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SUMMARY

The objective of thisesearch is to compaamd advance the predominant methods
of realizing broadband microwave power amplifiers (PAs) up t@&H@ with high
efficiency using gallium nitride (GaN) technology. The studied architectures are based on
the reactive/resistive matching approach andrdneting wave technique in both hybrid
and monolithic microwave integrated circuits (MMICdinportant details of design
development and integration are discussed, featuring discrete component descriptions,
substrate material selections, additionatchirg techniques, and comparisoof both

wirebonds and fligchip bonds that are used for PA interconnections.

With a focus on improving théandwidth and efficiency of tharchitectures
mentioned abovethe presented byid PA designs achieve stadéthe-art performance
with commerciallyavailable GaN powetransistorsThis work demonstratethe highest
power added efficienc{27i 48%)and widest bandwidthl(0-11.5GHz) for a multiwatt

hybrid PA implementation

To complement these novel hybrid PA desigmd integration developments,
broadbandMMIC PAs were designed at higher frequencieBhe results of device
characterization and wideband modeling aregures] for a new 0.1jm GaNprocess in
support of é8-stagebroadbandMIC PA design with reactive#sistive matching.astly,
an ultrawidebandhonruniform distributed PA design is fabricated on aglease vision
of a new 0.14um GaN procesg-or the first time, a GaN MMIC PA with output power
greater than W and nearly 10% power added efficierwegs successfully achieved from

2 to 40 GHz, surpassing previousBported results

XVi



CHAPTER 1:

INTRODUCTION

adur astonishment at what has been accomplished
would be uncontrollable were it not held in check

by the expectation of greater miracles to come. ¢

a Nikola Tesla, 1905

Ever since the days of the spark gap experiments, humans have been discovering and
inventing new techniques to harness electromagnetic phemaofeenthe benefit of
mankind[1]. Developments in the generation, amplification, srarssion, and reception
of high-frequency electromagnetic waves have unlocked an expansive set of applications
for microwave technolgy. From the revolutionary emergence ddrrestrial radio
telegraphy[2] to the remarkable normalcy of a satellite video feed from across the globe,
advancements ithe wireless arts have beerartsforming the ways in which people

communicate with one another for over a century.

Moreover the utility of microwave radiation extends far beyond communication.
This type of energy can interact with our environment irdipteble patterns, thereby
forming the basis for spectroscopy and remote senbirgstudy of these interactions can
both deepen our understanding of thevarse around ug8] andenhance our quality of
life here on EarthSince their initial development in the 1930s for defense purgdes

modern radar systems have found enduring success in aerospace, marine, and weather



applications Becausehese systems usually require high levelsnaérowave power to
function, there is naturally a strong interestboth novelty and improvement afevices
that can offer high output power at high frequendiess. the role of thgpower amplifier

(PA) circuitry to realize these highowered signals a microwave system.

The primary objective of BA design is to deliver the highest output power possibl

from a selected active devi¢g]. Similar emphasis is often placed araximizingthe

power added efficiency (PAE) of a power amplifier design, as BpEesenthiow well

the amplifier accomplishes the conversion fréimect current DC) and microwave input
powerto microwave outpupower.Another importanPA metric is its power gainyhich
indicates theamount ofsignal amplification at aiven level of output pwer. Some
additional figures of merit describe the noise figure, matching quadind degree of
nonlinearity. Depending on the intended application, these parameters can be included in
PA design optimizatiogmas well Whatever the specific design goatsy be,a PA must

deliver power to a load across a range of operating frequencies.

The PA is at the heart of any communication system, asgdem communication
systems demand wideband performarioereases in widebandower amplifier PA)
output power and large signal gain are critical for advanctsriarelectronic warfare,
nextgenerationwireless communication, and meittand radar applicationgsmplifier
designs fortheseapplicationsi and others, such as phased arrays and satéllites!d
benefit from increased bandwidtleduced sizeandimprovedefficiency. Two different
technologies can enable us to meet the requirements of theseehnigmance

applications: travelingvavetubes and semiconductor devices.
2



Radar systems havastorically employed traveling wave tubes for the required
poweramplification, but the tubes are large and heavy, require kV range supply voltages,
have poor reliability, andften fail catastrophicallj6]. Semiconductor technologies such
as siliconbasedlaterally diffused metal oxide semiconducto{StLDMOS), gallium
arsenide (GaAs), and gallium nitride on silicon carbi@aNon-SiC) havealso been
developedd address the challenges of hgbwer microwave amplificatior6i-LDMOS
is a maturesemiconductoprocess that can deliver kW levels of output powet,it is
currently limited to a maximum uskbfrequency of about 6 GHZ]. While GaAs has
excellent linearity characteristics and frequency response, it suffers from low power

densiy and low breakdown voltadg8].

In contrasto SFLDMOS and GaAsGaN-on-SiChas an unprecedented combination
of power density, thermal conductivity, and breakdown voltage. This technology alone has
demonstrated high poweand highfrequency operation over wide bandwidths iso#id-
stateamplifier [9]. Beginning in the late 1990s, significant investments in GaN téotiyo
T from bah governmenf10] and industry[11] sponsor$ have spurred massive ezsch
efforts, streamlined manufacturing processes, and sparked enormous commercial market
growth. With Wolfspeed's announcement in April 2016 thaG&dN-on-SiC process has
demonstrated compliance with NASA reliability standards &belste and spaceystems

[12], GaN technology is poised to aggressively expand into this perfaathd market.

Because of their higher operating voltage and current densityd@abes exhibit a

relatively higher load impedae for a given power levgPB] as compared to other

semiconductor technologiebhis lower transformation ratiotoant ch a st andar d

3



is a major asset in wideband microwave circuit desldre higher output power density
(over 4.5 W/mm) provided by GaN process technology is supported by its SiC substrate,
which can significantly improve the thermal performané¢he device By harnessing
thesecharacteristics of GaN technology, future innovations in broadBandesign can

offer improvements in size and weight to existing applications, increase data transmission
rates, and facilitate development of notrahsmission encoding schemés.addition to
supporting wider bandwidths in higlower circuits, GaNhigh electron mobility
transistors IEMTs) can withstand severe impedance mismatches without f4dil@je
Therefore, the use of GaN devices can provide a microwave systkera higher degree

of interoperability, reliability, and simplicityConsideringhese compelling benefitd)is
dissertationis concentrate on the design and integration of broadband microwave power

amplifiers using GaN technology.

1.1 Background

To capitalize on the benefits of GaN technology, a microwave circuit designer must
select an implementation method for bringing a design into realitgr &fe nascent years
of microwave system development using waveguides, mechanical processing
improvements enabled the fabrication of passive microwave circuits on planar dielectric
substrates. When an active microwave componhenich as a transistoris bonded onto
this passive structure, the resulting device is termed a hybrid microwave integrated circuit
(HMIC). This hybrid circuit is contrasted by a monolithic microwave integrated circuit

(MMIC), which has all of its passive and active elements intedrato a single chip by a

4



semiconductor technology proc¢$4]. These two integration methods are complementary

in many wayg15], as shown irrigurel.

4 ) 4 )
Best Performance Expensive to Develop
Higher Frequency Long Lead Time
Cheap involume No Tuning or Repairing
Highly Reliable Difficult Debuggin
ghly ) \ gging )
Tunable Elements ) ( Larger Size & Weigh?
1 [ Replaceable Parts Lower Reliability
B Highest Output Power Sensitive to Assembly
Flexible Integration 9 High Parasitics
HYBRID

Figure 1 - MMIC and HMIC comparison

However, regardless of their individual characteristics, all MMICs will eventually
become hybridsAn MMIC is of no use aloneas it must connect to other chips for bias,
logic, thermal sinking, and other such functiohise distinction can be recognized by the
degree of integration, and the lower parasitics can provide the MMIC with a larger
bandwidth and higher frequency respee. Yet, both HMICs and MMICs in GaN
technology must contend with the effects of high thermal dissipatius.issue directly
influences many design decisions, such as substrate material selection and die attach
method.Given thesubstantiapower densit of GaN technology, the careful management
of heat with prudent integration and packaging techniques can help to improve the

performance of any GaN PA desi{f].



Achieving multi-octave bandwidths ipower amplifiers is particularly challenging
due to several inherent properties of microwave transistors. The fregdepegdent gain
roll-off, usually 46 dB/octave, must be compensateth additional circuitry to obtain a
flat gain profile[16]. The input and output impedances of the transistor also vary with
frequency, andheymust be matched acoghe entire design bandwidth. Furthermore, to
achieve higher output power levels with a given technology, the desiz® must be
increasedThis increase in active periphery drives th@tsai st or 6 s I mpedance:
With such a high transformatiaatio for operation ina5¢ e n v i  tberquattynof
the match will suffer for a wideband desigaducing PAE and increasirige likelihood

of thermal degradation.

Several circuit topologies have been developedachieve broadband amplifier
perfomance at microwave frequencifls]. Each topology has itsown method and
tradeoffs to address these and other broadband design chall€hgesain two topologies
used in microwave PA design are reactive/resistive matching and the travalieg
technique[17]. The reactive/resistive matching approadokolves the use of reactive
elements (capacitors, inductors, transmission lines) and resistors in the design of transistor
matching networkgL8]. A broadband PAising this approach will require a higher number
of elements to achieve both the impedance transformaggessaryior 50Y sy st em
operation and the gain compensation for a flat gain pr¢fieJ. Reactie/resistive
matching can yielthetterlargesignalperformance (i.e., higher output power, gain, and/or

PAE) if the matching network design can tune the source and load to their optimal values



over the desired banHowever it is typically more limited in bandwidth than a traveling

wave design

A travelingwave amplifier (also known as a distributed PA) involves cascading
several transistors togethes shown irFigure 2, and designing their interconnectas
artificial transmission linesATLs). The gate and drain interconnection lines are optimized
to enable irphase addition of transistor currents at each cell and alisertvansistor
capacitance®r broadband operatida9]. While a traveling wave amplifier can realize an
extremely wide bandwlth, it comesat the cost of reducqubwer gain and reduced output
power densityWhen the transistor cells of a travelingve amplifier have different active
peripheries, the design is said tonoe-uniform. This adjustment in methodologgn help
to improve the output power and efficienafya distributed amplifier desighVith that in
mind, this research is focused on enhancing the performance of two selected tojologies
the reactive/resistive matching approach and the traveling wave technigheth HMIC

and MMIC implementations.

o000 —T—000————000———000"
Inj:1 2 3

LA A

Figure 2 - Simplified diagram of a traveling-wave amplifier [17]

1.2 Recent Developments in Wideband PA Design

Microwave applicationsin the 240GHz rangei such as radarwireless

communication,and remote sensing have an immensémpact on our way of life
7



Consideringthis impact, sustained research efforts have concentrat@dpraving the
performance ofhe underlying technologies that enable these applicattanse the PA is
an essential component of many microwave systems, many published worksduseel

on innovative PA designs in both HMIC and MMIC implementations.

Hybrid Microwave Integrated Circuit Power Amplifiers

With an aim of improving radar efficiency and rangmeral hybrid PA designs near
X band have employed the reactive/resistieching technique with GaN digResults
have been reported from 11@.1 W output power at 152% PAE and bandwidths in the
3-10 GHz rang€[20], [21]. This output power range is studied most often because
multi-watt PA module igypicaly sd e c t e d und sell, ohfendafmental building
block, of a highpower PA that uses many modules to achiel@nitt levels of output
power. It also represents the region of output power where thermal effects can begin to
seriousl y de grrfarchance.dao ndtigatei tluse tbesmal plegradation by
physically spreading out the heat sourcdsuaway Wilkinson division PA on AIN with
four 1 mmclass GaN dies watesigned irj22]. That publication reported measurements

of 20% PAE and 8.5 W output power, giving a power density of 2.2 W/mm.

While increasedoutput powerand reduced thermal degradation are essential
objectives in a GaN PA design, improvement®AE and bandwidth are vital for driving
the mobile broadband applications of tomorréwilip -chip hybrid desigin [23] produced
1.8 W output power from 6:56 GHzat 1739% PAE, featuring a wide bandwidth and

high efficiency. However, the GaN diesquired special processingnd device heating
8



becomes problematic because the¢lipp method of die attach creates a very poor thermal
sink. Further improvements were reported[24], where the design achieved ecdde

bandwidth and high PABbuthad an upper frequency limit of 4.1 GHz.

The best hybrigperformance was published [B5], where 5 W output power and
20-33% PAE were measured over a 0:85GHz bandwidth. Analysis of hese
previouslypublished resultsuggestdthat a multiwatt, ultrawideband PA design using
the reactive/resistive approach with commercial GaN dies above 10 GHz was unexplored
for a hybrid implementationTherefore, part of this work is devoted to the design of a

reactivelymatched multwatt hybrid GaN PA covering the-X bands.

