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CHAPTER I
THE PROBLEM
A. INTRODUCTION

Since the advent of the transistor in 1948 many tech-
nological barriers have been overcome in the field of semi-
conductors. Unfdrtunstely; however, there is s considerabls‘
period sztime between the discovery of a scientific phenom-
ena and 1ts widespread use and understandlng by practicing
engineers. The notlvatlng factor which prompted this inves-
tlgntion was prlnarlly the lack of knowledge which the author_
possessed concering tran51stors. The selectlon of the emnll—
fier and 030111ﬂtor de31vn conflned the study prlmarily to
the transistor. Cons1derable_t1me, however, had to be spsnts
in the study of basic transiston theory before any phase of

the design could be effected.
BoVATHE-PROBLEN_

Statement of.. problem. This study was undertaken to-
1nvest1gate the theoretical and practical apnllcation of the
transistor in a band pass ampllfler and a variable frequency

oscillator. The primary objective was to develope a unified-



design approach for both circuits. The specifications which
the intermediate frequency amplifier was expected to meet
were§ (1) a power gain of 50 dbj fé)'a;one megacycle flat re-
sponse using staggerAtuning.i ihe‘oscillator was to be varia-

bly tuned‘anq operate at a frequendy of ten megacycles.

Importance of the study;’ Bénd pass amplifiers are used

in many electronic applications. Ih any communication network
where radio frequenciés are used as the carrier of information
it is’necesSary_tq have at the receiving portion of the Sy=-
stem amplé means for the amplification of the incoming s;gnal;
The intérmediate~frequen¢y ahplifiérs in radio_?ecéivers; for
example, provide up to 90% of‘the‘required gain, therefore,
these amplifiers afe a major part of most receiving systems.
'Oscillatoys find application in many types of systems includ-

ing radar, radio, and television as prominent examples.

- It nmight be well to.point out; ét this time, that
many of the concepts used in deSign>offlow_frequeﬁcy émplifigrs
are'appligable to high‘ffequency circuif desigﬁ,with some'ref
servation; in general, the design of high frequency’circuits,
are more complex dué to the nature of the transistor and

circuit components.



C. THE SCOPE OF THE INVESTIGATION

‘The investigation was divided -into two parts, a
theoretical analysis of the circuits and an experimental

verification of the design.

Theoretical investigation.’ The design of the amplifier
circuit involved an investigation of the neutralization of
fransistors, coﬁpling“networks, bias Stabiiity,.input im-
pedance measurements, high frequency equivaleht circults,
and basic ﬁransisfor theory. Much of the information ob-
taiﬁed.ih the étudy of the amplifier proved useful in the
design of the oscillator circuit.

Experimental ver;fication; The intermediate amplifier
and oscillator were constructed;f Experiments were then con-
ducted to enable a comparison with.the-theoretically expected

results and those actually obtained.
D. REVIEW OF LITERATURE

in the interest of preserving the eoherence of the’
investigation a review of literature will not be given at
this time. As the need arises; background ihformation will

‘be provided during the developement of tﬁe differenf phases



of the design.:
E. ORGANIZATION OF. THE REMAINDER OF THE THESIS

In Chapter II the equivalent:circuiﬁ to be used in
the design of the amplifier is presented. - Included also is
a study of the theory of neutralization, the design of the

neutralizing circuit, and the experimehtal results obtained.

;‘Chapter ITT is devoted to the theoreticél debermina-\
tion and experimenfal verification of the input.impedance of
the transistor in the grounded emitter configuration. The
bias network and stability of the transistor is. treated in
Chapter Iﬁ. Chaptef V is concerned with the determination
of the fequired bandwidth and'coupling:networks; Chapter VI
is devoted to the determination of power gain. The material
in Chaptef VIfAis concerned entirely with raﬁi@ frequency :
~ oscillator design and experimental results obtained from

tests performed on the circuit.

The conclusions and suggested fields of endeavor which.
could prove fruitful‘as'far as providing additional«infora
mation about transistor amplifiéfs and oscillators are men-

“tioned .in Chapter VIIT.



CHAPTER II
NEUTRALIZATION OF THE TRANSISTOR AMPLIFIER
A. INTRODUCTION

A two terminal pair network is ﬁnilateral'if'an_ex—
citation placed at one terminal pair produces a response at
the sgcond ferminal pair aﬁd an excitafion applied to the
'éeoond terminal pair produces. no respdnse at the first ter-
minal pair, Netwqus,capable of transmission‘in both the -
forward and reverse direction are considerea nonunilateral

or bidirectional.

