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ABSTRACT

In thﬂs thes1s, a mathemat1cal mode 1, has been developed .

)

to pred1ct the l1near and non11near response of a microwave

GaAs FET ampl1f1er The mathemat1cal mode’] 1s based on'the?-
Volterra serjes representation of the ampl1f1er 1nput/output
response A '5/ GHz microwave’ amp11f1er has been. rea11sed
us1ng a GaAs FET device and microstrip c1rcu1ts in orderlto
exper1mentally verify the predicted response. ' .
A circuit model of the amplifier.has been desCribed
that takes 1nto account the device nonl1near1t1es and their
interaction w1th the surround1ng m1crowave circuit.* The
surrounding microwave <circuit 1is taken to consist of:the
matching' circuifs, the "coaxial-to-miéfosirib transitions,
and the d1scont1nu1t1es associated with the connectors and
dc b]ock1ng capacitors. The non11near}t1es w1tn1nithe ‘device
are estimated by least-square .fitting the modeled deéice
S-panameters t6  the measured two-port S-parameters. The
nonlinear model for the amplifier has been used to analyze-.
tho'thfrd*orden ﬁntermodolationvdistortion in the amplif{er,
for a two- tone equal amp]ifude input: signals " The
intermodulation dfstortion per formance of the amplifier has
been i;Qestigated as a function_of nicrowave'input signal
level, signal frequency, and gate-bias on the device. Good
agreement  has been obtained between: the measured and
predicted results. The analysis has been,extended to analyze
the cross moduTation distortion penformanoe, gain
compfession and ~phase deviation: of the amplifier, at
P
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increased input %ignal leve]s.
s

Ebr the tes device,”the" termoduletibn,distbhfion of.

the amplifier has been obseryed' decrease by épproximéte1y'

'6-dB for a -0.25V chan in he gate-bias A gate-bias

compens tion technique s been dev loped for 1mprovement of
_the intermodulation dis ort1on perfo mance of the ampl1f1er

\

Upto 10 dB 1mprovement d1stort1on bs been observed, over

a limited range of input s1gna1 leve]s \ . .' )

Up conversion in the GaAs FET ‘amplifier,'has been

: ach1eved by impressing an 1ntermed1ate ;reQUency (IF) signal
von to the gate-terminal of the dev1ce The Volterra-series
model has’ been applied to the analys1s of the up-eonverstWf
‘characteriétics of the ampfifier Good agreement. hasfbeen
thained betWeen the measured and pred1cted resuits in the '
cUrrent saturation ' region of device operat1on The

up conversion eff1c1ency is observed to be a max1mum in the

»pinch- of f region of the dev1ce operai1on
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CHAPTER 1.
INTRODUCTION

<

‘Intermodujatioh and cross modulation ‘distobtion of

microwave amplifiers are important parameters for

"applications in multiple-carrier telecommunication systems.

As«-input' power level to an amplifier is increased spurious
responses are generated' within the . amplifier band, thus
degrading the performance. The-thibd-order intermodulation

product (IM3 ) is of particular importance, sinéq it lies

: nearest to the signal fpequgncies and generally dominates

'the‘ distortion. Tiie- amplitude and phase response‘of‘the .
\ :

amplifier also show"noplinear characteristics; such as gain
compression  or V'e«pansioﬁ. and pﬁasg deViQtion. Thése
Honlinear characteristics result in transfer of moduTatiqn
from one carrier - to anbther for a frequency division
multiplexed (FDM) input signal. The transfer of modulation
among carriers is Kknown as cross modulation distortion.
Intermodulaffon and cross modulation distortion in.microwgve
amplifiers arise because. of nonlinearities asso¢iated'with
the elebtfqnic phenomena of Ithe activé device used for
realising the amplifier. It 1is important, therefore} to
understand  these device nonlinearities and to develop

suitable mathematical models -to study the distortion
rY .

‘perfbrmance of these amplifier§ before they are put to use



“ . . ’

in telecommunication systems.

In- recent ~years;  Gallium Arsenide (GaAs)_.Mgtal
-Semiconductor '°£ie1degffect lraneistors (MESFET) ! ,have
‘demonstrated superior performance characteristics Cas
compared -to other microWave sol1d‘state dev1ces, such as
”IMPATf and GUNN d1odes and bipolar trans1stors They have
demonstrated high ga1n,"m‘h1gher power amplification
efficiency, large bandwidths, and low noiserfigure at X-band
and higher frequencies in the microQaVe range. X-band GaAs -
FET amplifiers with’power capabjlities of 30 dBm and a
small-signal gain of 13 d? have been reported [11].
Multioctave $bandwidth.amplifiers have been realised [2].and
the design of6 a broad-band amplifier with minimum
noise-figure of. 2.2 _dB has recently been reported [3].
Significant imprOVements‘ in noise per formance have been
obtained by cooling the amplifiers. A 1.6 dB noise figdre‘
was measuned at 60°K by Liecnti and Larrick [4]. Because of
these suoerior per formance characteristics, GaAs FET devices
may be used in the near future to repiace picrowave
solid-state ~ devices and Travelling-Wave Tube  (TWT)
amplifiers in satellite communﬁcation links and radar

systems.

Recent trends in MESFET research have indicated their

e S D

'The terms GaAs MESFET, GaAs FET, MESFET and FET will be
used - interchangeably dur1ng the dlscuss1on in this thesis.
Unless mentioned otherwise, all these terms (are ‘meant to
represent * a GaAs Schottky-Barrier ‘gate Field-Effect
Transistor -
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‘use for appl1cat1ons such as m1xers [5] down-conVer&érs_[G]
- and frequency mult1pllers [7]. Further analog applications
“such as modulators and up converters are proposed All these

appl1catnons | require an® understand1ng of the device

" "RonTinearities and their interact1on w1th the microwave

VlﬂﬁcirCUit'.surrounding them. Mathemat1cal models that can be
w‘usedl‘to . predict the nonlinear behavior of GaAs FETs are
therefore of great 1nterest to microwave design eng1neers
| S1gh1f1cant developments have taken place in m1crostr1p
technology over the last two decades. chrostr1p circuits
-are particularly suitableftor use with microane'solid-stafe f
devices. Integrated GaAs FET ampllfieus with microstrip
circuits result in considerable'savings~in size, weight and
cost. In order_ to design'and realise integrated GaAs FET
amplifiers with | minimum  circuit tuning; ~accuratd
characterisation procedures .are« essentialn ‘The use of
computer aided design (CAD) techniques allows simalation of
the amplifier response before the amplifier is actually
fabricated. In this thesis, an approach is described for the
accurate characterisation of a GaAs FET device. A 6 GHz
integrated GaAs FET amplifier has been designed; realised
andlﬁmodeled using a CAD program. A nonlinear model has been
derived from computer reduction of,measured‘deVice data, and,
the nonlinear performaace of the amplifier has been

-predicted.



1.1 H{stdfical-BackgboUnd

Field-Effect Trénsistors'usiég.p-n junctions were first
developeq at :Be11 Labs. by Shockley'[8] in'1§é2. 1t was
recognised by Shockley-7that FET performance woﬁ1d be more
efficient . at higher freququies« as compared to that of
bipolar transistors. The GaAs FET with Schottky-barrier gate
was proposed by Mead [9]) fér ;microwave ffequency
applications. Gallium Arsenide is pargiculafly suitable at
high f}equencfes because the mobility of e]ectroﬁé is
approximately ‘'six times greater ' in GéAS'thaﬁ in silicon.
This results in a larger transcohductange'in GaAs FETs,
shorter transit time of electrons in the channel and a
smaller chazpel resistance. 'Athher' significant factQ?
contributing towards appicationsi of GaAs FETs at microwave
frequencies has been the technologicé] improvement in
producjng micron- and submicron-length gates. The reduction
of gate. length reduces thé gate capacitance, increases the

maximum frequency of oscillation fm . increases the device

ax
transconductance and reduces the noise figure. In 1970,
first results of . a 1 micron GaAs FET with anfnhx of " 50 GHz
and an use:ul gain upto 18 GHz weré pubished [101.(11]. The
firsf X-b;nd amplifiers with GaAs MESFETs were demonstrated
in 1972 [12], {13]).. Subsequent research focussed on
developing better devices with higher iy’ better

characterisation procedures, synthesis of input and output

matching circuits to realise very broad hand ampiifiers’
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[14), and increasing use of compager aided desigh programs

[15], [16). An excellent review of the developments in GaAs

FETs up to 1976 with an extensive biblog:ap v is available
in the literature [17]. . .

-1n recent years,.Bécausé of the 1érge\dynémic rﬁngewand
low noise broperties,of GaAs FETs{ the nonlinear ‘phenomena
associated with the aéVice is be%ng exploited for system

applications such as mixers, frequency converters ‘and

multipliers. Different Tanalytical approaches have been

suggested by various workers for nonlinear analysis of Ga¥s

»

FET devices. These approaches are based on three distinct

modeling philosophies; they are: a) Device physics approach,

b) Quasi-linear analysis apptoach, and c)Frequency-domaing

amé]ysis approach.

~The device physics. approach ‘is basic to the phy§ical§
operation of the device It consists of obtaining a solutiénf
of the charge transport équations forprescr ibed boun‘daryi
conditions [8],[18]., The approach has been extended for
nonlinear analysis by Madjar and Rosenbaum [19]. The resu]ts;
are related to the physical parameterg‘of the device such asf

device dimensions, doping density and doping profiles. The

approach is very useful for the understandihg of device
operation, but requirgs extensive computer time and i§
inconvenient for aniengineer or designer to use.

The quasi-linear approach for distortion analysis of a
GaAs FET bhas been‘developed by Willing et al. [20] and is

based on circuit characterisation of the device. The

A

&



B ANy

nonlinear intrinsic elements within the device are expressed ;
as a function of gafevt9¢source voltage V... and ’;
drain-to-source voltage VDS' A numerical method is used to ;
find time-domain voltage and current waveforms within the
device, which are then Fourier analyzed for various
frequency components. This approach normally requires a

large amount of computer time. Furthermore, the ffequency
dependence of disfortion can not be nmnvaniedtly mode led .
The third aryroach hég been develaped by Gipta et
al. 1211 and usecs a freqgiency domain analysis based on the
Velterra cévies ovpans%on of the nrverall response of the
amplifier Ihias approach wil) be the topié nf extencsive
discussion in this thesie The Voltarra series approach is
useful in that, the reséonse can be modeled for svetems with

memory (reactive) eleinents and therefore the freauency

- s e B A MATF YR aR e S T

dependence ~f the nonlinear responge can be obtafﬁed.‘Ihie

P

approach  is  usefirl for mild nonlinearities. The complexity

of the analysiec rapidbe incrennea 10 tnrage naplicenr i'ipn

RS -

At e encotmter o

1.2 Thesis Objectives $
The ~h jertive all thie fhegis ie to develop a
mathematica! model fr a GaAs T(F1 amplifier so that the

linear and nmenlinear per formance of the amplifier can he

analyzed The follrwing per formance  charactericticg are
studied-

a) Gain  and phage response of the amplifiar and their
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dependence on frequency; as well as t#épgependence of the
amplifier gain and bandwidth on the traﬁéistor biasiﬁg
c~iditions, .

b} The intermodulafion distortion for a two-tone input
signal and 1its dependence on the input power level #d the
frequency of the two tones, as well as the gate-bias of the
'"angistor.

c) Analysis  of -gfossmodulation distortion and
computation of AM-to-AM and AM-to-PM conversion.

") Gain compression and phase deviation of the
9mr‘ifi;v with increasing input signal.

f!  Up-conversion characterisiics of a single gate
MESFET amﬁlifigr up converter. The up“conversion is‘achieved
by ihpresging; an IF signal onto the gate terminal of the
ampr i fier .

The mathematical model of the amp‘lifier can be obtained
by cirguif characterijsation and circuit modeling of the
anmlif;;r. The accuracy of mathematical models for anmalysis
of the amplifier response is dgpendent on the accuracy of
the device chararterisation. Therefore. in order to meet the
main  ~bjective of the thesic, the following additional
~hijactieq were established:

al An aecurate characterisation procedure for the
device and the microwave circuit must be developed. The
nonlinearities associated with the intrinsic elements of the
device can be. ik imated from the measured device

S parameters at various gate and drain potentials.

o e WL

A

R L




b) A 6 GHz stable microwave amplifier using a GaAs FET
device and a microstrip circuit must be designed and
realised. . o S

c) A distributed and Tumped circuit” model for the
amplifier must be established. The circuit model shoulh be" !

able to take intb account the interaction of the active

device with the surrounding microwave circuit.

1..3 Thesis Orqan%sation ”

In cﬁapter II, the equations for the nonlinear '
intrinsic ‘elements within a FET are derived from a device !
bhysics model and their relevance with further work in this
thesis 1is discussed. Basic microstrip concepts are reviewed
and the relationship between the physical constants'of the ?
microstrip such as width of the microstrip, height and

dielectric constant of the substrate and electrical

parameters, such as the characteristic impedance and guide T

wavelength, are discussed.

RSO

in Chapter III, a characterisation methodology is
. .

déQe]oped for accurate modeling of the device ~and thef
circuit. The characterisation procedure features in-situ
characterisation of the device and combines network analyzer
measuremgnts with CAD programs to realise accuréte models .

In chapter 1V, results from an actual amplifier are

summar ised. The difficulties involved with the actual

realisation of the GaAs . FET amp]ifier; biasing

considerations and stability problems are discussed.
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In Ehaptef V, a lumped circuit amplifier model is
descr ibed énd'j is used " to develop  a mathematféal
Volterra-series anélysis mbdel.'.The model' is used for
analysis of intermodulation and‘cross,modulation dfst rtion
and comparison is made with measured results.

In chaptér VI, a method is described for achieving
upconversion in single-éate iMESFET amplifiers. A model is
| described for analysis of the up-conversion characteristics
of the amplifier' and comparison is made wifh experimental
results,. | |

In Chapter VII, the important conclusions’ of this

research are summarised and some recommendations are made

-~

for further research.

j*&-
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<\\~/ | ) CHAPTER 11 LY '
' REVIEW OF GaAs FET DEVICE PHYSICS AND -

MICROSTRIP CHARACTERISTICS
o

In this chapter, GaAs FET and microstrip cohceptsvareg
reviewed. The significant techno]ogiéal factors influéncing
the perforhance of micrqwaée GgAs‘FETs are discussed. The
intrinsic device“'eTements and thgir -re]ationships with
Aefvice parameters are dfscﬁssed. These

relationships

pHysiCqI
form the basis for further nonlinear modeling
of:the.device.

Microstrip éoncepts are reviewed, with "particQIaF
'emphasis 'on thosé parameters that aré fe]evaht to the work
in this . thesis. The factors influencing the choice of the
microstrip dielectric constant (er) and subétréievtﬁickneSS'
are explained. ‘ Relétionshi§$ are descrjbed for'.the;
computatfon‘:of the charaégerisiic impedancé énd losses

associated with the microstrip.

2.1 Introduction

The princibﬂe of operation of 'a p-n junction
Field-Effect .Transistor was first described by Shockley in
1952 [8]. Since thén there has been a coh&fhpous‘efforﬁ to
higher frequencies. GéWlium Arsenide FETs, in particularn,

have superior performance characteristics at microwave

develop devices capab}g of amplification‘and'osqﬁllations at

.
Rt T L LN SN IT)
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frequenc1es because 'of the -fow ’re51st1v1ty of GaAs. the;,
:hlgher- carrier veloc1ty and small transit t1mes Based on'
the assumpt1on that tne field dtstr1but10n below the gate 1n'
a FET .can be treated ‘as a superpostwon of -tyo.
.one-dimensional’ fields, Shocklgy carried out an initial
analys1s of a FET u51ng basic dev1ce phys1cs PlS'analysis-
'has formed the basis for almost all subsequent analyses
carried outAVfrom‘ a' device phys1cs potnt of v1ew Var10u5»b
modtfications - of ,Shockley s ortgqnal theory have been
reported 'and an excellent rev1ew of these developments'is-'

ava1lable in’ the l1terature{22] Recent studles on GaAs FETs

were dlrected vtowaros arrwv1ng_ at’ the opttmum' devnce

dimensions * and .ohysical‘ parameters for obtaining the best S

performance .from »GaAs,,FETs[3]L[18],123]t. Some of ' the
conclusions "trom . these stUdles”,are discussed in the

followlng section.

2.2 Some Teéhnolggjcal.Features of Microwave GaAs FETs

The - following technologloal' developments " have .

‘COntributed largely . towards the successful use of GaAs FETs
at m1crowave frequenc1es

al Larger | transconductance,; smaller .“parasltic:
reslstance and shorter' transit t1mes of electrons'”are
obtained by the use of Gatltum Arsenide- as a substrate
,mater1al “for FETs. Thebconductton electrons in GaAs have a
mobility six times greater and a peak veloc1ty two t1mes';'~

larger than conduct1on electrons in s1llcon




da 'nb)- The actlve layer is grown on a semt-wnsulat1ng GaAs .L

substrate w1th a res1st1v1ty greater than 10 ohm cm The

S

paras1t1c reactances ?atr the gate and dra1n are reduced by ;

'pos1t1on1ng the pads on the subsgrate _
‘.c) Reduct1on " of . gate length results 1n smaller gate
,‘capacltances,‘ large transconductance vand»zshorter trans1ﬂ
times. ' " | _
~ The 'oyerall lperformance of GaAs FETs - 1s a functlon of -
the geometrlcal and mater1al parameters of these dev1ces
.These parameters are - l1sted 1n Table- 2 1, An 1ncrease 1n the
- dop1ng dens1ty ND results in a larger transconductance
<)larger gate capac1tance and 1ncreased no1se f1gure Dev1¢es
' :w1thg a- large ep1tax1al layer th1ckness show very good gain
;propert1es the nowse f1gure of _such dev1ces rs, however
degraded.h Ini a"recentl study by Fuku1 [3] 'seml-emp1r1cal
eXpressionsiiror“ the - transconductance O . gate to- source

h:capacltancé Cf . .and- cut- off frequency have been suggested

oA -

T Lt has- been : shown that gmfig- 1nversely related

;gate length L, whereas Cgs var1es as’ square -of 'L. Tnk]“

| cut off frequency therefore 1ncreases 1n 1nverse proport1on'

to the gate length L. The dev1ce wndth z 1s ah 1mportant

parameter 1nfluenc1ng the power handllng capab1l1t1es of the

dev1ce -Af larger dev1ce} width results in -largerdeWer“'

handlrng,capacity and larger C,g in the device.

/-
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e IAﬁL‘E 2.1

(:x

';31; D~ type GaAs FET Materlal Constants |

Parameter j . “gSymbol

'r‘Moblllty -:” IR ‘3. Lany“
(Doping Den51ty i'. B ; ‘ ﬁ.
J.:Re81st1v1ty f‘-{, -;"lp
‘Conduct1v1ty t  o ’ e} ‘g

Saturatlon Veloclty t‘ oy

Dlelectrlc Constant”fj e

Perm1tt1V1ty N T e' = %€ €

2, FET Structure r'f '
| Parameter S 53’y‘sigb61ﬂ

'tEpltax1al layer o : N
thlckness<t'_j T -

‘Interelectrode Spac1ng

'Source to Gate

L

'GateﬁtofDraln IR - L,
‘j'CatefLength.‘ o L
Z

Devicerwidthg

75.2 x 10
167 x 107 ems
:‘3945 V[cm
12,5 .
1.107 x 10712 Fen”

Typical.Room,'

, Temperatuﬁe Value ' ‘ u,‘

4700cm?v™t g1

I7 -3

1 X 10 cm
"1 33 x 10 12 ohm-cm

10 mho -cm

-1
-1

.‘Valﬁe for FET

0.2 + 0.04 ym

luﬁ '
2um
lym
500um

-1

pmmT




2.3 DC Analzsls and Small- stgnal Theory

4

"Theu analys1s"of FETs 1nvolves solut1on of the device

phys1cs relat10ns w1th1n prescr1bed boundary QQnd>11ons

o Such 1nvest1gat10ns have been the top1c of a large number of

~ papers. The - analys1s described by Pucel et al, [22] will be

1) ; -‘l
reviewed here:- so as to describe the basic device operation

 and to derive relationships for intrinsic eleﬁents A number

of aséumptigns are 1nvolved in the analysis, some of wh1ch-

will be descr1bed here Reference'should be made to f1gure

2.0 10a and 2.1(b),

EAssumption‘L: o _— ’ o

The cross sectwon of the channel varies slowly as one:

- moves * from -source . to dra1n Th1s assumpt1on 15 called the

'Gradual' Channel Approx1mat1on {GCA). Such an assumpt1on

'holds if the gate length L'is approx1mately three or more

t1mes the channel th1ckness d1mens1on la’. Typ1cally, X- band

GaAs FETs have a gate length of 1 ym and a channel th1ckness

’ 1

‘a'. of 0.3 um, Therefore the GC4 approximation is a valid

~ assumpt ion for the analys1s o ‘ ‘

Assumpt1on II

The veloc1ty f1eld character1st1cs of GaAs are assumed.
“to be plece wise l1near.f The GaAs FET channe] is divided
‘into ‘two‘regions;‘ln_region I, the mobility of electrons‘in.

the channel is assumed constant. In'regionvII.‘the.mqhility“

of the carriers is assuﬁgd field-dependentvsucH that the

SR 14
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Velocity v

e e - - — - - -
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Electric Fileld E

CFig. 2.1(a) Plecew1se Linear Approxlnation of
Electron Velocity vs. Electric
Field Characterlstlc in a GaAs
FET
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- . Fig.2.1(b) Two-Section Model. of the FET Based
' ‘on the Velocity-Field Characterlstic
of F1g 2.1k(a)




16

carrier veloctty is eaturated Ly def1nes the length along

the channe] def1n1ng the onset of’ p1nch of f.

