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ABSTRACT

This investigation is concerned with transistorised power
amplifiers and frequeﬁcy multipliers operating at high frequencies
with maximisied power outputs. An important feature of the work is
the derivation of circuit models from which perfofmance chéracteristics
are found. Nonlinear\circuit béhavipr, essentiai for power amplific-
ation.and frequency multiplication, is found in the charge storage
propérties‘of the input and output junctions of the transistor.

The input nohlinearity is employed, charécterised, and analysed
for purposes of power amplification and frequency multiplication.' The
analysis faéilitates & comparison of the multiplier and amplifief
accounting,fqr transistor limitations. Ampiifiers and multipliers,.
using the inpuf nonlinearify are practicable, the multi?lier showing
a loss iﬁ power géin compared with an amplifier at a given output
frequency. ‘

-Multiplier circuits utilising the output nonlinearity, have shown
excellent performances and demonstrated the inadequacy of previous
theoretical treatments. A new theory for the multiplication mechanism
developed here, assists in the successful understanding of the trans-
.istor multipiier:and provides an analysis for diode.(step recovery)

frequency multipliers. Multiplication at the transistorﬂdutput can
increase the maximum frequency of usefulness by a factor of two or
more. Output powers of 2.5 watts (0.80 GHz) and 1.2 watts (1.20 GHz)
have been obtained by doubling and tripling, respectively. |

Multiplication using the nonliﬁear output is superior to the

nonlinear input particularly at the transistor upper frequency limit,
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CHAPTER ONE

INTRODUCTION

1.1 vaject of Investigation

This thesis is concerned with the theory, design and

. experimental investigation of high frequency transistor.frequency
multipliers. A comprehensive study of’transistorised freQuency
multipliers has; hitherto,fbeen absent, The investigationiis
extended to include'transistor‘power amplifiers.‘ The extension_is
relevant to the treatment of transistors emplo&ing'output‘frequency
multiplication, which involVes,pouer amplification as part of the
total mechanism. In addition,"the comparison of freguencj multiplier
and power amplifier performances is facilitated.

The aim of this study is to establish theoretically sound
methods for the design of amplifiers and frequency multipliers, which
are both accurate and simple. The'various"possible modes of frequency
: multiplication are investigated tﬁeoretically and their relative merits
are'assessed. The .emphasis is on circuit analySis, the transistor

being represented by the simplest adequate model.

1.2 Historical Background

1,2.1 Pover amplifiers and frequency multipliers '

The functions of power amplification and'frequency multiplication
are almost as old as the first significant active electronic device,
Class C amplifiers in valve form first made an appearance in l923l;

the valve frequency multiplier was developed a few years later2’ 3.
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These two valve cireuits have been associated evef since.‘ The
associatioh of these circuits has steﬁmed'from the similarity of
operation and application in communication and broadcast trénsmitters.
» Usually a crystal controlled oééillatqr producea“a low frequency

that was increased in a chain of valve freqﬁe;;y multipliers., The
chain drove a power amplifier which was likely to be the output stage
of the transmitter., This configuratibn allowed the oséillator to
operate at low frequencies (and hence attain good frequency sfabil-
ities) and also reduce the likelihood of transmitter oscillation. In
the chain the.frequency ﬁultibliers weré 0perated.iand'thé'power
amplifiers were most likely operated,in the "Class C mode", The
"Class C mode" of opération depeﬂds upon & honliﬂearity in the v;lve
transfer characteristic. The drive on the input of the valve is
adjusted and biased so that the anode current flow takes the form of
pulsés.dccuring at the input frequency rate. The voltage on ﬁhe anode
is sinusoidal andltuned so that the anode voltage is a minimum during
the short interval of the high.anode Eurrent. Thie mode'of operation
minimises the anode power dissipation allowing a high conversion
efficiency of direct power to radio frequency power.

The operation of the valve multiplier is very gimilar to the
pover emplifier., The anode current pulses hdye a considerable
harmonié content and a tuned circuit is chosen so that one of these
current harmonics energise the load. Thus the nonlinear transfer

characteristic that is used to increase the power conversion effic-



iency of the pover amplifier also'provides thé‘harménic géneration
necessary in the frequency multiplier. The ﬁechanisms used in
frequency multiplication and power amplification iﬁ the valve are

so similar that most‘of the design equations are the same and -
certainly the same design approach is used. The Class C method of
harmonic generation fofmed the most important basié for frequency
multiplication_fér a.long time., Multipliers using fectif&ing diodes
and nonlinear inductive'eleménts were known but did not gain

widespread acceptance, . .

1.2.2 The transistor

The jﬁnction tfansistorh, firsf develoﬁéd in 1951, was capable
of & gain up to about fifteen_megacjéleS'and an audio frequency powver
output of about fwenty millivatts. The frenetic research and devel-
opment into semiconductors has raised tﬁe power And‘freduency capa-
bility of the transistor by seyeral orders of magnitude, The power-~
frequency capability progreéseﬁ with each of the following transistor
types: point-contact transistor, érown-junction transistor, alloy-
junction power transistor, diffused—junqtion tr;nsistbr,‘silicon
planar transistor. Today most of the high frequency power transis-
torsrafe of & double-diffﬂsed, epiﬁaiial, multi-emitter, silicon
planar structure.. Shown in Fig. 1.1 are state-of-art transistor
power‘and frequency output capabilitiess' 6. These output capabil=-

ities have promoted an intense interest in transistor pover

18
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emplifiers anQvffequency mulﬁipliérs fof\uée_in soiid sta£e3radio'
frequehcy sources in a manner very simiiar to the Valve,amplifiers
and mﬁltipliers used in early transmitters.
1l.2,3 The transistor power amplifier and Tréquency multiplier
o The similarify (real and imagined) of the transistof'to the valve
made it'intuitively obvious that fhe tfénsistbrvwéuld.operate (asvg.
pover amplifier or freqﬁency'muiﬁiplier) in the same circuiﬁvas a val§e.
TheltrangiStar did wqu;as.an amplifier and as‘a multiplier and’'it was
assumed that_the analysis was the same'? 8, 9. The charge stofage
’characteristicsgofwfhé_baée wvere neglectedlo,'thus inadvertently
limiting accurateuafplication of the énalysis to frequencies lesé thgﬁ
,fB. 1Recently the bage chargg storage effect'wés recognised and
accéuhted1for;in a trénsistorised Class C,amplifiérll?'la.‘.

| Another prabticﬁl method of'ﬁarmdnic:genetation ih-tﬁe tfanéistor
Became'khownl3 fééently. Ih this new method the transistor operates
as’'an eamplifier and fundamental power isbprevented from leaving the
transistor. The'fuhdamehtal pover operates on the nonlinearlcapacitance
of the colleétor and if_is‘efficiently converted into a harmohic
,powerlh’ 15. Thié meﬁhqd éxtends'the ﬁpper frequency of usefulness of
the'transiétor by a factqr of two ofvthrée; Other methods ofﬂtrahA
;isfbr frequency multiplication exist butido not perform better thanA‘

16

the above mentioned methods™
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1,3 Anplication for Tfansistor Power Amplifiers and Freguencz
Multlgllers

The newly acquired frequency and power perfofmance of the
transistor has caused,energetié‘stqdies and developﬁént of solid state
radio frequency power sources. The ﬁransistor is often employed in
these sources for frequency multiplication and power amplification
stages in the way the valve was (and is) used in broadcast transmitters.
The transistor converts tﬁe direct‘power‘intoArf power which may be
inéfeased in frequency in & varactor (or a multiple varactor) frequency
multiplier, These power sources may find application in both ihe
transmitting'and receiving sebtioné of transponders, light radar,
telecommunication and telemetry systems, Transistors_are useful in
the above applications, not because of their superior fréquency and
powef output performance (combared with travelling-wave tubes,
klystrons and magnetrons), but.because of their superior electrical
reliasbility, mechanical ruggedness, size and weight, and pover conversion
efficiency. These other characteristics ensure the utilisation of the
transistor in7many'démanding'environments even vwhere its power and
frequency output capabilities are marginal fér the applicaﬁion concerned,

Some semiconductor devices, 6tﬁér than the bipolar junctioﬁ
tfansistor,‘have shown a great deal of promise for similgr applications,
Devices such as the avalanche transit time diodes, Gunn effect diodes,
and tunnei diodes are most useful for freéuencies higher than those

easily met by the transistor, Varactor diodes and step recdvery diodes
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are best thought of as adjuvants'to the transistor rather than
as substitutes, The two diodes cannot convert»diréct_pﬁwér into radio
frequency_power but can change the rf power intb & more useful frequency
with low loss. The diodes‘effecti;eiy extend the useful frequency
range of the transistor, |

The junction transistor is ghe best solid state device for
conversion of.direct pover into a significant quantity of radio
fréquency pover (viz; more than Q.lrwatts) in the-fréQﬁeﬁcy range of
‘1.0,MH2 to 1.0 GHz, The indications are that the junction trdhsistor

_willroccupy this position for & long time to come,

1.k Goals and Approach to Analysis of Transistor Amplifiers
" and Frequency Multipliers :

The circuit of & transistor amplifier or frequency multipliér
may be mbdified a£ will without affecting a given anglysis providiné
that the assumed input and oﬁﬁpﬁt operating conditions are maintained.‘
Transistors employea-in push-pull or pérallel COnfigu:ations can‘be
treated in terms of a "single transistor analysis", The ahalyses
' developed in this thesis deal specifically with tran#istors oﬁerated ‘
. in the common emitter mode. However, much of the following theory

applies to common base operation as well,
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l.h,1 Nonlinear input fowef amplificafion
The transigtor is normally employed foi power amplification in

a method very analogous to the way the vaive is used, A sinusoidal
voltage is applied to the transistor input with bias, A sinusoidal
voiiage of the input frequency ie maintained at the transistor output.
The output tuned circuit and the load isAenergised by céllector current
pulses. This method (frequently called Cléss C operation, irrespective
of. collector conduction angle) of operating tﬁg transistor as a power
amplifier is the most uniyersgl and is the most versatile, Other
“methods!? of transistor pover amplification Qre knovn but will not be
considered here, |
1.h,2 Trgnsiétor.frequency multiplication capability

- For successful ffequency multiplication the fransisﬁor must
contain some nonlinear charactéristic. The trénsistor contains a
number of the necéssary nonlinearities, It contains two.diode,sections
(the emitter-base diode and the collector-base diode) and each of these
- diodes contains a ngnliheaf resistance (with discontinuities from
reverse bias to forward bias and from low reverse bias to reverse bias
into avalanche breakdown) and a nonliﬁear capacitance'(the nonlinear
capacitance (the nonlineér capacitance results from‘the nonlinear
depletion layer capacitance and also nonlinear minority éarrief charge
storage), Normally éither the ﬁoniinear capacitance or the nonlinear
resistance predominates depending upon the frequency of operatioh.

These nonlinearities are the predominant ones, and provide plenty of



scope for frequency multiplication, Other nonlinearities, less
‘pronounced, are also found in the transistor. For example, the high
frequency current gain is dependent upon the collector operating

conditions., -See Fig. 1.2,

Figure 1.2

T =50me .
’ ’lwra 100 mc

50/_ Z //ﬁ.alSOm:o
40!/ / /'/'/T ’

30 /// 4 ; =300;m
WY i L1
]

Collector current, I, in milliamperes

111/

Typical variation of F, (and hence high frequenqy common emitter

, T
current gain) as a function of collector operating conditions.

The transistor is a silicon planar type 2N240141.

1.%.3 Nonlinear input frequency multiplication
It has been found that the input nonlinearity (base-emitter
nonlinear resistance or nonlinear capacitance depending on operating

frequency) can be used effectively for frequency multiplication, Two
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different analyses are required for the nonlinear resi¢tance mode

and for the nonlinear charge.storagefmode.‘ The nonlinear resistance
mode is in control at frequencies lover 'than fB and the nonlinear
charge storage mode is in control at frequencies sbove; ‘thebtwo moues
merge‘at.approximately fB. Ma.ny.a'.utho'rsg":lo have assumed'that the
nonlinesr resistance mode is'applicable,at'all operating frequencies,
Frequency multiplication,'using the.input nonlinearity, is very gimilar
to power amplification, and for this reason the two w1ll be’ analysed

together, Analyses9

are presented by other authors which deal.with
amplifier and multipliers With operating frequencies of less than fB
' For the purposes of this study (1.e. maximum powver, hlgh frequency) a
transistor operated at frequencies of less than fB is not heing,fully
utilised. For these two reasons a full analysis of this‘frequency
A range wili not be made. Instead a rudimentary graphical analysis is
presented in Chapter Two. | |
For operating frequencies higher than fB a comprehensive analysis
is carried out in terms of the nonllnear input charge storage. The
analyeis is presented in Chapter Two and proVides the first analysis,-
of any kind, of high frequency nonlinear input tran51storised frequency
“'multipliers operating in the nonlinear input mode. A charge storage
analysis is also developed for the high frequency power amplifier;
whilevthis analysis is not the first of its kind, it is believed that
it is superior to preyious approaches. Nonlinear input amplification

or multiplication, using the transistor, shall: henceforth be referred -

to by NIAM,
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Chapter Three deals with the effect of depletion layer
capacitance on the operation of the power amplifier and frequency
multiplier. In this way the‘limitation of £ ox (of the transistor)
is introduced and the analysis is applicqble up to the maximum frequency
of usefulness of the transistor. Finally, a complete design procedure
is presented for this kind of powef amplifier and frequénéy multiplier,
l.4.4 Nonlinear output frequency multiplication

The tranaistor has been oﬁeratgd very sucdessfuilyl3‘ 1hy 15
using the éapéciﬁive nonlinearity of the collector diode (in the output 
circuit). The transistor ihput circuit is constructed and behaves in
a way similar to a conventional amplifier but at the output, the
fundamenfal powéf ié bfévéntearffom leaving the traﬁsistor; The 
fundamental power i converted into arharmﬁnic‘power, by the output
nonlinear capacitancé,-which isldissipated in the load via tuned circuits,
Multiplying factors of up to four are attaiﬁable with praétical power
conQersion efficiencies. Frequenéy multiplicatidn using the transis-
tor output nonlinearly will be called NOM (nonlinear output
muitiplication). ' |

‘It has, hitherto, been assumed that the nonlinear capacitance
vbf'the collector diode depends on éhe depletion'la§er'charge storage
énlj. Measurements and calculations-iﬁ this étudy indicate, howvever,
that the effect‘of.the nonlinéaf depletion layer capacitance is

insufficient to be responsible for the level of -harmonic output power

. actually obtained. Observations of the collector voltage waveforms
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indicate that the collector #olfege "pottoms" for a large part‘ef
the fundamental cycle. Theee‘two occurrences suggest strengly that
minority carrier charge storage takes place.in the collector-base
diode, For this reason, an anelysie is made of frequency multiplying
circuit utilisipg;e minority cerrier nonlinear Chafgevstorage device,
This analysis ie;pfesented in Chapter Four and is used, tegether with
another recent werk 18 4 ‘in the ‘later treetment of the high frequency
’ trensistOr NOM. The analysis of Chapter Four is also 1mportant because
of 1ts application to freqnency multlpllers emp10y1ng step recovery
diodes,

fIn Chapter Five nonlinear .output traneieﬁor'ffequency multipliers
are,constrﬁcted and the perfermance is measﬁfed; The‘mihority carrier
. charge storage multipiication theory is supﬁorted by measurements, .The
' operation of the overall stage is treated and then an outline of design

and construction methods is presented,

1.5 ~ Originality
Except where reference is nade to‘the‘work of others, the‘n
research and the conclusions reported in tﬁjs thesis are original as

- far as the author is aware,
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CHAPTER TWO

POWER AMPLIFICATION AND FREQUENCY MULTIPLICATION

USING THE TRANSISTOR NONLINEAR INPUT

2.1 Assuned Circuit‘Configurationk
| The operation'of the historicallybdeveloped ValVe‘frequency

multlpller and power: amplifier depends upon one nonllnear character-
isticy namely the dependance of anode current on grld voltage in a
- common cathode clrcult. If a slne wave of voltage is applled to the
grid of the valve, w1th proper b1a31ng, a dlstorted sine wave of
current is obta1ned at the anode. Power may then be extracted at a
fundemental or harmonic freqnency. Analysis of th;s-method of power
amplifieation or frequency multiplication is facilltatediby assuming
" that the grid and anode voltages oonéist of sine waves at the inﬁut and
output freQuencies; respectively.‘ The above mode of circuit operation
is very frequently assumed to be appllcable to translstor power | |
.ampllflers and frequency multlpllers. The fundamental voltage
(filtering ensures thatﬁonl&;the fundamental is present) is applied -
"to'the transiStor input (assumed for tne moment to be operating in
'-tne‘common enitter configuration).along with a biasing voltage or
current, The biasing ia.set g0 that‘both the baseiandithe collector
of the transistor conduct for a fractional part of the'fundamental cycle,.
The‘nase-emitter nonlinear diode characteristlo‘is thus utilised. The

circuit can operate with an infinite number of variations of input



voltage waveshapes and output voltage ﬁavesh#pes.g"ﬂowe?ef,&it is

assumed that the input and output voltage‘wavefofmsbare sinusoidal,’
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purely in theé interests of gnalytic‘conVeniencé;-tThe circuit is then'

constructed with a fiew to meeting the above assumptions but expérience

shows that_actualvinput'and output wéveshapés may‘déviate app;eciably
(from the sinusoidal input and oﬁtput vdlt#ge assumptiohs) without
affecting the pérforﬁanée of the circuit sigﬁificantly;? A simple
exémple of & circuit that will meet the above éssumptions is shown

'in Figo 2_.1.

| Figurelz.ﬂvf .

Neutrallsatlon 7 Oquut‘Power

.

77

input Power

- Wy

Amplifying'and muitiplying circuit designed to meet assumptions

. of sinouscidal voltages on input and output. ‘Blasing omitted.

Although transistor circuits may in practice take a completely

different configuration,'dnalysis, based on the above circuit, will
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be applicable to any circuit that maintaine sinusoidal volfaées on

the input and the output, For example, multlpllers and amplifiers
using a number of transistors (1.e. push-pull, push-push or. parallel
circuits) may be treated with thg follow;ng analysis prov1dlng the
sinusoidal voltage assumptionsAare met, The following analysis is
based on,ﬁhe common emitfer configuration because this is the most
widely employéd and may be used ovef a broad range of frequencies,

Muéh of ﬁhé'above investigation and analysis is applicable to the
.commoq base configuration, The extent of the possible applicaéion will

be indicated.

2.2 Genersl Relatlonshlgs of Outgut Voltage. Current and Power
. 1in Power Ampllflers and Frequency Multlp;lers

The assumption that a 81nu801dal voltage is maintained at the
transistor output bermits the develophént of some genergi relationshipsv
that partially deseribé the performance'of the transistorised power
amplifier and frequency multlpller. The output voltage and a hypo;

thetical current of the tran31stor are 111ustrated 1n Flg. 2.2,

The transistor’produces current pulses at a repetition rate equal
“to, the fundamental frequency. The output tuned circuit filters the

desired and available harmonic current and transfers harmonic power

»to the load, The direct input pover to the transistor and load is,
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Figure 2.2

ln A A

t .':

Transmstor collector voltage and a hypothetlcal collector current
) of a tuned power amplifier. .
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Pinge = Veer Teo | 2.1
vhere Voo is the supply voltage and Ing is the direct current drawn
by the transistor. If the output tuned circuit is adjusted to

resonance, the output power is,

PoC = 0.5, an‘ ICn ‘.', . . 2.2

vwhere VCn and ICn are the peak nth harmonic voltage and current of

the collector respecﬁively. The power conversion efficiency of the

transistor may be calculated from the above two expre591ons.
Icn Ven
2 Ing Voo

hcp 2.3

This power conversion efficiency may be separated into two parts,
‘one a current conversion efficiency. and the,other a voltage,conversion

efficiency. Explanation of the separatlon will follow,

1A .
' _ v : : ,
o - Vec -
where
Vou & Vec - Vesat 0 . 2.6

The voltage efficiency of Eqn. 2.5 can, for most transistors,

 be made to exceed .80, The exact value of it depends very much on

the traﬁsistor in'use. The maximum voltage efflclency may be determined
very quickly if the approprlate transistor collector characteristics

are available and the peak collector current is known., Normally

 the voltage efficiency will vary between .70 and 1,00 and depends
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largely ou the transistor in use. The maximum voltage efficiency

muet be determined or estimated for each application by the designer,

| .The current conversion efflclency of Eqn. 2.4 has a broad range

of p0581ble values. For an ampllfler it can vary from 0,50 to 1,00,

For a multlpller it can #ary between zero and 1,00, It.is shown

' expérimentally thﬁt the current efficiency is a definite function
(albgit a complicated one) of transistor conduction angle; At the same
time, current‘efficiéncy is esgentiallj indeéendant of the type of or-

" individual transistorﬁémployed in the éircuit. Since current é£ficiency
can ngt be eﬁsily evaluated and is very important, it willlreceive a

comprehensive study.

2.3 Low FreduenéyrGraphical'Analysis

| NIAM operatioh of the transistor at low fréquéncies.is similar
to frequency multipliérs and power amplifiers using the valve, The
éiﬁilarityvis widely récognisedT' ! 9’ 9 but has received excessive .
attention., It is freqﬁéhtiy‘assumed.,incbrrectly; to exist at high
ffequencies.' Because design hethods are already avéilable (veing

T 8 and also :developed specifically for

converted from valve methods
'transistorslo’ 20) only a rudimentary graphical method will be
presented here, -

- The transistor characteristic éﬁ low frequencies (less than fﬁ/z)

may be specified quite simply. At low fréquencies, the transistor

terminal currents are single valued functions of the terminel
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voltages, permitting the transistor aétion-to be defined gréphically
on a current versus voltage basis.v'An example will be given dealing
with a common emitter doubler., The same approach will deal with pover
#mpiifiers through to times-six_frequency multipliers; The analysis
may be apﬁlied to & common base circuit ﬁith‘the'proper choice of A
transistor characteristics., As with}valvé éircuits,_the analysis of
this eircuit is best initiated by examining the effect of the applied
»sinusoidal voltage on the inpgt.erhe input voltage, with biasing, is
seb éd ag to produce a particular peak collector eurrentkand a certain
conduction angle, High factors of_fréquency multiplication or‘high
cu:rent efficiencies (nCI) iﬂ'amp;ifigrs require small conduction angleg.
The input characteristic of the transistor, emplofed as a doubler, is
shown in Fig. 2.3. After ﬁhe‘shape of the input current pulse is
determined the fundamental comﬁbnént of the input currenﬁ may‘be defer-
mingd using a graphicai Fourier analysis. Equations for determining
harmonic components}of a symmetfical (aﬁout'a particular time axis)
waveform are given in Appendix 1, fhe fundamental currenf to the input
of fhe transistor may be calculatéd, pérmitting the power input‘to the
-transistor to be evaluated. Siﬁce the transistor input behaves like a
nonlinear resistance, the input currentib in phase vith the input
voltage, This is true for the input and oﬁtput currents and voltages
of the transistor at low frequencies (viz. all phase angles are zero).

The input operating characteristics such as, biasing voltage on input and
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input impedance, maj'now be determined. From the.peak base current

we may find the peak collector current using the appropriate plot of
collector charactefistics (see Fig., 2.4). Once the peak collector
current is determined, the miqimﬁm collector voltage may be found

(see Eqn. 2.6). The peak harmonic collector &oltage may be evaluated
-after the minimum collector:voltage ie known and the-éupply voltage
VCC,is set, The harmonic voltage must be ékétched in, pefﬁittiﬁg‘the _
collector current to be determined as shown in Fig. 2.4, The collector
‘current pulsé may then be detefmined as a function of base current, |
collector voliage and time, The appropriate harmonic and the direct
components of.currentvof fhe'collector éurrenﬁ pulse may be determined
graphically by the method qutiinéd in Appendix 1. The evaluation of
ICO‘Bnd,ICn permits the calculation of the harmonic output power, the
direct power input to the collector, the collector efficiency, the
transistor pover dissipation and the load resistance, Eguatiohs 2.1
#hroﬁgh td 2.5 may be used to advantage'in these calculations,

| The important parameters of a low frequency powver amplifier may

thus be determined.

2.4 Assumed High Frequency Current Waveforms

It is intended here to first find the harmonic current generating
‘characteristics of the intrinsic base at high frequencies when the

assumed sinusoidal voltages are applied, The high frequency conditions
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exiéi if the input frequency is greater than BTB.‘ Stray effects may
be very important but the intrinsic base is essentially the active
portion of the transistor providing the ﬁower‘gain-and the conversion
of diréct poﬁer into rf power., The effects of fhe strays gré best
asséééed aftgr the basie mﬁltiﬁlication and energy conversion processes
are understood, The depletion layer capacitances of the transistor
obscure the operation of the base withoﬁt_necessaiil& degrading the
frequency multiplying or amplifying perférmance. For.observation of
the current ﬁaveforms in actual transistors;’d method of baiancing out
the‘depletidﬁ.layer capacitance currenﬁs'is déyéloped; Two bglan¢ed
| transistors are used, Oné"undgr normal conditions and.the other always
reversed biased, In this way tﬁe capacitive current flow in-tﬁe inactive
transistor'méy be subtractéd electrically from the current flow in the
aétivekﬁransistor.' Thus the»meééurement circuits ého# only thé current
flow into the intrinsic base of active transistor. This circuit is

shown in Fig. 2.5.

Figure 2.5
Output
Power .

