5 t6é@Hz) to allow the reusability of
the design. The output buffer stage is optimizedjitee output power in excess of
10dBm.

Separate drain supplies have been used to allowidoal checking of the two
stages and possibly optimize power consumptioménsecond design iteration (as the
designs have been a bit oversized to ensure faiptiance at the first implementation).

The active layout area (including the PCM monitgritransistor) has been
organized to fit an area of 2 Mnbecause this was the target final extensionsifigle

chip. However, in order for the chip to fit withehmask organization of the wafer in
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which will be fabricated this first prototype (tdger with the MPA described in section
5.5.6), the layout has been slightly modified (theput line and the gate and drain bias
lines of the output stage have been lengthen) tumc an area of 3x3mm2 (Figure

5.10).

=7 OUT

SRR
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i
22 727

Figure 5.10: Layout and chip positioning inside4x@in package

The rest of the chip has been used to house naltgdt circuits, and additional
PCM transistors. Final implementation (next faltima run for the flight version) will

fit in the target configuration and package (Figbirel).
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Figure 5.11: LNA target layout and positioning itsia 16-pin package.

Each gate is protected against electrostatic digels by way of >40KOhm
grounded resistors. Input and output pins size® lmen doubled to allow a double

bond wiring to reduce inductance and minimize ¢ffexf the bonding length on the RF

performance of the circuit.

140



Chapter 5:A Chip-set for multimode Satellite TT&C transporsder

5.5.1.2 SIMULATIONS

The off-chip input match can be implemented in efiéht ways by using high
quality lumped passives and microstrip networks.eDio some limitations in
components for use in the space mission, we weieedoto opt for the microstrip
solution using a space qualified substrate (Polgamiheigh=1.57mmmg=4.7,
Conductivity=8.47e6, metal thickness=0.05mm, &Mh0016, Rough=0.00042mm).
Both open and short stub solution were evaluated, donsidering implementation
aspects and easiness of adjustment an open stittbsdhas been considered in all the
simulations.

Modelled package effects are included in the schienfiar the simulations. As far
as the solution adopted for the input matching petwits dimensions have been
optimized to guarantee a satisfactory trade-offtenrms of noise, matching, and
operating bandwidth. If better noise (but worseuinmatching) would be necessary,
different solutions should be used.

All the results shown in the following figures amgative to the configuration in
Figure 5.10 including the 1mm long output line reszey to fit with a 3mfarea. The
only remarkable difference between the simulatisith and without output line, is a
negligible change in the output match (the outné Is close to a 500hm impedance
and the LNA output is very well matched to thisugdl and 0.2dB output compression
due to transmission line losses. All the other peters remain substantially

unchanged. The reported results are relative tavthet case simulations at 70°.
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Figure 5.12: Small signal scattering parametersigdated at 70°C
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Figure 5.13: Minimum noise figure (NFmin) and Ndiggire of the amplifier (distributed matching
network) at 70°C
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Figure 5.15: Output 1-dB compression and Third Qrigercept point variation (dBm) against
frequency (GHz) @70°C

Yield analysis was carried out for both the smajhal and large signal behavior.
Because of the lack of statistical parameters Hergubstrate and the PCB fabrication
(input matching network), the simulations focusedtioe parameters which are mainly
determined by the chip process variations, thauiput match, minimum noise figure

(NFmin), small signal gain and output 1-dB compi@ssAll the analyses include a
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post production tuning, explained as follows. Dgrthe Yield (Monte Carlo) analysis,
the process parameters are varied accordinglyetstttistical distributions provided by
the foundry. The result of this simulation is reéet as the Pre-tune Yield. But, once the
chip is fabricated, it is possible to act on thpmw voltages (only gate bias, because the
drain supply voltage is fixed and the gate bias$ él adjusted automatically by means
of external circuitry aiming at maintaining nomirglpply current) and tune the circuit
to meet the specifications. So it is possible Huame trials which originally fail to meet
the specifications (Pre tune fails), after the mgniprocess can be converted into
successful trials (PPT_converts or Post-tune caoedgrgiving rise to a different and

more realistic yield result (Post tune Yield).
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In the small signal yield analysis, the specificati were set to: ;$>30dB $<-

15dB and NR;r<0.65dB, within the operating bandwidth.

The results were deemed satisfactory with a past yield of more than 85% and a

calculated estimated prediction error of less tiié&h for a CL of 99.9% (see also

chapter 2). Keeping in mind that the input matckexgernal, it is important to ensure

that the chip itself is stable; regardless the typpassive external match is employed.

This can be accomplished with the analysis of thbilty parameters k, Mu and Mu’

([5.13], [5.14]). If all parameters are greaterrtlane, then the chip is unconditionally

stable. The worst case corresponds to a temperatuB°C, where the gain is greater

(with 70°C and 25°C the stability is more robu$t).ensure a stable behavior up to 50

GHz, a separate yield analysis was performed fdhalstability factors. The results of

this analysis are plotted in Figure 5.17: a 100&tdyis obtained ensuring unconditional

stability.
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Figure 5.17: Stability yield results. Number obtg=250.T=70°

The large signal yield results at the upper fregyeband (where the output

compression power performance is worse) are idtestk in Figure 5.18 for a yield
specification set to OP1dB>10dBm .
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Analyzing the yield results it has been noticed tha trials which fails to meet the
P1dB yield specification can be adjusted to satisé/requirement just by changing the
gate bias of the third stage (Vg3).

As a consequence of the 100% post tuning largekigeld, the overall yield (small
and large signal) coincides with the case of thalksignal reported in Figure 5.16.

As in real operations, the circuit will be usedaimarrow bandwidth configuration
(in the order of 25MHz), yield analysis includiniget possibility of tuning the input
matching network to achieve good input match andenfigure in a limited frequency
range have also been performed. The simulationg Heeen limited to a 40 MHz
bandwidth around the frequency at which the inpuwtaming network shows its
minimum (i.e. 2.08GHz). Results could be easilyeared to any other network capable
of achieving a 40MHz matching bandwidth around acsed frequency. Two more
degrees of freedom have been added at the posigtiaal tuning, that is the width and
length of the open circuited stub which could bergually modified on the PCB.

The specifications were set to:

* dB(S21)>30dB

» dB(S11)<-15dB

» dB(S22)<-15dB

* Noise Figure<0.8dB

* Frequency [2.06 GHz, 2.1GHZz]

The results are plotted in Figure 5.19. Even ifgmaple yield gives a poor result of
44%, it can be noted that almost all the circu@s.§%) can be adjusted to meet the
specification within the specified bandwidth.

An additional yield analysis performed was the corabon of narrowband input
(depending on the input network) and broadband utu{gdepending on the chip)
parameters. Even in this case the post processimdives a very good result (Figure
5.20). In this case the specifications were set to:

» dB(S21)>30dB [1.97 GHz, 2.17GHz]

» dB(S22)<-15dB [1.97 GHz, 2.17GHZ]

*  NFmIin<0.6dB [1.97 GHz, 2.17GHZz]

« dB(S11)<-15dB [2.06 GHz, 2.1GHZ]

* Noise figure<0.8dB [2.06 GHz, 2.1GHz]
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Figure 5.20: Narrow-input matching and broad-outpuiatching yield results. Number of trials=250.
For each parameter the value for every trial, ahd histogram relative to the centre of the simwate
bandwidth (2.08GHz) are plotted.
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Analyzing the yield results, it has been noticedl tthe reason for which a circuits
may fail to meet the specifications even after ngnare those for which the Mt
(pinch-off voltage of the normally on transistoriatn can be monitored directly on the
PCM transistor) is greater than -0.7V. When itsuealis greater than -0.7 V
(approximately), then it is not possible to adjube performance to meet the
specifications. For this reason it was suggestedidgcard from the wafer every circuit
for which the process parameters of the monitattiagsistor placed on the chip showed
a Viony > -0.7V.

Additional simulations have been carried out ineortb ensure a safe behavior of
the circuit during the switch-on/off of the posaigupply voltage due to the sensitivity
of the cascade topology to the appearance of bitage and current spikes. Basic
assumption is that the negative gate voltage Vppligd to the gate of Input transistor)
is fixed prior to the switching up of the positigepply through the circuit of Figure
5.21. The resistive divider is used to obtain tbsifve voltage (Vaux=Vg2) required to
bias the second transistor in the cascade inpulifeanp

Ids Voo

—{—

Vmid

5000hm

9500hm

Figure 5.21: Circuit implementation used to simelétte switching on/off of the transistors.

In the switching-on case the supply voltage (V&9 the following characteristics.

47 m2
y

Vce, V
vaux, V
N
[

07\\7\/\7‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
00 05 10 15 20 25 30 35 40

time, usec

Figure 5.22: Positive supply voltages behavionaitsh-on
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The responses of the voltage and current of thettargsistors are illustrated in the

following figures (in all the cases has been usedput signal with -40dBm power and
2.07 GHz frequency).
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Figure 5.23: Gate and Drain current behavior durisgitch-on of the Vcc
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Figure 5.24: Voltage swings across cascaded ttansiduring switch-on of the Vcc

In the Vcc switch-off case the results are illustdain the following figures,

confirming a safe operation in all the cases.
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Figure 5.25: Positive supply voltages behavionaitsh-off
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Figure 5.26: Gate and Drain current behavior durisgitch-off of the Vcc
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Drain Voltages

vmid-X21.vs1
X21.vakvmid

time, usec

Figure 5.27: Voltage swings across cascaded tramssduring switch-off of the Vcc

5.5.1.3 IMPLEMENTATION AND MEASUREMENTS
Once fabricated, multiple units of the LNA were ts¢ém TAS-E for packaging

(Figure 5.28) and assembly on the test PCB (Figu28). Input and output 500hm
coaxial connectors were used to interface the itivath the instrumentation.

Figure 5.29: Photo of the RF transceiver (left) adetail ( right) of the assembled LNA.
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Good agreement between simulation and measurensengported in Figure 5.30
and Figure 5.31. Some potential instability proldemve been detected in the assembly
provided by TAS-E around 2GHz, but it was latecdigered it was associated to a poor
grounding offered by the package lid and solvedagneement not reported in the
figure) through proper grounding by means of a eopfibbon (Figure 5.34) in the
following assemblies. The worsening in input andpat match performance was
discovered to be associated to the different epgd by TAS-E with respect to the
one used in the modelling of the package resulting higher value of the grounding
inductor. The different simulations reported (il @nd black solid lines) are relative to
the nominal (0.025nH, red) and updated (0.1nH,K)lde attach inductanceyle.

dB(S(2,1))

freq, GHz

Figure 5.30: Comparison between simulated (sohéd) and measured(dotted) Gain

&
|
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25—

'30\\\\‘\\\\‘\\\\‘\\\\‘\\\\ -50““““““““““““
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freq, GHz
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Figure 5.31:Simulated (solid lines) and Measurddt{ed) input (left) and output (right) match

The measured noise figure (Figure 5.32) is slighitgher than the simulated value.

This is due to the presence of the coaxial conngdtothe test PCB with losses not

accounted for in the simulations.
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Noise Figure(tst00191)
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Figure 5.32: Measured NF, with narrowband matching
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Figure 5.33: Measured output power compression.

In order to improve the input match and to achiaveroader frequency response,

different solutions were tested by TAS-E by modifyithe supporting PCB. An

example of an “empirical” matching network whiclopides a good match in a broader

bandwidth is shown in Figure 5.34.

3 (ground the &
el package lid)

502 line

Figure 5.34: Modified matching network.
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Figure 5.35: Measured Gain and input (left) andputt(right) match for the circuit in Fig5.34
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Figure 5.36: Detail of the LNA gain and input matetth the broadband matching network

The measured results in Figure 5.35 have beenrafsoduced in the simulation
environment (Figure 5.37) adapting the matchingvodt to the physical parameters
observed in the assembly.
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Figure 5.37: Simulation results of the LNA with tihrplemented broadband network.
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Despite a worsening in NF with respect to the nao@nd solution Kigure 5.38),
the overall performance meets all specificationapaaters. A summary of the main
parameters is detailed in Table 5.2. The functigmeltl obtained for this circuit for the
first fabrication run was close to 87%. As the gitgperformance well fully compliant
with the design specification, the final implemeiata of the circuit simply consisted in

the optimization of the layout area in order toAfithin the specified area.

Noise Figure(tst00189)
18
17 A
16
y ¥
o 15 A
S 14 P A
% 1,3 \ﬁ- f
1,2
1.1
1
18 184 188 192 196 2 204 208 2,12 2,16 22
freq. (Ghz)
Figure 5.38: Measured NF with the broadband matghietwork
Table 5.2: Results vs. requirements for the ingNAL
Parameter Simulation Measurement Units
Lenter 2070 2070
Frequency - - MHz
BW 1640 200 (*) MHz
Current 30 32 mh
Power -
H”.I.lp]} T -"'.“ T -"'j lll‘l
{iain 34 =300} dB
OrldB [0 11 dBm
MEF (b4 1.3(*) dB
Input Match <15 <=17(*) dB

(*} These values depend on the external matching network
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5.5.2 Variable Gain Amplifiers

5.5.2.1 RFVGA

The RF VGA is used to control the signal at thadraitter input for gain or power-
variation compensation. This circuit is used ordy $pecific transponder applications.

Full detall of this circuit implementation have begven in chapter 2.

55.2.2 IFVGA

The IF VGAs have been implemented by means of glesiBual-Band IF VGA
shown in Figure 5.39 which is used at both IF1 & This circuit has been developed
in a parallel work [5.15] within the same projectORFEO, but will be briefly

described as it was used in the final transpondplamentation and testing.

Figure 5.39: Photograph of the dual-band IF VGA

The VGA consists of three amplification stages: fingt one provides good input
matching, the second one the majority of the gauchthe third one the required output
power. The gain control is carried out by meansederal parallel optimized switches
at the second stage to reduce non-linearitieggatlbvel attenuation.

The circuit shows dual-band performance (at 9MHd @00MHz), with a wide
operating bandwidth, (broader than 55% at 9 MHzl 30% at 200 MHz). At both
frequency bands, the gain control is better thadR4naintaining high output P1dB of
about 6dBm.

The IF bandwidth is set for the signal requiremaitdual mode operation. As an
example, one typical dual mode combination is: aigpectrum plus PM mode. With
the spread-spectrum, a suppressed carrier schethe3wiMChip/s allows accurate
ranging, low emission density and spurious addstieace.

The group delay degradation (which was critical myaat 9 MHz, because of the

lower frequency value and the broader relative tadtth) has been minimized by DC-
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coupling 2nd and 3rd stages and properly desigtiagnternal RF chokes. The group
delay obtained was better than 0.9 ns. Simulatioth measurement results at both
frequency bands are summarized in Table 5.3. Téld wif this circuit was around 84%.

Table 5.3: Results vs. requirements for the dualebdGA

Parameter Simily  Measily Units Simi IT) Wleas( 11}
Center Frag, 178 ] MHz 9 9
B 20 20 MH=z 5 5
Curremt 13 334 A 33 334
%’q‘ﬁﬁl *3.5 F3.5 v +3.5 +3.5
Dymamiic Range El] 24 dB an 28
Control Voltage  1.5-23.5 =32 W 1.5=%3.5 =32
Input/Chutput
| =.]% a5 “a| &
Match I 15 dB 13 |
OPldB B3 [ dBm 8.5 B
OIr3 18.5 16 dBm 19 145

Mux. Group Deloy

Varigtion in Bw 023 005 — 0.58 0.9

5.5.3 Frequency Converters

The two Converters (Figure 5.40) have been devdlepth the same architecture,
but using different matching networks and desigrthiéques, given that there was a
factor of ten between the two working frequencidaull description of the
implementation of the two circuits is given in (I8]). Each MMIC includes five
different functions: RF amplification, LO amplifitan, phase shifting, double balanced
conversion and IF amplification. The mixers haveerbemplemented with a FET
resistive ring configuration due to its very lowstirtion and rejection of even-order

inter-modulation products.

Figure 5.40: RF (left) and IF (right) converters
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Differential amplifiers have been used at bothRtteand LO ports as on-chip active
baluns, enabling double balanced topology. A pudh-pmplifier is used at IF to
provide an active combination of the out-of-phageaals at the resistive mixer outputs,
improving the gain and the efficiency of the congerOnly four pins have been left
accessible for biasing and fine tuning (to imprpest production yield).

The RF converter can be used with low level (2dB®) power, providing more
than 5dB conversion gain and 3dBm P1dB, and maimtgivery good LO/IF isolation,
better than 35dB. Both gain and P1dB can be cdetrddy means of two pins, which
provide flexibility during the integration, allowgn adaptability to the transponder
characteristics. The main simulation and measurénesalts are summarized in Table

[ll. The yield of the chips meeting the specificais was about 90%.