A transistor is inherently a nonunilateral device.
This fact presents the design engineer with a formidable pro-
biem.when attempting to design a tuned radio frequency ampli- .
fier., In this respect vacuum. tubes have aﬁqéfinite~advanéége
since they are eésentiallyxunilaterai in nature exceét at

extremely high frequencies.

B. THEORY OF NEUTRALIZATION

Méthods :of neutralization;- The transistor being.of

a nonunilateéral nature is- capable of backward transmission

.or internal feedbackf' The disadvantageiéf this is twpfold:



1. The input and output immittances respectively . .
are functions of:thé load and generétor im-
pedances.
2. The circuit may become_oscillatory without:
the addition of an exte:nal'feedback.oircuit.
TheAaboveidigadvantages make 1t necessary. to neutralize,traﬁ-

sistor circuitS‘uéed in the above mentioned.application;

.When stages of.an amplifier are tuned the depend-
snee of‘oﬁtput and input immittanceé on the 1bad and gen-
eratbr impedancesAmake accurate alignment of the;stages
virtually imposs;ble;. For example, if the reasonant fre-
quency of the second stage of a three stage amplifier is
changed by éome inéremént of frequency, the impedance of-
fered to the following stage is subject to a change as well
as thé input impedance to the second_étage, ‘Thereforé,‘a
means by which these ,.d.isadvantages are eliminated is re-
quired if‘transisporsiare to be used at high frequencies

in tuned amplifiefs;

Currently there are two means available by which the
effects of~bagkward'transmission qn the input éhd'output.imf_
pedanqes,of transistors can.be elimipatéd; ‘Firsti thehgtages

may be purposely mismatched, that is, instead of matching a



1500 ohm output to a 300 ohm input, allow the output to
goce approximately a 300 ohm load. The loss of'pdwe? for
a miocoateh guch as this is only approximately 2 db. Sec-
ond, the amplifier may be made unilateral or neutralized
by the addition of an external network. It 1s the second
methed which is of primary concerﬁ«since, its use results
in maximum power gain from the transistor. In some cases1

vmorc eomplete neutralization is used, the amplifier haso a

- groator gain than that obtained from the unneutralized unit.

Tgeogg of neutralization. A two port device can be

dofined completely by two voltages and two currents as shown

below in Fig. 1.

/( s 14;—'_1
TRANS 1STOR ]

2
8

FIG. 1 TRANSISTOR TERMINAL VOLTAGES AND CURRENTS

There are six sets of two linear equationswhich may be
uged to describe a two terminal pair networi. These equations
involve six sets of different parameters, four of which are

useful in determining internal feedback. These parameters are:

1All references are in the bibliogravhy



1. h parameters
2. ¥y parameters
3. =z parameters -
4. g parameters.
These equaf;ons heve this general form in matrix notation:
ri‘ K T KI‘L Ll . L
= : * : (1)
H-a. Ko K [+ '
where Hi_denotes the dependent variable, Li the independent
variable,'and Ki-the network parameters. The K parameters
have a~physica1 felationshiﬁ to.the network depending on
their positlon in the matrix. They are: ‘
' Kll is'an input 1mm1ttance
K12 is a backward transfer ratio
K21 is a forward transfér ratio
K22 is an output 1mm1ttance
K12 is the parameter which determlnes the magnltude of the .
response at the input terminal for an excitation at the out-
put terminals. K is responsible for -internal feedbaok,

12

The network is unilateral if K12'is equal to zero. -
The'importance of unilateralization_is readily seen by com-
paring the input and output immittance of a unilateral énd a -

-nonunilateral network.



‘Consider the circuit in Fig. 1. The two linear equa-
tions for the nonunilateral configuration are:

é = /4u Aﬂ * ’z~42a S
(2)

‘44 é.fézIA{ *-/{zz.CﬂL
?he input impedance is ’
Z’/”:.;/,, ,.'4,2/21

%22 ~ X .(3)

The output admittance is

g‘é;‘éﬁéi )

When the network is made unilateral h12

is equal to zero and

the input impedance is ,
Zw =Ny =9 (5)

The output admittance:fs
%i = /2,2. -d : (6)

Thus, we see that a neutralized network has an input
and output immittarice which is independent of Zg or Yr. The
probiem of refleétedvimpedances'is_ﬁheréby’eliminated by
complete neutralizaéion, which in essence;'is achiéved'by:

making the inpuﬁ terminai% response independent of the ex-
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eitation at the output terminals.