&

4
g™

Input

Poger , é;%“"i y'. :
‘ z |

Vgo

Measurement of currents of the intrinsic base behaviour of a

transistor NIAM. The depletion layer capacitance currents of

T2 cancel those of T1, the transistor being examined.
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Insight into the multip;ying operation of the intrinsic base may be
geined most quickly by a study of the relations between the input
voltage and current waveforms as presented in Fig. é.6. The collector
current is proportional to the integral of the base current. From the

charge control relatiops2l ve may write,

iC = %'—fiB'dt ' 2.7
f

This equation follows from thg more usual charge control relations
under the present high}frequency conditions, where minority carrier
recombination is negligible. The clue to the operation of the whole
circuit is the behaviour of the base current. The base current is a
scaled replice of the input .voltage, for a large part of the active
cycle (i.e. vhere -a <wt < q/2). A detailed knowledge of the input
impedance chéractéristic of the transistor can be obtained from the
voltage-current relationship measured at the base terminal and plotted
in Fig. 2.7, Input voltage is plotted on the vertical axis current on’
the horizontal. ﬂumbefsvl to L are markéd in Fig. 2.7 to indicate
various regions.of operation. Small éllowances must-beAmade for the

. incompletely balanced-out depletion layer capacitance currents, The
region betweén numbers 1 and 2 is very similar to ﬁhat found at very
low frequencies in a diode and will be called the exponentia; region;
charge being stored in the base. The region between numbers 2 and 3

is called the "linear charge-discharge"region, The slope of this line is
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controlled by the extrinsic base resisténcé of the transisﬁof.
The region from numbers 3 to 4 is.called the "residual charge removal"
region. The "residual charge" typlcally amounts to about one half of
the maximum stored charge., Many tran81stors*have been examined and the
first two reglons,~name1y the "expohentia;” and the "linear charge=-
discharge" fegion are very consistent, ‘However. the!shapé and the
duratlon of the last region is very changeable.v In diffusibn transiétors
_(where 1mpur1ty doplng is. essentlally constant across the base) the shape
~of thq 'residual charge_removal" reglon has been found to vary considerably
even ambng transistofs‘of the sgme.type number. In planér, double
diffused transistors (with both retafding and‘aiding fields in the base)
rthe "re31dual charge removal” region is found to vary con31derably both
in shape and duration with a changing conduction anglej; the other two
regions maintaining their shape. It has been found'experimentally
that a planar ﬁransiStor may exhibit a step recovery characteristic for
small gdnduction angles apd~exhibit an expdnentialmrecovery (with a
.relatively long time constant) for large cdnduction angles,

In Flg. 2.8 the three termlnal currents of two dlffu81on
transistors of the same type have been noted in detall. The charge
~gontrol relatlonshlp between the base current and collector current,
déséribed in Egn. 2.7, may be Qerifigd in tﬁese figureg.i The variation
in the time delay of the collector cuxrént‘pulse} the emitter current
recovéry, and the shape of thé base "residual charge removal"”may,ﬁe

seen to be significant.
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TraﬁSistor currents. of NIAM operation. Note the diffcrencés in’
the base currents and in the emitter currents. The differences
are attributed to different electric fields in the base.
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The charge removal froblec here is very similar to the charge
removal problem in diodes at high frequeﬁcies. The charge recovery
characteristics are dependant upon operating voltages and currents
as well as the electricel'end physical construction of the diode or
transistorx 'Acalyeis’of diodes is‘only partielly euecessful and yet

.these are much 31mpler to analyse than tran81stors. Due to the
' 1mposs1b1l1ty of accurate analys:s, 31mp11fy1ng assumptlons muat be
made, . a |

Since charge control reletione apply at our operatinmg.frequencies,

'ﬁé ceed oniy assume & certaic’curreﬁt_waveehape for either.the base or
_collector and the other”is implied. }Theimetﬁod adoptec here assumes
a certain base current and then the‘coilector current is determined
.us1ng the charge control relatlons. We See that 1f the tran81stor is
tforward blased by the sine wave of voltage on the base, the base current
vhas a waveshgpe v1rtuallyf1dent1cal‘to the voltage waveshape. Thus
for about one half of the complete cycie the inpot current»is a
‘truncated sine wave, The other helf of the input current pulse'is
extremely variable and one particular current waveshape will not
‘accurately describe all the ﬁoesibilities.: It'is advahtegeous in the
following anaiysis“to have & eymmetrical weveform. For these reasons
it is felt best to assume that the second part of the current pulse has
the 'same shape but opposite sign to the first part of the current pulse.,

The assumedAbase current waveshape may be seen in Fig. 2.9.
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Figure'2.9.

* e mu e e . = e

‘"Partial Sinusoid Model"

.cos(wt+q/2) - cosa/2
\ iB = IEmax .1 - cos(a/2)
when —a'<'wt <0

le o cos(wt-a/2) ~cos(a/2
i T cos%a72$

I Bmax

- e e e = @

i
I
'
i ,:when 0<&wt &a
i ..
' therwuae iB = Q
} i

wt

The base current nay be defined algebraically, as follows,

s " feos(wt + 0 2) - cos Y2
1B = IBmax ( ( T / 3/2 /
. - cos

whén -0 <Wwt <0 , :

‘and o . :

dp = - Ippa, (Co8(wt - %/2) - cos 4/2)
‘ : 1 - cos O/2

2.8

- when 0 < wt < q

otherwise iB’= 0

- This waveshape will be called the partial sinusoid model,

Two other worker.sn'12 on transistorised class C amplifiers

have made approximations to the transistor current waveforms.



L6

12 ' .
Slatter developed an approach much the same 88 above but aesumed
a step-reéoﬁery characteristic for the base current as shown in

Fig. 2.10,

Figure 2.10

I cos(wt+q/2)-cos(q/2,

5% Ipnax 1 -~ cos(a/2)

when -~adwt { §
vtherwise iB=0

-t 0 & N7 e o

Base current exhibitiﬁg avstep-recbvery characteristic. Ther~ is
no net charge input to the transistor, and ® is_related to @ on
this basis.

'Such a characteristic is accurate for some planar transistors operated
at small conduction angles, It is, hoﬁever, inaccurate for ﬁhe majority
of transistors, This approach also has the diéaanntagexthat,the
harmonic components of the input’current ﬁaveform cont#in an aséogiaﬁed
phase angle,

In the ﬁartial sinuéoid mpdel; the phase aﬁgie‘of*any harmoﬂic

. N ' ' ' Co : 11 .
" current is zero due to the symmetry of the waveform, Scott 1n an
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earlier analysir of a transistor class C amplifier assumed &

"quartic" output current waveform, shown in Fig. 2.11.

Figure 2.1
I ) . e W - — Lo d Ll Lad v . uﬁts '.!'
G 0= Tomaxl- 2F
ic when -oa<wt<{a
- otherwise
ic=0
0

-0 0 +“-—-—-wt—-—-r

Assumed collector current pulse shape referred to as the "auartic
model'. o N _

We shall see later that calculated cdllector‘efficienéies frbm,this‘ 
model are good~bu£ not as accﬁraté as those prodﬁcéd b&fthe nba&tial ;
'sinusoid model". Other wprkérs have considered idéalised.collector
currents witﬁ truncated sine waves or rectangular pulses, These models
have only convenience to recommend them for they bear 1ittleAresem-
blénce to the actual vaveforms found in transistor NIAM, The last

models will receive no further consideration,

2.5 ‘Collector Current Efficiency

To determine the collector current efficiéncy ve need only
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detérmine,lCn and I, and by'uaing Eqn, 2,4 the required efficiency
can be determined. It may be shown, using Eqn. 2,7, that
: Ipn ' '
ICn = nn‘l’f ’ . o 2.9
~ Thus, in order to determine ICn' we may do a Fourier analysis on the

, input base current, That 'is, = -

'~ IBmax cos{wt + 2/2) - cos &/2 :
I, = 2hex g
Bh. = = T - cos 0/2 sin(nwt )awt
' : -
_I +0 -a - o ’
-~ ZBmax " cos(uwt - %/2) = cos %/2 sin(nwt)awt
S ‘ 1l - cos /2 - :
. _ _
_ Ipmax : cos(na+®/2) - cos %/2 cos(na-2/2) ~ cos #/2
7(1-cos®/2) n+1 _ n-1
+ 20250/2 (1 - cos na)} o - 2,10

It is nov possible to determine I, . Nextvlcﬁ)muét be evaluated,

Uéing Eqn, 2.7 and part of Eqn. 2.8 we mey write,
ot =

i I : o/ - o
ig= Bmax cos(wt + /2)3 cos %/2 et
¢~ Wy | T 1-cos0/2 !
B R T
_ IBmax | Bin(wt+%/2) - wt cos® %ﬂ v
T et 1 - cos®/2 o

Ipmax /sin(wt+®/2) « wt cos®/2 + sin®/2 -”ucos“/é)

LAY 1l - cos®/2 -

in the interval of -a <wt < 0

Due tb'thefsymmetry of thé»collector current waveshape we méy‘say that
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ip(ot) = i)

2,11
i = Ipmax sin(=wt+%/2) + wtcos®/2 + sin®/2 -a cos®/2
¢ Wlp , 4 1 -~ cos®/2

in the .interval of 0 < wt < a
Otherwise ig = O

To find the collector direct current, it is only necessary to

average the collector current. Therefore,

’ 2IBmax . . .
Iog = = (sin(wt+%/2) - wt cos®/2 + sin®/2-ncos®/2)dwt
21mrf ' .
. -a
' ' : (“gvz) ‘ o
. IlBmax | -cos(wt+®/2) - cos°/2 + wtsin®/2 - awucos“/e
TWT, 1 - cbs“/Z
0
\ .
Igo = Igmax  acos®/2 -(“ /Q)cosﬁ/a 2.12
= et .. 1 - cog%/2 : :
Thexcolleqtqr current efficiency méy be,détgrmined through the
menipulation of Eqns. 2.9, 2,10 and 2,12,
cos(nu+°/?) - cos?[ﬁ cos(ne-2/2) - cos“/2 2cos®/2 (1-cos na)
n _ n+ 1 n w.l n ~co8 n
CI = - 20131
2n(QSin°/2 - gi cos®/2)
2

This efficiency is plotted as a function of n and 2a in Fig; 2.12.
A comparison may be made with efficiency calculations, obtained by
Scott*, which are plotted in Fig. 2.13. In Fig. 2.1k, the efficiencies

are plotted for the partial sinusoidal model and compared with measured

¥The cdlculations are extrapolat10ns on Scott's amp11f1er analy51s for
application to frequency mu1t1p11ers.
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current efficiencies on two kinds of transistors. Agreemenﬁ between
the caiculated and measured values is well within the accuracy of tﬁe
instruments used. The "partialvsinusoid"‘model ie in closer agree-
ment with-thé‘measured reéults than the "quartic" model. The circuit
used for the measurements is shown in Fig. 2.5. The circuit measures
the harmonic oﬁtput without feedback and hence permits the measure-
ment of the collector current efficiency. Thus the collector current
efficiency has béen calculated using Eqn. 2,5; This gquation may be
used to evaluate the ability of a transistor to convert direct pover
into radio frequency power,

A careful examination of Fig. 2.12 shows that thé efficiency of
any harmonic may be found with no and one equation, That is if"
nery = fi(a) then norp = fl(na),>with an accuracy of about 0.17%.
This is useful since;we novw require only one equation or graph to
-detérmine'the current efficiency of any particular harmonic. If a
multiplier is to have a practical collector conversion efficieﬁcy
no must be less than 3600f The siﬁgle graph is shown in Fig. 2,15.

The:foregoing analysis may be applied to an aﬁélifier or a
frequéncy multiplier in the common base c&nfigurafion without any

modification,

2.6 Input Power Requirements

In a power amplifier or a frequency multiplier the input power

requirement is of prime interest. High efficiency amplifying or
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frequency multiplying can only be“attainéd at the expense of increased
input power.v The transiétor input Qoltage and current wévefofms are
already ideslised and calculation of the input power is thus facilita-
ted. The input power requirement is calculated by nultiplying the
input volfage with the fundamentai input current and the appropriate
phase angle. This is somewhat different from assuming that all of the

input power is dissipated in the base resistance, as previous

analysesll'l2~have done.
-] ) )
. PBin_ fA -%;L‘VBI cos(90 - “/2) _ 2.1k
From Figs. 2.6 and 2.9 it may be seen that,
I . |
VBl = Bmex b ‘ 2.15
‘ .1 - cos®/2 , o , T

Using Eqn. 2{9, with some manipulation, it may be shown that,

Iﬁl = IBmax o ~cos3%/2 + cos®/2 - sin“/2) 2,16
7(1l=cos®/2) : 2 , :

The input power of the multiplier or amplifier may now be

calculated through the manipulation of Egns, 2.1k, 2,15 and 2,16.
= prax Tpb <-cos3“/2 + cos®/2
Bin = (l-cos®/2)2 2w, 2

P -a'sin“/z) sin®/2 2.17

The input power of Eqn. 2,17 is more usefully expressed in normalised

form; using Eqn. 2,17 and 2.9 we obtain;

o a/p L :
. (LQOSB /2 + °°§—/2 -0 sin“/é) sin®/2

2
vPB' = I Bn Tbb 2 :
in ?;' cos(na+®/2)=cos®/2 ¢cos(na-a/2)-cosa]2 f2cos°§[g(l_c°sn0§§
' n+l n-l n

2.18
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This expression is plotted in Fig, 2,16 as a function of conduction
angle (2a) and of n. It may be noted that there is a very definite
~ conduction angle at which the normalised input power may be minimised
for each harmonic. The optimum conduction'anglé is approximately
360?/n. This value is obtained from examination of Fig. 2,16, and
corresponds to a realistic cgllecfor efficiencj of .50 for each harmonic.
Fig. 2,16 permits the comparison of pover amplifiers and_multiﬁliers
that have the seme output freqﬁency; By maintaining a conétant output
frequency, identical output conditions and a constant current gein at
the frequency of interest are maintained. The loss.iﬁ gain, to obtain ’
frequency multiplication for any practical conduction angle may be
found in Fig. 2.16. .The minimum iosé-in gain (with respect to that
of a class A amplifier) is found to be & factor of (3.0n - 2.0). The
input power must be increased by this émount, when the input frequency
is decreased by a factor of n, to obtain the same output current magﬁi-
tude, The output current determines the. power output when the other
output parameters (such as VCC aﬁd RL) are fixed, In a multiplier,
the conduction aﬁgle may be decreaséd; from above, té improve the
collector efficiency with an attendant decfease in gain, It is normelly
‘bad design to make the conduction angle lafger, than that just
recommended, since both the power gain and ?ollector éfficiency are
degraded by doing'so.

The curves of Fig. 2.16 have been verifiéd by measuring the

input power to & transistor. Figs, 2,17, 2.18 and 2.19 verify
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experimgntallyﬂinput-power réquirements for an amplifier, a doubler,
and a tripier fespectively. The agréement is gdod‘aithough it‘appears-
that the assume& value of extrinsiec 5ase resistance was slightly large.
In Fig, 2.17 the méasured input power is lower than that pfedicted by
theor& for large conduction angles, However, for small conduction
angles the ﬁeasured input power is larger, ‘The latter effect will

be expléined in the next chapter, Shown in Fig, 2.20 is the circuit-
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Figure 2.20

Direction

Input Power al couplen

I

To a selective;voltmeter‘

A setup for measuring the input power to a transistor amplifier
or multiplier. This method avoids losses in the input tuned
‘c1rcu1t. The selective voltmeter indicates the forward and
vureverse power flow in the directional’ coupler and also the .
harmonlc current flow in ‘the base and collectqr. The collector

is earthed to avoiad capaditive feedback.

diagram of the measurement set-up. The input power to the transistor
is measured with a directional coupler, This method eliminates the
input tuned circuit losses which become significant over a large

part of the range of conduction angle.

2,7  Maximum Harmonic Current Flow

Frequently transistors have & very low emitter-bsse‘breakdown
potentisl. It is a serious limitatien on transistor poser amplifiers
and frequency mu1t1pl1ers where large reverse bias voltages are

necessary to obtain high eff1c1enc1es by small conduct1on angles. The-
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input voltsge mey be found using Eqn. 2.8tend‘adding the threshold

conduction voltage (Vg ) of the transistor. input. Thus,

o ' a/o)
v. = I " r cos(wt+®/2) - cos ®/2\ v
B Bmax bbb . 1 - cos®/2 Beon

2.19

' The maximum reverse voltage of vy is obtained when wt = w - /2,

BW ooy . = IBmex rbb =1 ~ cos%/2 )

EB =~ Beon 2 - cog®/2
Note that BVEé and VB on are always of-opﬁosite sigﬁ and'hence are
normally added, . Manlpulatlon of the above equatlon and Eqn. 2.13 makes

1t p0551b1e to obtain,

IBn(BVEB' vBcon) L ‘ -0 5m(1 + cos”/2) e -
Tvp S os(na+ (ng+*/2) - coéﬂ>2.»~ cos(ng~"/2) -cos’/2 .
. >-+
: n + 1 o Co . n=-1 ) 2.20

Lf,gsgggig (1-cos néﬂ

. n.
"The equatlon is plotted in Flg. 2,21 as a functlon of n and of conduction
‘angle. Measurements have verified Flg. 2,21 to a hlgh degree of
raceuracy, although they are not shown, If the em1tter reverse voltage
llmltatlon 1s very serlous, 1t may be deslrable to choose 8 conductlon
angle that prov1des the maxlmum p0591ble harmonic current. For an
ramplifier the best angle,is 350 and»foruany harmonlcvthe-béet‘conduction'
angle is 512 /n. This conduction angie ienéubstantiaily greater than
the conductlon angle that results in best galn and results in 8 '
collector current efficiency of only‘O.El. nThe 11m1tatlop 1tse1f

is best avoided either by choosing a transistor‘with & large reverse
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‘breakdown voltage or by using a low multiplication fector; It is
evident from Fig. 2,21 that the input reverse breakdown limitation is

most- Berious - for the higher harmoniecs.

-ME;B‘: Peak,Icputrand‘Outputiccrrents‘

- In order that a tranelstor power ampilfler or frequency multl-c
.plier may be de81gned, it 1« necessary to determlne the peak collector
and peak base currents. The peak collector current may be determlned
by evaluatlng Eqn,. 2 ll when ut 0. |

'We have,-

If‘  ‘ - IBmax .
Cmax ‘"f(l-coc“/z)

Gmax is most useful if it is normallsed to the dlrect collector current.

(2 sin%/2 -a cos ¥/2) 2,21

Hence, u51ng Eqn. 2;12 we have3 ‘

IGmax T Eeinajz.;'a cos®/2 2,22
Isg m(asin®/2 - “‘/zcosu/z) '

This equation is displayed in Fig. 2,22,
Now to‘deﬁermine the relationship between the peek base current

and‘ﬁhe'collector current, Eqn. 2,12 must be examined,

Ingai. _ _(lecos/o) 2.3
Icomtf ‘agin®/2 - c"2/2‘c<>$c"/2

This relationship is also presented in Fig, 2.22.
It is useful to determine the biasing voltage necessary to
obtain a certain desired conduction aﬁgle.by finding the voltage at

which the transisﬁor iz turned on, Substituting et = 90-%/2 into
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Eqn. 2,19, we have,

Von = I r (:.‘525312_) +V . 2,24
BO Bmax " bb 1—COSa/2‘ ' Bcpn. .

The input tuned circuit can be designed most effectively after the

input impedance of the transistor is determined from the input power

and the input voltage (Eqn, 2.15).

v. = IBmax Tbb
Bl lecog®/2
Real Y. = <2IBin | 2,25
in —_— : ,
V'm
2.9 Conecluding Comments

In the fgregoing chapter theory has been develoPed; neglecting
the effect of depletion layer capacitance currents. Such an
approximation for frequencies much lover thanZPT and the above theory>
‘could be used for many applications at frequencies greater than fg
but much lower than Fp. | |
| The effects of the depletion layer capacitances are treafed in
the next chapter allowing the theory to be applied up to frequencies
of gbout'fmax. A désign example will be givep in the ngxt chapter to
illustrate a design‘method; The above thepry will be incorporéted

into. this method,
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CHAPTER THRER

‘Effects of Transistor Stravs on Nonlinear Inpuf Operaetion

of Multipliers snd Amplifiers and Design Methods -

3.1 .‘AVComg:Lete Equivalent Circuit and Si‘@ 14 #i cations
The basicvfreduency multiplying and power émplifying chafacter—
istics of the intrinsic trensistor (in commdn emitter configuration
with ginusoidally appliea ihput.and output‘voltéges) has been analysed
‘in Chapter Two, In that analysisxthe extrinsic base resistance (r,)
wasrtaken ihtb account iﬁ~cohjunction'wi£h:the intfinsic base. 'his
was most expedient becauge_the'limitations caused by tﬁb’ are of é very
fundamental nature, | |
| vah Chapter Two it was foundlthaf'current'flcw in the two deplgtion
'1ayer capacitances of‘the tfansistofvweie.sqmétimes'éuité‘app:éciﬁblé;
o Thé chief effect of these, if they are,sﬁall.'is only to obséure the
intrinsic base behaviouf.. {However.,if\these,curfgnts‘are'lafge, there.
is a degradation of the multiplier of amplifier perfofmance.
| -In this chapfer the most signifiéané extrinsic eiectrical character-
istics of the transistor aré'investiggied,’the seriougiones:ﬁre deternined
end their effeqts_aré anelysed. Some strays,éause'the transiétorVeur- ,
feﬁtvand ﬁbltage waveforms to deviéﬁe from the theoretical ones without

degrading the performance while others degrade the performance, ss well,

The latter strays will receive the most attention since the performance
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of the resultant transistor cifcuit is of mosﬁ interest.

All tranéistors are electrically diétributed devices but can be
. approximated, with respectbto electrical performgnce, by a network of
1dm§ed elements, It is ﬁsefu; tp_examine'a éompiehensiva equivalent
“eircuit before one is chosen for analysis he?e., The equivalent circuit

shown in Figure_S.llis'much more injolfed then is necessary for most

FigurevB 1
N .ﬂ,aam. S
' "3 pa V) ' 1
. ~ | Ahkﬁt;__
o ’fTFF_‘ : \AAAf"-rfNﬁﬂfV ‘~[; = TTe———o0
h | S50pfq PR ~L;
| 10 .

100 fd [
"pfd{ | ma

B .
An equivalent circuit of a 2N3375. This transistor will produce
5 watté at 400 MHz as an ampiifier. The circuit . was derived by
A,P. Andersonaa. 1Thg trgnsistor is of a planar construct;on with -
156 separate emitters diffused into a coﬁmon'basé and collector

'structure,'permittiné'high frequency,'high'power-OPératipn._

epplications, Normailv, sﬁrayé suchla.s depletion layer capacitances
and lead inductances become 1mportant in a planar translstor operatlng
at & high frequency and hlgh power, Many of the "strays" deplcted in

Figure 3.1 will become insignificant if.'for,example, a low frequency
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elloy trensistor i; exemined.

;n almost all traﬁsistora ﬁhe base fesistance is distributed with
cepacitive loading from.the émitter and collector depletion layers, AFbr
a practical cifcuit it is very difficult to carry out anianélysis if the
exffinsic’base resistance is represented by m@;e than one lﬁmp. In-

: fransistor data sheetsbéné isnfortunate to obtain an equivalent resistance
‘value for a slngle lump representatlon (let alone more than one).v
Further lumping would complicate the analy318 and 1ncrease dlfflculty in
‘:practleal,appllcatlon. } ' The equivalént clrcult'of Fxgure-3.l 1s simpli-
‘fied bj redﬁcing the base fesiéfénce to a single'iuﬁp. .‘Aﬁ input diodg

23

indicates : eharge storage in the 1ntr1nslc base. Ve thén obteain the

circuit shown in Flgure 3.2. The charge storage characterlstlc of the

Figure 3.2

% CB2 :

Slmpllfied equivalent 01rcult of a tran51stor. The chafge storage
‘characterlstlcs of the intrinsic base (D ) is deflned in Chapter

TWo .«

intrinsic bese (DBE) is assumed to behave according to the "partial

sinusoid" jdealisation made. in Chapter Two. The egqivalent eircuit
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' is still quite involved but further reduction is possible. The two
capacitances CBE2 and CBCE are qompletely acceasiblé,'electricﬁlly.
We are dealing with narrow-band amplifiers and multipliers, ‘and there=

- fore the two capacitances may be "tuned out" by external inductances at
the fundemental or hermonic fre@uencies,of interest. The external in-
ductances required for this neutrglisation in practice, cause some loss
but for angiytical purposes the loss is nég;écted.. The effect of the

. | and C

BEl BC
sidered separately if a tractable snelysis is to result, The simpli=

other two depletion layer capacitahces; C 14 must be con-

fying assumption, that the effects of the two capacitences are additive,

is made,

3.? Effect of Inpﬁt Depletion Layer Capacitence

" In evaluating the effect of the inpﬁt depletion layef cgpacitance
CBEl’ the émplifier and multiplier operating assumptions, of sinusoidal
‘input and‘output voltages and the partial sinusoid recovery of the base,
are maintained, The'effect of the deplétion layer capacitance is
treated as a small deviation from fhe previous theory.. The cireuit of
Figure 3;3 forms thé basis of the analysis.

The input cepacitance 'CB is nonlinear but for simpliecity in

Bl
analysis it is assumed linear and in- the analysis some further approx-
imations are adopted. First, it is assumed that the effect of the

capacitance is small, and the degredetion of performance in regard to

the powef input'requirement‘is ecalculated on this basis; the capacit-

ance is then sllowed to become large with the realisation that the analysis
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Figure 3.3

Assumed transistor

Inpgg Power

Load
is
~arbitrary
o : g .
o : -00C ; ©

Assumed equlvalent circuit to evaluate effect of input depletlon

layer capac1tance.

is apﬁroximaﬁe for'this latter situetion. lTﬂe aealysis ie approached
by calculating the voltage (vgB in Figure_3.3)'excureions across the
capacitence and then deducing the current flow through the capacitance
CBEl as & result of the voltage excursions., The_power dissipation in
the base resistance due to this current flow is then’calculeted. ~ This
methed~neglects the modificatioh of the voltage (v¥B) due tolthe

cepacitance (c current flow through‘the'ﬁese resistance, This

BEl
is likely to be justifisble as long es ‘Ol > r wCp. . It is assumed
tﬁat'the’extrinsie base current (iD) end the input voltage (vB) are
not modified by this eapaeitance current flow and'these last two
assumntlons are in fact, verified to be well founded.

The 1nput voltages that develop and cause the voltage varlatlon

on the 1nput capacitance CBEl sre shown in Figure 3.k,
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3 " '
vp = dpm, o+ v , (3.1)

where vy, and vgB ‘are illustrated‘in Figures 3.3 and 3.4, iD is

Figure 3.4

The voltage drop across fhe extrinsic base resistance is subtracted

from the input voltage to obtain the intrinsic base voltage.

the base charging current as defined by_thé "partisl sinusoid" assumption
of Chapter Two, We may find the fundamental input voltage (without the

direct voltege term) from Eqn. 2.19.