Table 5.4:Results vs. requirements of the RF coever

rarameber Sirmulation Msasurerent LS
RF Fregquency 20T 2T Wik
L} Frecuency 2241 1240 WHz
Carrent 45 iy midh
Povover - - ,
Supply T3 T
Conversion 5.5 5.6 dB Plo=2dBm
Lrain
MFIS5SH) 1] 10,4 dfm
OPFlde 1.6 EA | dm Plo=2d BEm
PEal 4.6 4% dHm Plo=2dBm
LOETF Isol 153 17 5 dn RF Matched
LO-RF Isol. an 45 B IF Matched

Table 5.5: Results vs. requirements of the IF caave

Faramiber Simulabion Mlissurermsent Linals
RF Frequency 170 |70 MHz
LC¥ Frequency 180 1800 WHz
Current ELE ] EERT A
Power .
+7 £ 4
Supply o = "
oo 215 2L dB Plo=(dBm
LEn
CP1dB 1.X 1.6} dBm Plo=ikiBm
PSAT 4.3 3.7 dim Pho=OdBm
LO-TF Tsil 45 1 17.5 dn RF Matched
LOREF Il s 45 e IF Maiched
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The IF converter is designed in order to providghhgain (>21dB), and output
P1dB with 0dBm LO drive level. The gain can be athd with just one pin. The IF
chip shows RF and OL bandwidths broader than 1Gkt@ch enables its use in
different applications. A summary of the simulatiand measurement results for the
final circuits implementation are reported in Tabld and Table 5.5 . The functional
yield of both MMICs was about 85%.

5.5.4 Oscillator and Multiplier

The Voltage controlled oscillator and frequency tiplier have been obtained by
optimizing and implementing in separate MMICs thesliminary versions of the
circuits described in chapter 3 which were alrefadly functional. Details of the design
of these circuits is out of scope of the presentkvas was object of a separate research
activity, and only the main features of each immatation and performance will be

reported hereafter for sake of completeness.

5.5.4.1 VCO

The Voltage Controlled Oscillator consists of a tifwhction MMIC, which
includes a negatron, a buffer amplifier, a powelittep and two output buffer
amplifiers, along with an external resonator amndheactor tank circuit. This structure
allows high degree of configurability in terms aftput frequency and bandwidth. The
general operational configuration and a photograplthe final circuit are shown in
Figure 5.41 and Figure 5.42 respectively.

EXTERNAL ouT1
RESONATOR ) -

INPUT Output

< .
Viune

Buffer 1

N A

s © - /

. Splitter
I N
v
? ol Negatron Buffer

ouT2

Output
Buffer 2

Figure 5.41: High level block diagram of the negaitiwith the resonant circuit

The topology is the same as the previous implenientaut performance have been

substantially improved with a reduction of powensomption of more than 25%.
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Figure 5.42: Microphotograph of the VCO MMIC
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Figure 5.43: Measured Phase noise (left) and oytpwer (righ) with a coaxial resonator

The negatron provides negative resistance from %& to 1830 MHz. The
measured phase noise of the oscillator with anreateoaxial resonator tuned at 700
MHz is around -115dBc/Hz@100KHz (Figure 5.43). Tvédue is in line with the ones
observed for the first implementation and is atedby the type of resonator used.

The output power is constant and higher than +5d®8rboth outputs.

Simulation and measurement results are shown iteTab. The yield of this chip
was better than 90%.

Table 5.6: Simulation and measurement resultsfemegatron

Parameter Simulation Measurement Linits

Megative
Resistance 256 - 1830 MHz
Freg), Band

Current 29 i5 mA

Power )

+31.5 +3.5 r

Supply o o "

Fushing 0.3 MNoAL %o il Veex 3%
Output 6.9 50 A Fouwi=T00 MHz
pawer 01

ﬂul|'|u|! =T, -
nowier 02 ihH iR dBm Foutr=T00 MHz
Phase Mose MNLA, 2115 dBc'Hz N Hz

lsplation T34 M4, dB Four=To0 MHz
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5.5.4.2 FREQUENCY MULTIPLIER

The Multiplier (Figure 5.44) includes four diffefeRF functions: a tripler, a buffer
amplifier, a power splitter and two output buffers.

Figure 5.44: Photograph of the frequency multiplier

Also in this case, the frequency tripler MMIC usdte same topology of the
prototype circuit presented in chapter 3 consisiingansistor that works as a harmonic
generator, whose bias point has been optimisedt&iromaximum power at the third
harmonic.

The measured output power is greater than 5dBmreskehe % harmonic output
is 8.3dBc below the desired signal. This level t@nfurther decreased by external
filtering. A summary of the simulation and measueenresults is given in Table 5.7. In
this case the yield was around 80%.

Table 5.7: Simulation and measurement resultsHerftequency multiplier

Parameter Simulation Measurement Units
Input Freq. 0780 660-780 MHz
Band ' S
Current bt 449 mA
Power ‘15 3.5 v
Supply
Input power 5 5 dBm Fin=T80 MHz
o
utput 9.3 5.3 dBm
power O
Clutput 4 .
53
power O2 92 5.1 dBm
Fon o Pl
Harmonics 9 83 dpe  worstcase ]

harmonic

5.5.5 Dual Modulus Divider

The MMIC used to perform the variable frequencyision within the MCM OL2K
is based on the implementation which has been ibescin chapter 4.
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Minor updates were required in the input buffersl angic cells for the flight
version of the MMIC in order to further reduce thewer consumption, avoid slight
excess voltage in selected components to meettithgrna@equirements [5.8] for space
applications and reduce the stress in some critmalponents.

In particular, all the source follower current stes were modified by introducing a
source degeneration resistor to further reduce ciimeent source consumption (by
modifying the biasing point without the need ofrattucing an additional bias voltage)
and a gain equalizing network was added to thetidqifer to ensure a similar
sensitivity window for the two division ratios.

The resulting layout (photo is not available) siown in Figure 5.45. It must be
noted that even if the number of pads in the botigant of the chip has been
maintained, one is now connected to the outputebufi allow controlling the output
power level. Both stages of the input buffer arevremntrolled by means of a single

voltage.

Figure 5.45; Layout of the dual modulus prescaterthe flight tests

Overall performance is in line with previous implemation. The new sensitivity

windows are reported in Figure 5.46.

Sen sitivi deHIGH
Sensitivity@modeLOW o sitivity@mo
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Pin min [dBm]
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o
Pin min [dBm)
o
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Figure 5.46: Dual modulus divider input sensitiviltydivide-by four (left) and divide-by-three (righ
mode
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Unfortunately the flight run chips were sent dikgdor characterization to TAS-E
and full details of the final measurements are axailable. Based on the information
received from TAS-E the final circuit’s performanesereported in Table 5.8 with an
overall yield of 85%. The power consumption of 23Umepresents a reduction of
about the half with respect to the previously emptb generation of prescalers, with

additionally improved performance.

Table 5.8: Simulated results and measurement sugpnfoathe dual-modulus divider

Parwmieter Simulation Measurement Units

Input Freq <400 = 4900 800 = 4500 (*)  MHz

Currenit 15 TO(*=) i

Power Supply +31.5 +3.5 0

Input/output (07220
Mateh

Cutpuit Pawr 1.3 2-4 dBm

f.q dB

La,
i
A

Divisaon Eoatios 3-4

i*) Characterization limited to this frequency range
(**) Optimizing Bufter bias

5.5.6 Medium Power VGA

The amplifier design targets a medium power angslifMPA) with output power
level control capability delivering an output powerat can be configured by the
selection of few external passive parts.

This circuit design was imposed by an update irsglstem specification (associated
to a lower gain in the selected output power angp)ifivhich would have prevented the
use of the RF VGA in the transmitting chain.

The main MMIC MPA characteristics can be summaraedollows:

 Nominal bandwidth of about 400 MHz centered at @Hz (target highest

frequency of operation at 2.25GHz).

* Maximum Gain>35 dB and gain control range >10dB.

e Maximum Power Consumption 2W@3.5V
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A summary of the full requirement specificationréported in the following table

for sake of completeness.
Table 5.9: Medium power VGA specifications.

Simb. Caracteristics : God Units. Conditions
Min. Typ. | Max
Vee Power Supply 3.5 \' Tolerance + 3%
Pd Power consumption 2 W
Fcenter Operating Frequency 1.9 2.25 2.3 GHz 10MHz signal Bandwidth
S11 Input match -10 dB at any Gain, 50Q source
Z out MMIC Output Impedance TBD Q Impedance transformer
to 50Q if used shall be
defined
Gpmax Maximum Power Gain 35 dB Vac= Max gain
Gpmax Minimum Power Gain 27 dB Vac= Min gain
GCR VGA Dynamic Range 10 dB Vacc=Full
GFLaT Gain Flatness 0.3 dB in the signal Bandwidth
GsLore Gain Slope 0.03 dB/MHz | in the signal Bandwidth
NF Noise Figure 25 dB @MAX Gain
P1ds Normal drive configuration 18 dBm @ MAX Gain and
Output Power at 1 dB gain nominal load
compression
P1ds Normal drive configuration 24 dBm at MAX Gain and
Output Power at 1 dB gain nominal load
compression
Psat Saturated Output Power 30 dBm at MAX Gain and
Extended drive
Smx Maximum input level 5 dBm Overdrive analysis shall
be provided

5.5.6.1 CircuIT DESIGN

The Amplifier is divided in three main stages (Fgb.47): a first Variable Gain
stage (two differential stages that provide mosttled gain and the gain control
functionality, plus a differential to single endexnverter based on a push-pull

topology), an inter-stage driver and the outputdyuf

|
I
|
__enadit ! N !
i o i |
Il | [ Lo :
INPUT i { — — - OUTPUT

il Lt o ] i

e T
1st diff Push-pull |4 parallel Fets | !
L | | 8Pargllel Fets '
___________ ! !
Gain Control | [

Output Power
Control

Figure 5.47: Block diagram of the MPA

To allow a flexible use of the amplifier in differe configurations, the output
matching has not been optimized to achieve the mmaxi output power in order to
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reduce the thermal gradients with a design adafuethe process capabilities. The
output working impedance was selected to be vesy(ktbout %2) to reduce the drain
voltage excursion to match with the fabrication qess capabilities (which is not
designed for very high power applications), asgharess was selected to be common
for the different transponder functions.

With the proposed solution, the transistors ofdbgut stage are kept always well
below the specified maximum ratings and within ggace de-rating margins. By
simply changing the value of a biasing resistor (@ in what follows) and the gate
voltage of the last stage (¢), the output compression can be configured tolaevaf
+19dBm (normal omominal drivg up to +24dBm éxtended drive The reason of
different biasing conditions study is to allow #&11C to be used in different missions,
indeed it is a design specification.

Some mission examples and its configuration:

e LEO, medium bit rate: output level up to 24dBm.

*  GEO, medium to high bit rates (most common up teIldles GMSK): output is
38dBm, uses the MMIC biased in normal drive (atB@dldB or lower) and a
commercially available space qualified transistottee output HPA elements.

« MEOJ/LEO links to relay systems: a low gain exterhH?A is used to reach
30dBm of output power and can use the same couatigur that LEO.

In the following figures are reported the schematicdhe different stages of the

designed MPA.

The gain adjusting capability of the MPA is prowdbey the first amplifier by
varying the gate voltage Vgl (Figure 5.48). A difatial configuration has been
selected to provide backward compatibility with tH® modulator which could be used
at the input of the MPA in Figure 5.1.

OUT1 and OUT2 in Figure 5.48 are inputs to the mifférential stage while & is
an external resistor to control input match whendincuit is used in single-ended input
configuration (as shown in the figure). To achiewaximum gain for the level control
the transistors are operating at \[ds/. The biasing of this stage is controlled by,

nominally at \4s=0, setting @ drain current to a DC level of about 8mA.
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Figure 5.48: First Differential amplifier.

In Figure 5.49 OUT1 y OUT2 are inputs to the difetial to single ended converter
(push-pull). Also in this case maximum gain is aied when transistors are operating
at Vds[LV. The biasing of this stage is controlled bys¥, nominally at \4<0, setting

Qq1 drain current to a DC level of about 16mA.

C_alim vd

C_carga

IN2

Rgd2

Figure 5.49: Second Differential stage

The push-pull stage (Figure 5.50) is used as ardiftial-to-single-ended amplifier
(with around unity gain).The operating point is bgtVg,, Which should ensure that
transistors” operating point is around 0...-0.3V gf 8hd 442 of Vys At that point the

current biasing of the push-pull is about 17mA.
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Figure 5.50: Third stage (push-pull)

The two resistors Rapl, and Rap2 are used adageadiivider to fix the DC level
at the output.

The overall DC current drawn by the first threggsincluding the two differential
amplifiers and the push pull is about 60mA @r38.5V.

Once the signal is converted to single-ended, tveep level is increased through a
driver and an output stage. Each stage is compmgednumber of parallel transistors,
the number of which has been selected tradingrafisistor to transistor dispersion and
thermal reduction due to power split by more arszge.

The pre-amplifier stage is built-up of four parhlteansistors (Figure 5.51). The
same configuration is repeated in the four branches
* Input de-coupling capacitor;

* A parallel RC equalizer;
* Gate bias resistance and drain RF choker;
* RC feedback to ensure broadband response.

The overall current consumption is set by an exleliasing resistor (at they4V
supply pin) and the gate tuning voltagg. Vh normal drive the drain resistor is@nd
current consumption is 17mA each transistor; 45 total. In extended drive the drain

resistor is 1@ and current consumption is 24mA each transistbm® total.

166



Chapter 5:A Chip-set for multimode Satellite TT&C transporgder

C_stab Ral2 Cal2 \LZ“ mA

IN_ Ly e i
Rg2 OUT3
Cyi Rri | 1 s1av
ﬁ_) | 1 | S

Vgi 22.6 mA
Ral2 Cal2

cr2 ‘ L2
Rg2 OouT4
Cgi Rri | ] s10v
) l ! e Q2

Figure 5.51: MPA Driver amplifier

Even if drain current is subject to transistorftaasistor dispersion due to process
parameter variations, the maximum extra currentdes simulated to be of 12mA in
the extended drive configuration. Simulations (sB&.6.2.4) confirmed that the
feedback network compensates such dispersion aexemqis from affecting the RF
behaviour.

The last amplifying stage is in charge of providihg amount of output power to
the load. Main design target has been to lowetrtmesistor to transistor dispersion and
to optimize the area used to spread the heat fhok r@duce the thermal step. 8
“oversized” transistors have been used (Figure)irb2he output section to reach the
required output power of 24dBm for the extendedealwith enough margins to meet
de-rating requirements. Further clarifications tonerically justify the transistor over

sizing are provided in section 5.5.6.2.2.
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Figure 5.52: Output power stage

Also in this case the same configuration is usedhe eight branches:
* Decoupling capacitor;
» Stabilizing resistor;
* Gate bias resistor.
The drain bias voltage is supplied through the wutRF pad via an external
inductor. To allow transistors to work with safaitage levels, the Zout_optim is set to

approximately 8 (the optimum value is determined through load-piriulations) and
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an external impedance matching network was impléadeto transforms into B for
testing purposes.

The overall current drive, when biased for the 1®dBase, is slightly less than
20mA each transistofL60mA total, with a drain external resistor ofQ.8/ds=2.8V).
For the extended drive case (fixed at 25dBm minimtoncope with possible
implementation losses) the current consumptionbisua 40mA each transistor, then
=320mA total current, with a drain voltage of 2.3\ittwthe external resistor set to
[1.5Q. Adjustment is made using Vg3. As described preslip the drain current is
possibly subject to dispersion due process varigtibut the extra current is expected
(section 5.5.6.2.4) to be less than 18mA for thghést drive biasing on a single
transistor as worst case.

Summing up all the current consumption of the gesaof the amplifier we have a
total current consumption of less than 500mA indReended drive. Using an external
3.5V drain supply this is well below the targetealue of 2W even for the extended
drive (less than 1W in normal operation).

The complete layout of the MPA MMIC is shown in &ig 5.53. The die size has
been set to 3mm x 3mm to maintain a regular paiterthe wafer as the circuit was
fabricated on the same wafer as the LNA describes#ction 5.5.1.

The input of the MPA is situated on the bottom k&tner, where the input stages
have been placed.

At the output of the amplifier, a power detectoop(tright, which will not be
described in the present work) has been placedderdo facilitate the automatic gain
control of the ISBT transmission module improvihg integration level.

The layout of the driver and power stage has bétsdfinto a 2mmx2mm layout
area (identified in the figure) as the final versiof the circuit will be built-up by two
2mmx2mm chips, one containing the output stagesamadher containing the input
amplifiers and the power detector.

In addition to the sections of the VGA and the podetector, it is included a test
transistor for dynamic wafer evaluation in everyp¢chthis PCM like transistor will

allow a rapid wafer screening and the process atialu
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Figure 5.53: Layout of the fabricated circuit

5.5.6.2 SIMULATIONS

In the following sections, the results relativeghite most relevant simulations of the
MPA will be presented. All the results have beetamted through ADS.

The value used for the external supply voltage besn fixed to 3.5V to be
compliant with the available supply voltages.

The optimal load impedance has been selected waiti-pull simulation test bench
to allow the maximum output power in the extendesedconfiguration. Simplified

schematic of the output matching network is illattd in Figure 5.54.

jl: 15 pF
T To Drain
{ Supply
RF choke 50 Ohm
:|: 1 pF
To Matching
OUTPUT — Network
Pin DC Block (6+42)

Figure 5.54: Schematic of the optimal output load arain bias network
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The external matching network that allows the ingmee transformation to
can be implemented either by means of microstmesliand lumped elements (an
example of broadband network used in the simulatiorcover the operating bandwidth
is shown in Figure 5.55). The package model desdrib section 5.4 has been used

throughout the simulations to take into account dfiects associated to the final

assembly on the package.