Previouslypublished examples of an HMIC PA using the distributed approach at
microwave frequencies are limited. When compared with MMIC, the transistor
interconnection parasitics can be large in a hybridempntationand device parasitics
can be large for even the smallest singulated GaN HEMT die. Therefore, prior designs have
concentrated on a lower frequency range, \\@j reporting 510 W output power and
20-50% PAE from 0.08 GHz Since the published literature has not generally addressed
the challenges of ultrvideband distributed PA design near band in a hybrid

implementation, thaarea represents anottiecal point of this dissertation.

Monolithic Microwave Integrated Circuit Power Amplifiers

Significant research into the GaN MMIC implementation of reactive/resistive PAs

in the XKu bands has been conductedd the published relisi are summarizein the



comparison table gf27]. Five of these results cover a 200elative bandwidth, from
6-18 GHz, which is a valuable range of operation foulti-band radar and electronic
warfare applicationg=urther analysis of the results provides insight into the performance
tradeoff of output power, PAE, and bandwidth in a wideband GaN MMIC R&the
output power of the reported MMICs increases froW 2016 W, the average PAEs tend

to decrease from 28 to 17%. In two other publications shown [27], an increase of
bandwidth to &0 GHz led to 2.5 W output p@wvand 196 average PAE. Conversely,
decrease of bandwidth te18 GHz led to 3.2 W output power and%hverage PAE.
Another important facet to the performance traffedescribed above is output power
density, as it impacts the size and virtigf thefabricated PA. Aeduced physical footprint

is beneficial in both commercial and military applications, so a piece of this work is
allocated to improving the output power per die area in a+stalje wideband GaN MMIC

PA design.

Compared to HMICs, theseof adistributed approach in MMI€is demonstrated
more frequently in publicationdJost of these publicationsave targetethe 220 GHz
band The best reported PAs have achievedQ®V output power with 1:39% PAE over
this band using GaN technolof}8], [29]. However few publicationdiaveaddressdthe
additional challages as frequency and bandwidth are increaSeé. such publication
presented a-2tage distributed MMIC using 1G6n GaN technology with output power
of 0.5W from 842 GHz [30]. The same author also reporte®Vloutput power from
6-37 GHz with 10%PAE in a duaitage distributed MMIC desidB1], representing the

first timethislevel of output power lthbeen achieved over such a wide haBden these
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previously published works, portion ofthis researclis dedicated tachieving multiwatt

output power up to 40 GHz in a distributed GaN MMR& design

Before any amplifiedesigns can be studied, we first need to have a device model
t hat accurately represent sTo belier ungecstarerthe t r a n <
fundamental relationships of PA design for large signal operafibapter 2 explores the
different measument techniques and challenges related to -lm@ar device
characterization and modelingn preparation foran MMIC PA design,the chapter
concludes with the creation of a compact mdodea new GaN transisto€hapter 3 begins
with the verificationofa manuf act ur er 6 s mavalable GdNaevicea ¢ o mn
and then presents the design, fabrication, assembly, and measurement of three different
hybrid microwave PAsFinally, Chapte#d presents the design, fabrication, assembly, and
measurement ahree differenmonolithicmicrowave PAsLarge signal PA characteristics
will now be discussed to provide context for the upcoming measurement techniques and

modeling results.

11



CHAPTER 2:

LARGE SIGNAL DEVICE CHARACTERIZATION

To attain broadband amplifier perforn at microwave frequencies, it is
imperative to understand and predict how an active device will behave under the expected
range of operating conditionBue to their parasitic reactances, active devices generally
have low gain at miaowave frequenciesCompensation of these parasitics is critital
obtainuseable gain in a microwave amplifi&]. Furthermore, any conductor used for
interconnectionkasappreciale electrical length with respect to wavelength at microwave
frequencies.Since quasstatic circuit theory is not valid under these conditions,

transmission line theorig appliedto includethese interconnections as part of ¢ireuit.

In a linear ampfier design, an active device is provided a simultaneous conjugate
match at its input and output ports for optimal gailthough preliminary power amplifier
designs can often be obtained through modification of linear amplifier designs, PAs are
typically operatedinder nonlinear conditiorj§]. When a PA is driven with large signal,
or a signalof sufficientmagnitudeto causéias variations ogain compressiorihe active
devicebegins to behaven a nonlinear mannetJnfortunately, acurate predictions of
device performance in a nonlinear region cageoierallybe obtaned from linear methods
alone. This dilemma is what imposes the requiremenbplinear deice characterization
and modelig in PA design To help determine the optimal termination conditions for

nonlinear operation, we use the lgaull technique.

12



2.1 Load-pull Technique

A power amplifier design igypically focused on achieving maximum output power
(or PAE, or both) from an active devic&he impedances required for optimabwer or
optimalefficiency can be significantly different from the impedaregjuired for optimal
gain[5]. The most prevalent method of determining the optimal large signal impedances
for an active device is to perform a sequence of device measurements under large signal
drive conditions for a rege of swept imp#ance valueslhis processknown adoad-pull,
is widely employed for characterizing the nonlinear behavior of microwave transistors

[33].

Figure 3 illustrates the value of the loagull technique by comparinthe output
power ofan amplifierunder twodifferent outpuimpedanceconditions conjugate match
andpower matchAlthough gain is slightly lower, almostdB of additional output power
is realized from the active device when it is provided with an optimal power match.
Consequently, to obtain the best | arge sig
output port is not presented with a lineanjogate matci5]. Instead)oad-pull is used to

determine the optimal matching conditions for the device.
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Figure 3 - Power and compression characteristics for different output matching
conditions[5].

2.1.1 Theory of Operation

Load-pull measurement systasrhave evolved over tim® improve a&curacy,
speed, and flexibilityput their underlying pnciple has remained the samary the
impedancegresented to a device under test (DUAd measre the device performance
overarange of excitation conditiorj82]. Thegenerigpowerwave block diagram ikigure

4 is annotated to help clarify thelationships angerformance metrics defindaelow.

Zsource Zin Zout ZLoaD

MICROWAVE INPUT . : : o OUTPUT LOAD
SOURCE TUNER &l : TUNER
— | P —> TERMINATION
= I\ o
K 2 K K

Figure 4 - Annotated power wave block diagram
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The input reflection coefficientin of the DUT, which is related to its input

impedance K, is definedoelowin Equationl. The inpu powerPin (Equation2) describes

the power that is actually delivered to the DUT and amplified by the active device.

Equation3 defines he source powePsourcg Which is the power available from a

microwave source with an internal impedance @fuéce Lastly, Equation 4 describeset

output power Bur, or thepower delivered by the DUT to thead impedance 1 bap.
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Note that Bource (power available from the source) is always greater than P

(input power delivered to the DUT), except under perfect input matching conditions where
Zsource= Zin*. With these definitions of power, we can nokeateseveral different ratios
of power which describe specific gain relationshifise power gain &is the output power

toinputpower ratiaEquationb). In other words, power gain is the ratio of power delivered
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into the load to power delivered into the DUis is contrasted by transducer power gain

Gr, found in Equatior®, which is theratio of output power to source power.
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Lastly, we define power added efficien@®AE) of the DUT as the ratio of power
added to power consumeis Equation’ shows, the R (not the Rource must be known
in order to accurately calculate PA#c is the total DC power consumed by the DUT, and

linear quantities should be used fonalues inEquation?.

b (")

C4

The primary goal of a loagull system is to measure the quantities defined in
Equationsl-7 [32] at everyselected impedance conditidmpedance tuning iachieved
using either passive mechanical tuners, active amplifier tuners, or a combination of both.
A passivemechanicatuneruses the relative positioning of its internal passive elements to
determinewhich part of the signal is transmitted through the tusnsat whichpart of the
signal is reflected back toward the signal so(8&. In this way,the magnitude and phase

of the impedance at the DUT can be controllédixture losses areninimized a wide

16



range of impedances on the Smith Chart can be presented to thdrDédhtrast to the
partial signal reflection of a mechanical tuner in a passive-podldsystem, an active
load-pull system injects signal at a particular magnitude and phase to tune the impedance
at the DUT[34]. Since an external amplifier is used for this active signal injection, the

entire range of the Smith Chart can be presented to the device.

For characterization of power devicea loadpull system wil typically be
configured taassociatéhe impedance presented to the DUT whthmeasured largggnal
parameterse(.g.,output power, poweadded efficiencypower gain).Measurements are
collected over a swept range of impedances, and the dathameon the Smith Chart in
the form of load-pull contours Thesedata are plottedor a specified largsignal
performance metric, so each parameter (such as output power or PAE) has its own set of
contours. The contourshow how the behavior of the DUT chasgwith respect to

impedance, and indicate the value of impedance reqiarexghtimal performance.

Loadpull data are most valuable whéime measurements are collected at the
desired operating conditions of the deviBeasing of the DUT is required, aride bias
point for the device can be swaptmeasurghe impact of reduced conduction angles on
largesignal performancé&.he bias can be applied at any duty cycle, but the DC supply for
the drain of a power device is often configured for putggeration with ~10% duty cycle.
Thistechniquanitigates the performance reduction and reliability issues that occur due to
thermal degradation at highssipatecpower levelsFor depletioamode devices (such as

the GaN HEMTSs discussed in this work), thas voltage must first be applied at the gate,
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and then at the drain, for safe operatidbherefore, pulse order and synchronization are

critical for protecting the DUT from catastrophic damdgeng measurement

In addition to configuring the biashe drive conditions of the microwave signal
must be defined.oad-pull contours are only valid for a particular frequency, so selection
of the fundamental operatirffgequenciesnvolves a tradeoff of measuremegranularity
and time.For each selected measment frequency, the power level of the signal must
also be choserRower amplifies are almost always operated with some amougaf
compressiorto obtain higher output power and efficiensp the source power of the
microwave signal must bealibratedand controlled to enable loguill measurements at
the desired level of compressidrhe source power can also be swept during measurement

to provide insight on how the amount of gain compression impacts the device performance.

Different configurations ofaboratory equipment can be used to execute-jagid
measurements, each with its own benefits and drawb&titsthis general understanding
of the excitation conditions and impedance tuning requirements for-pldad
measurements, the specific lgpoll systems that were used for all laiggnal

measurements throughout this work can now be discussed.

2.1.2 Passive Loagull Configurationwith Power Sensor

This traditional loaepull method uses passive mechanical tuners to control the
impedances at the DUT ardscalar power meter to determine the output power of the
device.Thediagram inFigure5 identifies the main functional blocks of the measurement

system[32], and the photo ifrigure 6 depicts the laboratory equipment setApmore
18



detailed description of the required hardware interconnections is provided in Appendix

A.l.
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Figure 6 - Photograph of the laboratory equipment setup for thgpower-sensor
based passivéoad-pull system

Biasing of the DUT is accomplished with external bias tees fed by DC supplies that
are capable of sourcing the required currents at the required voldges.the DUT is
equipped with DC blocking capacitors, the external bias tees can be removed and bias can
be applied directly to the DUT with wires or probAfter the laboratory equipment setup

is finalized, thesystem is calibrated using the procedure desdrin AppendixA.2. Once
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the calibration is complete¢he vector network analyser (VNAg no longer required for

load-pull measurement
2.1.3 Passive Loagull Configuration withVectorreceiver

This upgradedpassiveload-pull method uses the same passive mechanical tuners
and biasing setup as discusse®ection2.1.2 butit alsointroduces directional couplers
between the tuners and the DUlhe diagram inFigure 7 identifies the main functional
blocks of the measurement systé32], andFigure 8 depicts he laboratory equipment
setup.Directional couplers are connected to two receivers orVivd&, which enables
direct measurement of tleeandb waves at the input and output planes of the DAfer
the laboratory equipnmé setup is finalized, the system is calibrated using the procedure

described in AppendiR.3.

PNA-X [i -
P POWER SENSOR

—d{h

DC SUPPLY
POWER ATTENUATORS =
AMPLIFIER EEi=——1
SOURCE CAL LOAD -
- IMPEDANCE REF IMPEDANCE
TUNER s TUNER 5§
ISOLATOR — — LOAD
T T : T T
K K i E K BIAS
DUT TEE
DIRECTIONAL COUPLERS

Figure 7 - Diagram of the vector-receiver based passiviwad-pull system
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Figure 8 - Photograph of the leboratory equipment setup for thevector-receiver
based passivéoad-pull system

While this loadpull configuration requires a network analyser duriaby
measurements, it can accurately record both source power and input power at the DUT
plane Furthermore, the network analyser is frequeselective, so the output power of the
DUT can be accurately measured at a single frequdhege features represent significant
improvements to the powsensor based passilaad-pull configuration in which only
the available source power is known, and the output power is measured simultaneously at
all frequencies covered by the power sen8acause of its input power measurement
capability and frequency selectivity, the veeteceiver based passiveoadpull
configurationcan provide a true measurement ofBRAvhich is a critical metrich nearly

everymicrowavePA design.