_Assumption II1:
. ® . )
The spaée charge region lies entire]y in the channel.
That 1is, the- w1dth of space charge region in the gate 1s

| neQ]igibTe. Such an assumpt1on is valld in MESFETs since the

‘junction is fonmed between metal and a sem1conductor.'

Assumption IV;
The conducting channel height 2b jn region I1 is’
assumed to be constant and equa1 to the channe] height at

the pinch-off po1nt,\x-L1 ). ' : :

4 - . o

The longitudinal electtric fier distribution and the

potential dietribution a]dhg ‘the FET channel .are shown in
Fig. 2.2, The gate. and dra1n potent1ais referred to the

source can be denoted by ng and VSd. respect1ve1y. The

potential -at a distance x from the source is V(x) and its

value at pinch-off point x=L, is denoted by V =V(L,). The

pétehtial at point x in the depletion region is denofed by ,

w(x);‘Thus

'.w.(_x) = Vs'g + ¢ - V(x) (2.1).

¢ is the 'buiit-in’_potential of the gate junction.‘ahd

is .typically 0.8V for GaAs Schottky-barrier junCtions.'Ihe'

<t 55
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following depletion fayer potentials can be defined

N )
'.4 WS = ng + ¢ (22 a) i :?
g \
' $
W =1V + -V 2.2°b
p " Vsg POV )
Wy =Vg+o- Vp (2.2.¢)
where wq \ Wp and Wd are the values of W(x) at source,

drain end and’' the pinch-off plane.
The following redueed potentials are introduced so as

to simplify the analysis.
X

s = (Wg/W = (2.3)
- ¢ %
P (W /W) (2.4)
, - _
d = (Wy/W_ ) (2.5)

W) = WM YR L (2.6)

-

where, woo is the gate-to-channel potential required to
deplete the channel completely of the carriers  and
represents the 'pinch-off’ voltage for the Shock ley model.

woois-given.by | ' : ' 2

- 2
0o (q ND/2.€S)a (2.7)
where 'a’ is half the thickne§€ of the semiconductor

between the gate electrodes, q is the electronic charge, N

is the doping dens1ty ande is the dielectric coq;tant of




. GaAs.

Because of the_drain current, there is a potential drop

# >

aibng the channel. As the drain electrode is approached..the
depletion region between gate and source widens and the
ch;mnel~ is constricted. Usingv‘lthe Gradua] Channe ]
Abproximation; the channel-to-géfe '~ potential Wix) g
obtained by integration of the one-dimensioEal Poisson’ s
-equation in the y-direation in the depletion region. W(x) is.

given by

' 2
W(x) = W, (1- b(x)./a) (2.8)

In region 1 of constant mobility, the drain current ig

.

given by Ohm's law. "

»n

I3 7 2b(Gx) 2o (aw19x) (2 9)
"
The symbols and their dimensions are explained in iahle 7 1
and Figure 2.2.
Integratiqn of above equation from 0 to L. gives the

‘drain currént in terms of reduced potentials,

o
. y :
= (2.1
Iy 86250 £, (s,p) . ( )
Ll .
where _ . ?
£¢s.p = p25%2/,6%-H) | 2

and 8, = ?}0 |

D
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for-a symmetric FET. _

For asymmetric ‘cMennels, the factor 2 from the above

expression should be dropped. | ' =

In /ﬁegion 11, where the ielectrons move with constant

saturated velocity V¢ . the drain current is given by

i

Ve = W E, (2.12)
Ta 7 BuER, (1-p) (? 13) 'i
S

Comparing (2:10) and (2.18) it is pogs{ble to find an
expression for Tength Ly along the channel, where pinch-~ff
sefs in. In addition the Following expressinn for et re to

dirain potential has heen derived([27].

7 ? 2 aE O3y “Lz
ty .- Y [ B S Yinh <
“ad w(‘\ﬁ [(P ) " (W"'") 753. (?2 14
(e -
These expreééinns for drain current and t he

source to-drain potential are yged in the next sectimnn to
~ompute expressinng f e fmp 11 aierin ] narometer o in tlye

inty ineie Aevice

21 Parameters:

An  equivalent circuit of the device .is shown in
Fig.2.8. The figure depicts the location of various circuit
elements within the device. The equivalent circuit consists
of three regions; tEe %nfh%nsic parameters associated with

basic electronic device phenomena. the extrinsic parameters
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associated w%th‘the active device channel and the substrate
and the package reactances -origihating' from the device
packaging. The circuit elements within the intrinsic device
are nonlihear functions of the device potentials; these five

nonlinear elements ' are the gate-to-source capac1tance C

the drain-to-gate'capac1tance Cdg,.the transconductance 9

the output resistance Ro’ and t?; charging‘ﬁesistance R,

Resistance Ri is almost linear and the capacitance Cdg"\

diSpTays relatively’ mild dependence on the app11ed gate
potential. The transconductance g and gate capac1tance C

gs
are basic to the  gain mechahism of the device and are

et e -

dependent on gate-voltage. The output résistance Ro is

dependent on the drain-to-source voltage, VDSw

2.4.1 Intrinsic Elements: -

1. Transconductance 9.

In the current saturat1on region of dev1ce operatlon
the transconductance ‘of the device can be obta1ned from
(2.12), by computing the small change in ‘drain current
produced gy a small change in gate voltage, when the drain

voltage is kept constant: g is given by

= -31,/3V ' '
Em - d Sg"VSd = constant (2.15)

" Bk 3288, o0/ @16
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For short gate-length‘devfpés; it can be a§§bmed that

s= P. Such an assumption is valid , 5inceffor a device with -

TR b, e me 't dr s b e L

a gate-length of 1 m ana channe1 thickness a=z0.3 um, region

3

11 encompasses 96% of ~ region under the channel for large
"source-to-drain voltage VDS' The expressions for g, can be

simplified to

g, = Ig/y %3 . (2.17)

(2:18) .

I
[
n
-~
N
=
o
®)
N
\
. L
|
_\__"/
-~

5 \ |

=1 Vsg + ¢ \

/oy - 1;(f—-—___>

s 2wco< W / (2.19)

Such an expression holds in the current saturation’

region of device oberation (1&/15>0'1)'~ | | ‘  ' s

2. Qutput Resistance Ro:

The Output resistance in the saturation region can be

computed from (2.13) and (2.14), by calculiating the ‘small
change'in drain-to-source potential cobreéponding to a smalﬁ

change in drain current. R;is defined as

-aV ,
5 sd ,
_ETE : -
Vsg = constant .(2.209
,For short gate-lengths and drain currents in the

roperating region of ihterest.‘;the expression .for Ro
simpiifies'to e N




R = 1W__ B | C | | fQ.' i
o~ oo lVSdl P (2.21) S 3
Ega Ig 4 _ o

Ro‘is lipearly .deﬁendeht on - the source-to-draih

potehtial and “the gate:length It may be potnted out

\

however, that in practical dev1ces the output resistance is

usually lower  than the computed value and “may be an

’

- arbitrary = function .of operating :potenfials ‘because

Oy\
leakage paths.on the the surface or thrdhgh the substrate. - N

3. Gate-tdrSource Cépacitance Cés:
' The gate-source capacitance Cg_S can be def1ned as the

~rate of qhange - of free charge on the gate electrode w1th

N

respect ' to gate bias vo]tage when the dra1n potent1al
held fixed.

c - 99, S :
CEE - . R | ’
‘ ‘Sg- ' ’ I3 o ’
| . VSd = constant | . (2.22) _ _

For short gate-lengths,"using' s=p, and Li# 0 » the
exprgssion for Cgs can be simplified 'to a considerable .
degree ' . ' R ' #

c  _2z[L +1.56 2.23

s = e? [L 1] e ‘
P ' % ' oo
V. + ¢ (2.24)
L{ S + . 1.56 (2.24)
(st Y ] e
Y oo . . -




. gs
: approx1mately 11near1y dependent on the gate length

.-

4, Drain-Gate Capacitance C

device. Therefore, 'it shows small dependence on the gate

voltage. Because of 1ts be1ng a feedback M1ller Capac1tance.

it s 1mportant to - 1nclude it - in. the device equ1va]entn"

circuit.

‘
~

2.4.2 Extrinsic and'PaCKaqe'ParameterS'

The extr1ns1c res1stances in the dra1n gate and source_tx

term1nals ar1se because of 1nterfac1al contact res1stances“

at"the5 term1nals ‘and - the bulk re51stance of.the.active

channel. These resistances do not 1nfluence the 1ntr1n51c

..small-signal dev1ce behav1or but strongly affect the noise

performance . of" the FET The dra1n res1stance Rd is usually

larger- than the source res1stance because of larger'
1ntere1ectrode spac1ng in the draln c1rcu1t The capac1tance,
in the dra1n c1rcu1t depends on the dev1ce d1mens1ons and is’

usually of the order of 0.1 to 0.5 pF. In the equtvalent'

circuit shown . in ‘Figure 2.3, the capacitance in-the drain

circuit has been returned to the source res1stance 1nstead
. ‘4/,

of source contact termlnal Thts has been done to simp]1fy

the equ1va1ent c1rcu1t

<« The packag1ng of the dev1ce further 1ntroduces package

parasit1c »rectances Typ1cally, these para51t1cs can be

25

C .is a funct1on of source gate ' potent1a] ng" and is

Cdg is large1y~~a parasitic capacifance within the 5

[ R T P YL S W U ST



modeled 1n the form-of 1nductors of value less than 1nH andf'

RELI

’ fr1ng1ng capaeltances of up. to 0 3. to 1.0 pF These package_f‘s

’paras1t1cs strongly 1nfluence the- frequency reSponse of the-f]'"

. dev1ce part1cularly when the dev1ce 1s operated towards the ;
'h1gher' end of the m1crowave frequency range In order to’
'real1se broadband ampl1f1ers these paras1t1cs must be kepti

~as small ds poss1ble

2 5 M1crowave Inteqrated C1rcu1ts and M1crostr1ps

In recent ‘yéars?

place~‘in m1crostrip'.and, str1pl1ne technology along with -
developments Vihfl m1crowave sol1d state devlces{ lhé |
'culmtnatiOnﬂ ot"these two technolog1es has resulted in the
;'realisation .ot. m1crowave 1ntegrated c1rcu1ts ‘thus
Idecreaéinél the s1ze andrcostvof_m1crowavegampl1f1ers:with :
increased' rel1ab1l1ty ~and -'reprodUbeabllltyl 7§tripl{q9
.j'con51sts of a ;_arrow ‘conductor: sandmiched',between'ltWO

d1electr1c layers shielded‘by groUnd planes‘ In comparison;l

's1gn1f1cant developments have taKen'-

the ,m1crostr1p has only half sh1eld1ng. that is 1t con51sts ’

. of a' str1p conductor separated from a ground plane by a
d1electr1c on one s1de and air. on. the other s1de The half

nsh1elding s adequate for most pract1cal purposes. because

the external | f1eld ' 1s-"relat1vely weak M1crostr1plﬁl,'

conf1gurat1on and 1ts electr1c and magnet1c f1elds are shown
1n ,F1g.'.2.4. The open m1Crostrip conflgurat1on has added
'advantagew.'0ver.u strlpllnes ~in . that it )offers _added

convenience in circuit tuning and results’in circuits with -
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. ’conductor"widths nand”“dielectric constants £

smaller we1ght and volume .
In a m1crostr1p the f1eld lines between the conductor
strip. and the ground plane are not conf1ned ent1rely in the

substrate,ltherefore the propagat1ng mode along ‘the str1p is

'not purely transverse electromagnet1c (TEM) Because of the.
;external,.-flelds along" the. mjcrostrtp. the effectlveJ

.dielecter' constant . of thel.miCrostrip € .ts, lower “than

e

;relative: dielectricfc'onstant'.gr of the substrate. Tﬁe phase'

3;velocitynin microstripéis given‘by' |

wTWT e

where c is the veloc1ty of light.
' .

1 microstrip 'l1ne based on a QUasa TEM mode 1. The quas1-TEM
_approximation'-rema1ns val1d at- lower frequenc1es 1n the
" m1crowave range} at h1gher frequenc1es, hybr1d mode models.

Vof m1crostr1ps are used to- calculate the line 1mpedance

Accurate . emp1r1cal ~relat1ons for ‘the computat1on of

microstrip 1mpedance has recently been descr1bed by Wheeler

24]. . These . formulas‘_are'val1d for‘a large rangerof'strwp.

r

.accuracy‘{off“l%;' For the assumpt1on that the th1ckness of

strip'fconductor ;lS: zero (t 0}, Wheeler has suggested the

follow1ng relat1onsh1ps
. /

For a requ1red characterlstlc lmpedance the wwdth to

"helght”'rat10fofxa‘mtcrostrlp, for .a given substarte, can be

A 'number ‘,of papers descr1be the performance of |

- within an-

——

~

R g ki "-.- LI,
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: cdmpufed-Fromvthe'fdliowing.rejafionShjp
8 SR SRR R

| N SV 1+ 1/e,
< , . . r

E"P (,z'é"/a,z.'av}::\/er__’ﬁ) '1] ) | (2.:26).

and' th‘ fol]ow1ng 1nverse relationship can be used to

5

: compute the character1st1c 1mpedance of a m1ccostr1p, for a

g1ven w1dth to he1ght rat1o , ' o | R

o _ 42,4 o 1-'+(4h' (14_ + a/er)‘ (33_) L |
'?',0 ﬁ-_p—I ln{ —r—/ \¥ . : R

LA {4 + 8/€ )2 (4h) + 1+ 1/€ 2 ' }(2.27)

‘The effect of f1n1te th1ckness of the conductor can be
, expressed in terms of ‘W3dth _correctvon “by use of
“relatronsh1ps d o o !.i‘ \
N A , be . - B i
Aw ='l/w In: - . - -

. VLY. " .. . (2.28

'This,leﬁfecf,-of strip'thickness however assumes that

‘the dielectric constant of the _substrate med1um is 1. A

fur ther w1dth adgqstment has therefore beén suggested I24]

The modlfled correctlon valle is obta1ned from the fol]ow1ng :

width correctlon

1-+ 1/
2 I _-__szE‘Aw ,

. (2.29)

and  We=W -aet . L (2.30)

AN meh o Lfvaihates K C

FoaAazn e

e
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‘Using"(Z,ZSl; and l2:28) to'(2‘30) the required width
of a mfcrostrip line*”can; be computed for .a prescr1bed_

impedance. Such computations were made for two substrate

o mater1als and the results are plotted in f1gure 2.5.

:For_ large d1electr1c constant the line w1dth requ1red“
is .much smaller compared with that requ1red for mater1al
with a lower dielectric constant Therefore, low,d1electr1c
constant materials. require phys1cally large matching
' networks, result1ng in larger 51ze - Furthermore, they cause“
impedance d1scont1nu1t1es, because. the device leads are of
-much smaller siie. From these cons1derat1ons‘Epsllam 1O
-,materlal' Wlth a d1electr1c constant of 10. 2 was chosen. An
added advantage of using ‘th1s 'material is  that it is

reasonably flexible, lso‘ that it;.cam be eas1ly cut and'
| handled. S,HoweVer:"for' real1s1ng h1gh 1mpedance l1nes the
l1ne:-widths‘ requ1red are extremely th1n Therefore a very
h1gh prec1s1on etch1ng procedure is requ1red for realising
cont1nuous l]nes of acceptable tolerances ~Such an etching
proCedure uas.developed in our laboratory The impedance of -
the. line is dependent on the width to he1ght ratio. of the
'hicrOstrip substrate -The‘ th1cker mater1als (larger. h)
requ1ré larger widths. compared to the th1nner substrates
A metall1c enclosure is required for mos t microwave
'.1ntegrated c1rcu1ts for strength electromagnet1c sh1eld1ng.
-and  ease. of handl1ng The top and side walls of the
enclosure tend to lower the 1mpedance and effect1ve*

dielectric constant of the m1crostr1p because the f1eld
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lines are préméture]y terminated at the metallic surfaces.
These metallic walls can be brought‘wiihin a spacing‘of‘five

times the strip Width,wﬁthout significanf]y,influencing the

microstrip ' characteristics (2], [24], - [25]., These
_considerations are importént in the design of the transistor
o | el
fixture. , «
2.6 Microstrip Losses : ~

The information about microstrif losses is impbrtgnt
for the characterisation and modeling of the Gals #ET
;amplifier. Two sources cbntribute mainly towards micﬁostrjp
circuit Jlosses, the conductor 1os$es\ and the substrate
dielectric losses. CQnduc}or losses are normalky }aﬁger than
the djeleqtric'losées; For a fixed characteristic impedance,
the conductor losses are lafger for a thinner substrate and
increase with the équare rdot of frequehcyﬁ-The following
expressions for microstrip losses have beeh suggested in the

literature [25]

For 1/2m < W/h < 2,“ the conductor loss coefficient

) £u /o[ ru 22 ~
o, < b.34 T .o 1 - (we) J
7ol + B4 b (1n 2 _ t[ﬁﬂ (2.31)
W W t
L e € '
and the dielectric loss coefficient
/'\.
‘ {
636 SEL - (u°f'o aB/ : (2.32)
a, = 4. : . — .
d Ceff (Ex71) €o cm :

&

et e
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For, practicé] substrate materials used for rea11s1ng

m1cnostr1p c1rcu1ts tbe losses around 6 GHz typ1ca11y amount>

to ‘less than O 1 dB/cm , o e

The 1nformat1on regarding microstrip characteristic

[

impeddnce and losses is .. used . in the amplifier

characterisation and modeling process, in the next chaptér;

9
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CHAPTER 111 '1
COMPUTER-AIDED CHARACTERISATION AND MODEL ING

OF GaAs FETs

In tﬁis chapter, a characterisation method is deve loped
for the accurate modeling of the GaAs FET device and the
assoc%ated microwave circuit. Network analyzé? measurements
of device scattering paﬁametgfs have been . used with
compﬁter"aided.j design(CAD). programs to realise in-sit

device characterisation. The difficulties associated with
S-pérameters measurements are discussed. Errofs in  the
network analyzér measurements due to imperfections of the
syiﬁem are discussed and a method is descrihed fo?itheir
removél. Experimental results obtained for a GaAs FET are
shown, and the lsignificant features of the device
S-parameters and }heir behavior are discussed.

Important aspects of modeling of a GaAs FET device,
with particular emphasis on computer reduction of the model
from measured S-parameters, are discussea. The use Qf the
. CAD approach in the e=timation and optimisation :,')f the

mode led devire parameters is descr ibed

3.1 Introduction

The accurate characterisation of microwave devices is
essential for realising amplifiers that meet the design

objective. Furthermore, the accuracy of the mathematical

d nda
%

B
V
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‘mode ] for analysis of the amplifier is dependent on the
accuracy of character1sat1on Scatterlng . Parameter
measurements :[26]-[28] are normally ? ‘QSed' - for
‘characterisatiéon of ' devices at microWave fnequencies. in
order to maKe the device ports compatible to the measurement
system, the device is mounted in a fixture. The mount1ng of
the dev1ce causes a trarisformation of the device parameters
through an‘r1ntermed1ate network of transmission lines and
connectors., Therefore, the devwce parameters must be
de-embedded from the measurements made\at the external ports
of the fixture. The cons1derat1ons for the f1xture de51gn
‘the measurement procedure and the defembgddgng'of the device‘
parameters are described in the followiné sections.
\ - ' ‘{}' '
3.2 Fixture Design: f ‘

The sizé of the fixture depends on the dielectric

constant of the microstrip substrate used for ‘making the
microwavé ctrcuit. Low d1electr1c constant mater1als with
larger substrate th1ckness require Jarger fixtures.
Therefore. the high dielectric constant'subsfrate.material
Epsilam-10 with subrstrate thickness 0.025 inch was chosen. A
fixture of “internal dtmensions of 1"X1.5" was désigned.
Figure 3.1 shows the top plan'view, and a crosé%section from:
the side-view. One’ of the significan{ feaiures of the
assembly is that it -alldws. easy replacement of the

microstrip- circuit, the dev1ce and connectors One of the

main dlscont1nu1t1es caq.'r1se at the coaxial- to microstrip

—
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transitions . .becausé of an inadvertent open c1rcuit or

a

misalignment. Two screws are provided 1n the side- walls at'

- the top and bottom -of the fixture to ensure a tight and )

“uniform hicrostrip tab contact. 'The central'alignment is
obta1ned by adJust1ng the holding screws in the m1crostr1p -
The dev1ce is held in pos1t1on by clanpmg the source leads-
at the meta]llc contacts in the bottom plate of the’ f1xture_
These metallic c0ntacts are brought to a d1stance from the
'm1crostr1p line, approximately five t1mes the width of the
line. The microstrip fields are very weak athhis distance
and do not influence"thel circuit characteristics. Tight
clahping of the source leads,ensures a low gr0un5 resistance
and ihductance. A high value of source feedback ihductance
decreeses stabi&ity and'the maximum.stab1eioain (MSG) of the
amplifier [29]t' The width of-the fixture is.f—inch' which -
bprov1des enough space ‘for rea14s1ng the match1ng and b1as1ng
circuits in the microstrip. The -width should not be made too‘
vlarge otherwise wavegu1de-mode fields may be set up. within
the fixture. The bias filters are provaded to. f11ter out any
'h1gh frequency coupling through the b1as1ng .circuit. To make
the f1xture compatible w1th the measurement system adapters

are provided to APC-7 connectors but are not shown in F1gure

3. 1

3.3 Device mounting
. : . ’ \ . :

The device is mounted on the microstrip by using teflon |
posts held in position by metallic screws. The height of the

-
-
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Tteflon posts ' is ‘made slarge: enoth so thattthe metaTlic'
screws dov'not‘-influehce mthe f1eld d1str1but1on of the
microstrip. Such :a. mount1ng scheme allows easy removal or
replacement »tef the dev1ce during the character1sat1on-
brocess or in case of device burn-out. To rea11se accurate
designs,a the 'reactances '1ntroduced by dev1ce mountlng.
Structere smoqtd be included in the character1sat10n‘

s\

process. o : o - L

R N
3.4 Measurement set-up

'7The ne twork analyzer test set-up used fOr measurement
.of sma]l s1gna1 S-parameters’ is° shown in F1gure 3.2. The
' set- up uses the)HP 8746-B reflect1on transm1ss1on un1t w1thi
"‘:HP 11605A flex1ble arm for measurememts B1as1ng to the
dev1ce is appl1ed through a b1as tee (HP: 11590A) on one 51dev
and from a b1as1ng element 1nternal to the network analyzer'
on the other s1de D1fferent parameters are selected by
depressing ~appropriate switches on the front panel of the
- network. analyzer' The power at the 'RFJ input of the
S-parameter test set must lie in the range from -7 dBm to +9
-dBm for the network analyzer to operate’ properly The
ma x i mum power 1nc1dent on the test device is of the order of:m‘
-14 dBm, therefore ~only small signal- measurements are

- ’ N}

p0551b1e

ty

'is 'callbrated for errors. ‘as descrlbed in

The system
section 3.5, before start1ng S- parameter meaSUrements each
time. For' reflect1on measurements, initial magn1tude and

l’ﬂ ' "
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':phase adJustments are made by putt1ng a short on the network
'analyzer port | The reflect1on measurements are made on the :
fixture 'w1th the devtce by term1nat1ng the other port of -

the f1xture w1th matched term1nat1on LF transm1ss1on"

"measurements. fah 10- dB ~pad (HP 8492A)"ts used w1th the'

- flex1ble :anm: 11605A to. 'attenuate trelat1vely large

reflections‘ caused by the flex1b1e arm In1t1a] phase and‘ﬂ
‘magnftUde ﬁadJustments are made by connect1ng the f1ex1ble_5
arm d1rect1y onto the port Test channel ga1n 1s adJusted to¢‘
- compensate wfor hthe- flex1ble arm LJosses, and - 10- dB pad :
‘fattenuat1on‘ and:'the reference lane is extended an the

reference channel to adJust for the extra phase due to the;

_lengths of 10 dB pad and the b1as tee The forward and~"

.jreyerSe transmlss1on measurements are made by mak1ngﬁ.,”

transm1ss1on measurements 1n the forward d1rectlon only. and.'
by phys1ca11y revers1ng the f1xture 1n the test set

.The frequency of the s1gnal generator is mon1tored

through a. JOHdB d1rect1ona1 coupler us1ng ‘a d1g1tal

'frequency5'meter The measurements were made at a d1screte_““%

set‘gof frequenc1es over‘ a frequency range 4 6 GHz to 6 8 -

GHz the range over wh1ch the nerork ana1yzer errors were:;'_'.._ -

hobserved to be a m1n1mum Two voltages were d1sp1ayed on the

d1g1tal ‘Noltmeters connected to the dlsplay sg%t1on of the =

,wnetwork f analyzer. one ‘read1ng is. proport1ona]- to the-f.