(cos(wt + a/2) = cos a/2)

e 1l - cos a/?
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From Figure 3.4, we mey see that,

"
vig = 9

s ] : (3.2)
in the interval of =a < wt <O

Now we must find vip in the interval of 0 <ut < a

From Eqn. 2.8

i, - T _(-cos(wt - a/P) + cos u/2)

. Pnax 1 ~ cos a/2

Substituting this equation and ‘VE’_into’Eqp,a3.1 we wiite,'4“

" ‘ .
Y13 " Tw B
2 S max

T - [?os(mt + a/?) + cos{wt = a/2) = 2 cos u/f]
1l = cos u/2 ‘

o | ~(3.3)
in the interval of 0 < wt < a
Now in the interval of -a > wt and wt > a the bese current is
essentially zero (the current in the depletion'layer'cépacitan¢e is

assumed to be negligibly small for this) and therefore, -

v e
1B = V3

'(3gh)

w0 > uwt end  wt>a

The voltage sw1ng (viB) across the input deplet1on layer capacltence
implies that a current flows into this capacltance. Thls current flows
thrcngh the extrlnslc base resistance ( ) cau51ng e power loss which

must be calculated. . The additional current that flows 1nto this capac=
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itence will be called i" and

B
"
oo 2V O
%3 at
"
. a VI8

BE1l 4t

since cBEl is assumed to be linear{

Now ig isg sneclfled over three dlfferent time intervals as

(81}
deslgnated by a subscrlpt notation (i.e, iM B19 ;BZ and 133).

interval -a < wt < 0 we find that 'igl =0 by dlfferent;atlng Egqn. 3.2,

For the interval 0 < wt < o we find 132: by differentiating Eqn. 3.3,

For the

."» | () 81n(wt 4+ a/2) - W sln(wt - c/2)
s C__.rn.I
B2 BE1 bb Bm 1 = cos a/2

And for the interval of ut < -a and wt > a we f1nd 133 ‘by :

differentiating Eqn. 3.4 (or Egn. 2.19),

.ﬁ N © = sin{wt + a/2)
gy = CBElrbeBmax S )

Thus, the inﬁut base-emitter depletion layer capﬁcitive;éu:rent
flow has been calculated and we are nqw'inxa position to calcﬁlate‘the
additional input power requirement due to the flowbof this current through
the base resistence (rbb).’ The additiongl power input requirement to

the transistor (PB

inDeg) due to the input capagltance CBEl may now

be calculated in the following way.
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"2.

x ip

T

PBinDeg bb

Now since _ig is not a continuously sinusoidal current we must determine

the root mean square value of the 1nput currents  ij., i, and i

Bl' ‘B2 B3

@ Capy Tup 'IBmax) 2 )
1l « cos a/2 X on

(

»
"BinDeg x

o

) : ‘
{] [éing(wt + a/?2) + 2 sin(wt + a/2)sin(ut - a/2) + sing(mtA— a/éﬂ dut

T, o 5 ' _ .
+ I' sin“(wt + a/2)dut + [ sin“(wt + a/2)dm€} - (3.5)
a o A o

.o ( CsE1 Tbb IBmax) 'b‘b {E,% -'éin(e,h

wh o+ a)
1 - cos a/2 , + wt cos a

'sin 2wt wt s:.n(?mt - a)] [wt = sm(2wt + a)]
. 2

. [_mli_ b_ sm(?mt-l- a)] }
2

I .
) ( Smax )2 B {n +a cos a - sin =g ’2“}

(wC

PBinveg = BE]. Tob! ‘T~ cos a2 >

The power is most useful if it is specified in terms of ‘PBin'

P,
BinDeg
‘from Chapter Two. A degradation factor may be evaluated using the

following equation as a basis.

PBinDeg + PBin o 5 (3.6)

Ly =
PDeg ; PBin.
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Substituting in P from above and Eqn. 2,18 into Eqn. 3.6,

‘BinDeg
we have,
F. = 1+ woCo .27 + 20 cos a = sin 2a i
PDeg BEl bb (cos 30,/2 - co8 a/2 + 20 sin a/2)sin a/2

noobodn.oo (3.7)

This equation is somewhat unweildy but has been determined for a range

2
of valuee of (chEl bb)

are dlsplayed graphically in Figure 3.5. It will be noted that this

and of conduction angle (2a). These values

input power degradation'ie most serious for the smaller conductibn
angles;- The effect, thus, discriminates agalnet the efficient gener-
atlon of the hlgher hanmonlcs where small conductlon anglee are eeeentlal.
The exact verlflcatlon of the theory of 1np9t'pcwer degradation
. is difficult.. Thé‘effect is a modificatioﬁ of aﬁ'dpprbximated,tran—
sistor behaviour and thd original'idealisation and analysie'must be
accurate. Also, the degradation only becomes mdrked if the conduction
angles are eﬁall and small conduction angles are difficult to ﬁeaéure
accurately. The method used to measure degradation proceeda as follows,
A directional coupler (as illustrated in TFigure 2.20) in en amplifier
circuit is-used to measure the forward. and reflected power a.t the transistor
inﬁut; ~ The ddffdrence befﬁeen thésd fﬁq quentities is a measure of the
power delivefed to the transistor input. The conduction angle is varied
so that a geries of'input powers are dbtained. . These conform BpProXs=
imately to Figure 2,16 after the input poﬁer is normalised with respect

to fundemental outvut current and with the choice of an approximate
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"adjusted" value of extrinsic base. re31stance (rbb is adnusted 80 that
the normallsed value of the input power is unity when the conductlon
angle is 360 )+ The measured and normalised input power is then
divided by the calculated "gtrayless" iﬁput power requifement; In this
vay & measured depradation factor 1s obtalned. - This measurement and
normallsatlon was done with a tran51stor, type AGhPOO (slmllar to'a

2N1613) st two different frequencies, 5.0 Miz and 10.0 MHz. The

‘measured degiadation factors for the power input are shown in Figure 3.,6.

TEYCAECYENENRAARITRRVESY
FOANNANRSFUURNERY’
T . I - IREeT
BSREANN - RSgnadn N ¥
AL H D TR SEERSPERNERY s
: : ’ ©
. whuen ;
o F‘ - Py %, .
et |
it i : - e
o 1: 3
i 4
£t = %
= = . P EHEH 3
H 2
L-L‘:
-
—— [l
il 0 1T
wsw T za I
3 gazs 8
H 3
+ i b EER S H [
i3 T S EEmaiSEEESERIRESIIIIS: H
: ; , &P tion
1 -
a4 -
B % ot s ¥ 1S nd
Ziizis HH < & s
.....
.....

These messurements are fairly consistent with the theory and indicate

that the Tob cBEl produet for this pa:ticu;ar transistor‘is sbout

3. 18 x 10 -9 sec,s The product pf the measured T and total 1nput

: ‘e [3 . 9 .
deplet;on‘layer capacitance (CBEl +'CBE2) is 5.2 x 10 ° see, Thus

fbebur purposes 60% of the totel base-emitter ‘depletion layer capacit-

\
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ance eppears to be ﬁuried underneath the extrinsic base resistence rbb"
Under most circumstances it is not feasible to measure the fatio of
CBEl/(CBEl + CBE2) end this can only be estimeted. It will nofmally
be lerger than 30% and less than 80%. for e plenar transistor. TFor
elloy trensistors these percentages ﬁill probably renge from 50% to 90%.
The effect of input power degradation due to the emitter<base
depletion layer capacitanée cen be serious. However, since the rele=
vent trensistor cheracteristics are not included in'mahufacture's deta

sheets and are difficult to measure, the application of the foregoing

theory is likely to be approximate.

3.3 Analysis of Effect of Collector Depletion Layer Capecitance -

In the transistor the maximum frequency of usefulness (fmax)
'is limited by the joint effect of Ty, ond the collector-bese deplet-
ion layer capecitance, This meximum frequency is determined approxi-

metely by the following equationEh.

F_. :
. _fmax = (En r . C )5‘ (3.8)

The feedback capaciténce. in conjuncfion with the trensistor forward
current gain cheracteristic, causes a low output resistance (50-500 Q)
to appear across the collec tor-emitter leads. See Reference 25, A
constant output resistance Ro is predicted, but in practice the

: measﬁred resistance falls with inereesing frequency. The falling
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resistance is ceused by the serles collectorlre51stance rcd »This‘
resistance has least effect at the low frequencles, and therefore the

low frequency value of R, will be used in calculatlons. The feedback
capacitance‘limits the maximum frequency,of usefulress of the transistor
in & very fundamentel way, and therefbre mﬁst be accounted for in the
ana1y51s of hlgh frequency amnllflers or frequency multlpliers. The
'clrcult shown in Figure 3,7 uses the translstor 1deallsatlon of Flgure

3.2 in modified ﬂorm.

Figure 3, 7

&
Assumed transistor equivalent circuit and embeddlng circuit for

flndlng the effect of the transistor feedback capacitance.

In fhe following analysis, for simplicity, it ié'necesse:y_to
assume that: the current gain of the transistor does not have an excess
rhase shift term, the feedbackvcepacifanee (cBél is linear, the base=-
emitter depletion 1aver capacitance is smal¢ and the 1nput diode (DBE)

recévers accordlng to the "partial sinusoid model" developed in Chapter
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Two., The operation of the amplifier with feedback is best'understobd
by examlnlng the current and voltage waweforms. throughout the transe
istor, 111ustrated in Pigure 3,8, The input voltage Vg 1sxunchanged
by feedback and initietes the sequence of events, It is biased so
that B eonduction anple-of‘ 20 is establishedr ' Assume for the moment
that the partlal s1nu501d eurrent (of Chapter Two) flows 1nto the base,
| Th;s‘sets up the usual eelleetor,current{snd voltage. The collector«
veltsge esusesla feedbaekAcurreht m(if) hih the‘epliector’eapacitance
'(C '

the s1mple sddltlon of 1

_— to flow. A new ihtrihsic base (i}) ‘current results from

B and i, (the_sum of these two currents
causes & new conductlon angle of 2a' to erise). . The ‘modified col;
}1ector.eurreht Aié nay then be determlned 1n terms of the 1ntr1ns1c
base current '6; It is worth notlng the necesslty of the assumptlons
ma&e}r We have assumed that the base-emltter input diode (DBE) is
discharged with' the seme waveshape that it is charged. This has

' proven to be 1 resllstle ~assumption end 1t results in =8 symmetrlcal
‘collector output current vhich slmpllfies the analysls since the col-
1ector phase angle:of,any‘harmonlc‘current»ls zero. - The assumptlon .
cf.a.limear feedback‘eapacitsnce CBCl is deslrdble s1nee th1s is
usuallv an adequate apuroxlmatlon and the nonl1near1ty and the oper-

| atlng-ranges of the collector voltage on the eapacltance'sre.extremely
varisble, - The'assumption that the transistor current gain}excess
phase shift26 term is zero is justified becemsefthis.ismapprOximately‘
true snd.the complication of the analysis that would'resuit from the

specification of different'values‘oftexeess]phese'shift‘would.lead to
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Figure 3.8

input voltage v

B

7

input current
without feedback

iB
0 ey
0- wt . -
collector
vgltage Ve
0
- feedback current : S '
modified base cyrrent ' :
L] . . .
iD'v | | .
0] b 4/”‘-\5\\

L4

-

\/

Assunmed transistor voltage and. current wavefofﬁs caused -

by capacitive feedback.

The collector voltage causes the feedback

current which reduces the magnitude and perlod of the intrinsic

base current (i')
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no significant improvement in the accuracy of the analysis.

34341 Analysis of transistor performance with capécitivevaedback.
The waveforms assumed for the ‘amplifier and multiplier in Figure
3.8 may be énalysed to determine the input power requireﬁent4and tﬁé
collector efficienéy of the amplifier or multiplier under a wide range
of operating conditions, The analysis begins with an exaﬁination of
the current input to the base-emitter diode (DBE). As indicated in -

?igure 3.8 the current 16 is the sum of the input current of the

strayless amplifier and the current '(if)' through Cp,,e That is,
using Eqn. 2.8 - -
e o ~ feos{wt + a/2) = cos a/2 .
1p Iy ( 1 = cos a/2 7 *
max , ,
in the interval of =o' < wt <0
e S a1 Ve
g at
and from inspection of Figure 3.8 °
Vo = = vCn cos nwt + Vcc . | (3-9)‘
; . : B 0
i, = muCpy Vg, sin nwﬁ | | | (3.1 ?
and
. cos(wt + o/2) - cos af . :
i = IBmax ( 1 = cos a/2 +‘nchCI Ven s;n n@t

in the interval of =o' <wt <O
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i

al I (bos(wt - a/2) + cos a/

!
D B 1 « cos a/2

2) .
+ nwC v sin nwt
max _ ' BC; Cn

_in the interval of O < uwt < o
i;)' = 0
vhen a' <wt and wt < -’

Equation 2,15 may be substituted into Eqn. 3.11 with the following

‘resulti
11 = == (cos(wt - a/2) + cos a/2 + ¢ n sin nut) -
D Ton . | - Ay
where
r. wC.. V.
: C
. bb v301 n o - (3.12)
B1 - - o ' :

It is now rélevant.to detgrmihe the new conduction angle 2a' ceused

by theﬂeffect~vathe-feedbéck caﬁﬁcitance. - It will be noted in Figufe
3.8 that 'iﬁ bégins to flow‘wheh the sum of iB and -ifA is greatef.-
than zefo. We may findkad" from Eqﬁ.v3gll when‘niﬁ 1iegyes #he'zéro'

axis. ' That is

Vgy ' | ’
0 = «== (cos(a' ~ a/2) + cos «/2 + € n sin na'
T, A T -
bb .
-¢ n 8in na' = cos(a' = a/2) + cos a/2 - (3.13) -

This may be teken ss a definition of o's If ¢ is small then o' a.

" Having determined the time at which the conduction period begins
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‘and arrived st a definition of input current. we may, with the charge
control relatlons descrrbed in Eqn. 2.7, determlne the collector current

pulse shape: - Thls is

o e Vg o, |
ig = - I == cos{wt + a/2) = cos a/2 + ¢ n sinn w@)dwt

BT Jogt Moo

 Thus in~the interval of w~a' < wt <O

ié = Bl x e sin(wt + a/2) = wt cos a/2 - £ o8 nuwt
I‘ wTr
bb f
~ V
= --—n- sln(wt + a/?2) - nm cos a/2 = € cos nwt + K, + eKb
Top®T
’ ssassB e AN (3.1’4)
where B A sin{~at + d/é)'- a' cos a/2

a

' ‘kb‘ = cos(~na')

Only one half of the collector current pulse shape need be determined
since the‘pulse is symmetrical. Having determined the ouﬁput'current

pulse it is now relevant to determine the harmonic current components.

v

o o = |
Ié = ﬁg I ﬁ‘.—m—gl— [E?n(mt + af2) « wt cos o/2 = £ cos nwt
n T )t TpptTe , ,
. *(K& + Kbei] cos nut dwt
I' = Vg1 w2\, cos((n+l)ut + o/2) _ cos((1-n)ut + a/2)
“Cn ﬂ 2(n+l) _ 2(1en)

T Tr
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= cos a/2 (-“r-% sin nut + -99-'-5-;-‘-“&) - ,e(-“% + 228 i““’t)
., n‘ X ’

. . . ) e}
sin nwt

= -....‘Lli?:... x & {COS(-M' =o' + a/2) « cos a/2
Cn N 2(n+1)

- cos{na' = a' + a/2) = cos a/?

T AReD)

‘1 = cos na'
S—)
n?

- cos &/2 (= % sin na' +
o ’g'..sih 2na'y - sin na'
The dbb#e equation may be pbbreviated as follows,

v

IV ® e x fo(a',n,e) : , (3.15)
T Cn Tpp¥Te 1 o \

Substituting Eqn. 3.12 into the above equation it meay be shown that,

8 = S.?Q_L:;.QE x fl'(m'.n.e)‘
Ch T ‘ '
 Now it mey be shown that the output resistance (R,) éf & neutralised
trénsistor at high.frééﬁencies (common emitter mode) is épproximately

'egual‘to Tf/cadlgs' ‘ This approximation is useful»qver the range of

frequencies from above fB to nesr FT in most transistors. . For a

tuned amplifier or multiplier it may be shown that,
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=}
=t
]
=
1
=4

~ And from Reference 25, we have

.RL
e = w= x f(a'nse)
)
RL e :
-ﬁ-; =‘--(-1--—yfl\a "o - (3.17)

For deaign purposes € is a cuﬁbersome sﬁeeification of matching
factor to use. However the ratio RL/Ro ~is a very useful quantity
that‘is uéually eagily specified by the deéigner. ‘ Therefore RL/R°
will be specified whenever possible but € is uéeful in the menipule
ation of the ébQVe eqﬁations arising out of this analysis, |
In the amplifier/multipliér analysis two performance figures are
~of psramount interest, ‘These:are collector efficiency and inpﬁt power
requiremenf; The collector efficiency may be determined using Eqn. 2.2.
In order that this équatibn may be used Iéo must Be calculated, Iéé

is simply the averape value of the collector current; i.e.

VBl o) ' '
S R . (gin(wt + a/2) = wt cos a/2 = ¢ cos nuwt
co - -nrbbw'rf. -a' _ .

+ K+ E:Kb)dmt

Vg ‘ wy? e . |
= .[; cos(w? + a/2) - cosv0/2 - = sin nWt

Yo f



[¢]
+ (Ka + st)wE]
-0l
\/ 2
- Bl atc
W {- cos a/2 + cos(=a' + a/2) + - cos a/?

f
- % sin na' + (Ka + eKb)a'}
or we may write -

V.

Y, ,
- Q0 _rwbwrf 2 S v
~ and define
. .
n'. = .ICn = fl(u',n.s) : : (3.,19)
‘ CI 2T, 2f,(a’yn,e) ‘ ’ e

vhere fl(a',n,e) is defined in Egn. 3.15.

iThus,the modified collector efficiency may bé calculated;

| It is now pertinent to calculate the input power requirement of
the feedbaék ampiifier or multiplier. The input poﬁer is found by
calculating thé‘component of input current invphase with the input
voltage and multiplying these two quantities tﬁgether. The input

: voltage, neglecting the direct volﬁage component, is;

_&3 = Vg, cos (wt + a/2?
The fundamental input current,  inphase with the sbove voltage, must -

be evalusted, With the feedback model of the transistor amplifier/

multiplief the input current is the same as for the complete mismatch
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model (of Chapter Two) during the interval of transistor collector
'cﬁfrenticﬁnd“?tioﬂo‘ The input current, outside of this conduction

~_period, is established by the feedback current (if). Thus,

\/

iy = it (éos(wt + af2) - cos a/?)
B Top Y o

when a' <t < 0

S | .
ié"ﬂ -;Ei (cos(mt - 0/2) +,coa-u/2) {3.20)
Ty | |

When 0 <wt<a

' otherwise'l'ié“=' -¢ n sin nwt

Note that’ the siem of i 'f, is changed because the sense of . ié and
f are oppos;te. A Tourier analy51s will be used to determlne the

fundamental current component in phase w1th the 1nput voltage.

‘ Vap [° ' o .
131inphas¢ = rﬁb"‘»f-a'(COS(wt + a/2) cos a/2)q§s(wt:+ a/2)dwt

: v al " » o v ' :
+ *ﬂgl .I (Acos(mt - a/?) + cos a/2)cqs(wt_+ a/2)duwt
N ) | o

Vpy e o '“
b v I ‘e(;sin nut cos(uwt + a/2))dwt
R YRS .
- “hh - o .
\/ T ., _ :
+ I ré(-sin'nat cos(wt + a/e))dwt
Tob™ ot .
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I' | l.... vBl sinu + Sin( i uu) *-u_'d-'cos gx
Blinghase T w1~ % =l 2 "2
":A [Einbd/?.e,sih(-d' + a/az] - 233E35L - %} cos a + sinla' + a/2)

o . e ' —cos{=na' = a' +.q/2)
x cos 6/2 - QOS :a/Q s1in Q/g - g [ | .':2'(1“.3?)

;tgés(énw -y +;g/2) -cos(-na + gq' - af2) + cos(~nw + 1~ af?)
ans o “ETEZE) o , .

'-;'.coé(nn + q %o /2) + coa(na' + gl;* a/2)
S T 2(ntl)

vb‘.‘+ ﬁcos(nf -y - a/2) + cos(nm wo! - a/2i:};}
R SN 2(n~l)

v .
¥y : .
" Tpp™ ~f3(u ,n.c) ' ' (3.21)

4 2
IB;inphase
. The input pover is;

1! ' xV

‘é, Bl 1nphase Bl
‘Bin . 2
f.(a'yn,e)
p|. = 2 Bl -:i—-—-—-——ﬂ
an;‘ : rbb .3 oo

nqpméliSing with respect to Iéd using th. 3.15.

2.2 22

I v wr £.(a'yn,e)
Bin 2 ‘

) fi(d' ,n,ﬁ) )
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With Eans. 3.22 and 3.19 it is now possible to caleulate the approximate

~ effect of capacitive feedback in a transistor amplifier or multiplier

(in the common emitter configuration). These equations determine the
collector efficienCy and the input pdwer reﬁuirement, these two quantities
- being of most interest, The equations involved are long and complicated
snd can only be seolved in practicé with the aid of a digital éomputer.

The computer program used in the solution is shown in Appendix 2 . A
block diagram illustrates the method in which the equations were evaluated.,
-The program is shown written in an In£ematiénal Computer and Tabulator
ﬁortran,IV. Sample results sre also shown in Appendix 2 . The results
of thé computer program show thét the amplifiér conduction angle is
modified by fiedback but because the conduction»angle is treated as an
independant variable the othér characteristics are exemined as a function
.bf the nev modified conduction angle. The results‘show that the collector
. current effieciency of the transistor is unaltered by feedback, The amﬁ-
1ifiér or multiplier characteristic that changes most markedly is input
powe; requirement; the modified requirements'for an smplifier, doubler,
triﬁler‘and'a'quadiupler are shown in Figures 3.9, 3.10, 3,11 and 3.1é,
fespectively. The input power is shown as a funétion of mbdified
conduction angle and of the "match factor (RL/RO)"' The curves are
indespehsibie for calculatihg input power of aﬁ amﬁlifief or multiplier
operating near the meximum frequency of useful performance for the |

transistor. The specific way in which these curves are best used will

be illustratedllatér in this chapter. Measurements have been made to
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test the accuracy of the. compﬁted_ resultss = The input power, of an
amplifier and a doubler are mea,suréd with feédback by & method similar

to that used in Chapter Two (see Figure 3.13).  The measured input

Figure 3.13 -

Input power D;trect:ional'
- 1 ‘coupler

Power input,df an ampliiierlpr a‘muitiplier,with feedback. The

input is measured using the directional coupler. The output
current (iCn)~is determined from the collector voltage and the
load resistance (RL). ' '

3 T ——

povers are iiiusﬁrated along: with’the théoretical input power for an
smplifier and aﬁmultiplier iﬁ Fiéufeé 3.in'and 3;15 réspectively. and
‘ éhow‘gcod agreement .. | |

It is possib1é to derive the ususel expressibn of f . using
.thevtheory developéd. “This'will be doﬁe for.an amplifier using &
cc‘mduct‘j.pn “angl‘e"qf‘ 360_0.7 To obtain tifle maximum‘ possible gain from
the transisto? it is ﬁgcéssary £§ éonjugate match the outnut impedance;

. Thus' R is made equal to RO,
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end it may be seen from Figure 3.9 that the input power requirement

is,
f
1.2
t l —— &
Plin = o =x rbb( o1 x FT)
fﬁax is defined as being the frequency at which the power gein of

the transistor is unity. Therefore

1
R =
-0 nCre1
since,
1
~ e
Tf ~~ ""‘T
2
L hrbb = = 1 x 32%
Bc1Yr £
(r--*——)*
P

bb BCl

2h

This expressmon ig in agreement w1th the usual algebralc evaluation
of fﬁat' as is expected since both depend upon the same initial assumpte

ions ebout the current gein characteristies of the transistor.
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3.h Practical Circuits

Good cireuit design and layout will énsure that the éssumed
electrical conditions are attained with a'minimﬁm number of available
compenents, Only experience can indicate<the likelihood of good cir-
cuit performance with nonideal components. Amplifler stablllty is &
function of the circuit layout snd care must be taken to reduce feed=-
back paths which can cause osclllatnon. As the frequency is increased
and the upper frequencj limit of lﬁmped components is approached the
désign becomes more cfitiﬁal.A Usually simplicity‘goeé'with good
design. |

The input and output tuned circuits, and partiéularly the former,
must be tapped to obtain an impedance level:gﬁiﬁablé for fhé'tréhgistor.
The o?iginal assﬁmptions‘reQuire that ioiﬁdge sihe’wavesAéxist‘on both
the input and output. The simplest circuit that cen be used to fulfill
this requirement is a tapped parallel tuned tank circﬁit. Thé reason
foi tapping the circuit is that a tuned circuit of a.gobd Q ‘cannot be
made wifh the low impedancé required by the transistor. Low impedences
cen only beipbfained by tapping.down on the inductancé or the capacitance .
or both simultaneously. See Figure 3 16. : Tﬁe Circﬁifs have Slightly
dlfferent characterlstlcs which are worth taklng note of.

If 1t,15 de31rable to bypass 81l the harmonzcs the tapped capace
itance conflguratlon is the best 81nce the hlgher harmonlc frequencles_
are most effectlvely bypassed by a capacitance, Thus on the 1nput -1

tapped cepacitence maintains the most perfect‘sinnsoidal voltage.
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Figure 3.16

| — Vee
Two useful tuned circuits for NIAM. 'The input is a tapped
capacitance tuned circuit. The output is a tappéd inductance

tuned circuit.

-‘The~tapped capacitance cireuit provides a de- block and an rf choke
mist be used to supply the transistor biss. The =rf chdké‘should be
operated at a higher frequency than its characteiiatic."sélf resonant
frequency",'where it appears cepacitive, vTheicircﬁiﬁ should not be
".used at both the input and outﬁut,because most'powér t?ansistoré‘will
tend to oscillate at frequencies slightly lower than the operating
ffequency. The eirecuit has a high in_pu_t impedance at low frequencies, -
‘encouraging this oscillation tendehcy;and shoﬁld therefore only bé used
oh either the input or output, and’preferably the'formér.

