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ABSTRACT

ABSTRACT

Recent RF applications and cellular networks architecture require to uspdvigh

PAs, therefore it is critical to characterise their behaviour under appropriate operating
condition with an accurate, reliable, faatd flexible measurement system. Aghh

power PAs are typically operated in the pulsed mode, measurement system should be
able to apply pulsed excitation and perform different types of characterisation under
pulsed condition. ntegrating pulsed capabilityinto a measurement system to
characerise largesignal behaviour of the device is relatively expensive and rigid in
terms of instrumentation. Moreover, the inaccessible software that is used by the
traditional systems has made them a vestifined system, where their application
cannot beamended to scope specific phenomérhis is contrary to the need for a
flexible pulsed system that can be extended and modified according to user

preferences.

This thesis presents a higpeed pulsed measurement systdmt maintains
flexibility, upgradability, accuracy, expanded powand bandwidth ranges. The
system is configured around NI modules to apply DC and RF signals and analyse them
by employing vectosignal transceiver (VST) with up to 1 GHz bandwidth. Due to
employing programable VSTs, and accessibility of measured raw samples, different
types of measurements can be performedsamall and largesignalbehaviour of the
device can be analyse@ihe dorementioned features of the developed measurement

system assist to analyse the tidemain behaviour of the device and characterise the
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physical phenomenon such as thermal, traps effect ondaygel behaviour of the

device

As an application of deveped high-power measurement system and operating it
under wideband RF stimulus, the trapping effect on thedsiggeal behaviour of the
PA is investigated. Timdomain behaviourepresentssignificant variation in the
input and output of the device. Thegariation leads to change the optimum load
impedance of the device in tir®main, which daeases the performance of the
device up to 8% anahostlylinked to the traps of the device. moreover, linearity of
the device in tima&lomain is analysed and imteodulation distortion levels of the
device are extracted in tirdmainat various timeslots of RF pulselsiteresting
resultsareachieved by applying various drdeny levels to the device, which shows

linearity of the device increases up to 5 dB inksaff operation regime.

In this work, for the first time, a nonlinear behavioural model is provided for the
surface traps of GaN device. Developed measurement system utilise Cardiff
behavioural model during logoull measirements to decrease the number of load
impedances to find the optimum impedance of the device and increase the speed of
process. By applying gatag levels and preharging the surface traps of the device
before conducting active loguull measurementstelation between the Cardiff
behavioural model and galkeg levels of the device is investigated and a new model

is achieved by using quadratic function to incorporate the-lggteffect into the
Cardiff behavioural model. Furthermore Cardiff behaviooratlel variation in time
domain is also achieved at different gketg levelsandclarifies precharging traps can

reduce the variatioim time-domain.
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CHAPTER 1:INTRODUCTION

1.1 BACKGROUND

The power amplifier (PA) is one of the paramount parts of wireless communication
systems. In each node of a network, PAs lzaxal role to prepare the intended signal
and compensate the loss in the network. Their behaviour at different frequency and
power regimes can affect the quality of the communication and decline the efficiency
of a wireless network. Therefore, it is important to accurately design and
comprehensively characterise PAs to meet the requirement for different applications.
To measure diérent performance metrics ¢tAs different types of validation
techniques are used, and various instrumard designed to accurately characterise

the device to correctly employ them in the wirelestvorks[1-3].

1.1.1 HiGH POWER PA CHARACTERISATION

High-power GaN PAs are becoming popular in communication systems during the
recent decades. They are widely used in the base stations of cellular networks and
satellite and communication networks where producing high power is refuifd
Generally, transistor characterisation can be classified into three main types: DC,
smaltsignal and largesignal characterisation. All characterisatiars highpower
devicesshould be conducted in the pulsed mode as operating the device in continuous
mode, will increase the temperature of the device rapidly and camsage tdhe

device.
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In DC characterisation, currenbltage relation is typically represented to measwge th
knee voltage, saturation current, and maximum cuanetitvoltageof the device. DE
IV curves can alsde achieved under pulsed conditjowhich can be used to

investigate the trapping and thermal effect on the device charactd6$tics

Smaltsignal measurements are conductedefaresenthe linear behaviour of the
device when the transistas operated in the loypower and linear regimé§7].
However, largesignal measurements investigate the device in-paker regime
when they start to produce harmonic products during operating in thgnear
regime In this kind of characterisations, some important performance metrics are

generally considered such as gain, defficiency, linearity (ACLR).

1.1.2 TRAPS

In GaN devices, there are some traps in the different layers of the semiconductor of
thedevice.Traps of the device can capture (or release) the current carriers from (to)
channel of the transistor. In fact, they changed#wsityof the carriers in the channel

of thetransistor,and it can have impact on the input and output of the ttan§&.

There are many trap centres in the different layers of transistor, apdah be
activatel with various timeconstants, therefore by categorising them into slow and
fast traps, they can change the low and high frequency behaviour of the device over a

wide range of drive levdb].

1.2 MOTIVATION

Due toexisting difficulties in driving and analysinigigh-power PAsin the pulse
mode, ®aracterising thm is a challenging area for engineers in general, and

especiallyin terms of largesignal characterisation. Acquisition of the pulsed signals

2
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requires wide dndwidth to analyse the narrow pulses which are commercially used in
current cellular networks. PNA, NVNA, LSNA can apply and record the pulsed RF
signals withdifferent acquisition techniques. These products have wide range of
applications in the RF chas@risation setupshowever,to characterise the large
signal performance metrics of the PA and performing the active-pgokd
measurements under pulsed condition they have some limitations regarding to their
complexity of acquisition techniques, instardaus bandwidthmemoryand speed.

To analyse the narrow pulses, mentioned instrumentation employ narrowband
technique which operates the receivers in a manner based on filtering the recorded
samples of output of PA to only keep the main frequency. Coasdguoutput of the

device is CW and it dteeems n o6t contain ot hel

These limitations, urge to desigan advanced IQ based measurement system to
provide opportunity to tackle the aforementioned issues in pulse measurement
systems. Programabl® based and wideband measurement system leads to analyse
the device with pulsed DC, CARF, andmultitoneRF signal, and it can conduct the
various types of measurements such as active-dalidto provide the required
information to RFPA designers. Thisnk of measurement system can have a wide
range of applications in radar communication, where the PA is operated in pulsed
mode and it is crucial to measure the physical and intrinsic behaviour of GaN PAs.
Moreover, & an application ofdeveloping such mearement system, different
physical and intrinsic behaviour of the device such as thermal, traps can be
comprehensively characterised and sort out the lack of information on their effect on

largesignal behaviour of the device.
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1.3 OBJECTIVES

Presented resezh in this thesis is focused on developing a measurement system to
characterise the highower and wideband power amplifiers for 5G. Instead of
employingarigid and complex measurement setup, a flexible, prograneideapid
measurement system can benéficial to characterise the power amplifiers of 5G

networks. Consequently, the main objective of this research will be as following

{1 To addacapability to measure highower PAs with up to 200 W peak power.

1 To develop a system to perform mitihe measement on higipower PAs
with up to 1GHz bandwidth.

1 To characterise the intrinsic phenomenon of the device such as thermal and
trapping effect and investigate its impact on the kamigeal behaviour of the

device.

1.4 THESIS STRUCTURE

This thesis is writtennito six chapters to comprehensively preshatachievements

of PhD project. Following this introduction, chapter 2 will review some of recent
achievements of published literature about pulse measurement systems, trapping effect
on GaN poweramplifiers, and Cardiff behavioural model. In this chapter, some
conventional higirequency instrumentation, which can characterise the-Egyal
behaviour of the device and perform active kpadl measurements under pulsed
conditionareintroduced. 1 also reviews the understanding of the traps of the device

at different frequency ranges including, proposed models to analyse traps, and points

out the models proposed to investigate them at different layers of the device.
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Chapter 3 introduces thedevele d measur ement systemds st
important features of its employed modules. The pulse capability is added to the active
load-pull measurement system which is based on NI modules. Utilised techniques to
prepare the measurement system syrthronising the different pulsed signale
explained andan employed approach to record the pulsesh@a VST system is
described. Important performance metrics which typicalyaluate the pulse
measurement systems are measured to present the dgpabithe developed
measurement system to generate and record the RF and DC pulses. Then, applied
calibrations on the recorded daiee mentioned. The performance metrics of the
systemare provided and illustrated in this chapter. Moreover, to performattiee
load-pull measurements on high power PAsfaidamental (1.8 GHz2.8 GHz),

second harmonic (3.6 GH5.6 GHz)and baseband frequency range (200 MHz

GHz) with 1 GHz instantaneous bandwidth, a dedicatedstesand phase reference

standard (PRSare designed and introduced in chapter 3.

The focus of the thesis then shifts to trapping lesigeal effect in chapter 4. Firstly,

to analyse the basic trapping effect PIV measurements are performed at different
draintlag levels and active logoull measurements arearried outat different time

slots of the RFpulses then by analysing the recorded data of input and output of the
device, timedomain variation of the optimum load impedance, and source impedance
variation are observed. All the aforemengd measurements are repeated at different
gatelag and drairlag levels to extract the trapping effect on the input and output time
domain variation of the device. Moreovére linearity of the device in timelomain

at various draiflag levels is examirteand timedomain intermodulation distortions

(IMDs) areanalysed at different draiag levels.
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Chapter 5 focuss on developing the Cardiff behavioural model as one of the

applications of the measured data and measurement system. As pulsed measurement

erhancea some capabilitiesf the system to investigate the trapping,-belating, and

thermal effect, it would be interesting to analyse the impact of aforementioned

phenomenon on the Cardiff behavioural model. This chapter estin@ceffect of the

surfece traps of the device on the Cardiff behavioural model and provides a new

behavioural model which can incorporate the gadeeffect. Moreover, timdomain

variation of the Cardiff behavioural model and its reas@malysed.

Chapter 6 concludes the wle work presented in this thesis, while concentrating on

the strengths and weaknesses of the presented work. This chapter alsospropose

possible directions for future research.
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CHAPTER 2: LITERATURE REVIEW

2.1 INTRODUCTION

The performance of theommunicationnetworks strongly épends on the power
amplifiers, and their performance metrics such as gain, efficiency and linearity. High
power amplifiers which are generallyusedin base stationstadar, and satellite
communication systems, operate in high power regime to providegstnatput for
usersGaN devices can deliver high output power, due to their high band gap energy
are becoming popular candidate warious communication systemdowever, this

type ofdevicessuffersfrom memoryeffectwhich includes trapsto charactesethe
high-poweramplifiers, pulse measurement capability is propgdednd it provides

an interesting point of view tmvestigatethe intrinsic phenomenon of the power
amplifier. One of theapplicationsof the pulse measurements is that to identify the
memory effect o the performance of power amplifier, as it provides a manner to
recognisehe thermal, traps and séiéating effect on the performance metrics of the
power amplifiersDevelopinga measurement system to perform pulseasurements

in a wide frequency rageto extract thesmall and large signal behaviour of the device

IS an essential requirement to correctly characterise the device. Some measurement
systems have been gradually developed to perform pulse measurenspésifat

frequency rangg2-5], starting from DC to RF fundamental frequency.

Developed instrumentation assist to meticulously extract this eéfpct over a wide
range of frequenes, andobtainthe circuit model for therfb-7]. The majority of the

developed RF instrumentatioauch as NVNAs, LSNAspulsed generator and

8
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analysers, VSTassist tocharacterise the trapping effect on the devMereover,
conductedresearchis dedicated to the trapping effect on I behaviour of the

device and providstheir circuit model to comprehensively understand them.

The work of this thesis focuses on the development of a fast nonlinear measurement
systemto perform the pulse measurements over a wide randee@fienciesand
characterising largsignal effect of traps This chapterdiscusgs the current
instrumentation and setups to provide pulse capability, then rethevachievements
occupied technigueand achievements of pulsed active patl measurements. It
includes the development of device characterisation and the reasons behind the
adoption of nonlinear measuremerfsso, it reviewspreviously achieved results of
pulse profiling measurementadatraps large signal and small signals effect on DC to
fundamental frequencieddoreover, at the end of this chapter some of the most
important achievements around Cardiff modelsaammarisedsince developing the
Cardiff model to incorporate the gdtgy effect is considered as one of the applications

of the established measurement system.

2.2 PULSE MEASUREMENT SYSTEMS

Pulsel RFmeasuremertdapabilityis becoming prevalent in industrial characterisation

in recent decades and prominent industries invBkdation and characterisation
technology such as Keysight, Anritsu, and Rohde & Schwarz have introduced various
modulesto perform different types of large and sr&tinal characterisations under
pulsed condition[8-11]. performed by employingdifferent RF measurement
technologies which can generate and acquire RF gulsveloped technology in
industry combined with some technical manners from academic research groups in

utilising them to conduct various interesting active lasgmal measurements.

9
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Keysight has developed some PNAs, NVNAsgenerate and analyse pusBF
signals Key parameters of pulsed measurements such as duty cycle, pulse width, pulse
repetitioninterval (PRI), resolution of acquisition are directly linked to instruments
fundamental specificationSome €atures oflifferentPNAs with pulse capdily are

listed inTable2-1.

Table2-1: Keysight PNAs important specificatioff

PNA model | Frequency range | Maximum IF Minimum | Minimum

bandwidth pulse width PRI

PNA 20, 40, 50, 67 GHZ 40 kHz 50 us 170ps
PNA-L 20, 40, 50 GHz 250 kHz 10 s 80 s
PNA-L 6, 13.5 20 GHz 600 kHz 2 s 40 us

These PNAs can be used either in narrowband detection or wideband detection modes
with the IF bandwidth ranging from 40 to 600 kHgome hardware setupfor
characterising the pulsed HFAs by using the aforementioned PNAs have been
suggested[8]. Despite PNA-L possessesnternal IF gate switches, it was
recommended to use an external RF switch for receivers gating. This configuration
was used for narrowband detection method to prosiaeter gate widths (<20 ns)

than those obtained using the internafjies.The nentioned configuration assest

with themeasurment ofnarrower pulses, howevat increaseshe complexity othe

system. Another configuration was propasgtbwn inFigure2-1, with an external

pulse generator to generate tb@mplex pulses which can appliRF pulses with

advanced shapes to examine the linearity of the device undghgpeng condition.

10
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81110A family pulse generators
One output channel
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Z5623A H81 pulsed-RF test set

Figure2-1: Pulse measurements with PNA and external generators and s\@ches

Proposed setup was also extended to bias the device under pulsed coadidion
perform wideband and narrowband detectiblote that when using narrowband
detection with thicondition three pulse drivesere used for the A, B and combined
R1/R2 IF gates. If independent control af the receiver gates is desired for full
flexibility, then six pulse output modulesere needed, requiring a third pulse

generatof8].

Pulse measurement capabilityalsoprovided in PNAX. A setup was proposed |]

with 8111A RF pulse generator, PNX, DC power supply. This setugllows to
analyse narrow pulses with 10 ns pulse widtlysemploying the narrowband
technigue in PNAX. Moreover, it could perform different typeof pulse
measurements such as puisgulseto track changes the behaviour of the PA over

a chain of consecutive pulses and pulse profiling measurements to analyse the
behaviour of the device at different timeslots within the puts@wvever, it suffes

from lack of memory and it annotkeep recording foa long time Dueto using

different modules to generate DC and RF signals, and analyse wavefomose a

11



CHAPTER2 Y ASHAR ALIMOHAMMADI

complex method isequiredfor the externakynchroniation of RF generat@ and

receivers.

Time and frequency domain measurements under RF pulse excitatieconducted

with R&S reattime scope and its advanced software. The designed system was
intended to be used in radar system to characterise the required metrics of these
systems such as rewion per minute (RPM), antenna beam pattern, pulse parameters
and pulse trend$10]. An IQ-based measurement system was designed with an
advanced pulse generator (SMBV K301) to generate complex pulse shapes. 4 channels
scope with 4 GHz instantaneous bandwidth B&bit resolution, witha maximum 10

GS/s was employed to characteriseliblaviour of the device in the pulsed condition.
Memory depth was improved in this module in comparison with previously released
instrumentatiorand ts available memory varies between 200 MS to 800 MS on one
channel, depersbn the operating condition. noved memory depth of the system
offered wide range of applications in investigating radar signakslongterm

acquisition is required in such communication systems.