Rp1dB

R10 TLS0S c1a7 o
PART_NUM-RMOS0R.4p6fm  pART_NUM-=CORS}fg0

CDR318PBI
c139
PART_NUM=CDR31_100p

Rough=0mm

coR VLN
c138 TLs10
PART_NUM=CDR31 W22 mm
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To Package

TLagT

=wmmm

=urt om
L=2583 mm opy 1 mmio 10 mm} L=0.14 mmopt( 1 mmio 375 mm}

=wm mm
L=062 mmop 05 mmto 9 mm}

e

VAR36
/AR5 Wm=0685
W1=4550p(1106}

<316P6C cizs
cisz PART_NUM-CDR31_15p
53pFpasoa PABT_NUM=CRRS1 3p3

V3
D=08mm
H=0508 mm
T=015um
Rho=10
w=1mm

Figure 5.55: Output matching Network used in sirtiala

55.6.21 Small and Largesignal Smulations

The results of the simulations will be illustratealy for a limited set of test cases as
the full analysis is far too extensive and would bong added value for the scope of
the present work. Details of the simulated diffees)between the two cases will be
addressed on a case-by-case basis.

The MPA gain range is controlled by changing thlug of Vgl from 0.6V (Max.
Gain) to [11.55V (Min. Gain) even if lower gain values can tlatained for higher

values of Vgl. The simulated dynamic range canhreidB for both cases, even if
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most of the simulations have been carried out kepphe \onro between 0.6V and
1.4V which is sufficient to cover the requestedngaariation range. Varying the
temperature between -30° and +70° only affectsdiyreamic range (x2dB) and the

maximum gain (x1dB), maintaining the circuit perfance well above the design

target.
Results of the scattering parameters simulatiorZbatare reported in Figure 5.56

and Figure 5.57. Input/output match is reportedydor one case as the result are

substantially the same. Output load was set toptienal power load.
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Figure 5.56: Small signal gain variation as a fuoct of the control voltage Vg1=0.6-1,4V) at 25°.

Normal drive (left) and extended drive (right)
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Figure 5.57: Input (left) and output (right) mat{éxtended drive) as a function of the control
voltage (Vg1,V) at 25°C

The input match is mainly driven by the input ertrresistors driving the input
differential amplifier (Ry in Figure 5.48) when used in single ended conégon.
Output match can be adjusted for each specificiegigfn simply by changing the
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matching network (Figure 5.55) with a narrowbandwoek targeting the specific
application.

Variation of the Maximum Gain with temperature, agported in Figure 5.58 for
the extended drive configuration. Results for tbemal drive conditions are analogous

but with a lower maximum gain of 38dB at room tenapere.

45
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Figure 5.58: Gain dynamic range as a function @& tontrol voltage at three temperatures for the

extended drive configuration.

The stability simulations include the modeled paekaand ground effect for
unconditional stability. Mu, Mu’, and Rollet stabyl have been evaluated at the
different temperatures and for each value of therobvoltage, but only the worst case
(T=-30°C, extended drive) is displayed (Figure %.59

K
StabMeas1
MuPrimel

Mul

£ e B B ) B B B B
o 10 20 30 40 50 o 10 20 30 40 50

freq, GHz freq, GHz

Figure 5.59: Stability parameters in the worst q@se30°C, extended drive) as a function of the

control voltage

The circuit behavior has been simulated for inadgsarasitic inductance, to double
check the stability not only for the amplifier ilsdut to characterize the circuit
tolerance to the presence of potential parasititicgtances associated to the imperfect
assembly on the ground plane. Temperature of —8®Elected for the simulation as the
lowering the temperature tends to reduce stabitigygins. As reported in Figure 5.60,
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the circuit remains stable for inductances valye2au0.035nH, four times higher the
expected attachment plus package inductance pereféct (which is around 0.008nH
in the case of power epoxy, sec. 5.4) hence ergarguite large safety margin.
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=
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freq=5.750GHz
MuPrime1=1.048
|_masa=0.035000

Figure 5.60: Stability parameters in the worst q@se30°C) as a function of the control voltage for

different value of the parasitic ground inductat@eeep: [0.01-0.1nH]).

Large signal HB simulation results are illustratedrigure 5.61 and Figure 5.62 for
the extended drive bias. The MPA control voltages waried to monitor P1dB
evolution at the different gain settings. It cannmiced (Table 5.10) how the P1dB is
quite insensitive of the Gain control point. TheBlcbmpression point is evaluated at
2.25GHz but remains withi#0.5dB for the same bias settings along within avH3@

span.
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Figure 5.61: Pin-Pout curve (extended drive) asiraction of the control voltage at room

temperature. Psat=27.5dBm.
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Figure 5.62: Power gain (extended drive) as a fiorcbf the control voltage (vg1=0.6-1,4V) at
room temperature.

Table 5.10: Power Gain and 1dB compression valaedifferent control voltages (fin=2.25 GHz)

V control Gain P1dB
0.6 40.46 24.8
1.0 39.13 24.7
1.1 37.4 24,5
1.2 34 24.7
1.30 29.1 25.0
1.35 27.5 25.5
1.4 26.1 25.8

The simulated performance variation with tempegtigr minimum (+0.6dB). In
normal drive, the saturated output power is 25dBwh similar performances as in the

extended drive configuration are observed arouritB&®of P1dB.

55.6.2.2 Component stress

Maximum ratings for the pHEMT transistors in théested technology are detailed
in the following table (similar considerations halieen applied to all the circuits
presented in this work and to all the componentdusoth active and passive). In
principle each of parameter should be checked envibrst case operating conditions
with limit imposed by EECS de-rating standard [5.8his has been extensively

checked for all the components (not only transgt@nd for the different operating
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conditions. Only some relevant results will be dethin this section whereas in reality

the same tests have been applied to all the compomeall the circuits.

Table 5.11: Maximum ratings for OMMIC pHEMT trarisis

Limited param. Unit Value for "ON" devices Value for "OFF" devices
Vds DCV 4 4
Vds RF Peak V 7 7
Vegd DCV -5 -5
Vgd RF Peak V -7 -7
Vs DCV -5 to +0.9 (check the maximum current) -5 to +0.9 (check the maximum current)
Vs RF Peak V -6to +1.0 -6 to +1
Ig DC mé/ffinger 0.45 0.45
Ig RF Peak mAffinger 1 1
Power DC mWium width 0.6 0.6

Maximum DC power consumption for a transistor i$ ®80.6 mW/um. To be
compliant with the ECSS de-rating for a FET, theximaim DC power consumption
shall be kept always below 80% of the maximum atim the case of the last stage
8x50um transistor (Pd = 0.6 *400um = 240mW) thisameea maximum de-rated power

value of 192mWw.
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Figure 5.63: Power consumption as a function ofitiput power overdrive for the output stage
transistors with the MPA configured for Max, GaiNormal (left) and Extended (right) drive. Previous

stage consumption is not affected.

The worst cases of dissipated power in the normalextended drive situation have
been simulated (Figure 5.63) for a Pin=+5dBm (okieej more than 15dB of
compression) and maximum gain giving 125mW (<100mpe@B) and
190mW(<180mW@P1dB) in normal and extended drivpaetvely, so in both cases
meeting the de-rating requirement well above threnab operating conditions (assumed
to be below the P1dB point), especially for the nmalr case which represent the
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common configuration for the amplifier (the exteddkive is intended for use only is
specific and experimental configurations).

The maximum safe RF Vds excursion is 7 Volts. lis ttase [5.8] imposes a 75%
de-rating resulting in 5.25 Volts as maximum sgberating voltage. As shown in the
load contours plots of Figure 5.64 it can be ndbed 4.4 Volts is obtained as max Vds
excursion in the normal drive case and 5.5 Volttha Extended drive operation with
15dB compression (DC value is always well below dieerated value of 3V). In this
case the overdrive with 5dBm input power can casm®e stress in the last stage
transistors in extended drive, however at P1dBV&#&s is reached for normal drive and
4.2V in extended drive operation at less than 6@¥ating.
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Figure 5.64: Load contours last stage transistossagfunction of the input power

Similar analysis have been carried out for all ¢ireuit components of the MPA,
and for all the parameters demonstrating that EEESating are met with a huge
margin in normal drive, but that the design alldasits safe use also for the extended

drive, making the designed amplifier suitable fglarality of applications.

55.6.23 Yied

Yield figures have been evaluated for small sigmal large signal performances. In

small signal, main parameters to be monitored vileeemaximum gain and the gain
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control range sensitivity with process variationbgereas in large signal simulation 1dB
compression point sensitivity.

Small signal analysis specifications were set ttea® a >39dB gain (only extended
drive is reported). Results are shown in Figur&54 far as the gain control range is

concerned, all the samples were able to providieaat 15dB of control range.

3uU

25— Yield
65.022 TH

20—

Samples
o
|

Gain [dB]

Figure 5.65: Small signal yield results withoutsP®roduction Tuning. Number of trials=250. S21
histogram relative to the mid-band frequency (2.Ba%value

The large signal yield results refer to XdB simigdas performed with ADS at room
temperature. The specifications were set to okairoutput P1dB higher than 25dBm at the

upper frequency where the performance is slightysiv

50
407

30

o]

v

1 Mo e orilhdll b,
24

Samples

I ' I
26 28 30 32

P1dB [dBm]

numpass_tot numfail_tot yield_tot

150.000 20.000 88.235

Figure 5.66: XdB yield results. Number of trials®l Histogram relative to the output compression

1dB at 2.25GHz and room temperature without PostdBction Tuning

Either small signal or large signal yield resulés ceach values very close to 100%
through proper post production adjustments actinghe accessible control voltages

and/or on the matching networks. Additionally it shibe noted that all the simulations
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have been carried out with an output broadband hirajcnetwork which offers a
compromise performance throughout 300MHz operatlmgndwidth (in normal
operations the MPA will be used in 50MHz bandwidth)

55.6.24 Amplifier stages dispersion

In the case of the MPA, special care has to bentakeorder to ensure that the
dispersion of process parameters across the chiimeticause an excess of heating in
some of the transistors and keep all the devicdsmihe de-rating specifications.

The dispersion simulations take into account membsulispersion values on
previous wafer of process variation within any teiccuits across the wafer and the
dispersion between two adjacent dies (to have gerupound of the dispersion between
two adjacent transistors). Those results have loé¢@ined thanks to the inclusion in
every die of a PCM transistor to evaluate and econthe process performances against
the value claimed by the manufacturer.

The absolute value dispersion is evaluated on #w@ation of the transistor’s
threshold voltage (Y. the parameter which mostly affects performané€eald the
circuits and was normally used to select complamon-compliant dies. Dispersion on
the threshold voltage is quite large (varying fred65V to -0.99V) if compared on
different wafers, however the wafer-to-wafer dispan is not the driver for the wafer
homogeneity as the target is mainly to bound tlpeatsion of transistors spaced less
than 100um of the same wafer (the case of the MPA).

As an example, Figure 5.67 summarizes the abswlutéspersion of data collected
from the PCM test transistors within any dice idifferent fabrication runs with the

selected process. The sample is based on 225 thetedhe computed mean is 0.78V.

1o =mean 0.78'

—>—>

1o

20 40 &0 ] 100 120 140 160 160 20 220

Figure 5.67: /Vt/ distribution across all measure@M transistor samples.

179



Chapter 5:A Chip-set for multimode Satellite TT&C transporsder

The measured results indicate about 4% dispersion, however a 3% bound was
taken after evaluating the relative position on wedfer and considering the variation
between two adjacent parts. These results are quitgervative with respect to the real
circuit behaviour for what concerns the dispersiasthe real spacing between MPA
transistors is much lower than the spacing betweshtransistorsc00um in the last
stage vs. the 3.5mm of PCM transistor spacing)p®ison is likely to be lower, but the
modelling was based on the available data.

For the dispersion performance calculation, it lesn assumed as a worst case that
of one out of 8 transistors in the last stage teelthe maximum measured variation of
Vi (30=0.21V, even if the worst measured variation betwadjacent dies was less than
20) while the other 7 maintaining the mean value sTiepresents the worst case as any
other combination will reduce the drain currentnfrthe deviated selected transistor.
The excess of current from that transistor has lsed to evaluate the delta power and
the additional de-rating (if any) to be appliedatcount for the extra drain current and
the delta temperature to check any appreciablentiestress.

With the nominal transistor parameter setting, ¢heuit is biased at the nominal
and extended cases:

* Nominal bias :{ (total for 8 trans}160mA /Vys=2.5V for R;;19dBm
* Extended drive biasg [total for 8 transF 320mA /\ys =2.8V for R 25dBm

Only the extended drive case is analyzed as repie#ee worst case bias. Once the
transistors have been configured with the “worspdrsion” configuration (7 transistors
with -0.78V 4, and one with -0.99V ¥ two cases have been analyzed: one without re-
tuning the bias and a second forcing biasing tdjusa to the nominal 320mA current
(more realistic as in normal operating condition aative external biasing circuit is
being implemented to maintain constant the current)

It was checked through easy DC simulations thatdeegiated” transistor presents a
maximum of 18mA extra current. This amount is iesidgets as transistor is sized to
withstand those extra current safely along withak&a power. Similar results, with an
extra current of maximum 12mA were carried out dsathe driver stage. Simulations
carried out with those dispersions indicate minbdB and gain dispersion thanks to the

feedback and RC networks which have been usedsattreamplifying stages.

180



Chapter 5:A Chip-set for multimode Satellite TT&C transporsder

5.5.6.25 Thermal Dissipation

As the MPA design makes use of a technology whichat intended for power
applications (and GaAs is a quite bad thermal cotwtyit was important to evaluate if
the power levels at which the device will be opagtan cause transistor overheating.

A detailed thermal dissipation analysis of eachmelet has been carried out to
verify that the power is dissipated correctly byecking that the temperature of the
upper side of the chip corresponds approximateth wie bottom side temperature to
ensure a proper heating flux toward the backsidg-siek. The results depend on the
size of the device as well as on the temperatuogefation, the input and output power
and the DC power consumption.

The temperature rise of a device of thermal restgtdr, (°C/W) and dissipating an
effective power P(W) can be obtained by:

AT =R, (°C/W)* P, (W) (5.1)

The thermal resistance of a transistor dependshentdtal gate width V¥, the

number of gate fingersdy and the gate to gate spacing:

R (CCMM/W)
e W, (mm)

total

Ra(°C/W)=K

(5.2)
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Figure 5.68: Schematic cross section of a multidintransistor. Each finger is a heating element of

width Wu = W,/Npq (a=15um for the selected technology)

The effective dissipated power is given by:
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in(vv)zeic-'-Z(Pin(W))_Z(R)ut(W)) (5.3)

Rino IS the Thermal resistance Normalized to 1mm aggci§ the thermal resistance
decrease due to the edge effect along the Y-aleth values are provided by the
MMIC foundry manuals (Figure 5.69 and Figure 5.@8)a function of transistor layout

(e.g. number and length of fingers) and geometry. @ate to gate distance).
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Figure 5.69: Normalized thermal resistance as acfiom of device geometry.
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Figure 5.70: Thermal resistance decrease for an QUEIkansistor due to the edge effect along the
Y-axis
However, as the thermal resistance of GaAs dependsemperature, equation (5.1)
should be integrated along the heat flow. The ekaat flow calculation is not provided
on the foundry design manual, but it can be dematest that the channel temperature

can be approximated as:

T Rth (To) |:F)d

wop(k) = Thot(k) LEX T (K) J (5.4)
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Twot iS the backside temperaturagplis the device temperaturey B the total power
dissipated by the device,,Ts the ambient temperature, ang(lR)) can be deduced
using (5.2).

The calculations of thermal dissipation for ea@nsistor of the MPA at 2.25 GHz
are shown below. The results are presented at nuaxiend minimum gain and the
power dissipated fAis calculated at 1dB compression. Normal driverapen for the
worst case (85° ambient temperature) is presented.