. The taﬁped‘induétance cirecuit provides a de péth for biasing
'andva byﬁass condenser must be used 1o ground one end of the coil, _
This eircuit is ﬁot_as>godd as the tapped cdpacitance configurétion |
for bypassing the higher frequencies and ﬁay even have snother parallel
‘resqnénée (1ow 0) at higher frequencies (> fl). This resonance

: may distort the output voltage sine wave slightly. The circuit has
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8 low impedance at low frequencies and will not pérmit oscillations
as the tapped capacitance eircuit does. The circuit is then the best
on the output of & multiplying stage where lower frequencies (than the
output frequency) must be bypmssed to ground.’ |

A combination of this eirecuit and fhg previons one may be used

© to couple two stages together. See Figure 3,17, 'The modified circuit

Figure 3.17

I

L

4 rfe
v ;7[; l
The tapped inductance and tapped capacitsnce tuned circuits are

combined to becomé an effective interstage tuned matching circuit.

works well for power aﬁplifiérs'aﬁd frequency doublers.,

For higher harmonics, the elimination of the fundamentai coﬁponent
of the Qaveform becomeé more critical if uniform collector cufrent
pﬁlses (free of subharmonics) are to be maintained at the output of
thé second transistor. (The nonlineaf input, with large feveése,biases,
exaggerates the effécts of input noise or vﬁ:iation in the anplitude of
thé input rf or direct voltage bias.) A”good’hircﬁit for the elim=
ination of thé fundemental is shown in‘Figure 3.18, The circuit is
somewhiat involved and is usually neéessary only if the second transistor

(T2) is operatiﬁg in a highly nonlinear mode (viz, a' < 3n/4),
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Figure 3.18

T'l ' | I/Tz |

=
|

™=

>

e S w7
~

,J;“ —~ H;],7
A VCC‘

Frequency multiplying interstage tuned matching circuit

where the input frequency (to T,) is suppressed.

The biasing of the transistor input may be done in three dif-
ferent ways. The transistor may have a reverse bias direct voltage
applied, or a fixed direct current applied to the emitter in'the usual
way. A better method’is:a seif Biasiﬂg»arraﬁgement, which tends to
maintain & constant conduction angle with a varisble rf input.

The biasing circuif consists of a variable resistancé connected between
the‘emitte: and base of the transigtor'(via ﬁhe usual biasing cohnect—
‘ions);with a paréllel capacitance to provide a suitable.iime constant,
. Amplitude modulated signals havé been successfully frequéncy doubled

using the self biasing arrangement.

3.5 Desipgn Apprbach and Exsmples |

3.5.1 Meximising transistor performance,

In order to obtain the best performance from a trensistorised _
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power emplifier or a frequency multiplier, the transietor must be
utilised to its maximum capebility. The limitations on this maximum
capability depend upon the environmental and electrical requirements.
Normally stress, with respect to electrical performance, wiil fall on
maximum power output, maximum power gain or an optimum trade of one
for the other,

A simple approach to nonlinear input amplification or multiplice-
ation (NIAM) design is to assume that maximum powerxgain is the
crlterlon and treat other 31tuat10ns as a variation of this one. In
the analy31s, until now, the nonllnear charge storage element D BE
-‘has.been assumed to be the only nonllnearlty in the‘translstor. In
Figure 1,2'it is shown that current gain cut off frequency of the
traﬁéietenb (F ) is #ery nﬁeh a function of eolleetor veitage and
current. The curves of constant FT' are normelly determined on the
.ba51s of small signal measurements.lof which the correlatlon to large
signal charge control tlme'constanta_ls undeflned. For purpoaes here,
it is assumed that-tne large signal F, is simply an,average of the

T

small signal FE. ‘In the interests of obtaining maximum power gain

from the transistor it is necessary to apply maximum voltage to the
collector of the transistor, Fo being a monotonically incneesing
funetion of eollector voltage. Some amplifier anslyses are based
ekclusitely on the principle of operating the transistor over a
‘favourable collector current and voltage range27.

f Class C operation of an amplifier is a method of trading power

gain for collector power conversion efficiency. Maximisation of power



103

conversion efficiency must be approached both by maximising the col-
lector voltage and current efficienciess From Figures 2.1 and 2.5,

it may be shown that

pOC = -?:I_i- ) (3023)

where VCn is limited by Eqn. 2.6, 'In the amplifier, output power
is essentially set by the direct collector voltage‘and the load resiste
ance R.. Since the direct collector voltage is set near the maximm
- allowable (limited by BVCE); the load resistaﬁce is the variable that

determines the power output.

BV > v + Vv : (3.24)

The point of maximum power gain of the traneistor, as a multiplier

_or emplifier, occurs when the transistor is biesed such that 2na' = 360°,
The conduction angle may be decreased to incresse the power hahdling
capabilify of the transistor. The multiplier differs'somévhat from
thé‘amplifier in that the input'nonlinearity ie utilised for harmonic
generétion. Normally it is best to use the above gpecified cdnduction
angle even when a low collector voltage effiéiency ig acceptdble.

This method of operation is good if a low pcwer.output.ihigh gain
multiplier is required since the Fop may be obtimised by’the-usé of
large collector voltages (limited by Eqn. 3.24). If good efficiency

is required the harmonic collector voltage should be increased up to
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the point defined by Egn. 2.6. A further increase of efficiency is

~then obtained by a reduction in conduction angle (to less than 360/n).
Normelly the limiting factor in regard fo the fower handling .

capability of a transistor is the maximum powér dissipatibn in the

device, Thus if collector efficiency is increased, the possible

power output is increased, If the power gain of the transistor is

very high, the maximum power output is, virtuaily, inversely proportional

to the collector power losses. That is

Poig * Ppin * Pug ;5~ - ;) _ (3.25)
Ccp ‘
If the power gain  (PoC/PBin) of the trgnéistor NIAM is low the
'conduction angle of meximum power output may be found by decressing
the conduction angle (from that of 360°/n) until.tﬁe Pris is a
minimums A plot of power dissipation versus conduction angle is a
laborious underteking if all felevant aspects. of fhe NIAM are ine-
cludeds The best conduction angle will always be greater than zero

but less than 360°/n.

‘315;2‘ Amplifier design e#ample.

A transistor, type 2N1506, was‘chOSen; largély because of the
very extensive data published by the manufacturer, with the objective
of produéing one watt at 100 Mz, The transistor was to be‘operated

for maximum gain., Some of the device characteristics are;

P = 2,0 watts in air, with heat dissipator

Dis



BV, = + 60 voits - ,
',nga = 5,0 volts

vésat = L5 volts (at iC = 100 ma)

;B = 10 MHz (typical)

On the basis of Eans 3.24 and 2.6, it may be shown that;

BV.,. 3 .2V

CE Cn + VCsat

Therefore let V, == 29,25 volts and V., = 30.75 volts. In

order to ohtain 1,0 watts outnut it is necessary (from Eqn. 3.23) to

_make -RL equal to heGldhhs. From Eqn. 2.2, it may bve shown that,
Ion = vOC
, Cl
= 6805 me.

The transistor, being operated for maximum gein, is made to conduct
all of the time. From Figure 2,12 it mey be seen that the collector
current efficiency is 0,50, Therefore;

E-] 6835 ma - (Eqno 2th)v

Teo

I, = 13Tma (Pigure 2.22)
- max ~

The collector voltage efficiency isj
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oy = ToTs (EQn. 2,5)
= 95,2%

Thus the power conversion efficiency of the collector is,

Cngp = MT.6% (Eqn. 2.3)

Now that the operasting ranges of the transistor collector have been

BC1
determined,  Both FT-‘and C‘BCl must bevestimated over the current

‘determinéd, averaged large signal values of Fp and C may be

and-vbltage 6perating ranges appliceble to the application.,. The large

signal values of T and C ace best found by averaging (with

T BC1
' respect to tzme) the. small signal values for the active period of the

transzstor.“‘The measured value of R, of the tran51stor is 350 @

(at I, = 100 ma and V., = 30 voltq)." for this operating

c CC T'
point is plven to be ?50 Mhz, thus implying that CC B1 is about 1.7

- pfd '(about 28% of Cupy + CCBE) for this bias level, = An average

" value of FT4-is’about‘2OO MHz and the large signal CCBl is about
8,0 pfds, Therefore the large signal value of R is sbout 101 Q.

The velue of Iy is 15 0 @ (obtained from the manufacturer 5 date

gheet). The 1nput power requirement of the transistor may be ecalculated

when the match factor" is ascertalned.

R
‘ﬁ"I"' = h,2
o



'Frgm Pigure 3.9 the input power requirement is found to be,

- .y ’ny2.
R5 Ty (.'Lc.n x

= 25 x
o |

= (220 watts,

 Thus a gaih‘6f36,6 db is predicted. The calculated performance may

 beHcom§aredjwith_heasured_performances in Table 3.1. The two correse

"'pdnd'#eryﬂclbsely. '

TABLE 3,1
e

' Transistorised Power Amplifier

2N1506 £ = 100 MHz
Ouantity . . Ca1cu1ated Performance Messured Performance
oN1506 ¥1 | 2nis06 Fo

B, - 2,10 vatts 2,06 2,06
“inde - _ .

P 1.00 watts 1.00 1,04

oC : 4

: W 6% 46,2 0.

pr. 220 watts .195 .195

Bin .

TPower fain + 6.6 db T.1- T3
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: 3.5;3_ ~ Doubler design exahple.

R The same tran31stor as used sbove as an ampllfler (type 2N1506)
was also used as a doubler. Due to the limitation of BVEB the
‘.trans;stor would not produce~1.0 watt of rf at 100 MHz, The input
ffequency was dfoﬁped to 25.0 MHz wheré the limitation had a :educéd .
effects This example illuétrates a shortcoming that is very common
»iﬁ.presént day, pdwer,.high'freqnency planar,ftransistors; vhich haé

‘ hltherto not been recognlsed.

‘The method of dealgnlng a doubler, or any NIAM, is b851cally

' >i'the samg as the class C emplifier with increased attentlon given to

_: some gspects.. The power output of the doubler was limited by the low
.reverselb:eakdOVn vdltage of the transistor input (BVEB). The effect
>‘offthis'liﬁitafioﬁvié diffitﬁlt fo specify, oncé iﬁ.ié.encountered.

' ’_Théfﬁp§foach here wes to build a qoublef and then predict ité input

| power requ:rement. A semple calculation is given in bradkets. The

measured collector operatlnp powers and voltages are used to estimate

\
- the gollecto: current and voltage efficiencies (nCV = Vgﬁ ,.%%ng .
i ' | Pog_- 200 |
40,67; Fan. 2-5_and op = VEETE; * 58,0 x .Oh55 * 15.07;

Eqns. 2,2 and 24 s and nCI = ;93 s 38.6%;
Cv
"Eqns. 2.3, 2.1 and 2,5),

:Fromvthé current effiéienéy;‘the conduction angle is estimated (2a' = 2079

usihg'Figure 2,15). Using the collector harmonic voltgge and output

\}
-
. L 2P,
Eqn. 3.23). The collector harmonic current may be evaluated from the

pover the apparent‘load resistance is estimated (R » 3240
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‘collectbr;diréqt‘curfent and the collector current efficiency.

'.“(Icn Ié QICO"CI’ 35;1 ma; Eqn. 2.4). The above calculations provide
.enough-infofmatioh fbr the evaluation of P 3 where FT and Ro are
assumed to be the same as- for the ampllfler (F = 200 MHz and R = 1019).

Therefore R, /R , =..3.2'

Pr. = 15 x 15

(35.1’ )2
Bln ‘ 200

V2 .
= 807 'ma.

The degradlnp effect of the 1nput capacltance must now be accounted
.for. The total denletlon 1nnut canacltance is found to be 120 pfd

‘ *

‘(CBEI BE? ‘Tt is assumed that 60%* of the input depletion layer

- capac;tance 19 effectlvelv burled beneath the base resistance (C = 72 pfd).

_ BE1
. It may then be-shown that,

f (chﬁi r'1ob)2 = 4029

’ ?dr afcohduétion'énglé of 2079 it is found that the input power require-
-_ment is. 1ncreased bv & factor of 1. 19 using Tigure 3.5. This is an
estzmaxe of the real degradatmon facbor.

o The 11m1tat10n caused by the reverse voltage breskdown (BVy)

p—

The ratio is assumed to be the same as the transistor (type AGL200)
~ examined in Section 3.2,
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will'ﬁé examined, The effect of feedback is considerable and this
reduces the output current (and hence the output power) while the input
'wr.dlta,ne ( VB) is unchanped. The input voltage, at its negative most
- pesk, may cause avalanéhe breakdown éf the base-emitter diode, The
tfahsistor.will not, necessarily, be damaged but certainly the input
power requirement will be increased., The input reverse breakdown
limitation may be evaluated in terms of the collector current. It is

‘seen in FPigure 3.8 that the input voltage v, and current i_ remain

B B
constant (to a first approximation). The effect of feedback is to
reduce the intrinsic base current iﬁ and hence the collector current
ie The sbsolute input power is essentially constant, therefore the

input power normalised to collector current ig dependant solely on the

collector current. . Thus,

] ]
Ppin(Re®’ sRy/R) ~ Pgip(nsa’s0)
o~
I'z . : 12
Cn ‘ Cn
ICnmax may be determined from Figure 2.21, Using the sbove equation,
.T?
Icnmax may be found.
| I8
Tonmx = Lo < PB%n(n:aR-f;; ) % (3.26)
- “Cnmax “nmax PBin nyat R /R

where _Pﬁin(n,a',RL/Rb\ mey be evaluated from Figures 3.9 to 3.12.

For the transistor doubler;

_— 3
11(BVo g + V ) F PBin(n,a ,0)

s * YBrcon’ M . '
Tvh fa ~ | Ppin'Bee’ $R/R)

?
‘ICnmax




.12(5.5) 200 b3
' = Abnllal) -~ )2
ICnmax 15 x 50 * (15)
= 9100 ma
It would seem unlikely that the Iénnmx' limitation will be met in

this example., Measurements indicate that it is not. The measured
and calculated performances of two other multipliers are listed in

Table 3.2, The arreement between the caleculated input powérs and
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measured input vowers in Table 3.2 are good. The transistor operating

under power level Wo. 3 (Table 3.2) showed signs of reverse voltage
breakdown at the input., It will be noted as well that the input

power requirement here is considersbly larger than that predicted,

indicating that power is lost when the input voltage swings into the

breakdown region of the transistor inovut. The predicted value of

' -
Icnmax was too large by a factor of 1.15 or slightly mo?e.
3.6 Conclusions

The nonlinear input amplifier and multiplier (NIAM) has been
treated in the last two chapters, ”factical verification of the
theory has been carried out successfully. = The chief limitation to
the successful applicatidn of the theoryAis the inadequate amount of
information that can be obtained from the manufacturer's data sheets.
Even the most prolific d#ta sheets do not provide all the desired
information,

In a pood transistor, for frequency multiplication, collector



TABLE 3,2

. Performance of a transistorised frequency doubler.

The transistor is a type 2N1506.

- frequency is 50 MHz,

The output
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-Perfqrmance.Qhardcteristic

Operating Condition

1 2 3
‘Measﬁféd 1 , ‘Vcc‘ - 28,0 volts 277 28,0
o | Teo W55 ma 74,0 55.0
" P 4200 vatts W29 +600
" Von 11.38 volts 13.75 21.0
estimgte&- fep 15.7% 20,9 39.0
f | “év 40, 6% 49.6 75.0
" Mot 38.6% b2,1 52,0
" 2! 207° 183 77
" R /R, .3.2 2,2 3.6
" 1 Iéﬁ 35-1 na ' 62.3 60.k4
‘Theoretical: Iéﬁmax' 91.0 ma 86.9 ma 69.0 ms.
BLE Trace 1.19 1.32 1.k0
" PR BT mv 16,2 20,5
w o Pﬁinﬁeg. | 10,3 mw 21,k 28,75
Measured | ?éinneg | 16,0 mw 32,0 1.1
Theoretical - Pover Gain 12.9 db 13.0 13.2
Measured. | - Power Gain 11.0 db -11.3 9.3
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‘pover conversion efficiencies can be attained that are equal to
those of a povey amnllfler with an attpndant loss in vower. gein.
The c1r¢uit of the multlpller is verv 51m11ar to the power smplifier.,

Thus thxs tvne of multlpller is much 31mpler, with respect to clrcult

. o comnlexlty. than say a transistor amplifier and a varactor multlpller.

janmpleB 111ustrate some of the diverse limitations that some transe
_1stor narameters may have on multlplmer or ampllfler performance.
Amplltude modulated smgnals were successfully doubled in

frequency when a self blaslnz 1nput arrangement was used,.
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CHAPTER FOUR

CHARGE STORAGE FREQUENCY MULTIPLIERS¥

'h.l ~ INTRODUCTION

Since ite first introduction in frequency multiplying circﬁits,
tﬁe varactor diode has dominated the frequency multiplication field,
particularly in very high frequency operation. However, it has been
found empirically that diode frequeﬁcy multipliers employing the minority
garrier.charge storage'effect have performance sﬁperior"té those of
multipliérs operating with the diode in the varactor mode, émploying the

8, 29,

non-linear ‘depletion layer propéftyz The minority carrier charge
-storage effect may be used alone or in conjunction with depletidn
capacitance variation to obtain efficient frequency multiplication.
Doublers employing both effects can have a power handling capability five
times greater than predicted by the theory of the conventional varactor30.
While the advantageous performance features of charge storage frequéncy
multiplyihg circuite have been examined practically, analytical treatments
of circuit Operatién are not cohplete for systematic desipgn., In this chap-
ter the_ahalytical treatment of the circuit leads to an effective
design method.

The charge-voltage characteristic of a non-linear charge storage

element (NLCSE) is ehown in idealised form in Fig. b1,

¥This chapter has been submitted as a paper as per Reference ko,
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Figure 4.1

q

-Idealised characteéristic of a minority carrier nonlinear

>charge’s£orage element,

‘Usually it is most expedient to consider a two-voltage or a two-charge
“(and hence a twofcurfept),éircuit’(i.e; with suitable filtering, s
fundamental voltage is applied to the diode and one harmonic voltage is

'tﬁkén from the diode and applied to the load; all other voltages across

the diode are suppressed.) However..Roulston‘?’l

thesé-ciféuit asngptions are not poseible with thé idealised charge

-has pointed out that

stogage characteristic shown in Fig., 4,1. This characteristic defines
thaf the charge g and the voltage v must‘ﬁe zero for some finite part
of‘the_fundamental cycle., This requirement can only be met with an
Vinfipite number of harmonics components of both charge and voltage
“~preseht in the circuit. The zero charge and Qoltage‘requirements of the
NLCSE havé been met theoretically by Roulston, who énélyéed and employed
_"semituned circuiﬁs" (i.e. tuned input, untuned output) and by other

writers who have not employed tuning, However, these circuit config-
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urﬁtions give a very poor power conversion efficiency, Hedderly32
considered a high order multiplier (frequency multiplication factﬁr
greater than ten) in which the output consisted of'a series 6f damped
sine waves, thﬁs implying imperfect output filtering. More recently,

Roulston33

presented an analyeis of a double tuned circuit in which the
presence of a resistance in series with the diode Allows two frequencies
to be poétulated; in the limit this resistance may be the self series
resistance of the diode. Some further consideration will be given‘to
this type of circuit configuration.

The NLCSE characterisation in Fig. k4,1 is useful but very much
idealised, It is useful inetéad to conéider a more realistic represen-
tation of a charge storage diode,Awhich should gxhibit reasonably gobd
étep-recbvery properties. In all diodes there are at least three strays
in addition to the NLCSE represented in Fig. k.1, The NLCSE always

has an associated depietion layer capacitance in parallel, a series

resistance and a series inductance as shown in Fig., k.2,

Figure 4.2

v

r L r—{K—
8 B NICSE
. sty

D

Representation ofra practical diode in terms of a nonlinear

charge storagc’elemént togethef with the prédominant strays.
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In addition to these, the NLCSE hés imperfect chargé‘storgge and -
does not exhibit exact step recovery. These laét two effects will'
not be accounted for, thereby limiting the following theory to angular
. frequencies that fall roughly between the inverse of the charge storage
time and the charge recovery time. In commercislly availaﬁle step
recovery diodes the storage and recovery times may be separated by
bfactors of 200 or greater, thus ensuring a broad frequency range ovef :

vhich the following analysis will be applicable,

4,2 Modes of Operation and Appfoach to Analysis

The idealised NLCSE of Fig. L.l contains bofh a zero voltage
'rsegment‘and a zerovcharge'segment and for'successful operatidn this
elementy must in the multiplying circuit, be presented with a fundamental
and an infinite number of harmonies of both chargé‘and voltage. Most
other wofkers have met this requirement through the use of incomplete
filtering. Here it ﬁill be met by the introduction of broadband
idling networks.as shown in Fig, 4,3.

Intuition would suggesf that a lossléss idling network should
result in the most efficient multiplying éircuit.} It is found that
ihe analysis of the circuiﬁ'is potentially very simple if this idling
network is a linear capacitance element. The advantage of this choice
is that the idling network may be lumped together with the NLCSE, and
the cdmposite network may be described in a very simplg manner, The

charge-voltage characteristic of the composite network (the NLCSE and
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Figure 4.3

R NKEEl

(a)
.Frequency multiplying circuit where a fundamental current and
‘a single harmonic current flow into the nonlinear élement and
idler. Referred to as "two-current" orﬂtwo-charge"'multiplyihg»

circuit.

NLCSE  IDLER
- .
Cs wil . Wh .

Is ==

i
l
A\
@
=

- (b)
Frequency multiplying circuit where a fundamental voltage and
a single-harmonic voltage are applied to the nonlinear element

and idler. Referred to as a two-voltage circuit.
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Figure 4.4

(a)

(b)
Modification of idealised characteristic of NLCSE.by addition

of parallel (a) or series (b) idling capacitances.
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idling capacitance) may be seen in Fig; L.k, 1In Fig. b.3 a series
_tuned circuit and a.parallel tuned circuit are illustrated., These
circuits will be called, respectively, & two-charge, of two-current
(fundamental charge or current and one harmonic'charge or current
applied to the NLCSE and idler) ecircuit and a two-voltage (fundamental
_voltage and one harmonic voltage applied to the NLCSE and idler) circuit.
. The strays (LS, ry and CD)‘of the charge storage diode favour the
two-charge qircuit, in practical apﬁlication, oving to their config=

uration in this circuit (see Fig. L4.5).

Figure 4.5

~ ideal filters.

- Series tuned circuit (two-charge) redrawn with diode strays to
facilitate circuit analysis. Diode series inductance (Ls) forms
part of the input and output filters. Series resistance (rs) may
be represented as part of the source and load resistances.

The depletion layer capacitance (CD) forms an idling capacitance.
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The series inductance L, appears in series with the input and output
series tuned circuits, so that it may be "tuned out". The diode series
resistance r, may be thought of as a resistor in seriés with the input
and the load resistances. The depletion layer capacitance C effectively
becomes the idling capacitance and plays an important role in the
0pératioh of the multiplier circuit, The dépletion layer capacitance

is assumed constant (with respect to‘reverse voltage) and this is
normally valid since its non-lineérity is slight compared with the
NLCSE.

The diode strays can present serious limitetions in the application
of an enalysis of the two-voltage configurétion of Fig. k.3b becguse
they cannot be absorbed into the circuit. For example, after recovery
the diode will not behave as an open circuit but as a capacitance, and
the series inductance and resistance do not allow the diode to behave
as a short circuit while it is conducting.. A two~-voltage analysis
based on the circuit of Fig., L4.3b thus fails in these respects to
represent ﬁhe behaviour bf sn actual diode in this configuration;

- For these reasons the two-voltage circuit wiil not be analysed, although
the theory of the next section is applicable through duality.

The following discussion and analysis will deal specifically

with the series tuned (two-charge) multiplier. It should be noted,
however, that the series tuned ﬁnd parallel tuned (two-voltage) circuits
as shown in Fig. 4.3 are duals and therefore the foliowing anaelysis

will apply also the two-voltage circuit with the proper interchange
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of chérge and voltage. The number of operating modes of this
multiplier, even in a relatively simple two-charge'circuit,‘is large,
In ofder that an explicit analysis may be made, these modes of
operation are limited to those few that correspond to operation of
the multiplier with superior performance, The following analysis is
similér.in-approgch'to the doublér aﬁaiysis of Scarlett3h, but is much
more.comprehensive and>of‘greater scope. It gives consideraﬁion to:
any 6rder of mﬁltiplicéﬁidn (n), the best relative magnitude of the
fundamenfal and harmonic charge for méximﬁm efficiency; a numbgr of
'pqssible cqhduétion”anglesvfor‘high ofder‘mu1£iplicati0n circuits,.’
The‘analysis is completely‘general with respect to order of ﬁultiplication
vand relatlve harnonic charge mannltudee but is, in‘fact, restricted to
partlcular phase angles (between the fundamental charge and the |
'harmonlc charge) and partlcular diode conductlon anples. It is felt
that the reetrlctlons of the conduction angle and phase angle are- Justl-
f1ed by the generallty of the analysis with respect to the other
operatlng variables, by its 51mp11c1ty and by the good performance
predicinn affofded. Recéntly, Sfeinbrecher18 presented an analysis
for even harmonlc frequency mult1p11cat1on with the conductlon angle
adJusted for maxlmlsed efficiency. His approach to analysis is very
similar to-the one developed here: both may be}regarded as a devel-
opmeﬁt of Scarlettié3h‘work. The: analysis here is more general in
that it deals with all harmonics and a wide range of conduction angles

(if n ?.h)r Steinbrecher also anelysed the series tuned circuit with

all idlers (these idle;s afe_éffective for one frequency only and
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every harmonic between the fundamental and thevoutput frequency has

an idler) for a conduction angle of 50%. This circuit results in a
superior power handling_capabilify and conversion efficiency with an
increase in circuit complexity. The modes of operation required here
for a simple analysis are obtained by choosing the conduction angle of
the diode and the phase angle of the harmonic so that thé.diode changes
state only when the harmonic charge component is crossing the zero axis.
It is also assumed that the chargé on the diode changes sign only twige
per fundemental cycle., The implications of these assumptions are best
understood after the preliminary circuit analysis is made. The assumed
relétionships of charge, current and voltage waveforms are illustrated

in Fig. 4.6 for a tripler.