Anritsu also provides pulse capability in their VNA products, which can perform pulse
profiling, pulseto-pulse, and averaged pulse measurements with up to 5 MHz
instantaneous bandwidth in 70 k4@ GHz frequency randd1]. Regarding
narrow bandwidth, it introduces a limitation to record the pulses with narrower pulse
widths than 200 ns, and therefoannotachieve the poinis-pulse measurement,

which requires a wider bandwidth to ensure a certapulee resolution.

To analyse the largsignal behaviour of the highower PAs, largsignal
measurements were performed in pulsed condifib®. 13] proposed a setup to

performthe loa-pull measurements with employing LSNA. Suggestpdroaches

12
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in [12, 13] was recording the wholgamples of multiple pulses to generate a set of
loadpull data with LSNA There were somenrecorded pulses in the series of
consecutive generated pulsedich led to hag memory problemin the operated
LSNA-based systemThe system waslesigned to perform CW pulsed lepdll

measuremeniseeminglythe use omulti-tone signalsvas not possible

Various RF instruments and techniques, able to perform active-pldhad
measuements, use different technical methods to analyse pulses. Conventional
measurements of modulated RF pulse parameters rely on envelope sdetector
However, the notlinear characteristics tfiedetector lead tancertainties within the
detectedvaveform profile. If a signal is detected by different envelope detector, even
by the same detector but different sampling rates, the resalfde significantly
different. Thus, a measurement solutibatwas independérof envelopedietectos

was proposedi14]. The proposed solution relied on dirdRF sampling and digital
dowrtconversion. Firstly, a digital storage scope was used to record the samples, then
FFT was applied to the recorded samples and the intercepted spectrum vembatentr
the originof the frequency axis. IFFT was applied to ttesulted baseband spectrum

of the recorded pulse and finally a single pulse vighising and falling edge of the
pulsewasseparatedn the timedomain. This technical approach has shown enough

accuracy to analyse the pulse parameters.

2.3 ACTIVE LOAD-PULL PULSE MEASUREMENTS

Defining the optimum impedance of a transistor is crdoaPAs at various output
power regimedo delivering optimal performance, such as high efficiency, gain,
linearity, and output poweandproviding a clear understanding of varsomodes of

amplifier operation[15].To appropriately terminatéhe load impedance, different
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approaches such as passive {patl, active and hybrid loagull areproposed16].
However, due to the shortcomings of passive kmdl, active loadpull is
recommended fapecificapplicatons. Characterising the optimum impedance of the
high-power PAswhich aretypically operated in the pulse modelimit the device
temperature riseluring the successive active lepdll measurement®erforming
active loadpull measurements ithe pulse mode emergas anovel aspecallowing

to investigate the deviéeslynamicoptimal conditios and its dependence on time
constantsFor instance,a provide a proper load impedance termination under-class
B operation, for pulsetV biasing and pulse®RF (pulsedlV/RF) excitations, an
adaptive harmonic active logull was investigated in[12]. PulsedlV/RF
measuremenwasused aghe technique of choice for characsation and modelling

of RF devices as reducedow-frequency memory effectsn transistoandit is also

a promising technique to assist with the design of efficient pulsed prowglifiers

for radar applications. IfiL2], the LSNA based setup was designed to perforuiti-
harmonic adve loadpull measurementat 4 different conditionsThese conditions

are listed below:

1. Device was biased with continuous DC and €halswas applied to the PA
ands ¢ p by using CW signal in the load side.

2. Device was biased with pulsed DC sigrat&l pulsed RF signal was applied
to source side and load impedance was ttmadroadban&0Y .

3. Device was biased with pulsed DC signals and pulsed RF signal was applied
to source sidevith3 1  still setto 50Y but3a ¢ p by using pulsed

signal in the load side

14
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4. Device was biased with pulsed DC signals and pulsed RF signal was applied
to source sidavith 3 still set to 50Y buts ¢ p by using CW

signal in the load side

Load lines of the measured conditiamsreshownfrom normalmeasuremenegime
(method 2) The expected class B lodthe was not achievedwhich clarified the
importance of correctly terminating of second harmonic and conductingpldbdn
the harmonicsThe workalso illustrated imethod 1self-heating effect led temaller
threshold voltage which results in highdnain currerd, in comparison with other

pulsed conditions.

An automated and vector erroorrected active lodgull system allowing the
characteriztion of high-power transistors under coherent pulsed RF and pulsed DC
operating conditionsvere conducted ifil7]. It focused orthe charactesation of a

240 um? GalnP/GaAs heterojunction bipolar transistor (HBT) (Thomson-DOSR,
Orsay, Francesource and loaidull measurements of such a transisterereported

for different pulsewidths. HBT device was operated in class AB mode and, AM/AM
and AM/PM of thedevice at different sections of the pulse were extracted when the
load impedance set to the optimum impedance of the deltiegas shown that
AM/AM and AM/PM of the device declinal within the pulse Moreover,

electrothermal model of an HBT provided[ik8] was validated

Different approaches and techniques are employed to make the activpulbad
measurements possible with L&Nb extracihewinformation Reakttime active load
pull (RTALP) charactesationunder pulsednulti-tonestimuluswas performed on a
power transistowith an LSNA [13]. This wasachieved usingubsampling down

conversiortechnique The setup is capablelofid-pull measurements atevice under
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pulsedusingmulti-toneexcitation Here, a miltiple-recording timedomain approach
was employed to record data frandeviceunder tesivhenapplying pulsedthree

tone signalsThe proposetechniquenvasbased on the progressive acquisition of the
required number of samples and explained in deta[ll8 20]. In this method
multiple pulsesvere applied to the device to acquire a singleo$etataat a specific

load impedancand 16 samples were recorded every ten modulation dfeleBRI
cycles) Maximum bandwidth of applied signal was 25 kHz and duty cycle of pulses
was 0.15 %The proposed methoslas validated by providing simulationstdts and
offered some capabilities such as réiahe active loadpull measurementsvith

reduced measurement tiraed greater simplicity

In [2]] largesignal characterisatis utilising a VNA and a samplerbased LSNA

were comparednd a robust and reliable relative phase calibration on a dual frequency
phase differential was used. This approach invbambining arfo reference with a
harmonic signalf,, and passing it through the LSNA measurement jZ&hinto the
sampling oscilloscopeFigure 2-2 shows the dudrequency phase differaat

cal i br at,andintlisavayghe telatipe phase of the two signaigsmeasured

by both the LSNA and the sampling oscilloscdpering measuring on wafatevices,

it was not possible to attach the oscilloscope directly at the measuremensplang
dispersion in the output half of the measurement path must be correctegdtiase

with routine passive network measurements.I®Rwaveforms under CW and pulsed
condition of GaN device were also extracted. It was proved that information for
waveform engineering can be collected in pulse mode as well as CW, using either a
broadband sampling receiver (LSNA) or a narrow band VNA receiver. The systems

have showrpreciseresultsto allow accurate analysis of deviocehaviour
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Figure2-2: Dual frequency phase differential calibrati@i]

2.4 PULSE PROFILING

Pulse profiling measurement is an interesting tepimito investigatepower
amplifiers behaviour in timéomainwhich is used as technical method to understand
the trapping and thermal effect in power amplifidrsrough the profilingechnique
reattime samples of the output and input waveforms ofdiace can be captured
immediately after applying the RF pulse to the device to ateawvhole pulsewidth
including rising and falling timeln pulseprofiling measurements, averaging is not
applied on the recorded samplestead theecorded sampleg different sections of
the pulseareassembled tdirectly represent the reéime behaviour of the PAThis
high-performanceystemachievedapid samplingvhile maintaining dow noise floor

to cover a high dynamic range

A technique for characterizindpe pulse profile of a RF amplifier over a very wide
power range under fapulsing conditions was presented #8]. A pulsemodulated
transmitter was used to drive a device under test (DUT) with acloasel signal that

permits for an increased measuremayrmamicrange beyond standard techniques.
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The proposed technique was capatbfigestingdevice with 160 dB measurement
range, and 5 ns resolutidrigure2-3 shows the utilised algorithm whigh based on
generating multiple pulses anding multiple samples of the pulse at a single time
location inthe pulse profile, along with a correlation technique, to incrélase

measurement SNRhich is linearly related to the number of the recorded pulses
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Figure2-3: Pulse integration used to generate a single sample on the pulse[gB)file

In profiling measurementsthe resolution of the measurement is limited to the

maximum sample rate of the system to extract sanapléschieve the instantaneous

response of the device. Howeversomepublications profiling measurements have

been intrdluced to measure different sections ofgbkse and calculate the average of

the recorded samplesith different lengtls. In [24] an onwafer set up for the

characterization of high voltage (26V) power HBTs under simultaneous pulsed RF
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signal and pulsed DC test conditiongas presentedA narrow band VNA and
sampling scope were operated to measotb RF power and DC profile¥ NA 6 s
pulse acquisition was based on nartmand acquisition techniqusilizing a 500Hz
band pass filteat IF, to performvector measurements of power wave ratios at the
centre spectral line of tHeequency spectrum with iSin(x)/x shapdor pulsedtime-
domainsignals.Typically, a sighal with the pulse widtlof 300 ms and a 10% duty
cyclewasapplied. AM/AM , AM/PM and PAEof the device at beginning and end of
the pulsaevere then measureMoreover, input and output current variation within the
pulse was recorded in HBTvhich anincreasing due to a thermal effectariation

within thecollector current witm the pulse.

2.5 INVESTIGATION OF TRAPPING EFFECTS

Due to thelarge band gap of Gabasedsemiconductorsand their capacity for

producing high output power, their application in the communication systesm
tremendouslyncreased. However, this kind of semmduoictor suffers from memory

effects that are causdxy traps.Thesecan capture (or release) the current carriers from

(to) channel Overall, traps can produce a strogffecton a t rigputsandst or 6 s

output currentind its transients

Traps ardocated in different layers ofteansistor;hencedifferent energy levels and
time scales are required to activate them. For instarmgs of the surface layer
typically can be activated by applying low power signals to the dewitie deeper
layer taps usually require more power to be activafg#]. This phenomenoresults
in adevice performancthat varieover awide range of frequemesand powetevels

In this section some of the practical technigaes introduceso identify traps and

their impact on the important metrics such as linearityain
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2.5.1 TRAPSIDENTIFICATION TECHNIQUES

One main approach to investigate the trapping effe¢the GaN PAs is to apply
different drainlag and gatdag to the device, then observe the intended performance
metrics.The t er-lmagiad adi @@ Oused to eescribe the slow transient
respanse of the draifgate)current when the draifgate}source voltage is puls¢d6,

27]. Thistype of measurementstigically for DC-pulsedcharacterisationso apply
different drainlag levels to the devicés gate voltage is less than pinoff voltage

and drain voltage is set different values to populate traps without changing the
temperature of channdlypically, the value iset to be at least 2 times more thiaa

d e vi was paint to populate the traps the buffer layer of the devicg2§].
Furthermoreduring gatelag measurements the applied voltage to the dmaimceis

often sebe zero to fill the traps of the device in the surface layer.

Trapping effect in the GaN technology was analysed 29] by employing thepre
pulsing techniqueo populate the trapwithin the first pulse and then observe the
device performance during the second pul$e DUT was grototype 0.5um GaN
on-Sapphire FETthat wasmanufactured by the Polish Institute of Electronics
Materials Technology. As applied voltages in the-gh@rging state d not generate
Ips, the thermal level of the deviceemains unchangeahd any modificatiortio the
measured device performaneas related to the traps of the devideigure 2-4
illustrates the drahhag effect on the DC curves of the deyiwhichcause knee walk
out and \f (thresholdvoltage) variation in the low power regimg30]. Such
measurements depict a practical method for characterizingeiaped lag effects in
GaN FETs, andvereintended both for modelling as well as for assisting further

technology developents.
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Figure2-4: drainlag effect on the D@V curveswith pre-pulsingVes= -4 V, Vbs= 38V, DUT is unpassivated
GaN on Sapphire FET prototygate length= 0.5im, device periphery=2L00um, Vesfrom-3.5 V to 0 V with
0.5V steps, bias point=3'V, 10 V)[30].

However, the pe-charging the trapcan be conductedsingdifferent approaches. In
[30], prepulsing was utilised to preharge the traps before biasing the transistor
However, another technique was utilise@431] to periodicallypre-charge théraps

by applying the voltag&evelsin the fioffo section of the appliedulsedDC. Figure

2-5 illustrates both approaches to apply DC signals to the device.
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Figure2-5: Structure of applying DC pulses to glearging the traps of thdevice.

Multi-tone measuremengse another method to identify the trapping effeoh the
device large signal behavioun this method, multtone excitation with vaing
frequencyspacing(3Q betweerthe main tones are applied to the devidespecific
3’ (activatedraps whichareassociatetb this specifidrequency difference, affect the
device behaviouf32]. Thus, by swiping the'Q different traps centre and their
activation frequency and time constants can be achiévéiois method stimulus can

be either in pulsed or continuous mode.

2.5.2 LARGE AND SMALL SIGNAL EFFECT OF TRAPS

In [33], the transient analysis of an AlGaN/GaN HEMT dewiespresented. Drain
curent dispersion effectswere investigated. Pulsed g@telag and draifag
measurementwa/ere performed to reveal clear mechanisms of current collapse and
related dispersion effectduring transient Numerical 2D transient simulations
considering surfacadps effects in a physical HEMT mods&kre carried out. The

presence of donor type traps acting as hole traps, due to their low energy level of 0.25
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eV relative to the valence band, with densitigs > m cm'3 (>v p ™ cm'?),
uniformly distributed at thélEMT surface, and interacting with the free holes that
accumulated at the top surface due to piezoelectric fisisfound taccount for the
experimentally observed effedt33]. This kind of trapsvere mainly responsibléor

the observed negative effects in this technoldgyme constantaround10 mswere
deduced. Some additional features in the measured transient currents, with faster time
constants, could not be associated with surface $&8ks

A HEMT physical modelas studied to explain the experimental results, and the
structurehas been anatgd by means of a-R device simulator that includes time
evolution of trap ionizatin.Based on recorded data, d1®time constant idetermined
during the draidag measurementsvhich can be related to the traps of the device
located in layers other than surface layéis indicated some trap centres in the device
can react very fasaind affecthe high frequency behaviour of the device.

In previous papef33], a single time constant was considered to analyse the traps of
the device. Howeveapture and emission processes of the tiiagihave different
time constantswere repeatedly reported in34]. An advancd microwave
charactesation techniquewas developed in[34] to determine thecapturingand
emissiortime constantsnderwide pulsedRF largesignal excitation of AIGaN/GaN
HEMTs. The proposedapproachwas lased on combined Continuous Waveform
(CW) time-domain loadpull measurements and low frequency (LF) drain current
transient measurements undersinglewide nonperiodicpulsedRF excitation to
investigate trapping phenomeride neasurement system was bdam the LSNA
which has limited capabilitfor recordng dataover longer periods dime, acomplex
approactwasdevelopedo record the pulses witbng pulsewidths.The trap capture

and emission time constam®&re obtainedby applying the currerransient method
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for different RF largesignal input power levels and for varying duration of pulse

width (PW) of the one pulsBF excitation.Captureandemissionmechanism were

reported inFigure2-6andv ar i ati on at the Aono and Aof
associated witlsaptureandemission respectivelyThecaguring effectwasobserved

at high power regime when the strong current collapse occurs, due to trapping effect.
Moreover theimpact of pulsevidth and drive power on tlreapture and emissidime

constants were investigatdtdwas concluded that theapturingtime constant is not

related to the pulse width of the stimulus, howewanissiontime constant is

increasing by expanding tipellse width
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Figure 2-6:(a) trapping and dérapping mechanisms over 17 dB dynamic rar(¢ LF drain current transient
measurements for PW=100ms and corresponding extrinsic CW output load cycles measurgg2b imA/mm
atVps=50 V[34]

The influence of the RF lodihe excursion in therain current collapse after the RF
stimuluswasalso demonstratedAs can be seen froiffigure2-7 by applying higher

input power to the device and operating it in higher compression level, current collapse
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increases at the start of pulse and its impact last for longer time. Moreover, it shows

by increasing dve level, time constant of traps emission increases.
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Figure2-7: (a) Emission LF drain current transient measurements (PW= 100 ms). (b) Time constant analysis of
Emission transient4], Ios=25 mA/mm atvps=50 V.