2.1.4 Active Loadpull Configuration

Although passivemechanical tuners can handle high power and are less costly,

there is no realistic watp overcome the losses introduced by the passive iise#frand
21



the fixturing required to interfacié with the DUT.In contrast to the passiueadpull
configurations no mechanical tuners are required in an adtae-pull system.Instead

the active system uses high powered loop ampliftermject specific signals at the source
and loadThe diagram ifrigure9 identifies the main functional blocks of the measurement

system[34], andFigure10 depicts the laboratory equipment setup

POWER
SENSOR

MT-1000 - ".:“:.9 @ EEES

POWER
AMPLIFIER |

00
ISOLATOR ISOLATOR O

POWER

' AMPLIFIER

DUT

Figure 10- Photograph of the laboratory equipment setup fotMT -1000 active
load-pull system
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The activeload-pull configuration achieves impedance tuning by using signal
injection to manipulaté¢he ratio between reflected sigeand forvard-traveling signals,
thereby providingthe desired impedance conditions at the DWiter the laboratory
equipment setup is finalized, the system is calibrated using the procedure described in
AppendixA.4. While this type ofoad-pull configurationis very expensive, it provides the
widest tuning rangepossible flexible reconfiguration, and 16@ld reduction in

measurement time

Thethree loagpull systenconfigurationgdiscussed aboviepowersensor, vecter
receiver, and activei were available at various times for largignal device
characterization and PA performance verification measurematitshe largesignal
measurmentresults presented throughdhis dissertationvere collected on one of these
three measuremenbnfigurationsWe will now examine hova load-pull system isused

to verify theaccuracyof a nonlineadevice model for use in a PA circuit design.

2.2 Device Measurements

Many manufactunes of microwave power devices provide circuit designers with
models to help predict the electrical performance of their transigibese models are
typically based on measurements of a unit cely toansistor with small active periphery.
Microwave deggn software, such as Keysight ADS, can be used to access the models and
determine optimal bias, impedance, and drive conditions to achieve the goals of the circuit.
For anyPA design, it is cruciato ersure that model simulations are consistent with

measired data. Thereforeharacterizatiorof device samples anerification of device
23



models are essentido build confidencein the simulation result@nd increase the
likelihood of a successful desigill of the work discussed in Chapter 3 and Chapter 4
used transistor models that were validated with botharf@meter andoad-pull
measurement® 2x100um device fabricated on the NRC GaN150 prosedisnow be
usedto provide details on deviagharacterizatiomeasuremestand present thereation

of anonlinear device model.

2.2.1 Verification of Foundry PDK Models

Foundries often provide their device models in the context of a process
development kit (PDK), which are developed for their specific semiconddetace
fabrication processAn early version ofa PDK for the NRC GaN150 process had been
createdor use in circuit design on thegchnology, and the kit included electrical models
and layouts for standard passive and active comporj@b}s Prior to collecting any
measurements reliminary simulationswere executeth ADS to provideinsights on the
operating conditions and expected behawidhe 2x100um devicepicturedin Figurell.

The NRC GaN150 HEMT nonlinear modehsderived at Ws=20V and Ves=-3V,

whichwas considered the nominal starting point for investigation.
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Figure 11 - Photog aph of the NRC GaN150 2x100m device used for
characterization and modeling

The first measurement configuratiamonsisted of a VNAwith 150pum pitch
groundsignatground GSG probes, external bias teesand 50 coax i aA cabl
shortopenloadthru (SOLT) calibrationwas completed to moviae meastement plane
to the probe tipsAfter the die was probed, reegative voltage of sufficient magnitude to
put the device into a neconductive region of operation was applied to the dééat, a
small positivevoltage was applied to the drain, and the current was monitored to ensure
that a short circuit was not present. The drain voltage was then increased to the nominal
starting point of 20/, and the gate voltage was gradually increased until the channel began
to conduct(as indicated by an increase in drain cue®fparametemeasurements were
then collected from 0-26.5GHz for a swept range of gate voltagéhe measurement
setup was then recalibrated with-eaferthru-line-reflect (TRL) standards, whit moved
the measurement plane to the gate and drain terminals of the déng@&RL calibration
removed the effects of the probe pads and feed lines from the results, producing the most

accurate measurement of device performance. The biasing procestnibaetbabove was
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then repeated, and another set epafameter measurements were collected from

0.5-26.5GHz for a swept range of gate voltages.

As expected, themeasured data showed good agreemvéhtthe simulation results
at a bias ofVps=20V, Ves=-3V. Accurate results had been anticipated because the
Vps=20V, Ves=-3V bias condition had been specified as the nominal operating point
for the NRC modelHowever, the model accuracy was impacted at other bias points, and
the effects of intemnnection parasitics were not fully captured in the modiglwill be
discussed in Sectiod.], the designgoal with this GaN technology was tachieve
wideband PA performance up to 18Hz at a higher drain voltagdherefore, this
2x100um transistor was chosen to undergo a more complete set of characterization
measurementwith the intention of using the collected data to genematew electrical

model for the deee.

2.2.2 Device CharacterizatioMeasurements

A complete orwafer characterizatioof a microwave transistor involves DI¥,
smaltsignal, largesignal, and noise parameter measurements over a range of operating
temperaturef36]. Becausehis device will be used in a PA design at a specific bias point
and tested at room temperature, a selected subset of the complete characterization
measurements produtsufficient data to construct an accurate electrical model for use
under these operating conditior®pecifically, noise figure was not measured, and the

remaining measurements were collected at room temperature only.
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Using the TRL calibration method aruasing sequence described above, the
S-parameters of the 2x1@0n device were measured at CW from-@&b5GHz, over a
swept DC bias of ¥s=-5V :0.1V :-2V and \Vbs=0V :1V :40V. The DCGIV and
smallsignalmeasurement sequence was then repdatqulilsed bias duty cycles of 50%
and 5% (10Qus period), from multiple quiescent bias conditions, with
Ves=-5V:0.1V:-1V and Wws=0V:1V:50V. Finally, largesignal data were
collected using the vectoeceiver loaepull configurationdeseibed in Sectior2.1.3 The
measurement results were ugedextract optimal 8ur and PAE contours at 6, 12, and

18 GHz for a range of ClasAB bias points to comple the device characterization.

2.3 Modeling

Since the existingansistormodel was optimizetbr a different bias point, the data
collected during characterization measurements were used to extract a new transistor model
for operation with &8V drain supfy [37]. While there are many different modeling
techniques, the three most common typesise today arghysical, behavioral, and
compact.Physical models arbased on the underlying physics of the specific device
technology.While they are valid over the largest operating range, physical models use
complex equations which require longer simulation time, so this type of model is more
suited for the transistorsiélf and not the full microwave circuBehavioral models are
based on the measured responses of a componantditrolled input signalAlthough
development is easier for any component typewafer, packaged, etc.), behavioral

models are only applitde for the measured operating conditions, so this type of model
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has reduced flexibilityCompact models are based on measurements efvVDé&hd
S-parameters which ahenused to converga formulabased transistor model witn
reduced set otircuit paraneters.The valid operating rangef a compact modeis
somewhat reducedthen compared with a physical modahd the modeling process is
more involved when compared with a behavioral model (particularly for a packaged
device). However,a compact model rexres relatively straightforwardneasurements
needs lessimulationtime, andcapturescomplex phenomenaver a useful range of
operating conditionsThe compact model is an excellent choice when developing a model
of a microwave transistor die for usedicuit design, so this technique wealecte to

create the electrical model for the NRC GaN150 2xidevice.

2.3.1 Nonlinear Device Model Creation

To extract the compact model, pulsegp@ameter and quaisiothermal pulsed
DC-IV data were collected for annwafer sample of the NRC GaN150 2x10f
transistorLoadpull measurements at 6, 12, and@dz were also performed on the same
device formodelvalidation Measurement system contahd compact model extraction

wereaccomplished withVCAD softwarefrom Maury Microwave

After the devicemeasurementsr Section2.2.2 were completed, the modeling
process begawith the extraction of a linear moddlhe extringc parasitic elementsgR
Lg, Cog, Ru, Lo, Coa, R, and Ls, as defined inhe compact model schematickigure12,
were determined by parameter optimization usirg ¢bllected S$arameter dat@38].
These extrinsic parameter values were selected such thataliles of theintrinsic

parameter€gs, Cga, Gm, Gd, Cas, R, Tau, and Rq were constantvith respect to frequency.
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During this procedure, the measured and modelpdr&meters were constantly compared

to ensure agreemeaover the bandwidth of interest.
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Figure 12 - Schematic of the compact transistor model used for the NRC GaN150
2x100 pum device

The modeling process wasntinued by usingpoth continuous anpulsed DCGIV
data toextract anonlinear modelThese measurements were required to determine the
thermal mpedance of the device, which enabled the compact model to predict the response
of the device as a function of séléating and baseplate temperatiitee duty cycle of the
pulsed measurements wa®nfigured to minimize the mean variation of device

temperaure, and the pulse width was configuredatmid temperaturesariationsfor the

duration of the pulse.

To complete the modeling processgdimensionahonlinear capacitance models

for Cga and Gs were extractedfrom the pulsed DCIV and pulsed Sparameter
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measurementd he value of Gq heavily depends on the drain voltage, while the value of
Cgsheavily depends on the gate voltadeng the same RF load lif@8]. SinceCgsexhibits
only a weak voltage dependeniceamplifier designsit is treatedas a linear element
Finally, the extracted compact model was simulated in A8 compared with the

measured datd he smaltsignalplots inFigure13 and large signal loadull contours in

Figurel4 wereused to validate the new model figsignuse
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Figure 13- Measured and modeled $arameters comparing (a) S11 and S22, and
(b) max gain and stability factor for aNRC GaN1502x100 um device at ¥s = 28 V
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Figure 14 - Nonlinear model smulation and large signal measurement comparison
for a 2x100 pum device at ¥s= 28 V, Ry = 22 dBm, andf = 18 GHz

Loadpull results are provided at I8Hz, the highest frequency at which the
impedance tuners could functioifThe comparison plots showhighly-correlated
measurement and simulation results, indicativegfficacy of the newly extracted model
With the conceps and methodof large signal device characterization and modeling
introduced it is now possible to begin a power amplifier deslgrthe upcoming chapter,
the manuf ac tmodelewill besappliesl in heaevelopment of sevelaybrid PA
circuits. Then in Chapter 4 the new model extracted above for the NRC GaN150

2x100um devicewill be usedn the design oan MMIC PA.
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CHAPTER 3:

HYBRID MICROWAVE GAN POWER AMPLIFIERS

By using large signal models from discrete device manufacturers, we can now focus
on adieving cuttingedgeperformance from commercial power transisiareybrid PAs.
For a typical hybrid PA implementation, passivecrowave circuits are fabricated on
planar dielectric substrates, and active microwave componenthis case, GaN HEMTs
I are bonded onto this passive structiigbrid PAs can enabléster design cycles,

shorter production cycles, lower costs (foradiquantities), and more flexible integration.

The first design presented in this chapter used multiple discrete GaN transistors
with powercombining networks implemented on a kwgs substrate to achieve maximum
efficiency and high output power atbénd. The findings of this design were published in
| EEEOG S I nternational Conf er en AetennasnandMi cr o0\

Electronic Systemf39].

3.1 Hybrid PowerCombining of Commercial Power Transistors

This hybrid configuration contained two commercially available TGF202%aN
HEMT dies in parallel. The mutdie topology helped manage thermal constraints while
increasing the totalutput powel22] by expandig the total circuit area arabublingthe
effective HEMT periphery, respectivelfin overview of the PAarchitecture irFigurel5
shows the interconnections of the Wilkinson combiners, in@ithing networksputput

matching networks, GaN devices, and wirebonds
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Figure 15 - Block diagram of hybrid multi -die PA architecture

Several characteristics of ideal microwave circuit substifd®@si such as low
dielectric loss and high dielectric strengtlare particularly desirable for PAs, and a high
thermal conductivity is essential to achieving good system efficiency in apbigar
design[41]. With its thermal conductivity of 170 WAK, AIN can more quickly sink the
excess heat generated by PA circuitry than many other substrate m§d@ialziven its
excellent physical properti¢42], 15 mil AIN was ©iosen as the substrate with 4rd Au

as the onductor for he power divider networklesigns, as shown Figurel16.