Thermal resistance for a transistor of the lages{@x5@m) is 210 °C/W, this value
does not take into account the source vias andukgut pad thermal reduction (about

75 K/W) hence the results can be considered apperiound.

Table 5.12: Thermal calculations for the last stagesistors. T=85° C @ P1dB

Rth Pd (W) AT Ttop/Tbot

FETs

(OC/W) Gmax Gmin Gmax Gmin Gmax Gmin
Q1 210 0.101 | 0.137 | 18.191 | 28.754 1.052 1.084
Q2 210 0.100 | 0.137 | 18.150 | 28.693 1.052 1.083
Q3 210 0.105 | 0.142 | 18.738 | 29.876 1.054 1.087
Q4 210 0.105 | 0.142 | 18.729 | 29.858 1.054 1.087
Q5 210 0.107 | 0.146 | 19.127 | 30.630 1.055 1.089
Q6 210 0.107 | 0.146 | 19.125 | 30.625 1.055 1.089
Q7 210 0.093 | 0.149 | 19.535 | 31.300 1.056 1.091
Q8 210 0.093 | 0.149 | 19.576 | 31.351 1.056 1.091

The thermal resistance for a transistor in theeairstage (8x3@m) is 262.5 °C/W

and thermal calculations are shown hereafter:

Table 5.13: Thermal calculations for the drivegstéransistors. T=85° C @P1dB

Rth Pd (W) AT Ttop/Tbot
(OC/W) Gmax Gmin Gmax Gmin Gmax Gmin

Q4.1 | 262.5 | 0.033 | 0.038 | 8.751 | 10.059 1.025 | 1.028
Q4_2 | 262.5 | 0.033 | 0.038 | 8.641 | 9.913 1.024 | 1.028
Q4.3 | 262.5 | 0.032 | 0.037 | 8.505 | 9.743 1.024 | 1.028
Q4.4 | 262.5 | 0.032 | 0.036 | 8.295 | 9.492 1.023 | 1.027

FETs

The calculations have been repeated for the owerdgase (Max. Gain,

Pin=+5dBm).
Table 5.14: Thermal calculations for the driverggaransistors. T=85° C @ Pin=+5dBm
FETs Rth Pd (W) AT Ttop/Tbot

(OC/W) Gmax Gmin Gmax Gmin Gmax Gmin

Q1 210 0.165 | 0.141 | 34.626 | 29.643 | 1.102 | 1.086
Q2 210 0.165 | 0.141 | 34.617 | 29.587 | 1.101 | 1.086
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Q3 210 0.169 | 0.147 | 35.437 | 30.775 | 1.104 | 1.090
Q4 210 0.169 | 0.146 | 35.419 | 30.757 | 1.104 | 1.090
Q5 210 0.171 | 0.150 | 35.809 | 31.521 | 1.105 | 1.092
Q6 210 0.171 | 0.150 | 35.808 | 31.517 | 1.105 | 1.092
Q7 210 0.172 | 0.153 | 36.049 | 32.171 | 1.106 | 1.094
Q8 210 0.172 | 0.153 | 36.049 | 32.216 | 1.106 | 1.094

Table 5.15: Thermal calculations for the drivergaransistors. T=85° C @Pin=+5dBm
R Pq (W) AT Trop/ Thot
(OC/W) Gmax Gmin Gmax Gmin Gmax Gmin

Q4_1 | 262.5 | 0.045 | 0.039 | 11.747 | 10.247 | 1.033 | 1.029
Q4.2 | 262.5 | 0.044 | 0.038 | 11.465 | 10.094 | 1.033 | 1.029
Q4_3 | 262.5 | 0.042 | 0.038 | 11.147 | 9.916 | 1.032 | 1.028
Q4.4 | 262.5 | 0.041 | 0.037 | 10.748 | 9.657 | 1.030 | 1.027

FETs

In this specific case transistors can be treateddependent and without correlation
(because they are spaced more than 100um due fwrékence of the via-holes in the
layout, Figure 5.53). The worst case power values agbserved (as it was to be
expected) for Gax and overdrive (Pin=+5 dBm) in the last stage wthof more than
36 ° C. According to the ECSS standard the maxirg&h channel temperature should
be maintained below 125°, implying maximumg,bf 89° C for overdrive and £ In
nominal P1dB operation @ aAT of 31° is calculated so max value fqgis 94°C.
For the driver stage the maximum increase is leas 1.2° hence a maximumydin
excess of 110 °C can be assumed.

The increase of temperature in each sub-circuit been also calculated on the
assumption that each block (input VGA stage, drieeitput stage) has no correlation

with the others.

~

Figure 5.71: Simplified assumption for the thermallculation of a sub-circuit

In this case the thermal resistance is calculdtemligh the following equation:
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2Htgo
o f__dn L0 a
C/W) = = :
Ri ) J; K, DArea K, 2tgd(b-a) 1+ 2Hgo
b

(5.5)

Kin: GaAs thermal conductivity above 100K kg = 132/T ; K, = 0.44295 W/Kcm @ 25°C
H: Substrate thickness (10n).
0: spread angle of the heat flow (26 degrees fdQuin GaAs wafer)

The rest of the equations are the same that fomtheidual transistor. Results for

the 3 sub-circuits are detailed in the followinblés.
Table 5.16: Thermal calculations for the 3 stagkhe MPA. T=85° C @ P1dB

FET Area Rin Pd (W) Trop/ Thot AT
S

(a cmx b Cm) (OC/W) Gmax Gmin Gmax Gmin Gmax Gmin
Input VGA 0.1800 x 0.0950 | 8.648 0.198 0.204 1.005 1.005 1.018 1.765
Driver stage | 0.1200 x 0.1700 | 8.012 0.131 0.143 1.003 1.003 1.047 1.143
Output stage | 0.0800 x 0.1800 | 9.328 0.695 1.098 1.018 1.029 6.485 10.238

Table 5.17: Thermal calculations for the 3 stagkthe MPA. T=85° C @ Pin=+5dBm

FET Area Rin Pd (W) Tiop/ Thot AT
S

(a cnxb Cm) (OC/W) Gmax Gmin Gmax Gmin Gmax Gmin
Input VGA 0.1800 x 0.0950| 8.648 0.209 0.204 1.005 1.005 1.808 1.764
Driver stage ]0.1200 x 0.1700| 8.012 0.157 | 0.144 1.004 1.003 1.258 1.156
Output stage | 0.0800 x 0.1800| 9.328 1.304 1.130 1.035 1.030 12.166 10.543

As a conclusion it is possible to say that for #&-suicuit the worst case is Iin

overdrive condition at 85° C, where the last stege have a\T of 12.166 ° which is

much less than the single transistor case as was éxpected as the main thermal path

is below the transistor fingers.

The thermal resistance and contribution of thecsete mounting components is

illustrated in the following table.

LAYER I: I: k: A: A: Rth = 1/(k*A) in Power Temperature step
(in m) (in um) (in (inum2) (inum2) °K/W (W) (°C)
W/m.oK)

GeAu die back metalisation 1.50E-06 15 88 6.37E-08 63720.0 0.2665 0.125 0.03

AuSn 80/20 Eutectic (10% voids) 3.00E-05 25 272 6.37E-08 63720.0 1.7338 0.125 0.22

QFP28 package base. Top Au plate  1.50E-06 15 297 8.00E-06 8.0 0.0006 15 0.00

QFP28 package base. Top Ni 5.00E-06 5.0 92 8.00E-06 8.0 0.0068 15 0.01

underplate

QFP28 package base. Cu/W 15/85  2.54E-04 254.0 209 8.00E-06 8.0 0.1519 15 0.23

QFP28 package base. Bottom Ni 5.00E-06 5.0 92 8.00E-06 8.0 0.0068 15 0.01

underplate

QFP28 package base. Bottom Au 1.50E-06 15 297 8.00E-06 8.0 0.0006 15 0.00

plate

Conductive package bonding paste ~ 1.52E-04 152.4 4 8.00E-06 8.0 5.4429 15 8.16

(ABLEFILM 5025E; Silver filled)

Total Mounting thermal step 8.66

Figure 5.72: Thermal characteristic of the assentdynponents.
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Discounting the mounting thermal step and considethe single transistor case,
the maximum hybrid acceptance temperature is 80°C.

Heat sinks should be designed in order to enswaktliese conditions are verified.
Special care has to be taken when using the ttansis extended drive as the

temperature rise is higher reachiig values of more than 45°C in the worst case.

55.6.2.6 Even and Odd mode Stability analysis

It is well known that in a multi-stage amplifierpexially when multiple parallel
transistors are used several oscillation modescaar. The multistage topology makes
amplifier very prone to parametric oscillations dwethe presence of multiple non-
linear elements and feedback loops. In additiomwitlh n parallel transistor, n possible
oscillation modes exist. The even mode is wherthal transistors are oscillating in-
phase (a condition similar to what happens in oils and the condition which is
identified by conventional stability analysis), btiie other n-1 modes are odd-
oscillating modes originated by the possibility iafernal loops in which different
transistors are oscillating in phase opposition.

In this cases the K factor [5.13] analysis (or éygiivalents Mu and Mu™ analysis,
[5.14]) is only capable of determining if the ciitthas an even mode oscillation. The
following considerations are based on the work tgex by [5.17] which makes use of
the STAN (Stability Analysis, [5.18]) tools for th8cilab simulation Environment
[5.19].

The method has been successfully used to indivedaat prevent even and odd
mode and parametric oscillation in S [5.20], X &d[5.21] band power amplifiers. It
is based on the analysis of a transfer functiothefcircuit (evaluated in different points
properly selected) to individuate the possible gnes of complex poles with positive
real part. This method is, in theory, capable ofeeding any possible cause of
instability. Without entering in detail (refer t6.[L7]-[5.19] for an in-depth explanation),
the results of the analysis applied to the worstecatability conditions (operating
temperature of -30° and the worst parameter digpgraill be presented.

The stability analysis consists of a two step pssce
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1. Obtaining a frequency response in a given bandw(ice. admittance of a
node), corresponding to the circuit linearizatitnoat its steady-state (either
DC or large signal);

2. Applying STAN to this frequency response to obtée corresponding
factorized transfer function to identify the polegsroes plots

Firstly, the circuit was checked for a stable D@mging point obtaining the transfer
function for all the frequencies at which the citcis capable of producing an
oscillation (hence up tonf,=60GHz for the selected technology). In this casenput
signal, but only supply voltages are applied.

The transfer function obtained with STAN and thepmsed methodology has been
evaluated in several points of the circuit (gergras close as possible to any non-linear
source, i.e. gate and drains of FETs, and at feast couple of transistors per stage)
and the presence of poles with a positive real f@andition required for the presence
of oscillation) was never observed, implying thag tircuit has a stable DC operating
point. As an example, in Figure 5.73, magnituded pinase of the amplifier transfer
function (calculated between the second and thpubidtage) are compared with the
extrapolated and perfectly fitted (x) transfer ftioia.

As can be noted in the correspondent pole-zero (fgure 5.74) there is no pole
with a positive real part.
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Figure 5.73: Magnitude (up) and Phase (down) ofahwplifier transfer function between 0 and

60GHz, compared with the extrapolated one (x)
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Figure 5.74: Pole-zero map of the frequency respafowed in Figure 5.73
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Figure 5.75: Figure 74. Rollet Stability factor (lihd Stability Measure of the amplifier.
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Figure 5.76: Figure 75. Mu and Mu’ of the amplifier
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These results, jointly with the Fact that the digbiactors Mu and Mu™ are greater
than 1 from O to 60 GHz (or equivalently k>1 and 8tability Measure greater than 0),
ensure that the circuit has a stable DC operatmigtpvith any output load. In the
following graphs the stability parameters for theMM amplifier are showed,
confirming the amplifier unconditional stability thi a sufficient margin even in the
worst case.

Once verified the stable DC behavior of the amglift is necessary to check the
behavior under real operating conditions (i.e. éasggnal pumping). The response has
been characterized with input signals between 15@H.5GHz, and an input power
varying from -40 to 0dBm (for higher values the siator showed convergence
problems). Moreover simulations with higher inptgduencies were run to check for
potential parametric divisions (which have beeneobsd for this type of circuits). In all

the cases the frequency considered in the anatygsasthe entire 0-60GHz range.

: \\ A o Ty 4
f
47 \,/

10 20 30 40 50 6

T T T T T T
£ 4 -3 2 -1 0 1

Figure 5.77: Figure 76. Amplifier transfer functigmagnitude and phase) evaluated in the gate of

one of the transistors of the inter-stage ampljfaard relative pole-zero plot
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All the critical points of the circuit were consige to evaluate the corresponding
transfer functions, and in none of the simulatitimes presence of poles with a positive
real part was observed. Moreover, in all the cdabespoles showed a safe stability
margin, being the maximum value observed for tla¢ part of the poles in the order of
-0.3. A complete simulation report of these testsut of the scope of this document, so
as an example of the obtained results, only onth@fcomputed frequency response
with its relative pole-zero plot is showed in Fig&.77.

All the results confirm the absence of any typeostillation in the designed

amplifier.
5.5.6.3 IMPLEMENTATION AND MEASUREMENTS
The designed amplified has been mounted insidesdherted 24-pin QFN package

(Figure 5.78). DC bypass dielectric parallel plate capacitors
(http://www.knowlescapacitors.com/dilabs/en/gn/prddisingle-layer-capacitors

have been mounted close to the supply pads inbel@ackage before connecting to

package leads in order to minimize the risks ofaideakage in the supply lines.

Figure 5.79: Photo of the test board assembledim#ihe metallic box.
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In order to measure the MMIC, a board based on asidp technology was
designed. The selected substrate used was Duroid 02 60

(https://www.rogerscorp.com/documents/609/acm/RTeidii6002-laminate-data-

sheet.pdf. The test board has a microstrip line to conrbket input, and an output
microstrip matching network to match the low optintead impedance to the 50 Ohm
load which the network analyzer has. The board lweased inside a metallic box with
input/output 502 coaxial connectors for testing purposes.

The MMIC package was glued with a conducting epdkgctly to the metallic
structure in order to obtain a better heat disgpaand optimal RF ground contact to
minimize the parasitic inductance which could cauigé frequency oscillations.

The test set-up for s-parameter measurements vasimoFigure 5.80.

Gate Biases DRain
Power supplies Power supplies

mAmp meter

a) ALC | | Preamp | | Output ‘ust.“p

~ stages stage stage

P
transformer Network
Analizer

MMIC

Board mounted on
a test structure

Figure 5.80: S-parameters measurements set-up

The VGA has two possible working modes. In the redrmode its P1dB is about
19dBm while in the extended mode it's possible litam up to 25dBm. The difference
between the two operating modes is the biasingtpdime measurements have been

carried out with “nominal bias” condition (i.e. adjing the gate control voltage so that
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each of the sub-circuit in the amplifier consuntes $ame current as per the simulated

value). The following figures summarize some of tiasurement results.
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Figure 5.81: Maximum gain for the extended drivasbi
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Figure 5.82: Maximum gain for the normal drive hias
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Figure 5.83: Input and Output match for the exteshdrive bias at maximum gain

As can be observed in Figure 5.81-Figure 5.83sttame of the frequency response
is quite close to the simulated results. Minor dyemces (around 3dB lowering) are
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observed in the absolute gain values in both caBes. can be partly associated to
assembly losses (input/output lines, RF connecamig transition) and partly to the
inaccuracies of the modeling (matching network, Emep and packages), but in any
case the performance are kept well above the egeints.

The S11 and S22 parameters are extracted for $enaraol voltages, but as the
match is basically related to the output microstrgmsformer on the PCB, the results
are almost constant varying the control voltagg@utnmatch results are worst with
respect to the simulations due to an error in t68 Rs the input line width has been
erroneously sized with respect to the package [Ead.multiple peaks in the measured
s-parameter response are associated to the pabratiah performance. In fact, to
safely carry out the measurements with the netwamilyzer (which tolerates a
maximum of 15dBm of input power), the calibraticesito be performed with very low
input power (<-30dBm), with consequences on qualitshe calibration itself.

The gain dynamic range has been evaluated varfimgdntrol voltage from 0.6V
to 1.55V (higher than the simulated values). Reslalt the normal drive condition are
shown in Figure 5.84 with good agreement with tineutations. The three markers are
relative to Vg1=0.6V (m_HIGH), 1.4V (m_MID) and 58 (m_LOW). Figure 5.85

gives a detail of the gain flatness of the amplifesponse over a 200MHz bandwidth.

S21 [dB]

freq, GHz
m_HIGH m_LOW
freq=2.213GHz frec
dB(HPAS..S(2,1))=35.031 qHP16 S(2 1)) 12.690

m_MID
freq=2.216GHz
dB(HPAS..S(2,1))=22.501

Figure 5.84: Amplifier frequency response for diéfe gain values.(Normal drive).
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Figure 5.85: Gain flatness in 200MHz bandwidth iep gain values

Extensive power measurements were also carriedrotite packaged amplifier for
both configurations and different control voltagBart of the results (the ones provided

by TAS-E, who carried out the test on the final idey are shown in the following
figures.
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Figure 5.86: Power and gain curves at maximum d®igl1=0.6V) and extended drive configuration.

P1dB=25.4dB
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Figure 5.87: Power gain curves (30 and 34dB) anB tdmpression point5dBm) for the

extended drive (also shown in red the phase varidior 34dB gain configuration)
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Figure 5.88: Power saturation curves and 1 dB coesgion point for the VGA in extended drive

configuration at different control voltages. (P1ldBbetween 24.5 and 26dBm)

5.5.6.4 THERMAL ANALYSIS

As the amplifier’s output stages are operatingigtt burrent level and the selected
technology, hence a detailed thermal characteozatifollowing the preliminary
analysis described in section5.5.6.2.5, was caraetl in order to check the safe
operating condition.

To carry out a detailed characterization of the VBIMIC thermal behavior, the
MPA die was attached directly to the heatsink ame Wwonded to the PCB. Both the
Die and the PCB were glued using conductive epoxy.