Employedsetup associated to the developed-step experimental methgutovided

the definition of trap capture and emission time constants through the application of
the curenttransient method for different RF larg@gnal input power levels and for
varying pulsewidth durations of a one wide pulsd excitation. This technique
allowed investigaton of the trapping behaviour of transistor in real RF conditions.

Applied to ths GaN technology, this measurement method demorstihie
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logarithmic dependence chpturingandemissioneffects on RF inpupower levels
and pulsewidth. In fact,the amplitude and time constant of traps increasedavitier

pulsewidth durations ant@ligher the compressidavels.

In [35] an explanation for the observed differences on the trapping time constants
extracted from low frequency 2¥ and bs-DeeplLevel Trangent Spectroscopy
(IDLTS) on GaN HEMT device was presentaxd for the first time it was shown,
traps effect on the large signal and smalhal behaviour of the devick was shown
thattime constant of traps depends on the stimulus condition and wesi®all signal

and large signal measurementavo different time constants have been achieved for
largesignal and small signal measuremetitat are shown in2-1) and (2-2).
Moreover, reported results were validated v8tiockleyReadHall (SRH) model.

T 1 p p w U

'F'Q S
= 0 (2-1)

t Q © 0 (2-2)
1 p -

The achieved time constants encompass both capture and emission dynamics, but
depending on the excitation condition, one procesdeauppressed lanother one.

For instance, if the M dropsa slow transient occurs associated to emission. The
extractedtime constants depeed on Vr (trap voltagewhich is described by
difference of emission and capture rat@sd \ is forcing function which is a linear
combination of ¥ and \bs, Vi which is thermal voltage. Thugxtracted time
constants vary in timeasnain as ¥ is a time variant parametefor themeasured

device theeportediime constant fotraps at small signal excitatiswas about 5¢is

and at large signal conditisit was around 89fis.
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Traps of the devicavere classified in two groups basezh their emission time
constant§36]. Two types of deefevel traps (slowemitting and fasemitting traps)

have been charactesed apart by performing dedicated pulsed measurements.
Slowemitting trapstriggered by threshold voltages (gaturce and gatdrain) and

filled through reverse gate curremtereobserved The slowtraps filling mechanism

was modelld based upon a metal to channel trap assisted tunnelling (TAT) process.
Moreover, the TAT model parameters are extracted fromggatece and gatdrain
leakage current measurements. Moreover, the-kmelvn fastemitting traps were
classically RCGlike mockelled. The authors validated their suggested model by
performing loaepull measurement at 4 GHz. It was shown, the influence of fast
emission traps, which are melikely expected to be located in the GaN buffer layer,
can be avoided by choosing the appiate quiescent biasing conditions of 0V, 0V
and by using a specific pulse conditions (pulse lengtps,1duty cycle: 0.1 %).
However, slow emission traps are determined to be activated forsinaioe and
gatesource voltages of 15 V an@ V, respectiely. Furthermore, a physidsmsed
compact model was developed to accurately predict the slow traps filling mechanisms.

The physical location of such traps is more likely to be in the AlGaN barrier layer.

In one interesting researchen characterising théime constant of capturing and
emission of trapsesearchers proposed an experime8ifh by performinga series

of large signal two tone measurements widrying frequency separation and
successive recordingdne of the most important achievements[87] was the
observation thathe capture time constamre comparable to the slowarying
envelopevariaitonsof modern radar signals, ranging from less than a microsecond to
a few tens of milliseconds. They have investigated the time constant of the traps by

applying multitone signals and analysirige DUT for different period of the RF
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signak. A VSG-VSA pair was used to generate and receivsirggle period of
waveform then by considering 3000 s delay the second period of the waveform was
measured. It was reportétat by increasing the frequepnseparation, first period of
the excitationvas not enough to charge the ddeypel traps, sincsuccessive results

of next periods of signahows progressivelpwer output power.

In [38] traps effect on the AlGaN/GaN HEMT of 0-:#85m ul t r ashort gat e
8 I 50 em2 gate wi dthrough(thted diffejent measureraenta | y s ¢
techniques which were low frequency (LFp&rameters, draiourrent deep level

transient spectroscopy-QLTS), and LF drain noise characterization. These three
different measurements techniques were performed forngghuck temperatures

ranging between 2% and 125€ by keeping the same biasing condition. Furthermore,
thermal resistance (RTH) of the device has been characterised by using pulsed |
measurement and a tvatep calibration process. TheWof the devee increases by

rising the temperature of the deviddeimaginary part of ¥> as a signature of traps

on smalisignal measurements was shown at different temperature.lesdl traps

responding ancreasinglyhigherfrequengesas theaempeature increasedvioreover,
duringIDLTS measuremesttransientss of the device wadeterminedwhen \bsof

the device was pulsed from 20 V to 10 V argsWas constant all the time. Calculated
Arrhenius equationbased on ¥ and IDLTS measuremengawe similar results

puttingthe activation energgf the device traps at aboi49 eV.
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Figure2-8: Transient drain current recovery related to the emission of traps for diffegtnick rangindbetween
25°Cand125°CforT i I I i n[B8.= 10 ¢€s

Largesignal measurements using an unequally spaced multitone (USMT) signal were
also done in order to evaluate the performancetheGH15 transistor around the

optimum load impedance in terms of efficiency.

Another technique to extract the trappef@ect on the large signal behaviour of the
device isutilising modulated signalwith different bandwidth$32]. In [32] device
was biased at typical class AB mode and-tarwe stimulus with varying bandwidth
was applied to the deviand gain profile of the dese was measureéigure2-10
shows the gain of the device at different bandvadftthe applied signal to treevice
andclarified when frequency difirence imegligible As it can be seen, tiA follows
initially the typical class\B gain trend and by applying sigsalith higher
bandwidtts, its behaviour changed #oclassC biased PA with a low gain at smaller

drive levels This observabn was redted to therainlag phenomena caused by traps
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in the buffer or substrate layers of the.PAwas concludedhe threshold voltage of
the devicewas affected by the traps charging level of the devidee captureand
emissionprocessvereshown inFigure2-9 and modelled aan RC circuit with two

different time constant for charging and discharging.

Re

Vps Ve
Ry

IC

-

Figure2-9:charging and dischargingodel oftraps[32]

To extract the charging time constant of the traps, beside extractirgpreaain
profile, smaltsignal gainat different Ves was determinedand time constant of the
traps for discharging processscalculated.

Measurements were performed at 900 MHzreefiequency with varying bandwidth

from 5 Hz TO 50 kHz.
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Figure2-10: Two-tone measured dynamic gain characteristic of a GaN HEMT based PA for different frequency
separations in comparison to its static CW {aBj, Pav is average power of twone signal.

In [31], pulsed LSNA measurements on the haglwer AlGaN/GaN transistorsese
performed in a multharmonic passive loapull environment. Time&lomain

waveformswere recordedduring a 150 ns window and measurement window was

moved across the 20 s

the period is 1 ms. A novel approach was conducted which was calleet®meen
Approach (TDA). It was based on a progressitguasition of all the required samples
before sending them to FFT. @achpulse a defined number of sampless stored
and put together with precedesaimplesThe key point of this technique was to keep
phase coherence between the samplé® put together(the last recorded sample of

current pulse red first sample of wgoming pulse) Largesignal measurements

durati on

o fof thewapplied gulses as 2 9o

cycl

performed at 2 GHz fundamental frequency and 6 harmonics of the device were
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captured and all the applied DC and RF signaeewm the pulsednode. Gain of the
device was measured within the pulse by-girarging the traps of the device and
applying various draitag levels to it. Reported data demonstrated, withircherged
condition has produced lower output power in comparison with thetammahich

traps were not preharged. Furthermore, higher compression |dgdlto have more
variation within the pulse, due to knee walkout phenomena, and the variation of the

output power within the pulse, declined by applyinggrarging.
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Figure2-11: Output power of the device at different compression levels anchamging conditiof31]

The aithors of [39] focused on the importance of utilising RF characterisation
techniques, in analysindne traps. Theyevaluated the applicability of pulsetM
measurements as a tool for accurately extracting nonlineasb@sd&td HFET models

in [39). Two different wafes with the identical layer structure but different growth
conditions have been analysed and a serigs/ofleasurements was performed under

DC and pulsed conditions expressing a dramatic difference in the kink effect and
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current collapse (knee walkout)ggesting different trapping behaviours. However, in

RF I V waveform measurements, which was performed by utilising active harmonic
load pull to analyse the traps effect on RF performance metrics of the device, both
wafers gave good overall RF performaneigh no significant difference observed.

From PIV results, as a typical technique to analyse the traps effect on the device, it
was expected, traps can degrade the RF performance of the devices. This absence of
correlation between pulsedM measurement sellts and RF performance raised a
guestion about the applicability of pulséd/Imeasurements alone as an only tool for
extracting nonlinear device models in the case of GaN HFETs, and importance of
developing a system to characterise dffect of the trp on the different frequency

ranges.

2.5.3 LINEARITY

Due to the natureof the pulseacquisition techniques, linearitpvestigation in the
multi-tone stimulus condition is difficultas it requires advanced wideband
instrumentation. Most of the pulse measurenmsittumentatiorarenarrowsbandand

not sufficient toperform pulse measuremetvice characterisation utilisingarrow
pulses.Such systemgust keep the main centre frequerfoy deviceanalyss. To
investigate the device with mutibnestimulus and extract the behaviour of the device

at all maintones and IMDswide-band acquisitioris necessatrywhich is directly
related to the maximum available bandwidth of the instrumentation and there is a
tradeoff between théength driving the ned for extensive memory us#,the pulses

and maximum order of the IMDs that is intended to measure.

In [40], a technique was used to extract the IMD3 of the device under pulsed DC and

RF signals to analyse the linearity of the hmgwer devices and fpping effect on
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the linearity. Loaepull measurements were performed on a GaN device with 10 %
duty cycle and 2us pulse width by using a pulsed VNA and midte signal
generator. A narrovband filter with 500 Hz bandwidth wasilisedto record the main
frequencies (E ) and IMD3 (21-f2, 2f>-f1). Measurement was performed &BBiz
certre frequewy with 10 MHz tone spacing. The narrdvand filter was tuned at
mentioned frequencies weparatéhe main spectral and IMDof the output of the

device, theefore from each pulse, recorded information at 4 different frequencies was

achieved to calculate the [40]. The acquisition window can move within the pulse

to record the device behaviour at different sections of the pulse, thus the linearity

( - ) ofthe device was analysed within the pulse. A technique was useedogoge

the traps of the device toee applying RF signals to it, therefore before biasing the
device, traps could be charged duringfibio section of each pul4d(]. As reported,

the linearity of the device decreases within the pulse by 7 dB and by applyidggate
to the device thénearity variation within the pulse declines to 2 dB at the same drive

level.

An innovative experimental method for microwave power devices linearity
characterization, based on a carefully designed #arg signalwas presented in

[4]1]. The generated test signal was based on an unequally spacetbnau{tuSMT)
signal, which was tail ored tistechmigoeiisca t he
useful method to generate commercial telecommunication signals without using
complicated techniques to genertitem Multi-tone signal with unequal tone spacing

was generated to give the same PDF of OFDM signaisnd& USMT signal was
generated and applied to the 3 W GaN device with 2.4 MHz bandwidth. Output power,

AM/AM, AM/PM and EVM of the device were achieved, at different load impedances
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by performing active loagull measurements with LSNA. Traps effect on the B |

of the devicavas measured over a 30 dB output power dynamic range at different load
impedances. Traps shedtheir signature at baesff levels at all load impedances
and when the device was prearged at PB=(0 V, 2 \(nder USMT applying signal

for 20-40 s, the current collapse has been shown resulting from fast emitting traps.

2.5.4 MODELLING TRAPS

Modelling the traps is a prevaleiobl to accurately design a RAa incorporaés the

trap behaviourMost poposed modslfor the traps are based on circuit model to
interpret the traps of the device. [#2], an accurate largggnal modefor AlGaN-

GaN HEMT was presented considering traps andhsalfing effect on the device.

This model was derived from a distributed srsidinal model that efficiently
describes the physics of the device. To model the dynamic behaviour of traps at the
suface and buffer layer of the device, gate lag measurements at these PBs= (Pre
Ves<veinchorr, PreVps=0 V), (PreVes=0 V, PreVps=0 V), and drain lag
measurements at PB= (PVYes<Vpinchorr, PreVps>>0 V), ( PreVes<VpincHOFF,
PreVps=0 V), have been pfarmed and pulsedV results were used to model the
traps. As shown ifrigure2-12 the series RC network was proposed in the gate and
drain sides of the device to incorporate the traps effect into the large signal model of
the device. The &, Cor were used to model the sack and buffer traps, respectively.
These charges are controlled withrfRpthatdefine the time constant of the charging

traps[42].
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Figure2-12: large signal model of device with considering traps of surface and buffef4&yer

An improved drain current model accounts for trapping andhsalfing effects was
also implemented. The melshowedvery good results for simulating the higbwer

operation of the device, even beyond 1 dB gain compression.

In [43] a nonlinear electrethermal AlIGaN/GaN model for CAD applicatiomas
presened includinga new additive thermdatap model to takento account the
dynamic behaviour of trap states and their associated temperature variation. The
thermaltrap model was extracted through lovirequency smalkignal CW S
parameter measurements and lesgmal pulseeRF measurements at different
temperatues. The proposed therm#lap modelincorporated thedrainlag effect,

since the gattag effect has been reduced by ugileyice surfacgassivation andn
addition of afield plate. It was shown traps of the device can affect the offch
voltage and to control the drain current source of HEMT, pofthioltage should be
modified with physicakexponential lawFigure 2-13 showsthe proposed circuit to

modify the Vbincrore(t) which accourgfor traps of the deviceithin thebuffer layer.
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This model has taken into account gmymmetryof GaN device between trapping
(capture) and dé&apping (emissionprocessesin fact, capture time constamas
found to bein the nane to-microsecond range whilkextractedemissiontimes were
slower in the microsecond to seconds rangéne aithors hae shown the output
conductanceréquency dispersion is very sensible to di#am of the device and by
performing CW Sparameter measurements and extracting the imaginary past of Y
in the frequency domain, the time constant of traps has been calculated. Moreover,
thermaltrap model wa achieved by considering bias drain current during the RF
large signal excitations with temperature variation. It was repo#eegcliningof the

drain current immediately after applying RF signal and its variation after stopping RF
excitation, is linkedto the capturing and emission of traps of the device and it is

sensitive to the temperature. They modelled te@f the device ashown in(2-3)

Or 0 0Of 0 - Q (2-3)

Where! I, z are the trap amplitude, stretching parameted time constant of the

traps and N indicates theumber ofdetected trapsTraps amplitude and stretching factor
express the capture and emission level in the deliche above model, the capture and
emission of the traps were also considered, where the negative shows the emission
phenomena. To validate the proposed model, output power and gain and PAE of the device
with 25 dBdynamic range were compared @ imeasurement results, which showed a good
match between them. They alsaveshown by increasing the temperature of thekpge

trapsoccurat higher frequencies.
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Figure2-13: Schematic of the new theaktrap model of a one chargepping stat¢43].