4.3 Circuit Characteristies Calculations

Subject to the above stated.conditions'the total charge stored
in the diode is:

q = Qo + Q; cos wt + Q, sin n wt
where Qo is the direct charge anq Ql and Qn are_the pgak values of the
fundamental and hé;monic charges, resPectivély. n is the multiplication
factor of the éircuit. Qo i; adjustéd, in relation to Ql’ so that the
charge of the diode charges sign when

wt = Lmw/n

where m is an integer and o®>m>n, Thus the above charge equation may

be written with Qo specified in the following way:
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Figure 4.6

DIODE CURRENTS

DIODE CHARGES:

N’

DIODE VOLTAGE

0] : : wt - A >

Tripler waveforms to illustrate typical multiplier operation. NLCSE
changes state only when harmonic charge component passes through
the zero axis (see diode voltage and q3). The fundamental and

harmonic charges are 90 degrees out of phase.
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q = Q,(cos wt - cos mm/n) - Q, §in n wt b1
From this equation the diode current may be determined as;
i = dg/dt

i = -wQein wt - n wQ cos n wt L2

For‘the NLCSE idealisation of Fig, 4.ka, the voltage v across the
diode is:

v = q/CD* for gzo
and v = o forq o
By Fourier analysis t@é component of the diodé fundamental voltage
in phase with the diode fundamental current may be found. This is
the input voltage to the multiplier circuit, in phase with the input
current (or diode fundamental current); its amplitude V1 is:

1 +mn/n '
v, = ;EE ~/‘(Qljcos @t - cos mn/n) - Q, sin n wt)(-sin wt )dwt
- /n

and since I, = wQ, -and I, = nwQ, from Eqn, 4.1 and 4,2,

sin( (o)t |
_ 1 cos2uwt mm In ,sin(n-1)wt sin(n+l)ut
Vl = ﬂujCD Il( -h- ) - CODn Cosmt) + E-rll- (—-——-———n ~ l o+ 1 )
o -mn/n
I, (fin(mn - mn/n) gin(my + my/n)
= wCp nm{n=-1) = nn{n+l)
I

Similarly, the component of diode harmonic voltage in phase with
harmonic diode current (or output current) is equal to the load voltage;

its emplitude is:

1 +mn/n I
v, = : (;l(cos wt - cos mn/n) = -0 sin h.wt)(-cos.n wt) dut
| ﬂwCD -mn/n n
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. mn/n
-1 sin(n+l)wt , sin(n-1)wt mr . In, -cos2nut
vo==il |1 + LU I =cos2nuw
n = g [:}( S (eT) SoD) + cos — sin nwt )+ ~ (—-13;—--)
' -mn/n
=_1 (sin(mn + mn/n) . gin(mn - mn/n))
wCpy T(n + 1) mn - 1)
: I
= - 1
(UCD KZ . ' h.h

The simplicity of the analysis may now be noted, oﬁly two
equations are required, defining the parameters K; and K,, and these
are exceptionally simpie. For example, V, is a function of only In
- (assuming a particular multiplication factor n and a pgrticular‘con-
duction period m is chosen) and v, is a function of only I,. This
situation is the outcome of the choice that has been made for the phase
and conduction angle relationships. It is found by evaluation of K,
and K, for given values of n and m that the two parameters are, in
fact, equal. We shall, therefore, write K, = K, = Kg.

_Now the harmonic output is developed across the purely resistive

load termination R_, therefore:

L’

Vo = = Rpln-
The input resistance of the multiplier may be determined from the
above expression and Eqns. 4.3 and b,bL,

R, = KiKp 1

i NZCDZ Rp,

' ' 2 .
" Rewriting we have: Ry, = .__) ‘' k.5
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It will be noted that the multiplier, when operated in the assumed
mode, has & gyrator like resistance charécteristic. Values of K, are
listed for different harmionics ahd.different conduction periods in
Table Iy}, Thus the relationship bétween the input and output resis-.
tances of the NLCSE multiplying circuit has been determined,

Earlier it was decided that for simplicity in'analysis, the
NLCSE would be - asllowed to enter the fo;ward bias region’only once per
fundamental cycle, Tpis requiremept will be met by ensuring that the
_raﬁe of cﬁange of the harmonic charge is smaller than that of the
rate of change of the fundamental charge at the instant the NLCSE changes
state, | .l |

That is, when:

&

]

1+
:'3

dap < | Y,

at ~ at

Froﬁ Eqn. 4.1 we have: |n Qpcos mnl < ‘Qv sin nm
. 1 v n

or n.

- % sin mn/n
‘ 1

Now since the nonelinear capacitance-sectiOn of the multiplier is

iOO pér cent effiéient with respect fo power convereion, ﬁe may set

‘& limit on the ratio of the input resistance‘to the output feéistancg,
of the multiplier. This will be celled the Minimum Resisténce Retio
(MRR),

R._I.2 = R

2 ' +6
in 71 LIn : 4

Therefore
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MRR = i - . | T
sin?(=)

From Eqn. 4.7 we can see that Ry must always be greater than or
(in speciel ¢ases) equal to Rin' The MRR values are noted in Table 4.1

for various conditions.

b, L Diode Losses and Efficiency

‘Earlier, the effect of the diode strays and the way in which
these favoured the two-charge circuit configuration was discussed.
Accordingly the series resistance will be tretted as part of the load
resistance and the input resistance as illustrated in Fig. 4.5,
Two new resistances will now be defined. Rin' is the total input
resistance includiné the loss element rg and the non-linear multiplying
element., Ry' is tﬁe useful load resistance connected to the multi-
" plier, .That is,

. Vo= .+
Rin Rin * s

= ) '
RL r. + RL

The power conversion efficiency of the multiplier may now be determined.

harmonic power output
fundamental power input

= Rin . RL' ‘
L] R-L.

n =

T 1
Rln
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T .
hus n = Rin Rp=rg
Rin+rs : RL
l - rs/RL‘

n = ' | 4.8
1+ rs;Rin
Substituting from Eqn. 4.5 in order to eliminate R;,» Ve have

1l - rs/RL
2
1+ rsRL (EK(-(::-Q)

p o=

The most efficient load resistance may be found by differentiating
this expression with respect to Ry, and setting'this equal to zéro,

It is found that:

. 2' -] ’
R = % M w %] A \
L wom— + — + 1 h.
wCp WoN (ch > , ?
where
reCp

This is the load resistance that results in the maximum possible
pover conversion efficiency. There are now two conditions to be met
by the value of Ry. One is determined by the MER vhich ensures that
”the analysis is applicable and the other conditioﬁ is that of Eqn;
4,9 for maximum pover conversion efficiency. At high frequencies the
equation which determines the value of Ry is Eqn. 4.9. At low
_ ffequéncies Eqn. 4.9 determines the value ofﬁi if the MRR is equal
torl.O.. The effect of a nonunity MRR value on efficiency will be
examined létef. |

The maximum efficiency of the multiplier configuration may 5e

determined by substituting Eqn. 4.9 back into the efficiency expression.
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Thus the maximum efficiency of the multiplier is then obtained ass

i} 2 3

" w2
n = 142 2pfy (1 +=—) L,10
0%y cN weey

A plot of maximum efficiency verses normalised frequency is shown in

Fig. 4.7 for MRR values of 1.0 and 3.0,

Figure 4.7

02 N
0] -
O T —TT . ]
- 001 003 005 010 030 050 1-0 30 50
vw/ch ' '

Multiplier efficiency of NLCSE two-charge circuit at medium

frequencies for two values of MRR,
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The two efficiency curves are separated forllow frequencies but
merge at about O.Sw/ch; it is noteworthy that the differences
between them is always very small, For most practical purposes, the
effect on efficiency of a non;nity MRR is almost negligible,

~ Approximations to Eqn. 4.10 may be developed for high frequencies
and low frequencies, At low frequencies the MRR determines the
maximum efficiency, and ‘the approximation‘to this region is best
found by referring to Eqns., 4,5, L.T and 4.8, Using these eguationé
it may be shown for low frequencies, that:

w oo 3 <3
©wr = 1= — (MRR°+MRR °)

cN
. w . . N
= 1 -U:KLF - " l."ll
' 1 ' MRR% + MRR-%' Wen
where wc [ '.KLF = . , wc = —c—-
r.C Kg Kg

Kip is referred to as a "loss factor"; values are listed in Table 4.1.
In Fig. 4.8 values of K;p 8re compared with loss factors given by
Penfield and RafuseBS, for varactors operating in the depletiop layer
capacitance mode with the optimum idler circuit configurations.

‘To find a high frequency éppfoximation to Eqn, 14.10 it is best

t0 rewrite the equation in terms of & power series:

2 y 6
: 2 2 . w w wOen
w W cN cN c
me = 1TE cN ? wch(l 2w2 T Bu*  16w® )
2
WToN

4,12



Figure 4.8

Low frequency loss factor of
- multiplier for different multi-
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This efficigncy ies unaffected by the MRR conditions ahd‘is accurﬁte

if m/ch 3 2. In the case of the varactor mu;tif1ier (depletion layer
capacitance mode, with optimgm idlers) the efficiency at high
frequencies is related to frequency by a higher pdﬁer than the square
1aw.(excepting the doubler) snd this makes comparison with the present
analysis difficult. Therefore the efficiency will be_éompared at-

w = w, in Fig, 4.9, The cuperiority of the charge storage-multipligr

efficiency increaseg with increased frequency. At lower frequencies

this superiority diminishes.

k.5 Maximum Power Conversion

In the circuit configuration being considéred oné»of.thrée
different diode properties may limit thé powér handlihg‘cépability
of the multiplier. These are feverse breakdown voltage;‘méximum
pover dissipation and pesk current flow, In.a'cdnventional varactor
multiplier the reverse bremkdown voltage is usuailj the_limitiﬂg'
diode parameter, In the circuit considered hEre.(vhére, as it will i
be shown later, efficiency can be traded for an’increaséd power
handling capability) the other diode propertieé, partidﬁlarly‘maximum
pover dissipation, mﬁy prove to be the 1imitiﬂg fachrs;, |
h.S.l Reverse breakdown limitation |

At low frequencies,"it is usua11y>found that the power limiting -
is caused by thé diode reverse breakdown voltage, Tﬁe following

analysis will, however, be made sufficiently general to determine the

133
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Figure k.9
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Efficiency of the frequency muliiplier at high frequenciés 00:&%)
as a function of harmonic number (n). Circles refer to NLCSE.
two=charge solutions. Crosses represent solutions for conventional

35,

varactors with optimum idlers as per Penfield and Rafuse
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output power also at high frequencies, It will be assumed that

the muitiplier is operated so that maximum efficiency_is attained,
In order that the maximum reverse voltage may be determined we must
defermine the maximum charge. To find the.maxiﬁum value of q we
must first find the relative magnitudes of Q and Q1 in Eqn. 4,1,
The maximum efficiency requirements may determine thisvratio, which
ney be found through manipulation of Eqns, 4.5,4.6 and 4.9.
Alternatively fhe MRR condition of Eqn, 4.7 may define the r;tid of
Q, to Q. Defining the corresponding current amplitude ratio as

= 2 nQ
| r In/Il = n

I
Q)
~ we obtain 2
rI=-L+(97_+1);‘\F- 13
WeN W7 eN " : ' *
-3
r. = MRR

I

we select whichever is the Smallerld)
- This ratio is substituted into Eqn, 4.1 producing:

q = 'Ql(cos wt=cos mn/n - rI/n sin n wt)

The maximum value of q is found by setting the derivative Qf'q to
zero. That is:

o = wQ(-sin¢ - ry cos n¢) b1k

and q_ . = Ql(cos¢ - cos nmn/n - (rI/n) sin n¢)

and since Il/m = Q.
I - BVD (Y CT)

R— L.15
Imax (cos¢—cos mm/n-(ry/n)sin n¢)
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Where BV is the diode reverse breakdown volta.ge. The input power
to the nonlinear charge: sectlon of the diode may now be calculated
(viz, the input fundamental power dissipated in the diode series
resistance having been discounted). Thus
p! = _lnmex . R,

in max 2 in

From Eqne. 4.5, h 9 and 4,15 ve may write:

BV 2uC - W w2 1
P'; D “"DKg ( — (-2-—+1)) 4,16
1n max (cos¢-cosmn/n-6'1/nk1n n4>)2 . Yen WWeN

This is the power input to the nonlinear chargé storage section of
the diode and to find the output power we need only to subtract the

“harmonic power loss in the diode; that is, with reference to Fig. 4.5. '

R ?
Po = Plyn o L.
Ry,
= P'. rg
P 1n'(1 - - )
L .
Substituting this into Eqn. 4.9 we have:
’ w2 3
P, = P!y -t (--‘!’-+ —r— 4+ 1) ):, 4,17
° 1‘n[ Wel . WeN T e ,

‘Further, substituting Eqn. 4,16 into Eqn, 4,17 and simﬁlifying, we

may write

BV,2 Ky =2 -2-- (1+-2-—) o 2-5--)(1+"E'—')

= 4,18
omax rg ’ .2(cos¢ - cos m'n/n-é'I/n) gin né)?

vhere Eqn. 4,13 defines r; and Eqn. 4.14 defines ¢. That is:

BVDZ KGZ
Pomax = T, . KP0




The parameter KPO is a somevwhat complicated function of previously‘
defingd paraméters. In Fig. 4,10 Kpy is plotted as a function of
normalised operating frequency for conditions 6f maiimum efficiency.
The vélues for odd and even harﬁonic'gp@bers occupy two different

‘ ‘regions, §nd the eitremes of these regions are indicated'by solid
1ines; ‘For the casé.wﬁerevthe conduction angle is chosen so that
effiéiency is noﬁ maximum, the maximun pover output,curve is.best
found by ;ocating,the asymptotes of the‘curve. Once the as&mpbbtes
Qf'the Kbolveisus w/way curve are found a:good'appro;imation to the
real curve'may Se obtaihed. Thesé fsymptotes will now bé defihgd.

- For w/de < 0’2 . |

we may derive from Eqn. b1,18

Pomax ~ BplKe? e

. -
Tg 2(cosp - cosmnf/n = MRR 2 sinng)2
. . n .

e
i T T
Ts WeN . _ ;

Values of.K'Po are shown in Table 1,

"For the case where me > 1.0 it may be shown that:
2 . .2
omax x . BVD . KG ,‘ ’ § 14.20
Ts ~ 8(1 - cos mn/n)? ‘

Thus;the two aéymptotes are defined,

It is useful to compare the low frequency power handling
 capacity féund‘here with that of a varactor with optimised idler
circuits, This comparison will be facilitated if Eqn. 4,19 is

rewritt .

137
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Figﬁre 4,10
‘ {

o5 - S | .
——?;ad/é/"'l
I //i.

o1 w—-—-—

KPO;

..91‘

-003‘: NIRRT MEWRET] B SRS |

01 002 005 01 02 05 10 20 50
w/Wc_N

Maximum power output of an NLCSE two-charge multiplier as a function
of fréquency, where the diode reverse breakdown voltage i the

' 1imiting parameter. | 2

Pomax = T G . PO
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= BVDZ (] X K'
re wc’ G P

where w, = w.y/Kg

The constant, KGK'PO is plotted as a function'of n and compared with a like
constant given by Penfield end Rafuée35 in Pig. b4.11,
4,5,2 Figure of merit

‘Step reco#ery diode multipliers may have, at low frequenciés,
a ver& high conversion efficieﬁcy.but a poor power handling capebility
(though consideraebly better than for varactor multipliers), ‘This
situation also exists for conventionel varactors, However, in the
case of a step recovery multiplier, there are methods of increasing .
the power handling capabi;ity. One method, suggested by Scarlett3h‘
for a doubler, is to add to the depletion layer capacitance(¢b)another
external fixed capacitance (CEXT)‘ For example, Eqn, 4.19 may be
expréssed alternativelx as

Pomax = Ezgi + Klpg Kg oo urg Cp

Tg

anq we see that the output power is directly proportional to the
m;gnitudé of the idling capacitance Cpe Thus ,if this capacitance is
doubled, the low frequency power output of the mulfiplier is doubled,
The diode losses are also doubled but thir ie acceptable if the .
efficiency éf the multiplier is high in the first instence, This

external capacitange may be incremsed to the point where the reactance

approaches the impedence of the series strays of the diode, That is:
I B n6C gy

Beyond ‘this point the external capacitance would not behave as an
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Figure L4.11
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_idler in the way predicted, The addition of the external capacitance
- provides a means of trading efficiency for a better power handling
capability, Efficiency calculations, with an added idling capacitance,
will be peseimistic beeause some of the current is shunted .around the
- series resistance rgy thus reducing the power losses, However,.the
complieatiOn of the anaiysis necessary for an improved accuracy .does
not seem uarranted. From Eqn, L.11 ve may see'thaﬁ the diode.iosses
are:

Ld = KLF w..‘rscD

where L; represents the diode loss.

Nov dividing P_ .. by Lg we obtain a figure of merit for the multiplier -

operating at lov frequencies (Pomax being taken from Eqn. 4.19),

2 ' 2
Pomax _ BVp~  K'pfs _ BVp ‘
La re Kip Tg ™
. 2 2
’ Ts 2(MRR2+ MRR™2)(cos ¢- cosmm/n - .MBR™Z sin ng¢)?2
. ' n
: . | ,
Thus Kg

= .
gFM ' E(Mﬁﬁg +~MRR-;)(cos¢ - cos mT/n = EBE:% sin né)?
" The constant KFM is a normallsed flgure of merit", dependent only
on the forward conduction angle: it 1is evaluated in Table‘kﬂfor various
ualues of n and m, KFM is, of course, independent of the magnitude
of the idling capacitance (Cp).

Another method of'increasing the power handling capability for

high order harmonics is also available, For lov frequencies it has
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been found, for high order harmonics, that an increased figure of
merit (Kpy) may be ebteined by choosing a conduction angle larger than
the one used for maximum efficiency (i.e. 50% of the fundamental cycle).
In this way the power handling cepability of a device may be vastly
increased and the diode loss will be increased by a much smaller
factor., Thus by choosing a longer conduction angle (smaller m) the
overallvperformance of the multiplier is substantially improved for
low frequencies. In order to obtain still furﬁher.increased oﬁtput
power, the conduction angle ma& be increased to the point of maximum
' KFM (conduction angle is maximum of m = 1) and then a linear capaci-
tance may be addee. .
4.5.3 Limit due to diode power dissipation

At very high frequencies, where tﬁe conversion efficiency of the
multiplier is low, the power handling capability of the circuit is
most likely to be limited by maximum power dissipation of the step
‘recovery diode, In this situation maximum output power will always be

obtained if the diode is operated in the most efficient mode.

Prea
- Pin mex = <28
1-n
PD’ « N
omax T - _

where Pp. is the maximum permitted power dissipation of the diode,
Equation ‘4,21 may be evaluated with the aid of Eqn. 4,11 or b4.12 or
Fig, U.T.

At intermediate frequencies it is difficult to predict which

diode parameter will prove to be the limiting one. Equations 4,18
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and 4,21 must be evaluated with appropriate constants and diode
parameters and the lower value of power accepted as the maximum
output power.

4,6  Design Example

The‘following example has been chosen to verify the foregoing
theory and to illustrate some of the practical possibilitiés that it
offers, The multiplier is a tripler (n = 3) with ‘an output frequency
of 30 MHz d?signed.to present a 50 ohm input resistance to the source.
The diode used had minority carrier lifetime and recovery times of
30 ns. and 300 PS. reépectively. The series resistance of this diode
ﬁas approximately 1;0 ohm and the average value of the dépletion layer
capacitance (CD) was 5,0 p;cofarads. A monitoring current probe
used.to measure the cﬁrrent through the diode and idling capacitance
caused an apparent additionel series re;istanbe.of 1 . ‘Therefore,
effectively r 2z 2.09 . Design of the multiplier was carried out
as follows. For the tripler only one mode of operation is available

(n=3andm= 1), Calculating w for the diode, using only the diode

cN

capacitance'as the idler, we find
“wey = 6489 x 109 rad/sec,

and it may then be assumed at 10 MHz (w = 6.28 x 107) that the low

frequency relationships apply.

For

R',
in ™ 509

Riyp = UBa (see Fig. L.5)



It is likely that the low frequency relations apply even if an idling
capacitance is added; thus design is on the basis that the value of

Ry, is determined by the MRR given in Table 4:l: i.e. -

MRR = 1.33
R, = 1.33 x 48R
= 640
and R;' = 620

We now determine the correct value of the idling capacitance to give

these operating impedances, From Eqn. 4,5 we have,

- K oo
RiRin = (£)2.
s wc
_“(RLRin)é
19.8 prd

Cpxp = 14.8 prd

With the new value bf CD;

‘wey = .74 x 10% rad/sec.

'w/ch = .0361: |
From the data of Fig. L.7 it is found that n = .9k,
The tuned circﬁifs were constructed according toAthe usual conflicting
;equiremehts. Care was teken to eﬁsure that‘only fundemental and nth
harmonie currents would flow in the diode and idler, The eircuits
should not dissipate significant amounts of the input and output ﬁower.
The input and output powers should be filtered sufficiently to be free

of excessive quantities of unwanted harmonics, In many applications

m
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gome of the above requirements will be felﬁxed. An adjustable self-
biasing arrangement was applied to the diode.through a choke in the
circuit used. The overall filter efficiency was estimated, from
measuremehté, to be 0.57. The calculated overall efficiency (inclﬁdihg
circuit and diode losses).is 0.536. The measured overall efficiency
was 0,555 supporting the theor&. A bétter method of measuring the
diode losées alone is by adding a one ohm resistence in series with
the diode and measuring the decréase in power output. That is if,

Ars = 1,080

it may be shown theoretically that for this particular multiplier

AP,
0o ,

The measured

AP,
P o]

2 .0b5

Thus fair agreement Qas found between the measured diode series
resistance loss and calculated loss. When the output was terminated in
66,0 ohms of resistance the input impedance was measured to.be 50 : 8N,
Agreement is thus obtained with respect to the inﬁut and outpﬁt impedance
felationship of the multiplier. The harmonic power output from the
diode, after allowances were made for losses in the output tuned

circuit, was 68.0 milliwatts, ‘The theoretical output power mﬁy be
calculated from the observation that the peak reverse voltage on the
diode was 22,0 volts. Ueing Fig. 4,10 the calculated power output

is found to be 43,6 milliwatts, which is in approximate agreement with

the measurement,
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k7 Discussion and Conclusions

In the analysis presented, perfect filtering circuits have
been assumed, Fof rigofous applicgtion of the theory care must be
taken to obtein a close approximation of the actual to the assumed
circuit environment, For example; all practical filtgrs cause
 apparent capacitive or inductive paths to ground, If the filters
are badly chosen, the fil#er'capacitances mey exceed the idling
capacitance of the diode. Thus, for accurate applicetion of the
theory, the filters should be designed to minimise adnittance paths,
from the high end of the diode to ground, foriall harmonics. For
meny epplications, circuit simplicity will take priority over a close
adherance to the theory..

Timitetions have been‘plaéed on the operation of the multiplierf
in order that the performance could be evaluated analyticelly. In
spite of these limitatiohs the caiculated performence of the éimplg
charge storage multiplier éonsidered, is equal to, or superior to the
theoretical‘perfofmance of conventional varactors operating in
onimised (end sometimes complex) circuit environments, Tﬁe successful
construction and adjustment 6f the simple circuit, anelysed here, is
much more feasible thanlthe.construction and adjustment of'a>comp1ex
ciréuit involving many iﬁlers. v

The analysis presented hes givén performence figures thét are
in egreement with‘figures produced by Steinb;echerle; theée figures
are indicatéd in Table L.1. ‘Steinbrecheras has also analysed

minority carrier charge storage multipliers employing tuned idlers
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at gll harmonics of the drive frequency below the output frequency

and these normally have efficiency and power output performance
significantly superior £o those reported here. . The exception occurs

at very high frequencies (i.e. n w >w,), where the simple circuit is
likely to ﬁave superior conversion efficiencies, In a multiplier,

the high frequency efficiency falls acéording to 052)-P + The value

¢

of P increases with the number of idlers used. Thus, at high frequencies
the efficiency of multipliers with idlers falls very rapidly (with
’increasing frequency), whereas the efficiencycf multipliers without idlers
falls at & square law rate, Hence, at high frequencies the multiplier
with all idlers will have, at least, a reduced superiority or even

an inferior performance, With all idlers present, the multiplier
requires a very~com§1ex circuit, particularly for high ofders of
multiplication., Thus, the simple two-charge circuit anélysed here is
likely to be preferaﬁly in at least two circumstances: where circuit
complexity must be avoided, and where the output frequency is very high
so that nothing is gained by a large number of idlers., | |

| The circuit characteristics of thelmultiplier vary considerably

as the conduction angle (or ﬁ) ie varied, In this analyéis it is found
that the efficiency is maximum if the conduction period is equal to

one half of the fundamental period. The efficiency decreases
symmetrically if the conduction angle is made shorter or longer

(see how Ky varies as a function of m in Tablekdwith n = iO).