Figure 5.89: Assembly of the bare die on the t€B Rised for the thermal analysis

The thermal behavior was firstly checked with afrared camera in different
operating conditions (DC quiescent point, lineagioa, under large signal pumping,

and saturation).
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Examples of measurements are illustrated in Fig®8 (linear region) and Figure
5.91 (saturated amplifier). The hottest spot in theasures is localized over the
transistors of the output stage as was to be esgethe observed temperature gradient

between the hottest and coldest points in the sodiogs gives an increase of less than
12 °C.

437°C

ILabel Value
IIR : max 144,5°C
|IR : min 28,7°C
SPOI1 140,6°C
SP02 141,6°C
AROI1 : max 144,5°C

Figure 5.90: Infrared response of the MMIC MPA Fi2-25GHzm, Extended drive, Max. Gain,

Pout=8dBm)
a27°C
4?2
40
38
36
34
32
30,1°C
Label Value
IR : max 44.6°C
IR : min 29.3°C
SPO1 41.3°C
ARO] : max 44.6°C

Figure 5.91: Infrared response of the MMIC MPA (Eh25GHz, Extended drive, Max. Gain,
Pout=27.5dBm)
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The infrared photo inspection presented howevarfiicgent resolution to reach the
transistor fingers for a detailed estimation ofroel junction temperature by the drain
metallization, which is the critical parameter ® imonitored to ensure a safe operation
to meet the spatial de-ratings. The available te¢gwi does resolve the transistor area,
and since the drain and source metal fingers caiobsidered at a nearly homogeneous
temperature, it is an indication of the transiséonperature.

To improve the analysis a different technique (dgate/ard voltage test) was used to
cross check the results of the infrared estimatersgive an estimation of the effective

temperature increase inside the transistor junction

A transistor can be seen as equivalent to a dewiage up of two p-n junctions.
Each p-n junction response can be separately meghsund characterized by properly
biasing the transistor (Figure 5.92). Measuring thé response for the transistor

junction, we will be able to obtain a curve similara diode curve.

1 : :

Figure 5.92: Transistor junction biasing and diodased equivalent model.

I's well known that the intrinsic potential of thp-n junction changes with
temperature, so if the p-n I-V curve is measuredftierent temperatures, the V = f (I,
T) relationship can be obtained. It is then posstblextract information on how much
the forward junction voltage will change with temgieire from the V-T slope at
constant current. It is worth noting that it is esgary to make the junction work in
forward mode in order to measure the intrinsic poét of the junction and its variation
with temperature.

Now, if the pHEMT transistor is biased to work iaminal conditions, it will begin
to dissipate power and will reach a final workiegiperature above the initial transistor
rest temperature. The value to be extracted igehiperature increment.

Biasing the transistor and monitoringsd/ it will be possible to measure how it
changes when the transistor increases its temperdtie to the power dissipation. The
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temperature increase of the junction can, therexbeacted by comparing the measure
with the V-T curves.

The main problem is associated to the fact thath wie gate forward biased, the
transistor behaves as a very low Ohmic resistah¢keadrain port, being difficult to
make it dissipate power, which, in turn is the &rgtimulus. To dissipate power the
pHEMT transistor should be working in its nominabae, with the gate-source junction
inversely biased and, as a consequence, usefglcennot be measured while the
transistor is dissipating power. This problem can dolved switching between the
biasing point where the transistor is dissipatiogv@r and another point where the gate-
source junction is forward biased and measuringatential while the transistor is still
hot . Because the pHEMT transistor can switch lgéstacal response quicker than its
thermal response, the obtained measure can giveryarepresentative value of the
transistor temperature.

A simple circuit has been developed to carry oet ptHEMT transistor biasing,
switching and s measure. This circuit and the signal scheme apevishin Figure
5.93.
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Figure 5.93: Test Circuit (left) and generated liggssignals used to characterize the pHEMT

transistor.
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According to this measurement procedure, someteegudre obtained when applied
to the last stage of the MMIC built up of eight g@iéel transistors representing the
hottest point inside the MMIC as confirmed alsalwy thermal imaging analysis.

Because the current design does not allow sepgra#ioh transistor gate in order to
measure it independently, so a unique measurellftimeaeight transistors was carried
out.

Firstly, the I-V curves for different temperatusthe last stage forward biasing the
date-source junction (with gvleft open) where obtained. The results are shawn i
Figure 5.94. With these values, a V-T slope of 1#@Wan be obtained (Figure 5.95).
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Figure 5.94: I-V measured response (last stage NMBAsistors) for different temperatures.
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Figure 5.95: Forward voltage variation with Temparee.

Then, the circuit in Figure 5.93 was used to thstlast stage of the MMIC while
the other stages where not biased. By using anlasmpe, the ¥s signal was
monitored while applying a pulsed signal to switsétween the two biasing states.
Measurement results are shown in the followingriégu

In Figure 5.96 and Figure 5.97 the gray curve regmes the ¥s measure when the
amplifier stage is turned off. The initial curvedse to the response of the circuit used
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to bias the transistors and its shape is relatédetdime constant necessary to raise the
square pulsed control signal, so only when the ewgets a constant value, can be

considered as valid.
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Figure 5.96: Measured response (cyan) for a povegrsamption of 900mW. Gap between

HEMT turned on and off is about 12 mV (temperatnceease of 12°C).
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Figure 5.97: Measured response (green) for a povegrsumption of 1300mW. Gap between

HEMT turned on and off is about 15 mV (temperatoceease of 15°C).
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Figure 5.98: Measured response for a power consiomtf 900mW. The red curve shows the

temperature evolution with time to verify the thattime constants
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The cyan and green curves are the responses whdmnattsistor is turned on. As
they are also affected by the response of the diasit, only the subtraction with the
initial curve gives the desiredg¥ measure. This subtraction is presented in FigLg8 5
(red curve) and it also shows how the transistord with time. The thermal response
with time is much slower than the electric respooké¢he pulses, so the measure is
representative of the temperature in the transstor

The obtained results give an estimation of the taipre increase inside the
transistors of the last amplification stage in MIC. These measures are also quite in
line with that obtained with an infrared camera ahd simulation results, hence
confirming the usability of the circuit for the ¢pated application.

For sake of completeness a summary of the measesedts is reported in the

following table.
Table 5.18: Summary of the MPA VGA measured pediocas

Simb. Caracteristics T Test Resuklt Units. Conditions
in. Typ. |Max
Vec Power Supply 3.5 v Tolerance + 3%
Pd Power consumption 1.6 w
Fcenter Operating Frequency 1.9 2.25 | 2.4 GHz 10MHz signal Bandwidth
S11 Input match -9 dB at any Gain, 50Q source
with broadband
matching network
Gpmax Maximum Power Gain 37 dB Vac= Max gain,
extended drive
Gpmax Minimum Power Gain 12 dB ZALC: Min gain, normal
rive
GCR VGA Dynamic Range 12 >20 dB Vasc=Full
GrLaT Gain Flatness 0.15 dB in the signal Bandwidth
Gsiope Gain Slope 0.01 | dB/MHz |in the signal Bandwidth
NF Noise Figure <15 dB @MAX Gain
P48 Normal drive configuration| 19 dBm @ MAX Gain and
Output Power at 1 dB gain nominal load
compression
P1ds Normal drive configuration | 24.5 dBm at MAX Gain and
Output Power at 1 dB gain nominal load
compression
Psat Saturated Output Power 27 dBm at MAX Gain and
Extended drive
Smx Maximum input level 5 dBm Tested
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5.6 SYSTEM INTEGRATION AND PERFORMANCE

The designed circuits have been integrated by TA®HBRer with MCM or single
chip packages) with the base band chips so asili thhe new compact S-band TT&C
transponder to be tested in different operation esadA dramatic size and weight
reduction has been achieved in comparison withptlegious generation. This can be
better understood observing Figure 5.99 and FigbuB00, which compare the
photographs of the previous and the first genematd new TT&C transponder
respectively. The new transponder measures onlx1B&x119 mm with the same
transverse dimension (D=190mm) but with a weighomly 2.5 Kg, which represents a
reduction of around 40% compared with the previagenerations of TT&C
transponders. These characteristics help to retheedotal cost of the missions. For
example, with the proposed Integrated S-band Tmrdgr the satellites can be
launched by groups, keeping an affordable costhfemissions requiring large number

of satellites to provide global Earth coverage.

Figure 5.99: Old generation of S-Band TT&C transgers
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Figure 5.100: Engineering7structural module(matchedifferent mission requirements) of the new
Integrated S-Band TT&C transponder using the deyedoset of MMICs.

The developed RF equipment performs optimally evendemanding conditions,
while allowing flexibility and adaptability for diérent specifications depending on the
mission. Hereafter are summarized some of the medsperformance (at ambient
temperature) of the entire transponder which haenlprovided by TAS-E.

Phase noise requirements depend on the TT&C operatode. In coherent mode,
especially close to the receiver acquisition thoésHC/Ny=30dBHz...40dBHz), the
uplink thermal noise is dominant owing to the fewit the close-in noise is tracked by
the receiver and then turnaround in the downlinkitas needed to be scaled in
frequency but coherent in phase. In this casec&ymhase noise requirements are 3°rms
integrated between 10Hz and 1MHz. In Figure 5.1@IMCO performance after the x3
multiplier with the loop cut at 30 kHz, is -105dBiz at 100 kHz resulting in less than

2° rms integrated phase noise.
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Carrier Pwr. 6.25dBm -99.9900 KHz
Ref. -40dBc/Hz Atten 8.00dB  1.663 Deg RMS
10
|
dB/i. ~
\\/_ ~L LI
\\.’

10 Hz  Frequency Offset From Carrier 1 Mhz

Figure 5.101: Measured Phase Noise performancaefscillator and Multiplier in coherent mode

When the signal is strong or when the downlinksgnghronous with respect to the
uplink, the VCO and the synthesizer are typicatly main contributors to phase noise

and 1°rms is required. In this case, the requisgtbpmance is achieved with larger cut-

off frequencies((b0Khz) as per the larger GaAs flicker corner fratpye

Ref. 25dBm Atten 40dB
Avg

Log
10
a8/ |

Center 2.225 GHz Span 1MHz
Res BW 3KHz VBW300KHz o een 2.765

Figure 5.102: Transmitted Sub-carrier PM Modulatiganerated by the TX Chain.

Examples of different modulation formats that cam denerated by the same
hardware configuration (TX_GEN board in Figure 5ahd measured after the MPA
VGA are shown in Figure 5.102 and Figure 5.103the first case a low data rate
standard TT&C PM modulation of a BPSK signal witRB? sequence as transmitted

data is shown, while in the second demonstratesgéreeration capability of more
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advanced GMSK modulation signals better suitedhigh data rates and increased

spectral efficiency.
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Res BW 180KHz VBW3KHZ ol eep 20ms

Figure 5.103: Transmitted GMSK Modulation generatgdhe TX. chain

An essential parameter for the transponder perfocaas the group delay stability of
the whole system, as this impacts the turnaroutalydaeasurement ability. As can be
observed in Figure 5.104, although the signal dyodambe compensated by the VGA
IF chain is large (from —130dBm to —60dBm), theuwgpralelay variation due to VGA

changes remains in the sub-nanosecond area. Im#nser, satellite tracking is much
more precise than with the previous generation revtige delay variation was ten times
greater (=30ns).

Delay calibration with input power
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Figure 5.104: Group delay of the IF part of the ISBansponder
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5.7 CONCLUSIONS

The development of Multi-Chip Multifunction Modulesd high performance MMIC,
taking advantage of MMIC technology and advancedkaging techniques, has
allowed the implementation of the RF part of a netegrated S-band Transponder
originally designed for the GALILEO mission ([5.22put suitable for many kind of

mission scenarios.

The size and weight characteristics along with ¢benpactness, flexibility and
adaptability of the MMIC and modules have allowedignificant improvement of the
transponder performance, allowing the configurghbdf the full system .

The resulting chip-set is currently in use in theewn generation of

telecommunications satellite equipments commemadlby TAS-E (ANNEX 1)
The new generation of Integrated S Band Transpend&BT) developed by Thales
Alenia Space Espafia is now a reality with more tBAnunits sold worldwide. At
present CRYOSAT 2 and GALILEO IOV are in orbit aadditional missions like
SAC-D, SWARM and SAOCOM rely on the ISBT technology

Figure 5.105: Flight Modules for the Cryosat 2 (Jeind Galileo 10V (right) space missions

Moreover, within the framework of the GMES (Glob&bnitoring for Environment and
Security) program of the European Union and ESAtHe SENTINEL satellites, TAS-
E is continuing to improve ISBT with enhanced tachhcharacteristics already tested
by ESA with excellent results [5.23].
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6 . Large Signal Three-port stability

analysis: application to a nm-wave Mixer

6.1 INTRODUCTION

This chapter presents a methodology to determigligy in non linear three-port
circuits based on a generalization of the three-patability factor applied to linearized
S parameters under large-signal pumping.

A comparison with an extension of the ConversiorirM#@ased, System Pole-Zero
Identification used to analyze circuit stability &so presented. The relationship
between the two techniques has been verified bynseaan ideal two-port non linear
circuit, and then applied to the design of a tlped- mm-wave GaAs MMIC up-
converter. By applying the proposed methodology #mpearance of spurious
oscillations was prevented ensuring proper funetionof the circuit.

The circuit was fabricated with the OMMIC GaAs falup process used for the
implementation of the circuits described in the vpas sections. On-wafer
measurements showed an average conversion los$ alsodB at a RF bandwidth
between 40.4 and 41.5 GHz with LO frequency fixed2.5 GHz. A RF/LO isolation
better than 25 dB was measured in the whole bamalyiag also outstanding inter-
modulation performance.

Section 2 gives an overview of different stabilapalysis techniques while in
section 3 amplifier and mixer regimes are comparederms of formulation and
solutions stability. In section 4 the three-poniekr stability theory is briefly described
and then, extended to non linear circuits undegelarignal pumping. In section 5, the
interrelation among Y stability factor, negativeiseance and Conversion Matrix based

pole-zero identification under large-signal pumpiagliscussed and illustrated with a
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simple non-linear two-port circuit with fixed polesd zeros, verifying the utility and
the limitations of all the methods. Finally the desof a GaAs HEMT MMIC up-
converter is presented in section 6 showing how rtte¢hods are applied to avoid
spurious oscillations. In section 7 the performamdethe fabricated prototype is
summarized, confirming the absence of spurioudlasons. It’s worth noting that the
design of the MMIC itself was not the main goaltloé present work; the circuit was
used to validate with a concrete example the stalwheck procedures. Nevertheless
details of the designs and measured results hawn lpesented for sake of

completeness.

6.2 STABILITY FACTORS CONSIDERATIONS

The technique which will be presented in this ceapépresents an extension of
the three-port linear stability factor ([6.1], [.2to non-linear circuits under large-
signal regime. In two-port linear circuits, a thijpdrt may be introduced to take into
account the effects of biasing on the stabilityf@enance and analyzed through the
three-portp stability factor [6.3]. In the design of non-limeaircuits operating under
large-signal stimuli, the power level of operatishould be taken additionally into

account in the stability analysis of the circuit.

Although it is virtually impossible to define a gaal procedure to guarantee the
global stability of a complex circuit with many ae& devices (for all possible loads,
frequencies, bias points, small/large signal, D@dgkc/quasi-periodic regimes, etc.)
different techniques have been proposed, evolviitl the complexity of circuits and
the capabilities of CAD tools. Rollet stability tac [K, 6.5] (with the limitations
discussed in [6.6] and [6.7]) and the more recenttpducedu stability factor [6.8] are
extensively used to analyze and prevent instaslitir spurious oscillations in two-port

linear circuits.

The p factor is a geometric parameter which represemsdistance from the
centre of the Smith chart to the nearest load iraped which causes an input reflection
coefficient equal to 1. Fax values greater than 1 no passive load will cahsetwo-
port circuit to oscillate (unconditional stabilifyynder the condition that that the two-

port input is intrinsically stable (i.e. with nodd). If u is lower than 1, stability circles
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are used to identify stability regions to avoid talde loads (conditional stability). In
two-port linear circuits, Nyquist criteria applied S parameters [6.9] or through the
insertion of a virtual ideal circulator [6.10] alpoove to be useful to evaluate a circuit’s
stability.

In the case of a three port circuit, a simplifiggheach to study stability is the
loading of one of the ports with fixed impedanced ahen applying linear stability
factors analysis to the other two ports. This apphohowever is not practical for non-
linear circuits as it would not take into account €xample, the effect of LO pumping
or the RF/IF input power level in a three-port mixén these cases, not only the
stability of the DC point, but also the stability @ periodic or quasi-periodic regime
should be verified, therefore non linear technigass required. Return-Ratio Matrix
formulation [6.11] has been proposed to unify Imaad non linear analysis.. Examples
of other techniques that are used in practice &ckefor oscillations are based on the
use of the Normalized Determinant Function [6.52],admittance probe [6.13], the use
of a Conversion Matrix analysis [6.14], or througle transfer function of the linearized
circuit with a single input and a single output§8)), as a closed loop feedback system,
by directly identifying its poles and zeros ([6.13p.16]). All these methods are
especially well suited when searching for pararoeiscillations which can appear, for
example, in power amplifiers varying the input povevel.