This thermaltrap model allows accurately predicting the physical temperature
activation of trapsand the thermal signature of traps. Was also achievedthat
extrapolation of trap model parameterstistretched multexponential function of

drain curentresultsfor significantlyimprovedenvelope simulations.

In [44], a largesignal model was deloped for HIFET devices, based Shockley
ReadHall (SRH). A parallel circuit consistg of a diode and a resistor was suggested

to model the capture and emission process of traps which occur at increasing and
decreasing ¥Wslevels, respectively. When theaih voltage rises rapidly, the bagate
potential plunges following the change in drain voltage and some of the channel
electrons are injected simultaneously into the substrate. Following the rapid change,
the baclgate potentiaslowly rises bycapturing the injected electrons, and the current
slowly declines. On the other hand, when the drain voltage falls rapidly, electrons are
depleted at the first tim&ot of measurements and then, deep traps emit electrons and
the current slowly increasdswasreported44], that therequired time to increase the
current exponentially is about Imsianhen \bsrises, the current gradually decreases

overa wide rang®f time, from ps to ms.

38



CHAPTER2 Y ASHAR ALIMOHAMMADI

Required data to verify and develop the SRH model can be obtained from an advance
pulse measurement system, thus as an application of developed measurement system,

in this thesis can be used to provide a SRH model for PAs.

2.6 CARDIFF BEHAVIOURAL M ODEL

Cardiff nonlinear behaviourahodel wadirstly establishedn [45, 46] to predict the
device fehaviour angbrovidea CAD-based model for ilt was a development dhe
look-up tablebasedmodel[47] which failed to cover the design measurement space
The Cardiff behavioural model veautilising a formulationthatis based oithe poly-

harmonic distortion approach.

In [47], utilisation of largesignal measurement data in the nonlinear c#sBed
modelling was providedneasured nonlinear data was, in the first instance, directly
integrated into a nonlinear CAD simulator, and in the second instapestedor
direct extraction obehavoural model parameter#\ typical two-port network was
considered and &éformulation ofa-wave based Cardiff model has been achieved,
which models the reflected waves of input and output of the deuide)in terms of

incident waves (ga) during tre active loaepull measurements.

In [48] a new techigue for identifying the mixing structure, model coefficients of the
Cardiff behavioural moddbr phaserelated nonlinearities was proposed. A tisoe
excitation was applied to the device and by taking FFT the IMDs of the device have
been investigated. g&ctral tone visibility explicitly requiredaccurate model
coefficiens (NMSE <-40dB) for data fitting which was verified by comparinipe
model fit for full and truncated model formulation®n abased model was

investigated by applyingtwtones t i mul us t o the devaze and
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power level varied from6 dBc to 6 dBc. Based on spectra of ddputenvelopefor
the boie (envelope of reflected waveform of second port at fundamesigal
required formulation of Cardiff modetas exploitedconsisting ofa relative phase
polynomial equatiorfior a constanaei|. The equivalentX-parameter formulation has
been shown to remain accurate up t@ 22 dBc. Howeverthe higher order Cardiff
model achievedhigheraccuracyachievingdeviceerrorsof less than40 dB NMSE

for @12 variations up to 6 dBwhenusing an 14 order Cardiff model

A data analysis approach was introducef4®] to identify the required model order
and directly extract the model coefficients. It was based on operatingtomgti
measuremensnd applying the timgariant multitone signal to the load side (&)).

By applying a tailored tim@ariant multitone signal to thelevice andnappingthe
Cardiff model equatioronto the frequencylomainusing FFT a direct relationship
between theneasuredby 1(t) spectraand the model parameters was demonstrated
hence allowingo use thaneasureenvelop to directly identify the model parameters
Furthermore, ¥ analysing the spectra of fi{t) above the noise levat was possible

to identify the order of the Cardiff model

In [50] a technigue was proposedénlucehe number of loaghull measurementhat
are required to achieve the higbnsity Cardiff model coefficients loakp table,
versus input drive levelCoefficients were interpolated tpredict the loagpull
behaviour of the device over22dB dynamic rang. This techniquallowedto rapidly
extract the modeAgain, an awave based model was employedthis investigation.
As the Cardiff model coefficients are dependemnt the input drive level (ja]) is

necessaryo performloadpull measurements atftirent input drive leveldor the
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extraction of a mee comprehensive Cardiff modéfiowever,in [51] the relationof

the coefficients and{al was confirmed as

VS 0r  Sipips (2-4)

where T indicates the mixing ordend the pand g parameters the input and output
port, respectivelyTo reduce the density of power measurements, an advanced global
Cardiff model formulation has been used during model coefficient extraction to allow
for accurate interpolation of the model coetiais within a defined power range using

a global model formulation by keeping T<2. As a consequence, it was possible to
populate a higldensity lookup table without the need for a higlensity measurement

grid.

In [52] aloadbased behavioural model was presented, that indicatedbihe &
function of the load reflection coefficients. dtlowed to automatically extract the
model coefficients in a timefficient manner and the appropriate lgadl impedance
spacefor a DUT. To reduce the number of active lgadll measurements a stegly

was proposed based on tracking the maximum output power of each successive
measurements, to find the optimum impedance of the deViwe.first cycle of
measurements bheen performed around centre of Smith chart and achieved data was
managed to extca the loadbased model which was used in the next measurement
cycle to compute an array of targeted lpadl values (load side reflection
coefficients), thus requiredzawas calculated. This approach was automatically
iterated to find the optimum impadce of the device by minimising the time
consuming active loadull measurements to scope the unnecessary parts of-Smith

chart.
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2.7 CHAPTER SUMMARY

This chapter discussed the evolution of the pulsed RF characterisation instruments
which can examine the higlower amplifierSlarge signal behaviour. Moreover, some
techniques adaptable LSNAs have been introduced.

The cevelopnent of pulse measurement systemrovidesfor the analyss of the
trapping effectThus, an overview dheidentification methods of traps was provided,
and their effect on the largaggnal performance metrics of the PA such as gain,
linearity has been listed:he reporteccapturing and emission time constat PA

cover a largeange fronfew microsecond to lundreds of milliseconddMoreover, it

was statedhatlarge signal and small signals time constants are different.

Moreover, a summary of achievements of Cardiff behavioural model was mentioned
asthe developed measurement system can directly extractregigdata sets fahe
generation ofbehavioural models and can have wide range of appliciion

modelling.
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CHAPTER 3: MEASUREMENTSYSTEM SETUP

3.1 INTRODUCTION

Development obn adaptable and manageable hggeed measurement system that
candeal withwide bandwidthata high-powerregime isthe first step and paramount
factor topreciselycharacterise 5G powemplifiers andprovide the opportunity to
expanda userdefined RF measurement systehrobust measurement system should
provide an opportunity to simplynd comprehensively characterise tHéferent
performance metrics dtA. Thus,a fast,andmemoryefficient measurement system
would be useful to conducseveraltime-consumingmeasurements with a large
amount of recorded data within a short tifwkanwhile, sucla measurement system
can easily perform different types of measurementsepdrately characterigarious
phenomena such as trapping, thermal andheslfing effecon DC and fundamental
frequency of the devicds traditional measurement systems are extremely expensive,
complex, rigidwhich is in contrast with the upcoming RF applicatiatessigninga
softwaredefined measurement system that is based on controllable signal
transceives, leads to overcome the mentiomexjative pointsf the RF measurement
systems and boost RF technologiesstraightforwardly perform different types of

measurementwithout expensive amendments

The aforementioned requirements can be achieved bsingik new generation of
instrumentssuch as NI (National Instrumentshodules which allow for the
development of austomizable and reonfigurable systerthat can beasily upgraded

while maintaining the required synchronization and desired measurement flow.
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Moreover, as these measurement systems are based enorifrocessors, they can
performtime-consuming measuremergad analyse datapidly. ProgrammabléQ-
basedsignal transceivers allowaitoring the generated RF signals to perform
measuremestn different conditions such as puls€llV, pulsed multitong and also
provide an opportunity to charactee the device under different shapes of RF
stimulus Implementinga robust pulse measuremsatupto meticulouslycharacterise

the high-powerPAsis one of the interesting aspectsusingthe PXle vector signal
transceiver (VST)Wide bandwidth, high sampling rate, and high accuracy of signal
transceiverare remarkable featured the VST systemthat provideanopportunity to
characterise the PA under short pulse stinMibreover, by employing advanced PXle
source measurement uni\Us) thatcan provide pulsed DC signadlifferent terms
ofmemoryeffectn t he PAGs per f or maallowwstoinvestigatdh e an a
the trapping and selieating effect on the largggnal behaviour of the deviand
their impact on nonlinear behavioural model coefficients and-pa#idcontours
Consequently,developng a PXle based measurement systalows to swiftly

characterisa larger number operformanceametrics of PAs.

Besidegroviding the RF and D@enerator and analysef the measurement system,

a trustvorthy RF testset is urgently required tme able taccuratelymeasure thhigh

power device overa wide bandwidth To measurethe highpower devicesthe

designed test set should haudficient maximum power. Moreovein high power
devices, the | evel of t h euencieg apelhighdtBusih ar mo r
the designed testet cannot provide significant isolation between different frequency
rangesthemeasured behaviour of the device will not be pretismce, a robust test

set witha high isolation factor betweesignalpaths sbuld be designed.
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This chapter introducetevelopments of aovel measurement systemchitecture that

is based on commercially available BXhodules to characterise the largggnal
behaviour of the device under various conditions such as pulsed C¥gdpullti
tong and pulse profiling measurementéien,thestructure and features of the RF and
DC PXle modules are explaineahd some of theimportant features are pointed out.
Pulse measurement capability as a key implementation that is added yetéme s
explained in detail and employed technique, in RF generator to apply synchronised
DC and RF pulseand keep the ort-one relation between generated and recorded
pulses is clarified.Then, different pulsemeasurementcquisition technique is
mentoned and utilised technique with its verificatiorréyealed Some performance
metrics of designed pulse measurementsh as memory usage level, ptiggulse

stabilityy DC and RF pul s anddarrowipudsa accumaydshowvn me ,

Applied calibratioms on thereceiversrecordeddataarealso mentioned andifferent
small and large signal standards are presented to verifyatharacy of the
measuremeniThe dynamic range, noise flostandard deviation dhe measurement
system ar investigatedo measure the limitations of the systdfimally designed RF
test set tgperform active loagbull measurementsver a wide frequency range with
high instantaneous bandwidth is descriteetl some of the critical features of the

passive compueents of the test satementioned

3.2 MEASUREMENT SYSTEM ARCHITECTURE AND ITS KEY

COMPONENTS

The system architecture is configured around PXle moda]esith an architecture

similar to previously published ndimear measurement systems that are based on a
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NVNA [2]. The PXEk modules do not share a common RF reference signal and are
synchronised throughhe availableprogrammatic backplanimplementation of

triggeringsignals, and samplevel alignment.

In contrast to previously realised measurement systBfsnstrument maales are

based on IGarchitecture similar to softwaidefined transmitters and receivers that

are utilised for theinderstandingf modern communication systems. Consequently,

the realised measurement system shares a commonality with a wireless transceiver

with a shared synchronisation channel.

Figure 3-1 showsthe block diagram othe developed measurement systekii. NI
modules ardocatedin a singlePXle-1085 chassif3] andcontrolled bya multi-core
processoP Xle-8880controller[4]. It consistsof 5 VectorSignal Andysers (VSAS)

and Vector Signal Generatos (VSGs). In this configuration a VSA/SG pair is
contained within a singlgector Signal Transceiver (VSTINI-PXle 5840[5]. VSTs

are IQbased softwardefined signal transceiverow user to set and control all key
settings of receivers and generatdmso VSTs provide fundamentahputand ouput
stimulus ofthe devicewith 1 GHz bandwidthOnce the applied signal to the device
has 1 GHz fundamental bandwidthe device generassecond harmonic with 2 GHz
instantaneous bandwidth, thugotVSTsare allocated to th&" harmonicandanother

VST applies the baseband stimulus to the load side of the device, to perform harmonic
and baseband logulll measurementdloreover,anRF signalgenerato(PXle-5652)

[6] with a known phase output power amplifier has been assigned for generating the

phase reference standard signal.
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Figure3-1: schematic of measurement system

In theacquisitionside, 4 VSTs are occupied to measaogdents gnand reflected gn

power waves of the device to allow tirdomain measurements, ande VST is
utilised asareference receivaxtracting thgphase relation betwedrarmonicsrom

Phase Reference Standard (PR$Sprder toapply the DC bias signals to the device
and measure the DC voltages and currents at input and output of the device, two

Source Measurementiids (SMUs) PXé&-4139 are employel].

Figure3-2 illustrates the configuration of thecal oscillator (LO) of VSTEach VST
hasaninternalLO on the transmitter and receiver side, they also can share the LO in
receiver and transmitter ports separately with other VSifishe generator side of the
VSTs, internal LO is utiBed for each VST anon the receiver sid¢he masterslave

method is utilsed andhe LO of the first receiver is sharegith other receivers by

using MMPX cablesoma xi mi se phase stability betwee
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Figure3-2: Sharing the LO ateceiver of VS

3.2.1 RFTEST-SET

A passive testset is designed and assembled to reach the unique features of the project
to perform active loagull measurements over a wide frequency range. To design the
test set, the frequency range of fundamental frequency, instantaneous bandwidth

desired harmonics, the power range of the device are key factors are considered.

Based on the desired aims of the project, fundamental frequeg)ag (F82.8 GHz

with 1 GHz bandwidth. Due to the nonlinear nature of the measurement system, the
requiredcomponents should also cover the frequency ranges for IF (intermediate
frequency) and the second harmonicof2fFurthermore, the two different power
levels are considered during the designing of thesktst According to project

specifications, the fragency ranges are as follows:

91 IF frequency is from 200MH4GHz,
1 Fundamental (§ is from 1.8GHz2.8GHz.

1 Second harmonic (2Fis from 3.6 GHz5.6GHz.

51



CHAPTER3 Y ASHAR ALIMOHAMMADI

The maximum power in different measurements are listed below:

1 Maximum power at CW condition is 10 Watt

1 Maximum power at Pulse condition is 100 Watt

Designed RF testet can deal with high power devices and perform activepadd

measurements over a wide range of frequencies.

Figure 3-3 illustrates the inner architecture of the test set. The DUT is connected to
two-directional couplers which can cover 200 MH&+ GHz, therefore, it allows

measuring the different frequency gas simultaneously.

These couplers are connected to four VSTs receiver side. After that, there is a diplexer
(consisting of a 9@legree hybrid coupler with a frequency range-6#+1GHz & 3GHz

low pass filter), which is shown iRigure3-4, sincet he | ow pass filter
frequencies more than 3 GHz to go through the diplexer, higher harmonics of the
device appear in port 4 of diplexer ( isothfgort). Fundamental and IF frequencies

go through the diplexer and @l@gree hybrid couplers separate the frequencies less

and more than 1 GHz anmtkliver them to port 3 and 2 of tlleen, by using the bias

T, IF frequencies can be separated from DCe filas T in the load side can deal with

up to 100 W peak power and it has a high DC current limitation, and it can separate

the frequency with cubff frequency at 100 MHz.
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Figure3-3: Schematic of inner view of teset to perform loagull measurements.

Figure3-4: Diplexer, including low pass filters and hybrid couplers

Figure 3-5 and Figure 3-6 present the test e t and whole measure
modules including PRS, drive power amplifiers, and-s¢est As can be seen to
minimise the loss in the teset, all components are connected together without cables.
Minimising the power loss in systerman be useful to characterise PAs in higher
frequency ranges, as in these frequency ranges system should be efficient in terms of

power loss.
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Figure3-5:Testset and its passive components includingeational couplers, 90 degree hybrid couplers, low
pass filter, bias Ts.
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Figure3-6 : different parts of operating measurement system including PAseefRS
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S-parameter measurements are conducteddnyg an NVNA, to characterise and
verify the testset. Figure 3-7 shows tess e t -paameters at IF port. In this
measurement port 1 is the input port of the-sestand port 2 is IF port at the load side.
As it shown, IF port passes the frequencies from 200{Ui&Hz with 0.382 to 2.52
dB degradation. Higher frequeies have significantly degraded in this port which

shows there is high isolation between IF bandwidth and fundamental frequency.

freq=200.0MHz freq=1.000GHz
d£(8(1,2))=-0-382 dB(S(1,2))=-2.520
Mm2

0

-20—

-40

N 60—
Mmm 80—

-100—

-120—

-140 T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T ‘ T

freq, GHz

Figure3-7: Measured parameter of the teset between input and port.