]magn1tude of scatterlng parameters (50 mV/dB) and the otherh-"

is proport1onal to themr: arguments (10. mV/degree) The

S-parameter measurements . were made by app]yang d1fferentft



' are dlscussed jh. the l1terature [31] ,[32]. ‘The problem of:

¢ N
0

" bias - conditions to  the dev10e _The. measurements. were
: corrected for errors through an error COrrect1on rout1ne as

',, descr1bed in the next sect1on

,§_§ Error Correct1on lg ﬁetwork Analy;gb,

Errors 'in,‘network analyzer measurements ar1se ma1nlyf

'because of d1rect1V1ty of the couplers, 1mperfect1ons dn

their coupl1hg rat1os and reflect1ons from test cables and S
adapters ' All these error’ terms, whlch are vector sums of.
leakage and reflected sagnals, vary rad1cally as a funct}on{T

b

of frequency The’ necess1ty of error correctlon w1th the

'.S-parameter..test set in, our laboratory was more Pronounced:

' because'p ofﬂ\large errors observed in measurement The . .

deviatton"in. the reflected s1gnal w1th a short on . the port

, was ,within 71 dB ‘ Furthermore, the ports of the networkif

‘yanalyzer had —an- offset d1fference of R to 2 dB maklng the';'

S- parameter measurements Wlth automat1c sthch1ng erroneous

| Kruppa and Sodomosky [301 have proposed an expl1c1t‘f'
solutlon. for removal of network analyzer errors The method
described :i} th1s theSIs is. essent1ally a mod1f1cat1on of

their solut1ons More complete error correctlon procedures

-

error correct1on in network analyzer is. shown in F1gure 3. 3

It 1s assumed that an. error matr1x 1s 1nterposed between the.“

ava1lable ports for measurements and the ports where the,"

'.dev1ce data are recorded The s1ngle error matr1x assumptton y

' is only a f1rst order error correct1on approx1mat1on because“

T o B y
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(‘

‘:the errors conslst of compostte errors dlstr1buted along the
o measurement system e R | -
The cal1bratton of errors reouires -terminating'the.‘
measurement - ports N w1th -Known . Toads 'At Teast e1ght:
:callbrat1on measurements‘are\requ1red two for transm1ss1on.d
. coeff1c1ents"and th'A for reflect1on coeff1¢1ents at each“
:port ~respectwely A vable short can be uséd as the known
"load The measuremen?f dohe by the author 1nd1cate that a
further, error source is 1ntroduced by th1s method ‘because
the electricall length of the movabTe short. cannot be .
'_accurately determ1ned o Matched term1nat1on short c1rcu1t
_ and open ' .C.]PCUT-tS . were used as ‘_.cahbrah*' standards
~ Standard match and - short c1rCU1t term1nat1ons are read11y |
ayatlabTe The' open 'c1rcu1t was real1sed by leav1ng thef.
'APC 7 connectors of the network anaTyzer open An equ1valent
'end ‘capac1tance [33] of the order of 0 081 pF was 1ncluded
a57 the effect1ve load The equ1valent. electr1cal load,
_‘correspond1ng to phy51ca1 open c1rcu1t at the connectors was

'computed from ' - T

:f Z(w) +1 ©(3.1)
where S B o
W) = -j/e.cz

The calibration procedure used for error correct1on is
shown. in Figs. 3. 4(a) and. 3. 44b) . The S parameter var1ables
w1th superscr1pts denote the error/,parameters. and the '

h

superscrlpts 1 and 2. refer to the port of measurement For ay :
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. s
known termination at poft 1 in 'Fig. 3.4(a), the input
reflection coefficient is given by :

©

te (D) e (D) g (D) - -
Tin = 511( * 512 7 Sa1 L : C . (3.2)
) L '

L

1-57,

For matched; short and open terminations on ‘port 1 the .

reflection coefficient is ﬂgfven . by the following

relationships

DI - S SR B e
Tpg = 81 -8y P s 6w
- < (D
1 +78,9
e (L) o (L) o (D)
ro =511 " F S " S1p T Iy (3.5)
R A

~

‘whére the subscript F refers to the measurements in the

fonwérd direction. From (3.3) and (3.4), one obtains

(1) (L ' P |
?21 512 ) - “(Tpg = Tpy) (1 + 322(1) > (3.8)
and from (3.5) . '_ : . o ' .v - ‘
se (D g (M _, . A | .
S21°7" Sqp b - (Tro = Trw) (L - 5, Pyry (3.7)
‘* S 'L St B

<9

from  (3.6) ~and (3.7),S§%)¢an be obtained:. in_ the
. following form | T | . .
" L - r - 4+ T , \
S, Tro * Trg Tn = Tem (L + P | (3.8)

22 | n
. Cffo." Trg) Ty,
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’

By back substituting (3.3), -(3.8) in-(3.6), one obtains

M o @ _ (1)
21777 170 = (Tpg - TR (L850 (3.9) |
= (r_ - + o +
<PFS' I:Frn)—l:l + 1-'Fo 1-‘Fs I‘L I‘Fm a F%ﬂ
. ‘ ) - T
" o KPFO Fs) TL;
. v L T (3.10)
(1) ¢ W =/r_ -1_\[ . - 1+T
S210 7 S1277 [(Es _Fallr oy (LT ] 5
rrs - TF 1 Fo Frn FL .

.
.o
t

1

Similar equafﬁons ‘are obtained at port 2. These
equatiohs-ucan'be obtaiﬁéd from (3.2)-(3.11) by changing the
subscript F to R and changing . the superscript 1 to 2.
Subscript”R refers to the reverse'directioh, |

The transmitted signa[ is obtained‘by conqecting the
" measurement ports directiy using a flexible arm as shown in
Fié. 3.4 (b). Test channel gain is adjusted tb'compensaté
fér the flexible arm lossé§‘énd {O—dB‘pad attenuation. The
reference line in the network anralyzer is extended’to
compensate for® fhe extra phase shift. The following error,
transmission coefficients are obtaineg in forward and -

reverse direction

_e (D) o (2
" (i% —(2) (3.12)
L 82 Sy '
_ e (D) o (2
T = S S :
R: 12 21 .

22 Sy
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‘ (1) (2) o .
By substituting for 522 and 522 in equations (3.123 and

- (3.13), the following relationships can_be obtained

a s}

o (Do @ _ 1o R _
521777 Sqy = °F [1 Lpo + Fs rL
0

Fs )

T (3.14)
Rs 'e ~ TRm (1 + PL):H
— 1) :
and , Rs®
1) o« (2) = r -
512 S21. {: _[:Fo Fs ~rFm 1+ rLﬂ
T
Fs® .
. | ER0+TRS -7 R (L + 71 )—l (3.15)
: L (F '* FR ) ]

The scattering parameters of the unknown two- ‘ports can
be der ived using the closed form relations der ived by Kruppa

and Sodomosky [30]

- M) (1) (2)
S1p = (1/D) [:< - ) [s s< 25,2
. T o (1) (2) (3.37)
P12 7 /DS, s, 0 sy, J |

o ™M . 1) o (2 (3.18)
S0 7 /D r9‘21 - S12770 Sy ]

P @), [« M M) < (D
22 = (/D) [ (8,5, - 511 7) L‘q?z - (5117 8417

(1) ( (D) (M) (o) : '
* 59 Sy1 ﬁ] = S527 70 S91 7 Sy J (3.19)

e o Lo  L.oan N
D = [[821 S12777 * 8y, (S " S )J
(2) (2) r, o (2) M) (2)
’___521 S1277 F Sy (S0 - sy ﬂ

2) o (1) . @ . o] i (3.20).
Spp 1S 51270 Sy ]

wn
|

where

722 22 -
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< (M) (M) M)
S11 159 1’8

4

21" S(ggre the measured vatdes‘of the reflection

and transm1ss1on_ coefficients

that the error . coeff1c1ents are a function of the operat1ng

frequency Therefore, an error character1sat1on run is mad

at the discrete ~set of frequenCIes at wh1ch the dev1c

?

S parameters are to be measured. The S- parameters of the

dev;be were: measured by phy51cal reversal of the trans1stoA

fixture; therefore further s1mpl1f1catlon of above equat1onsy

results. The simplification .is

A lgl)g 52) For the fixture charactertsat1on s1ng]e-port

error oorrection is essential. The relat1onsh1ps for

sing]e-port error character1sat1on can be derived from Fig.
3.4(a). From - equation {3.2) the

coefficient is given by

N CO NN ¢ PR

@ g @
in 11 12 " S | _—
S PP I '
/T - 8,5, . (3.21)

From (3. 20)

coeffﬁp1ent one obtains

solving for unknown reflection

ro- ____}
S . ...
* 81,7 Sy |
r, Moy (3.22)
in 11 _ N

o ' { o
The error parameters 1n (3. 22) are obtalned by mak1ng
& .

meadurements w1th matched ‘ short and open term1natlons on

' each port and using (3.3) to (3 7)

..g

1
l

\
\

measured reflection \

It may be pointed out here |

obta1ned by substituting \

- -
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3.6 Devic ce Character1sat1on and Model1ng

The characterisation _Pprocess 1nvolves measuremént of - %
the S- parameters at the external f1xture ports and then
the1r transformaIIon to the device reference ports “Figure
3.5 . depicts - a schemat1c of .the overallj;f1xture for
.de- embedd1ng of the device parameters. Pl 568.0 refer to '
the external ports of the frxture where the measurements are i
made and.P, and 0; to the device ports to whwch _the
transformatlon must be madej The “intermedqate network
cons1sts of . the 50-ohm "microstrip_rioline, the
coaxial;tb-microstrip transitions'andtthe connectors at both

the ports. ° . ' !l o, '
- A method for de;empedding .of parameters has - been
described by Ajose et a[Q [34], [35] 'Tne method involves
measurement of the input . Jmpedance at the connector ports by
us1ng open- c1rcu1ted m1crostr1p l1nes of d1fferent lengths
‘A transm1ss1on matr1x for the intermediate networks at. both.

P
4

ports' is computed and the dev1ce parameters are obta1ned by

matrix inversion. This' method requ1resﬂ.chang1ng the'

microstrip circuit a number of times andﬂis”excessively '
. : : e
a ,

H

cumber some .

Another method for de- embeddlng the dev1ce parameters

has been descrlbed by Cooper and .Gupta (361 [37] using the
© microwave - analysvs comdbter program ’MARTHA’ The method '
uses a noda] sh1ft‘exper1ment which - 1nvolvestmeasurement of

1nput reflection coeff1c1ents with d1fferent loads at the.

‘output. Such a characterwsatlon procedure requ1res Known

»
-

A}
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-'Caljbration standards . that could be" accommodated in the

'_described above, none .of these methods was, found su1table'

- of the above technlques It features a) the use of a network

'H4fmeasurement of the dev1ce S-parameters in, the same f1xture“

-

51

spaCe reserved for moUntlng the device. Whereas it.1s

relatively easy to realtse a mlcrowave short c1rcu1t, it is

3 very d1ff1cult to realise an circuit and a matched

term1nat1on that can be mounted in place of the dev1ce

A method of device character1sat1on is proposed in HP

Appl1i?tion note 117- 2 [38]. An HP 11608A standard fixture

fls used for trans1stor character1sat1on In th1s method the

f1xture is represented as lengths of transm1ss1on l1ne up to

the . planes of the dev1ce mOUnt1ng Thls_ length 'is.

.compensated by 1ntroduc1ng equ1valent l1ne lengths in the.

reference channel of " the network analyzer The method has

‘the advantage of being fast but. the accuracy of. the
‘measurement ,is degraded because of excess reactanoeS‘
‘associated hwith‘;the f1xture .and‘the dev1ce mounting,'lhe
effect of these ’reactances on'bthe-~device parameters'is-

fur ther dtscussed in section 3.7. Furthermore, the errors_

assoc1ated with' theumetwork analyzer as discussed 1n sectlon

3.5 cannot.be.convenlently corrected.

' - Because of . the difflculties of characterisation

for accurate dev1ce character1sat1on A method was therefore.

developed that comblnes and ref1nes the s1gn1f1cant concepts

'analyzer for rap1d measurements 'b) the. use of CAD programs .

for model!ng of “the fixture and the dev1ce. c) the_

e e e
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“.and ~under 'same 3mounting 'conditions' as used in the flnal
'amplifier d) the de embedd1ng of the dev1ce parameters from

the c1rcu1t and e) computer removal of network analyzer.

errors. . B

3.6.1 Fixture Mode1ing.

" The fixture ‘was - modeled - by vmeasurlng_'the two-port
<S-parameters“'ower a. discrete set of 'freQUenctes with a-
.50-ohm line between the '¢¢nnect¢rs. . The singlefportaand:
twosport error correction’discuSSed in the'section 3.5 was
applied ‘for',these measurements For the purpose of dev1ce"f
characterisation: the. b1a51ng is appl1ed externally whereas
in 'the final ampl1f1er the b1as1ng is 1ntegrated w1th the 1

_jampl1f1er Therefore,  no 'dc blocking. capac1tors were used ,”

'dur1ng characterlsatton : Inji‘ the f1nal ampllfler
-{fconf1gurat1on the dc blocks were used tdwisolate RF from dc.
ilFor model1ng of  the flxture therefore, the S-parameters were
measured both “with and wi thout dc block1ng capacitors The‘
,1nput and output connectors were modeled ~as lengths;of
Ltransmiss1on lines of 1mpedances Zlvand Zl’,vlengthsuli and-ll_"
and loss : factors aland “1 respectively S1nce slm1lar
Amphenol APC 7 ‘and ARM 2052 1133 SMA/m1crostr1p oonnectorsn
. were used at both the 1nput and output ports of the faxturee,
‘these character1st1cs were modeled to be same at both the .
'ports The loss factors aland all have a typical value of7
dB/gu1de wave- length at 5 GHz and were: modeled to

1ncrease as the square root of frequency ‘The m1crostr1p was:

.9”‘




modeled as a length of transm1ss1on line of 1mpedance Zz and a

length lé‘fj The loss factor assoc1ated with the m1crostr1p

- line .was assumed to be zero because microstrip losses are'

\

: "?]étiYejyj .small.u‘:The' modeling . of | the 1ntermed1ate,
coaxlal;to-mlcrostrlp trans1t1ons has been studled by W1ght£v-
et al [39]. They obtalned a two element equwvalent c1rcu1t;
v‘model for ‘a launcher trans1t1on The’ equ1valent c1rcu1t was
cbta1ned from measurement of .excess phase 1n thelmnput
reflect10n' coeff1c1ent as the lengths of open- c1rcu1ted )

’m1crostr1p lines were changed Each trans1t1on 1ntroduces an ,

,excess phase shift of the order of 20 to 30 degrees The

: parallel 'resistance-iin “the model rs 1ntroduced to account‘
lfor losses at the trans1t1ons The network topology for the g:’
_ overall f1xture model is shown 1n F1g 3. 6(a) The flnalﬁ
modeled parameters were obtained by least square f1tt1ng the
overall f1xture model to the measured two port S- parameters -
“by use of computer program COMPACT (40]. The® 1n1t1al values;

- .for the- modeled equ1valent transm1ss1on l1ne lengths were
.spec1f1ed as equ1valent phase sh1fts at 5 GHz computed from

the phys1cal line lengths . The 1n1t1al value of l1ne”

;.1mpedance was chosen to be 50 ohms . The»startwng equ1valent

'

- c1rcu1t values -for. coax1al to- m1crostr1p trans1t1ons wereh;‘
obta1ned from the experlmentally observed values reported in o
1[39] Us1ng the 1n1tial values of the c1rcu1t e]eme"ts-_thel".
B computer program COMPACT computes the S parametérs of the'”"h
. mon} The calculated s= parameters of the model are compared'b‘

with the measured parameters -and selected network elements.'f"

-
i
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| u-:the mtcrostr1p ﬁs modeled to be 48 4 ohms 1nstead of 505

| '"Th'tolerances | To var1fy the accuracy of the modeled ftxturetejﬂn‘

jﬁ] 'parameters, a m1crowave short-c1rcuit was placed . the‘

| Tare varied to’ mlnimize, a predef1ned error functton _Forfl7s:i’

”least square fttt1ng. the error funct1on 1s def1ned 1n the _

":follow ng form _ "t" ‘.f.u=‘:a-z ! ‘ ;‘f_
E.F. =1 ] Wael Sy =~ S50 F + W, P ~.Sgn |
’ W§ S21 521 2+ W4 S12 - 512 c "2:“3:--'('3.23)"'

where subscrtpts }l“and"C referi tor'measured_land.
'calculated values of the S- parameters | ‘ . - :

_ A m1n1mum errorfffuwctton of value 0 421 Was obta1ned
:forf wewgh1ng factors wl, wz,’le, and w4 of 10-each. Theu'.‘
‘agreement r} obtalned , between '-measured nd.a computedh
-S parameters was w1th1n 0 1 0 in magn1tude and +10 degrees

1n phase The ftnal opttmtsed values are l1sted 1n Table {:T

'”331. ffThe,‘ character1st1o ’ 1mpedance_ of the equ1valent-:"

'transmission lihe for the connectors is observed to be 50. Qt
ohms w1thout dc block1ng capac1tors and 51 52 ohms w1th dc

. o j
‘ blocKtng capac1tors.,-1nd1cating the extra dtsconttnu1ty,~.-

‘=1ntroduced by ustng dc block1ng capac1tors The 1mpedance .of.

"ohms the d1screpancy be1ng due to fabrtcatton and etchlngj,'"

'”rspace de51ghed for mount1ng the dev1ce and the 1nputlf‘“"

'reflectton coefftcient was measured The short c1rcuit wast
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'realzsed by mach1n1ng a copper p1ece to tfft.the-space :
Tde51gned for mount1ng«of the trans1stor A copper conductory
l‘ltne of w1dth equal to the metal conductor on the mrisostrtp N
line was bonded Oh the metal ptece by us1ng a conduct1ve

- epoxy The measured ‘reflectlon coeff1c1ents at both they
N 'ports were" compared 'w1th bthe computed reflect1on

'éoeff1c1ents An agneement was. obtalned w1th1n 0 103 in

' ,magnltude and +10 degrees in phase 1nd1cat1ng the val1d1ty

-'and accuracy of the f1xture model

3 6 2 Dev1ce Mode11ng '

B The cho1ce of a part1cu1ar dev1ce model is. normally a

‘4,compromlse between 'its, comp]extty and accuracy S1mp1el
fdev1ce models tend to be reasonably aCCurate over a 11m1ted :

,frequency range and a flxed set of blas cond1t10ns However,vir

'more general1sed models that are accurate over 1arger

‘bandw1dths and dffferent blas1ng condltvons must 1nc1ude a

.-['complete . representat1on | f. the act1ve dev1ce and a

;representat1on for the pacKage paras1t1cs R

Borrego 'et a [41] have der1ved equ1valent c1rcu1t

'e.parameters of 'a model from measurements at 1 MHz, Such .a
'“fmodeting technlque has the conven1ence of belng s1mple but,
{~the accuracy of the method is very 11m1ted The value of the.ﬂ

'package | paras1t1cs,;ﬁﬂ channel res1stance,-: and .j'Lte!"
'..,Qmetallisat1on reSIStance cannot be measured by th1s method '

_ S1mpPﬁf1cat1on 1n. models has been proposed [42] by

- 1gnor1ng the feedback source res1stance and inductance The




. >8 |
‘t;effectJOf these feedback elements on the max imum stable gamn T o ;
and stab1l)ty has been stud1ed [29] [43]). For accurate
.modelmg of. a dev1ce these elements should be 1ncluded lA ,
’Jthe models o | ' o | | :
AN effect1ve and accurate method of modeltng a dev1ce3
by f1tt1ng the calculated S- parameters of the model to - | >
!the “ measured dev1ce S parameters by use . 'o? computer -
'opt1m1satlon and analys1s programs [44] A c1rcu1t topoldgy.
shown 1n F1gure 3. 7 was selected for device representat1on
The or1g1n of var1ous c1rcu1t elements has been d1scussed in
sectnon 2. 4 and 2.5 and is shown in Flgure 2 3. The dev1ce;
model js same as descrlbed by Ohkawa et al [45], and
includes the effect of feedback elements such ’as the.