The aim of the work carried out was to identifyaternative method for stability
analysis of 3 port non-linear circuit which could basily implemented in any circuit
simulator. The result was an extension of the epnhof the linear three-port stability
factor to three-port non linear circuits, takingvadtage of large-signal linearized S
parameter simulation tools based on Harmonic BalgiiB), implemented in many
circuit simulators (ADS [6.17] was used in this gfie case) and allowing the analysis
and suppression of possible parametric oscillatidihne procedure has been compared
with pole and zero identification of a SISO tramdienction obtained by Conversion
Matrix analysis, previously applied to the studysbébility in other circuits such as

power amplifiers or oscillators [6.18].

Clearly the three-port stability factor applied to large-signal S paraenetsuffers
from the same restrictions as the linear case(ensability of the circuit when loaded,
but is not able to guarantee the intrinsic stabditthe circuit). Nevertheless, it has been
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shown how the method can provide a useful and &asge tool to avoid instabilities
considering all the possible passive loading impeda (useful e.g. when a MMIC
mixer is connected to waveguides ports, as the dapee shown by the waveguide

could be difficult to predict, especially outsidetwaveguide operating band)

6.3 TwO-PORT AMPLIFIER VERSUS THREE-PORT MIXER: OPERATION
REGIMES AND SOLUTION STABILITY

6.3.1 Frequency Domain

The piece-wise Harmonic Balance formulation usechdolel a microwave amplifier

or mixer behaviour in presence of a periodic RRutrias usually the following form:

A(jw) X +B(jw)Y| X|+ G=0 6.1)

where the vectorsX, Y and G contain the harmonics of the circuit state vagabl
(voltages and currents), the nonlinear sourcestlam®F generators, respectively. The

frequency-dependent matrixéw) and B(w) depend on the frequency basis used to

expand the steady state solution in a Fourier serie
When applying this formulation to an amplifier, tsieady state solution is periodic
at the RF input frequencygrd In order to study the amplifier stability, theatiit is

analyzed in absence of the RF input, maki®g 0. In this case, there exists a steady

state solutionX,. of DC type. If this solution is perturbed by a $irségnal generator,

the behaviour of the harmonic perturbatid¥X (t) is ruled by the following linear

differential equation in the Laplace-domain:

{A9+ B9 N % 2 X )=076) (6.2)
where JY[ X, | is the Jacobian matrix of the vector functiof] X|, the vector

AG(t) contains the time-varying harmonic componentshef $mall-signal generator.
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When only the componenfG, is activated, this Multiple Input Multiple Output

(MIMO) system can be compacted into a SISO systetaiming:
AX (9= F(9AG( 3 6.3)

where F(s) is usually and admittance or impedance, depenain the selected
variables. The rising of an autonomous unstableutieol in the amplifier is
accompanied by an oscillation of the DC solutioie Tstability of this solution is
determined by the poles of the transfer functigigsf When this function is not
completely known in the whole range of s, condsiof®.4) are usually valid to
determine if f(s) has unstable poles or not atesH6.19].

Re(F; («,)) <0
Im(F*; (ay)) =0 (6.4)

d:ij (w)
ow

>0
Wq

On the other hand, when applying the formulationatanixer, the steady state
solution is quasi-periodic at the frequencies ef RF input and the local oscillatogef

and fo. In order to study the mixer stability, the circisi analyzed in absence of the RF
input. In this case, there exists g-periodic steady state solutidf . If this solution is
perturbed by a small-signal generator, the behavajuthe harmonic perturbation

AX(1) is ruled by the following linear differential edien in the Laplace-domain:

{A(jao +9)+ Blio+ 9 I X AN B=27CX  (65)

where the vectoAG(t) contains the time-varying harmonic componentshef gmall-
signal generator. When only the componA; is activated, this MIMO system can be

compacted into a SISO system obtaining:
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AX (9= FK(9AG(3 (6.6)

where F(s) is usually and admittance or impedance, depenain the selected
variables, including in this case the LO frequenafnich makes formally different
equations (6.3) and (6.6). The rising of an automasnoscillating solution in the mixer
is accompanied by an unstabilization of the pedosblution. The stability of this
solution is determined by the poles of the tranfifection F(s). Like in the amplifier
case, when this function is not completely knowthi& whole range of s, the conditions
(6.7), later discussed in section 5, are usuallidva determine if [{s) has unstable
poles or not at say [6.19]. Notice that equation (6.7) is formally @ifent from (4) due
to the dependence of(8) with LO frequency.

Re(F; («,)) <0

Im(F; («w,)) =0 (6.7)
d:ij (a)) >0
ow

)

6.3.2 Time Domain

In absence of distributed elements, the amplifiedt enixer behaviours can be
modelled without approximation by a system of noadir differential equations of the
form:

X(t) = F[%(9), 1] (6.8)
where X(t) represents the set of state variables &nis a nonlinear vector function.

The explicit time dependence & on the time variable is due to the presence of RF
generators. In the case of the amplifier, whenyamad the stability of the DC solution

X the time dependence iR disappears when the RF generator is removed,rend t

perturbation dynamics is ruled by:

AX(t) = D, F[Roe ] AX() + D, F[ %] AT ) (6.9)
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where Ag(t) is the vector of small-signal perturbation genansat The system (9) is

Linear Time Invariant (LTI), and its frequency-damaepresentation is equivalent to
(6.2). In the case of the mixer, when analyzing stebility of the periodic solution

%,(t) the perturbation dynamics is ruled by:

BX(t) = D, F[%,(1), ] a%(t) + D, F[%,(9, {Aa5(9 (6.10)
where Ag(t) is the vector of small-signal perturbation genasat The system (6.10) is
Linear Time Variant (LTV), with the matrixd, F[%,(t),t], D,F[%,(t),t] being fo-

periodic. The frequency-domain representation f $lgstem is equivalent to (6.5). The
stability analysis of LTI and LTV systems is a wietlown topic and will not be object
of consideration in this work.

The advantage of the frequency domain approachaisthe condition for the
transfer functions (6.3) and (6.6) to be unstalsle be easily checked in this domain.
On the contrary, the identification of the time-dmmsystems (6.9) and (6.10) for a real

amplifier or mixer can be a very difficult task.

6.4 THREE-PORT STABILITY THEORY

6.4.1 Linear Approach

The three-port stability of a network characteribgdits scattering parameters can
be verified with different techniques: using a gkthree conditions as reported in [6.2]
or with a single geometrically derived parametes, pgesented in [6.1]. The three
conditions to be satisfied §'w)>1, Fi((I'v)>[ICk)| and F((Tk)>|ICx)|) locate the
terminationsI'y (k:1,2,3) on the Smith Chart, which will guarantise unconditional
stability between ports i and j.;FKz and J are functions of the load reflection
coefficientsI'y and of the three-port network scattering paramsdietailed expression
of the functions can be found in the annex to [6.The same result can be obtained
with a single condition #{I"y)>1 for unconditional stability. Nevertheless, with(I'y)<1
it is still possible to have a useful design, eaihg the Minimum Stable Distance
(MSD) from the load reflection coefficient to thegtable region to ensure enough

stability margin [6.&rror! Reference source not found].
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6.4.2 Non-Linear Extension Under Large Signal Pumping

In nonlinear three-port circuits such as active arsx with capability to provide
conversion gain, stability can become an issue.xaestive but complex and time
consuming analysis procedure for such a circuipressented in [6.20] An easier-to-
implement procedure is proposed and discussed b&ding from the unconditional
stability criteria for two ports and assuming aefixload termination in a third port, the
formulation presented in [6.1] can be extended idemsg linearized scattering
parameters under large-signal pumping. As a previbep, the Rollet proviso [6.6] for
intrinsic circuit stability must be verified to ame meaningful results (absence of
complex conjugate poles with positive real pargRiHalf Poles —RHP- of the three-
port network with open ended ports). If this cormgttis not fulfilled, the method is no
longer valid, reason why some authors questieruthity of the Rollet condition.

In the case of three ports under large-signal puog)pverification of Rollet’s
proviso is quite demanding: the circuit has to imedrized around a periodic (LO)
regime and verification that with the three unleagorts the circuit does not oscillate
is not sufficient; considering LO injection, a paetric pole-zero identification is
required.

In Figure 6.1, a simplified diagram of the up comeecircuit under consideration is
sketched. In case of down conversion, RF and IEs@hould be inter-changed.

Port 3: RF

Z

o

=
w
g
=

@
w
- 8
=
z
=
(@]

7 & ?8@
Port 1: LO LTAE % Port 2: IF
: : Z

Pseek@fseek Pseek@fseek

d;? Vlo@flo é-}; Vif@fif

Figure 6.1 Test-bench for linearized S parameter simulatioder large-signal pumping. Simplified

block diagram of the mixer is also detailed
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A low power level (B is injected at the small-signal frequency vamaflekin
the linearized circuit to obtain the Scatteringgoaeters atsfex The frequencies and
powers of the local oscillator (LO) and intermedifitequency (IF) signals arg,fP.o
and f;, P respectively (up-conversion is considered). In adse quasi-periodic regime
under IF/RF pumping it would be possible to tak® imccount a high level of IF/RF to
perform a simultaneous analysis of gain compresaiehstability. The list of variables
and parameters must include the biasing of theuitir(Vphia9 as it affects the
linearization point as well as the level of injetf@wer.

A Harmonic Balance (HB) simulator is required tafpem this analysis with at
least one (LO) or two (LO and IF) large-signal sms and one small-signal source.
Aliasing of frequencies in the harmonic balancefiency base may provide erroneous
results, therefore it must be avoided.

Large-signal scattering parameters may alreadyripbemented in the simulator or
not. If not, it is possible to emulate their comadidn with virtual couplers, injecting the
test signal alternatively from the 3 ports. If thene already included in the simulator,
care has to be taken to load the 3 ports apprepyiathe scattering parameter ports
have fixed impedancesy4normally 50 Ohm), which will also load the largegnal
pumping source. These sources must be voltage ityperies, or current type in
parallel, with amplitude fixed in agreement withe tgenerator/reference impedances

and the available power expected from them (seé6etyl) for voltages):

V, = 2.22,.P, v, =2,/2.Z2,.P, (6.11)

The linearized scattering matrix (6.12) is a fuoatiof feex Which acts as an
independent variable, and depends on a set of pteasn fo ,P.o, fir, Prand Wias
therefore $ (flo,PLo, fir, Pk, Vbiad .

Slj (fseek) = |:b| (fSEEk)

J ( See“) L (fseek=0,Plo( flo),Pif (fif ),Vbias

q ( fseek) = \/I (fseek)z:/lzii(fseek)zo (612)

V. (f +1. (f...)Z
aj(fseek) — J( seek) j( seek) 0
22,
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where aand b are incident and outgoing power waves, respegtiaekeek.
A sweep in feekmay lead to the evaluation of ps a function of', fseex flo ,PLo,
fir, Prand Mias Wherel'y are the reflection coefficient of load at portkki(-3).

The unconditional stability condition [6.1] becomes

u3(rk’ fseek, fLO sPLO ’ f|F lPIF ’ Vb|as)>l (613)
Being
N(T,,...)
(T TloPos fie s P Viias) :ﬁ
Where:

N(Te) == S M =[S -4, 1 [

_ (Sjj _Aii rk)(l_ Skk* rk*)

D(My,...)= L ey
= (A —A,)(Sii —Aﬂ >

+I(,--)

‘](rk1 fLO' Po: le , P 'Vbias) = (S” + Ajirk)(sji +Aijrk)

As=DET[S;], A Cofactor of the i,j element of {§ i,j,k=1,2,3;2,3,1; ...

M3<1l does not mean necessarily that a spurious aoill will be present, but it is
not the desirable situation, as it requires antamdil study to determine the stability
margins. Two of the threesufactors ([« k=1,2,3) should be considered, as one
termination of the three-port network is fixed véhihe other two are variable.

Even if the circuit is simulated in large-signalnd@ions at several frequencies,
power waves (ab, i:1-3) ratios are evaluated only at theffrequency, so this can be
seen as a particular application of the Converdwatrix approach [6.21] under a

periodic regime (JP<<) or a quasi periodic regime.
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6.4.3 Conversion Matrix-Based Pole-Zero Identification

The identification of poles and zeros obtained oy €Conversion Matrix approach
[6.15] has been used as a reference for compdrengesults obtained with the proposed
method. Harmonic Balance oscillation analysis aaddient simulations have also been
used to validate stability.

The circuit was analyzed in HB with LO pumping aRB/IF injection. The SISO
transfer function (6.14) is defined injecting aremt sourceqlat the frequencydex(non
rationally related to,d, freOr fir) in a sensitive noda and evaluating the voltage on it
(Vn(fsee). As a current source, it acts as an open ciratigll other frequencies,

including at the pumping frequency.

| Va(foeed
Hn (fseek) - |: | ] (fseek) i|P|0(ﬂo) (614)

Therefore, the evaluation of this transfer functisna particular case of the
Conversion Matrix approach. Thus, poles and zditied to the transfer function by
least squares, are obtained and plotted. The existef complex conjugate poles with
positive real parto>0) denotes a potential oscillation condition.

The choice of the sensitive node requires somegdesiexpertise because poles of
the transfer function are supposed to be the saramy node, but pole-zero cancellation
may happen in some nodes, masking unstable pal2@][@erminals of active devices
are usually the most suitable choice, and the itepetof the analysis from different
nodes is advisable. In contrast with the p facemhhique, results are limited to the

actual impedance terminations used in the analysis.

6.5 RELATIONSHIP BETWEEN p, NEGATIVE RESISTANCE, AND
CONVERSION MATRIX POLE-ZERO |DENTIFICATION UNDER
L ARGE SIGNAL PUMPING

To apply theu factor, the Rollet’s proviso is the basic requieginto be fulfilled.
With this assumptiong>1 implies non fulfilment of oscillation start-upmditions. To

establish the relationship with the no-RHP conditiet us consider a two-port network
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containing closed feedback loops, which is defifsdits linearized S parameters,
loaded at the output with a passive impedancfZ|<1), and with two current sources
injected at the inpuvith a generator impedanceg, Zor example equal to the reference
impedance g(Figure 6.2). On the one hand, the steady-statdisnlis periodic due to

the presence of the large-signal current sourgg. I(©n the other hand, the small-signal

current sourcel(fseep) is used to perform the perturbation analysis e periodic

regime.
Z’in Zin
- -

l 1

+ NON-LINEAR
|(flo) Iin(fseek) Vin Zg TWO-PORT Z

(FEEDBACK LOOP)
I |

Figure 6.2 Diagram of the two-port circuit used to applyacfor from linearized S parameters and

to obtain a transfer function g'with poles and zeros, under large-signal pumping.

The input impedance;LI'. ) at feex is directly related to the corresponding input
reflection coefficientlj, (15). In (6.15)A=S51$,-512S,; andZp is a real and positive
reference impedance;,Zat feex and, therefore 4, if Zy is embedded in the two-port
network, can also be considered as SISO transfatiins of the system, with P poles
and Z zeros (6.16).

I_in :M ; Zin = ZO 1+ rin (615)
1-S,I, 1- rin
Z' ()= Kw (6.16)
M jﬂ_..P(s_ pj)

In the case that S®jeek (0seei2nfseey, the transfer functiorz' (w.,) matches a

conventional frequency-dependent impedance expressihis transfer function is

evaluated measuring the perturbation voltage atret Vi, when the small amplitude
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sinusoidal current;] at feexiS injected, always under large-signal pumpingolf
Instability condition of the periodic solution atfeequencyf, (wo=2xnfp) is generally
associated with (6.7), which can be rewritten is ttase as:

Re{";, (&,)) <0

IM(Y',, () =0 (6.17)
aYIin > O
&L)seek w

where Yi,=1/Z’;,. In this case, conditions are not referred tostadility of the DC
solution, but to the stability of the periodic nexg under I(fo). Rollet’'s proviso means
that the unloaded non-linear two-port circuit does oscillate i.e. if Z=c0 andI' =1
then Tin|<1 or Re(4(I'L =1))>0. With this hypothesigi>1 implies non fulfilment, at
least, of the first oscillation start-up conditiam (6.17) at a certain frequency f
(wo=2rfy).

In order to establish oscillating conditions witte presence of RHP, in line with
[6.19], it can be assumed that, in absence of pete-cancellations, a pair of dominant
complex conjugate poles pgfwo, p*=c+jwo provides a contribution t@', (s) of the

form:

R
(s=p)(s— p¥)

Z,(s) = (6.18)

where R is a constant residue. Eq. 18 can be ttéewifior the variable s@keckas:

R
Z (W) = : (6.19)
(U - a)szeek + Cdg) -] 2a-a)seek
It can be verified that:
g r( 5(ang(zp(wseek))J _ sigd 20 (07 +af +a2,) 6.20)
5a)seek (02 + CL)OZ - C(.)Szeek)z
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Therefore,c>0 implies é(ang(Zin(tWseey))/0txseek >0 and vice versa. On the other

hand, for any angle and any independent variable x:

sign( ¢) S|gn(d(tan(¢))) (6.21)
and the relationship defined in eq. 6.22:
: _ ~im(Y (@seed)
t / =
an(anme (a)seek)) real(Yi,'] (wseek)) (6-22)

According to what reported in [6.19], supposingl@v variation of real(Yn(tseey)
with wseex the fulfillment of (6.17) would be equivalent baving a positive value af,
corresponding to an unstable pair of complex camgigpoles. For a rigorous
determination, pole-zero identification should hpleed to Zj,(utxseed UNder a given
pumping level I(fo).