Figure3-8 shows the $arameter of the fundamental port at the load side, this port is
designed to pass frequencies betweer2188GHz. As catbe seen it provides 20 dB
isolation from reflected waveform {9. Figure3-9 also shows the performance of the

source fundamental port, which has the similar response to the load side port.
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Figure3-8: Measured paraneter of
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tesset at fundamental load side port.
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Figure3-9: Measured $arameter of testet at fundamental source side port.

Figure3-10illustrates the second harmonic port at the {sigie. As it is designed to

let pass the frequencies over 3.6 GHz,-se$tloss is 1.605 dB which can be

compensated by highower drive amplier in this port. Analysing theiSand S
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shows, second harmonic power is not appeared at other ports and there is high isolation

factor for this frequency range.

m3
freq=4.500GHz
dB(S(1,1))=-14.324

freq=3.600GHz freq=5.600GHz

dB(S(1,2))=-1.605| [4B(S(1,2))=-1.884

m1 m2

freq, GHz

Figure3-10: Measured garameter ofdstset at second harmonic port.

3.2.2 COMPONENTS KEY SPECIFICATIONS

The designed testet is constructed with some RF passive components, which their
specifications are important to verify the precision of measurement and ensure to reach
the intended objectigeof measurement. In this section, some of the essential features

of components are revealed.

3.2.2.1 DIRECTIONAL COUPLERS

Directional couplers armanufactured by centric RF (C0528) anddefined with 3

fundamental metrics, as:

1. Directivity

2. Coupling factor
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3.

Isolaion factor

These couplers can couple the frequencies from 0.2 GHz to 18+ GHz is 20 dB with 2

dB tolerance, to deliver the incident and reflected waves of input and output of the

device to the receivers. Their directivity varies in different frequency saagé is

mentioned inTable3-1, which expresses coupler can deliver a significant amount of

power in direct transmission line. Furthermore, their isolation factor is ardériB

in their covered frequency.

Table3-1: Directivity factor of directional couplers

Frequency range

Directivity factor

200 MHz 4 GHz 22dB
4 GHz 12.4 GHz 15 dB
12.4 GHz 18 GHz 10 dB

3.2.2.2 BIAST

Two wideband bias T are used in tiestset to allow the wideband characterisation

of the DUT. Source side biasi¥ manufactured by MECA electroni¢305SFF5)

and is bandwidth is from 100 MHz to 6 GHz with 30 dB isolation between the RF

and DC paths. Its maximum voltage and currentténmare 100 V and 2.5 A,

respectively

whi ch

S

sui tabl

e

f

o

r

t

h e

current is not significant and 2.5 A is enough to deal with input of the device. In terms

of RF peak power, it can support up to 200 W in the polede and its maximum

average power in CW mode is 5 W.

58



CHAPTER3 Y ASHAR ALIMOHAMMADI

Load side biagMC2-BT-016347)has a similar bandwidth. However, its maximum
voltage and current levels are 100 V, and 7 A. its RF maximum peak power is around
200 W, and its average power for the Cighal is 3 W.

This bias T makes characterising the high power device possible as its current limit is
high. For example, in a 100 W device with 70 % efficiency the maximum, 142 W DC
power will be produced, therefore current bias T on the load side cawitiealich

high power devices as its maximum DC power is 700 W.

3.2.2.3 DIPLEXER

Diplexer includes two 9@egree hybrid couplers and low pass filters. Low pass filter
can filter the frequencies more than 3 GHz with 50 dB isolation ast§fee hybrid

3 dB couple have high power limitation and isolation factor.

3.2.3 PRS

Phase Reference Standard (PRS) is used for obtaining the phase differences among
the different harmonics. The signal which is generated by theg@s across the
amplifier and the output signal igaeived by the R. The accurate measurement
requires the precise phase differences among the harmonics. Due to this aim, all the
factors that can affect the phase output such as temperature and load dependence
should be controlled and fixed. Consequentlycircuit is designed to keep the
temperature of the box constant. As the heating process is easier and faster than
cooling, the designed circuit aims to fix the temperature at a higher than room normal
temperature. A thermistor is used to measure tinpéeature and a thernresistor is

used to heat the box anytime that is required. The designed circuit fixes the
temperature @5°C. The circuit can increase or decrease the current flow through the

resistor to control the temperature. Finally, the phasgut of the reference is
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determined and tabulated from a sampling oscilloscope measurement. All the resulted
phase differences are saved in a table and imported to the code to compare the phase

of the harmonic once the number of investigated harmoniostie than 1.

LAANAA, T

Poyr Pix

PA (O

Figure3-11:PRS schematic

Figure3-12 demonstrates the inside of the designed PRS that includes a temperature
control module and a Low Noise Amplifier (LNA). To design a standalone PRS
module a controller, thermocouple, heater, Aglay, LNA and DC supply which
provides 12 V at the output to bias the LNA and provide required DC voltage for
temperature control system. Heater and thermocouple are connected to LNA to

measure its temperature and heat it as required.
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3.2.3.1 PRSCALIBRATION

Temperature of the module is set td®B5and heater start to heat the LNA when its

measured temperature is less than desired temperature level.

Figure3-12: Designed PRS block (inside view)

VSTS5 is utilisedto apply the RF signal to PRS and its power level is set to put the

P RS 6 sin 3RIB gain compression level thus device can be operated in nonlinear
regime and generate harmonics. A {tale Tektronix scope is employed to analyse

and record the output waform of the PRS, that allows to record wide range of
harmonics. Scope sample rate is set to 5 GS/s and it records 4000 samples on each
waveform. I level of the generator is set to 8 dBm and two 10 dB attenuators are
locatedin the input and output of the LNAigure3-13 shows the spectrum of output

of PRS while input power is 8 dBm, frequency is 1 GHz and temperaturedS&Ci
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LNA operates in nonlinear region aog to 8 harmonics are above the noise level of
the scope. Therefore phase and magnitude of the each harmonic is recorded and by
repeating this measurement with different frequencies, recorded data can bd inserte

to extract the relation between phase of different harmonics.

20

-40

Power(dBm)

-60

-80

-100

Frequency (GHz)

Figure3-13: spectrum of the output of the PRS. 3 dB gain compression, 1GHz fundamental

3.2.3.2 INTEGRATION OF PRSINTO MEASUREMENT SYSTEM

Calibratel PRS assists us to measure the current and voltage waveforms of the PA,
that leads to accurately analyse different phenomenon in device. Waveforms are
always helpful for engineers and researchers to distinguish various elements effect on
observed behaviouthus by integrating PRS comprehensive understanding about
device behaviour can be achieved. To examine accuracy of the calibrated PRS, the
outputwaveforms of the 10 VpackagedsaN ( WolfspeedCG2H40010 deviceare
illustrated inFigure3-14. These waveform&eremeasured under pulsed conditiah

the start of 300 us pulse width with 3% duty cycland sample rate is 100 MS/s and

sample per average is 6 k.
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Figure3-14: Output waveforms of 10 W GaN device under pulsed condition measured with calibrated PRS. PW=
300 ps, duty cycle= 3 %, 3 dB gain compressibias point =3.5 V, 28 V), acquisition length= s, sample
rate= 100 MS/s3 harmonics are captured

3.3 VST STRUCTURE

VST PXle-5840 is one of the new transceiveodelswith 16-bit ADC resolutionthat
posseses up to 1 GHz instantaneous bandwidth when the centre frequency is higher
than 22 GHz. Table3-2 shows the instantaneous bandwidth of VST at different centre

frequencieg5].

The sample rate in VST can vary from 19 kS/s to 1.25 GS/s, which gives time
resolutions less than a nanosecond in acquisition side and allows toshpply

duration signals to the device.

Figure3-15 shows the internal architecture of the transmitter of VST, which consists
of low pass filter banks, tarnal amplifiers and variable attenuators in the RF path,

which are programmable and can be bypassed in LabVIEW.
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Table3-2: Instantaneous Bandwidtdf VST PXle5840

Centre Frequency InstantaneousBandwidth
9 kHzto <120 MHz <120 MHz
120 MHz to 410 MHz 50 MHz
>410 MHz to 650 MHz 100 MHz
>650 MHz to 1.3 GHz 200 MHz
>1.3 GHz t0 2.2 GHz 500 MHz
>2.2 GHz to 6 GHz 1 GHz
The PXl1e5840 uses the LO frequency subsystem to directly acquigerwerate
any signal Blow 120 MHz

In generator path, amplification and attenuation are applied in 3 programable steps to
the signal that set intendegower level of generated | and Q sampl8ame
architecture is used for receivas shown irFigure 3-16.variable amplification and
attenuation are applied in 2 steps to the received signedse of Continuous wave
(CW) measuremnts, the individual fundamentand harmonic | and Q signal
components are dowepnverted in succession to DC, in which case the sampling
frequency of the analogtte-digital receiver is used to acquire multiple samples of

the same DC measurement to figaie rapid signal acquisition and processing.
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Figure3-16: Internal structure of VST for receiver side
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3.4 GENERATION AND MEASUREMENT OF DC PULSES

Two NI-PXle 4139 Source Measurement Units (SMUsde utilised to apply DC
voltage to the device and measure DC currents and voltages of gate and drain ports.
They carbe operateth pulsed and contiraus mods and provide voltage and output
power up to 60 V anB00 W, respectively. As shown kigure3-17, in thecontinwus

mode they casupply DC signalsip to 20 W in the firsquadraniplane. These units
achievehigher powes up to 200 W and 500 Wyhen used irpulsed mode wit the

maximum duty cycle of 5 % and 2 %, respectively.

SMUs can provide pulsed DC signals with at least 50 ps length fofeathndfoffo
section of the pulse and they apply pulsed voltages with slow, normahfdstistom
conditions.In custom condion, user can change the pole and zeros of the transfer
function of the output of the SMtd change the value of overshoot and transient time

and set specific transient time for SMUs.
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Figure3-17: Different working areas of SMUsith various output power limitatiori3]

Figure3-18 demonstratetherequired transient time of SMUs modules to agihyw

DC pulsesas centrgoint of S MU 0 s

load side impedance (RC value ottloadof the SMU and voltagevalue with a
measured device connected to SMUs as load impedartbe fast modehetransient
time to achiev8&0V is around30 psto achieve 90 % dhedesired voltage levelThe
transient condition is set to fast madleing all measurements this thesigo rapidly

perform measurements.

v 0 | . Asaatresient teme ig eelated to the
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Figure3-18: Measuredransient timeof SMU atwhen a 10 W deviceisscn nect ed t o. SMUG&s out p

FurthermoreSMUsprovide the capability to measure the R&ueswith amaximum

1.8 MS/s sampling rate and the minimum aperture toh&55ns.The accuracy of
SMUsincreases by increasirperture times the number of the sample per average
increasesThe SMUs recordingvindow is synchronized with RF receivers, therefore
minimumemployed aperture time is §&, which results in less than 1Q0v and 10

MA accuracy for measuring voltage and current load side, respectivelyThe

accuracy of DC data increases by employiifitgent averaging techniques:
1. Normal averaging
2. Secondorder

In the normal averaging, all the samples during the aperture time have the same weight

but in the second order, the samples have relative weigtdimgprovethe noise
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rejectiorf7]. In this thesis normal averaging technique is occupied to measure the DC

voltage and current of input and output of the device.

3.5 SYNCHRONIZATION AND TRIGGERING FOR FULL

MEASUREMENT SYSTEM

In active loadpull measurementsynchronisationis a paramount factor to minimise
misalignment between source and load side# generatorthat are supplying RF
signals to the input and output ports of teviceshould apply the RF signals with
intended power level and phase simultaneously, to the input and output of the device.
Misalignment between generators leads to set the load imgetaboY during the
misaligred period, therefore, all achieved power and efficiency contours will not be

valid.

To synchronise all PXImodules in a single chasgisigger Clock (FCIK) technique

is employed The TCIlk technology ensures time synchronisatacross all linked
channels and aligning the sample clock edges with a tolerance le88@has As all

modules are in the same chassis and backplane and triggers are sent via the backplane,
thus accuracy of synchronisation is better than previous NI based measurement system

in [8].

PXle 1085is a 18 slotghassis witl8 buses of trigger lirgat thebackplane that each
bus can support 6 slots of chassis, andtiagger lines (PXI-TRIGGERG7). Tosend

a trigger from ondusof chassis to another one via backplane trigger lines, specified
trigger line shald be allocated to the sendeusin NI-MAX. To synchronizeall
occupied modules, NTCIk is used and all VSTs and SMUs are set to start with a

trigger, thus all receivers and SMUs start, once they receive triggex specific
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trigger line that isallocated to themAs VST is a IQ based signal transmitter and
receiver, it can sendmarker on each IQ sample thie generated waveform. VST1

as a master slpsends out three different markers to other slave modules, and slave
modules start to work @e they receivehe desired marker through the allocated
trigger backplane. VSTs and SMUs start to work in a proper order that is safe to and
reliable to bias the device, set load impedance actively and record the data in receivers
accurately. Consequentlgeneratorl (G1) generates three markers watfiexible

delay between them. The objective to make the control as straightforward as
possible while maintaining a high degree of flexibility and synchronizing the SMUs

with VSTSs, to generate the synchized DC and RF pulsed.
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Figure3-19: Generated pulses order and pattern of the RF genevatoemployed sequence of markers to
synchronise all modules.

Figure 3-19 shows all generated pulses and applied order to synchronously bias the
deviceand performing measurementsrstly, G1 generates markeand market

during the offstate of the RF pulssnd sends theto SMU1 and SMU2, respectively.
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As can be seen froffigure3-19, SMUL1 receives the markeand starts to supply the
Vgsand then SMU2 byeceiving the markerl starts to apphys There is a flexible

time delay between mark&and market (margirnstart-cs) to applyVes and \bs,
consecutivelyTherefore, before applying thepyto the device, gate port is biased
and there is no harmful effect for the device at start of applied pulse, since current
level is controlled with \¢s. Moreover the durationlon-gs should bdargerthan Ton-
psSinceVps shouldreturn to itsoff-statevalue beforeVes, otherwise the device will
producean excessivéigh power at the output port. According to these points, the

Ton-esand Ton-psare definedn (3-1) and(3-2).

Y Y d i €QQ ad i €QQ (3-1)

Y Y awi £&QQ awi Q0 (3-2

As can be seen, the duration of DC and RF pulses are rela@dedhiatherand the
user can control the length and duty cycle of each pulagnloygcontrollable margins
between themOnce offstate of the RF generated pulses is finished, RF signals from
source and load sides are applied to the deviceinallyf after providing \és and

Vs, the Gland G2generate a specified power level a@d sends out marker2 to all
receivers and they start to acquire data, and Stbldcurrentlystarts to measured

and ks By using this method, the transistor will only be biased if the RF signal is

applied to it, thus all the factors are controlledécurelybias the device.

As can be seen iRigure 3-19 SMUs cansetdifferent voltage levels during the eoff
section of pulses, thualowing to precharge device traps before its RF operation.

This allows the study ofarious gatdag and draidag levelsby a contolled pre
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chargng of the devicdrapsutilising programmabl@re-Vgs and preVps values.For
such measurementthe Vps pulses stariater than \gs pulses during dradag
measurements, otherwise for a feicrosecondsdevice will generate high curreit

large preVps values are used.