‘

vfdrainfgate MJller capac1tance Cqq- and’ SOurte res1stance R

~,and- tnductance‘ ‘LSEQ“ The dra1n to- channel feedback ~.. U |

'.:capac1tance considered in [4] and [43} is, however, ignored - : 3

because of its _smalfi}valueVISQ} The VR lue for intrinsic

deyycel’,elemehtsz ‘was ohtalnéd .-From dev1ce phys1cs , B

" ”?]j;)O”Shipsq(z 181}, (2;20l and (2 21) d1scussed in sect1on o :!;
2.4

The initial value of dev1ce transconductance g .‘can”'
‘also be readmly obta1ned from observat1on of the forward.'“'ﬁ

X gawn parameter S [44] by us1ng '-;f z .5:

“for 2= 50 ohm. . - - L 3y




'Device Model

F1g 3.7 Lumped Circuit: Model for the GaAs FET
. The .Model TIncludes the Effect of ‘

- Feedback Elements

Table .

Modeled device parameter values for |
VDs 30V VGs—-‘l OV

| Parameter

Value,

| Param eter

Value

‘1.28nH

Om

1.837 ohm

© | 34. 18 mmho
112.9 psec |

| o0.520 pF

1,15 ohm

>

- 1.1ohm |

" o.6nH

- | 0.0514pF - |

R 46-..5"5-;9;-oh,m:‘- | R

0.4364pF |
487sohm,;‘ SRR
'0.663 nH |
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“terminals. Similarly, the source resistance was measured by -
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: -
The time delay. parameter T,» Which arises because of

finite saturation velocity of electrons along the device

- channel, can be calculated by uSing’

o

. T

For 1 um gaté-length deVice wi}h'safurated Velocity of

1.67X105m/5ec. the qpproxfhate value of Iois,S'pseb. The

gate and dnain package inductance L and L, were taken to be:

d
0.5 nH as typical values and the source inductance value of

0.2 nH was se]eéted. The output capacitance-Co was mode led

1o bi 0.2 pF. The extrinsic besistancés-Rd . Rg‘ and’Rs were

estimated from ag\measuréments on the device_near the<6f§gin~
of voltage current slopes [36],[37]. The resistance in the
drain circuit was measured by applying a small forward gate

current and measuring the voltage across the' source-drain _

_ o*
changing the drain source :interconnection.
fa 7 eq - R : | (3.26)
Elgg - S - ‘ | - _
Re = &Vsq S S L (3.27)
AT e

The values  of Rg and ~ R gwere estimaged. to be

. < — . . .
approximately 5.2 ohm and . 2.5 ohm respectiyely. The

.

. gate-resistance ‘:Rngas ) obtained by ‘ measur ing tﬁé

dréin-tb-gafé'voltage'for Smalllforward gate currenf
R = AV, o | f -
g Kﬁfji g . : - (3.28)
.\ . ) gs -v' . :

o T g (25 ¢

b
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The -value for Rg'was,thus estimated to.be 2.2 ohm.

>
The parameters of the fixture with the device were
measured by uSing the measurement set- up described in
" section 3.4 with a network analyzer system These measured. v
parameters were "error -corrected using - the equat1ons ©
described ‘inl section 3 5. The measurements were made w1th A
di?ferent drain and gate. b1a51ng on the device Us1ng the
mode 1ed fixture parameters and estimated dev1cé parameters ’
the composite Saparameters of the ftxture and device were'
computed. These calculated parameters were 1east squarewp
fitted. td the measured composite S- parameters bysus1ng the
computer = program COMPACT [15]. Fo]low1ng error funct1on was
defined )
E.F. =% % .{wl‘. sl-l-M - Sllc 2 +W,. SZéM “- Szzcjz | ,("7"
F = Fy | | | S : |
. Wye|So1, - S'ziclz t Wy S12, Slzciz } 3:29) l

3,

-,wl,

. P ‘
their. values -were select1vely chosen to get the best f1t' /}

RN

~
.

with a m1n1mum of computer t1me R o |

Advantage was taken of thehffactn‘thatf‘the”reyerse;
d1solat1on parameter $12Jf'r‘ GaAs‘p#ETs'visv’veryf‘smalttd
| TherefBre the"lnput parameter Sll‘isllargeiy determined 5&?
the'eQements'tg , Eé'; §gs , and-R'-f There?ore a f1rst run
was made;byﬁfitting_sll alone w1th these four parameters as

[+}

I ?

Wo, iW3. and W4 are. the we1ght1ng ﬁrnct1ons and /s "fﬁﬁ

oy -, . - . . o et N B P
~ Y o . BN . - . v
. . .
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-

.vartables:.making w2 , y3 and W4 zero. Slmllarly the output.
e . . .
reflection | parameter 522 is largely determ1ned by the

' C\ ‘ Rd and”LdJ.
In the second run w3 and w4 were Kept zero; and the f1tt1ng

3

elements in. the output c1rcu1t such as R

' Co-' Rd and Ld as

nvariables Dur1ng the ‘third opt1mlsatlon step, onWy W was

- was done. for' S.. alone mak1 R
' 22 -0

ma1nta1ned zero - and f1tt1ng was done for forward gain

parameter‘ 521 alone w1th parameters 9 - Cgs and‘Ro bejng |
‘thé;‘ variables. W1th each optlmxsat1on step 'the~rerror
ffunctlon reduced stgn1f1cantly QIn~;the'neXt step all ‘the
.:'}d .: weighting functlons were ass19ned equal weight and 512 was
- included in the opttmlsat1on process’ by makxng Cdg ,3Rs and‘LS

as Var1ables | |
; Once thIs initial opt1m1satlon process ls completed, a
T L f1nal f1ne 'tun1ng run m;s made by tak1ng all:the_c1rcu1tl
PN parameters as var1ables E‘and' a ‘qutck 'convergence' was
obta1ned in thls step It' was observed that the reverseﬁ
parameter 512 was most d1fficult to f1t Further 1mprovement
‘l" can,.be obtained in the fit by 1ncreas1ng the we1ght w [40l
and go1ng through another optxmlsat1on* 1terat1on | The
' measurement and fltt1ng was done over a frequency Tange from
% ﬁthif ﬂ " 4.6 GHz to 6. 8 GHz over a d1screte set of frequenc1es
S Because» of 13 elements in the device model, at least 13
. . f:equenCIes will be requ1red at whlch the measurement shouldf
ﬂ“s w;r"j | be made A larger number of frequencies should be used for”_
;?Jf[[f;" obtaining a better fit of the model Uhce the opt1misationtv.

Lo process is compléted the device scattering parameters cani
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f

be obta1ned from the device ‘model The f1nal opt1m1sed

\Evalues of the equ1valent c1rcu1t eiements Of an HP HFET-1101

.. ?

GaAs FET device are listed in Table 3. 2
” The' advantage. of us1ng th1s scheme is~ that the.

meésurements ‘need to be’ made over l1m1ted range of

' frequenicies ' and from the devv e model s poss1b1e to

calculate thei device . scatter1ng ' parameters at alt -

freduencies of. interest. Another advantage is that‘any

random errors, "aSSocﬁated w1th the .network analyzer

J\ ! .v

measurements are removed dur1ng the opt1m1sat1on process
) e ‘. ‘ ’ s

- 3.7 Measurement results ‘ 7 -5', e ‘

s ‘ _
The de embedeed parameters for an HP HFET 1101 GaAs FET

.are 'shown' in F1gs 3. 6 and 3. 7. “fhﬂ; 1nput and output

reflectjonﬁ parameters , 11 and 522 for GaAs FETs remain
capacitjvei.over large frequency ranges 4], [40] [41] Anyf'

excess reactances, however , transform these parameters over

'~the7‘Smith'WChart ZSuch reactances may be 1ntroduced~by,a

. mounttng scheme of .the dev1ce in the flxture It is observedt.

[y

in thure 3. 6 for example that the measured S11 for the

<.device is 1nduct1ve at frequenc1es above 6 GHz Another set"{

ot

umlcrp

of barameters was obta1ned by reduc1ng the gate paras1t1c )

reactanée from 1 29 nH% 0 29 nH “and’ S 17 is observed to be, B

capac1tive over the ' frequenctes shown | The path of,f°
transform%§1on 1s shown by the dotted ltnes It 1s evwdent o

o

more sggnif“ dr

that parasztics affect S11

_ave .frequencies Thjs observe~ on a1sQiunder{ines the

{towards htgherfhk
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device 522'15 observed to rema1n capacttive over_ the'

]

measured frquency range

The results for the forward galn and reverse 1solatton'

'.importance‘ of accurate characterisat1on and model1ng of thezf'

L parameters are shown_ in Fig. 3 7 The dependence'of'theset

¢

. .ar1slng because of inherent drift A

“Q??Land because of temperature changes.“

'.functton of frequency Th15 tnherent roll-off of s

"onthe-FEJ is made more negat1ve The reverse parameter S

v chapter an effort has been made tof&

v'_ar151ng because of 1mperfectlons

‘arrows. It is observed that 521 decreases 1n magnltude as a“

21

'parameterS' on. frequency and i gate b1as is 1nd1cated by‘VA

w1th.

frequency should be compensated by a matchtng network w1th

-oppos1te ] frequency slope for _ broad -band amp]1f1ep

'deslgns, ' Also 521 decreases in magn1tude as the . gate b1as

the product of Szi and 512 ) therdfore the amp11f1er has af:I

12 N
rt _ obse ved to 1ncrease w1th 1ncreastng frequency and its

_ dependence on the gate btas is small As d15cussed 1n the."

'.V>n t chapter the stabtltty of the ampl1f1er 1s dependent onq'

tendency to be 1 unstable at htgher mlcrowave frequen01es"

These measured parameters fcrm the bas1s for further des1gn'

‘and - realtsatton of a GaAs FET ampl1f1er . l;g;gfu'.“

In the character1sat1on procedure

"f

"*f‘removed The magnjtude of the reverse 1so atlon parameter 512

1s comparableA to

=4 1n thlsd:ﬁ
,1n1m1se the errors?1t7
the connectors and‘b”'
fdirecttonal -couplers An the‘ netwo/k ana1yzer The errorsﬁ,ﬂ'
| the network analyzerijf‘

however can not bejf“'
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”’syétémﬁ,‘ therefore ,ljfs“,_accuracy cannot bé ‘adequately -
"est1mated The parameters 511 522 and Sél are estlmated

-

- ~to be accurate w1th1n 10%

| ;L/;
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faﬁa“""”".. |
'MiftﬁeV*e‘ﬁsI th]S chapter. resHlts from an’ a¢tual GaAs FETYf““””
' ampl1f1er are 5ummarised Relevant quatlons are descr1bedf;

':;‘. 3

?féﬁ{T the amplvfier 931)7

f and stabiltty parameters rhé£;1'

’-c0n51derattons for~ select1on of source and load match1ng ‘:n;%

T “rcu1ts and the b1as1ng Scheme’are outl1ned4 A d1str1buted: .
of 1 ampd "“33 s:descrtbed and computedfo;f?ri
f he amplifie vsmal] signal ga1n and phasen7';‘v

; " reSponse 'are ‘shown Comparlson 1s made w1th expertmentallylﬁd

f;measured resuIts

Measured dev1ce s,parameters can be used to des_gn the”ﬁ'

.:source' and load termrnatio;fﬂto rea]ase & stable ampl1f1éQfﬁﬂ*
"Inxtial el

~ apdroaches the de51gn of

f7;:1nvolved cut and try methods wher
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‘;opt1mlsed 'té, obtain the best possibie \response.a;Ferf

'narrow band amp11f1er déSIQns..iﬁghg_ measured dev1cej’

:parameters can be used to des1gn the matchwng c1rcu1ts us1ngjﬂe

'1a. Sm1th Ghart I48]“

J'The use of a CAD program such asm°f’

.N¢C0MPACT allows evaluat1on of the overall amplif1er respbnseTJff

;before the ampl1f1er?§j actua]]y fabrieated The deSIQn}ﬂ:;ﬁ

ﬁ.re]at1onsh1ps have been d1scussed 1n a number of papersﬁx”

1481 491, """z".te"ms of; dewce s- parameters For the :'v‘ake,.-ofﬁ';‘

e ﬁggmp1eteness;"

sectlon\

these ‘wi)l beﬁkdtscussed aga1n 1n the'nextifief

"“Tgtwo magor' consfde,at,ons.u a) the aSSUmpt1on of uni]ateral”" -

_ ga1n (512--0) and b) the construction of'constant~ga1n'ft'

7ﬂlc1rc1es on the,$m1th Chart‘“Th”:un1laterTTftransducer pcweh*%sfm7
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df. R SRR . ,,h_'3ﬁ e RTINS
o -fthen 1nherent galn of the dev1ce due to forwand ga1n'd_'

nggparameter 521 . Gg' and G repreSent the ga1n contr1butqonsuj;"

. : 'l \

oo ‘ J

‘hAybe>ﬁ solved for. aﬁ_sef{ of source and load 'reflect1onf."h“*

"ubecaq;e match1ng t the source and loéd ports;.z‘:?‘

'ﬂirespectlvely The express1ons for G and G 1n (4 T) can*Vfr

"‘¢7ﬂff;ff‘ coefflc1ents that y1eld ; constant ga1n contrlbut1ons These;d"v

| fﬂcontcuns are 1n the form of c1rcle3' known as constant ga1n-1f'

f. thirCIeaf Max1mum ga1n\ ls obta1ned‘ by ;a 51multaneous
liconJugate match at the source and load ports., Forwanf“'
3f';un1latera1 | assumpt1on. therefore the source :and loadﬁif"
lreflect1on coeff1cwents for a conJugate match are g1ven by

e Ty S e e (4 3) .

In pract1ca1 dev?ces, however. the parameter siz 1s notif"“

'Tﬂf;f,_.~'zero and the~effect1ve 1nput and output S parameters of the“

hdev1ce ake. a functwon 6f the source and }oad Impeddhces Forr'lﬁ

f;ﬂfsimultaneo.s: conJugate_ match.athe requ1red source and load. o
N 5 /i

‘hmpedances fi{d each freQUenoy of 1nterest can be obta1ned




:'?h:ﬁ7?or the ampl1f1er is given by ;J'f,i'f';#¢ﬁ.ff

- . o o et
- - T e

Ji1mpedance can be obtained by chang1ng the subscrtpt S to L,

"~”fand jlnterchanglng subscrxpts 11 and 22 The transducer ga1n'.f'\” i

Equatlon (4 1) .eah::tbeﬁ} bbtaﬁﬁed *frbwt{(4}8)h-by
subst1tut1ng 512 ?,.‘~-'{_;_ﬁ‘ﬁ;t“;,'i f*ﬂ]»"”EE R

ﬂ“3d”“ Before rea11s1ng the actual amp11f1ers. the stab1l1ty

f the amp11f1er must be checkedx A stab111ty factor K may n-”j

~

be def1ned 1n terms of the dev1ce scatter1ng parameters as

1+ IAI Jslll |s22|2 ST

above relat1oqsh1ps are obta1ned for source?]Jql"'

_f1mpedance The“ correspondtng relatuons for the load_y”“fé

R -

K greater than un1ty “ensures thit the amplif1er lsgfﬂf,f7§f

A j;.f‘.,"uncondt &: ona l [ § y s tab l e
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D . . . e . v . TR P

' dependent on the s1gna1 frequency and deVICe b1a51ng._the ‘
. CA ’ o
“stab11kty should be checked at alT frequenc1es and operatlng.,

o rblases . _;-.f:4 : '<'

| R
-4, 3 esign and Rea11sat1on of GaAs FET A l1f1er

| The bas1c ampl1f1er conf1gurat1on 1s shown in Fig. 4 1
c; A protectlve and delay c1rcu1t 1s used in the bras supply to

flrst apply negatiye gate b1as,~before apply1ng the drain

“fitpotentual dur1ng sw1tch on. Furthermore, it protects the"

- dev1ce from any b1as supply trans19nts, A éomplete schemat1c .

of the protectlve and delay c1rcu1t 1s g1ven 1n Appendtg I.

e A var1ab1e re51stance 1n the dra1n c1rcu1t fs used to vary

- fjthe d;a1n potent1al The blas ftlters are'prov1ded for hwgh'

".Tfrequency decoup11ng of the dev1ce from the b1as1ng circu1t

The dc block1ng capac1tors are used at the” 1nput and output

R

_*'cwrchts to '1solate

;s'match1ng c1rcu1ts can Ye

.'tmeasured dev1ce S palmmetersm and a Smlth Chart S1nce the

obJect1ve of the de51gn 1s to real1se a relat1vely narrowir
fﬂband amp11f1er open c1rcu1t s1ngle stubs are . used both aty—
the' 1nput ’and output c1rcu1ts of the ampltflen. Larger .
o bandw1dths quld \Be real1sed by plac1ng stubs as close to;
'Tothe dev1ce s; poss1b1e.; The stablllty circles [48] [4&1 .
" were computed from ,the measured dev1ce S parameters. atlr“

sfhvar1ous frequenc1es of interest From~these CIrcles,_thepat.

T”fv:F1g 4 2 The conJugate source and'load term1natlons; for anbi:“

~thefRFj$dUPQé from the dcjsupplyl The

}:tj-funstable regaons were defined'on the Smlth Chart a8 shown 1n3"”

-

3;unila}era1 device assumptlon are also shown onft'eﬁF1gure, 5{;3 “
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Fig. 4.2 .REEions of Ip.-st‘,ability.._Piot,ﬁed on’ a:Smith
.. Chart; Device HP-HFET-110, V = 3,0V.
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The - source: and lbad term1nat1ons should be selected such"

that they lie 1n the stable region of the ‘Smith Chaﬁ§¥T:t
1

select1on was made for the matchtng c1rcu1ts, the overall

all operat;ng b1as potent1als of the dev1ce Once an ini

amplifier’ .response was modeled by uslng the.*eomputer'

programme CO&PACT The_ modeled parameter yalues for the

connector d1scont1nu1t1es and the hcoax1al-to m1crostr1p -

transitions. .?5' l1sted 1n Table 3 2 were 1ncluded 1n the

' ‘model.' The des1gned matching c1rcu1t dxmens1ons)§buld be

kY

altered so as to obtain the des1red ampllfler response. This

'des1gn‘ procedure allows predeterm1nat1on of the ampl1f1er

3response before the circu1t layout is made ‘and the fina)

RE c1rcu1t ’&s' etched on the m1crostr1p Fag‘4.3 shows some of
the hardware features of ,the. realised amplifier. The

2alUm1num box 'is used 1n the bias c1rcu1t for sh1eld1ng of

_the b1as GGnnectlons from high- frequency no1se The b1as1ng;

c1rcu1t on the substrate cons1sts of a quarter wave length

;h1gh 1mpedance l1ne ( - 80°ohm l,termjnated,w1th a quarteri“

‘wavelength Open c1rcu1ted low: impedance'line (= 10 ohm)

"~ Such an .arrangement prov1des ‘an_high RF . 1mpigance at . the:."

connect1on w1th the 50 ohm l1ne The - b1as potent1als are

' connected at the 1nterconnect1ng JunctIOn of these two l1ﬁés

by 'a very th1n wire: ..The bias ciz % should be placed far

’_away from 'the dev1ce so that the1r effect on the ampl1f1erkf~'l

"rEsponse vs mlnxmum

i
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Fig. 4.3 A Photograph of complete 6 GHz
GaAs FET Amplifier Assembly

|
)
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4.4 Model1ng of GaAs FET Amplifier Response

. A dwstr1buted model for the GaAs FET amp]1f1er is shown
in Fig 4.4. The mode! was simulated with the computer
program COMPACT. This model allows computation of the

.

overall magnitude and phase response of the amplifier
between‘fts extgrnal‘po}ts P, and Q respectively. The modggg
is complete in that it includes the Ae;ice parameters, the
matchihq ~ircuits., all the line A]engths. Tine Jlosses,
connector 8iscontinuities and the transitions. The modeled
'response >16s91y followed the measured amplifier gain and
phase 1 esponse except that the cent@} frequency was ohserved
v

to he shifted by approximately 100 MHz. Such a shift ocrurs
hecause 'the end effects of the matching/ stubs are not
included  in the model ( To completa theféﬁb]ifier nmdeliné.
theref~1 e another optimisation 'run was made and the
amplifier response was least square-fitted to the measired
amplifirr 1egponee. The final values nf the stub lengths are
ligted "y fahla 2.7 rig. 1 % ghrwe the comprrisann hetwean
madaled  and meacir od amplifier gain [ eSponse. The ag' eement
oo b ey mongirr e and v;v"-"‘clnd p~in ise ~bserved tf'.~ bhe within
I iR over a fremurency range extending over 7 GHz It is
oheer yved that far a given matcehing netwerk the gain of the
amplifier decieases and the bandwidth increases as the
gate hinea ;is macle  mor ~ ""gat‘ a. Tor a Vgs Af 1.0V the
ranter "°qbwn'v gai* ise 7.2 dB and | dB bandwidth is
heger vad tmg" approximately 00 MH7: The nareement hetween

P \;’ e b Tt e NP | too fre withio N
|



78

[7s

1o13TTdwy 134 SVe9 8yl I0J. T9POW PIInNqIIISIq ¥ 4 % 9T

(mL. (m)S: -~
: (m) g (m)Se
) :
; : _
_ _ ﬁ m ! ,
1w usau:o [ yo3ey andug. T -
Tm e g p
=Pl > >
g9 TA* £ P- sl Ry
5o . _ - | B a5 : mw/
P 20 S| ' ~ PR G !
oo ﬁ | i ¢ ,
uyo . m.. mw - Tv } Mul .nnu ' yc
0S 5 ol - . 207A3Q i s ¢ “ | o¢
0 : b ;
: JHF P A”.
t i | [l
B T ®
0 < é



, / \
l =T 1. 71T T T T T T 1
b
. o~
Y o12.0f , Vog = -0.5V Modeled -
10.0 | ’ L4
-~ = -0.75V
'U P
Nt -~
& 50 = =1.0V
- p— > ﬂ
S = -1.25V
—
. o
£
¥
4 6.0}
1
—
—
o -
&
| 4.0
2.0 |
8
nooh.—ao o

52?254 56586.06.26.46.6687.07.27.4

Frequency (GHz)

Fig. 4.5 Modeled and Measured Small-Signal Gain
of the GaAs FET Amplifier as a Function
of Frequency at Several Gate-RBias
Voltages

‘ 79



¢

‘80

degrees over a - GHz ampllfier bandw1dth The compar1son is

. shown in F1gure 4.6. o \\\\// . b
. : [ ‘ L = L° f

The‘ measurements of the amglifier gain and ‘phase
response were obtained ‘by using the ' network analyzer
.measurement set-up described' in section 3.4. The network

‘analyzér, alloaws a - swept - frequency dishlay of the forward

- gain /parameter of the amplifier. For ihpFoved accuracy,

howeyéh, the measurements Were _carrted out at discrete
trequencies. in the ampjifiér pass band. The anélysis-of the
amplifier respdnse at var1ous gate- b1as voltages 1nd1cated
that ‘the -amplifter tends to be unstable at less negatlve
bias voltages. $,, was observed to be greater ‘than unity for

/
4

a 'gate bias of -0.1 V, an unstable condition for amplifier

-operétion It is essent1al "to operate the amp11f1er far away

from this region of 1nstab¥/qty so that any change in dev1ce
.parameters_due to temperatgye.changes or due to larger input
/signﬁl étrength' will not cause the amplifier to oscillate.-
Therefdre, the operation of the ahptifier_was restritted to:
gate vo\tages less than -0.5 volts.