Gold (t=4.5um) TaN (t=75nm)

Con resi l
/Hpmal
g

Gold ($=381um) Gold (t=4.5um) AIN (t=381um)

Figure 16 - Material stack-up for EM simulation of the power divider networks
3.1.1 LowlossWilkinson Power Divides

To divide and recombine the power for the two dies, an explélWilkinson
divider[43] was designed and optimized in ADS. Tfiim TaN was used for the isolation
resistors, and the fin&lIM-simulateddesign had less th&nl dB insertion loss, over 2(B

isolation, and over 20 dB return losssi®wn inFigurel7.
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Figure 17 - EM-simulated (a) insertion loss and (b) isolation and return los®r the
equaksplit Wilkinson power divider design

3.1.2 Matching NetworlDesign

To maxi mi ze

out put

power

aWildinséhAitdderst h e

must be transformed to present optitaadie signalimpedances to the TGF2023 power

transistor. lterativdoad-pull and sourcepull simulations were performed in AD®

detemine the optimal impedancesnd the passive powesensor based logalll

configuration described in Sectidhl.2 was used to measure the TGF2@A3 The

simulatal optimal impedance values werethcompared with measured data able 1.

All simulations and measurements presentetlable 1 were performed af = 70 mA

and \bs = 28 V, with optimal impedance extractionsl1&t GHz for a source power of

24 dBm atthe GaN die.

Goodagreement was observien theoptimal load impedanceas indicated by the

load values inTable 1 and the loagull contours inFigure 18. Because the impedance
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tuning range ofthe measurement system was limited, the measured optimal source
resistanceseemegomewhat different than the simulated ressilice he tuner and fixture

losses prevented the realization of any impedanceawithp @8 at 10GHz, sourcepull
measurements coulabt be collectedor source impedances near the edge of the Smith
Chart.Although measurements taken at the edge of the Smith Chart are desirable, they are
not required to verify the model in this ca3é&e simulatedcontours inFigure 18(a) are

very similarin shape and size the measured contourskigure18(b), and the maximum

Pout and PAE of the device are also in good agreement after correcting for the limited
source impedance tuning randaken together, these data confitime modeb salidity

for use in circuit design

Table 1 - Smulated and measuredoptimal large-signal impedances and device
performance of the TGF202301 die at10 GHz

Parameter Simulated Measured
ZSOURCE OPTIMAL 23-] 9. 5 7.48-j 7. 37
ZLOAD, OPTIMAL (POUT) 15.6 +j11.0q 13.47 +
ZLOAD, OPTIMAL ( PAE) 11.64 + 10. 04 + |
Pout, Max IMum 36.5 dBm 34.75 dBm
PAEuax mum 62% 52%
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(b)

Figure 18- (a) Simulated and (b) measured loagbull and sourcepull contours for
Pout and PAE

With these optimal impedances determined, the input and output matching
networks were designed on the AIN substrate using double radial stubs and microstrip
transmission linedn HMICs, parasiticérom interconnections (e.g., wirebonds, via holes)
often imit the achievable performanc€ircuit optimizations showed that specific
wirebondlengthat the gate wouldnable a bettdarge signalimpedance matclHowever,
the minimum realizable wirebond length was constrained by the height difference between
the AIN substrate and GaN didherefore, the metal carrier ligure19was designed to
include an integrated pedestal upon whichthe Gaddieu |l d be mounted. Th
dimensions were cut so that the bondpads of the mounted die would align-shrthetion
with the patterned metal layer of the mounted matching networks. This carrier helped to
reduce the minimum realizable wirebonddémand provided an excellent heat sink for the

dissipated power from the die
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Figure 19 - Diagram of hybrid PA module assembly using metal carrier with
integrated die pedestal

After optimization of the schematic level design, EM simulations were executed in

Momentum on the fulhetwork layoutsThese layouts were tuned until the EM simulation

results were close to the schematic simulation results, at which time the mask lizsifina

and submitted for thirfilm fabrication After the completedwafers werediced, the

microwavestructures were relg for assembly into a hybrid Mand PA

3.1.3 Assembly and Measurements
The first step in PAassembly was affixing th@aNdiesto the carrier. An 80%.u
20% Sn eutectic preform vgaused to attach thikes to the Aeplated pedestal ahe metal
carrier. Although this method of die attach required high heat, it provided the transistor
with the lowest possible thermal resistancext\the input and optit matching networks
were affixed to the carrier with silver epoxy, prawigla good thermal pathway to ground
Becausesilver epoxy is viscous until cured, choosing this material enabled precise

alignment of the matching networkstiwithe die bondpads in bo¥i and ydimensions
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Lastly, mil gold wires were wedgbonded from the dies to the netwoils shown in

Figure20to complete assembly.

Figure 20 - Photograph of the fabricated and assembled?A with inset showinggold
wirebonds

The fabricated andssembled circuit seen Figure 20 was probedbiased, and
tested for smalsignaland largesignal performancePlots of thesmaltsignal reflection
coeficients and linear gain for-40dBm input signal are found iRigure21, which also
shows traces for three different elond configurations for the input matching netwiork
gate interconnectioii double, single, and longdnitial PA measurementsdicated an
upwards frequency shiftvhich was due to mechanical positioning limitations. The
assembled circuit had tineatching network physically closer to the dies, which decreased
the length (and, therefore, inductance) of the wirebo8dxe the desirethrgesignal
performance can be partially targeted by tracking gshwllsignal input match, the
frequency response was tuned with different configurations of-1ddate wirebonds to

acheve a peak output power of 3&IBm at 9.5 GHz
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Figure 21 - Simulated and measuredgsmall-signal results

The largesignal measurements at 27 dBm source power arepeoed with

simulations irFigure22. The source power was then swept (up to the available maximum)

at thepeak power frequency, arfeigure 23 shows both the simulated and measured

performance.This design effectively mitigated thermal effects with its paraliel

configuration, AIN substrate, and use of WPBdhough thermal degradation can be

difficult to capture in simulation, pulsed wes of operation (unavailable at the time of

measurement) would help to identify and address any thermal limitations.
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Figure 23 - Simulated and measured Bur, gain, and PAE vsPIN at 9.5 GHz

Due to the hybrid approach, variations in wirebond topology and length enabled
tuning of the operation frequency, which was captured isnelsignalresponse of the
PA. A measured 38.Bm (6.5W) outpu power andmaximum PAE of 4% at 9.5GHz
is shown inFigure23, corresponding to a 3.28/mm outputpower densityAlthough the

PAE wasrelatively high and thermal effects were well mitigatatie bandwidth of this
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Wilkinson-combined reactivelymatchedPA was limited.To achieve a wider bandwidth

in a hybrid implementatiorthe nextPA employs the traveling wave technique

3.2 Hybrid Broadband PA Implementation Usingthe Traveling Wave Technique

This portion focuses ormchieving ultrawideband performance from aybrid
distributedpower amplifier (DPA)sing discrete GaN desgs. These efforts produced a
3-cell traveling wave desigwith stateof-the-art output power and PA&ver the widest
bandwidth for a hybrid DPA in GaN technology. The findin§this study were presented

in I EEEGs European Microwdde I ntegrated Ci

3.2.1 Amplifier Topologyand Design

The travelingwave amplifier consists of three discrete 0.25 uym GaN HEMTs
(CGHV1J006D) eachwith a saturated output power of 6 W at 10 GNELS were created
along the gates andtains of these devices, as indicatedhie DPA topology shown in
Figure24. The ATLs are shaped to absorb the input and output capacitances of the HEMTs

into the irterconnecting transmission line segmdag.

The chosen topology differs from a classical approach in several aspects. Firstly,
while the gate ATL is terminatedith a resistance, the drain termination was avoided to
prevent significant losses in&r and PAE. Instead, reducing the drain lindigited the
backwarddraveling wavesSecondly, since discrete device periphery choices are limited,
the gate linggeometry was varied insteddn parallel with drain line optimizatioin to

allow better Bur and PAE by improving the power distribution to the devices. Lastly,
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capacitive coupling was used at the gates to reduce the effective capacitance absorbed into
the gate ATL. The input capacitance of the devices would have limited the gate AGIL cut
frequency, so a series capacitor was included on each gate to trade lower gain for wider
bandwdth. However, this tradeff has adiminished appeal if the capacitorcséices too

much gain in the pursuit of greater bandwidth, asrRnd PAE will be reduced.

Drain artificiﬁuransmission line

Capacitive LDl,fQ,l N ouT
division H —8
Bias feed
IN LG
80—

H H Jl—Rlev\l

Gate artificiai transmission line

Figure 24 - Wideband distributed power amplifier schematic

Resistors in parallel with the series gate capacitors provided a bias gaitseted
in achieving unconditional stability. In addition, the characteristic impedances of the drain
and gate ATLs were chosen to be 25 Y in or
maximum power and PAE at each die interface. The drain line mmgedwvas gradually
lowered towards the output to further improve the impedances seen by each die, while the

gate line geometry was optimized in parallel for best performance. Tapered input and

out put connections wer e i ncddandedransférmationbr o a d

Choosing the right packaging for the GaN HEMTSs is critical, as it is challenging to

absorb the capacitance into a wideband ATL. The addition of a large wirebond inductance
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to the already large device capacitance would have beerekegetrimental to broadband
performance. Thus, flighip bonds were selected for die interconnections to minimize
parasitic inductance. AIN (15 mil) was chosen as the substrate to help with thermal
management, as the flghip method only provided the Aawmps for a thermal sink (rather
thanthe backside source contact). Finallgplanar waveguid® microstrip transmission

line transitiors wereincluded in the layouib enable probed measurements of the PA

3.2.2 Assembly antMeasurements

The fabricatedand assembledPA, along with a zoomenh view of the core
components andheir values, are shown figure25. The first step in assembly was to
flip-chip the three &N dies ontolte fabricatedhin-film circuit. Next, silver epoxy was
used in successive stages to attach the input resistors, capacitors, termination resistors, and
DC blocking capacitors to the circuit board. Oncefithal round ofepoxy was cured, the
PA was ready fomeasurements.

Flip-chip

GaN
HEMT

Drain
ATL

50mto 25m -

Figure 25 - Fabricated hybrid distributed power amplifier with assembly detail
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The HEMTs were biasedthrough probesand external bias tedor classAB
operation with Ves=-2.3V andVps=35V. The DPA was baracterzed under pulsed
operation (10%auty cyclewith 100 pusperiod), and=igure26 shows the measurexnalt
signal data. The PAwas unconditionally stble and itprovided a smallsignal gain of
9-14dB from 0.48 GHz. The neasurd results were in good agreement with the
simulations exceptfor a slight bandwidth reductiowhich was caused by the use of
uniform gate capacitovaluesdue to component aNability. Althoughnonuniform gate
capacitor values were originally specified in the design, the component manufacturer had
difficulties sourcing them. Only one capacitor value was used at all three transistor gates,
so the measured bandwidth was slightdwer than in simulation.There was als@n
unexpected degratian of input matching around @Hz, which wasassociaté with the

nortrideal gate line terminatioand parasitics of the surface mount devices.

— measured -== Simulated

|S-parameters| / dB

20 W /1N \ / \
T l T ' T—I' Frf] r[ I—I'I I ITI T TI T l ] I 1 I ]
01234567 8 9101112131415
Frequency / GHz

Figure 26 - Measured Sparameters under 10% duty cycle pulsed operation
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Forlargesignalmeasurementfixture lossesvereextractecandpower levelsvere
calibrated to the probe tip plan€he measurement plotsy Figure 27 show that he
amplifier reachedtl dBm Ryt with 3746 PAE at 5.5GHz with 31dBm (max available

source power), andhé measuredesponse for swemput power is found ifrigure28.

45 40
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Figure 27 - Measured Pout and PAE at 5.5 GHz (10% duty cycle pulsed operation
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Figure 28 - Measured Rout and PAE from 1 to 9 GHz (pulsed with 10% duty cycle)
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Excluding the reduced efficiency around 4 GHz, the amplifier provided more than
38 dBm output power and 28D% PAE up to 8 GHz. The efficiency drop at 4 Lias
related to the previouslgiscussed making degradationWith this performance, the
presentediravelingwave PA achieved significant output power with high PAE and
provided the widest bandwidth for a hybrid design, surpassing previously reported hybrid
DPA resultsAlthough a travelingvave architecture can provide a very broad bandwidth,
it is difficult to achieve the higest PAE using this technigu€he final section of this
chapter will now discusanother boadband hybrid PA desighut will emphasizeheuse

of reactive/resistive matching to improve efficiency.

3.3 Ultra-wideband Hybrid PA with Reactive/ Resistive Matching on Disparate

Substrates

Continuing with broadband HMIC PAs, this study details the design of an
ultraswidebandPA using a single discrete Gafdnsistor in a hybrid topology with ntigle
substrates. Targeting multiatt output poweiand decad@lus bandwidththe goal of this
effort was to maximize PAE using the reactive/resistive matching technique. The findings

of this work were publishedihEEEG6s Mi cr owave and W4d5l.el es s

3.3.1 Amplifier Topologyand Design

In thetopologyshown inFigure29, a series RC network at the gate provided both
stability and a bias path for a single Cree CGHV1J006D HEMT die. Appearing in series

with the transi s tthe rsdiies cdpaop st helpedat@ exteridtthe n ¢ e
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bandwidththrough capacitive division at the gate. A shunt resR#ri connected to the

input matching network withibborbondRBsH T helped provide low frequency stability.