3.6 PULSED RF SIGNAL SPECTRUM

Basic concept of pulse measurement is shovigare3-20, switching the signand
repeating the pulses with Pulse Repetition Interval (PR the timedomain and

frequencydomain of the signalhown inas(3-3) and(3-4), respectively[9].
®O WO i DO O zi'WAQL YD (3-3)
0oy 3 ro N . TN v 1w VT T ”, 7 3 mtrar “Q
©®O V6 WwRIN0 | Q@ "Q i Q’OQG—'Y"O (3-4)
Where PW isthe pulse width of the signaPRI the pulse repetition interval, and

shah(t) isatrain of pulses

Thereforegitherthe applied RF signal is CW or muttnewith its spectrum further
broadened bgwitching mechanismFigure3-20 illustrates thesimulation results of
aspectrum ot burst ofideal pulsswith no transient timghich is mentioned i(B8-4).

The length of the side lobes of its spectrumrigportional to the inverse the pulse

with, —, andthespace between the various spectral components is related to the pulse

repetitioninterval (— . Critical pulse parameters such as duty cycle and pulse width,

change the spectrum of the applied pul se
pulses ad make them narrow, the spectrum of the signal spreads in the frequency

domain.
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To analyse the spectruaf pulses, CW pulses with centre frequency at 1.8 GHz and

3 % duty cycle are generated and directly applied to the recEigerre 3-20 shows

the spectrumof consecutive pulses when all the generated pulses are captured in a
single acquisition window, howevdtigure3-21 showsthe spectrum of each RF pulse

separatelyor two different pulse widthvith the same pulse repetition rate
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Figure3-20: Time domain and spectrum of pulse measuremny cycle=20 %,PRI=1Qls, PW= 2us, sample

rate= 50 MS/s, sample per average= 6 k

As expected, by increasing the pulse width of the signal, width of the lobes of the

generated pulses decreases and power of the main increases by
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Figure3-21: Analysing pulse width effect on eptrum of the pulsed signals.

3.7 RF PULSE ACQUISITION TECHNIQUES

Pulse measurements are typically based on two fundamental acquisition techniques

applied by NVNAs and LSNAs and other commercial technolddi@s

1 Narrowband technique

1 Wideband technique

In thenarrowband technique, receivermdot have enough bandwi dt
lobes of the applied pulse, an IF filter is usedstatethe centre freguencyof the

spectrum thus at the output of the IF filter, a scaled CW signabeserated
Consequently, there is not any limitation toralysing narrow pulses, howevthis

technique affects the dynamic range of the system. Smaller duty cycle, lower dynamic
range will be achieved, as by decreasing the duty cycle (increasing the PRI) the

average power of the pulses gets smaller and Isign®ise ratio decrease$he
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degradation in dynamic range of the measurement can be expressgdt as
I T CQ6 &xod w.MBreover there is no need to synchronisethe al yser 6s s an
with incomingpulsesand usinga data acquisition triggeil his technique is typically

known as spectral nulling acquisitiptQ].

Therefore, when duty cycknd drive level arbw, measurement will not be accurate
and ypically, averagingacrossmultiple measurementss performed to increase the

accuracyThisisreferreda8B pud s®ensi[l0. zat i ono

The second technique that is usedobtain pulse measuremesjtis the wideband
technique As the utilisedreceivers have a widéandwidth, tley canrecordmost of

the side lobs of the pulse signals spectrum and all the energy of the signal is inside

the bandwidth of receivers as shown kiigure 3-22. Therefore, in this approach,
synchronizationbetween the pulses artler ecei ver 6 s acqgan siti o
important requiremerjtL0] to account foany delag between the detected pulses and

the pulss at the DUT input and output terminals.

Theadvantages of this technique drgh-speedmeasuremensimplicity of testset
and no loss in the dynamic range of the measurement systent,ithasnorerobust

technique when the applied pulses have low duty cycle and powes: level

However, as remversare required tdave alargerbandwidth, itexhibitsa higher

noise level in comparison witmarrowband techniqu&histechniques alsoseverely
restricedwhenthereceiverémaximum instantaneous bandwidth is not high enough

to measure the narrow pulsésthis thesis wideband technique is employed as VST
provides up to 1 GHz instantaneous bandwidth which is enough to measure narrow

pulsesdownwith pulse widths of only a #& nanoseconds
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Figure3-22: Narrow band and wide band detection techniques for pulse measurements

3.8 VST SYSTEM RF PULSE ACQUISITION FEATURES

VST possessesomeunique features to perform pulse measuremditts.wideband
detection techniquds utilised differently in VSTs in comparison with other
commercially available pulse analysehs.the VST systemthere is a on¢o-one
correlation betweegenerated and maa®d pulses which are fully processes during
the time between pulsedowever, in PNA based pulsed measurements there are some
skipped generated pulsesrerordall measurement poinfd 0], andin LSNASs, to
record enough samples to take FFT, multiple pulses are geh8iageskipped pulses
during the consecutive measurements increase the measutaneemoreover,to
analyse and investigate the trapping and memory effect, it is crucial to have

consecutive pulse acquisition without any skipped pulses, sinapatigd RF pulse
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with time constants often largerat the pulse repetition intervatterrelatesnultiple

traps andanalyser should record it.

Another important difference between VST and other technologiats ikarge
instantaneoudandwidth.As summarisedn Table 3-2, it can measure accurately
pulses with at least 5 iisne resolutiorat centre frequencies abo¥eGHz In contrast
other instruments such as LSNdNVNAs with significantly lowelinstantaneous

bandwidthemploystitching techniqugto measure narrow pulses.

Typical pulsemeasuremeninstruments measungithin the frequency domairand
compute theime-domain dataandin contrastto VSTs, which measuresamples in
the time-domain without the need taransferthe acquired samples to freency

domain.

The employed VSTs with the part numideXle-5840 have ananalogueto-digital
converter witli6-bit resolutionon receiver sidewhichis accurate enough farovide
meticulousme asur ement data f or sclhisalevalotbi r i si ng
resolutionis higher than anyurrently availableNVNA and reaitime sampling

scopeswhich provide up td.0-bit resolution.

The developedvST-basedsystem canreadily perform dfferent types of pulse
measurements such as pulisgulse,sampleby-samplepulse profiling atthe entire

RF pulseor specificsections ofthepulsb y changing the acquisit
and staihg point. During pulse profiling measuremerttje acquisiton window can

start before RF pulseme appliedo the device to cover rise and fall timgth the
acquiredsamplesare grouped togeth@nto smaller time sectionshenprocessedo

obtain agroup average to increase the sigioahoise ratioTo analyg differenttime-

slots of the pulseand minimise the emory requiremenfsheac qui si ti on wi n
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length and delagreset to only capture the samplestbaspecific sectionSystem is
capable to conduct 500 measurements wjithio 6k sample per averagel2 M total

samples)n a singleexecution.

3.9 VSTsRF PULSE GENERATION METHOD

VST provides full access to settings of generated waveforms. 1Q samples of
waveforms are defined mdedicatedscript, to tailor the envelope of the signal, thus

a different type of stimulcanbe appled to a device such as pulsed CW and pulsed
multi-tone.The script can be fully synchronised with the DC putfabe SMUs and
acquisition windows offte VST. In this sectionsome ottheapplications of definable

IQ-based signalarementioned

3.9.1 PRE-SHAPING PULSE

Tailoring the generated signals allows applying-giteaping to the generated

waveforms tadeterminethe performance metrics of the devateh as linearity.

For exampleFigure 3-23 shows the4 W device response to a pulls€W stimulus

As expectedihe devicedoes nothaveconstantrespoise inthe time domain and its

output varies within the pulse. To compensate this variation and obtairiingd
response from the device, the output of the device is reversed and applied to 1Q sample
generator function, thus applied gleaped pulsked © have fix response at the output

and eliminates the variation.
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3.9.2 MULTI-TONE PULSE

In the script generator of the VST system, user can d#éfemeumber of the tones,
their frequencies, power levels, and initial phad€sbased generator gives this
opportunity to readily generate a pulsed signal with any number of tones, that allows

to carry out various interesting measurement.

3.10KEY PERFORMANCE METRICS OF RF PULSE

MEASUREMENT SYSTEM

In this section, some of the paramopatformance metriosf RF pulses is presented.

Rising and fallingtimes of generated RF pulsepulseto-pulse stabity and phase
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alignment of consecutive pulses areestigated to validate PXte 8 4 elélsility of

pulse generation and acquisition

3.10.1RISING AND FALLING TIME OF RF PULSES

To clarify thetransientime of thegenerated RpulsestheVST generator is directly
connected to th&/ST receiver andhe sampling rate of the receiver is set to the
maximum ratg1 GS/s)with the acquisition time window set tapturethe entire RF
pulse including the transients. Within this measurement modehe reeivers
effectively acquired ameasurement every 1 ns. The sampling raf the VS
generator is then varied to obsetlie impact on the RF pulse transiem{s.Figure
3-24 indicates the transient time of generators decreafem 1.65us to 80 ns by
increasing the sample ratetbke generator from 5 MS/s to 100 MSIa.both cases,
generator requires time equal to generate 8 samples to settle the power in the intended
level. The required time to increase the power level at the start of the pulssseme
asthefalling time at the end of the pulsigloreover, to chage the power level of the
generated pulse, the generator produadesit11% overshoot ahe edges of an RF
pulse, which isn line with thetheoreticallypredictedGi b ph@romenont-rom the
above investigations it can be concluded that the VST gene®isufficiently fast

to set accurately the required power level in less than 100 ns.
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Figure3-24: Transient time of pulseshen generator hawo different sample ra sample rate_ R=1 GS/Bin=
3 dBm

3.10.2PULSE-TO-PULSE STABILITY

To ensuresynchronisation between the various pulsed DC and RF signal generators
and receiverss important taobtainhighly repeatablgulse trainsAny deviationfrom

the set values Wimake it difficult for the various pulsed data stras and undermine
measurement accuracgonducting repeatable bursts of pulseslsoa paramount
factor in some applications such as raatems whermadarswant to detect intended
targetsRadargeceive echoes from the targettso from surrounding objects suah

trees, buildingsand ocean waves. However, signal processing in advanced radar
systems can detect asdppress unwanted reflections by comparing the phases and
amplitudes of successivelmes andntended targetConsequentlypulseto-pulse

stability is an important metric ghase and amplitude stability of the pulse generator.
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To measure the stability of the phase and amplitude of the pulses, a burst of pulses
with the same power andase level is applied to the passive device, and receivers,

acquire the section of the consecutive pulses.

Phase and magnitude stability factors are mentiongdSnand(3-6) [11]

5@ 1 100 6 6 "0 i D 5= - (3-5)
Where—is phase of i th pulse and N is the number of consecutive pulses applied to passive

device

p

6 anaQboQLQ QI D U 5 0 0 (3-6)

Where! represents magnitude of i th pulse.

Figure3-25 shows pulsdo-pulse stability of the VST system. Tweasure the pulse
to-pulse stability of measurement systelfi) consecutive pulses with 3Q, pulse

width are generated and different points within the pulse are selected to track the pulse
to-pulse stability.The sampling rate of VST systenboth the geerator and receiver,

is 100 MS/s andhe RF pulses areapturedthrough consecutivetime acquisition
windows with a duration 080 ps. Figure3-25 shows phase and magnitude stability

of VST increases within the pulsdye to the power settlingt the start of the pulse.
Phase stability of the VST at the start of the pulsd7sdB and declinedy 4 dB

within the pulse which meartbe deviation of the phase is less thah degreeThe
magnitude stability of VST at the start of the pulsess dB and it plunges té0 at

end of the pulse.
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Figure 3-25: Pulse to pulse stability of magnile and phase dlifferent sections of the pulsé?W= 300us,
generator sample rate= 100 MS/s, duty cycle= 3 %.

3.10.3MINIMUM AND M AXIMUM RF PuULsSeE WIDTH

VSTs maximum sample rate in generator and receiver side is 1.25 GS/s, thus it can
provide stimulus to the device with the minimum pulse wiotl0.8 ns anda
flexible duty cycle. Assessing the device with such narrow pulsasiigeresting
opportunity to characterismyrapid phenomenaithin a DUT. To explorethe RF

pulse width settings in the nanosecond rangthe VST @nerator is connected
directly to theVST receiver anénarrow pulsevith an8 ns pulse duration and the
power step fronb0 dBm is generatedrigure 3-26 illustrates the accuracy of the
generated pulsandas can be seethe RF power is settkerapidly totheintended

level afterabout2ns This demonstratebat nanesecond pulseesolutioncanbe

achievedemploying ligh sampling rate athe VST generatas. It should be noted
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that any averaging of multiple samples across a single patsames difficult for
swch narrow pulses consisting of only a few samples. This exptaarelatively
high level of noise within the measured data around the obses9atBm power
level. If necessarythis can be mitigated by performing averages across multiple

measured RF psés.

0 e 1 [
g ‘ 8 ns pulse width with 10 % duty cycleL

Power (dBm)

0 6 1013 20 30 40 50 60 70 80
Time (ns)

Figure3-26: Narrow pulse widttaccuracy, sample rate of generator and receiver = 1 GS/s, PRI= 80 ns.

Modifying the RF pulse duty cycle allows to investigdteself-heating effect on the
performance of the device at different pulse width conditions, thus implementing a
measurement system widhvariable duty cycles anoperational way, to characterise
the device Figure 3-27 demonstrates thafSTs capabilitythe range of RF pulses
consisting of varying pulse width and duty cyclesfdat, the only limitation st for
maximum pulsewidth andthe duty cycle is the finitehigh-speedmemorystorage

within the system.
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Figure3-27: RF pulses with different pulse widths and duty cy,céesnple rate of generator and receiver =100

MS/s,

3.10.4AMEMORY -

FRIENDLY ACQUISITION

Figure3-27 also showshelarge number campleswhichacquirel during RF pulse

measurements artdkea significant amount afnemory and RAM othe processor.

Memory usage is aeverelimitation within the system in conductingonsecutive

measurementat a high sample rag as maximum supported RAM &1 GBwithin

the PC-based chassis controlleXle 8880. In pulse measuremehg off-state of the

RF pulses does nabntainany intendednformationasits key purposes to keepthe

device coal For this reason, the efftae of typical RF pulses constitutggically

more than 97% of the RF pulse sign@nly a small fraction of the oftate data

shortly the falling

transienis considered to include useful information about the
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device.To minimise the storage of irreleviattata the concept alquisition windows,
that are separately defined and setup for the VST reeseiVdris allows for the
acquisition process to be focusedimiormation of interest only. As mentioned in the
synchronisation and triggering sectidhe start of the acquisitioncontrolledby a
dedcatedtrigger, which initiatesa userdefined acquisition windowhat can acquire
dataat differenttime-slots of the pulsévioreover thenumber of acquisition windasv
can be seby the userto record all the intended parts of the pulSer instance, it
allows for theacquisition to focus on the start and end of the RF pulseliareard
the more constant and repetitive device perforraamthe middle of longer RF pulses.
Figure3-28shows the recorded samples of all receivers with utilised technique, as can
be compared witlfrigure 3-27. Theacquisitionis carried outit, thesamel00 MS/s
sample rate that typically is used in this the&igenerated signatith a 10 ms pulse
repetition interval (PRIand 3 % duty cyclevould produce 4 million samples per
pulse durationHowever,when employing the acquisition windowechnique only

120 k sampleseed tdbe save@nd processed his technique leadis todecreas¢he
memory usage ofthe system from32 Mbyteto 0.96 Mbyte forperforming one
measuremerdf a single RF pulséThis reduction has been achieved by focusing only

on informationbearing sampleand will scalewith an increasingduty cycle by
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Figure3-28: Recorded data in specific part of pul$esm all receivers, to show the reduced amount of recorded
samples in comparison with normal acquisition of pulse

3.11VERIFICATION OF MEASUREMENT SYSTEM

Calibration applies toaw daa that has been delayed and attenuated by imperfect
passiveelements othetestset[12]. In nonlinear measurement systems, obtaining the
absolute power calibratn of each receiver, is important key, thus an absolute t
port calibration[13] has been implemented within the control software of designed
measurement system. Embedding anebmidedding routines are also included to
extract information of package and intrinsieviceplanes. Theeference planes of
calibrationcan bemove toward the deviceusingvariouscalibrationtechniqueghat

are explained indetail in [14], which has beenmplemented witin the control

software for an NI-based VSG/SA system.The calibration routines have been
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expanded to allow fahe calibration of the NI VS-based systenwhich carbe now

carried out using CW and pulsed RF signals

3.11.1RECEIVER PHASE CALIBRATION

Due to the difference in signal paths of the LO, the ADC sample clock and different
internal temperature for each receivérarsng common LO and a common reference
clock does not guarantee sufficient phase coherence between re¢&blerso
combat this problem, receiver calibratisrdesigned and applied to the receiJé&rg

to extract the relative phaseatbn between receivens this calibratiortherecorded
phase from all receiversare compared with reference receivein our case it is the

fifth receiver VST5. Figure 3-29 demonstrates the details of receiver calibration
measurement setugigure3-30 showsthe relative phase relatisbetween the VSTs
overa 1-6 GHzfrequency rangeThe phase rotation signifies a subsampled dataset

due to the finite centre frequency resolution.