The good agreement obtained between measured and

. 'ﬁodeled amp11f1er response underlines the 1mportance of the

4

- method of characterisation and modeling of the overall

amplifier response developed in éhapter ITl and chapter IV.
Two amplifiers were-designed, using devices from different
manufacturers ( HP HFET-1101 and NEC-24406 devices) and good

agreement was obtained in both cases. The results presentec®

in  this chapte#- and the next chaptegs refer to the ‘HP

HFET-1101 device.
{
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| 3 CHAPTER V ,
DISTORTION ANALYSIS OF THE Gahs FET AMPLIFIER '
USING VOLTERRA SERIES REPRESENTATION
s : .

. i
i

‘u'«study the ampl1tude and phase nonl1near1t1es observed in the

GaAs FET amplifier. A frequency domain Vtherrq-ser1es
.expan51on has,-oeen used . as the"_anélysis'technique.lFor
purposes of analysis, a lumped circuit model'is proposed tor
the erra}l ~amplifier. One of the 519n1f1cant featu?es of
the ~modet7 is that ‘it takes into “account the device
hoplinearities and their 1nteraqt1on with the surround1ng
m1crowave c1rcu1t The m1crowave circuit is taken to coQSISt
ofV . the match1ng c1rcu1ts the coax1a1 to- m1crostr1p
trans1two:f and the 'decontinu1t1es assoc1ated with the

input co nectors and dc- block1ng capa01tors Thefdistortjoh

in the mpl1f1er‘ is investigated  as :a function of input

.sighal ; power Tevel' signal - frequency and  transistor:

gate-biast A gate bias compensation techn1que is descr1bed

to 1m¢rove the d1stortlon performance of the amp11f1er

2

E}

St B :
5.1 Introduction v g

Intermodulation .and cross modu1ation are important

‘ measurés of amplifier distortion. The. process of generat1on

of spur1ous responses within an Qmpl1f1er s passband, wi

number of signals are applied to the amp11f1er ipput,

. . o . ‘_'ﬁ?
In this ‘chapter; a mathematical model ﬁs deVeloped to




amplifier can be expressed as 3 power series,

_distortion: performance is readily calcu]ated.

L3

is'_called intermodulation distortton"ﬁ{The. th1rd order

intermodulatid§. prodoct is of part1cu1ar 1mportance since
it lies nearest to tne s1gna1v£requencies.and therefore
dominates the_distortionr Furfher, the fOndamental'component
of* the third-order term contr1butes sign1f1cantly towards

[

the  power level dependent ' amplltude- ~ and phase

‘nonlinearities of the ampl1f1er s response Cross modulaﬁ1on

d1stort1on 1s def1ned as the transfer of modulat1on from one

carrier; to another when a. number of ampl1tude modulated‘

signals are app11ed to the amp11f1er 1nput
At  Tow frequenc1es,.the transfer characteristics -of an

and

expansion analysis applies only to nonlinear Zero-memory

Circdits. for which the output at ‘any time ’'t’ depends only

on jthe input' at the same time instant. The microwave

ampﬂifier model includes, however, package.inductances'and

fringe capacitances and nonlinear reactive elements -

associated with the device mode 1 . These nonlinear
energy-storage (memory) elements produce frequency dependent
distortion. The transfer characteristics of such an
amplifier .with memoery can be - represented - by. a

Volterra-series. Volterra-series coefficients: (kernels) are

frequency dependent* and contain- the phase information.

fherefore, the Volterra series representatjon is suitable

for computing the response of nonlinear circuits with

... memory . ‘

AN i v

\

’ B - B R '.'8-'3.".'."

f
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2R Rﬁk/ﬁ"k/\ Aolterrahseries
‘ A ‘SU L

L fi?ni ) condition tHafﬁ the %olferré-series~
\ be applied to ‘the GaAs FET amplifier is .that
\/\ of thé amplifier must be restricted to a-
\/\ /,\;tqtic ‘stabillity. The. cofcept of Volterra
4\/\ the aﬁalysig\Néf ninjhégr"systehs is ‘a
/\A ?“bf the cqgvolutidﬁiintégfai used in linear
/ /\/s. Al} possing%“inbut';fuﬁctions x{t) are
y 'a set of 'outht functions y(t), through
‘fs integrals, which ' define the syétem trénsfer
Volterra-series ﬁay be described as a
With- memory’ which exXpresses thelqutput of a
dm in ‘powers’ of the ihpyt x{t). The output

)
\
nonying s \/\//
\
\
\

r ot .
0" dg’ J \ intégral involves expressions with products

. on | f :
ALY , L/Vf past values of the input; therefore, the nth

v
of ey Wy /\ - ‘
iRy 4 f\ tself, thus representing an nth order system.
ter
MY 5 | Showed that every functiona! y(t) continuous .
! hﬁ \/ M continuous functions can be represented by

oy
tha exr\%r‘Sl\/\ JlSO]

) -
Vig \ [ V() | (5.1)

y

wisee kA 3 \omogeneo s functional of order k and has the

(Or\m \
o |
(¢) » [ ‘ )
vl o . - Y. j hk(rl,rz,....,Tk).x(twrl).x(t-Tz)....
J N v -%

/ .
7’( . . ) . N
\Av t rk). drl.drz.dr3 ........ di (5.2)



The

-1
.-’. A‘ . _- ; Te | . ’ } | .
,lsérigs‘ is called convergent if a déefinite value of the

functional: corresponds to every function k(t). For a

©

convergent 'serieé,; the h%gher-order' functiondls can be
normally igno;ed‘ in the 'énaJysis ' as long as the
noﬁliné&rities are not too ’‘violent”. The output-y(t) of a

nonlinear system can be represented in terms of x(t) as
’ - \
\

Y .x(t-7,) .dT

1 1 1,

T j. j’h?(wl,Tz).x(t—Tl).x(€—T2).drl}dT2 g

—_—cr -

on [+
j jvh3(rl,r2,73{.x(t—Tl).x(t—Tz?.x(t—r3).

where h (1 sre---,7 ) is the Kkth kKernel of the

|4
Volterra expansion of y(t) ﬁn-tehms of x{t). It is assumed
here that hy is a symmetrical function of its arguments. The

-3
kth order Fourier transform of Py (Tl’Tz"""Tk) can be

obtained from

" 4 oo',- 0, .
_Hk(wl,wz,....,wn) = j jﬁ 7'hk(Tl,T2,....,Tk).

exp[-j(wlTl+w212+ ....kak)]djl.dtz,...,,dr

(5.4)
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wheretﬁ($2ﬁf? - and, H, s eiso a éymmetriea1 fun;tionS'

of its arguhents The order of H can be thought of -as the

number of contr1but1ng 1nput frequenc1es when the 1nput is

sum  of °ind1v1dual tones . ,in general, d1fferent orderh

~

' non]1near1t1es result in responsés at the same frequency in.
. ﬂ q Y ,

el

non11near systems ~An arb1trary non11near system is

represented as . 'équence of systems connected in paral]e]'

N

\'1

as shown in Fig
'The\ Volterra 'seriee expahsion - leads te ah infinite
number of termé"however the_ f1rst few terms of thHe series
suffice ‘as 1ong as the amp11f1er is operated in the region
of mild noﬁ§1near1t1es Therefore,.the analysis described in
this thesis s applicable mainly in thé c%rreht saturetien
region of device operétien. Furthermore, the éaté drive i8
considered to be small so that a) the distortion is small,
bl the quest-linear approximati;n of the device hode1
remains valid, and c) the dc component at the output‘of the
a&p]ifier does not change the,operatihg condi¥ions of the
device, |
The applicetiqn of the Volterra fUnctiona]s to the
analysis of nonlinear cireLits wes originally suggested by’
Wiener[50]. Therefore, Volterra kernels are also sometimes
referred as Vg1terra-Wieher Kernels. In 1967, Narayanan [51]
first applied the technique to: dismortien analysis of a
bipelar transistor emplifier operating at 20 MHz. Since thel

Volterra-series approach gives an explicit input/output

relationship in terms of functionals, it was extended for
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‘application’ to a ‘large class. bf aMb1ifi¢r§,ﬂ Narayanan
~exfended his work ta - ahalyZe dfstoftioh-in caschded"and
feedback amp11f1g£5- [52}. Narayanan and Poon [53] used the -~

A
- Volterra ser1es expansion °techn1que for th1rd order

- <

- amplifier d1stortion stud1es of a b1polar tran51stor us1ng

| the 1ntegra4 charge control modetf Van Trees[54] applied the

(>

ana1ys1s- to stqu Nthe nonl1near‘behavﬁbh of phase Tocked~

:loops Cross modulafion 'and 1ntermodu1at1on .in 100 MHz

trans1stor ampl1f1ers were 1nvest1gated by Meyer et al. [55]

us1ng the Volterra series® approach. - Khader and Johnson [56]
Y

app11ed the techn1que ‘for d1stort1on analysws ‘of a 10 MHZz

FET amp1ifieh.',At m1crowave frequenc1es the techn1que has -
"been extended for the dlstort1on ana]ys1s Of ref]ect1on type
':IMPATT amp11f1ers [57]. More receqt]y, it has Been used to..

study ° the second-order (58] and third-order. harmonict -

distortion of a microwave MESFET mounted in a 50 ohm
transmission system. In a'sighifiéant,béper, BuSsgang et al.
[59] applied tﬁe‘ technique to a distortion anaHysis of
cdmmqnication réceivers.; The ,pépén sums up the available.

technigues for = the aﬁalySis of nonlinedr systems using

Volterra series expansion. Bedrosian -and Rice [60f have

. ' U , . . R
given an ‘excellent. review of the analysis of nonlinear

systems with memory driven by harmonic and Gaussian inputs.

5.3 Distorfion Analysis of the GaAs FET Amplifier‘

In this thes1s. the non11near transfer funct1ons of the'

GaAs FET. amplifier are determ1ned by the nonlinear current

©
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method [60) ~and network analysis. The accuracy of the

analysis, the%efore, depends upon the accuracy with-whicﬁ

these nonlinear currents can be determined and the accuracy

//ﬁzﬁd validity of the amplifier model. The active device

contains more than one nonlinearity,“and the distortion

. N I . . B .
" currents are dependent upon the potentials and their

derivatives across each nonlinearity. The trdnsfgr functions

are computed recursively: by firgt computing the linear

kernels and then estimating the higher ardefr Vernele  Ihe
/

analysis procedimrs h'a\'@]fpt; the Al lmwing ctepe

al Derivation ~f a suitable amplifier medel  and
identification ~f the dwnirl\ar),t device M | inear ities’ The
nonlinear model is treated essent ially am 2 Titimnar nafus 1 g

with nnnlinesr itien crper impeaseet e §t

.(')k

h}  The Tinear transfer function is commitae by o et e Py

all the ecjrepit mlemeante ae l{nena:r

c)  The highet (;'r‘d?r d'ﬁ startiof curients are romputed from 5
knowledge of the 3i“@ar Potentialg and the rneflicientes of
the expanded Taylor Series. Thege higher order diastortion
currents are treated as input signals, the evternal v~ltage
sources are assumed tn he shert circuited and Ligher oyl

Nnowial VO]tagP!?. are rovmpited
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From the higher order nodal voltages, the distortion levels
in the amplifier can be studied as a function of various

rarameters e¥trinsic to the device.

——t . LA LI B

2.1 Nonlinear Amplifier Mode

A good model is a simple but realistic representation
nf a physical phenomenon in terms of measurable parameters
such  that the phenomenon can be analyzed and rontrolled §f
Phésib‘e. The Aigtributed amplifier mnde ) disgg§sed in
Section 4 3 je  nnt stritable f' ' noenlinear nnalvsi;\bf the
amplifier because no axplicit infermation J= 575%lahle
;ogarding internal potentiale within the acti -~ Aevice. A
lumped  circuit  mode) ie developed in thie section for
Valterra series analysis ~f the ;mplfiév The model ., shown
in figwe 5% 2 includes a devi-e mrdel. ite nonltinegrities
anc thei interaction with the sitrrovmding microwave
Firegit . The “evice model is de! ived by the methnd fescr ibed
in secticon 3 4 and includee the effe-t f feedha it alemantc
stuch  as  the frain n?ff Miller «apac itagn-e (dq . the et ce
reciactanecn Pg anel indy~tan e I o Inn Figure ~ 2. the
referance planeg Pa aned Qa 1é6fer to the axternal porte nf
the amplifim | and Pﬂ and Oa refer teo the device ror ts The
intermediate network consists of  the matching cirecoits.
coavial-to microstrip transitinng, and the discontinuities
aegoriated with the coaxial cepnéctors and de blocking

capacitore 7, and 7, refer to the csource and Joad

iryredanreae A fearn hy the evice nt ite gate and Arain
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bortg. respectively. The complex va]ueS‘of'Zs and.ZL can be
computed at various frquenc\es ffom the design values of
the “matching circuits and the characterised value§‘of the
remaining intermédiate networkﬁ. fhe cdmputed alues are
ploited on a Smith Chart as a function of frequency in
Figure 5.3 . Power transfer is assymed to take place across
ideal lossless transformers with turns ratios ny and né , at
the }nput ~and output ofh the amplifier ‘respectively.
Typically, the losses at the amplifier input and oufput are
(about 0.3-0.5 dB at 'each _port and can therefore be ignored
in the analysis. The equivalent 1eq8ths of the transmission
lines at the ports P, and Q_ are not included in the.mdda .
These lengths cause only a linear phase shift in the ongaTI
respoh;; of the amplifier and do not influence \hq nonlinear
response of the amplifier 'during anafysis. )The maiched
generator and matched 1pad are taken to mean tHat there are
iﬁo multiple reflections at the input and output port of the
ampTifiéri That is, it is' assumed that the amplifier is
coupled through ideal circulators or isolators at the input

and output ports of the amplifier. The terms ;Cqs . gcdgahd
;q represent the smal) nonlinear distortion cﬁfrents.which
afg super imposed upon the Jlinear circuit currents. These
currents are estimated from the device nonlinearities
obtained during the characterisation and modeling process
described = in Chapter II1. The dominant nonlinearities that
produce the distortion currents are described in the next

Section.
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Amplifier, as a Function of Frequency
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5.3.2 Device NOnltnearitieS'

The bias dependence of the non11near 1ntr1nstc e]ements
in  the dev1ce was_ obtalned by teast-square f1tt1ng the.
.device model to-the measured S- parameters at. var1ous gate
and drain' bias wvoltages. -The bias dependence _of‘ the
non]inear‘ cjrcuft elements Of  the FET was oner;ed to be
similar ' to that eXpected.fromjdevipé physids relationships,
The output resistance R, was observed to be almost constant

as a. funct1on .of the gate vo]tage over the operat1ng ange

‘of interest (current- saturat1on region of the dev1ce
operatipn); but V]lnearly dependent on the drain‘vO4tage
Vps - Since the output resistance 1slnot d1rectly a part of
~the FET gaan mechan1sm its contr1but1on to the

1ntermodu]at1on d1stort1on will be small [61; An averaged
value of R was therefore used Analytical express1ons for
tpe nonlinear device parameters gm', Cgs [22], and an
empirical retat1dn fdr Cda were curve-fitted to the.measured

data. |

-

,aLTrans%onductance'Nonlinearity‘li
a For cdnstant VDS.; a,simple.re]ation for the drain
current as a function of gaté-bias 1s descr1bed in
Section 2.2. Equation (2.19) ﬁay be rewr1tten as
. 172
[ fVgn *+ ¢

' " sa
I.=1 1 -4 S
d dssL -8 wOo e T S

[ W

Lo e



where ¢'i§" thé Schottky-barrier contact potential
(6 =0.8V),.and Wyy is the pinch-off potential. The

» *Taylor series expansion of the above expression is
" - éz - . .

£ A |
= Jwlt-1 ). 2 Jwlt-1,)
ig gml vgs.e l-+,gm .vqs.e 2
_ ‘ 2 °
- 3. Juele-Tyg
. +qm DTas” )
NE 3 -
+ ... (5.6)

“where id and Vas are smé]] a.c. ‘current and voltage‘

b=

compdnents. e . 9, and gm are the coeff1cwents of
| | 2

thel.TayJor 'expans1on of (5. 5) T are the order

T2'73
dependent time delays. Higherfordgrnde]axs are ignored
and an averaged value of the Belay Tl=ré_is used [62].

The corresponding expression for the transconductance is./

ay | . 12
I = = 3o |y g = “dss | 1| | (5.7)
~ “Vsq | Ves'Vps 2/ \Vggtel - .
- tonstant ©° |
For a fitte L | = | l
‘ tted wvalue of Idss = 149.16 mA, the

compar ison between measured and mode%&ﬁ transconductancé
is shown in Fig 5, 4?3)
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Equation (5.5) is based on the gradual channel .’

abproximatiOh (Gca) whlch hasipeen d1scussed in Chapter II°

For submicron’ gate length\de?ICes this approx1mat1on may not

be ° valid. In th1s case the . Taylor ser1es coefficients in

equation (5.6) could be obta1ned by 1east -square f1tt1ng a

polynom1a1 to the measured transconductance data.

. o
- o
n.
'blGate-Capacitance Non11near1ty
For a fixed VDS , from equat1on (2. 2{? may be

related to VSG as

W 172

: - i | ‘oo
oot |

‘(5.8)

o

The cornespohding power series expansion is_giyen by
: Y v o : -

v s : azvqs -a3vaé
i = C O + C —_—+ ... ,
Cas. gs; ot gs, at2 gs, at3 g

-

o ' . |

1
' »

to the measured data, we

obtain Co =0.18 pF and. Ll -O 2855 pF.

By curve fitting. (5.8)
A compar1son‘
;between \modeled and measured values of C

is shown_in;
F1g 5. 4(b)
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,c)Drain-Capacitance'NonTinearity'
Since no simple relatlonsh1p is avawlable to model
the dependence of Cdg on Voo , an emp1r1cal re]at1onship

‘was curve f1tted to the measured data-_For a given value

of © Vg .?‘”d . Vng Vpe was ©  obtained - from
Vog *Vpe iYSG + 4. The f1tted expression is

*l

The compar1son between measured and modeled Cd is

shown in Fig 5.41¢},

(5.11)

Since ‘the. nonlinearities are smaTT. tne_series is
‘truncated -after three dterms.'FdriaMplifiere\with less
than an octave bandwidth, such as the FET amplifier

considered ‘here, even-order .teﬁﬁs produce d1stort1on

products which fall outside fhe amp11f1er band[621 Any‘

difference frequency terms obta1ned from the . two tone

s1gna1 see a. short circuit in the output because of the

- pf capac1tor in the bias circuit {see Fig. 4.1).

The power series expansion is given
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o

Therefore, the second-order terms in (5.7Y,(5.9) and

(5.11) are igndred. “The ' third-order"-ﬁonlineér
coefficjents vof ' thé expaﬁsion ,for“’VDS =3.0V and
Vas =< 1.0V were computed to be Cgsé=-0.01422 pF/Vzh
On. =1.2817 m mho/V? and Cag;70-00190 pF/v? .