This is valid for a 4 or Z'j, obtained by the matrix conversion approach from a
two-port large signal pumped at a given frequengy($ee fig. 6.2) non-rationally
related to deex and loaded with a passive.4t can also be generalized to a three-port
circuit.

Nevertheless, we should mention that negative teggis stability criteria may lead
to incorrect predictions in some cases, as negasiakepart of resistance/admittance is
only one of the three conditions of the oscillatgiart-up (6.17), but there are another
two. However, an oscillation starting up is not tee@me as an oscillation being
maintained over time. Moreover, depending on thapexity of the circuit and on the
port where impedance is measured, instability mayhlidden, as happens with the
observation node to obtain a SISO.

As a simple example to check the relationship bebtnthe prediction of instability
by u factor and by pole-zero identification, a tpart non linear circuit with fixed poles
and zeros has been used (Figh®

A quadratic non-linearity constituted by a two-peoltage-controlled current
source provides the dependence on the pumpinglsiyi@olpitt resonator provides the
feedback loop, and two lossy resonators connecteeférence impedance terminations

serve as input and output networks, fixing the pioaé oscillating frequency.
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Figure 6.3 Diagram of the two-port ideal circuit for linea®d S parameter andfactor calculation,
and system pole and zero identification under lesigmal pumping.




Chapter 6:Large Signal Three-port stability analysis: applicen to a mm wave Mixer

1.5

1.0

05
300

1.0 LS=12.1GHz
Ss SS8=13.2GHz
0 5 10 15 20 25
fseek [GHZ]
(a)
100 s

20 LS=12.35GHz
‘ SS5=13.98GHz
0 o 10 15 20 25
fseek [GHZ]
(b)

50 .
| ss  LS=11.8GHz Y

-3.9dBm  SS=12.43GHz

19.863 dBm

Sl

40 50
freq [GHZz]
(c)
Figure 6.4 Dependence of the instable frequency on the L@ging level: (a) Shift in the<1 peak;
(b) shift in the transfer function peak which capends to a shift in the unstable pole from 1.933 4

j13.687 109 Hz to 0.049 109 +j12.294 109; (c) Quitppectra showing a shift backwards in the self-
oscillation for the highest pumping level (+20 dBm)
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First of all, it was verified the fulfilment of ¢h Rollet’s proviso by checking for
oscillation conditions after removing 50 Ohm terations. Then the complete circuit is
fed with -20 dBm and with +20 dBm input power farde-signal S parameters and
pole-zero identification.

It has been verified (Figure 6.4) that with theglasignal applied, there is a shift of
the instable frequencies predicted by p stabibitgtdr (fig. 6.4.a) and by the pole and
zero identification method (fig. 6.4.b). This wasaaconfirmed by large signal HB
oscillation analysis (fig 6.4.c) with a small offsa the values. The peaks in transfer
function H,(fseed defined in eq. (14) (fig. 4b) are close to, bot exactly at the same
values as possible instable poles. In this cas@3811F + j13.687 18 Hz and +0.049
10° + j12.294 18 Hz. This shows the validity of the dominant pofgeach (18). In
each case, the shift between potential frequenogdiflation and final oscillation is due
to the change of signal level at the frequengy from small to large signal as it

growths until saturation [6.19].

6.6 APPLICATIONTO A MM-WAVE MIXER

The method has been applied in the design of a GaAswave band MMIC
doubly-balanced resistive up converter from L b&h@5-2.15 GHz) to Q band (40.5-
42.5 GHz) developed for Multipoint Video Distribati System (MVDS) applications.

Resistive mixing provides the lowest intermodulatievels when the circuit is
tuned to a sweet spot bias point [6.22]. A simetifiblock diagram of the mixer has
been shown in Figure 6.1. The LO signal used td the mixer is phase shifted with an
on-chip divider to obtain complementary signalse Thixer itself has no gain, but as
the IF signal is split and amplified before reaghihe mixer core, some gain was to be
provided in the IF buffer. This circuit is also dsé split the IF signal into two
branches, one in common gate and the other in consoorce, providing two out-of-
phase IF signals for the balanced operation ofitixer.

Once the preliminary design was carried out, Rallptoviso was first checked for
oscillation conditions with the 3 ports open andhbwith and without large-signal
pumping.

Then the circuit was loaded withy Zerminations, as in normal operation.
Oscillation test ports [6.17] and admittance prolp@d3] were applied in a wide

frequency range to verify the absence of oscillati®ole-zero identification techniques
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were also applied [6.15]. Then the analysis focwalting theu factor corresponding to
the set up shown in Figure 6.1 was performed fprcat frequency and power values,
showing a potentially unstable behavior around 2iz @ port 3 (Figure 6.5).

7
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fseek [GHZ]

Figure 6.5 Evaluation of |gfrom RF port |4(I3) versus feefor fio=42.5 GHz ,Ro;=10 dBm, =1
GHz, R-=-10 dBm, showing $<1 around 21 GHz and in the modified circui 31 for all the

frequencies.

Applying the admittance probe and the oscillatiest tport, a strong signal was
found at ~21.8 GHz. The HB output spectrum is showrigure6.6.

0 ! IFout Spur

RF.:: V¥
-13.6dBm Y ai ¥
’g -20 | a 1(§|-[62d t -18'3dBmA¢ALOout
m 41.5GHz" 4" 59 57dBm
S 40 A 4 Spur 42 5GHz
5 A *_19.97dBm
2 60 A 21.89GHz

0 5 1015 20 25 30 35 40 4550 55 60

freq [GHZ]
Figure 6.6 Output spectrum with§=42.5 GHz ,R,=10 dBm, =1 GHz, Re=-10 dBm, showing

the spur oscillation at 21.8 GHz surrounded bydowmtermodulation lines.

The problem was found in the IF buffer which isigeed at L band, but whose
interconnections seem to be critical at higher deegies. Therefore, an RLC network
resonant at frequencies around 21 GHz was addesl.rd3ulting gis always higher
than one (Figure 6.5). The transfer function (6 ¥ applied to the circuit and poles

and zeros were identified. The evolution of theegplfrom the instable zone to the
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stable one (left hand side) when the resistandeeoRLC network is swept from high

to low values is shown in figure 6.7.
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20.00 &k o
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0.00

-10.00

Imag [GHz]

-30.00

1.50 -1.00 -0.50 0,00 0.50 1.00
Real [GHZz]

Figure 6.7 Evolution of the unstable pole around 21 GHz friv@ right half side to the left half side

when a series resistor in the RLC trap is swepnffagh to low values.

The shift in the poles matches the shift frogx[li to 5>1. The HB output Spectrum
of the circuit when pi<1 (figure 6.7) confirms the presence of a spwitane in that
case.

The proposed method enables the evaluation of wttmmal stability under
different levels of LO power. In general, LO sigrnaVel is a relevant parameter to
which the generation or extinction of spurious batons could be associated. In this
case, high levels of LO power around 40 GHz maydifiecult to generate due to
inherent losses. For this reason, fpom IF port stability factor (§(I';)) has been
simulated in a quasi-periodic regime for a fixed (FLOdABm) sweepingsfex and Ro

below the nominal valuerigure 6.9, showing stable conditions in the sweeping range.
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Figure 6.8 Evaluation of 4from IF port |x(7%) versus feefor fio=42.5 GHz , £ =1 GHz, R.=-10
dBm, sweeping B from -5 to 10 dBm (R nominal is 10 dBm).
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If ns<l, further stability analysis would be required. ltosld be remarked that
unlike in a two-port circuit where a single factor provides all the information, in a
three-port circuit two pifactors should be considered, as one terminatidheothree-

port is fixed while sweeping the other two.

6.7 UP-CONVERTER MEASUREMENTS AND PERFORMANCE

The application of the method enabled stabilityiessto be addressed and the final
design to be completed. The technology used wasdhenercial Pseudomorphic High
Electron Mobility Transistor (HEMT) process by OM®Iwith 0.2 um gate length and
f; over 60 GHz.

A microphotograph of the fabricated circuit is stmoin figure 6.9. This photograph
can be compared with circuit topology schematitigare 1. LO input is split into two
branches with different phases to be applied td licansistor gates while IF input
amplified and phase shifted is applied to the @poading sources. RF signal is
collected in phase from both drains.

Figure 6.9: Photograph of the up-converter MMICGzeSk 2 x 3 mrh The corresponding circuit

topology simplified schematic appears in fig. 1.
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During measurements no spurious oscillation wasmes for any bias point or
power level around their nominal values. Measuned simulated gain conversion and
LO isolation are plotted in Figure 6.10 and Figwell. 2.5 EM simulations
(Momentum®) were used to improve agreement betweralations and measurement.
It should be mentioned that inter-modulation perfance has been improvedl dB
decrease in spectral re-growth) by slightly biasmiger drains from 0 to 1 V [6.22].

The spectral re-growth plot is shown in Figure 6.12
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Figure 6.10 Measured and simulated conversion gain (schenttuit model and Method of
Moments, MOM) LO power = 6 dBm
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Figure 6.11 Measured and simulated LO isolation (schematicuit model and Method of

Moments). LO power = 6 dBm.
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Figure 6.12 Spectral re-growth for two values of drain mixeitage: 0 V and 1 V Measurement

conditions: 10 MHz bandwidth QPSHK:£.3 GHz, R-=-10 dBm, Ro=6 dBm.

6.8 CONCLUSIONS

The non-linear extension of thefactor defined for linear 3-port circuits to those
operating under large-signal regime has been destrand compared with Matrix
Conversion based pole-zero identificatignfactor is restricted to the fulfillment of
Rollet’s proviso, but in most cases it may enalllege saving in time, compared to in-
depth non-linear stability techniques as witgh>1 no spurious oscillations would be
expected. Ifus<l, an additional stability analysis with Conversidatrix would be
required. p factor takes into account all possible passivaddoavhile the transfer
function obtained by Conversion Matrix is only whfor the given load impedances.
Both methods have been applied in the design anawave band MMIC up-converter,
successfully avoiding unwanted oscillations infdigricated prototype.
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7 . Conclusions

7.1 SUMMARY

The work presented in the previous chapters sumaewmrpart of the activities
carried out during many years of research and dpwatnt spent at the University of
Cantabria in the field of microwave circuit design.

This PhD thesis dissertation has dealt with thegtlesnalysis and implementation
of custom GaAs MMIC circuits covering different fttronalities. Several circuits have
been presented from the conception to the finalempntation and characterization, the
scope being providing a detailed guideline in suppbfuture works in this field.

As a proof of the efficiency and validity of theogesses which have been followed,
it could be noticed how all the proposed circuiesuited in successful first-run
implementations (second and final flight runs wesguired to fine tune performances)
and how nowadays most of the circuits are succgsfsed in a commercial product
and several on-going space mission.

Not only the main features of each circuit and thetailed design and
characterization flows has been presented (withnstant focus on all the practical and
physical implementation aspects), but also spediéisign methodologies (e.g. how to
implement a gain control, how to realize a frequyetigider...) and analysis techniques
which could be applied transversally to various ifea® of circuits have been proposed
to ease and make more reliable the work of theowiave circuit designer.

Detailed conclusions of each chapter have beemdr@resented, however it is
worth recalling here those results which have s sidered as mostly contributing to

an advance in the field on MMIC circuit design amalysis. In particular:

1. A straightforward method to design compact lineadB VGAs with good

input/output matching and power handling capabhiag been presented and
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demonstrated through its successful first-run immaetation of a fully
monolithic GaAs VGA (chapter 2) with very good merhance

2. A novel dual-modulus prescaler topology has bepnrted. The topology is
in principle capable to overcome most of the spéiedtations of
conventional dual-modulus dividers and this hasalmonstrated through
two consecutive design steps (chapter 3 and 4)

3. A digital frequency divider model based on the ‘teled ring-oscillator”
concept, suitable for dividers with even, odd, fixand variable division
ratios has been described and a simple procedutesign a dual modulus
prescaler combining the topologies of two conseeutirder dividers has
been proposed (chapter 4).

4. Phase noise simulation of digital frequency divedeased on HB simulation
has also been presented. The method, using aoitHlinear and noise model
of the individual transistors, can provide a teshdh to develop accurate
modeling of noise sources (chapter 4).

5. A dual out-of-phase auxiliary generator has beepgsed as an HB tool for
the analysis of balanced and differential circaitsl Envelope-Transient has
been used, for the first time to the authors kndgée to analyze digital
frequency division mechanisms and the change indthision ratio of a
dual-modulus dividers (chapter 4).

6. The derivation of a parametric microwave packagdehbas been described
and the developed model has been validated for thseugh the
implementation of a set of MMIC circuits for spaagplication (chapter 5).

7. A detailed stability and thermal analysis of a nstdtge power amplifier has
been provided in support of a successful implentemtaand reliable use of
this type of circuits (chapter 5)

8. A simplified methodology to determine stability imon-linear three-port
circuits based on a generalization of the thre¢-patability factor applied

to linearized S parameters under large-signal pogpias been derived

® The performance and figure of merits have beerrerted by authors as among the state-of-the
art VGA at the time of publication (e.g. Masud, M, Zirath, H. ; Kelly, M. “A 45 dB variable gairoiv
noise MMIC amplifier” , IEEE Transactions on Micrewme Theory and Techniques, Volume:54 , Issue:
6, June 2006 )
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(chapter 6), and validated with the design and smesments of a

implemented mm-wave MMIC mixer.

In addition to the above mentioned “foreground® #ctivities carried out in these
years have allowed to mature an established MMI€igiecompetence within the
University of Cantabria which have been successfudled for the implementation of
many other circuits and projects. Additionally, #ie knowledge and experience has
been transferred to the industry (in the form cfigle documentation) and supported the
establishment of a custom integrated circuit desggm within the Spanish company

ACORDE (vww.acorde.comwith a long record of successful designs. As @opof

the work which has already benefit from the achmeeets described in this dissertation
and which has not been included for sake of “reditidbof this document, a non-
exhaustive list of publications which have direcexploited the techniques and

experience matured in these years and appliechty belds is reported hereafter.

7.2 WAY FORWARD

My hope for this work is that it has advanced tlmacpce of microwave circuit
design and analysis. | tried to transmit as muclp@ssible (and as much as | was
allowed to do) my experience and knowledge to mathgr engineers working in this
exciting field. | have attempted to innovate withéasing sight of the practical side of
engineering. The road has been difficult but | fyrbelieve that the effort has been
worth the journey.

As additional recommendations for future work toclaeried out based on the result
of this Dissertation | believe that at least thikofeing should be taken into account:

* The further demonstration of the dual-modulus dividesign methodology
and topology with CMOS technology and targeting ligghest operational
speed. Taking into account that the performancaindd with GaAs are
today still unrivalled®, there could be the possibility to push forwaré th

® The achieved performances are still referencedeitent publications (e.g Nan,.et al "A 6-GHz
dual-modulus prescaler using 180nm SiGe technolody8th International Symposium on Integrated
Circuits (ISIC), 2011, and K Wang "Low-power higreed dual-modulus prescaler for Gb/s
applications", IEEE Asia Pacific Conference on Qits and Systems (APCCAS), 2012)
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performance in terms of speed-power consumptiamrdigpf merit toward an
improvement of the State of the art;

* The full implementation of the TT&C radio frequenchain could be
upgraded and the power consumption further reduattdthe use of modern
CMOS technologies (greatly evolved since the timevhich the original
circuits presented in this thesis were conceived, @nce demonstrated its
suitability for space missions). To this respectkvshould be started toward
the implementation of the following generation oérsponder targeting
micro satellite;

» The use of HB techniques for the characterizatibrploase noise in a
frequency-conversion context should be further ex@di and possibly
combined with behavioral modeling to predict morecuaately system
performance;

* Proposed stability analysis technique under laigeas pumping can be
applied to power amplifiers evaluating in which mowevel ranges and
topologies it allows to speed up conventional tioeasuming procedures.
Moreover, the multiport concept, inherent in a mjx@uld be extended to

virtual ports at different frequencies and apptiegower amplifiers.