Gl@ 20 | 630 G4 © G5 ©

CNTLR | VST1 VST2 VST3 |VSG | VST4 VST5 |[SMU1SMU2

Rl@ R2@ R3© @ R4@ RS@ @ @

This cable connects to all receivers
and power meter

Figure3-29: Connections of test set in receiver calibratimnmeasure the delay between the received signals at
all receivers.
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Figure3-30: Phase relation between receiverken receiver 5 is the reference receiver.

Moreover, within this calibratiorpower alignment between the receivers and power
meteris achievedFigure 3-31 compares the power of the VSTs and power meter

reading for aforementioned frequency range. As can be seen the power difference

varies up to 3 dB.
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Figure3-31:power alignment betvem receiverand power meter

To verify the accuracy of the performed calibratio®Xle-5840system, some of the
small and large signal calibration results are shown in this sedtims.calibration

also considers the attenuation at all receiver paths and take them into account.

As explained, this calibration is carried out to measheephaseelation between
receivers and extract power alignment between them, thus type of excitation signal is
not important and does not have any difference to apply pulse or CW signal to perform

it.

3.11.2SVALL AND LARGE SIGNAL CALIBRATION

TRL (Thru, Reflect, Linekalibration isconductedver the frequenc$ to5 GHz

Smaltlsignal and extended calibratiare carried out to measure the error coefficients

of testset. Detailed explanation about conducted calibration is providdd4in
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Firstly, TRL calibration isconductedwith pulse and CW RF signate show the
impact of different types adtimulus on the error coefficients of the test.Figure
3-32indicates the differences of achieved error coefficients of theéesinder pulse

and CW conditionsOne set of error coefficients are measured under CW condition
and another one are meastiwhile RF pulsed signals with 5 % duty cycle and 300

Us pulse width are applied to tesdt and-Qshows the deviatioof error coefficients

under pulse and CW conditioriBhe negligibleamount of eack-Qclarifies, testset
response is independentfm appl i ed sfacginiadxpgeded toyhseave | n
this behaviour as during calibration, all measurements are performed on passive
devices (Thru, Short, Linggnd their response are independent from applied signal
Moreover, to verify the appliechlibration, its output for calibrated short and line are
presented in Figure 3-33 at both pulse and CW conditign&hich shows applied

measurements are calibrateeé testset correctly.

08

06

0.2

Short CW
Short Pulse
08¢} Line CW |
= |ine Pulse |

Figure3-32: Short and line result of pulse and @Alibration,sample rate=100 MS/s, sample per average= 15
K, Pn=5 dBm in pulse mode, PW= 3Q@s, duty cycle= 3 %
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Figure3-33: Error coefficients of testet under pulse and CW conditions, sample rate=100 MS/s, sample per
average= 15 K, = 5 dBm, in pulse mode, PW= 3p8, duty cycle= 3 %.

3.12MEASUREMENT SYSTEM PERFORMANCE

To assess the systemds performance and t
measured data, dynamic range, standard deviation, noise floor and the quality of
the samples distribution, were performed and resuésllustrated in this s#on.

Measuremenprocedure of each performance metrialso listed

3.12.1NOISE FLOOR OF THE M EASUREMENT SYSTEM

Assessing thaoise floor ofthemeasuremenndicates the lower boundary aécurate
measuremestand itbecomes more important for investigating the intermodulation
distortion (IMD) of the device, as higher IMDs are close to the noise level of the
measurement system. Hence, to analyse the IMDs and determiningnthisenfloor

of the measurement system slibbé evaluated.
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Pulsed twetones measurements with 3 % duty cycle and 300 us pulse width are
performed on the 4 W GaN device and spectrum of the output of the device is shown
at Figure 3-34. It depicts twetone measurements with a 0.5 MHz and 10 MHz tone
spacingwhen the first tone is 1.4 GHZ he signal with the lower bandwidth was
sampled at 10 MS/s with 600 samples per measurement using aadguisition
window. The resulting noise floor is bele®b dBm. For the second signalsampling

rate of 200 MS/s is set with 12 k samples and a 60 us long acquisition window. As can
be seenthe system allows to establish an effective noise floor bel®vdBm, which

is sufficient here for the investigation of ileiodulated distortions (IMDs) up to the

7t order.
A3 ' | | 1 | ' i =
Bandwidth=10 MHz
-30 Bandwidth=500 kHz
’g -40 1
m
S -50r 1
o) I ]
=
®)
o

45 35 -25 15 505 15 25 35 45
Frequency (MHz)

Figure3-34: Noise floor ofthe measurement systewith two different bandwidths, and salepatesSample
rates= 10 MS/s, bandwidths= 0.5 MHz, 10 MIR¥NV= 300us, duty cyle = 3% 4W device, bias point=1.6 V,
40 V), acquisition length= 6(s.

Noise floor of the measurement system is dependent on the sample rate and sample

per averageFigure 3-35 investigates the relation of the noise floeample rate and
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sample per averag8ample per average effect on noise floor is driven while sample
rate is fixed at 200 MS/s and for measuring sample rate impact on noise floor sample
per average is 12 K.o measure the noise floor, input power of apppetsed twe

tone signal is decreased, and spectrum of the signal is analysed to find the minimum
power which can be meaningfully detected from the other terms at the spectrum of the
device.lt expresse$or increasing sample per averagedeclinng noiselevel ofthe

measuremergystemwhich is in line with theory as noise power decreases by factor
of- ¢ ip m 1 T &£ where nis sample per averalylreover,ncreasing the sample

rate by fixing the number of the samples per averpgelucesa highernoise floor

and decreases the accuracy of measurerBat curvesshow that ultimately the
accuracy of the measurements is determibgdthe time over which a rsgle
measurement is carried tourhe total measurement timgan beincreased ifthe
objective of measurement is close to noise floor, thus by averaging the measurement
results accuracy of the system can be increadeel.graph belovdemonstrates that

the averaging for the measurement system has been implemented correctly
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Figure3-35: Noiselevel at different sample per average, bandwidth = 10 MHz, pulse widthgs3@ity cycle=
3 %, sample rate= 200 MS/s and sample per average /@ ldevice, bias point=1.6 V, 40 V), acquisition
length= 60us.

3.12.2STANDARD DEVIATION OF THE MEASUREMENT SYSTEM

Thestandard deviatiois a measure that is related to theasurement noigmor that
can be readily determined from acquired samples thaitaaénedwhen performing
averaged measuremenit has beenleterminedvhile measuring theundamentaCwW
outputof a4 W GaNdevice All other settings arhe same as applied measurements
atthe previous sectionin this case the sampling rate legnvariedfrom 100 MS/s

to 1.2 GS/swhich results in d@rop fran -65 dB to -55 dB if the number of averages
per measurement remains fix@lkS), i.e. the acquisition windows continuously
shortenedThischange in noise floor and standard deviation can be contoleden
compensated by the choice of samydesmeasurement-igure 3-36 demonstrates

this by varying thenumber ofsamples per measuremdram 2 k samplego 21 kS,
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however,the standard deviatiomemains constanmbver the entire range of utilised

sampling rates

Sample per average (KS
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Figure3-36: Standard deviationf systemunder pulsed condition. CW signal frequency= 1 GHz, pulse width =
300us. sample per average =4W8h varying sample rate, sample rate:200 MS/s with varying sample per average.

This agrees well with the theory because an increase in averaging does not decrease
the noise floor but allows for a more accurate cancellation of the noise contributions
contained within each measured samglbe impact of the IQ sampling rate on the
measurement system was also assessed. Assuming a constant noise power spectral
density, the noise in dB should rise with the instantaneous measurement bandwidth
(BW) by p m & ¢p @6 w 8Therefore, a drop from GHz to 100 MHz should

improve the signalo-noise ratio(SNR) by about 10 dB. This lines up well with the

depictedmeasurement results.
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3.12.3DYNAMIC RANGE

Thedynamic range gbresented measurement system has bealuatedRegarding

the dynamic rangdive harmonics othe 10 W Cree device have been measured over

an input power range @f5 dB from -25to 20 dBm, asshown inFigure 3-37. The

fundamental frequency dIGHz andfive harmonics wereehosen tomeasure the

dynamic range of the measurement sysidrite the device was terminated into%Q

The measurement resulthiigure3-37illustratesthat the dynamic range of the system

approacheg0 dB.
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Figure3-37:Dynamic range of measurement system, sample per average = 6 k, sample rate = 100 MS/s, PW= 300
us, duty cycle = 3 %obias point=43.5 V, 28 V), frequency= 1 GHz, 3 dB gain compression point, terminated at

50Y, 10 W device

| t cl ari fies measur ement

range of power sweep at different frequencies.
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3.13CHAPTER SUMMARY

An advanced higlirequency measuremesystem thatanconductdifferenttypes of
measurements such aslg®) pulse profiling, C\Wand multitone active loagbull
measurements, has been presented and validated. All madelesatedin a single
chassis with providingiccurateand efficient synchronisatioand a high degree of
customizationThe systentanreadily be reconfiguredand delivers a higkevel of
flexibility, which provide for a softwarelefined nonlinear measurement system. In
addition someimportant specificationsf the PXle modules are pointedit which
can affect their operating mechsms. Unique features ofthe developed system to
perform the pulse measurements are introduced and compared with other existing
pulse measurement technologa® the employed method to generate and analyse
the RF pulses ipresentedn details Key pulsemeasurements performance metrics
such as pulséo-pulse stability, RF and DC transient tinad nanesecond pulse

width accuracyare evaluated texpresghe reliability ofthe system.

Critical metrics of the measurement system debeen assessed, to arsthe

measurement systemascurate measurement boundaries

All applied calibration to the receivers recorded samples are shown to verify the
me a s ur e mefrom &&GHez Ehs hdsé relation between different receivers is
extracted by applying theeceiver calibration then, TRL and extended calibration
change the calibration plane to the device packet plane and account for the phase
rotation and attenuation producedthg testset. Furthermorethe designed RF test

set has been explainadd its omponents are introduceld can deal with up to 100

W devices and can characterise baseband, fundamental and second harmonic of the

device. The ceveloped tesset is designed to minimise the usage of cables and
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connectors to reduce thpdhaserotation and loss. A PRS is designed and developed

and calibratedo provide harmoniinvestigation anextracting the phase difference

between fundamental and harmonics of the device.
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CHAPTER 4: TIME VARIANT LINEARITY AND OUTPUT
POWER OFGAN DEVICE

4.1 INTRODUCTION

As Time Division Duplexing (TDD) access to channels in modern wireless
communication systems is becoming prevalent in areas with limited frequency
spectrum, it is of growing importance to characterise and understand dynamic RF
changes that are introducey the RF pulses and used for establishing bidirectional,

i.e. duplex, communication. The resulting gain in information can then serve to
identify ways forward for optimizing their performance under pulsed RF conditions.
Envelopedomain characteristics ohe GaN devices, illustrate the variation of the
output of the device at DC and fundamental frequeritied for varying RF signals.
Figure4-1, shows the variation of the output of the device, that can change the large
signal behaviour of the device and can lead to a decrease in the optimum performance

of the device.

Different phenorena can be the reason for the observed variation in thedbmain

behaviour of the device, such as trap charging level, thermal ariesgiig effect.
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Figure4-1: Measured otput of the 10 W device itime-domain at 1 dB and 3 dB gaiempressiog sample
rate=100 MS/s, terminated at %0 bias point=+3.5 V, 28 V), frequency= 1.4 GHRPW= 300us, duty cycle=3
%.

In physics of the device, traps restrict the movement of electrons and holes and they
are distributed within a semiconductor, and classified to donor and acceptor types
based on their behaviour in accepting and releasing carrier to the c[@nfdiey

affect the output current of PA by capturing (emitting) the electrons from (into) the
channel. Their activation occursthin different timeslots of the applied signals and
there is a difference between charging and discharging process. Therefore, at the start
of an RF pulse when the traps of the device are not charged and the device is in cold
condition, the output of theedice starts from a higher level and only after a few
hundred micro seconds the device response can be assumed in-gtsteaciyndition
producing constant output as can be sedfignre4-1 after about 60 microseconds,

output of the 10 W GaN device is in steatgite condition. However, the specific
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establishment of the constant power levels device varies, and varying between a fall,

rise or a constdroutput power level within an RF pulse.

Figure4-2 illustratesthecross sectionf the device with traps, as various trap centres
exist in the buffe layer of the transistor and their time constants are different, then
during applying RF stimulus to the device, as the applied voltage varies fast, thus,
traps charging | evel can vary over ti me.
the device atput behaviour can be affected over a wide range of frequencies, thus the
trapping effect not only changes the INCcharacteristics of the device but also can
change the RF performance of the device from DC to fundanjdhtéinalysing the
trapping effect on RF performance metrics of the device such as output power,
linearity, and intermodulation distortion levels (IMD) can be beneficial for RFPA
designers, and provide valuable information for the design and development of RF
devices. Therefore, it is essential to develop a measurement system to characterise the
aforementioned behaviour of the device and conducting the complex measurements at

higher frequencies.
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Figure4-2: Schematicrepresentation of the devic8ize of different regions are not scaled for illustration.

This chapter aims at utilizing the new measurement system for the characterisation of
RF device behaviour under pulsed RF stimulus utilising a combinatiorisgfcdoDC,

pulsed RF and pulsed logadill measurements. The correlation between the
established and reliable pulsed DC measurements and the newREIsed pulsed
load-pull measurements will be used to verify the new measurement system. A further
verificaton will be established through comparisons with previously reported pulsed
RF data. To demonstrate the capability of the new measurement system new
characterisation technique are developed with the objective to shed new light on traps
and their impact owlevice behaviour. In conjunction with these characterisations a
novel technique will be investigated allowing to mitigate the effects of device traps by
utilising the slow discharging processes associated with-ldgeptraps within the

buffer or substrat as a new operation regime for pulste PAs.

In this chapter, procedure of conducted measurements is explained in detail, then DC

characteristics of 4 W and 10 W PAs are provided to illustrate, how traps of the device
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react while operating the deviceditferent output power regimes and how the-DC

IV characteristics of the PA varies in timdemain under various pieharging levels.

These data are also used to verify the further observation of RF pulsed and RF pulsed
load-pull measurements. As develope@asurement system allows to perform RF
measurements at different timeslots of pulse, this unique feature is used, for the first
time, during conducting active logulll measurements to track the optimum load
impedance of the PAs within the RF pu[& and track the important largggnal
performance metrics of the PA such as output power, source impedance (
optimum load condition. During aforementioned measurememtsus gatdag and
draintlag levels are applied to the PA to measure traps effect on the load optimum and

input impedance variations.