It ie found at low frequencies that the maximum péwer output ©f the

circuit is greatest if the conduction angle is large (i.e, as m—+0),
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The figure of merit usea indicates a compromise between power
handling capacity and losses in the diode at low frequencies, Thus
in Tabiel+a;two operating conditions (for n > 3) are considered:

the point where the best efficiency occurs:aﬂd the point where the
best figure of merit occurs, In the multipliers considered, meximum
power handling capacity and maximum figure of}merit occur at the same
conductioh angle, These multipliers are thiis very versatile as the -
conduct;on angle may be varied to provide high efficiency at -high
frequencies or alterﬁativgly high povers at low frequencies. This
 flexibility of operation does not exist in conventional varactors
where the higher power handling capacity and highef efficiency occur
at virtually the same operating conditions. The versatility of this
circuit is furtﬁer enhanced since the charaéteriStic impedance is’
directly prdportional to the idling capacitance, which may be varied.
The idling capacitance (as well as conductiOn-angle just discussed)
can be varied to favour.either high efficiency or high power operation.
Thus & givenh diode operating in the charge storage mode should have &

broad range of application, compared with a similar varactor.
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CHAPTER FIVE

TRANSISTORISED NONLINEAR OUTPUT FREQUENCY MULTIPLIERS

5.1 -~ Introduction

" It has been known for some time that the base collector depletioni
layer capacitance of the transistor could be used effectively for
parsmetric appiications37. The use of the transistor simultaneously
as an amplifier and a parametric frequency multiplierl3 wag first
described in 1964, Since then transistor NOM operation has gained
widespread acceptance and now manufacturers often list data of NOM
perforhances for uhf power trensistors,

5.1,1  Available output nonlinearities

A systematic study of the transistor underlineé the possibility
of using the transistor in a NOM modé. ‘The presence of a high quality
honlinear depletion léyer capacitance is now very widely recognised
and it is clear that efficient frequency multiplication is possible
using it,

In Chapter Tﬁo another frequency multiplication mode becomes
evident. Examinatién of the opération of the input eircuit of the
'NIAM (using Fig; 2.16) shows that if the conduction angle (2a) is
" made small the input current of any harmoniec (iBn) is larger than
the fundamental base current. The action of charge storege in the
intrinsic base causes this and & high efficiency frequency multi=
plication mechanism is suggested. The meéhanism hés, in fact, provided

very good performance in high efficiency, high power frequency



multipliers. Devices utilising this principle have a variety of
names, including NLCSE and step recovery diodes. Step recovery action

(of current) has alréady been noticed in the transistor:? 46 but it

has not hitherto been deliberately applied to the transistor operating

in the NOM mode.

’In addition to the abbve two nonlinear reactances, the éoilectof-
base diode contains two nonlinear resistance transition sectidns
(discussed in Section 1,4,2). Frequency multiplication using the
nonlinear resistance éléménts is not considered because the power

k7, 48

conversion efficiency is 1o§ ’ aﬁd‘ofhe: high efficiency
mechaniéﬁs are available,
5.1.2 Merits of using an output nonlinearity

The intfinéié base of the tfansistor!kwhen operated as a
common emitter amplifier, produces a cu?fent gaiﬁ that falls at
6db/octave at high frequencies. The intrinsic base méy be thought
of as a low-pass filter with gain., If the frequency multiplication
is cairied out at the transistor input, the desired harmonié current
suffers attenuation-(relativg to the fundamental burrent). On the
otﬁer hand, iﬁ the NOM the transistor amplifies the fundamental
povwer which is converted intoa‘harmonic power at the transist.or'
output; The cﬁrrent gain (and‘hence pover gain) of the tfansistor
is higher'inAthé NOM (than the NIAM) fﬁr é given oﬁtput ffequency.
Thus the. transistor NOM would be expected to give good performance
on the assumption that the frequency multiplication atAﬁhe output

_ie moderately efficient,
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5¢1.3 Nonlinear output multiplier: assumptions made in analysis
Transistor NOM operation has receivéd analytical treatment, byvu
other workerslh' 22, 38, 39, on the assumption that a normél transiétor
amplifier and & separate varactorvare connected together by ideal
tuned‘cifcuits.  Similar assumptions are adopted here, and the chief‘
deviation fromlprevious work occurs in regard to the mechanism of
frequency multiplication. |
' The above characterisation of the transistor NOM is very much
idéalised.vinr example, in the actual device & c0mproﬁiaevmust be
| found:betwéeﬁ fhélbésf‘inpuf[reﬁistance for most efficient frequency
'multiﬁlicatidn and the best load resistance for maximum amplifier
output;‘ In addition, the‘émplifying and multiplying sections of the
transistor are no£‘isolat§d-by'idea1 filters and current and voltage
harmoﬁicsf(generated by the nonlinear output element) are able fo
feed back into the input circuiﬁ of the tfﬁnsistbr. The feedback is
likely‘tégmodify the operation of NOM but a'detéiied_anaijsiﬁ would be
impossibly invoi&ed; The'effect of the feedback'ié,‘chiefly, ﬁodi— |
fication of the'poﬁer gainvof the transistor NOM aﬁd'reducpidn of
stabiliﬁy (possibility of unwanted §scillations). Such feedback
seems to stem frém the common lead inductdnca, the magnitude of which
depends very much on the transistor packagingbh. Transistor NOM
cirﬁuits are:operated in both the common emitter and‘cqmmon base
'configurations, one of vhich normally has the better stgbility, The
configuration that shows the best stability is likely to be different,

depending on the transistor type.
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The cbllector-base varactor of & transistorA(or NLCSE, depending
‘on the mode of multiplication) is a distributed device (much more 8o
" then for a conventional varactor or NLCSE).' See Fig, 3.1. ﬁowever,.
'fof the treatment of analysis the collector-base varactor is represented
by a single nonlinear Eapacitance and a singlelresistance - the usual
representation‘for a varactor or a NLCSE diode, |
Wpen setting up a transiétor NOM, it is useful to operate tﬁe
circuit first as an ﬁmplifier. In this way, an efficient input circuit
can be arranged and the performance of the transistor as an amplifier
can be assessed. Normally the transistor is operated so that the
collector conducts during most of the fundamental cycle and harmonic
generation due to nonlinear input effects is small, The performance
of the amplifier is treated as a function of collector direct current,
it being the best indication of the power drive at the transistor
input (applied inpﬁt power plus feedback power to input). The circuit
is then modified so that NOM operation is attained, The performance
of the NOM may be compared with that of the amplifier and it is possible
to deduce the pover conversion efficiency of the output multiplication
process on the éssumption that the perfﬁrmance of the amplifying
section of the transistor is unchanged,
Selel Typical NOM circuits
In tﬁis-section transistor NOM circuits, developed b& other

' workerslh' 39, ﬁz

s Will be examined and their principles of operation
explained, The‘input circuitry to a transistor NOM is identical to

that of an amplifier. The output circuit must be designed so that the
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fundamental power is prevented from leaving the transistor, being
instead converted into output harmonic power. The nonlinear collector-
base capacitance is resonated to the necessﬁry idler frequencies
(including the fundamental) of the NOM, the desired harmonic power
is filtered off at the collector of the transistor end fed into the
load resistance vig a matching circuit., Two typical NOM circuits
are shown in Fig. B.l. The circuit shown in Fig. 5.1(a) operates in
a fairly obvious way, as noted in the figure, and is most suitable
for doubling: a filter blocks the fundamental power from leaving
the transistor and another section filters and matches the second
harmonic into the load. The circuit of Fig. 5.1(b) is particularly
adapted for high factors of frequency multiplication (viz. greater
than two): the series tuned idling circuits can be adjusted indivi-
dually (a minimum of interaction is encountered as each series tuned
circuit hes a large reactance except at the frequency being tuned).
The two series tuned circuits (C,, L, end C,, L,) resonate the
nonlinear capacitance to the fundamentsl and seﬁond harmonics and
the desired output frequency (third or fourth harmoﬁic) is filtered
and matched.by CQ' Ly and C,.

‘The transistors shown in Fig. 5.1 are operated in the common
- base configurﬁtion, but.the common emitter configurétion could be
used equally well, In the common emitter configuration it is
necessary, in theory, tohave a sefies tuned circuit for each harmonic

- frequency to earth, in order to provide a low impedance path for the
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Figure 5.1

Transistor NOM Circuits
Biasing is omitted.

B L1
2N
3553 ;ﬁ'
!L--a‘ €y
Lo
(a) ,
A doubler circuit’?. c, is adjusted to resonate at, and reject

the fundamental frequency. L2 is adjusted to resonate the average
value of collector-base capacitance to the fundamental frequency.

C; and C, are adjusted to filter and match the second harmonic
into the load.

I
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| —E—BHU0):
 amborz | '§L1 %I‘a Ly |
_—\.;_./ | 7
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(b)

A tfansistor tripler or quadrupler39. 01 is used to resonate

the fundamental power;,;gC2 is used to resonate the second’
harmonic power. The output power is filtered and matched by '

the ad:justment'ofc3 and 04.
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harmonic currents passing through the varactor. However, in
practice such additional circuitry is not necessary, the recctance‘
ito earth of the input eircuit to each harmonic being tuned out by
the filters at the transistor output.,

A simplified equivalent circuit of a transistor NOM output
is shown in‘Fig; 5.2, The output multiplication section is transformed
.intc & circuit similar to that employed in the analysis of varactor
dr‘NLCSE frequency‘multipliers. The transformation is quite accurate.
fhe performcnce cf varactor multipliers may be predicted from the work
of Penfield and RafuseBs. NLCSE multipiier performance is estimated

L 18
‘from the results of Chapter Four and of, Steinbrecher .,

5.2 A VHF Amplifier and Doubler

A VHF doubler using a power transistor was constructed, and the
performance and operatlng conditions were examzned carefully. A
Pac1f1c Semlconductor Inc. tran51stor, type PT530, was used both in
‘the tommon basge and emitter conflguratlon. The performances of the

two were virtually identical. The oommon base performance:ls presented

here as more data was collected for fhie configuration, The collector

of the PT530 is connected internally ﬁo the encapsulatingvcan'and
'fcr best heat dissipation the collector must be earthed. Thus the
amplifying and multiplying circuits are complicated slighnly. but the
‘theory of operation is unchanged. The transistor is first operated
as an emplifier for purposes of comparing the amplifier and doubler

operation.
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~Figure 5.2

transistor model cc !
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Simplifiéd equivalent circuit of a,ﬁrénsistdr nonlinear output
doubler. The circuit may be transformed into a familiar

freduency multiplication circuit, as below.

-

(b)
The transformation is quite accurate since the reactive input
and output powers are, typically, five times greater than the

35

real powers~””.



5.2.1 The vhf amplifier'and circuit‘

Operation of the transistor as an amplifier permitted the
optimisation of the circuit layout and components. The transistor .
was operated with a zero input voltege bias. Iﬁ this.way, the‘
collector conduction angle and hence collector current efficiency
(nCI)' were essentially constant. The measurement set up and ampli- -
fying circuit are shown in Figs. 5.3 and 5.k respectively, In the
amplifier i; was important to adjust L, and L, carefully, to effect
the besf poséible neutralisation. The collector voltage was aéplied
with the output circuit disconnected and a high,éower, high impedance
source‘connected to the base terminal; L2 was tﬁen adjusted for
maximum base voltage swing and L1 was adjusted for ﬁinimum'SO MHz,
power at the -input port which was passively terminated 5y750ﬂ. For
final adjustment of L, and L, the base voltage swing was approximately
the same as when the amplifier was-operating (about 50 volt peak to
pesk,in this case). After the neutralisation was carried out the"
output circuit was reconnected. In operation all variablé components
(except L, and L2) in the amplifier circuit were adjusted for maximum
50 MHz power in the load. The output power, and collector power
conversion efficiency are shown in Fig. 5.5 as a function of direct
collector current (I,,). The output power is shown as & function of
input power in Fig. 5.6. The ihput, collector and output voltage -
‘waveforms and collector current waveform of the‘tfansistor amplifier,

operating under typical conditions, are shown in Fig, 5.7. The

P
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Figure 5.3

VHF measurement set up.

capacitances are marked in picofarads.

diameters of % inch

inch.

-28v

50 ohm

Im;;"'l e

VHF amplifier circuit. The input frequéncy is 50 MHZ. All

| Signal DC Power
Generatox Supply 28v
I limited

Power fig:it- Ampiifief
Ampllf;er Coupler Multiplier

, Circuit
HP Sampling
RF Oscilloscope
Voltmeter dc - 1.2GHz

Figure 5.4

Load
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except L, and L, which have diameters of %

All inductances have coil
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50 — ’ .50,
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30}
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Output power in watts .
" Collectar power conversion efficiency

] 1 ! - | 1 | i 1
o /0 20 30 40

Direct collector current in amperes

Output characteristics of the translstor amplifier opa'ating at
50 MHz.

Figure 5.6
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Input power in watts

Power gain cheracteristics of the transistor amplifier operating
at 50 MHz,
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Typical voltage and current waveforms of a vhf transistor amplifier
operating at 50 MHz, The amplifier is used in the common base, .
grounded collector mode. Measurements are made treating the base .
aB zero potential, ' o I
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amplifier waveforms are very similar to. those predicted in
Chapters Two and Three, the collector sine voltage has good purity
and the collector current showing the effect of capacitive current
flow - particularly at one period by a reverse collector currént.
The performance of the amplifier is not treated theoretically as the
theory of Chapters Two and Thrge has already been verified. The
investigation devglopé a standard here to compare doubler performance
with, Successful operation of the amplifier - judged by circuit
gtability and by the achievement of the manufaétprér's électrical
specifications for the particular transistor - facilitates the doubler
construction,
5,2.2 The vhf doubler circuit and performance

The input section of the doubler circuit was identical to the
‘amplifier, The oﬁtput section was modified so that the fundamental
power was unable to leave the transistor and second harmonié power
was extracted from the transistor and matched intp the load, The
circuit that resulted in the best multiplier performance is shown
in Fig. 5.8, The measurement set-up was the same as shown in Fig. 5.3.
The tuning elements of the doubler (shown in Fig. 5.8) were adjusted
for maximum second harmonic power ontput. The output power and the
collector power conversion (multiplication) efficiehcy are shown in
Fig. 5.9 as.a function of direct collector current (Ico); The harmonic

output pbwer is shown in Fig. 5.10 as a function of input‘power..
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Figure 5.8

c : ,
A vhf doubling circuit. The input circuitry is adjusted for
best amplifier performance. The output circuitry is adjusted

for maximum power output at 100 MHz.

Figure 5.9
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Output characteristics of a vhf transistor nonlinear output

doubler. The output frequency is 100 MHz.
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Figure 54,10
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’ Input power in watts
Power gain characteristics of the vhf doubler with an output

frequency of 100 MHz.

The input power to the doubler may be compared with that of the
amplifier and it is found that the output power for a given input

is very nearly the same in spite of frequency multiplication losses,
The similerity is attributed to a positive feedback in the doubler.
Voltage and current waveforms typical of the doubler are displayed
in Fig. 5.11. Characteristic of the doubler is the occurence of
fundamental and secoﬁd harmonic voltage on the collector with strong
bottominé of the collector voltﬁge. The collector curreﬁt ié

‘compored, primarily, of the second harmonic.
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Typica.l voltage and current waveforms of a vhf trans:lstor doubler
The doubler is operated, common

base, grounded colleotor.
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5.2.3  Analyeis of the Vhe 'doubler. pe.r“sz.'myal.nic‘éf |
The operation of the doubler will be examined by.investigating :‘
the power convereion efficiency, power handling capacity and waveforms
of the multiplying element, The overall collector conversion efficiency '
of the doubler is significantly lower than the amplifier conversion
efficiency (i;e. approximately 1/2)., It is useful to evaluate the
‘multiplication efficiepcy'is outlineé in Section 5;1.3;i Tﬁe“cdllectﬁr =
multiplication efficiency is estimated'by dividing.the'mﬁltiplier
collector péwer'éontersion gfficiéncylby the smplifier powgr'conversidn.‘
efficiency. The results of the division are shown in Fig. 5.12, The"
maximum power conversion efficiency of doubling, using the»collectqr‘
nonlinear capacitance, is 0,465, o
It is now necessary to‘exaﬁine the collector-base capacitance

in order to calculate its frequency multiplying performence. The
measured capacitance versus reverse voltage is shown in Fig. 5.13,

The resistance in series with the collector-base capacitance (rs),

for a range of voltages,was measured and found to be 3.0 Io.sa,

With the above information, multiplication power conversion efficiency
may be calculated for both the varactor model and the NLCSE model
‘_u51ng Reference 35 and Chapter Four respectively.

For the varactor model we = 19.6 x 109 rad/sec,
| 1

~ where w, = T~ s8ndC.. ‘= 17 pfds from Fig., 5.13.
8 min :

From Penfield and RafuseSsvthe maximum efficiency of a doubler with

" an input frequency of 50,0 MHz is

n= .74
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For the NLCSE model mc'is caleulated using an average value of
capacitance (see Sectioﬁ L,6; C=lo pfd from Fige 5.13)
w, = 8,35 x 10? rad/sec.
and for a doubler with an input fretuency of 50 MHz
oly .= 0277 |

: Cn
From Fig. 4,7

n = .70
Thus. both models (varactor and NLCSE) predict e greater efficiency
| ~then is actually obtained. The varactbr model is 60% high and the
NLCSE model is 51% high., The reduced efficiency’in the practical
circuit cﬁn be attributed to circuit losses.

The maximum output powér of the collector-base nonlinear
capacitance will be calculated for both the varactor and tﬁe NLCSE
ﬁultiplier. To calculate the maximum output power of the varactor,
" the cutoff frequency'wc must be evaluated using rg and the minimnm
capacitancg. the minimum capaciﬁance being dependent‘upon maximum

reverse voltage as shown in Fng 5.13. ‘The ratio of the input frequency

and the cutoff frequency may be found, The maximum reverse voltage

)

v " is used in the evaluation of the "normalised power" (P

Cmax norm

of the varactor, giving
P = Cmax
norm T

The maximum output power of the varactor may be calculated using

fgraphs by Penfield and RafuseBS. The calculated maximum output power
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is shown in Fig, 5.14 as a function of voltage (V ) for com-

Cmax
parison with the measured output power, It should be notéd that the
maximum output power calculated is likely to be too high; as it is
assumed that y = 0,5 (where Cop = Coppin EXEE-:—E)Y )

Vo * 9
Examination of Fig. 5.13 shows that ¥ is approximately equal to 0,hk2.
According to Leonardhs the maximum power handling of such a varactor
is likely to be 30% less than a similar abrupt junction varactor
(y = 0;5). The maximum outpuﬁ power according to Leonard is also
shown in Fig, 5.1b.

The maximum power handling cepacity of the output nonlinear
charge'storage elemént employed asva frequency doubler is also shown
- in Fig. 5.14, The maximum power output is calculated from the theory
developed in Chapter Four. The theory assumes, incorrectly for thie
example, that the diode conducts for 50% of the fundamental cycle

period. Shorter conduction periods result in less power being converted

than that predicted by the theory. From Fig. b.10
BVp 2 2
Pomax = - K" « Kpp
]
Where Ky, may be determined from Fig. 4,10, and in this particuler

case is equal to 0,042, Thus here
BVp?
3.0

In Fig. 5.14 the measured power output is compared with the

p x 0,21222 x 0.0k2

omax =
maximum output power calculations just made, It is concluded that
for small harmonic output powers (less than 0.4 watts), of the tran-

sistor NOM, frequency multiplication is by the varactor mechanism,



: 170
Figure 5.14& 7

s R Lot bbbt b paaddeigiiiaay \ .
= + i 1 L s by b 4t + AN U 44
T ha s Ioe 347 A s it 1T LS P 3 I 11
PO Ho L ERRAUSEDONNANEY FuL ISQESuN I NIEUE SBRE HORIRE D! 1T T Ty
+ 1 + it ++ ; SawEsas: 6
T H SSENDE BAUNA FREDR NS LEFUR} t Wi
: 2901 ; i 50 : :
i T T i1 T T 981 1 pun] ISR R T IR InN o9
4L7* IES8S ENESABEI [IREESISRNRRAASEL UNSA S IARRA NN 1] 18] 1
Tt T JRASA S T SRSl SRS ARRRE K T T iR EEI
preee paey == = T =y 5
s 3 FTy bese, T e HE
e :
r HIET ' Bgs: T Se. et
33T ~+ e r-gm', fopuas o8
1 T e re 1 P pen. 41 3 - A it e 1 sundal ‘
s 3 "y 1 jou i It A5 souw Eu
ASAUTEE a1 + LY GaY b rpoan 13
— ] IAl T'I T ——— 1 3 i + i_‘llT s 4._.*,. 1 1 1 B s
> P e aes ’ : ;
$98 Pu owe memi et et 1 T 3T : 1431 1 T
¥ 3 : T ¥ Pty t et H H T
BB 1 1ot 't 1 L e YR SR MANE] ERawt 1
. ! U 3 yam; " T 3
3 it H 9 B T N B\ 1 +
. ] 1 T ! I T :
N T T 1§ RN IR and T T T
T T Janat T T g 181 !
N 83 T
IRERSEE ool T
T 11 )
o 1 ) T A 1
I SNIANE] T i Vi 1 2
o 71
n 1 7l
113 {4
] IV
J%
« e il o5
| 4 )
W oe
q—{
l o
= EEEE =2 ’
=
JiETrreen eoeansoniE o
Enan =3 e
e t s Ha]
I SR eaws wa: T S Bovas e
3 aes T SSeasaTEaaT e S
bt : :
n e 11 T — " Nt ; h
g 1 11 1 ’ 1153 i 11 4 m
¥ T AR AT
IRRaBARES HTH T HE A i =
Y A T T D o
T 1 ++ he T
: t R anaE A MiN i+ =
P T o et T+
= 0\
i3 p ol s =5T
T+ T Ty 7 e
=it = g =
11 = I~ =8 {
£ o b B aaasaned snuwenaany Iyl [oN
== I T oo +2
t 1 g RO e Y*J“T*fr o]
T L3 s e
H T % Bee RS eyt : (=
i Iy EE T b
4 T o IR B N1 il I
t 1 Tt AL/
. < #
i RN
AEanara
: 1
1
1 1 1
|11 4 Y
2
T T
4 I
i
[/ v
J
T — =3 1
£ it SnagooEs .
=5 T : -
H - Brvessats S e E:
P 103 pref fAl SRR S e £/ 8
T  puwin: Ty T
+ T eoRsweNs RnEsE" ERLEANSSEenn e kn; + T Tt
HH R R RRRRRRLEAS HHF + e HHHHHT

Maximum reverse collector voltage

Measured output power of a doubler (ou@put at 100 MHz) as a
function of peak reverse collector voltage indicated by .
circles. Theoretical maximum output power of a NLCSE multiplier
model (Chapter Four) indicated by squares and varactor multi-
plier model (Penfield and Rafuse35) indicated by tfiéngi;s.

Maximum output power predicted from Leonard's analysis shown

by dotted line.




171

‘wﬁile for powers larger than 0.4 watts the frequency conversion |
‘process is largely due to minority carrier charge storage (NLCSE)
action, The reason for these»conclusions is that the maximum power
converted is a factor of three larger than that prédicted by tho t
varactor assumption and is about one half that predicted by the NLCSE
assumption.‘ The only way to account for the varactor model discrepancy
ie to assume "o#er-driving"’- i.e. predominance of minority carrier
charge storage effecte., The discrepancy, in the measurements aé
compared with the performance predicted on‘the-basis of the NLCSE
asspumption, may be accounted for by losses in the output circuit
( & hypothesis supported by the discrepancy in the measured and
calculated efficiencies) and also by the fact that the conduction
period of the NLCSE (bottoming of the collector voltage) is shorter
than that assumed by the NLCSE multiplier theory. This last conclusion
ie éupported by the‘behaviour of vp in Fig. 5.11, which is bottomed

for 30% of the fundemental cycle.,

5.3 Trangistor UHF Amplifier and Multipliers

| A nhf transistor of proven amplifier and multiplier performance
becane available for experimentation, The transistor - of a silicon
planar, double diffused, epitnxial, multi-emitter structure - is a
type éN3375. This transistor is veryvfzequently,uSed as a uhf
transistor NdM and is reprosentative:pf uht power~transistors. The
baric operating fréquency adopted, 40O 3Hz, is near the maximum

" frequency of usefulness (fmax) of the transistor as an amplifier,
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5.3.1 Circuit techniques

Circuits, to date, have been largely composed of iumped
elements, with some use of distributed circuit techniquesl3'lh'ls'39’h3.-
The frequencies of operation are near the upper frequency limit.for
circuits of lumped components., It was decided that distributed
circuit techniques would be used ag much as possible because they
are more easily used, particularly as operating frequeﬁcies increase,
filtering using them is usually better, losses can be evaluated more
easily.

Distributed circuit techniques are used here for filtering the
various harmonics and for matching power into and out of the transis-
tor, Other authors have used distributed circuit techniques but only
to the extent of double and triple stub matching systems,

A transistorised doubler was constructed using a "helical line
resonator"hB, designed to pass power at the frequency of 800.0 GHz only.
The "helical line résonator" consists of a resonant quarter wavelength
stub coiled into a cylindrical cavity for small phyéical dimensions.
The resoﬁator worked well and the cbnstfuction of a more elaborate
filter, using four helical line resonator elementé, was undertaken.

The filter took the fsrm of a multiplexer with the input and fhe four.
outputs feeding into 508 coaxitransmission lines., The output porte
were tunéd to 0,400, 0.800, 1,200 and 1.600 GHz., Thus the funda-
mental through to the fourth harmonic are each ééparated into a port,
Matching was doné by using a line stretcher and a single, paralleled,
variable length, shorting stub, Details of the mﬁltiplexer are

. given in Appendix 3.
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The helicsl line resonator muitiplexer was used on tﬁe output
‘of the transistor, the common port of the multiplexer being
connected to the collector, The transistor operated as an amplifier
or a multiplier depending on which output port the matching circuit
and load weré.connected to., The shorting stubs and line stretcher
.wefe Generel Radio components,

Input filtering to the transistor was not necessary; An efficient
matching system is needed at the input of the transistor, but it was
‘fouﬁd that the GR.SOQ coax transmission line components were not
suitable for this purpose, Efficient matching wasvachiéved by adding
a small variable capacitaﬁce in parallel with the transistor input.
The low input impédance (too low for efficient matching by GR coax
components ) of the trénsistorvwés ineréaéed*ﬁy the effect .of additioﬁal
aefieg inductance (a variable capacitance sbray) and the.variable
capacitance (the equivaient circuit .of the input circuit end
transistor base lead inductance being equivalent to a serieg m-derived
low-pass filterso. this filter being capable of matching a low
impedance - here the trénsistor Typ - to a higher impedance ~ here
a 50Q coax transmission line). The added variable capacitance is
necessaryhz rof all of the o&érlay transistors made to datehe.
Alternatively, the low input impedance might be matched efficiently
by thejuse of a transmissionrline transformer. In additibh to the
capacitance, a line stretcher and a short circuit stub was provided
for purposes of input matching. The multiplexer constructed here

was quite efficient but it is felt that with further work it would



. be superior to the best lumped element circuits and filters in

the uhf range,

The overall measurement set-up is éhown in.Fig; 5.15, and the
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connectlon of the tran81stor 1s shown in Flg. 5.16, = The exasct way. .

in which the: hellcal line reeonator multlplexer vas used is shown |
in Appendlx 3. Initlally the transistor was employed in the common
em1tter conflguratlon, for all functlons thls be1ng the most stable
for the partlcular trans1stor ueed " For other tranelstors the ‘
common base conflguratlon may be the most stable. It is eometlmes
recommended that the em1tter 1ead inductance of the 2N3375 be tuned
out (common emitter configuration) for operation as an emplifier;

however, emitter tuning wae_not used here, as it complicates ampli-

.fier adjustment and‘would make multiplier'adjustment very-complicated.'