An equivalent circult for the common cmittor con-
neotion is shown in Fig. 2 below<,
K WV — l {}';gj

£4 “, Zé c

| ZACYA1Z
V < 6 Y4 z
/ T Ge E; ::Ce ]
o :g /e )
/4 T /- /ﬁ' Ao
(o= 2 (o2 =
¢ e e~ AW AL Pok
_ /2 ‘= 5(’&540/,4’6 i&g/s AN CE '
A e - |
= FIG. 2 HIGH FREQUENCY EQUIVALENT CIRCUIT

To determine the external feedback required %o
cauge the backward transmission to be zero é balaneéd bridge
eircuit shown in Fig. 3 is utiiized_in the analysis. Ré.apd
r, are neglected because of their large relative magnitudes?k

i ——}
_C/ rb’ . CC’

AR,

FIG. 3 A BRIDGE NEUTRALIZED CIRCUIT
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The required elements to effect complete neutrallza-

tion are Cl, 02, C3, ‘and R. For a balanced bridge

[

G W G (7)

Ir l"b'«a,l—ccthen the effects of feedback through Ce are cancel-
led by inserting only Cie This does not result in complete

neutralization but does coneidefably reduce the variation of
input and output impedance. The partiélly heutrelized output

impedance is derived in Appendix 1.

The 2N12?1 has an extremely low rb'C product, typical-
ly, 300 psec. The symbol used for 10~12 is "ph, C is ap-

proximately 3 pfrds and rb' is very much less than X;.
C. EXPERIMENTAL DETERMINATION OF THE NEUTRALIZING CAPACITANCE

'The neutralizing capacitance was determined experimen-
tally by applying a BF signal at 10 Mc to the output of the.
transistor. ihe'magnitude of . the signai at the imput: was
tuned to a:minimum by varying Cn} The eircuit_used to ac-
eomplish'this is shown schematically in Fig. 4. Fig. 5
shows "the aetual reduction of feedback veltage by neutraliza-
tion. The actual chenge was .03v to .002v with a.signal of

.31v on the collector.
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10K

—t ]

- % ok L

FIG. & NEUTRALIZATION OF TRANSISTOR

Ao

Bo

FIG. 5 THE BASE TO EMITTER VOLTAGE

‘ A, UNNEUTRALIZED
B. NEUTRALIZED

TR
_J_ % 4 7% _ '.C’ ;', iﬂ_f_"_}@fw@arm :
1 |




13

Proseiurc'. The prosedure >used in the'experimental
determination of C, was to apply a signal to the output aéd
. vary C1 until maximum voltage was obtained at ﬁhe'oscillo—
_scope. This indicated when the collector tank circuit was

tuned to 10 Mc. C, was then adjusted until the signal at
the base was. the smallesﬁ value obtainable. The neutraliz-
ing capacitor was then measured on the "Q" Meter. .The

values obtained for C, are shown in Table 1.

TABLE I NEUTRALIZING CAPACITANCE -

Unit Cp | N2/Ny Cp
B 4,0 . 1.66
4.8 1.96
D ?'o6 ) 3015

The quantity N,/N, C, is the value of Cn used if the
output transformer had a turns ratio of one to one. Cn X
NZ/NI should be approximately equal to Cé where ﬁ1/ﬁz.=
2.41

Conclusions. The effect of neutralization on the .

eirouit was realized when upon completion of the emplificy

~_obages an attempt vac mado to accurately tune tho coupling
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networks., Without neutralization the spurious oscillations
were so éévere that no:tuning could be accomplished until the
neutralizing capacitors were adjusted; fhe valués obtained
for Cn were within the specified range for C, and are there-

fore in agfegment with the theoretical expectations.



CHAPTER III
INPUT AND OUTPUT IMPEDANCE DETERMINATION
A. INTRODUCTION

Prior to the design of interstage coupling networks
the input and outoput impedaﬁces of the transistor must be
known. This énables the designer to meet -the circuit re-
Quireménts for a specified Q and, at the same time, match

impedances to effect maximum power transfer from stage to

stage.

Statement of the problem. The input and output im-

pedance of a transistor used in high frequency applications
must be neutralized unless the transistor has incorporated
in it_some particular mechanism which causes it to compléte-
ly or, at least, .for all practical‘pqrposés4td act as a
unilateral devidé, The tetrode transistor is one. of this
type. A potential is placed across tﬁe,base regi&n which‘
reduces the efféctive path for carriers, conséquently, a

decrease in the high frequency resistanceArb’ is realized. -

The transistor chosen for this particular applica-~
tion is a surface alloy diffused base transistor manufac-

‘tured by the Philco Corporation. This transistor is es-
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peqia}ljisuiﬁed for high frequency éppliqationélaﬁ ten
mggacjgles becagse.it has akloﬁ ry" dc productff.ihis tran-
sistor, however, must be neutralized by some external means.
Neutralization and the reason it is requiréd are discussed

in Chapter II.