Employing developed measurement system under pulsed-tongti condition,
provides capability to investigate the tragffect on the linearity of the PA. dmand

and outband linearity of the device are investigated over a 15 dB input power dynamic
range by applying different dralag levels to the PA. Moreover, novel measurements
are designed to measure the variation BViid the device in timdomain up to ¥

order.

Based on the measured behaviour of the PA bylpaeging the traps variation of the
input and output of the device degraded, and device linearity improves. Thettedore,
pre-charging technique is proposad an approach to tackiee losing performance

issue in this chapter.
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4.2 MEASUREMENT PROCEDURE FOR PULSED STIMULI

In this chapter, different types of pulse profiling measurements are performed at
various draidag, gatelag, and package temperature levels perform pulse
profiling measurements, instead of measuring the whole of the pulse width, two
acquisition windows are set to start and end of the pulse to record 60 ps at different
sections of the pulse, although, the RF acquisition window can spantitieeperse
duration, which results in a significant amount of measured data. To exclude the
generators power settling ripples, a 10 ns delay is considered at the start of the pulse

for receivers to statheacquisition.

The cevice is biased in pulsed catidn by applying two pulses to the input and output
of the device. ¥s pulse width is set to 420 us atite duty cycle is 4.2 % and pé
pulse width and duty cycle are 360 ps and 3.6 %, respectiMedge values for pulse
widths of DC & RF signals let u® analyseslow mechanisms in PA0 ps delay
considered between DC signals and RF pul
effect and have stabledafter biasing the device. The observed behaviour at the start
of the pulse is not affected by var@tiof the DC signal and comes from applying the
intended RF signal&igure4-3 representspkand \bs variation in timedomain once
pulsedRFis applial to PA. As it showby considering 3Qus delay between RF and
DC pulsespPC signals impact o is disappearednd our observation at start of the
pulse relates to RF pulses impact on de\kagure4-4 shows the device state transient
diagram during the prbias and bias conditions. During the gktg and draidag
investigations, traps of the device are charged byplsing signals. Pr¥gsis set to

less than pincloff voltage, to keep the device in cool condition while charging the

traps. All timing pararaters and triggering of DC signals is set, to avoid producing
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current before applying RF signals to it, thus in dtagnmeasurements when thejpre

Vps is set to nofeero values, Ws pulses start earlier thanc¥
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Figure4-3:Pulsed bs and \bs variation in timedomain at the presence of RF puB&s point=¢3.5 V, 28 V)
10 W PA, terminatedt 50Y , RF duty cycle 3 %, PB=(0 V,0 V).

In this chapter two different GaN devices with various desigrb&asing technology
and manufacturer are used to investigate trapping effect and time variation of the
behaviour of the GaN device. 4 W device is biased at its typical class AB bias point
(BP) BP=(1.6 V, 40 V) and BP=8.5V, 28 V) is set for 10 W GaN dee to have

10 mA at bias points.

Firstly, pulsed CW stimulus is applied to 2 different GaN devices (4 W and 10 W) to
perform the active loagull pulse profiing measurements, to find load optimum

impedance, and analyse the input impedance of the deéeeelasection of the pulse.

Two-tone measurements with various bandwidths are performed in pulse condition at

50 Y |l oad impedance to investigate the
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frequency spacing is set t ouldewidteFigurdhe 1 nt
4-4 shows the structure of pulses used for both types of measurements. Most pulsed
RF measurements within this work have an RF puiskh (PW) of 300 us with a

duty cycle of 3 %. Any pulse widths deviating from this value are clearly pointed out.
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Figure4-4: Structure of the applied pulses

4.3 CHARACTERISTICS OF UTILISED DEVICES

In this thesis, two different GaN devices with various design technologies from two

di fferent manufacturers are meastUhised to
sectionintroducessome of their key features

10 W GaN devicehat is used in this thesis the Wolf speed10 W device and its

characteristics are listed Trable4-1.
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Table4-1: key features of 10 W GaN PA

Parameter value
Frequency Up to6GHz
Psat 17W

Gain 18 dBat 2GHz
Efficiency 70 %

Vas (-10 V,2 V)
Ibsmax 15A

Vbs 120 V range
Maximum forward gate current 4 mA

Typical drain bias 28V

Gate threshold voltage

-3V (varies-3.6 V t0-2.4 V)

Breakdown voltage

84V

0.1
il
0.08
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Figure4-5: conductivity of 10 W device under pulsed condition, pulse width=@0@uty cycle= 3 %.
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Figure4-5 shows @ of 10 W device, that is derived under pulsed DC stimMudsis

varied from-3.5 V t0-2.5 V and gm variation at differenip¥is represented.

A 4 W GaN devicewith 0.5 um gate lenth is used in this thesidt is designed to

operate at 40 \nd its features are listed Tiable4-2.

Table4-2: key features of W GaN PA

Parameter value

Frequency Up to 6GHz

Psat 45W

Gain 19dB at 1.4 GHz
Efficiency 65 %

Vas (-10 V,2 V)
Ibsmax 15A

Typical drain bias 40V

Figure4-6 shows ¢ of 4 W device, that is derived under pulsed DC stimulus.

0.03 T T T T T T
— ! I Vgg from-04Vto-1.8V

0.025 - EE———— = — — f'i"’ S—

0.02

0.015 i

£
&0 f | | I |
N e e e

(Rif S et SN EE. S S G S T — —

ot T AR S S— AR S - :

_0.005 1 | ] \ I ] \ ; ]
0 5 10 15 20 25 30 35 40 45 50

VDS V)

Figure4-6: conductivity of 4 W device under pulsed condition, pulse width=80@luty cycle= 3 %.

110



CHAPTER4 Y ASHAR ALIMOHAMMADI

4.4 DC-IV MEASUREMENTS AT DRAIN-LAG LEVELS

DC-IV characterisations are informative measurements to identify the operating
condition of the device and measuring the latarg of the different operating regions.
Initial PIVs, as shown ifrigure4-7 andFigure4-8, are carried out on both 10 W and

4 W GaN devices to identify the knee voltage, saturated area, andgfinaitage.

As can be seen, the knee voltage of devices are 8 V and 4 V, andffimoliage of

10 Wand 4 W devices ar8.7 V and-1.8 V, respectively.

)
VGS from0to-3.5V

0 5 10 15 20 25 30

Figure4-7: PIV characterisation of 10 W device, PW= 3) drain pulse duty cycle= 3,%erminated at 5¢ ,
RF duty cycle 3 %, PB=(0 V,0 V).
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Figure4-8: PIV characterisation of 4 W device, PW= 30 drain pulse duty cycle= 3%erminated at 5¢ ,RF
duty cycle 3 %, PB=(0 V,0 V).

The impact of the pulse width on the DC characteristics of the dewegresented in
Figure 4-9 and carried ouby applying different pulse widths to the device and
recoding over the entire pulse widthere DC pulse widths are varied between 200
and 600 us, while the utilised duty ¢gdix at 3 %. Starting with prbias values of
Ves=0V and \bs= 0V, designated as the gdoeas state PB = (0 V, 0 V). Achieved
result of the 4 W GaN device showssdlecreases by around 10 mA in increasing the
pulse width of DC signals, and theraigdecrease of about 50 mA when device is pre
charged at PB =10 V, 50 V), that indicates pi#t@ias condition can change the initial
traps level and hold it for at least 200 us, and decreasedhevel. After 400 ps

recorded dsis similar to the PB =Q(V, 0 V) condition.
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Figure 4-9: Pulse width effect on IDS of 4 W GaN device at differentipess conditionsduty cycle 3 %,
terminated at 5¢ .

Based on the above observation a pulse width of 3@@agschosen in this thesis as a
compromise between the maximum duration of an RF pulse and the stability of the

precharged device regime.

Measurements ifrigure 4-10 and Figure 4-11 investigate the prpulsing effect on
DC-1V characteristics of the devices at high and low output current conditions. The
high drairlag levels cause significamairiation inVr of PA which isrelated to back

gating and buffer layde, 7].
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0.6 ; I I I T T 0.04
/ | e V. =0V (0 V,0 V) —_—V =15V (0V,0V)
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/ l eV, 08V (OVOV) = = V =L5V(-10V30V) || 003
| gs gs S
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10.015

1 0.005

Figure4-10: Characterization on 4 W devices showing impact ofgh@ging on PIYPW=300us, duty cycle=
3%t erminated at 50 V.

The ascertained data indicates thafteecharged device state would affect the device
performance over a large range of RF power levels. Most significant changes are to be
expected at smalbs values close to device pindif, where RF current and voltages

of a classAB PA are predominantlipcated during large baeaif power levels.

As the duty cycle of the applied DC pulses, package temperature, pulse interval
repetition (PRI)wasfixed during the aforementioned measurements, thus observed
changes in the behaviour of the dewagcerelatedto the traps of the device as various

pre-charging levels are applied to devices.
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——V 2V (-10V,20V) £

DS

|

Figure 4-11: Characterization on 10 W devices showing impact of deajnon P\, terminated at 5¢, duty
cycle= 3 %, PW= 30fis, sample rate= 100 MS/s

DC characteristics of the devices are measured to provide deeper understanding about
its behaviour over a wide range of output power regime, at differenthairging

levels. These resugltcan bethen correlatedwith prospective results from RF
measurements to verify them. Moreqgvereasured behaviour of drdieg at both
devices is comparable with previously published articles and they repostexlar

observation about drailag impact on PIV curve, 9].

4.5 OPTIMUM |IMPEDANCE VARIATION

In this section of the chapter, a novel viewpoint in performing active-po#d
measurements is presented by combining the advanced pulsed DC and RF
measurementd’he @pability ofthe developed system allows to perform the active

loadpull measurements in different timeslots of pulse and track the optimum

i mpedance within the pulse, as system cart

rapidly process the recorded data to find the optimum impedance.
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Figure 4-12: Optimum impedance variation of 10 W GaN device over 25 dB dynamic mnfysmdamental
frequency 10 W PA, duty cycle= 3 %, bias point3(5 V, 28 V), sample rate=100 MS/s, acquisition length= 60
ps, frequency= 1.4 GH-dass AB PW = 300us.

Based orfrigure4-1 output of the PA has a significant variation that can lead to change
in the largesignal behaviour of the d#&Ee such as optimum load impedance.
Therefore, to investigate the optimum impedance of the start and end of the pulse,
active loadpull measurements are performed at 1.4 GHz fundamental frequency while

pulsed signals are applied to the 10 W and 4 W PA&ts 3@0pus and 3 %.

To perform active loaghull measurements, several sets of load impedances are
considered to achieve the optimum impedance to maximize the output power of the
device. Initial loaep u | | measurement is perfomdned ar
then the next set of load impedances are calculated by using thieaead Cardiff
behavioural mode]10Q], and starts from the optimum impedance of each spiral to
minimize the number of measurements and increase the speed of finding optimum

impedance.
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The variations of the optimum impedances at the beginning and end of the RF pulse
are depicted ifrigure4-12 over a range of output power levels frosdB backoff

to 10 dB gain compression at 10 W GaN device. As can belseperrforming load

pull measurement at fundamental frequency, while device is operat&lsay( 28

V), there is a significant difference between the load optima. This behafidie

device not only happens at different compression levels but also occurs at the deep
backoff levels. In fact, the changes seem to increase with increasingoffadkt
compression levels, the output of the device interacts with the knee voltageitThu
leads to have a variableJjfover the pulse, and the same behaviour is reported at [6].
In the backoff condition, the output of the device varies within the pulse due to
threshold voltage changes. As the bias point is in the deep class AB mgede3\b

V, Vps=28 V), the RF drive signal at backf is exposed to a strong interaction with

the threshold voltage Y causing this nonlinear behaviour. Moreover, the illustrated
results inFigure 4-10 from PIV curves confirm the threshold variation in the low

power regime can cause the optimum impedance variation in the device.

Figure4-13 shows the deviation of thiépts(0p Gpt) between the start and end of the
pulse over a 25 dB dynamic range for two differentlpes conditions. The five input

power values are located at (15, 9) dB baffkand(5, 7, 10) dB gain compression.
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Figure4-13: Difference between Optimum impedances of the start and end of the pulse at 10 W GaN device over
25 dB Pin range and two different goeas conditions, PW= 300s, duty cycle= 3 %class AB bias point={3.5
V, 28 V), sample rate=100 MS/s, acquisitiondéh= 60us, frequency= 1.4 GHz

For the PreBias (PB) condition of ¥s= -5V and \bs= 0 V (PB=(-5 V, 0 V)), the

| odd is significant at either end of the input power range highlighting the nonlinear

i nteraction of t hevoRage ttweshypld antl kneeivdltdge. THe e
changes in phase between the optima exhibit a rather linear relationship. Due to these
changes of optimum impedances for the different sections of the pulse over a varying
input power, a constant load impedance foeatire RF pulse, as typically used in an

RFPA design, will result only in a stdptimum efficiency and d3: performance.

A different prebias of \es=-10VandVbs= 50 V s h o wpsacrasham RF t h e
pulse is significantly decreased over the entrgge of output power levels with the
exception of very high gain compression in excess of 10 dB. Achieved results indicate
the variation of the optimum load impedance occurs over a widevel, and mostly

affect the device in compression and bafidevels when the device starts to interact

with knee and threshold voltage, respectivElgure4-13 illustrates buffer layer traps
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cause the observed optimum impedance variation as by applying highedyéwel
t o t h eopdedkeasesighificantly. The observed results are in agreement with

PIV results that are shown in the previous section.

Presented observations from actileadpull measurements show optimum
impedance varies within the pulse. In previous researches, activeputad
measurements were performed at different timeslots of the pulse, to measure output
power and gain, however, the load impedance was terminatefixed impedance

and they assumed optimum load impedance was fixed over the puls¢Mijdth

4.6 GATE-LAG AND DRAIN-LAG EFFECT ON OPTIMUM

| MPEDANCE VARIATION

In previous section, optimum impedance variation of the pulse is shown over a 25 dB
dynamic range, that comes from variation of the output signal of the device. Applying
the RF signal to the device, affects the channel temperature. Moreover, charding leve
of traps of device varies within the RF pulse, and these two phenomena change the
optimum impedance of the device in thidemain. In this section, by applying various

gate and drahhag levels to the device and charging the traps of the device at differe
levels, before applying intended signals to it, traps effect on optimum impedance
variation of the device is investigated. As{oterging signals charge the traps of the
device without generating dissipated power and changing the temperature of the
channel of the device, they assist to separately analyse the trapping effect on the large

signal behaviour of the device.
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Figure4-14: Gatelag effect on the optimum impedance variation of the device over 25 dB dynamic range at 10
W device, PW= 30Qs, duty cycle= 3 %bias point (-3.5 V,28 V), frequency= 1.4 GHz, acquisition length= 60
us, pre Vps= 0 v.

Figure 4-14 illustrates the impact of different galegs on the optimum impedance
within the pul s epdecrkasesdoa a dedreasing-gee wheng
considering the entire 15 dB input powange. The worstase condition occurs at
pre-bias VGS >5 V, which represents typical class A to B bias value for the device,

that shows the optimums difference is significant during these bias levels.

For investigating the dralh a g | mp a c & the measuiteraent gridcess was
repeated for different prérain voltage levels when phkéss is set to-10 V. Figure

4-15andFigure4-16 show the drain lag effect on thedp: of 10 W and 4 W devices.
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The optima within the pulse get closer together with an increasinggyrand when
pre-Vps is about two times more thamnpy(In 4 W device it was not possible to reach

80 V, as SMU modules cannot provide more than 60 V). By analysing the recorded
data from both devices, they show similar behaviouh&wariation of the optima

and a clear deease at high drailag levels is observed. Moreover, as reportd®]in
considering all drivdevels the worstase scenario occurs when{fgs is equal to

the \Vbs value which is used for biasing the device.
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Figure4-15: Drain-lag effect on the optimum impedance variation at 10 W GaN device, PWes3d0ty cycle=
3 %bias point={3.5 V,28 V), frequency= 1.4 GHz, acquisition length=p80preVes=-10 V.
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