The 2N3375 was used in the common emitter conflguratlon as an
ampllfler through to & quadrupler w1th good stebility (but with
decreaslng stab111ty as the multlplylng factor 1ncreases) Perform-
ance data was collected for the four different multiplylng factors.
The transistor was then used in the cormon base conflguratlon
to permit more accurate measurements on the collector voltage swing
even though etable operatlon was dlfflcult to obtain in the ampli-
fier and the doubler. The collector voltage sving was measured so
"athat the maximum output pover of the collector-base depletlon layer
capacitance could be evaluated accurately,
5.3.2 The common emitter amplifier

The amplifying.circuit was obtained by connecting the output
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matching circuit and the load to the fundamental port (0.400 GHz)

of the multiplexer. The measurement éet-up end the circuiﬁvare shown
in Figs. 5.15 and 5,16, Measured input and output powers and
collector powepicdhvefsion efficiehgylare shown as & funqtiohkof

direct collector current in Fig.'S.lT.

Figuré 517 °
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The different operating conditions were obtained by»usihg different
inbut pover levels and tuning for maximum output power for each |
situation, One of the unexpected results was that fhe tuning of
the second harmonic shorting stub (0,800 GHz) was very important,
Incorrect tuning of the stub could reduce the power output of the
emplifier by as much as 40%, Tuning of the third and fourth harmonic
stubs had a slight but not significant effect on the outfutfpower.
Typical amplifier voltage waveforms are shbwn invFig..S.IB.
The high purify of the output power was due to the filtering effect
of the multiplexer, Examination. ofrthe base voltage vp indicates
that the base was forward.biaged for-about 2?80,,c9rrespbnding to a
collector current efficiency (ngy) of about 0.6T. The-collector
voltage efficiency (nCv) was about unity. Thus the theoretical
'collector pover conversion efficiency is &bout'6.67s The measured
conversion efficieﬁcy of the transistor was 0,646, which is in good
agreement with the theoreticel value, Examination of the collector-
voltege o of Fig. 5.18 shows why the second harmonic tuning was
important. The collector voltage ten&éd-to bottom, or swing into
forward conduction, but correct tuning of the second harmonic limited
the extent of the bottoming. It is»even possib1e that some second
harmonic power'was.béing converted‘ihto fundamental power.through’the
beneficial usage of the collector-hase charge storage diode.
5.¢3.3 The common emitter doubler

The trangistor‘circuit for doubling is obtained by connecting
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a variable length shorting stub to the fundamental port and a
matching circuit and load resistance to the second harmonic port,

The variable léngth shorting stubs remain at the third and fourth
harmohicvports. The shorting stubs end matching syétem on the output
were adjusted for maximum output at 0,800 GHz. ' The input tuning

vas essentially bhe same as for the amplifier., The adjustment of |
the fundamentgl shorting stuﬁ was very critiecal for best output power
and improper adjustment of the third harmonic stub reduced the pover
output by as much as 50%¢ The input and output power and overall
collector efficiency are shown in Fis. 5.19 aé a function of

collector current.
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Performance of a transistor NOM doubler with an output frequency of
800 MHz. The transistor is a type 2N3375 used in the common emitter

configuration.



The input, base, collector and output voltage waveforms of
the doubler circuit are shown in Fig. 5.20. The output power at
0.800 GHz is frée:(to Q high degree) of other harmonic power,
The large voltage swing at thé collector should be noted. The-
maximum reverse eving of Vo was +96 volts, :and the maximum forward
Ewing was =22 volts; Normally a large woltage forward bias swing
would correspond to a very large injeétion of carriers across the
collector-base Jjunction, except that the base voltage seems to'
swing to -20 volts at the same time. The exact voltage across the
collector-base junction is difficult to evaluaté from Fig. 5.20,
as the phase relationships have not been maintained Setweén the
voltages; The cdllector voltage of the common base configuratipn is
‘examined later to deﬁermine the powér handlingrcapaéity of thé |
collector-base varactor: the varactor is likely to'héve:the same
power handling capability whether used in the common base or emitter
configuration, |

The collector power conversion efficiency of the doubier>is _
divided by the amplifier collector power conversion gfficiency
(f:om Section 5.3.2) so that an estimate may be made of fﬁé multi-
plication efficiency. it is assumed that the transistor amplifies
with the éame collector efficiency in the NOM mode as'in the ampli-
fying mode (outlined in Section 5.1.3). The'appafent péwer conversion
efficiency of the doubling action is shown in Fig. 5.21 for vafibus
collector currents, The maximum doubling efficiency is 0.90 and the

average doubling efficiency is about 0,67, The hiéh values of
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multiplicatioh efficiency at low collector currents are suspect,
hovever, and it seems likely that the amplifying section of the
doubler hes a higher efficiency than the amplifier circuit because
the collector voltage efficiency (nCv) is coneistently high (the
emplifier w1th lov power outputs has a low efficiency because the
collector voltage efficiency ngy is low, the collector current
'efficiency being approximately constant), The doubler requires
‘large collector voltage swioés in order to multiply power using

the nonlinear cepacitanee, and hence a high'collector voltage
‘efficiency is attained,

The series resistanoe'of the collector-base deﬁletionjlaye:
capacitance was.meesured and found to be 2,0 ¥ 0.32, The measured
depletion layer cepaeitance Cop is plotted as a'function of colleetor-
base voltage in Fig. 5.22, The minimum capacitance of the junction
is about 3.h'§fds. The anguler‘cutoff f:equency of the collector=-
base varactor is lhf x .;LO‘9 rad/sec, The doublihg efficiency oftthe

'varactor with an input of 0. hOO GHz (_é&, = 0, 0171) ghould be

0.73, accordlng to Penfield and Rafuse35, vhich is in good agreement.
wlth_the average measured efficiency.

The predlctlon of efficiency u81ng the NLCSE multlpllcatlon
assumptlon is 1n1t1ated by finding the average capacltance value.
‘ The value is about 9 o pfds. The angular cutoff frequency of the

model, using this cepacltance, is 88,3 x :10° rad/sec. » 80 that,

Win

S —————— O.l h.
Wo x 2122 3
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Using Fig. 4.7 the calculated doubling efficiency is found to be

0.66, which is also in good agreement with average measured efficiency,
A number of different,transistors (type 2H3375, manufactured

by Motorola, Ferranti and R.C.A.) were tried ouf in the doubling

circuit. The output power of each transistor is plotted.Fig. 5.23

ag a function of the direct collector‘current.

Lo Output power at 800 MHz of
Figure 5.23 . ;
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Thé input power in.all cases is 1,0 watts., The performance of the

different transistors is quite uniform and in many cases fhe tuning

conditions were almoét identical.

5.3.h The common emitter tripler

The transistor tripling circuit was obtgined by‘connecting

the matching circuit and load to the third harmonic port, Variable

length shorting étubs vere coﬁnected to,thé othéf‘three output ports.
- For maximum output at 1.200 GHz the_tuning of the fundamental and‘

second harmonic shorting stubs was véry critical. Incorrect tuning

- of the fourth harmonic stub reduced the power ou%put by as much as 50%.



Input and output powers and the collector power conversion

efficiency are plotted as a function of collector current in Fig. 5.
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Performance of a
transistor tripler
(type 2N3375) oper-
ated common emitter
with an output-

frequency of 1.2 GHzZ,.

The output power has been corrected to account for losses in the

multlplexer. Thus only the'trancistor losses should be evident in

the pover conversion efficiency evaluatlon

The voltage waveforms of the tripler are shown in Fig. 5.25,
The large voltage swing on the collector will be noted (viz, +95 to
-28 volts), It should be explalned however, that the campllng
occllloccope (a Hewlett Packard 185B with a 187B plug-ln, dual -

channel vertlcal amplifier) used to obtain the voltage waveforms

. had an estimatéd bandwidth of 1,2 GHz, so that the waveforms shown

are,approximaté.v The base-emitter vbltage devidtes a great deal

from the 0,400 GHz sine wave assumed in the case of the amplifier,
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The theoretical maximum output power of. the collector-base .

varactor is not calculated because of the uncertaihty of the voltage .

swing across the varactor terminals. The apparent measured effic-

iency of the varactor is plotted in Fig. 5.26.

Figure 5.26 . ol
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Apparent trlpllng eff1c1ency of a tran51stor NOM trlpler ;f»

The highest multiplication efficiency is'O.Bh and the average

efficiency is about 0.30, The theoreticel power conversion effic-

iency of the collector conversion efficienby of the collector-base

varactor is 0,58, from Penfield end Rafuqe (wlnA% 0.0171 from
Section 5.4.3).

The theoreticel power conversion efficiency, assuming NLCSE

multiplication, is 0,43 from Fig, 4.7 (“in/w, = 0,0285 and “in/QéN

= 0,413). The derivation of Fig. 4.7 is besed on the assumption

thet .no discrete frequency idlers exist, but idlers do actually exist
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in the circuit. Steinbrecherl treats such a situation and #sing
his analysis the theoretical efficiency is found to be 0.592. The
calculation carried out on the basis of an idlerless charge storage
multiplier is the closest to the measured value., Steinbrecher's
calculation assumes that the NLCSE is operated with the conduction
angle chosen so as to maximise mulfiplief efficiency whereas in
" the present case the transistor collector voltage is, in fact,
bottomed for a much shorter period. Thus it may well be expeéted
that both NLCSE multiplier calculations will be optimistic for the
presént application.
5.3.5  The ommon emitter quadrupler

Quadrupler operation of the common emitter circuit was
“effected by condecting the matching system and ldad to the fourth
harmonic pdrt‘of the multiplexer. Again thé 2N3375 was used,
Measuremenés.were made ;t only one setting as the quédrﬁplef tended
to be unstable. The output power, at 1,600 GHz, was 0.0 watts
with an overéll collector conversion efficiency of 0,08, The
separate varactor efficiency,was about 0,15.

The input,‘base collector and outﬁut voltage waveforms are
* shown in Fig. 5.27. The waveforms are again approximate owing to
thellimited bandwidth (1.2 GHz) of the sampling oscilloscope used,
The output power purit& (at 1.6 GHQ) was probably better than that
indicatgd by Fig. 5;27 as the oscilloscope was inadequate for this
frequency range, the limited bandwidth of-the scope attenuated the

output frequency with respect to the-lower frequencies and the
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ecope had appreciaple strey pickup - chiefly at O.hiand 0.8 GHz,
| The voltage waveforms are not completley repetitive in Fig.‘
5.2T, as they should be, owing to the failure of the oscilloscope
synchronisatioh to the incomiug roltage. '
The calculated varactor efficiency is 0,36 accordiug to
Penfield and‘Rafusess.' The calculated efficiency using the theory
derived in Chapter Fourvis 0, 28forc0118 depending on whether the
NLCSE conductlon angle 1s aggumed to ‘be 50% or 25% recpectlvely.‘
From the NLCSE multlpller theory developed by Ste:.nbrecher18 the g
separate mu1t1p11er efflclency ehould be 0 h95. Thus the collector fp
‘multlplylng efficiency 18 appreclably less than all theoretlcal
calculatlons except that derlved on the ba51s of an 1dler1e=s NLCSE
,~mult1p11er assumptlon - an 1naccurate descrlptlon of the c1rcu1t uned
‘yhlch, in fact, contalned 1d1erc-
5.3_6‘ | The common . base doubler
The cOmmon base c1rcu1t 1s examlned g0 that more 1nformatlon
‘may be obtalneddabout=the mechanlsm of multlpllcatlon. ,The common
'vbase conflguratlon, u31ng the 2N3375. wasg generally leus stable then
the_common emltter‘conflguratlonha.n The doubler tends to malntaln
& conétanttoutput.power-irreSpective'of the input power level. The
coﬁmoh baée.configuration does permit a more exact exemination of
the collector-oase roltage swing (than the common emitter confiéuratinn).
The exact collector voltage wavefornm is very difficult to measure at.
high frequencies., The sampling oscilloscope used had & bandwidth of

about 1.2 GHz,. whereas exact measurements would require an oscillo-



scope with a bandwidth of about 2,0 GHz, 1In addition,vmeasﬁrements
at the transistor chip were impossible to oﬁtain and the voltagé
drop across both the coliector and base.lead inductances was
considerable, The effect of lead inductances could be observed, by
moving the oscilloscope probe along the collector lead towards the
outlet and the voltage was found to vary considerably., Thus

observations of collector voltage waveforms are approximate,

. The common base NOM doubler circuit was identical to the common

emitter configuration except that the base terminal was earthed

instead of the emitter. The earthing was effected by soldering the
base terminal%directly to the metal encapsulating can., The can was
bolted to ﬁhe commoﬁ earthing plate of thé circuit, Some perform-

ance figures for the common base doubler are shown in Table 5,1,

Table 5.1

Performances of a common base NOM doubler using a 2N337S'

192

Input Power Qutput Power Direct. Collector . Peak
0.400 GHz - 0.800 GHz .Current - A Collector
» ' : V.. = 28.0 volts Voltage
ce

2.06 watts 3,11 watts 298 milliamps 96 volts
0.99 . 3.02 282 96.

0.90 , - 2.82 | 272 | 98

0.855 ) - 2.85 282 S - 95

0.165 2.4 | 295 | i 9k
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Thg méximum output pcwer of the collector-base varacfor‘doubler

is ca;cﬁlated accordipg to Penfield and Rafuse35. The calculation
is similar to that for the varactor model in Section 5.2.3, viz.
| _ Bvp? '

omax ~— x Fluin/ug)
8

 where the funqtion F(“in/we) is determined froﬁ a grﬁph given in
Reference 35, From Section 5.3.3 wve havé 2%% = 0,0171 énd the
value of F(Yin/w,) for the doubler is h.Slx‘lo-“, The above Pgopax

is derived for an abrupt junction varactor (Y.éj 0.56) but examination
of the capacitancé versus voltage curVe,(Eig. 5;22) shows'that'tﬁe 
negative slope is 0,450 (viz, y = 0,45) and thusvthe‘pOWer handl ing
capability of this particular.va;actor (in a dpnblingbcircﬁit) is les§
than the abrupt junctionivaracporusQ The ratio, of §u£put powerv(for"
lov frequencies) of the above varactor 1o, the abrupt junction varactor

is 0.0220/0,0285 = 0'771n as derived by Leonardhs. The maximum

pover 6utput that would be expected from the collector-base varactor

ie thus,
| Vorax 2 - . 022
Pomax = .Qg%%- x b.5 x 10.“ X 55Es

The calculated maximum output power so derived is shown in Table 5.2
and compared with the measured outpﬁt povers,

“Also éhown in Table 542 aréléélculated maximum multiplied'qutput
p&weré for a NLCSE doubler. The maximum power is caiculatgd from
" Fige 4.10., The normalised input frqquéncy for the charge storgge

multiplier model is ”/ch- = 0,134 (calculated in Section_5.3.3).



Maximum calculated output powers of a transistor NOM (a 2N3375
doubling to 0.800 GHz.) compared with the measured output power.

Table 5.2

VGm&K' Po measured omax Pomax
Varactor Model | NLCSE quel
96.0 volts 3.11 watts 1.60 watts 7.21 watts
96 : 3.02 1.60 - 7.21
98 2.82 1.67 741
95 2.85 1.57 6.96
ok 2.67 1.54 6.82
ok 2,44 1.5 6.82
It is found from Fig. 4.10 that
" .
Pomax = C‘;ag x 21222 x .03l

The appropriate valuee of Pyp,, celculated on this basis are also

listed in Table 5.2,

It is evi&ent from the Table that the collector~base varactor

action is insufficient to account for the observed power conversion;
on the other hand the NLCSE multiplier action is capable of a greater

power conversion than observed in practice, In fact, it seems likely

that of the useful multiplied output power, part is the result of
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conversion obtained by varactor multiplication action and part by e NLCSE
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multiplication action: 1in the present caée, roughly half the out-
put power is due to the{#ctiog of each multiplication.mechanism.‘
The power handling capability of the NLCSE doubler is a function of
the'conQuction angle;_ The conduction period is assumed to be SO% of
the fundamental periocd but observations indicafe that the real
conduction period is appreciably less and hence the power handling
capability is less, Thé tripler and quadrupler are not:examined in
the common base configuration, due to their inherent instability.
It has been demonstrated that the varactor doubler 1s not capable of
héndling the transistor amplifier outbﬁt power, and it is well known
that the'tripler and quadrupler configurations of a varactor multi-

plier are incapable of handling as much power as a varactor doubler.:

e

5.k _ ‘Output Power of the Transistor NOM

In the earlier sections of thié chapter 1t has been shown that
the transistor NOM often uses the minérity carrier‘charge storage
characteristics of the collector-base diode, for frequéncy multi-
plication. In order that the NOM action may be understood, it is
important to know whether a varactor or NLCSE mechanism predominates,
If the power input to the nonlinear eleﬁent is small, a varactor
multiplication mechanism is most likely, while if the power is large
the multiplication is likely to occur through a NLCSE mechanism.
It is useful to find an expreésion deécribing the maximum pdﬁer'that
the varactor will convert into a harmonic, with ﬁhé NLCSE mechanism
coming into play if more power is applied to the nonlinear output

element, The maximum power that a varactor will convert depends
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chiefly upon the input frequency, the magnitude of the nonlinear
capacitance, and the maximum reverse volfage. The maximum reverse
voltage depends upon the biasing voltage Vpo applied to the
transistor, and not directly on th; transistor breakdown voltage,
Normaliy a separate varactor multinlying circuit uses a self-biasing
arrangement, since for efficient o?eration a varactor should almost
bottom, In the transistor NOM the multiplication cannot be optimised
in such a wéy.

An algebraic expression will be found to describe the ma;imum
input power to.fhe.collector-base varactor. Low frequency conditions
will be assumed in order to simplify the éﬁalyéis. The anal&sis is
based on the varactor doubler, as this is employed most frequehtly'f
and is representative of higher order multipliers., For maximum output
power from a doubling varaétor thé éatio of biasing voltage to peak

!
reverse Volt&ge(ygg_;ili) should be 0,344 from Penfield and Rafuse35.
BVB + Y

Rewriting the equation to suit the transistor NOM,

(Voo = Vogqy) = 34k (VCmax - Vosat! 241
At low frequencies the maximum butput power>of a varactor doubler
as derived by Penfield and Rafuse is,

o,
= ,0285 x BYp" 4 Wip
o e

=

P.
in max

or

Pin max - .0285 x BV

) o ,
D ¥ CcBmin ¥ Win _ 5.2

The application of Egn. 5.2 to the transistor must be carried out
with some caution. The breakdovmn voltage of the. transistor is very

difficult to specify at high frequencies. . The peak reverse collector



voltage depends chiefly uﬁon'the biasing ;oltage as deécribed

in Eqn, 5«1, The vélue of CéBmin' depends upon the peak revérse
voltage of the varactor or transistor collector, Ih addition, it is.
assumed that'the base-collector jgnction is abrupt rather thanrgraded

(with respect to impurity doping). A graded junction would have,

for example, a power handling capability of less than half that.indi-

cated by the above eguation., Thé equation can, however, be corrected

by using thé gnalysis of Leonardys. The maximum input power to the

collector-base varactor may be evaluéted in terms of the direct
collector volpager cee ’Substituting Eqn. 5.1 ipto 5,2,vwe obtain,

v -V
oo (. €C Csat
Ce t) xw 5.3

2
Csat) x 5

Pocmax = ,O-Ehl(vcc = y
vwhere PoCma# is the maximum power output of the_trgnsistor aé an
ampiifief'(eQual to the maximum inpufrpoweruto the varactbr); éhd
Cop(v) is thé colléctor-base capaciténce aé a‘functioh of voltage,
chat'is the saturation voltage of the collector and should include
inductive effects in the basg lead, - If the 6utput power from the
transistor (as‘an amplifier) is significantly greater than thaﬁ.
given by Egn. 5.3, then it is likely that multiplication is occuring
through the action of the NLCSE,

- The maximum pover handling capability of the collector-base
nonlinear capacitance as a NLCSE may be‘found in a way similar to
the varactor. I£ ig éséumed tﬁat the condﬁction angle is 50%., The
ratio of direct voltage to-pegk rev;rse voltage is 0,245, (Reference
18) This factor may be combined with the equation in Fig. 4.11 to

obtain (similar to the way Eqn: 5.3 is deiived),

197
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Pomax = 1.0h3 X (VCC - VCSE..'t)z xCxow S.h

1

and C is an average value of the depletion layer capacitanqe'which
is normally two or three times greater than CCBmin' ~Hence théfNLCSE,
doubler is able to handle about ten times as much power as ﬁhe
varactor doubler for the same biasing voltage (VCC).
If the input pover decreases from that given by Eqn, 5.4 the

conduction angle (or bottoming period) will be less than 50% and

the peak reverse voltage will be less than (VCC - VCsat) .
' ;2450

If the input power is increased the conduction angle will increase

as well as the peak reverse voltage.

245 Discussion of the Transistor HOM

Transistor nonlinear output frequencyvmuitipiiers ha?é been
“constructed and analysed, - It is evident that multiplidgﬁion often
occurs through a minority carrier chargé storage mechanism‘in_the
collector-base junction, This conclusion is at variance with
assumptions by other workeré. The mulﬁiplication efficienéy in the ,
transistor output was accurately'calculatéa usiné the results of

Penfield and Rafuse35

and also by the résults of Chapter Four,

It is clear that the ouﬁpétfmultiplication is often a combination
qf varactor gction and minority carrier chargé storage action, The
theory of minority carrier charge stofaée frequency multiplication
of Chapter Four is inadequaté to treat the transistor NOM properly

even though it is the best available, The derivation of a complete

‘theory tréating e NLCSE multiplier would, by itself, be a significant
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problem, A theory, to be complete, would have to allow for the
following: the nonlinear depletion layer capacitance‘and the minority
carrier charge storage, different possible Aiscrete~fgequency idlers,

a wide range of conduction angles (period over which the ﬁonlinear
element is bottomed), and the possibility of imperfect charge recovery.
It is likely to be sometime before such an analysis‘is developed and
preseﬁted in the scientific literature.

Although the available theory is not complete for treatment
of the multiplication mechanisnm, good estimates of HOM performance
can be made Q§ing varactor theory and the NLCSE theory developed in
Chapter Four: The amplifying section of the transistor NOM conforms
noderately well to the theory developed in Chapter Two, The effects
of feedback have not been analysed, these depending'gréatly on the
circuit construction and tuning of the input and output circuits.
Neutralisation can be carried out but difficulty is likely to be
experienced in the uhf range, for example, neutralisation might be
successful at the operating frequency only to cause oscillations at
another frequency. In addition circuit complexity is increased.

The occurence of NLCSE frequency multiplication modifies the
emphasis on the limiting transistor characteristies. A large
collector-base depletion layer capacitance is not as essential as
originally thought,22 and the charge recovery characteristics of
the collector-base diode become important, The operation of the
transistor as an amplifier with the collector vo%tage bottomed

becomes important.
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The multiplexer, composed of helical line resonating elements,
proved to be very effective with the transistor NOM. The multi-
plexer was, however, bulky and heavy, and would for general usage
need to be constructed differently. It is'felt,,however, that the
principle of tuning each harmonic individually is a good one,
and a different means could be found to carry this out, providing
physical compactness and light‘weight. The multiplexer was useful
as a measurement device because the losses at each harmonic, for-any
shorting stgb{setting, could bevaccurately determined and recorded.

Thus it is possible to make accurate estimates of the circuit losses

of the transistor NOM. Such estimates would be difficult with

. conventional lumped circuits,

Frequency multiplication at thertransistor output approximately
doubles the ﬁéﬁimum frequency of usefulness of the transistor, -The
amplifying section of the transistor (of the uhf NOM) had a power
gain of about three or four (at 0.400 GHz), and nonlinear output
multiplication increases the output freauency by a factor of two or
three with a fairly modest loss. The performance of the transistor
NOM is very similar to that of a transistor amplifier and a‘separate
varactor; however, circgit complexity is reduced and the neéd for
a separate varactor diode is eliminated. The transistor NOM is not
capable of amplifying amplitudermodulated sigﬁals, vhereas a well
design amplifier followed by a step recovery diode frequency

multiplier can process amplitude modulated signals.




201
~ CHAPTER SIX

CONCLUSIONS

The feasibility of using the transistor as a vhf and uhf energy
source has been demonstrated in the foregoing éhapters. The transistor:
not only amplifies but also generates harmonicé efficlently ﬁermitfing
frequency multiplication-well into the ﬁhf range. From the studies |
carried out here it is evident that a uhf eneféy source, deriving
frequency stability from a 1qw.frequency Cryséal, can operate effectively‘
using only transistors.as both the active and;nonlinear‘harmonic |
generating elements. The circuitry'qf & uhf energy source is liﬁely

to be simplest if transistoré.are used as the frequency multiplying
elements. .