The problem is the determination of the input and out-
put impedance of -the transistor with neutra}ization. The_
ﬁeutraliied‘input énd"output‘impedéncés are, with,good ap-
proximation, equél to the input and output short circuit im-
pedanceg of the transistor. This method is suggested by fhe

Philco Corporation.3

The chapter is divided into two parts, (1) a theore-
Atical_anal&sis of the experimental measurements to be car-

ried on and (é) experimental results.:
B. THEORETICAL ANALYSIS OF INPUT AND OUTPUT IMPEDANCES

The transistor can be described adequately using h

parameters; :
éﬁ = /i;zé > Aﬂ& 6%;
A~ ‘4{3)4&iﬁ*‘ 22 f;~

Upon addition of a neutralizing network adjusted so

(8)

that h12 =_0 a new set of h ?arameters are obtained.



.
/. : :
é, A,// * (U &
. PR o
A= /42146 * Aéz 3 - 09)

If in a transistor E2 = 0 a good approximation to

the neutralized input impedance is

&,
Ziw = A é,, (10)

/

The y parameters for the transistor are defined by

the following equations:
/»/ .-'fll"ol * Sz 62.
/(2, :VV;z/g ”_‘yz.z. €

In the typical junction transistor today Yq1 is much less

(11)

Athan Vi The magnitude of difference between Y11 and Yq2
being approximately a factor of 10 or greater, the input -

impedance is not affected appreciably by neutralization,
that is,

G = * (12)
‘J/u" = //z | - (13)
Jn' 3 J// (14)
The admittance parameters yi‘ apply to the neutralized

circuit, yi“ to the neutralizing circuit alone, and y; to

the transistor.
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The short circulted input impedance was measuredat
9.0, 9.5; 10.0, 10.5, and 111m¢ggcycles.' The circuit uséd
to measure this is shown in’Fig.=6;' The.equivalent dir-
cuit used to theoreticélly deﬁermine the input impedance
was chosen becauseAit is well éﬁited for this_particular
application.” It was developed by 5.’§.’Angell.4 fhe |
equivalent circuit and solut;on for the-input impedance is
shown in Appendix 2. The short circult and partially neu-
tralized output impedances are determined and compafed in

Appendix 1.
C. EXPERIMENTAL DETERMINATION OF INPUT AND OUTPUT IMPEDANCE

The first method investigated to provide input and
~output. impedances proved too inaccurate and cumbersome to
warrant its use. . Essentially, the approach-was to resonate
a tank circuit with thé input capacitance‘of.tﬁe transistor
and then remove the tank circuit from:the ihpﬁt;; The tank
circuif was'then commected to the input terminals of a Q
meter and the required cépaciténeé to reSdnate the circuit
af the specifiéd'frequency>waé measured. - The magnitude of
the input impedance‘was}détermined'by measuring the voltage
aéross the input and_thé currént.thrdugh ite Once the
magnitude of the inﬁutimpedanpezmmi the capacitive reacﬁ;A

"ance was obtained the resistive component of the input was
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determined.  The result of the measurement was not in agree-
ment with the theoretibal expectations due to the variation
- in stray capacitance caused by moving thé tank circuit,_and

the difficulty in. reading input voltages accurately.

The metﬁod which was used with a fair degree of suc-
cess was one incorporating a high frequency bridge circuit
used in conjunction with aAsensitive receiver. fhe bridge’
circuit also provided measurement in far less time than the

previous method described.

..The equipﬁent used in this measurement was 605A
General Radio Frequency Standard Oscillator, A General Radio
Typé 916A Bridgé,‘andja Hammerlund Super-pro Receivers This

equipment was comnnected as shown in Fig. 6.

The Type 605B Standard\Signa; Génerator has a frequen-
cy Range of 9.5_1(.‘0,, to 30 Mc. and the: output is continuaiiy_
variaﬂle ffom:0;5~microvoits.tqg;l volt. The type 916A'
Radio Frequency Bridge is a‘m;ii instfunjef_it for use in measur-
ing-impédance»atmfrequencies from %00 kfc; toA6O Mc,z'Thé
Hammerlund.éupefépﬁo cheiver cqversié_frequency range:of
1dO_k§c;~tof20 Mc.  The receiver.hasftwo;feature§»yhigh‘are

essential to pérmit‘its use as a BridgeAdetector;~a manual
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AVC "on-of f" switch, and a beat frequency oscillator.’