BIAST Rs RBy <+
TEE S W

Figure 29 - Hybrid UWBPA schematic

To evaluate its largsignal performance, the transistor was first terminated with a
conjugate match, and then iterations lo&dpull and sourcepull simulations were
performed over a range of class AB bias conditions. The bias point and stabilization
network values were chosen by optimizing ttradeoff between bandwidth and
unconditional stability. A drawback of the originajyoposed substrate wis limitation
on maximum and minimum realizable characteristic impedance€oZ microstrip
transmission ling. Lower impedare values were desired for the input matching network
because of the low optimal input impedance of the GaN die, while simulatiedsted
the need for higher values in the output matching netwdtis was where the hybrid
approach enabled the use of two different substrates fanpg and output matching
networksto optimize the ranges of available. Based on EMsimulated ralizable %
ranges, 10 mil RO3010 was selected for the IMN, and BR@®3003 was chosen for the
output matching networkr he final values and d@gn details are found ihable2 for the

named components Figure29.
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Table 2 - Final hybrid UWBPA design parameters

Name Parameter Length | Width f Width Notes
(pmj] (pm (pm
XFMRin Impedance transformer 25000 | 207 1390 | RO3010
TLiN Microstrip transmissionine 150 1250 - RO3010
SOCSy Symmetric open circtistubs 75 4990 - RO3010
RsH Shuntresistor(SMD) 1520 750 - 100 ¢
Rse Seriegesistor(SMD) 480 390 - 180
Cse Series single layerapacitor 635 635 - 1.5 pF
TLout1 Microstrip transmissionine 815 300 - RO3003
SOCSun1 Symmetric open circuistubs 75 8450 - RO3003
TLour2 Microstrip transmissionine 250 496 - RO3003
SOCSur2 Symmetric open circuistubs 215 5510 - RO3003
XFMRout Impedance transformer 24500 | 2970 | 1900 | RO3003
RBsH Ribbonbond for sunt resstor ~4000| 76 13 -
RBse Ribbonbond for seriesegstor ~5500| 76 13 -
RBc Gate ribbobonds ~ 300 76 13 X 2
RBb Drain ribborbonds ~ 300 76 13 X 2

The input matching netwonrkas comprised ad symmetric pair of open stubs and

an impedance transforméfhe 3.6: 1 transformation ratidor a 50Y

i nput

smat ch

quite high and requird large dimension$or the tapered linéo remain resistive dbwer

frequenciesThus, the input tapdength was a tradeoff of increased loviband reactance

for reduced higheband loss Moreover, the bandwidth can be extendedhigher

frequencies by designing some mismatcto ithe input network at lower frequees,

where the transistor has extra gator broadband performance, the input return loss was

optimized to gradually improve as the operating frequency inateaBkis gain

compensation technique results in roeturn loss at the lower frequencies, but for a
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given source power, it provides gain flatness across the entir¢llfdn8ince a low return
loss may not be suitée for all systems, the use of a balanced architecture with Lange
couplers and two identical PAs would significantly improve the return loss and nearly

double the output power.

Similarly, the output matching netwokonsistedf two symmetric pairs of gm
stubs, and two short sections of high impedaneesingssion lines. A transformer wthen
placed to deliver a wideband 50 VY :imatch.
transformation ratio alloed for lower loss anégmaller size, enabling the tagerremain
resistive down to GHz. To obtain the best PAR wascritical to maintainan optimal
largesignal output match across the entire operating bamtlerefore, minimal gain

compesation was designed into the output matching network

Integrationlosses were kept to a minimum by optimizing the lergtd number of
ribbonbonds thus limiting their parasitic impact ® t h e amplifieros
Geometric tolerances were estimated for the die pads, die placement, pedestal, and metal
pullback, resultig in expected bond lengths ranging from-B35% um.Prior to beginning
the PA designdifferent configurations o8 x 0.5 mil bonds with 26350 um lengths in
50 um steps weriabricated ananeasuredThecollected data for the 250 plong double
ribbonbands wereimported intoADS for PA optimizationsandthe final simulatedinput
andoutput matching networknpedancegincluding doubleibborbonds) arealso found
in Table2. Masks of the finalized design layouts were purchased, ahduge fabrication

of the matching networks was begun.
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3.3.2 Fabrication and Assembly

The tools listed imable3 were used at the Georgia Tech IEN Cleanroom facility
to create the passive planar microwave structures with photolithographic processing
techniquesFirst, dilling of the vas was completed on a circuit board mi@ptimization
of the entry/exit layer materials and drilling parametegtped to minimize any raised
edges, but somef the copper surrounding the vias waeplanarized by the mechanical
drilling process.Therefae, after all remaining processing steps were completed, the vias
were filled with silver epoxyto ensure good conductivity. Once the metafacewas
cleanedin the reactive ion etcher, Ti/Au was evaporated on the topside of the wafers

enable an Au webond connection from the matching networks to the GaN dies.

Table 3 - Facilities and toolsusedfor microwave circuit fabrication and assembly

Fabrication Fixturing Assembly
GT Cleanroom GTRI Machine Shop MIiRCTECH Lab
- Reactive lon Etchey - CuW Stock - AuSn Preforms
- Spin Coater - Cu-101 Stock - Hotplate
- Mask Aligner - Wire-cut EDM - Wirebonder
- Evaporator GT Cleanroom - Au Wire & Ribbon
- Sputterer - Electroplating Equipmen| - Silver Epoxy
- Etching Station GT Cleanroom
- Profilometer - Forming Gas
- Dicing Saw - Die Manipulator

The processing continued with the application of photoresist, mask aligning, UV

exposure, developing, and finally metal etching. Several different chemicals were required
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because of the Au/Ti/Cu metal stackup. Once the etch was complete, the wafeledas dic
with the dicing saw. Careful alignment was important because some ¢dltheated
samples were diced withi n tolmnmielbondléngts.he i np

Once diced, the networks were rinsed, dried, and prepared for attachment toi¢he ca

Circuit planarity, also important in reducing parasitics, was achieved by varying the
metal carrier thicknesas shown irFigure 30. The varied carrier thickness was uged
compensate for the differences among die, lumped component, and substrate Tieghts.
transistor was then bonded to theegratedoedestalvith anAuSn eutectic prefornwhile
the input and output matching networkgere silver epoxiedo the carrier The fully

assemled amplifier is shown ifrigure31.

=== RFCapacitor
mmmm SMT Resistor

Matching Network (Au)
== Substrate(RG3010)
=== Transistor PadsAu) === Substrate RG3003)
m=== GaNDie z m Carrier (Auplated Cu)

Ribbonbond (3mil Au) T—»x =z Pedestal (Aeplated Cu)

Figure 30 - Assembly diagram showing multilevel carrier with integrated pedestal

Figure 31 - Fully assembled hybrid amplifier with dimensions

51



3.3.3 Measured Results

PulsedDC-1V data werecollected over a range gate and draimoltages to ensure
device functionalityand to configurehe setup for class AB operatiddmallsignaldata
were collected at the design®ds of 28 Vand bsqof 65 mA, and theneasured amplifier
was unconditionally stable (K > 1)The smadl-signal measurement results fdhis
ultraswidebandPA are found irFigure32, and the measurememisults for Bur and PAE

versus botlsource poweand frequencyre shown irFigure33.
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w512 521
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Figure 32 - Measured Sparameters of £11.5 GHz hybrid PA
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Figure 33 - Measured(a) PAE and (b) Pour for swept source power and frequency

The contours ifFigure 33 showthatthe gain compensation network is successful
at leveling RBut without overdriving the amplifiefThe input matching netwoidetermines
the Ry to the die at anynitband frequency byeflecting andabsorbing a portion of the
available source powerhis aligns theyaincompression point®r 31 dBm source power
such that théull bandwidth Bows 35 dB of compression. The alignment is obsenved
Figure33, asthe Ryt and PAE contours are relatively tfheersusfrequency for ajiven

source power
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Figure 34 - Pout and PAE from 1 to 11.5 GHz at fixed source power of 31 dBm

Lastly, Rut and PAEplotsversus frequency &1 dBm source poweare found in
Figure34. This PAdelivereda CW Ryur of 3.25.5 Wat 2748% PAEfrom 1.011.5 GHz.
Choosing a hybrid implementation for this RAabled anulti-substrate desigmllowing
optimal %4 rangesto be realizedor each matching network:his flexibility helped to
obtain stateof-the-art Rour and PAE over an ultravide bandwidth using a commercial
GaNdieTo the authordos knowledge, this work d

highest But and PAE achieved by a hybrid design in th¥ bands.

The benefits of a hybrid amplifiérfast desigrcycle, shorproduction cycleand
low cost in small quantities certainly make it an appealing design optiBlowever, as
frequency is increasedcomponent parasiticccan cause significantperformance
degradation which is whythe designs presented ihid chapter have focused on the
L through Xbands.To investigate broadband microwave PAs at higher frequencies, the
next chaptestudies designs implementedan MMIC, which combines all components

into a single chip
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CHAPTER 4:

MONOLITHIC MICROWAVE GAN POWER AMPLIFIERS

In contrast to dybrid microwave integrated circuit, all of the passive and active
elements in anonolithicmicrowave integrated circuit (MMIC) are integrated into a single
chip by a single semiconductor technology process. This level of integration enables the
matching circuitry to be located ahe, which lowers the device parasitics and decreases
sensitivityto assemblyTo take advantage of these benefits, the following MMIC designs

focus on broader bandwidths, higher frequencies, or. both

4.1 Reactively Matched GKu Band MMIC PA

In order to improve the gain and power density of a radtave PA, this section
first presents the modeling of a new GaN device, and then illustrates the use of that model
in a broadband MMIC designhe objective was to create a mudtage reactively
matched PA design with mulivatt output power and broad bandwidth on a new GaN
process bythe National Research Council of Canabdr(C). The findings of this work

were published in | EEEG6s [4Bluropean Microwayv

4.1.1 NRC GaN15@rocess [@scription and Sample Characterization

As GaN technology continues to advance, foundries research ways to improve their
device performance. The NRC was developing their GaN150 process withnd.géate

lengthon SiC substratendtheyprovided early accedo their foundry in collaboration on
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this wideband amplifier efforAn early version of a PDKad been creatddr use in circuit

design on their technology, and the kit includgeictrical models and layouts for standard
passive and active componef85]. For any MMIC design, it is paramount to ensure that
model simulations agree with measured data. Thus, sample characterization and model
verification werevital to build confidence and improve the odds of fass design

Success.

Preliminary ADS simulations provided insights on the operating conditions and
expectd behavior of the photographed sampieEigure35. Smalltsignalmeasurements
(SOLT calibrated) were taken from @26.5GHz andused to verify themicrostrip
transmission ling on the diethus enabing the use ofTRL calibrationfor improved
accuracy of futte measurementss-parameterdata was collected from 0Z5.5GHz
(using both calibration method®y the microstrip transmission lineesistor, and inductor

samples fabricated with the GaN150 process

? mii
mimj N H ,

(@) (b) ()

Figure 35 - Photos of measured NRC GaN150 (a) WL, (b) inductor, and
(c) 2x100pum HEMT samples

Obtaining accurate EMimulated predictions of passive component behavior is

contingent upon the careful definition of conductors, dielectrics, and other materials that
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establish the EM environmerBased upon deduced GaN150 process characteristics, the

slbdrate stackup was developetbr use with MMIC layout and EM simulations. The

sample characterization data were then compared to both schematic and EM simulation

resultsfor several passive components from the PGKod agreement amg the data, as

shownin Figure36 for a spiral inductor an#ligure37 for an MTL, helped to valigte the

stackup definition and the closefdrm schematic models for use in MMIC design
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Figure 36 - Comparison of schematic model, EM simulation, and measured data for

a NRC GaN150 spiral inductor
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Figure 37 - Comparison of schematic model, EM simulation, and measured data for
a NRC GaN150 1000 pm TL

4.1.2 3-Stage Corporat€€ombined Broadband Design

The MMIC design uses reactive/resistive matching in -stage corporate
combined topologyA simplified schemad of the amplifier topology is shown Figure
38. The classAB singleended PA used a 2x1@@n device ashe unit cell (UC), and is
comprised of 8 UC#$or the output stage (S3), 4 UCs for the driver stage (S2), and 2 UCs
for the input stage (S1). Since the smallest sample devicefs&zel00pum was used to
create the model, all stages use the same UC perigh&E/can be improved ia future
design ieration ly using a smaller UC for the'and 29 stage transistord:he 2" and 3
stagedave 4 and 8 UCs, respectively, so the circuitry within the dashed lisyaisetric

on the north and south sides of the deseeimn Figure38.