A comprehensive study has been made of the ﬁwo most useful
frequency multiplication modes, one utilising{an input nonlinearity,
the other an output nonlinearity. The first, nonlinear input
frequency multiplication, is examined carefully in order to provide a
basié ﬁnderstandihg of the multiplication mechanism. The operation
of the multiplier is then analysed and performance characteristics
are derivedf The éimilarity between nonlinear input amplification
" and multiplication is exploited so as té extend the potential
application of the derived résulté»and also permit a‘comparison.betWeen
amplifier and ﬁuitiplier perférmance; In addition amplifier . ..

studies assist in the analysis of the nonlinear output multiplier.
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In Chapter Two it is found thaﬁ the power gain and collector
effiency ﬁerformancé lost through fréquency multiplication (compared
with an amplifier of the same output frequency) is not severe provided
that the transistor is suited to the application. The theory and
analysis of tﬁe "intrinsic base" is supplemented by the work of Chapter
Three in order to take into account the effect of the depletion layer
capacitances, these éleﬁents being the mdst likely to dégrade the
transistor performance in both the amplifying and multiplying functibns.
It is found that the limiting transistor characteristics are the same
for good frequency multiplication and good class C amplification, both
circuits requiring a éood high frequency, large signal class A amplifier
performance (transistor collector coﬁducting at all times) plus somé
additional characteristicsf 7 The typigal»large signal class Aﬁ
amplifiér requirements are: a high averaée maximumrffequenﬁy of .
oscillation fmax (ové} the full collector current and voltage rangé),
a small ratio of collector saturation voltage to collector breakdqwn.
voltage, a large collector power dissipation and a large product of
maximum useable collector current and maximum collector voltage. A
good transistor for high efficiency class C amplification or frequéncy
mulfiplication should have in addition to the above characteristics:
a iarge quotient of emitter-base breakdown voltage and extrinsic base
resistance, and a small product of extrinsic base resistance and
emitter-base depletion layer capacitance (rgbCéEl).‘ The latter

requirements are of increasing importance as the collector conduction
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angle of the transistor is‘redﬁced.'» In many high—frequeﬁcy power
transistor presently available, the reverse bfeakdown voltage of the
emitter-base junction is too low to‘permit effic%ent nonlinear input
multiplication. Thus before a particular trénsistor, proven in high
frequency class A power amplification, can be'cqnsidered for use in
class C applications, the reverse breakdown voltage of the input and

the CBElrbb product must -be checked to ensure sultability for the

application. .

Much of the analysis of the NIAM has depended upon assumptions |
that have not in pracfice been accurately met. The assumptions serve
the purpose of simplifying the analytic approach and also reducing the
required amount of data concerning thé tfansistor characteristics and

" equivalent circuit. However the assumptions -do not affect.éeriously

the accuracy of the analysis. The chief limiﬁation to an accurate
analysis is the limited amouﬁt of information available about any
particular transistor. "The published manufacturer's data sheets seldom
pfovide ail‘desiied informatioh required here, and often some information
must be infe}red, as in Section 3.5. It is‘ﬁndesirable to have to

" make measurements on an individﬁal tfansistor-before its performance

3h an smplifylng or wultiplying cireuit ecan be prediected. The atcurate
application of the theory of Chapters Two and Three dependé upon .
estimated linearised values for the nonlinear actions of the transistor,

such as feedback capacitance, extrinsic base resistance and high frequency

current gain,

A ST W AR s T T R T T
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Further work on the NIAM would be most productive if it were
aimed af using the results of Chapters Two and Three; taking into
account all of the diverse characteristics and limitations of the
transistor, with the object of finding the optimum operating conditions
of an aqplifier or multipliér fér a particular criterion (i,e. maximum
power gain, maximum power output, maximum ratio of output power to
direct input powef).

Chapter Four is devoted to the study of nonlinear charge storage
elements that have two capacitive states (an infinite capacitance state
and a finité, constant capacitance state) employed as a fregquency multiplier.
Preliminary ﬁeasurements with the transistor output nonlinearity used for
frequency multiplication, indicated that the nonlinear depletion layer
capécitance was generally not capable of converting all the fundamental power
that was applied to it. Varacidr multipliers operating with more input
power‘fhan they are theoreti@ally capable of handling are said to be
overdriven and‘power conversion then takes place largely.through the
action df minority carrier charge storage (occuring atlthe same time
in the same device), none of which are sufficiently exténsive‘and
general enoﬁgh to be applied to the transistor NOM. The analysis
presented in Chapter Four is probably the mosﬁ general (among those
without discrete frequency idlers) gvailable. It will deal with any
multiplication factor‘andrgives a good indigaéion of the efrfect of
conduction angle variation. The input and output resistances afe
.adjusted. for optimum efficiency. The results of the analyéis are

presentable in very compact form (i.e. two graphs, Figures 4.7 and 4.10
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and Table 4.1 will deal with any harmonic). Also, information on a
particular harmonic, if design information is not gifen, may easily
be cal;ulated.

The analysis of Chapter Four, although‘originally derived t§
analyse the transistor NOM, should find considerable application to
step recovery diode frequency multipliers. The analysis is based on
an idealised multiplying circuit of this form.

A complete analysis of the overdriven varactor is a formidable
problem. For present purposes consideration of a variable conduction
angle for the diode is desirable, as in the NOM the power input to
the varactor is usually the ﬁaximum that the transistor will deliver
and not optimised for mulitplication. Idling circuits should be
considered. The performance of the NLCSE should be specified as a
function of frequency, the diode losses due to series resisﬁance and
imperfect charge recovery being accounted for.

Chapter Five reports on vhf and uhf amplifiers and nonlinear
output multipliers that have been constructed and analysed. Examinatioh
of the output waveforms and output powers shows quite conclusively that
minority carrier charge storage action-comes into effect in such
multipliers. The performance of a transistor NOM is comparable with
that of a transistor amplifier and a separate varactor multiplier.
This mode of operation can double or triple the maximum frequency of
usefulness (fmax) of the transistor. ' For example, the uhf transistor

tripler studied hexeconverted a fundamental power of 1.0 watts at
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0.400 GHz into about 1.0 watts at 1.200 GHz. Thus the transistor
provided a unity power gain as well as tripling to an output frequency
of l.é GHz. The overall operation of the transistor NOM conforms
moderately well to expectations, based on comparison with a transistor
amplifier and a separaté varactor multiplier. Some expected deviations
from the above are found; for example, output multiplication ind¢reases
feedback in the transistor, so increasing the possibility of instabi~
lity, while maximum collector voltages are increased (the collector
voltage assumes a shape that is a compromise for best amplification and
for best multiplication). In the transistor NOM, the bias voltage

‘on the multiplying diode is determined by the collector supply voltage
VCC and not by a self biasing arraﬁgement; the amplifying and multi-
plying sections are not connected by ideal filters. -

The conclusion that frequency multiplication~occurs partially
via a minority carrier charge storage mechanism modifies the requirements
upon the'transistor_characteristics for efficient nonlinear output
multiplication. For example, a transistor should have good amplifi-
cation characteristics, even where the collector is saturated for a
large percentége of the time, and the transistor collector-baée
junction should have a good charge recovery characteristics. A large
collector-base capécitanée with a good nonlinearity (i.e.j{h= 1/2) is
not of the paramount importance previously thoﬁgﬂt;r in fact, a small
lcapacitance with a small nonlinearity would éermit good conversion

efficiencies.
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The measurements, carried out heré on the voltage wavreforms of
the uhf transistor multiplier could be improved to permit a more exact
examination of the 0peration. The transistor lead induc£ances
obscured the transistor multiplication actionvconéiderably. Better
measurements could be obtained by removing the transistor from its
encapsulating can and mounting it directly ont§ a suitable transmission
strip line, so permitting measurements at the transistor contacts. Or
alternatively separate leads could be brought out of the transistor
encapsulation which would be used purely as measurement probes, the
lead inductances not being so important as measurement current flow
could be small.

The transistor NOM uses fewer components than a transistor
amplifier and varactor multiplier; it is, however, incapable of
rmultiﬁlying amplitude modulated signals.r. ” |

The transistor, varactor, and step recovery diode héve exhibited
improved performances with device developments, permitting increased
use as solid state microwave energy sources. The improvement is
likely to continue for a number of years.,

The varactor and step recovery diode are éf interest, here
because of the way they extend the usefulness of the transistor to
higher frequencies. The maltiplication efficiency of a step rgcovefy
diode may be much higher than the collector pd&er conversion efficiency
rof a transistor but a chainléf such frequéncy multipliers - following

a transistor amplifier - will result in a low overall conversion

-
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efficiency (output rf power to total direct input power). In order

to enjoy the best overall conversion efficiency in a rf energy source
either a transistor amplifier or a nonlinear input multiplier should be
placed as close to the output as transistor performance will permit.

A rf energy source (using an amplifying transistor at the output) has
an overall efficiency equal to or better than a similar source using
devices such as the klystron. On the other hand, a rf energy source.
using transistor amplifiers followed by a chain of varactor or step
recovery %iodes - to obtain high frequency multiplication factors - is
likely to have bower conversion efficiencies inferior to the klystron

energy source.



APPENDIX 1

Graphical Fourier Analysis of Symmetrical Waveforms *

Figure A1.1 Jon

.};"’—' f(x) and,

fix) =~ AO + A1cosx + A20052x + A_cos3x + Aucoshx f A5c055x .

3

RN A6cos6x

Ty 4-2Y1 + 2Y5 + 2Y_ + 2Y4 + 2Y5 + Y6

_ 3
= , 6
) Y, + Ya + 1.733(Y1 - Y5) - Y, - Ye
- 6
Y+ 2y, - 2%, - ¥4
- — ,
Yo+ 20y 4 Yg = ¥y = Ty = Y = ¥y
- 6
Yo+ T, d.733(Y5 -¥) -, - Y

- ~—=

= 6

Ty + 2Y, + 2Y) + Yg - 2Y, - 2Y3 - 2Y5
= . 12 ‘

L

Taken from Reference 51 in modified form.
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APPENDIX 2

Computer Program for the Solution of Transistor Amplifier

and Multiplier Equations.

The computer program is written in International:Computer
and Tabulator Fortran IV to solve the equations developed in
Chapte: Three describing the pefformance of transistor ampli-
fieré and multipliers with fegdback. Shown here is the flow
- chart, the program and sample output. The sample output{shoﬁs
the.performahce of a doubler. A range of mismatch conduction
angles are chosen (2a ) and performance is found and displayed.
in blécks of four numbers, i.e.,

modified conduction anglé

calculated value of R ./

modified collector ef%lclency

modified power input ,
 The resﬁlté ofbthe’amﬁlifief through to a Quadfuplér were plott-
ed»in Figures 3.9 to 5.12 in'terms of modified conduction angle
and the calculated value of RL/RO.

Flow Diggram

Read data input
' valueshgf RL/Ro

[

Set harmonic n
to values of 1 to 6

v

Set values of

conduction angle

(2ay




Select values of

Ry/Ro

Subroutine Angmis
Set value of £

21

Calculate fa(oll,a,n) Lo
using Eqn. 3.18

C
alculate RL/RO using
Eqn. 3.17. If R/R_

larger than selscted

and if RL/R° smaller
make B larger and
repeat calculation,
If RL/Ro has corpect
value go to master

section.

Subroutine Srang

Determine modified
conduction angle

( 2e") using

Bqn. 3.13

1

value make € smaller ||

-

Subroutine Srmis
Calculate f, (ot/yn,8)

Calculate modified
collector efficiency

using Eqn. 3.19

Calculate input power

requirement using

Eqn. 3.22

Print

Modified conduction angle (2«)
Calculated value of RL/Ro
Modified collector efficiency

Modified input power

from Eqn. 3%.15
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. . Computer Program .. e
R H JORNSTGN _ L EEAB10CE

LIST(LP)
SEND TQ (NMT) .
FROGRAM (PROG FDKAMPMOD)

INPUT 1=CRO _
QUTPUT 2, (MONITOR)=LPO
TRACE

. END

MASTER FDK AMP ‘ )
DIMENSTON ﬁRSrH(xO):ﬂRCA(io):ARrM(10):AREFF(10):ARPIN(10) .
COMMON AAsAMINHICAFM/SFM
CREAD(1,3)(ARSEM{T)sI=1,8 )
3 FORMAT( 6(E&,2))
DO i NH 1lu
WRITE (2,7) NH
7 FORMAT (1H1,19)
DO 2 IANG = {,©
AR = 2,0 N
IF (NH JEQ. ) A&A = 1.0
AA = AA¥% ,314159 % TANG/NH
cO 4 JMIsS=1,6
SFM=ARSFM(JMIS)
CALL ANGMIS :
ARCA(JIMIS)=CA%{ 16,89
ARFMIUMIS )= AM/FM
DCI = (=COS{AA/Z) % COS{~CA+AA/2) % CA%#2/2#COS{AA/2) -
{ = AM/NHESIN(NH®CA) % CAv(~SIN{~CA®AA/2) = CA*COS(AA/2)
24 AMECOS(~NH*CA)) ) /3, 14159
AREFF(JMIS) = FM%,5/DCH
PI = 3.14159 ‘ ‘
FIN = SIN(AR)/A,0 % SIN(24CA=AR)/4,0 + C“/2 0= CDS(AA/2) L
1 (SIM(AR/2)=SIN(~CA+BA/2) )mSIN(2,0%CA) /4,0 = CA/2%COSCAA)
2+SIN(CA+AA/2)#CGS(ﬁQIQ)~CD$(AA/2)*SIN(AA/2)—MHﬁAM£((—COS
T3 (=pMHRCA~CAFAA/2) & COS(~-NH=PI=PI+AA/2))/(2,0%(NH+1) )+ (+COS
&(+N4*CA+CA+AR/9J-(DS(NH*PI+PI+ﬂA/2))/(2 Ok (NH*1))) o K
CIF (MM LEQ. 1 ) GO TO & qufwzm;g
PINY = (-CU\(-NH*PA+CA AR/R) W LOS(—NH@PI +P§ AA/Z))/(a 0%
P(NH=1)) + (=~COS(NH¥PI~PI-AA/2) % COS(NH2CA~CA=AA/2))/(2, 0*(NH~1))
GO TO 9 .
PINY = (PI-CR)«SIN(=AA/2)
PINX = PINX#*NHw»AM ] R
PIN = PIN = PINX e
PIN = PIN/NHw#*2 : o
ARPIN(JMIS) = PIN/(PIsFMs%2) .~ .
4 COMTINUE ‘
AA=AL%114,59

W,

e e e e+ - L R P

e e S D e



5 FORMAT(1HO E9,.3)

LomiB RS & 1]

36
37

38

i3

{0
12

11

. EN;) SEUR . S e S e B . 2 S UL F

20 ¥1S

21
22

5 UAM
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WRITE(R2:5) Ak

WRITVE(2,6) (ARCA(T)  I=14+0 )

WRITE(2:6) (ARFH(I) I=1,6 )

WRITE (2,6) (AREFF(I),151,6 )

WRITE(2:6) (ARPIN(Y) 121,56 )

FORMAT (1H , 8(K11,3))

CONTINUE

CONTINUE S |

STOP » , o O
END L — S

SUBRODUTINE ANGMIS _
COMMON AR, AMNH/CA,,FM, SFM
AWM = 2,0

UAHM 2,0%4M

 BFUAM o . . .
iF tuaM LT, ,0000001) GO TD 38 S e e
CALL SRANG _ ' o L
CALL SRMIS : o o
(F (FM LT, 0.0) 60 TO 36 , v

IF (ABS({1=aAM/(FW*GFM)) LT, .005) GO TO 38 -

IF (SFM =~ AM/FM) 36,38,37

AN = AM=UAM

c0 TO 35

At = AMSUAM

¢ T 35

RETURN L
END. . . -
SUBRUUTINF QPAMF _
COMBMON AA AMPNMICAFiM SFM

CAh = =2%A8A-,0001

DAMNG = =2#44

DANG= ,5+DANG

1F (DANG,GT,.=0,0002) 60 TO 1. . B
iF (Cﬂq(CA+AA/P)~PDS(H&/2)+AM*¥H*SIN\NH*CA)) {10r18,142
CA=CA-DANG : . . U A
c0.TO 13

CA=CA+DANG

60 TO 13

CAm=CA

RETURN

nn

SURROUTINE SPMIs

REAL MISH .

COMMON AAAM NH, CA,rm,SFM

(F (NH ,GT, 1) GO T0 21

1=SIN(AA/2)2CA/2

60 TO 22 . P L
MIZ31=~(COS{NH*CA~CA AR/ 2)-COS(AA/2)) /(2% (NKH=-1))

FME2/3 1424 ((COS(AR/2=CR* (NH+1))=COS(AA/2)) /(28 (NH+1))+MISL=(COS(A .

{A/21)%(=CA/NH.SININHYCA)+1 . 0/NH#%2aCOS{NH*CA)/ NHx#2)~AMR(CA/2

2+SIN({2%NH=CA) /{4, O*NH))+SIN(NH&CA)/hH*‘“SIN(~CA*AA/2)~CA*COS(AA/2)‘

3+AM*COS(=NH*CA)))
RETURN
END

FINISH
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Printout for the Second Harmonic

NO=-U. . NO =W N O NO =N Ut O -~ N

NO - U
P

-

Py -

2
0,360 2 : . : 4 R
0.360E 2 0,350E 2 (0.35QE 2 0.3%58E 2 0.,358F 2 0,35{E
G,142E =2 0,2008 O 0,500 O 0.996E 0 0,201E { . 0,499
0.Y974E . ¢ 0,874 O 0.Q74E O 0.874E 0 0.974E 0 0.975E
0,158E 3 0,180E 3. 0.1641F 3 0.163E 3 0,166 3 0,177E
0.720& 2 S o o B
0,720E 2 0O,715E 2 0,708F 2 0,697E 2 0.678E 2 0,837E
0,10GE =2 0,201E 0 0,499 O 0.999E 0 0,2001E { 0,501E
0,869E 0 O0,6C0E 0 0,902 0 0,S05E O O,.940E 0 0,920
0,227E 2 0,224 2 0,248E 2 0.2608E. 2 0,290E 2 0,373E
0.108E 3 o e S .
0.10RE 3 0,107E 3 0.105E 3 0.i1028 3 0,972 2 O0.883E
0,400E =2 0,200E 0 0,502E © 0,100 { . 0.19%E { . 0,501€
0,785E O 0,708 ¢ 0.797E O 0.808F O 0,823 0 O0,853EF
G,B46E 1 0,802 1 0.984F { O.{i1E 2 _0,i34E 2.  0,199E
0,144 3 o ) : ' ) . N :
“0,134E 3 0,142E 3 0,140F 3 0,136 3  0,i{30E 3 0,{i8E
0,100E «2 0,201E © 0,504 0 0.995E 0 .0,20iE .1 0,499E
0,645E © O0,652E 0 0,863F 0 O0,6788 0 0.704E 0 0,753E
0,501E 1t 0,543 { 0.60BE 4 0,705 1 0,901 { . O0,144E
0.18¢8 3 . B e e .
0.180E 3 - 0,180E © 3 0,180E 3 0,180E '3 0.{80E 3 0.{80E
0,100E -2 0.201E 0 0,BOPE O 0.i00E. { 0,201E {1 0,500E
0.4634E 0 0,494E 0 0,493 0 0.492E 0 0,489E. 0  0.48iE
0,404E 1 0.,6464E 1+ 0,508E _{  0.6088 . { . 0.816E 1 0,144E
0.216 3 _ . o R
0,248 3 0,218E '3 0,224E 3 0,231E 3 0,239E 3 0,250€
00,1008 -2 0,200 0. 0,501E O .0,99%E O 0,200E _{ . 0,501E.
0,34¢8 0 0,332E C 00,3078 Q .0.268E O O0,21CE 0 0,120
0,428 1 0,490E 1 0,599 { 0.811E 1 O0,136E 2. 0.407€E
0,252 3 L I AR T .
nD,252E 3 0,257E 3 0.286%E % 0,270E 3 Q,276E 3 0,283 3
0,998 =3 0,201E O 0,5028 0 0.997E 0 0,200E { 0,500 ¢ -
0.22¢E 0 0,196E 0 0,i652 0 0.,1296° 0 0,880 =i 0,444E =4
0.596E { 0,748E 1 0.102E 2 0.i60F 2 0,323E 2 O0,i17€ 3
0.286F 3 S r ‘ o S R
. U.288E 3 0,262 3 0.296E 3 0,300E 3 0.303E 3 0,307 3
C0,906E =3 (0.200E 0 0.499F 0 0,998 0 O0.199E | 0.498E
0,118E 0 0,.t00E O 0,602E =41 0.599E ={ 0,397E »§ O0,196E m{
0. 121E 2 0,164E 2 0,245E 2 0.4417E 2 0.9038 -2 0,348E 3
0,324 3 o o - o T
0.326E 3 0,325E % 0,327E 3 0,328 3 0,.329E 3 0,330E
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- Appendix 3 7
‘-:The Hermonic Multiplexer

‘The four output port multiplexer used in the opefatien of
the- uhf transistor nonlinear output multiplier is based on helical
Tine resonating elementshB. The helical line resonator is a
variation on a resonating quafter'wavelength trausmission:line
stub. The resonant element is gainihg widespreed usage in the
‘vhfeand uhf ranges. A sketch of a single element is shown in
Figuﬁe A3. 1.. The element consists of a~conductor'coiled into a
oylindrical cavity, one end of the conductor is earthed ’ the

other is left floating.‘ In thlS way small physical dimensions

are- achieved.

Eigure'A3.1

-

TN T
‘zf!:-—t,’q»-—v‘&—ll- P

—j*lof—

 Sketch of a "helical line resonating" element.



216

Initially a single resonafing.element was constrﬁcted and
used with the tranéistor for doubling for purposés of filtering
the second harmonic power and transferriné it into the load.

The power was coupled into the cavity by a loop located near

the earthed end of the helix (providing a magnetic caﬁpling) aﬁd
the power'was extracted from the helix via a probe located near

_ the floating end of the helix ( capacitive coupling output).

.The single resonator worked well and it was decided to canstruct

a more elaborate-filtering arrangenment using the helical resonator,

It was decided to make the filter with four output ports
tuned to the fundamental through to the fourth harmonic, that is
a port tuned to each of the freguencies; 0.40 GHz, 0.80 GHz,
-1.20-GHz and 1.éO,GHZ.rQA suggested arrangement43 for such a
ﬁultiplexer uses an inﬁut coaxial transﬁissionAline of 50wn.
which is short circuited at one end. The helical resonators
are capacitively coupled to the transmiséidn line oﬁe quarter
wavelength (or a multiple thereof) frdm‘the short. In this case

the 50.1. tranémissién line consists of a fﬁund copper conductor
placed ceﬁtfally into a.sloﬁ with a square croés section. This
slot intersects thékcylindrical cavities of the resonating
eiements permitfing the cépacitiﬁe coﬁpling betﬁeen the trans-
mission line and the rééonating elcments. Thus power is inserted
into the cavities using capacitive coupling and power is extracted

from the cavities using magnetic coupling loops. Figure A3.2
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shows the approximate construction of thé multiplexér. The
multiplexer was madé from a brass block and the loops and helices
were placed and adjusted (to pass the correct fregquencies with

low loss) and then the complete unit was silver plated. Tuning
screws were placed to modify the resonant freguency of each cavity.
The axis of the screws were placed on.the axis of each helizx.

Shown in Figure A3.3 is a photograph of the multipleker with the
top plate (containing the funing screws) removed. The output
.frequencies of each port may be noted. The tovn of each helix may

be seen, to be in close proximity to the center conductar of the

" Figure A3.2

— — 7 05— .
s i 2 e
tra§§mls°10n ﬁ7\1600
input ine
i A 555

" shorting
resonating Loo MHz 1600 MHz 800MIz  1200MHz plate

cavities Output ports

Top view of harmonic multiplexer with top plate (containing tuning
screws) removéd} The input and output ports are 50.4. systens.

The tops of the helices are capacitively coupled to the trans-
mission line and the ocutput ports‘are magnetically coupled (byv

a loop marked in black) to each helix.






219
of the transmission line. In Figure A3.4 typical useage df the
multipiexer is shqwn. In this particular setup the_usefﬁl power
output occurs at fhe second harmonic (800 MHz), the transistor
being connected to the common port of the multiﬁiexer. Funda-
mental power is rejected by the 6utpu£ f;lfer because a variablé
length shorting stub‘is-connected to the fundamental porf;: The
fundamental power returns-to the_traﬁsistor in an optimum phase
(the fundamental short circuit stub is adjusted for thié).and
is converted into a harmonic by the nonlinear efféct of the
transistor output. Most of.thegpowér will be converted into the
second harmgniq which is matched into a SOft coaxial attenuator
via a line étretbher and a pvarallel variabie length shofting stub.,
An attenuatq? and a thermistéf pover meter measure the.oﬁtput
?ower,from the filter. The”third and fourth harmonic stubs
are also adjusfed fo maximise‘secohd hafmonic power output. The
performance characteristics of the harmonic multiplexer have been
measured. The inserti&n loss of the multipléxer from the
common pért to each of the output ports has been ﬁeasured, EOJ\.
systenms beenvused on both the input and output. The performance
is shown in Figure A3.5 as a function ofvfreQuency.‘ The spurious
response of the fundamental vort to 1.17 GHz should be noted, this
being typical of transmission line resonating elements. Alsp
the isolation of 20db should be noted. Parasitic feed~through
ocecuring by.ﬁagnétic coupling of the slot (of the transmission

line) to the magnetic coupling loop of the output port. The third
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Insertion loss of each port of the multiplexer
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harmonic port had better isolation as modifications were made to
this one and eventually ihe output porf was capacitively coupled
to the helix.

Another performance of the multiplexer, of interest, is the

- power lost into the common port when a short circuit is connected

to the output port. This is measured for the fundamental to the
third harmonic port and the measurements are shown in Figure A3.6.
The loss is a function of theAdistance befween the output port and
the short circuit. The last two graphs may be used to estimaté

the circuit loss caused by the multipléxera
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Figure A3.6

Fundamental port (400 MHz)

-?z- . N

-3 | 1 1 | S | 1 L '
G - 10 14 18 22 26 30 34 3% 42
Stub setting in cm.

o Second harmonic port (800 MHz)

1 1 1 { -| 1 L ! ,
© 8- 10 12 14 16 18 20 22 24
, - Stub setting in c¢cm

N

0 Third harmonic port (1200 MHz)

Losses in decibels

-3 L W L1 | { i '
6 8 10 12 14 /6 I8 20 22 24
Stub setting in cm

 Reflection losses in three of the multiplexer ports, ai each center
frequency, when the output is terminated.in a short circuit. The
losses are a function of the distance between the short and the

multiplexer. Lengths shown are direct GR shorting stub reédings.
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