7.3 PUBLICATIONS DIRECTLY RELATED WITH THIS WORK

7.3.1 Publications in International Journals

M. Detratti, J.P. Pascual, M.L. de la Fuente, JbaCal.L.Garcia,” A GaAs
Monolithic Linear-in-dB Wide-Dynamic-Range Varial@ain Amplifier with Matching
Compensation for 1.95 GHz Application#fjcrowave and Optical Technology Letters,
February 2005

C. Barquinero, M. Detratti, A. Herrera, J.L.Garcia,. Cabo,Multimode GaAs

chip-set for new S-band satellite TT&C transpontidESEEE Transactions on Aerospace

and Electronic Systems, Volume: 44, Issue: 3. 208&ge(s): 1029- 1041

M. Detratti, J.P. PascualVariable-ratio digital frequency dividers: Analogu

design methodology and phase noise analysis based harmonic balance
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International Journal of RF and Microwave Compuggded Engineering vol. 19 issue
5 September 2009. p. 529 — 539

M. Detratti , B. Aja, Ma. L. de la Fuente, S. San@and J. P. PascuéNonlinear
circuit stability under large-signal pumping: Thrgert x stability factor versus
conversion matrix system identification—applicattona millimeter-wave band MMIC
up-converter”, International Journal of RF and Microwave Compwated
Engineering Volume 20, Issue 6, November 2010, agEl-720

7.3.2 Publications in International Congress

M. Detratti, S. Sotero, C. Barquinero, J. Chuar®.Pascual, M. L. de La Fuente, A
Herrera, J. L. Garcia, J. Cabd. M. GrafidMultifunction MMIC Modules for Space
Applications based on a Commercial 0.2um pHEMT fieldgy”, XVII Conference on
Design of Circuits and Integrated Systems, Samigr&pain, November 2002.

M. Detratti, J.Chuan, J.P. Pascudl Cabo, J.L. Garcia.,”"E/D pHEMT Multy
Frequency Generator MMIC for Aerospace Applicatipn83"European GaAs and
Other Compound Semiconductors Application Symposi(@AAS2003) Munich,
GermanyOctober 2003.

S. Sotero, J. Chuan, M. Detratti, C. BarquineroHarrera, M. L. de la Fuente, J. P.
Pascual, J.L. GardjaJ. Cabo, E. J. LépezGaAs pHEMT Multifunction MMIC
Modules for Satellite Applications at S Ban@SA Workshop on Tracking, Telemetry

and Command Systems for Space Applications, Dadh<termany, September 2004.

M. Detratti, J. P. Pascual, M. L. de la Fuentel..JGarcia, J.Cahd’‘An S-Band
MMIC Linear-in-dB Wide-Dynamic-Range Variable Gatmplifier with Matching
Compensation” 16" International Conference on Microelectronics (ICNI2D
December 2004.

M. Detratti, J. Cabo, J.P. Pascual, A. Herrera, 4.5 GHz 3-4 Dual-Modulus
Frequency Divider IC in GaAs Technology32"European Microwave Conference
(EuMC2005), Paris, France, October 2005
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7.3.3 Publications in National Congress

C. Barquinero, M. Detratti, S. Sotero, J. Chuan,H&rrera, J. Cabd, Modulos

MMIC Multifuncién para Aplicaciones EspacialesXVIII Simposium Nacional de la
URSI, La Coruia, Septiembre 2003.

7.4 OTHER PUBLICATIONS

In this section, a non-exhaustive list of publicas which are based on the MMIC

design and analysis techniques which have beeemeasin this work are presented.

A. Georgiadis,_M. Detratti, A linear, low-power, wideband CMOS VCO for FM-
UWB applications”,Microwave and Optical Technology Letters, Vol. 5Bsue 7, pp
1955-1958, July 2008.

M. Detratti, E. Lopez, E. Perez, R. Palacio, M Liobe “Dual-band RF receiver
chip-set for Galileo/GPS applications”EEE International Position, Location and
Navigation Symposium, 2008 IEEE/ION, pp 851-8590&0

M. Detratti, E. Perez, J. Gerrits, M LobeiraA “4.6mW 6.25-8.25 GHz RF
transmitter IC for FM-UWB applications”]JEEE International Conference on Ultra-
Wideband, ICUWB 2009, pp 180-184, 2009

J. Gerrits, H. Bonakdar, , M. Detratti, E. Perez,Libbeira,Y. Zhao, Y. Dong, G.
Van Veenendaal, J. Long, J. Farserotu, E. Lerowti€hnemann, A 7.2 — 7.7 GHz

FM-UWB transceiver prototype’lEEE International Conference on Ultra-Wideband,
ICUWB 2009, pp 580-585, 2009
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ANNEX I: ISBT Transponder Datasheet

Applications

*

TCR and data transmission
subsystems for Scientific and Earth
Observation satellites (LEO & GEQ).
TCR subsystems for Navigation and
Telecommunications satellites.

Communications subsystems for
manned and unmanned space
vehicles.

Intersatellite links for Data Relay,
Rendezvous and Docking, etc.

Main features

*

Compatible with ESA (ECSS-E50-05)
and NASA (SNUG 450) standards.

Compatible with most Satellite

Platforms worldwide.

In-orbit configurability by

Telecommand:

- Coherent/non-coherent

- Rx/Tx Frequency

- Rx/Tx Modulation formats

- TC/TM Data Rates

- Ranging mode

- PN code seed (spread spectrum)

Multimode Telecommand & Ranging

Receiver

» Modulation formats:
PCM/BPSK/PM, PCM/SP-L/PM,
BPSK (suppressed carrier),
SS-BPSK, (U)SQPN, UQPSK
(spread spectrum) TDRSS
compatible

Multimode Telemetry & Ranging

Transmitter

> Modulation formats:
PCM/BPSK/PM, PCM/SP-L/PM,
BPSK (supp. carrier), (O)QPSK,
SRRC/OQPSK, GMSK,
SQPN (spread spectrum TDRSS
compatible)

Multi-standard Ranging (ECSS E50-
02, SNUG 450)

Product options include:

- Corona-free diplexer.

- High stability reference

Production

*

Typical lead time is 14 months.

Integrated S-Band
Transponder (ISBT)

Multimode in-orbit reconfigurable
Communications Transponder

Technical description

+*

*

Three independent modules: Receiver, Transmitter and
Diplexer assembled together as a single equipment.

High performance RF sections based on highly integrated
MMIC technology.

IF sections highly integrated in analog ASIC’s.

TC demodulation, TM modulation and low frequency
functions in general based on advanced DSP techniques
and devices.

Highly stable local oscillators.

Background

+*

Over 60 transponders sold for programs Galileo 10V,
CryoSat 2, Swarm, SAOCOM, Aquarius/SAC-D, Sentinel
1,2 & 3, Ingenio, EarthCare, AstroTerra (SPOT 6 & 7),
COTS/Cygnus, OCO 2, Skynet 5D, Egypt-Sat, KompSat 3,
Kazakhstan, Athena-Fidus, Sicral 2...

180 transponders sold wor d-wide from previous product
generations: Telecom 2, SPOT 4 & 5, Helios 1 & 2, XMM-
Newton, Integral, Hot Bird 2, 3,4, 5,6, 7A, 8,9 & 10,
WordStar, SOHO, Cluster | & Il, Eutelsat W1R, W3A &
W2M, Hispasat 1A, 1B, 1C & 1D, Jason 1 & 2, ETS VIII,
METOPA, B & C, ATV, MTSat 1R & 2, ROCSAT 2,
SciSat, SMART 1, Syracuse 3A & 3B, HTV, GOCE,
CryoSat, Pleiades-HR 1 & 2, Skynet 5A, 5B & 5C, ADM-
Aeolus, THEOS, CALIPSO, COROT, SMOS, Megha-
Tropiques, COMS 1, CASSIOPE, OCO, IBEX,
COMSATBw 1 & 2, Ka-Sat, Quasi-Zenith...
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ISBT Block Diagram

POWER SUPPLY

DC/DC Converter

|
| DIPLEXER DC/DC Converter |
| |———1—» TC DATA OUTPUT
| > RECEIVER |
BiE :
| |
RANGING SIGNAL TMITC
P, o =1
RF INTERFACE I Coherency /EPOCH|  4—— HOUSEKEEPING
| |
| = 4 |
: TRANSMITTER 4—:— TM DATA INPUT
| |
|
|

POWER SUPPLY

Typical performances

Receiver Transmitter

+ S-Band (2025-2120 MHz) + S-Band (2200-2300 MHz)
+ Carrier Acquisition Threshold: -128 dBm - Coherent mode ratio: j;,
+ Input dynamic range: -128 to =50 dBm

21 Fre

. ) ] ) ) ¢ Frequency stability: as in receiver
+ Noise Figure: < 441.2 dB (including diplexer) + Phase noise: < 3°rms
+ Telecommand bit rates up to:
- 4kbps PCM/BPSK/PM
- 64kbps PCM/SP-L/PM
- 300 kbps (U)SQPN, UQPSK (spread spectrum
TDRSS Compatible)

- 2Mbps BPSK
+ Telecommand subcarrier: 8 or 16 kHz (for BPSK/PM)
+ Frequency stability:

- Initial setting: £ 5 ppm

- Global: £ 20 ppm

- Option TCXO + 1ppm temperature stability

¢+ Telemetry bit rates up to:
- 50kbps PCM/BPSK/PM
- 250 kbps PCM/SP-L/PM
- 300 kbps SQPN (spread spectrum)
- 8Mbps  suppressed carrier modes
- High rate GMSK modulation
¢ RF Output Power: up to 37 dBm (higher with external
module)
¢ Tx Power consumption: 25 W (Pgre = 37 dBm)

+ Receiver power consumption: 5 W typ

Ranging General

+ Ranging modes: ¢+ Mass: 2.6 kg
= ESA / NASA two tone and ESA MPTS (typ ¢ Dimensions: 228 x 170 x 194 mm3
450kHz) alone or simultaneous with TM

Primary Bus Voltage: 21 to 52
- Regenerative code ranging NASA SNUG 450

Serial interface for TM/TC housekeeping

This datasheet is not contractual and can be changed without any notice. Updated June 2011 Ed. 2

For further information, please contact:

Thales Alenia Espace Espafia

C/Einstein, 7 (PTM) 7
28760 Tres Cantos - Madrid (Spain) Th a IeSA I e/rfl a
Tel.: (+34) 91 807 79 00 =,
Fax: (+34) 91807 79 99 A T Frmeceancs carfiry § pace
E-mail: comunicacion.espacio@thalesaleniaspace.com
Web site: www.thalesaleniaspace.com
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Conclusiones

El trabajo que se ha presentado en los capitulos previos resume parte de las
actividades llevadas a cabo durante muchos afios de investigacion y desarrollo en el
campo de disefio de circuitos y sistemas de microondas, pasados en el Departamento de
Ingenieria de Comunicaciones de la Universidad de Cantabria.

Esta disertacion doctoral ha tratado del disefio, analisis e implementacion de
circuitos MMIC de AsGa que cubren diversas funcionalidades. Se han presentado
diversos circuitos desde la fase de la concepcion a su implementacion final incluyendo
la caracterizacion completa de las prestaciones, siendo el objeto proporcionar una guia
detallada de apoyo a futuros trabajos en este campo. Como prueba de la eficiencia y
validez de los procedimientos seguidos debe mencionarse que todos los circuitos
propuestos resultaron en implementaciones exitosas a la primera implementacion, si
bien una segunda version y una version de vuelo fueron requeridas para optimizar el
funcionamiento al maximo. En la actualidad la mayor parte de los circuitos se estan
empleando con éxito en productos comerciales y en varias misiones espaciales en curso.

Se han presentado tanto las principales caracteristicas, asi como los detalles del
disefio y caracterizacion de cada circuito (con especial énfasis en aspectos practicos y de
la implementacion fisica). También se han presentado metodologias de disefio
especificas (implementacion del control de ganancia en un amplificador,
implementacién de un divisor de frecuencia de razén fija o variable, etc.) y técnicas de
analisis orientadas a hacer mas fiable el trabajo del disefiador de microondas
(estabilidad de los circuitos), que pueden ser aplicadas transversalmente a varias

familias de circuitos.
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Aunque se han presentado conclusiones detalladas en cada capitulo se considera
conveniente repasar aqui las contribuciones mas relevantes de cada uno de ellos en el
campo del disefio y analisis de MMICs.

En particular:

1.- Se ha propuesto un método directo para disefiar amplificadores de ganancia
variable (VGA) compactos y lineales en dB con buena adaptacion de entrada y de salida
y capacidad de manejo de potencia y ha sido validado con una implementacion exitosa
en la primera tirada de un circuito monolitico tipo VGA de AsGa con un
funcionamiento muy satisfactorio (capitulo 2).

2.- Se ha desarrollado una nueva topologia de pre-escalador de doble moédulo. Dicha
topologia es, en principio, capaz de superar las limitaciones en velocidad de los
divisores convencionales de doble modulo y se ha validado en dos pasos sucesivos de
disefio (capitulos 3y 4).

3.-Se ha descrito un modelo analdgico de divisor digital de frecuencia basado en el
concepto de oscilador de anillo conmutado, adecuado para divisores de razén par,
impar, fija o variable. A partir del mismo se ha propuesto un procedimiento para disefiar
un pre-escalador de doble médulo combinando la topologia de dos divisores de drdenes
consecutivos (capitulo 4)

4.-Se ha presentado un procedimiento de Simulacién del ruido de fase afiadido de
divisores de frecuencia digitales basado en balance arménico y usando el modelo no
lineal completo y el modelo de ruido de los transistores. Esta simulacion proporciona
también un banco de test para el modelado de fuentes de ruido (capitulo 4).

5.- Se ha propuesto un doble generador auxiliar en contrafase como una herramienta
de simulacion de balance arménico para circuitos equilibrados diferenciales y por
primera vez, segun nuestro conocimiento, se ha usado el transitorio de envolvente para
analizar el mecanismo de division de frecuencia y el cambio en la razén de division de
divisores de doble modulo (capitulo 4).

6.- Se ha descrito la derivacion de un modelo paramétrico de empaquetados de
microondas, que ha sido posteriormente validado para su uso en un conjunto de MMICs

para aplicaciones de espacio (capitulo 5).
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7.- Se ha desarrollado un analisis detallado de estabilidad y de comportamiento
térmico para fundamentar la implementacién satisfactoria y el uso fiable de este tipo de
circuitos (capitulo 5)

8.-Se ha propuesto una metodologia para determinar de forma sencilla la estabilidad
de un circuito no lineal de tres puertos bajo régimen de bombeo en gran sefial a partir de
una generalizacion del factor de estabilidad p de tres puertos aplicado a parametros de
Scattering en gran sefial obtenidos bajo dicho régimen de bombeo. EI método se ha
validado por comparacion con otros métodos analiticos y se ha verificado en el disefio y
medida de un mezclador MMIC de bandas milimétricas libre de oscilaciones espurias
(capitulo 6).

Todas las actividades mencionadas anteriormente han constituido un bagaje que ha
contribuido a la madurez de la competencia de disefio de MMICs en la Universidad de
Cantabria y que ha sido fructiferamente utilizada en la implementacién de muchos otros
circuitos y sistemas dentro de diversos proyectos. También este conocimiento se ha
transferido a la industria en forma de documentacion de disefio y de apoyo al
establecimiento de un grupo de disefio de circuitos integrados a medida dentro de la
empresa espafola spin-off ACORDE (www.acorde.com) con un largo historial de
disefios exitosos. Prueba de las tareas que se han beneficiado de las contribuciones de
esta tesis es la lista adicional de publicaciones que se incluye, en las que se ha explotado
la experiencia y la técnica adquiridas durante estos afios, pero que no se han incluido en

el trabajo de tesis para mantener acotada su extension y facilitar su lectura.

Perspectivas

La esperanza del autor respecto a este trabajo es que haya contribuido al avance del
disefio y analisis de circuitos de microondas. Se ha intentado transmitir lo mas posible la
experiencia y conocimientos adquiridos a otros ingenieros trabajando en este campo tan
estimulante. Se ha intentado innovar, pero sin perder de vista el lado practico de la

ingenieria. El camino fue dificil, pero el esfuerzo ha merecido la pena.
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Como recomendaciones para la orientacion de futuros trabajos basadas en los
resultados de esta disertacion, se cree que al menos los siguientes aspectos deberian ser
tenidos en cuenta:

« Demostracion de la metodologia de disefio y de la topologia propuestas para el
divisor de doble mddulo con tecnologia CMOS y enfocado a conseguir la més alta
velocidad de operacion. Teniendo en cuenta que las prestaciones del divisor de doble
modulo propuesto e siguen representando el estado del arte en tecnologia de AsGa,
existiria la posibilidad de dar un empujon a su funcionamiento en términos del
compromiso velocidad-consumo de potencia hacia una mejora en el estado del arte.

« Laimplementacion completa de la cadena de RF de TT&C puede ser mejorada y
el consumo de potencia mas reducido aun con el uso de modernas tecnologias CMOS
(muy evolucionadas desde el momento en que se concibieron los trabajos de esta tesis y
una vez demostrada su compatibilidad con las misiones espaciales). Respecto a esto se
deberia trabajar hacia la implementacion de traspondedores para micro satélites.

» El uso de técnicas de balance armédnico (HB) para la caracterizacion del ruido de
fase en un contexto de conversion en frecuencia se podria explotar mas aun, con la
posibilidad de combinarse con el modelado comportamental para predecir con mas
precision el funcionamiento de los sistemas.

« La técnica de estudio de la estabilidad propuesta podria ser aplicada a
amplificadores de potencia evaluando en qué topologias y con qué niveles de potencia
permite abreviar sustancialmente los procedimientos convencionales, mas demandantes
de tiempo. El concepto de la multipuerta, que es inherente al mezclador, se podria
extender a puertas virtuales a diferentes frecuencias y aplicarse a amplificadores de

potencia, que ya no serian solo bipuertas no lineales
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