All matching elements and biasing circuitry, including input and output DC blocks,

are integrated on the diEach bias connection requires 1 mil diameter gold wirebonds
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(WBSs) ard is named byts stage and function iRigure38. Lumpedmetatinsulatormetal
(MIM) capacitors were used in conjunction with microstrip lines and thin film reststors
create the input, output, and intage matching networkBarallel RC networks were
connected in series to the gate of every UC for stability, and gainermafon was
designed into thesland 2"’ stages taproviderelatively constantargesignalgain across

the band

/

Figure 38 - Simplified schematic of the 3stage PA design

The schematidevel designin Figure 38 was completed in ADSusing PDK
components.The transmission line elements wereerthiteratively replaced with
EM-simulated networks, and nonlinear optimizations helped to recover the @sponse

by compensating for parasiticéfter full-network optimizations, the simulated PA
5¢



achieved a Rt O4 W and16.5+ 0.5dB gainfrom 6 to 18 GHzThe finalized PA MMIC

layoutthat was submitted to NRC for fabrication is depicteBigure39.
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Figure 39- C-Ku Band MMIC PA layout

4.1.3 Assembly and Measurements

After MMIC fabrication the singulated dies must be affixed to a carriertaased
properly in order to take probed measuremastshown by the diagram gure40. To
decouple the bias lines and redpegasiticWB inductance, 10QF singlelayer capacitors
were alsoaffixed to the carrierBias voltages were appliedsing 1 mil diameterAu
wirebonds and D@CW probesTo minimize the requirew/B length the 100oF bypass

capacitors were placexs closely as possible to every DC bias @athe MMIC die
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100 pF Bypass

MMIC Capacitor (x10)

Die

E >
3 — slislisliels siislielisiie |

Bondwire
(x30)
(1mil Au)

DC Bias
Board
(Au plated)

Figure 40 - Diagram of PA assembly and die probing for MMIC measurements

Initial testing ensured device functionality and established the quiescientf@r
class AB operation. This initial testimgas followed bythe collection obmallsignaldata.
Finally, the loadpull system was characterized and calibrated Fargesignal
measurements to capture output power and efficiency performanghoto of the

fabricated, assembled, and measured PA device is fourigure41.
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Figure 41 - Photo of the mounted MMIC PA with decoupling capacitors, gold WBs,
and the DC multi-contact probe landing pads for lasing

The PA was biaseatVes=-3.45V and \bs = 28 V, drawing 700 mAf quiescent
drain currentSmallsignal data weré¢hen collected from 0.4225 GHz in 0.1 GHz steps
under 106 duty cycle and 10Qs period pulse conditions. The respowdehe circuit
depends on WB length for bandwidth selection. Based on ADS$laion results,
adjustments inWB length and number were completed on the-tdieapacitor bias
connections. The measured results are close to the simulated values as-spame 42,
except for some gain reduction at the upper band due to a shift in matching. This can be

improved by introducing parasitic EM capacitor models in the nexgulgsration.
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Figure 42 - S-parameter simulation and measurement results

After smallsignalme asur ement s, 50 qgl9®HamrelrGHs we e p s
steps were performed on the PBata were collected using a passiectorreceiver
load-pull configuration and the available equipment allowed only sirtgleelargesignal
measurements up to ZEHz. The swept frequency plot iRigure 43 was created for
20 dBm sourcepower andhe same pulsed conditiorisarge-signalmeasurement results
show the effects of the upper band reduction as noted smnib#signalresults, buthey
are otherwise in agreement with simulation. At @Bm souce power, the 1&6Hz

measurements iRigure44 show 6.3W output power and 28 PAE with 18dB gain
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Figure 43 - Comparison of large signalswept frequency simulations and
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Figure44-50 Q power sweep measurement r es.

The area of this-8tage MMIC PA is 6.8nn?, which corresponds to a measured
peakoutput power densitgf 0.92W/mn?. A comparison of previously published results
for reactively matched MMIC PAs on GaN technology with output power ranging from
1W to 20W and ~1086 fractional bandwidth in the ®u range is provided iifable4.
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The lowest and highest reported values are listed for output power, PAE, and saturated

gain, along with the output stage periphery and total die area of each. device

Table 4 - Comparison of GKu Band GaN MMIC Reactively Matched PAs

Ref | Stageqd Frequency| Pour PAE Gainsat | We" | Pout/We | Area | Poutr Density
#| @ (GHz) (dBm) (%) (dB) |(mm)| (W/mm) |(mmd| (W/mm?

Low | High [ Low | High| Low | High| Low | High Low | High Low | High
[46]| 3 6 | 17 [35.2/38.0| 10 | 18 | 15| 18 | 1.6 |2.07|3.94| 6.8 | 0.48| 0.92
[47]] 3 6 | 18 [37.8/40.0| 13| 25| 15| 19 | 2.4 |2.51|4.17| 19.8 | 0.30| 0.50
[48]| 2 6 | 18 [41.2/43.0| 13| 24 | 7.2 |12.1| 6.8 |1.94/2.93| 19.2 | 0.69 | 1.04
[49]| 3 6 | 18 [39.0/42.0| 14 | 23| 12| 15 | 3.2 |2.48/4.95| 19.3 | 0.41| 0.82
[50]| 2 6 | 20 [30.0/36.6| 3 | 17| 6 | 12 | 2.88|0.35/1.59| 19.1 | 0.05| 0.24
2711 1 8 | 18 [30.8/32.5| 24 | 35 | 48| 65| - - - | 104 | 0.12] 0.17
[51]| 2 | C* | Ku*|[40.2|41.6| 17 | 30 | 11* [15.8" 6.8 |1.54|2.13| 16.6 | 0.63 | 0.87
[52]] 2 6 | 18 [35.7/37.5| 13 | 21 |13.5/19.1| - - - | 88 | 042|064

* Total transistor gate width of the power stage

A Publication

does

not

p rits enlyldtters. lfangeesignakgaircwas alsa | u e s

not provided, so values were estimated feomallsignalplots and stated compression point

when comparing performance, as device charactereteepoorer at higher frequencies,
and matching challenges are more difficult at wider bands. Hybrid implementations of
wideband PAs are very large in comparison to MMICs, and other wideband techniques

such as distributed PAgequire a larger die area &chieve similar gain and output power.

from NRC was characterized and modeled foW2&eration. Using that nonlinear model,
a 3stage reactively matched PA with 3rBnx 1.8 mm die dimensions was designed and

fabricated. Large signal measurements showed an averag&/obuput power and

Both frequency magnitude and relative bandwidth are important factors to consider

In this sectiona 2x100um HEMT fabricated on a new 0.1fn GaNon-SiC process
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13% PAE over a 6 to 16GHz bandwidthCompared tgreviously published resultsund
in Table4, these results demonstrate the highest output power per die areastage 3

GaN MMIC PA of this bandwidth in this power range

Continuing with reactivelmatched MMIC PAsthis next desig seekgo improve
performance at even higher frequencies with a rstdtgeKa bandPA using anew

0.14pm GaN process.

4.2 Reactively Matched KaBand MMIC PA

4.2.1 Cree G28V3rocess Description

One major challenge in GaN PA design at higher frequencies is the insufficient
level of maximum available gain from existing foundry process$edlowing the
worldwide success of their V@.25um GaN process, Cree developed modifications for
V5 to enabledbrication of 0.144m gate length HEMTES3]. These changes l¢édl useable
devicegain at higher frequencies when compared to previous process versions. The G28V5
process was in preelease status at the time of this design, as the foundry was completing
final development. Nonlinear model simulation results were confirmed by measurements
of device samples, and passive components aiseverified for design usewith an
estimated 4.%V/mm power density for this pneleasé.14um GaN foundry processhe
following study capitalizes on the improved gain at higher frequencesd target a

multi-watt MMIC PA design in the K@and
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4.2.2 2-Stage Corporat€€ombined PA Design

This MMIC used reactive and resistive matching elemenasorporatecombined
2-stagePA design toachieve AN output power in Kdand After the schematic design
was optimizedEM simulations werdirst execued for individual components, and then
for groups of componentéfter each iteration itese models were imported back into the
schematicand the cesimulated circuit was reoptimized. FinallgM simulationswere
executedn the full interconnected networks at fundamental dhda2monic frequeries.
The networks were also ESImulated from DC tdo to ensure low frequency stability.
Thesefinal EM models were imported back into the schemadghown inFigure45, and
the largesignal simulation results appean Figure 46. Due to limitations in available
reticle area, Diasingground pads were omitted from the tside of the die.The final

MMIC PA layoutthat was submitted for fabrication is depictedrigure4?.

*@*ﬁh
R

#

8 |

18

Figure 45 - Final schematic showing fully EM-simulated matching networks for the
input, interstage, and output
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Figure 46 - Harmonic balance simulation resultswith EM-simulated networksfor
the 2-stage Kaband MMIC PA showing output power, PAE,and transducer gain

1.8 mm

1.4 mm

Figure 47 - Final layout of the 2-stage Kaband reactively-matched MMIC PA

The PA was designed usirtge Cree G28V5 0.144im GaN procesand was

fabricated on a preelease foundry rurin preparation for measurementise die will be

mounted onto aarrier and biased for proper operation.
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4.2.3 Assembly and Measurements

This MMIC fabrication run yieldegnany copies of the same desigvhich were
manufactured at the same time on the same process. These circum&pressnted a
suitableopportunity to evaluate the impact of process variations on the performance of this
PA design.With measurement sequencesnpled for 20PA dies, it was desirable to
establish a rapid and repeatablethod of probing the pads ordee. Thedesign required
DC bias voltage$or the gate and draito be applied to both sides ofsangulateddie for

proper operationOf course, conections at the RF input and RF outptia die were also

necessary to measurtAthd damettime] eaechdde requeed gand ma n ¢

thermal grounding due to the expected levels of output and dissipated power in the design.

To resolvethese cortsaints,the following biasing scheme was developEde bias
voltageswere applied to each die with two custom EMICW probes. The needles were
arranged in two rows, and each bias voltage usé&N® |Vpc|GND format. This
configurationis shown inthe probing setup diagraam Figure48 andFigure49. A CuwW
carrier with ntegrated groowswasfabricatedso that the MMIG could bemounted within
the groovess depicted ifrigure50. Attaching the dies inside the groove with a eutectic
preform enabledthe GND needles on the DCW probe to make good planar contact
with the CW carrier while also providing an excellent thermal sink for the. die
Furthermore, his method enablegtuse of the DE@ICW probes if further testing on the

MMIC with a biasing PCBvererequired.
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TOP VIEW Multi-Contact Wedge Header Pins to Metal Chuck of the
(not drawn to scale) Probes DC Voltage Source Probing Station

]

i I

a MMIC cl
s e

2 "~ l

\]

Be—

X

Mounting Holes for connection to Probes landed on topside
L y probe XYZ manipulator Needle Probes MMIC Probe Pads of finished WCu carrier

Figure 48 - Probing setup (top view) for DC biasing ofthe Ka band MMIC PA

FRONT VIEW Header Pins to

(not drawn to scale) ¢ ~  DC Voltage Source

To XVZ Ta X2
Manipulator DC Probe Needles Manipulator

Figure 50 - Gold-plated CuW carrier with milled grooves for eutectic die attach
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After the CuW carrier was milled and plated with gold, the MMI€in Figure51
was affixed inside the groove usiag 80%Au 20%Sn preformin a eutectic die attach
process Several more dies were attached in a similar manner, ands#@nmbled PA

samples weraow ready for performance measurements.

Figure 51 - Photo ofa fabricated, probed, andmeasured Kaband MMIC PA

Although decouplingcapacitors weramtegraed into the DEMCW probe design,
it was challenging to accurately predict or control the inductan€ghe probe tips
Furthermore, there was an additional increase in path length due to the GND needles
landing on the carrier and not the dd®cause of these issues, the measured performance
of the tested samplegsinconsistentvith the simulation result§.hesmallsignalresuls
showed a reduced gain and modified output mdtaelhge-signal measurements using a
power meter setup were then executed for several bias points. While the achieved output
power and bandwidth were relatively close to simulated values, the redaiceagl a

negative impact on the measured PAE.
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Since the bias probing method was likely limiting the performance of the die, a new
sample was assembled using the wirebond and SLC approach for the DC connections as
discussed in Sectiof.1.3 This isa more labofintensive and expensive methadhich
required additional tooling and componenitgwever,using this method allowethe
capacitor locations and wirebonahtghsto be individually controlledThe photograph in
Figure 52 depicts the fully assembled sampldhe DGMCW probes were still used to
apply bias to the wirebondsading to the die, bute impact of the needle inductance

becamenegligible because of the 106 bypass SLCs.