-3

5.3.3 Volterra Series Analysis

Six nodesl are defined for the overall ;mplifier
equivalent circuit (Fig 5.2). Nodes 1 and 6 are "virtual
-nodes’ that cannot be physica]ly located on the distributed
input and output circuits. THesg nodes are defined purely
from power transfer congiderations across the frequency
dependeﬁ% real parts of the complex. source and load
i&oedances. The imaginary parts. of these impedéncés
therefore is 1u6péd together with the device model. The
frequency dependence of the real and imaginary parts.of the
source and Jload impedances is shown in Figures 5.5(a) énd
5.5(b). The gymbols VI , i; and VI ,i; are the.equivafent
voltage and current components of the incident and reflected
waves at node 1.1; represents the net current flowing into
the gafe circuit of the transistor and v, is the terminal
voltage at node 1. fhese voltages and currents are related

by

Lo+ - .
Vi TVt Yy (5.12)
iy o= it - 4T - 5

p = iy - i (5.13)

fherefore
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1 | + | T o
1T R Tz T Y1 T vl T
e S )
/ .+ .+ o= . A . )
The symbols Ve +. 1g , Vg., ig , and Ve + 1g refer to

the correspohding volitages and currents at node 6. Since a

perfectly matched terflination has been assumed, v;'and i;

will both be zero. Therefore, the terminal voltage and

and i, are related by

current Ve €

- V6 v '
6T e T R AT o T ?.QQTZL(MYT o 51
v? and Ve are related to the equivalent input and
. ’ R
output C?oltages Vin and Vodr through frequency-dependent
~transf8rﬁér ratios n, and n, .
. ‘
Vin T PiVy . | (5.16)
’ - - . \’
vout n?v6 (5.17)
where
O e T
el l ——y N e —— — - haad — B S p——
TYRTTZG T T Ny T RmTIE T (5.18)
e g e T

4

i)

Using (5.14) and 15:15{, a sét of nodal equations may
be derived for the overall circuit by applying Kirchoff's
current law at éabh nodé; Nonlinear currents are included as
fréquency aﬁd voltage-dependent current sources. The

following set of equations results
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1 o
+ijc+jxsgw{} Va2

1 1 - o
+ - : ) ov, = b
hRe{zs(w)} . 3q+3xsgw)+;wL?J 1\ L?g _
. ,' ZVI K
' = . 5-19)
- . (
Qe1zs(w)3 :
v, + r L 4 jwC + JFwC i v !
: s ' dg’ 2 .

‘Rg+3qu+]Xs(w)

17 IR

g+]wpgﬁqxs(m)

TeC_ vy - ]deg.V6 ¥ oin évz—v3) - i (vs—vz) =0

gs dg
(5.20)
VP A A -1 g -
FC qm vy [P. + ]u(qg].V3 RT V4 1a ,(v2 v3) = 0
1 3 ags
(5.21)
-]L“Y . -j,.,\r - l—_ l . L . ' l
[o.-© O]V2 +olae e R.]v3 * [§T Rt J“Fo +JRS+ij§]V4
- 7 1 i3 . O s
[l» ! ﬁmv'jv ~ i ?v -v,) =0 - (5.22)
R o' 5 a, 2.°3 : )
[ o e - JuCaqlv, ~ @ e 1My 3 - [%— + JuC v,
S © .
e
1 . . 1 ;
' (-—~——' Iy b1 et 4+ =) v
Pd017fé ¥ G da o Ry  §e P
TR Ve ¢ e "(;S"VG) g (vpvy) =0
A -]J))d J 1, [ ﬁc . qm
(5.23)
1 1 0

[R'+‘ L.+3X_( )]VS + [R {zl( T * RSt +3X_ ( )lvs -
gtiwlg+iXy (w etlpty griwlgtixy (w

e

Lot ,".




- These equations describe the ovérall amplifier model of
. . e /--\ M

Fig 5.2(b). These eqyﬁiions can be written in the following

form . _,j

f

{A(jw)][vnm(jw)] + [ﬁistortion Currents] = [Ini(jm)]

(5.25)

(Al Yﬁ is a six-by-six matrix with complex coefficiénts.
and consists of all linear terhs of‘equafions (5.19)- (5.24),
and -is shown in Figure 5.6 . Vnm(jw ) is the nodal voltage
matrix, where n refers to the number of the reference node
and m is the order of the Volterra kKernel. The eshﬁmafion of
the nodal wvoltage ~ Kernels i; done recursively [51], [RQ]:
the fi:;t~orderh Kernels are obtained by ignoring the
norﬂilnear currents and solvinb nrlﬂy the Jinear terme Ry

matrix inversion, we obhtain

[\In,l(‘_']h\), - [A(jlx\)]'][‘r1i(il~\) ]" [ ?ﬁ)

‘|

wher e W

3 -
T]j(jm) 0

0 ; (5.27)

' : i

oo

“The matrix inversion was obtained using extendéd

precision arithmetic. Some of the matrix elements are much

3
1
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smaller than .other ‘elements; therefore a high accuracy

~
solution was necessary for-this computation step. V,3(j® ),
(n=1 to 6) represent the first-order nodal voltage kernels. 1
: _ , i
Using (5.12) to (5.18) and (5.26), the small-signal gain of '

the amplifier was computed. The compaﬁison between measured
and ca]culétéd gain over 1 GHz amp]ifief bandwidth is shown
in Fig. 5.7. 1t is observe§ that the measured and modeled
gain o; the amplifier are.ih.good agreement. The amptifier
gain, computed from the lumped circuit model, is m&re than
that calbulated from the distributed circuit model of Fig.
4.3 by” apprnvimatoly 0.6 dB. This discrepancy may be

attributed to the Jlosses at input and output ports of the

amplifier. The second-order Kernels are identically 29291 ?

since the second-degree terms of the expansion have been

-

ignbred.

The third-order Kernels are computed by estimating the

third-order distortion currents from a Kknowledge of the

%
{
i
1
i

linear kernels. These distortion currents are’ then

considered as input signals.

3

P, Giegedegdeg) T A (v, ey = vy (Gey)) (5.28)
m?3 i=1
- ;
iC (jm],jmz,im3) = j(m1+m2+m3)0ds3‘i=l(v21(1mi)“vgl(]mi))
as : .
"3 (5.29)
~ ' 3 ) ‘ _
ing (JuysJugeJug) = Jlugreyres) -Coq izl("51(3“i)"V21‘3“i))
S o | . (5.30)
. where N g
' S0 X (Gwy o, 5.31)
v ~jml,—3w2,~jw3) = an(jml,jmz,jm3) (5. )

v

e ™7
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and the asterisk ‘1nd1cates the complex fédnjugate,

'Th1rd order kernels are obta1ned by solving o '\
(V_.(Jw,,jw,,Jjwuy) ] = [A(jw jw jw )]_1 " e
n3ti¥ypr Wy, Juy _ 173821 )% "
where B
[ o
-1 + i '
9s4 C&g3
) I = . E : v ) "
3i Cagy. - ) (5.33)
i
~ 0m3 A’
-1 -1 e
“ag;  mj
0

The  third-order kernels were numer1ca11y evaluated at

the frequenc1es of lnterest

5.3.4.Computation of Intermodulation Distortion:

The two-tone test metHod was used for thé compuiation
and eXperimental measurement of intérmoduTation d{stortion
in the GaAs FET amplifier. It is well recognised that the
re11aB1l1ty of IM testing for system evaluat1on increases as
the probing signal spectrum approaches that of the actual

system signal. The threé-tone test requires 1mproved

filtering . and = a larger measurement set- up For

characterizihg 'the IM iperformance of devices or syétems
" however, the two-tone test prov1des an effect1ve means for
dev1ce evaluat1on Measurements are made at low input power

levels and then extrapolated to thp,large signal region. The

Yy 107
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!
odtput:power Wevei.where tbe'fundamentaf and the third-order
distortion product'are'equa1 in magn1tude is- def1ned as the
; interoept Point. For thlrd order nonl1nearjt1es, the

'Vintercept' point PI provides a conven1ent standard bthhich

. the IM performance of dev1ces may be spe01f1ed and compared

Care- should be exerc1sed to ensure that extrapolation is

stl}l valld +in the reg1on of larger input power-levels It

has, for examp]e, been po1nted out: by Str1d and Duder[63]'

that, for certain power GaAs FETsf the intermodulation

distortion 'prOduct is il]‘behaved abd tne-concept'of theb

intercept ‘point' does not hold However for low- no1se Tow
power. GaAs FETs it has been found that the intermodulation
‘distortion 'behavwor fo]lows the exgeoted 3:1 slope and‘1s
Iargely well- behaved[64] | a |

For 'a two- -tone 1ntermodu1at1on d1stort1on test [62]

’the amp]1f1er was exc1ted by an 1nput signal of _the' form
. »

vjin v=' V'»oosuj.‘t + V. coewzt . ) A' {5.34)

‘where wland uzare incommensurate, and close to each’

other. 'The 1nband third- order 1ntermodu]at1on products will

: appear at frequencies 20; -u, anon2 Ty Equatlon (5.35)

may be rewritten in the fo11owing form N

v (t) = %{ex'p(jwlt') + -exp(.j:u)z't) + c.c.} (.5.*35,) o

The steady state responée at tne oufput'at frequency
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20, fmz is given by

ot

. . s 1' . .
, A\ _ - l . i = T a ;f . . RET
‘ Vo, Guyamdegedug) ]exp (3 (20 mwp) €1
- o <o+ c.c) ' . (5.36)
3 LS ' e L :
='glvos‘jwlnjwl,-jgzl.exp(](Zwl-wz)tx + C.C.} j5.37)

‘ Where, cC. represents a complex conJugate Taking onf?f

the reai parts in the above equat1ons,‘
Ve . 13-' . .' S o o
'ZMwaz = Z[|V03(leljwllfjw2)ICOS[(?wlfw?)t 

+Z/Vo3(jw1{j“i"j92’1l o (s

The output at the'fuhdahentalvfreqhencywz\uill be given

by

AQ P —.2LVol(jw2)~exp(jw2)'+ C.C.]
o = 1V, (Juy) Jeos (uyt +Zivol(jw2tx1 SR €20

- The_ third- order 1nte:modulat1oﬁ d1stort1on 1s given by_?
the ratio -of th1rd order cqmpOnent to the first- order
: | COmponent ‘ e . : |
v o, (Juy /3y =30 |

I¥3(dB),= 201oq10 Jvo (jﬁé)l - (5.40)
, 0, S .
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“where. "V (jwl sz,...,jw ) is the nth order kernel of

the ampl1f1er output voltage at the angular frequency _ » _ tl,
' ‘(wll-m2.+._..v...+wnl,. | | .
-‘In the expressron above the contributions from the

. tem

,higher order products wh1ch become 51gn1f1cant at larger

1nput levels "have -been 1gnored Since the two test tones7

¢ ' . > .

et e g

are close to each otherv( 1”“2 l.,1t 1s assumed: that

zs(wil . ?s‘@z"'l o .  (5.41) ”
| 7l = 2 (w,) o B B (5.42)
Using (5.40)-(5.42) and . ° . ]
\Y =/2.Pj,‘1..zo I : PR . (5.43)

where ‘Pin is ‘the . 1nput power per tone the 'IM3

'performance of the MESFET ampl1f1er was evaluated this was
.done. as a»funotlon of the frequency and-unput power-level of
a two-tone ‘test signal Fon'different gate-bias'voltages of

I

-the - transistor The inteﬁcept point P. was obtained by ."l'
.extrapolating the small-signal"fundam_ent_al'and'IM3 product

. output, 1nto the large signal region.

_5 4 Theoret1cal And ggper1mental Results

| The - exper1mental' results were obtalned by apply1ng a
ftwo tone s1gnal at: the 1nput of the ampl1f1er The two tones
'ere obtalned by us1ng a Va 244A J-band Klystron source . and

Varactor tuned Gunn osc1llator (Var1an VSC 901984} . The
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frequency of operat1on of both s1gna1 sources 1s dependent
.on‘ ambient temperatures and the 11ne voltages. For example
the‘ frequency stab111ty of the K]ystron is spec1f1ed to be
*360 KHz/'C . at 8 GHz due to temperature var1at1ons alone.
Changes 1n l1ne voltages of +10% cause a further 1nstab1l1ty
of + 1.2 MHz For the two-tone test it is essent1a1 that the
,frequency< difference: ‘between the two sources remains -

, ' .
constant. - Therefore the two soUrces were operated in a

master-slaye relationship.. with the Klystron source act1ng-
as 'the master source and the the Gunn osc11]ator-track1ng
its. frequency as a slave source. The locking of the two
microwave 'sources was obta1Jed through a frequency 1ocked'
'loop mechanism. The two sources are combwned together us1ng
.ar mag1c tee as a power comb1ner The combined s1gnal from
one’' of the arms of theumag1c tee is down- converted us1ng a
mixer diode and the d1fference signal is f11tered out with a
low pass f1lter. .Th1s d]fference'signal is compared to an
extremely stable 1 MHz. quartz crystal osc111ator (HP 1054) .
A'ddc vo1tage proportional to the frequency d1fference
dbetween two s1gnals is obta1ned This dc voltage is app11ed
.Pto_ the varactor diode of the Gunn oSc1llator for electronlcﬂ
tun1ng The lock1ng circuit automat1ca11y ma1nta1ns the
frequency difference between two sources equal to 1 MHz The
c1rcu1t arrangement for measurement of the 1ntermodu1at1on
distortion performance of the GaAs FET ampl1f1er is shown in
Fig. 5.8.

The resu]ting IM was measured using - a- spectrum
o 3 :
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t

analyzer. For the tw' tones at 6.000 GHz and 6.001GHz, the
fpndamenta] and the istortion product power ‘output ere
“plotted in Fig 5.9 as a’%unction of input power leQef eer
. B
with the predicted values. As the power level is increased
the measured IM3 deviates from the predicted results,
/pecause 1)contributions. ffom higher-order distortion
\Qrodbefs increase 2)the de component of the-eutput changes
héw‘bias conditione on. the device and B{the quasi-l{near
approximation does not remain valid at higher‘ input
power-levels. The frequency -dependence of IM for various
input . power leve]s is elotted in Flg 5.10. ror e
small-signal input of -10 dBm, “the agreement between
measured and predfbted IM3 is within 3-dB over-~an amplifier
bandwidth of 400 MHz. The distortion is observed to be a
max i mum at  the frequency where IS 25 |  for ‘the overa]l
émplifier is minimum: that is, in the frequency region,
where the device seeé an 1mpedance match at its output. This
observat1on 18 consistent with the results of.a recent s tudy
of the intermodulation e1stortjon in a GaAs FET, by
Tucker[64] . It may be concluded here, therefore, that an
improved distortion perfobmance-can be obtained from a GaAs
FET by detuning the device from conjugate match reglon at
its .output. Such detun1ng results in improvement of the
distortion at the cost of the amplifier gain. The dependence
of the 1ntermodu1at1on distortion on the gate-bias voltage

is shown in Fig. 5. 11 The IM is observed to decrease by

tone' The measured results .are seen to be in good agreement

B T

e e s Tt b et e R AR T
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',appfoximé&ely -6*38”_for -0.25V change in the gate-Bﬁas; in

tHe current-saturation regfon of the device operation. Near

the pinch-off region the’1M3'.imcreases rapidly, as should

be * expected.” The .. mechéﬁism of generation of the
. c o, . .

¢ . . s . L , N , - [‘ . 'v
intermodulation distortion in a GaAs FET amplifier involves

. the 'ererhtign of distortion currérnts within the device
.becaU§e ~of dévice nonlinearities and their subsequent

‘ahp1ificatioq fBécauée of gafn mechanism of the device. The

nonlinear rcoefficient associated ~with gm* increases with

,incfeasihg " negative gate-bias, but the coefficients

haSspciatéd with’ ngiand Cd are reduced in magnitbde. The

9
gain ~of the device decreases for increasing negative

3

~

gate-bias. Yhi; interdction of the device nonlineérities and
its ééih' result - in decrease of distdrtion'till a point of
%nfjectign,.is reached after which’fhe,distortion increases.
For a given source and load “impedahce. the intercept poént
depends on the frequency of the two-tone signa{ and the
transistor bias conditions. fhe intercept point increases
with increasing neéagive gate-bias. This observation is

consistent with the experimental observation of Liechti and

'TillmanISSI. For V =-1.0V the experimental value of the

GS
intercept point of +16.5 dfm nnmbarés ~well with the

predicted value of +16.2 dBm,

>

5.5 Improvement of Intermodulation Distortion

-

In  communication system applications, microwave

amp\ifiers need to be, operated near the limit of their

Vi

e & maea

a3 ek et el e I
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maximum power output. The intermoduiation distortion at such’

power levels also incrgasesﬁ Traditionally, the input power
. levels are backed-off by 6 to '10. dB in order to meet
acceptable performaﬁcé standards. The f?ack-off’yrepresents
8 corresponding reduction in ef%iciency since dc operating
conditions must be maintained at the origiﬁa1 leveﬁs.
Alternately, the intermodulation distortioh-ma§ be reduced
by using external adabtivg techniques. Feedforward [70],[71]
and predistortion [72] ‘have.‘been suggested as means of
impréving d{stoftion pgrformance of microwave amplifiers;

Feédforward network basically consists of two Tgopsﬁ an

auxiliary loop in which 4 sample output from the main )

amplifier 1is compared with the input signal ‘and an error
signal ;s generated. The error signal only consists of
undesired éomponents. In.a second_cor}ection loop, the error
signal s amplified and combined with the the output signal
from the amplifier_, The ‘gain and phase in the correction
loop are adjusted such that the undesired domponents of the
output signal are nuliled. Pfedistortion involves passing the
mu{tip1e~carrier signal thrbugh a netyork with inverse
nonlinear amp}ﬁtude characteristics. The transformation of
tB; predistorted signal through the émp]ifier results in
reproduction of the'orfgina1 signal. The.derfvafion of the
ransfer function for the equalization circuit and its
practical realization remains ‘a ‘problem of consﬁderable

]

difficulty. Feedforward and predistortion téchniques have

advantages’ over the conventiQnal back-&ff approach in that

LS
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the amp11f1er can be Operated in the region of 1ncreasedndc
to RF qonvers1on eff1c1ency They also result in 1ncreased
system comp]ex11y, 1ncré%sed cost and power consumpt1on In
thws section, a gate-bias compensat1on techn1que is
descr1bed that results in improved d1stort1on per formance of
the amplifier for = increasing 1nput m1growave
ppwef-levels[73]. A similar technigue has been used t;
improve the diétor;ipn i a 13-GHz IMPATT amplifier[74].

For 1ow-1eve1' input s1gnaTs it is desirable that the
.FET amp11f1er should be ‘operated at larger drain- currents to
achieve higher gain. Such an operating point results in a
reducea bandwidth, as seen in Figure 5.7, analincreased
" noise figure[751. It has been pointed out in pre¢ious
section that the .intermodulation d{stortion pgrformahce of
the amplifier is also degraded. The third-order
ihtermbdulatiqn distortion sha]l-signa] gain resq}ts

’

obtained for the GaAs FET are shown in Fig. 5.12. The

small-signal gain of the amplifier, for gate-to-source

voltage VGS =-0.5 V and drain-to-source voltage V =3.0v,
‘ - DS
is 11.2 dB and it reduces as the gate. voltage is made more

‘negative. The intermodulation distortion also reduces as the

gate-bias is made more~negative (reduced drain current). A

minimum of IM, is observed for VGS =-1.52 V. Beyond this

gaté-bias. the IM3 product 'increQSes rapidly because of
device operdtion near the pinch-gg;gf\chTage. The

intermodulation product was  observed to depend ~on the

drain-bias also; it increases for r ced drain-bias voltage

L e e g
.
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and decreases as the dra1n -bias. is increased.

Fig. 5.13 dep1cts a schemat1c d1agram of the gate b1as

compenSat1on techn1que for reduct1on of the d1stort1on The.

detected output from the diode détector 1s amp11f1ed and

added ' in a negative sense to the gate b1as voltage so that

when the' input power increases the gate bias becomes more:

s

negative. Th1s results 1n a decrease of the ampl1f1er ga1n
as well ‘as 'of the' IM product The IM reduces more
,rap1d1y than the ga1n resu1t1ng in a net 1mprovement in the

distortion product'

' The s1gna1 spectrum at the output of the uncompensatedv_

' amplitier for - two- tone input signal is shown jn Fig.
5;44(a). For 0 dBm »output‘ per. tone the IM ‘product is
r27{5. dBm. When the input s1gnal is 1ncreased by 2 dB {the
intermodulation product 1ncreases fto -22.5 dBm With the

gate-Compensation app]1ed the ga1n of the amplifier. 1n the

compensatlon loop can be adJusted SO that the output power~

at the fundamental ﬁrequency tones is 0 dBm:. The. IM

‘product is’ now observed to be -37. 5 dBm wh1ch is a 10 dB

improvementr " The resulting output signal spectrum is showg

in Fig. 5.14(b).

For: smatl s1gna]s the compensat1on does not not1ceably

affect the performance of the amp11f1er At larger s1gna]-u‘-

levels (P approx -10 dBm) the gate bias 1s affected by:il

out
the input s1gnal and the,. gain decreases wi 1ncreas1ng
"~ input power. This. tends ‘to produce a constaﬁf/output poyer

which may be advantageous in some appl1cat1ons For’large_

»

s e e gt
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input signals the gate-biss spprosches the  pinch-off
'voltage, oau51ng a reduct1on fin"gain”and-an'increase in
1ntermodu1at1on d1stort1on.' This 1s a 11m1t1ng factor ford
"‘.the; range . over wh1ch the compensatwon 'h‘ effect1ve

”Furthermore, the second ampl1f1er in the compensat1on loop
adds: ‘some no1se to the FET amp11f1er gate c1rcu1t thuszi
-degradxng the overall noise. performance ‘ )

1 r

51.5k6 ggmggtation of Cross modu]at1on Dlstortlon -
| ‘ Cross modulat1on d1stort1on occurs when a number of
‘t_amplltude modulated s1gna]s are appl1ed to the amp11f1er
'1npuz' Because of the dev1ce non11near1t1es, a transfer of:'
'~m@du1at1on 'takes place from one. carr1er to another For L
“analys1s and measurement of cross modulat1on d1st0rt1on,-two ;”
f51gnals' of equal ampl1tude at frequenc1es wl and wzlone'
| modu]ated -and another 1n1t1a11y unmodu]ated are consndered-,
‘as 1nput s1gnals " o N |

Vinxt)-?nV(l +”h1:cosw¢t)coswit f Vcosu,t ih 1[. ‘f’(5.44)

; bl 15' the modulat1on 1ndex { , 1s the modulat1on frequency
and Vis: the gﬁgnal ampl1tude |

Equat1on (5. 44) can be rewritten in the fQIIOW1ng form

b PO R | ,
e 5 [exp(jw t)‘+ e exp{j(mlrmmxcl»f_iifék?;j(wlfwm)t],

.+ empljuyty #iciel L 0 L (5.4 - o F

-~
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:where CC represents the complex conJugate terms ’;m

vmx.