=
=
=
=

Figure 52 - Ka band MMIC PA sample assembled with wirebonds and single layer
capacitors for DC bias connections

Small signal measurements of the new sample were collected at the nominal design

bias point ofVps = 28 V and bsqg =250 mA. Measured resultare plotted alongside the
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simulated resultgn Figure53, and their agreement is quite goddhe new sample had a
higher gain at a lower quiescent bias curramid it displayed return loss profiles that

tracked the simutadvaluesacross most of the band
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Figure 53 - Comparison of small signal simulation and measurement results for the
Ka band MMIC PA

Following the small signal measurementsYs0 power sweeps were e
21 GHz to 30GHz. The results shown igure54 were collected with a source power of
25dBm at a bias point of 36 =28V and bsgo=330mA. Over 36dBm of output power
were measured from 2228 GHz, with a peak PAE of 27% at Z&Hz. The results of the

source power sweep at that frequency are plott€ture55.
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Figure 55— Power sweep measurements of the Ka band MMIC PA at 28Hz

With more than4W of output power andover 20% average PAE from
22.528 GHz in a 2.52 mradie area, these resultsveademonstrated the efficacy of the
reactive/resistive matching approach usamgMMIC implementation for a Kaand PA

design.The direct access to transistor feedpointghich is an advantagafforded byan
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MMIC implementationi serves to reduce parasitics, thereby enabling the realization of

improvedgainat higher frequencies.

In the final section of this chapter, the same G28V5 MMIC proiseshoserfor
another amplifierimplementation, buthow the previoushdiscussed travielg wave

techniquewill be employedo extend performance in an uknadeband PA design.

4.3 Non-uniform Distributed 2 -40 GHz MMIC PA

To study ultrawideband PAs at even higher frequencieand extend the
performance of the previously published works discuss8ectionl.2, thisMMIC design
focuseson achievinghigh output power over the widest bandwidth by using the traveling
wave techniqueTheresultsof this effort wereunder peereview for journal publication

[54] when this dissertation was submitted

4.3.1 Cree G28V3rocess Description

The sameCreeG28V5foundry process described $ectiond.2.1was usecgain
to take advantage of its increased gain at higher frequencies in comparison to prior versions
of the procss.Becauséhe foundry was still completing final development, this Qui#

GaN-on-SiC process was in prelease status at the time of this design

4.3.2 Ultra-wideband 1€cell TravelingWave PA Design

This design utilized a neuaniform distributed power ampier (NDPA)
architecture, and the simplified topologhown in Figure 56 highlights the inter
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connections of the NDPA in schematic formatthough optimal impedancesnnot be
supplied to every NDPA cell, the distributed approach has an extremely broadband
responsegand several methods were used to improve the impedance matching at each

device.

Drain artificial transmission line

Drain
rminatio

Loo Lox Loz

Y
Gate artificial transmission line

termination™

Figure 56 - Non-uniform distributed PA topology

The available G28V5 nelnear device model wassed inload-pull simulations
across the-20 GHz band tdirst evaluate the large signal performance of different HEMT
peripheries, and then tetermine the optimal power load of telected unit celilevices.

For such a wide bandwidth, a constant conductanger & parallel with a constant
capacitance gpr cangive an approximation fahe conjgate of the optimal power load
[55]. This Gopt|| Cortcan then be used with the following equatiémosn [55] to provide

a starting point for NDPA design.
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The optimal characteristic conductanasfor thei' section othe drain artificial

transmission linés:

O O (8)

0 e O (9)

where G is the conductance of the drain ATL termination arg+ is the optimal load
conductance of thk" transistor.The maximumoverall output power & of an NDPA
with ntransistors can be estimated Bguation10, where Riax(k denotes the maximum

output power of th&" transistor.

C
£,
C

(10

The selected 100m unit cell device has a simulated maximsmallsignalgain
of 12dB at 40GHz. Optimal large signal load impedance contours for this device are
plotted at several frequencies iRigure 57. The marked trace represents igeal
(Gopt=2mMS)|| (CorT=-32fF) power load condition, and is generally coincident with the
contours over the full bandwidtithis ideal conductance was usecdEigquationss, 9, and

10to obtain initial values for design optimization
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Figure 57 - Comparison of optimal power load impedance contours and a constant
G||C load condition at select frequenciefrom 2-40 GHz

The NDPA layoutin Figure 58 has been annotated to highlight the components
included in the designNon-uniform transistors arranged in a -téll sinde-stage
configuration were connected by tapered gate and drain lines to provigefavorable
largesignal impedancego the distributed transistors. Since the targeted bandwidth is
extremely wide, the termination components liste@liable5 were included at the ends of
the ATLs. Transistors Xand % each have a total gate periphery of 200, while
transistors X through %o each have a total gate periphery of L®@. This arrangement
of nonuniform cells was determined to reach a suitable todfil@mong the design
parameters of gain, output power, and matching quality.drain line length between each
cell was optimizeda absorb the output captanices of the transistors and enatble

in-phase addon of transistor currents.
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Figure 58 - Layout of 10-cell NDPA with annotated component references

Capacitive division aeach of the transistor gatserved to improve the gate line
cut-off frequencyby reducing the effective capacitance that was required to be absorbed
into the gate ATLThis capacitive coupling represents a beneficial tradefdfiwer gain
for wider bandwdth. However, this traddbcould have diminished appeal if the capacitor
sacrifices too much gain in the pursuit of greater bandwidth, as qawer and PAE will
be reducedThese series gate capacitatere tapered in siz@ncreasing from ¢to Cio) to

better equalize the higfrequencydsi e avai |l abl e at each cell 0s
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Table 5 - Artificial Transmission Line Termination Components

Component Description Value
Re Gate ATL Termination Resistor 35 Y
Co DC Blocking Capacitor (Gate Terminationf 11.2 pF
Ro Drain ATL Termination Resistor 52 Y
Co DC Blocking Capacitor (Drain Terminationl 2.6 pF

Resistors Rto Rio were placed in parallel with the series gate capacitote Cio
toprovide a DC bias path and assist in achieving unconditional stabiigygate and drain
ATL geometries were designed to absorb the
the interconnecting transmission line segm¢h®, enablng higher output power and
PAE by improving the power distribution and impedance match for eacinstad of
limiting the ATLs to a constantharacteristiampedance (fixed width), a variabledth
geometry was selected. The drain lof@racteristiampedance was gradually decreased
towards the output by widening the transmission lines fred@Zp10, while the gate line
characteristiampedance was gradually increased towards the output by narrowing the
transmission lines froma to Zei0. These gometries were optimized in parallel for best
performance, and helped improve the impedances seen by each die. To complete the ATL
layouts, transitions were designed at thewR&d Rkur ports for 15Qum pitch

groundsignatground (GSG) probes, enablinggasurement of device performance.

The circuit was first simulated and optimizedADS software using schematic
components and models from the CREK. Adjustments to the PDK were made to

accommodate changes for the V5-pekease procesEM simulationsvere executed using
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ADS Momentum Microwave software on the full gate and drain line layouts. These
EM-simulated networks which included the tapered transmission lines, series capacitors,
bias resistors, and termination componéntgere placed into theircuit schematic and
connected to the appropriate Aarear HEMT models to simulate the final design
performance.The simulation results are included with the measurement phots
Section4.3.3and show more than\W of output power and @B of saturated gain at
10%PAE from 240 GHz. The final layoutwhich was submitted to Cree for fabrication

is found inFigure58.

4.3.3 Assembly and Measurements

After the GaN fabricatioprocessvas completed, the singulated die wasunted
onto a 40mil thick Au-platedCuW carrier, andan 80%Au 20%Sn preform was used for

eutectic die attaclA photo of themeasued 2.2mmx 1.8 mmdieis found inFigure59.
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Figure 59 - Annotated photo of the fabricated and measured NDPA die
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The MMIC NDPA was biased through GSG probasdaexternal bias tees for
classAB operation, with \Wbs=28V and bsqg=135mA. Measurements were takei
room temperatureusing a50Y vector network analyze(Agilent N5244A) under
smaltsignal excitation from 0.143.5GHz. The measured NDPA was unconditionally

stable, as shown by thefictorand stability measunesultsin Figure60.
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Figure 60 - Stability measure and stability factor, simulated vsmeasured

The EM-simulated results obtained in ADS are compared with the measured
S-parameter data for input and output return los$-igure 61. Measurements show
excellent greementwith the simulated response for the input matchivpile a minor
frequency shift is seen above GBiz for the output matching, the curves show very good
agreement irthe lower frequencies, with clear and consistent trédallsignalgain is

plotted inFigure62, showing the measured data at two bias conditions for comparigon wi
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the simulated result3.here is excellent agreement across most of the bandwidth, and an
improvement irsmallsignalgain was measured above G5iz. As shown inFigure62,

themeasured NDPA provided an averagedBsmaltsignalgain from 240 GHz

a *
2 !

g H

Q- .

B mamnan Sim. |S11]

o Meas. |S11|
mreeas Sim. |S22]

Meas. |S22|

L L L I L I I

0 5 10 15 20 25 30 35 40 45

Frequency (GHz)

Figure 61 - Input and output return loss, simulated vs measured

124

| S21| (dB)

e e INNTTTTTTE Simulated .,
: —— Measured (Vg =-1.6 V) *
Measured (Vg = -1.5V)

0 IlllI'III'IIIII'IIIIII'III'IIIIII'\IIIIIII'II'IIIIII

0 5 10 15 20 25 30 35 40 45
Frequency (GHz)

Figure 62 - Small-signal gain, simulated vs measured

The measured improvementamallsignalgain above 3%Hz can be attributed to

G28V5 process changes enacted after the initial development of the large signal device
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model used in circuit simulations. This design was created forr@l@@se pycess version
which was not yet finalized at the time, so some deviation from the modeled performance
could be expected. The effect can be observ&ture63, which compares the simulated

and measured maximum gain of a staf@he 4x 100pum device that was fabricated on

the same reticle and wafer as the measured NDW&asurements showed a higher
maximum gain at higher frequencies than was predicted by simulgtthcating that the

NDPA could experience a similar change in performance.
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Figure 63 - Simulated vs. measuredmaximum gain for a 4x100 um G28V5 device
fabricated on the same wafer and reticle as the NDPA

After S-parameter measurents were completed, the RB. was measured under
large-signaldrive conditions at room temperature with0 t e r mi Mukigleilame s .
signalmeasurement methods and sequences were required to cover the full frequency band
because of available laboratory equipment limitations and the extremely wide frequency
response of this PAAIl largesignalmeasurements below GHz were collected using

the Maury IVCAD vectosreceiver based passikmad-pull system shown ikigure8, while
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all largesignal measurements at I8Hz and above were collected using the Maury
MT-1000 actve loadpull system shown ifrigure10. Thesdoad-pull systems were used
to correct for measurement system impedance mismatches and presentvtrisadsOto

theDUT.