The second order iand all even- order nonl1near1t1es do

. e .
not' contr1bute towards the cross moduiat1on term For sma]l

'd1stortion. '_the th1rd order term will be the /maJor

/

‘contr1butor' to the dlstort1on The steady state response at
“the ' amp11f1er " outputg 'ih* terms of Volterra t ansfer

c,funct1ons is g1ven by ' o ~-"., ‘f'ﬂ“‘ S

e
+
£
ooI;-J
D‘ .

o’ 7, g3 oyt Jug) exp (gt
' T«-exp( 3w1+w )t)exp(jw t) jt

4 V (- le,J(w +w )er )eXP( Jw t)
; 3

expx:(wlfwm>t)sexp<3wzt> | | w
Grecd L s
| ?LThere~ are:ja‘ totaT 31 1é,“terms plué themr Complex B
:,“conjddates Tak1ng only the real DaPtS 'and_fQPme<éw1‘5f451
3 -may'be'wr1tten in the follow1ng form. | -
e L

S b. .
+ (.‘)m . 2'\ 2. N .‘ ..

Y2 3V03¥?w1v-§w153w2)-9xpt;(w2+wﬁ)t)s

e L (s

k)

MW

Vo (Guyr =30y 3ug) leos Llugrag)t + 8,0 . (5.48)

N

“gwhg;e the argument =
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8, .=/,,vo‘5(,jml,‘—jw1,jw2‘) o (549

e+ — > —

o Theu°tota1' output7 1nc]ud1ng the fundamental frequency
"éompghgﬁt» will be ngen by L B

]

o8 = 19, (30 eostuge + 8

1

‘_[+v3bllvo3(jw1'-?@l'sz?rCOS(m2t+BZ)cqswm(t) ‘}(5150).

'LVOi‘ij)I[?os(£2£+§lx”+ b#éos(w2}}82)cosgmt]“ (gf51y

E - o
: w . . " . . g \ ) ‘l ..,-.tl . - . ’
here IV, (Juyr=duydu)) |

| bk.é Bbl' '_[V

- ; | ""=,(5,53X f

B AL R SR

°1,

g, =Z{Voj(jél,-jwl.jw2)” R T

The cross modulat1on factor 1s def1ned as
3|v (Jml.-nwllnw )I

o
"

.(CM)-F.‘=‘.B___ - ]VO (.sz)l._- T S '(5-.55.)'.

(-

‘ »

Equatlon (5. 50) may be rewr1tten as . ‘A .

Yq (t) |V l(jg2)|(1,+:bx ¢os¢ cosemt)cos(wzt + B+

';f b ‘sig¢fCOswﬁt0‘; l (5.56).

C . ST
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Both amplitUde ~ and phase modulat1on will occur.
‘»Amp11tude ‘cross modulat1on at high freuenc1es is deflned as

the rat1o of the fract1ona1 transferred amp11tude moduTat1on

to- the or1g1nal fract1ona1 ampl1tude modulat1on 4’“\\\
bxcos¢ . g - ' E
(CM)A : = (CM)F cos¢ - (5.57)
bl o ST ‘ ,

The phase cross modulatwon factor (CM) - is defined as
the ratro 'of the transferred phase -modulation to the
TOriginaT fractionad'amp11tude modu]at1on; '

- : , bksin¢ y ‘ o . o -
(CM)¢ = /bl — = (-CM)F sin¢ f” o . 'l T$;5§)>

f,\ -8

The computed values of cross moduTat1pn as a functlon

of the signal frequency and 1nput power TeveTS are shown 1n*;' '

'f1gures 5. 15(a) and: 5 15(b) The frequency dependence shows:
that the ' magn1tudes , - (CM)a and (CM)d> are strong]y
dependent. on frequency, and | are equaT at a freque cy oft
approx1mate1y 6 GHz The dependence of the cross. modulat1on
dlstort1on on 1nput power Tevel is plotted for a frequency
of 5. 8 - GHz,  where AM to PM convers1on factor is

a

-Sapprox1mate1y 5 5 dB hlgher ‘than. AM to AM convers1on factor,

At,-an‘ 1nput power Tevel of ~-10 dBm the AM to PM convers1on‘, -

”factor"fs computed toh be -20 dB and AM to AM convers1onj
factor is -25.5 dB. | -
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5.7 Gain Compreesion in GaAs FET Amplifiers
2 For ’smaTl-eignel}‘ fsfng]e.l frequency inputs, the
amp11f1er eutput ;increasés lineerly‘with fhe'ipput signal.
As  the ‘s1gna1 ‘sirength is jnereased the_anplifier;oufput
tends .to _saturafe anulthe gain of the'amp]if%er decreases.
The gain -COmpression' (65- expansion) 1is caused by the
odd-order  nonlinearities within  the " device.  Such
'non1inearifies “eontribute' terms towarde the funuementa1
frequency compdnent of the ample1er output Volteﬂra-eeries
analys1s techn1ques can be used to 1nvest1gate the behav1our
of . the amp]1f1er'_response as the.1nput power levels are’
increeSed 'beyend the smaTl-sfgne] linear gain response .
~region. A s1ngle fpequency input signa]fW1th frequency and
amp11tude v may ‘be represented as
Vi(t) =V coswt - s (5.59)

)
-

The output signal at frequency may be reépresented as

>
.

Vofwl) = IVO'(jwl)lcos(mlt‘+ /%o (jwi))
-7 e N
2 lv°3(3m1’3w1’—3“1)|C°S(wlt't//vo3(1”1’jw1’"j“1)
...+ highef-order fexns +-.’..' . E fs}so)
! " . ‘ . . .,

The th1rd order non11near1ty " makes the largest
contr1but1on ',tow the ga1n compression. Therefore;‘ the
. [ ’ ° . "
departure of the amplifier gain response,from"linearity can

K3

"
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be, ex:\?hed by ignoring the higher- order terms 1n (5 60) .ta
The . total\nagn1tude and phase at the amp]1f1er output can be~
obtained by the vector sum - of the two components The

magnitude . of Vo;(jwl)' of the output response . cah be

Ay
expressed ih: the following form - P T
. " . N . * b - ) ' : /‘/ ..
|V0(3w1)|-=‘V&%0 (le)l lv (Jw ,le' le)lz : (\\
| .‘ 3 . . .‘, . . B - n"\!
lVol(le)L[Yo3(3wl,3wl“-jwl)]i o ]
. ' : o . Q
cos(Yy = Yy) : o (5.61).

and‘the phase deviation as q;:'

j a2 |Vo3(1w1.3wl,j3@l)|s1ngv3fvl) R

b6 = an” Vo Gu) TFIV, (Goy 36, ,3a ) T60st75=177 | (5.62) .
S o L 0 o, Juy ey =Ja; ‘cos,]3-yl); :(".GZX .

-

“

®

‘ .
where ° ;
Y, = /Vbj(jwl,jplf-jwl) . _ - (5.83)
v 8 - ,
Y = o) o o -
1 //Vol(}gl) o | (5.64)

24

It should be po1nted out here ‘that the ahguments of the

 first order and th1rdvorder contrlbuting components are;

-

"‘frequency dependent 'and“’a d1ffere'€% of these arQUments:
appears in ‘the express1ons for total magnltude and phase -
This- d1fference 1n phase 'angies determ1nes .the gain’;"

compression or expans1on The gain 1n dB was comouted from o
oo v (“’1 N . _ | ..'a\" )
»Go(dB) = 20 loglol——.—l. | o | ;'(5.'-‘6:5)'

B
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The ‘gain of the . ampl1f1er 1n the large‘s1gnal reg1onl o

:;was' computed at 6 GHz as a funct1on of 1nput power level.
The compar1son in measured and computed gain is shown n

i Figure 5.16. It . is observed that the 1nput leveg at which
1-éB - ga1n compre551on occurs is dependent on the transistor
o gate b1as voltage Ga1n compress1on \occurs at. relatavely‘
.smaller 1nput ,ﬁower Tevels fo: less negat1ye gate-b1as
rvoltages (larger ga)n). This is<to be expected-because of
.limited output ‘capabilities  ,of the device. The agreement
-fbetween.;measured and cpmputed gain is observed to be good

w

ﬁpr gatefbias voltages; of -1.5v, -1.25v vand 71;OY. For
‘gate-bias voltage + of -0.5 and -0.75V the agreement
§vdgter1or%tes, because of larger device gai'nc and 'large

nonl1near1t1es _.The’ phase = dev1at1on due to” device
- nonl1near1t1es is a funct1on of frequency and 1nput
eppower*levels f The computed phase@dev1at1on as a funct1on of

Cinput power levels at varlous frequenc1es as shown in F1gure'

5.17. The change in phase is observed‘to 1ncrease as the

' input 'power level "is increased. This . causes AM to PM

convers1on when an ampl1tude modulated signal is appl1ed at-_v

.'the ampl1f1er 1nput At is qu1te obv1ous from -‘these results
”<"£-that the AM to PM convers1on is frequency and power. level

dependent At lnput leVels of -10 dBm the convérs1on factor

is observed to be O 23 degree/dB The results for” phase -

,'vdevjation were - not exper1mentally vd}ifted because a

' su1table measurement arrangementawas not available.

.T 8" AM to PM conversion 1n a GaAs FET amplifler is |

-



~ 12
11

10

Amplifier Gain (dB)

AN

J S 132
)
1 -1 T T T T T ¥ T
r e
R
o
v
fa -
'+ ————Modeled - - _ ' P -
\h.
. N . ‘
a 1 o R 1 L 1

- -35°-30 -25 -20 -15. 'flo»- -5 0 .5
Microwave S:.gnal Levei (dBm)

. 0 o

Fig 5. 16 Gain Compression in the GaAs FET Amplifier, )
o Dcﬁ‘zdce HFET- 1101 VDSC = 3, OV Frequency =50

.,

.,



Ph‘aseA_ Deviation A¢ (degrees)

133

w L N - . - 1 |

720
-3k - D

1 'l.'“l lJ A ¥ | 
-30, -25 -20 -15 10 -5 o»v.‘s'
| Microwave Signal Level (dBm) o

a

.:Flg 5. 17 Phase Deviation in- the Gaés FET Amplifie: as.'

a Function of Input ‘Power-Level; Device

HFET-IIOI g = 3.0, sz =-Lov



) 134
observed to be less as compared to other solid state devnces,f
such as IMPATT ampl1f1ers The th1rd~order intercept pornt
is  observed to be much h1gber as compared to that in IMPATT
ampl1f1ers '

The Volterra serles expansvon has been found adequate;

K

for -pred1ctlng the 1ntermodulat1on d1stortlon the ga1n..“

PR compresslon and phase dev1atton 1n a GaAs FET ampl1f1er for

small 1nput srgnals These results have been obta1ned for. a:
Tow-power dev1ce As has been po1nted out in Section 5 3.4,
the nonllnear response ' of hlgh power GaAs FET’s is- not'
weTl behaved Therefore the concept of intercept po1nt

1= dB compress1on po1nt and cross modulat1on factors cannot'

be used for h19h power dev1ces
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| L CHAPTER VI .
U CONVERSION IN A SINGLE- GATE GaAs FET AMPLIFIER

4

“\ co

In this chapter, a method is described for ach1ev1ng"
upaconversion in . a single gate .MESFET -amplifier A |
mathematical " ‘mode is' proposed ~for analy51s -of ;the',
up- conversion characteristics of the amplifier The proposed,
_model is ba51cally an exten51on of the Volterra series mode 1 i
developed in Chapter V._ The model takes into account the

, device nonlinearities_v and their linteraction with - “the -

'cfimpedahces' seen by the dev1ce Qat the various frequency

components which are present at the . 1nput and output of the

g amplifier The théoretically predicted results are compared;

b:With the experimental observations

6.1 Introduction . . - s
FreqUency oonverters : commonly used gin microwave,

heterodyne oommunication systems use nonlinear two terminal

" devices :réh\as Schottky barrier diodes Active mixers us1ng'

ﬂGaAs FE s have been demonstrated recently [76} [82] wh1¢h~."'

eoffer advantages of larger bandwid%h low noise, larger”'
_dynamic range and the possibility of conversxon gain The.
- dynamic range of GaAs FETs is about 10 dB greater than that

".jof Schottky barrier mixer diodes ‘and their power handling

v~capacity is some 15 dB greaterl?ﬁ] These properties are .
partioularly attractive -for applications 'a frequencres

. .. .
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'towards the" higher end of the microwave range and millimeter a

'wave frequency range, where relétiv y few - devices are'

available that can offer convers1on gEin Prev10us studies 2

"of the frequency'mixing mechanism of FETs haVe been limited

to their appiication in down- converters with the outputﬁ.

"intermediate freguency (1F) s19nal being the difference

between two'appiied inputHSighalst'v | | .i |

This"chapter'~wiii focus jon another appiication of

; mixers. nameiy micgbwave up convers1on Dual gate microwave.

| fieid . effect tranSIstors have been used for_ ach1ev1ng

a: upconversion; _gains ‘up toe 14 dB have been reported [79]
"Duai-gate lfdevices“'”often | requ1re 'an extensive de51gn
'procedure because of the measurement difficulties posed by :-‘

_three port S- parameters.‘ as  well . ds the. deSIQH of three o

1ndependent matchgng c1chits The up converter describedj .

here luses'-a SIngle gate MESFET amplifier AVTmodei_/is'-'
ieipropOsed‘ for determining the theoretical 'upﬁcOnversion,

‘characteristics These 'characteristics._are studied as-a;

function -of parameters extrinSic ‘to- the dev1ce. such asn.jfp

_,gate bias, »fIF' signai level,’ and microwave f'equency -
Experimental results ‘have been' cbtained for a GaAs FET
- device, and cemparison is -made-;with the thﬁQfeticaiiyi:~

6.2 2 E pgrimentg Set Up

A schematic diagram f°' °bt31“*09 up- conversion using a .

_MESFET is shown in Figure 6. 1 The microwave signal is '

' e
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L | 6 3 Nonllnear Ug-converte Mode1 [~ t ti“-"ﬁafit?t::712~

;[appl1ed through a c1rculator at the 1nput of the ampl1f1er}fd
;'and he IF s1gna1 1s 1mpressed on the gate~b1as c1rcu1t
_10 ‘ph RF choke and 1 5 K 0ohm res1stances are used for“v
:‘-v1so1at1ng the dc power supply from the IF s1gnal A s1m11arff'
aarrangement\ 1s used tf the dra1n C1rcu1t of the MESFET tlt
Because .of--the- GaAs FET nonlwnear1t1es. swde bands are5t'

tgenerated at sum and d1fference frequenc1es An appropr1ate

f51de band can be f11tered out us1ng su1table bandpass‘ R

—ff1lters , | -
“ ExperimentaT . results , were obta1ned f rt,a MESFET.
°"amp11f1er usxng anIHP HFET 1101 dev1ce No f1lters were used*
t1n the output c1rcu1t of th1s ampl1f1er because of thep‘
: Qdiunava1lab111ty of a su1table narrow band f1lter Use of suchv

f1lter should cause only a few dB of 1nsert1on loss and

HW111 ‘Uét. affect _the essent1al, characterxst1cs of the S

o up- COnverter The c1rculator_'1n the output c1rcu1t of the
]amp11f1er prevents any 51gnals from be1ng reflected back to-”
ﬁ.the dev1ce The mlcrowave 1nput s1gnal level was Keptqat -5:>.
: dBm because the GaAs FET used 1s a low power dev1ce and the;ﬂ
_ ga1n of the: ampl1f1er saturates rap1dly beyond th1s level

t -

‘°F purposes of analy51s, the problem of up convers_”-'

cons1sts of analyz1ng the 1nteracf1on between two (or more).,fj

frequencwes ‘faﬁu,

;a:nonlinear dev1ce embedded in a. mlcrowave{_“ftﬁ

‘1_ circuxt ' The nonlinearitves of the dev1ce are assumed to be"' o

'(.b

t1me 1nvar1ant and the assoc1ated m:crowave Wc1rcu@

P



P

";;fmemOry rbecausei'Of the react1ve effects of the devlce”f-'

-gv'parasitics and the equtvalent c1rcu1t reactances The 1nput_:
'°'éign5i cons1sts of two 1nputs which are essent1ally the sum‘
:of two' s1nu501da1_ waveforms - The m1crowave output at thef'
"'sidebahd (up converted) frequency depends upon the Tocali |
'?osc1llator (LO) power the IF power, the devwce dc b1as1ngv )
:‘ and. the¥embedd1ng impedances presented to. the dev1ce at all.
‘vthe component and hanmonwc frequenc1es of the 1nput s1gnals f’
:'Harmon1c ,frequengges of the anut .m1crowave 51gna1 fall"
‘.outswde- the ampl1f1er band and therefore do not contr1bute
towards the up converted output 51gnal e CemE
..;:Ai modeT - that '1nc1udes 'th : dominant ' deVTcet'
"'non11near1ties ,and the1r 1nteractlon w1th the embedd1ng .
"d 1mpedances presehted to the GaAs MESFET 1s shown in F1gure.-: o
hf 6 2 - The dev1ce model fi the same, as descr1bed 1n the-

“.;w prev1ous ' chapter Three 'nonl1near1t1es are 'assumed t

“*g»H(f

;?. contr1bute ma1nly to the m1x1ng process. these are the\\\* -
"gate to- source capac1tance Cqs ,.the transconductance gm and -
'the draln to- gate capac1tance Cdg ~An averaged value of

:'t0utput re515tance Ry can be used [5] [7]"158] [77] for
‘»frequency convers1on analys1s Z(f ) Z(f -fl ), are\\
'the embedd1ng lmpedances at the 1nput and output of the
Tampl1fier 'at various frequency components These 1mpedances
'ﬁare not set of di5301nt term1nations but the impedances

[-Tpresented to the dev:ce at various frequen01es H(f Ty

f1 Dyt are assumed to be ideal filters,‘that

tﬂnob insertion Toss and allow currents “to flow through the- _
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‘(compie?) circuit, impedances-at‘the'respecttve frequencies
' only The numer1cal values of these 1mpedances were" cdhputed
from‘ the 'character1sed€§h1crowave circu1t surround1ng the
. dev1ce“as descrrbed in the prev1ous chapter The‘GaAs FET
, sees'reai 1mpedances of .50 ohm at’ the IF signal frequency at .
.both the input and the output of the device. |
When 1al small.s1gna1 IF .vottage is 'appl1ed to the 3
'Pumped"ﬁ‘device, currents ftow in the device at,'the N
frequencies ¥ , w;,7w +nwl',' Where'wo'ts ‘the Ld'or pump
frequency and wllis ;the; IF Frequency and. n 1 2,3,
Because-‘of non11near 'elements in theaGaAs FET both at the’
input and output of the dev1ce, the nonl1near currents w11]
- flow through the gate as well as through the draIn c1rcu1t
Therefore.; c1rcu1t .1mpedancesb at the frequency components
,'are 1nc1uded 1n both the input and the output c1rcu1t of the
amp11f1er. .Normally the first lower- or upper s1deband is
_the-ﬂlargest:‘infhmagn1tude at. the amp11f1er output and 1s
(‘fittered outl Therefore in actua] practlce. it IS necessary

to compute the 1mpedances presented by the m1crowave c1rcu1t

+

- ‘at. the lower- and upper stdebands only Each non11near}

4e1ement”ihin ‘pthe_» dev1ce generates s1deband"components '
dependlng upon - the 'magnttude' of the nonltnearity and'the.
signal strengths of the two 1nteract1ng signals across ‘the
‘nonlinear element | | | - |
The " second R order | coeffic1ents were computed by?j
: 1nterpolat1on of the dev1ce data for the nonl1near 1ntr1nsic

.glements htcgs;?v o '-Tgndi Edg,; jThen: -dertvattves ‘uerei,
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conputed at the-operating gate-bias-voltage.

6.4 Analzsi Of Ug nversxon Character1st1cs

The up oonvers1on characterlst1cs of the amp11f1er are:v
analyzed us1ng the Volterra ser1es- approach descr1bed in
: sect1on 5. 3-3‘ For purposes of analys1s the 1mpedances of
"fthe microwave circuit at -the input and output of the dev1ce
iar; separated 1nto thedr real and- 1mag1nary parts, so that

the - same 5ix nodes adefine the overa]l amp11f1er up- converter
c1rcu1t. The numerical values of the term1nat1ng 1mpedances;
.at.‘various frequenc1es are computed from the character1seo
qu des1gned parameter values of the c1rcu1t surround1ng the
:dev1ce . The dev1ce “mode 1 rema1ns the same as descr1bed in
the prev1ous chapter The relat1onsh1ps between the 1nput'
.:im1crowave power-.anq .the>termina1 Qoﬂtages as‘described in’«
.équatfonsl'(S.JQ)ﬁ to (5.18? iarehuseowmgguations (5.19) "to
“'t5.24) define 'theb.OVerall amplifier up-conyerter-mode17of
' Fig. _6.2.:TheSe_eouations”Can.be reWrittenvin-theffollowing.