Signal power levels were calibrated at the plane of the probe tip, and source power
sweeps were executed at BBz steps across the barfdhe plots inFigure64 show the
measurement results at @Bm source power, demonstrating that the amplifier achieved
an average of 31.@Bm output power with an average 9% PAE andd®B3ain across the
S to Ka bands. These measurements show excellent agreementhevigimulated
responses for power, efficiency, and gain for nearly the entire design banddtidth.
frequencies above 35Hz, the measured results show a performance improvement when

compared to the simulated results tlu¢he effect observed Figure63.
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Figure 64 - NDPA large signal measurement results vdrequency with 26 dBm
source power
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To further evaluate large signal performance sthept source power measurement
results at 2@Hz (mid-band highlighted yellow inFigure 64) and 40GHz (uppefband
edge highlighted orange iRigure64) are shown ifrigure65 andFigure66, respectively.
The gain curves show some soft compression behavior in the lower regions of source

power, and the output power curves indicate a saturated power great2itha
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Figure 65 - Swept source power measurement results of the NDPA at 20 GHz

During measurements, the available range of source powers were limited
depending on the operating frequency, as several different instrumentation amplifiers were
required to measure such a widsmbwidth.For some frequencies, the maximum available
source power was not enough to drive the NDPA to its peak PAE,; this is evideat in th
40 GHz results plotted ifrigure 66. As seen thereinhe PAE curve has not reached its

highest value, indicating that higher PAE could be measured at an increased source power

level
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Figure 66 - Swept source power measurement results of the NDPA at 40 GHz

For comparison purposes, a summary of previously publigtsdts is found in
Table6. The highest output power achievigdb] corresponds to the publication with the
lowest bandwidth in the tabl®Vhile the workin [57] showsthe largest bandwidth, that
design was a low noise amplifiand therefore does not provide PAE or large signal gain
data.Finally, the result&n [31] and[58] areclosest tadhedemonstrated performance, with

this workexhibiting larger bandwidth and higher output power in a smaller die.
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Table 6 - Comparison of Ultra-wideband GaN MMIC PAs

Ref |LcaTe | Stageq Frequency| BW Pout PAE Gainsar | Area
#) | (um) | (#) (GHz) (%) (dBm) | (%) (dB)  [(mm?)
Low | High | Relative
[54] | 0.14 1 2 | 40 181 31-33 | 7-14 5-7 4.0
[58] | 0.2 1 2 | 32 176 | NR"-29 |[NR'-16| NR"-7.2 | 4.4
[30] | 0.1 2 42 136 | 25.1-27| 4-7 8-9.5 6.6
[31] | 0.1 2 6 37 144 129.4-329 7-14 10-125 | 6.8
[56] | 0.15 3 16 | 40 86 |36.2-39.4 10-20 (14.2-17.4| 6.3
[57]| 0.15| 2 |0.1| 45 | 199 |27.6-33| NRA NRA 2.8

" Power measurements were provided only at 4 GHs8h the broadband larggignal performance
~ was not reported.
AThedistributed amplifier design if57] achieves W over a broadband, big focusel on low noise

and high linearity; therefore, the authors do not report PAE or saturated gain.

been successfullydemonstratedrém 2 to 40GHz for the first time. The presented
measur ement

bandwidth enables greater system design flexibility. To the bastofta ut hor 6 s

A GaN MMIC PA with output powegreater than W andnearly 186 PAE has

resul ts

agreed

we l |

w iwidén

t

he

knov

the combination obandwidth and output power performance of this GaN PA surpasses

previously reported MMIC NDPA results.

PA performance at higher frequees, over broader bandwidths, or bottne level of

integration afforded ban MMIC implementation reduces both the component parasitics

The MMIC designs discussed in this chapter have focused on achieving improved

and sensitivity to assembly, so these circuits have shown better performance at higher

frequencies in comparison to bnyd PAs.While MMICs are expensive to develop and

require long lead times, they are economical in volume and can achieve the best results.
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CHAPTER 5:

CONCLUSIONS

The power amplifiergpresentedhere have exploreddifferent architectures with
commerciallyavailable GaN dies andewly-developedGaN devicesnanufactured on
prereleased foundry processa#arious advancements in microwave power amplifiers
have been achieved in the4dQGHz range.The design, fabrication, assembly, and
measurement afinovativeGaN PAsn both monolithic and hybrid implementateserve

to augment oubody of knowledge in wideband microwave amplifier circuitry

Several HMIC implementatios were successfully demonstratedusing

commerciallyavailable GaN transistor di@sthe folowing power amplifier designs

A A multi-die amplifier was designeavith GaN transistorsn an AIN substrate
using lowloss Wilkinson power dividers amitectic die attachmetd combat
thermal effectsWith a measured 38dBm output power and 44 PAE at
X band, this desigastablished a baselinsingthe reactive/resistive matching
technique

A Multiple GaN transistors were used an AIN substratef anHMIC distributed
power amplifier.This singlestage, 3cell designincludedcapacitive coupling
flip-chip bonding, and broadband impedance transformers to extend the
achievable bandwidthThis HMIC PA demonstrated the widest bandwidth

(0.4-8.0 GHz) for adistributed power amplifier in lybrid implementation
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A In the final HMIC designa GaN die was agaimsedto obtain high power and
high PAEover an ultrawide bandwidthThe multisubstrate optioallowedfor
optimization of thecharacteristic impedanecangesand material properties of
eachreactive/resistivamatching network. Thi$*A yielded the highest PAE

(271 48%) and widest bandwidtfl.0-11.5GHz) for a multiwatt hybrid design

For amplifier desigrs at even higher frequencies, where parasitics become
increasingly problematic, an MMIC implementationcan enablethe bestpossible
performane from GaN technologyeveralMMIC s were successfully demonstrated in the

following PA designs

A An HEMT fabricated on a new0.15 pm GaN-on-SiC process was
characterized, and the measured data were used toareatetransistor model
for 28 V operation.Then, a3-stageMMIC PA was designeavith the new
model using the reactive/resistive matching technii@h a die size of
6.8 mn, this PAshowcasethe highest output power per die afeaa 3stage
C-Ku bandMMIC design

A Moving up in frequency, a-8tage Kéband MMIC PA was designednd
fabricated on a ne®w.14 pmGaN-on-SiC processWith 4W of output power
and 20% PAE in a 2.52 nfndie area, these resultsnfirmed the efficacy of
the reactive/resistive matching approach usindMIC implementatiorior a
Kaband PA design

A Lastly, a NDPAdesign was implaented using the sarfel4 pmGaN-on-SiC

processFor the first time, a GaN MMIC PA with output power greater than
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1W and nearly 10% PABRvas successfull achievel from 2 to 40 GHz,

surpassingreviously reported MMIC NDPA results

This research and previougtyiblishedstudiesindicate that better performance can
be achieved by focusing on MMIG3owever,market conditions and technical limitations
demand continued improvement in HMICsnadl. For any PA design,dih frequency and
bandwidth are important fears to consider when evaluatingerformance device
characteristicsra poorer at higher frequencjemdimpedancenatching challenges are
more difficult over wider bands.Compared to MMIG, hybrid implementations of
broadand PAs are physically largeoi@e wideband techniquesuch as distributed PAs,
require a comparatively larger die area to achieve similar gain and output power. As
GaN-on-SiC technology continues to mature and its £@sintinue to fall, these devices

will become more and more prevalent in both military and commercial applications.

5.1 Future Work

While the presentetHMIC PAs haveachieved statef-the-art bandwidths using
commerciallyavailable GaN dies, these hybrid desigreeded considerable areko
facilitate the integration of broadband hybrid PAs into a wider range of applications, future
work should focus on size reductions of thrid matching network. The microstrip
impedare transformers in particular were quite long due to the bandwidths and
transformation ratios required by the matching circu@ptimized folding of the
transformersalong withvarious other transformer taper curvesuld be used to reduce

the area or manipulate the aspect ratio of the bdamlided that the selesonant
91



frequencies and losses of the component are acceptable, shunt lumped capacitors could be
interconnected with inductive transmission lines for duoed transformer footprintlf

some decline in gain can be tolerated, a series gate resistoraisa the effective
impedance required forar oadband match, thus relaxing
Alternatively, the choice ofielectric material could be guided byhe insubstrate
wavelength of the lowest frequency of interé&eping fabrication limitations in mind,

the selected material could enable a shorter transformer at the cost of higher losses. This
would be best suited for the input niaittg network, as increased losses in the output

network should almost always be avoided.

Another aredo further investigat for hybrid designss a broadband balanced PA
architecture.In this scenario hte transformer could lesigned for a subset séfjuencies
in the higher range of the desired bafle layout would be smallebut some reactance
would be generateat the lowest frequencies in the desired ba@hd purposeful mismatch
in the lower part of the band would help achieveghi@ compenretion necessary for a flat
gain profile ina broadband R. However, some microwave systems cannot handle high
levels of reflectionTo address the poor return loss created by the misnratble lower
part of the bandwo copies of thsingleended design could lm®mbined into a balanced
PA. The balanced architectuean be implemented withange couplers to achieve a
roughly equal power split with a 9@hase shift over extremely wide bandwidthkis
scheme wouldmprove stability and returfoss while nearly doubling the output power

without increasing thermal degradation.
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While GaN MMICs can achieve better performance than HMICs at higher
frequencies, the typical lead time ©aN-on-SiC fabrication is longer than three months
and the totbcost of a four wafer runan easily egeed $125,0Q0Jsing a combination of
different MMIC dies with hybrid assembly techniquas the design of a PA should be
explored to maximize the benefits and minimize the drawbacks of both implementations.
DiscreteGaN HEMT dies are readily available in the mayletd other semiconductor
processes need much shorter lead times. For example, the biasing and matching networks
for a PA design could bmanufactured using passive GaAs procedsis fabrication run
would require less than half the time aralfraction of the cost in comparison to a GaN
processlin addition, his method could increase the achievable frequency range and reduce
variability in the matching network performancecomparison to an HMICHowever
interconnectiongrom the GaAs matching networks thepads of the GaN dievould still
be requiredBecause webonds would likely limit performance at higher frequendies,
lower parasitic inductance dip-chip bondingmakes it a morsuitableinterconnection
method TheGaAs matching network=uld be flipchipped on top of th&aN HEMT die
which could use eutectic bonding for electrical and thermal grounding to a metal carrier.
Either a bypass capacitor or another GaAs MMIC die cbaldhouned directly onto the
carrier to provide bias connections for the fliphipped GaAs matching network.
Adjustments to the EM simulation environmehbuld be the focus of initial analysis due
to theproximity of a ground plane to the flighipped matching neork. A passive GaAs

MMIC with GaN HEMT die architecture may provide better performance that\iC

93



in a shorter timeframand at a lower cost thanstandalone GaNMMIC . Given these

potential benefits, this architectusbould be further investigatéa future research.
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APPENDIX A.

LOAD -PULL SYSTEM CONFIGURATION DETAILS

A.1  Passive loaepull Configuration with Power -sensor: System Setup

A high-frequency signal generator and an instrumentation power amplifier (if
required) are configured to produce the dess@arce power at the plane of the DN
isolator is used at the output of the instrumentation amplifier to protect it from the high
VSWR conditions created by the source tuftas. oftennecessary to use a circulator with
a highpower 50Y | o a d he magnitud® of the power reflected back toward the
instrumentation amplifierAn attenuator is placed at the output of the load tuner to reduce
the output power to an acceptable range for direct power sensor measurdmisnts.
attenuator should be sized tissipate all of the output power of the DUT, plus a
comfortable safety margifinally, a power sensor céie used to measure the powafely

at that point in the system.

A.2  Passive loadpull Configuration with Power -sensor: Calibration

This measuremengystem is calibrated in three phases: tuner characterization,
fixture deembedding, and power calibratiodnce the hardware is configured and the
tuners have been initialized (i.e., set to a known home position), a network analyser is
calibrated at the phe of the cable tips. The cables are then connected to the input of the
source tuner and the output of the load tuner, and another calibration is performed at the

plane of the DUTFor every desired loadull measurement frequency, the impedance
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tuners ae individually stepped through their tuning ranges, and the resulting impedances
are recordedrhis in-situ characterization sequence accounts for the fixture losses between
the tuners, and creates a mappi nigpedancee ac h
values created at the plane of the DUHe remaining input fixture losses are compensated

by a Iport S-parameter measurement of gignal generator | power amplifi¢ isolator |

bias teechain. The remaining output fixture losses are compedsay a 2port
measurement of thieias tee | attenuatochain, and a-port measurement of the power
sensorOnce these data have been collected, the VNA is no longer required fquibad

measurement.

After all the hardware is reconnected, a THRU cotiords made at the plane of
the DUT, and the tuners are set to¥50 i mp e Tha signal generator is swept over a
specified range of power at each desired frequency, and the power sensor measures the
power at the output of the attenuafbhnis final caibration sequence determines the source
power that is available at the plane of the DUT, and the system is now ready for large signal

measurements.

A.3 Passive Loadpull Configuration with Vector -receiver: Calibration

Tuner characterization is accomplished described inAppendixA.2, but
additional fixture compensation is not required because the-RN& measuring the
impedance at the DUT in retiine. The attenuators connected to the directional couplers
must be sized such that the signal remains above the noise floor but does not drive the

receivers into compressiorCalibration of the receivers is completed with gadtt
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S-parameter calibration at the pof the DUTPower calibration is completed by gdrt

mechanical calibration at the output of the load tuner with a THRU connected at the DUT
plane, followed by power sweeps at each desired frequency with the power sensor
connected at the output of tlead tunerThe power sensor is no longer required after the

power calibration, aneitherthe PNAX or an external signal generator can be used to

provide an input higlirequency signalOnce a50/ t er mi nati on wi th su

handling capabilitys connected as the load, the system is ready to collect large signal data.

A.4  Active Load-pull Configuration: Calibration

Calibration of the MT1000 active loagbull system begins with characterization of
the loop amplifiers used for active signal injectidhe control software for the MT000
system assists with the process by sweeping through the range of powers for each amplifier
and setting the bounds for system operatiext, a 2port Sparameter calibration is
required at the plane of the DUT for tiixe compensatiorkinally, a tport calibration is
completed at the cable connected to the isolator of the loop amplifier on the load side. A
power sensor is then connected to that cable, and power is swept and measured by the
MT-1000 system to finish theemplitude calibrationAfter reconnecting the hardware, the

system is ready for largg@gnal measurements.
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