" form

‘;[A(Jw)][V (Jw)l + [Nonllnear Currents] i(jw) H.(G;i) -

E}

. . A _ : :
.-'?A(jw)'.] is the 's'ix-by*six system matrix with complex.

coeff1c1ents and is desor1bed in Flgure 5 6. The, first'order
‘kernels (l1near potent1als) were conven1ent1y computed by

.ignorjng the non11near currents.. and us1ng the ' matrix

o«



“inversion

Uy (G0 é'[A(‘jw)'J;lIVli(jw)J s (6.2)

where

Ll

v

:J R {z (w)T

UJ

vii(jw) = 0 ; - (6.3)

Eouationév,(S.Q) and (6.3) were solved numerically;.at
both - fhe microwave pump freqpency and the. IF 51gna1
frequency. AR IF fredUency of 70 MHz was chosen for the
enalySis and meaSurement " oF.;$‘}he  up- conver51on
character1st1cs At 70 MHz the numer1cal\xalues of Jx ‘and jXL_,'
' are both zero ahd Re{Z ( w)} in (6. 3)\\5 50 ohms At”
the IF frequency some of the matrvx elements become veryv
small and the matrix tends - to become 1]1-cond1tioned
Extended prec1s1on ar1thmet1c and a h1gh accuracy solut)on,'
‘were therefore 'used HA nl (Jw )y (n 1 to 6 and W B ,wl )5
_represent the first order nodal voltage 'kernels' at the

m1crowave LO “frequency and IF frequency respect1vely The

-~ \
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< £

smald signal ‘gains of the amplifier weﬁe,cbmputed_from.th;

Ty

linear potentials ,at  the “'pump’ fbéquenéy fand 3thé IF

fpéqdency. At the micr ave frequency the 'gain'“éf the
amplifier agreéd withirf 1-dB in magnitude; oyer 800 MHz
amplifier -baﬁqwidth. Ay the IF frequency the device had a
constant .géin of 9.2 (dB which compares\ well with the
"measured gain. = - ) | ;

L ! ‘ ' : - :
The second-order d all evep-order terms of

towards the first-order side-bands at,(po+wl
“It’ was assumed that the IF and the microwave signals are
» sufficiently small, and that the contributions from terms

.higher"thénf second-order can be ignofﬁd. The secbnd-order

kernels ~are computed by estimating the .secorid-order

v 4
nonlinear currents, from the linear kernels and second-order
. . ~ . *
/

coefficients of the expansion. These nonlinear currents are
then considered as input signals. These currents are

obtained from

W
~A

lqm (GugrJwy) = gmz(yzl(on) - Vyp Qughy*
2

(V21(jwl) —'V31(jw1)) (6.4)

2 PO o, . . v N
tegg. (A0 IW1) = Flughuy) Cog (Vg (Jug) = Vi (Fug))
. 9S4 , : .

(Vyr(3wy) = Vyy Gug)) ~ (6.5)

O T S oy L . *
legg, WorIvy) = 3Bgtu))Caq (Vg (30g) = Vi (Gug))

(Vgy(30y) = Vo (Gug)) | (slg)

where

o\



N N ) o
S o ?f_ . ‘\“ ‘ 5

nl(-;w) = V*l(jw) s
1( le) = y* 1(Jml) o ST -(6.‘»8‘)

L and the aster1sk 1ndicates the complex conJugate ‘*he
' second order Kernels are obtained by solv1ng

B
]

T
'1V52<jw6.jp1)1’=;Tg(juo,ialql“ltréi(j@b,jéi)1- ey
) . , , i Sy Lo . . - . R ‘ t : ‘

. e . . .. . . . v
. . L
. . » “
.

?éikjm6fjmi);fj!?:"}C‘-“{ .Zl   j‘;¥f1 ﬂ, (6;10)
_— . -:‘ . C PO DI Lo

,’~frequenc1es w 1, wofwlf“"'*

,Qfﬁ[ 3a;ZL£&m,);-and Zs~(“ b

“computatfon';",g'
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Two sagnals at frequenCIes w and wy are applted at the

ampl1f1er 1npuf for ach1ev1ng up conversion The

‘s1gnal may be written in. the form

1

o

tYi(t) = Vl coswo; +1V2Qc9$w1t

©
s

o

g
1nput

(6.11)

' _u.'1s the pump frequency and lies in the paés'band of

‘\the amp11f1er and 115 the IF frequency Equat1on (6 11) may

'M.be wr1tten in the fol]ow1ng form A B o

S

'Yi‘ﬁ?'?'f [vlexpgngt)uflvzefpﬁjwlF) +.C°C']

T

where CC representé the comp1exv conjugéte Thé:

products‘ }ar generated at w * wi,'u +2w . J.,..,

tnband.‘

(6.12)

The

'_objectﬁve* here 1s to compute the finst order sade bandv]fe -

-

components generated 1n the output

e

The steady state eutput respanse at the frequency w'-wljx' :

(lower s1de~band) is g1vea by L

%—[{v (jw ~3uy ) + v, ‘-1“13 ag) lexp (S lugmup) s




| 147
. - [y - 3‘ . ' - ‘ .
. ‘Takfhbteﬁiy‘the}ﬁeé1,barts\in‘the above equation.we get
A ‘::;‘ v}, . 3 |

YPOf@1 = IV (Jw , Jml)lces[(w -ml)t +//v (jw ” le)l

The m1crowave up- conver510n eff1c1ency is def1ned as
“the ratio of-,the up converted- output to the m1crowave

n Sldeband (Qp-converted) Output , ' '{6‘16)
- ' Mlcrowave Input o , o :

2

The up convers1on eff1c1ency in, term of the Volterra

hetnels computed here can therefore be def1ned as f.‘ Qt.o"”
(Jm ! le) | ‘.t oY
‘nd3t=‘20 loglo = (Jm ) .1 | ::' o '. C(6.17) ‘"
- .
. The ‘above equat1onibwves the lower side bend conuerSIOnir

eff1c1ency - The upper-band convers1on eff1c1ency can be;;'

(6. 15) .

obta1ned by chang1ng the sign of the argument wl 10 thefg_“””

above equahon From eﬁuahon (6 17) convers1on effime'ncyif_

was Computed as a function of the LO frequenqy' the. IF?C_"';f'

sxgnal power *evel and the transistor gate bias voltage




, " GHz and’ 1-dB bandw1dth of 1 GHz at Vo = 3. oV and v, sV, o/

: 6 6 Theoret1cal and E gg.imgntal Results

1 ExperImenta] resuTts were @bta1ned us1ng the set up;'p"7'

descr1bed in Flgure 6 1. The MESFET ampllerr used an HP
HFET 1101 devwce 'The - amp11f1er had a. ga1n of 7. 6 dB at 6

The ga1n of the dev1ce,at the IF frequenCy of 70 MHz was 9 2

dB and was observed to be constant for frequenc1es up to -

almost -1 GHz. The IF s1gna1 was app)1ed using. an HP 32008
VHF OSCiTlator The m1crowave pump 51gna1 was\appl1ed us1ng‘

“an  HP 8690A sweep osc111ator' An HP. 8555A Spectrum Analyzer

.-wasi'used at the output of - the ampl1f1er to mon1tor the L
;side~pand slgnal at the output of the deV1ce The IF’s1gnal
at .thetixnput and output of the amplf1er was mon1tored by=j";ﬁ
"USing"a 'Tektron1§ 7400 osc1lloscope The behav1or of the

| up convers1on eff1c1ency as a functxon of IF s1gna1 power‘

level 1s shown in F1gure 6 3 The dra1n b1as was Kept at 3 V

and the ga'e-bias was ma1nta1ned at -1 25 V It is observedﬁ

that 'fhe theo\Etlcally computed results and exper:mentally )

| measured; results 'agree uw1th1n 3 dB 1n magn1tude :fThef' S

convers1on eff1c1ency 1ncreases by 1 dB for every 1-dB.?f

1ncrease f vIF s1gnal Tevel Th1s s to be expected s1ncej_f

the mathemat1ca1 model 1nd1cates that the f1rst S1dﬁbandx_f-f-' |
y around the LO frequency“comes Targe)y from-the second*order o
terms °f tpe expans1on of nonllnear terms At relat1velY f{fvbl:
h‘gher input SF, Tevelg (, .553‘0 dBm) the measuredffﬁff-"'

conversion eff1c1ency tends to saturate because of theffJ“

- T1m1ted output power capab1l1ties of fhe dev1ce

A
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_,ﬁ?féurég“is 4 shows the converston effic1ency as: a

gg<funct1on of the mlcrowave LO frequency It 1s qu1te apparent f' S

‘fyfrom the results that the CanePSIOn eff1c1ency cupvef@:

';flargely 2 follows sg h ampl1f1er frequency Pesponseigﬁygi'

“charactertst1cs ?'Forit.th large i bandwidth ampl1f1er;;_ﬁh‘

‘E;wtherefore, the bandwtdth of the up converter 1s also larger a2

7ﬁf,rs1nce ‘a partial cllpp1ng of the mlcrowave L
l'vjfjsignal causes
‘*ﬁ;areg1ons Qf””"w

1“7‘:,.behav1or i

iIt may be p01nted out here that 1 GHz bandw1dth lS not.”:'le

rnecessar1ly required 1n a practlcal up converter A few MHz.Lfﬁ

- of bandwidth f¢ normally suff1c1ent for transm1sston ofgij o

u1nformat1oq ii practical systems Any attempt to 1ncrease'fr

‘the ampl1f1er bandw1dth for a-. glven devwce normally results“?”*

lent'a' decrease of the assoc1ated ga1n The experimenta]]y:.ilh,l

ymeasured results closely follow the theoret1cally pred1Ctediﬁi‘

".results over 1 GHZ bandw1th of the aMpl1f1er up converter

The experImentally measured_convers1on eff1ciecy as ar'75"*”'1

Tfunct1on of the transzstor gate b;;

gﬁsfshown 1n F1gure 6 SQiﬂﬂt'g'f'

" It 15 Observed that the convers1on eff'lc-'ency 15 ]ar'ger at R

"'Vﬂgate b1ases near the prnch off voltage and near the currenta:' ey

l'saturation reg1me Of the device operat1on A m1nimum”1'ﬁ*ff'

:observed near VGS' ‘0 85 V and the eff1c1ency 1ncreases oﬁﬁiif

L 3;.both 51des of\th1s operat1ng pOlnt Th1s ]s to be expec_ed;ff55.
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‘ﬁifof'ﬁdeVIce potent1als ahd;by modelihg'the1r Jnteraction w1th;ﬁ5

”“fthe circult 1n frequency doma1n.; These waveforms can be;gﬂ?'“'

&

q7;Four1er analysed to compute the Up-COnvers1on eff161eﬂcy

ﬂ’f3*S1nce"relat1vely 'large:_nonlinearitwes can be taken 1ntoﬂafg7*“

"gaccountf}jsuch an analysis should'bg1Ve better predxcted5fa
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: CHAPTER v11 _“l” e
SUMMARY CONCLUSIONS AND RECOMMENDATIONS FOR

FURTHER RESEARCH '*‘;,iﬁ’-

""In th1s thes1s. a systemat1c mathemat1cal approach has
-been developed rﬂ the llnear and nonlInear analys1s of a.

o GaAs CFET. amp]‘f‘e" The follow1ng measuremeni\and modellng.

f’ttechn1ques have been develqped durtng th1s study

. '-.
. L

1) A method has been developed for accurate character1sat1on

'of'hia GaAs FET dev1ce The ‘characterlsat1on technlque'
features ‘f) the measurement of deVICe S parameters 1n the”
.fﬂsame f1xture and under ‘same mountIng condxtions as used 1nl

”f_the flnal amplif1er b) the use’ of a network analyzer forv'

P

'.'{fast measurements, c) the use oﬁ a CAD program for model1ng5'

¢

of the f1x{ure and of the dev1ce d) the de- embeddlng of the»

'dev1ce S parameters from the m1crowave c1rcu1t 'and e)'
"yremoval of the network analyzer system measurement errors by
'a computer error correct1on :rout1ne The accuracy of the‘r

S neasurements "is. estlmated to be approximately 10 ForsSli.; o

';!25 A 6 GHz 1ntegrated m1cro‘gve ampl1f1er has '

?fﬂUSlUQ m1crostr1p Clrcu1ts 'and a GaAs‘ FET device

‘Tjdis?r1buted model the GaAs FET amp11f1er has beenﬂc"

5:::proposed The model allows computat1on of the magn1tude~and

_ ;n real1sed R



AN

155

’phase response. at the external ports of the ampl1f1er The.:n“
"'d1§tr1buted c1rcu1t model has been transformed 1nto ‘a
l, general1sed lumped C1rcu1t model for the GaAs FET amplzf1er _
": proposed model ‘Hés the advantage of expllc1tly.'h
mdescr1b1ng the 1nteractaon of the actlve dev1ce\w1th theﬂ'
‘"m1erowave' c1rcu1t ,at' all frequenc1es w1th1n the ampl1f1er:

band The valld1ty aof. the model has. been demonstrated byp~

compar1ng the measured and modeled small s1gnal results over

. a 1 GHz amplwf1er bandw1dth

- 3) A nonl1near model for 1ntermodulat1on d1stort1on analys1sﬁf},'f"
h”of ta' GaAs FET ampl1f1er has been developed The model has; |
'been appl1ed r pred1ct1ng the ampl1f1er output response,:"
"dfon an- equal amplltude two~tone/'s1gnal at the ampllf1enhfi
"lnput Th1s model _‘ls}‘ based- .én‘ a Volterra- ser1es
‘representat1on of the ampl1f1er 1nput/ou{put response The |
~nVolterra ser1es - is part1cularl;‘ suitable for model1ng the"
n‘fnonl1near vampl1f1er response because 1t allows the memory
I.effects 'assoc1ated w1th the ampllfler response at. m1crowave |
hfrequenc1es to be 1ncluded in. the analys1s In general theff,""
g ;Volterra ser1es cons1sts of an 1nfin1te number of terms The"
fitf1rst few terms are however. adequafe for mode11ng of thef:"
ﬁf“d1stortlon, 1n the current saturat1on reg1on of the dev1ce

The ‘computed results for the two tone 1ntermodulatlonﬂ"5L~”'“'

d1stort1on have been compared w1th the exper1mentallypj

A\measured results These computatIOns and measurements have,?ufwm

been ‘made “as a function‘ of parameters extrins1c to thet o

Lt
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devwce, such as the mlcrowave 1nput s1gnal level ‘microwave. -

‘frequency and the trans1stor gate b1as- At smalt input

‘"s1gnal 'TeVéﬂs (less than =10 dBm), measured and pred1cted ,

results agree WIthln 3 dB over a 400 MHz frequency range.

4) A gate b1as compensat1on techn1que has been descr1bed for

1mprov1ng the 1ntermodulat1on d1stort1on performance of the

GaAs FET ampl1f1er The technlque ut111ses tranststor

gate bnas compensat1on Lontrolled by the 1nput stgnal level-

ﬂof' the ampl1f1er For a constant power output of 0 dBm an

tmprovement : _the- third- order 1ntermodulat1on d1stort1o

product of up to 10, dB has been observed The techn1que h s
the: adVantage that 1mproved d1stort1on performance of the,“

amp11f1er is obta1ned for 1ncreas1ng 1nput m1crowave power'

]evels ‘and 1t is. very S1mple to Implement ‘The techn1que 1s

-,'however, useful only over ‘a: 11m1ted range. of gate bias.

L

o Vo

St A method has been descr1bed for ach1ev1ng up- converstonj
in' a s1ngle gate MESFET ampl1f1er A mathematlcal model haswef'
f.dh'been proposed ‘for analys1s ;of_' the up- convers1on
N character1st1cs of the amp11f1er | The model takes 1nto_f;f
account the dev10e non]1near1t1es and the1r 1nteractton w1thg-
. th;, 1mpedances seen by the. dev1ce at the Var1ous frequencyﬂ

components. wh1ch are present at the 1nput and output of the”nf

amp11f1er f*5'
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7.2 Conclusions

The follow1ng general conclus1ons can be drawn from the

computed and measured results descr1bed 1n thts thes1s

' ,15‘ Intermodulat1on d1stort1on in  ‘the low-noise

4

low-power 'GaAs,‘FEf ampllfier‘ described in this . thesis

‘increases with a '3§1'-ratio as a function of the input -
»microane power level. For most of the. m1crowave amp11f1ers,

;sucht‘a‘ behav1our' should be expected because of large

b J

_ contr1butlon from cubtc nonl1near1t1es For certa1n power

‘GaAs FETs, the 1ntermodu1at1on d1stort1on is 1]1 behaved and

the concept of 1ntercept po1nt does not hoid. It can be

. concluded that, for 10w power GaAs FETs. the 1ntermodulat1on
‘;distortion is well behaved in the current saturat1on reg1on

of ‘the dev1ce operatton and the concept of the intercept

.

po1nt rema1ns val1d
o2y _The _ dra1n to gate M111er Capacitance ‘makes a

signtficant contrtbutlon to the . amplifier distortion

Therefore, the non11near, cbeff1c1ent assoc1ated w1th thev,'

feedback capac1tance should not ‘be 1gnored 1n the analys1s

. dxstort10n. 1t 1s observéd that the dlstOrt1on 1s a max1mum7

‘at the frequency where power transfer from the dev1ce to the

o

output m1crowave c1rcu1t is a maxlmum For the devuce under”-

'}test the d1stort1on‘ at the frequency of’ output match ‘55t+”
‘observed to be 4, 2 dB‘more than at the frequency of 1nput:'f*d

'-match Therefore it mav he rnnr]ndnﬂ that hattan Adntambdon

3) From the frequency dependence of the 1ntermodulat1onuw:



s

.performance can - be obtained from an amptif1er by detunlng"

the output from. the' frequency range - of - interest. Such

etuning resultSv in 1mprovement of the-distqrticn at the

cJst ‘of the amplifier gain. . co -i:‘: o

4) The IM, is observed to be a strcng function of the.

d v1ce b1a51ng cond1t1ons In the current saturatlpnhregfbn

of the device under test; the IM is,observed to decrease

.“by approxwmately 6 dB for each -0. 25V change in gate b1as
Because of 1nteract1on of the device non11near1t1es and thev'
dev1ce ega1n ‘a po1nt of 1nflect1on 1s reached at which the L
.distorttcn is minimum, This po1nt of m1n1mum d1stort10n was.. 4
'observedl to  be ‘atﬁ a gate-bias’ of ~1;52_V._Beyond thJs,'.7

”gate-bias IM, :incgeases:“rapidly"and"there is a ]ar§e~
decrease in the-amplifier gain. | | _

S)w wWhen the device“ is used as’an'up?converter"thg
convers1on eff1c1ency curve largely fo]lows the ampl1f1er?
frequency response characterist1cs Therefore, for des1gn ij |
a large. bandw1dth up- converter the amp]1f1er shou4d alsoﬂiﬁ

N .
have a large bandw1dth . "*%L'.u'tﬂv S ,;;;12”‘ f'$5
6) The convers1on eff1c1ency lncreases by 1 -dB for

L |

every 1 dB 1ncrease in IF~s1gnal level At relat1vejy h1gherifii'
1nput IF. levels (P = 0 dBm) the measured convers1on*7:7la'

A efficienCy' tends to saturate because of the l1m1teg?pcwefr**““‘~\

capab1l1t1es of the dev1ce . _
® 7) The measured convers1on efficiency 1s larger at a

°.~*<

'“\‘f gate blas near the,p1nch off voltage and near the saturat1on

I

reg1on of dev1ee operat1on A'm1n1mum has been observed near V

] Al . LI ’i
. N ‘o

R
s .
‘o s
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K]

Volterra 's'ftes model:ng ‘iQ; 1 adequate for the

“;fanalysis of the up‘conversion effmctenC‘ﬁ

1n regmons of
‘tyrncreased cohverSIOn eff!cfency because efhthe quifﬁve1y

’7fvsevere nonllnear1t1es encountered 1n these reglons.“~»

¢

“

Regonmenda'hon For Further Research R
"The mathametacal approach descr1bed 1n th1s thesws can

:;r{be extended study the f0110w1ng addlttonal performance
VVL{ﬂfcharacterlst1cs of the Gips FET ampl1f1er.5'

“-‘ o . : .. : Kl

j);f'The;_ analys1s can be extended to stﬁuy

P . ,.x
".1ntermodulation d;stortion as a ﬁunctlon of VaPIONS'




R 2
B

. - . (R o
BN 7 oL ! ’ . s . .o . e T e

.tehmination By s1mp]e extens1on of the anatysis, vthe

1ntermodulat1on dtstortron can be computed for varaous load
terminatlons along u1th constant gawn c1rcles at the output
Such 1nformation could be helpful 1n selectlng output

termlnatlons for opt1mum ga1n and d1stortﬁon trade offs

4) The analysis can be further extended to mode1 the

| ampl1f1er output response for- var1ous forms' of vlnput

h s1gnaJs, such as QPSK m1crowave sagnals Such analyses would

°

‘ can be used ﬁ:: the analys1s

be usefu1 for communlcat1on system appl1catlons of the GaAsf-

)

FET ampl1f1er Q n:w\ ”31*'°> B ;f_'. ' -.-ltf’-. o

v

~

5) The Volterra series has &een found to be 1nadequate .

f- pred1ct1ng jtks up converslon charactertst1c§ ef the
ampl1fier ih . the ‘ reglons ﬁofwj maxlmum up converslon

eff1c1ency Alternat1vely*'the voltage and current waveforms

w1th1n the devxce can/ be computed 1n the t1me-doma1n by

uswng nonl1near system analys1s PPf”

analys1s 3' would requ1re ' lnformation about .dev1ce

nonl1near1t1es and the c1rcu1t impedanﬁfs, t}f measurement

techn1ques developed in thvs thesws and the r

1ndicate3mv

~4, .

rams S1nce such an-*w

T

'41?9?§P.m9del%.;n-
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