The oscillator, which provided a constant amplitude
signal, was comected to the input of the bridge. The un-
known terminals were connected to the inpﬁt (or qutpﬁﬁf ter-
minals of the transistor. The outﬁut of ﬁhe'bridge was con- ’
nected to the receiver which was tuned to the frequency of
the oscillator. The AVC was turned off to ensble accurate
selection of the null point, and the beat frequenconscil-
'lator in the receiver allowed detectibn of the constant

amplitude. RF from the bridge.

The impedancés were read from the bridge. Since the
bridge was a series impedance measuring device the readings
were converted to their effective parallel impedances. This

was accomplished and the result shown. in Table II.



TABLE II

INPUT AND OUTPUT IMPEDANCE OF THE 2N1271
WITH FREQUENCY AS THE VARIABLE

21

I, = 2 ma., Vg = 10
UNIT B.

Frequency | Ry, (ohms) | Cyp (pfras) Ry (ohms) | .C, (pfrds) »
11,0 467 15 2290 5
10,5 50k 15 2290 5

10,0 505 15 2000 5
95 523 15 2600 5
9.0 L&7 15 2270 5
UNIT C.
Fﬁe‘gneﬁ.cy R-in- (thm.s) Cin (—pfrds)‘ ‘Ro (-ohnis') | Co ‘(pfrdc')
9.0 167 15 700 - 2
9.5 489 15 2810 2
10,0 571 15 3080 2
10,5 548 15 3120 2
11,0 640 15 3250 2




TABLE II (continued)
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UNIT D.

- Frequency | Ry, (onms) | Cy, (pfrds) R;) (ohms) Co (-pfrd.d-)
11.0 191. 20 2060 2
10.5 194 20 2050 2
10.0 214 20 2350 2
9.5 201 20 2221. 2

9.0 2010 2

177

20
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CHAPTER IV
BIAS NETWORK DESIGN

A. INTRODUCTION

There has been considerable work done on the bias stab-
ilizaﬁidn of transistors. It is thélpurpose of this chapter
to design a bias network which will afford stability over
a raﬁge‘of temperature ffom 78°F. to 250°F. The method of
approach to this problem has been investigated by SJ‘K;;Ghandis
and it is Hisicbnclusidns which are used in the_phjsical ei-

planation.

Changes in,temperature to which a transistor is sub-
jected results in a shift in operating poipt and in somé_
instances causes the transistor to.déstrby itself. _Incréas—
ing femperatﬁrés cause electqn-hole pairs to bé:generatedzin
the base and colléctofirégionéﬁf In éﬁ'ﬁ?ﬁ tranéistor the '
éieotrons tend to migrate to the collector and the holes to
the base. The result is the leékagg burrent_increasés;‘apd'
thé‘base region deveiopes é ho}é;excess causing base cufrent
tb‘f10w.' fhé amount of base current which‘flbws'depéndsvon .
‘the magniﬁude'of the impedanée_in the base lead. If in'a

unit timé only a fraction, K, of the electréns entering in
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A /2 N
é‘__ <*r—Lcso q———M-ZE
*“r—8Zeeo | .
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<] 4____ a(/; < Lo
KLnol

FIG. 7 TRANSISTOR CURRENTS |
£ho base are removed the base current is K I . The (1-K)
I.po causes electrons to be iﬁjected from the emitter, which
increases the emitter current. A fraction of these electrons
reach the collector and (1-o() combine with holes in the base,

which results in the current relationships

A Le(1-2)=(1-&)a [ 4, (15)

(16)

ZiJZE =X ALe = ,/—/( Alces X

- |
This increase in collector current results in increased '
dissipation in the collector and consequently a slightly higher
temperature which causes an increase in electron-hole pair
production and the process is repeated. The ambient temper-
ature and the cooling technique utilized determines if the
process lncreases until the transistor destroys itself, or

at some elevatéd temperature becomes atable.
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The second factor whioh increases the’ thermal sensit-
”ivity of this .device is the forward resistance of the base to.
gemitter diode. The resistance of this Junction deoreases as

. the temperature‘is increase@.resulting in a further increase
iﬁ emitter eurreﬁf}‘ The magnitude_of this~incpease is de-- .
. pendenp oﬁ the relative impedanpe levels of the base and

emitter leads.

: in general stabilization is improved if (1) The base
is fed from a low impedance source (K~91), (2) The emitter -

is fed from 2 high impedance source (AIeﬂ>0)

"B, DESIGN CONSIDERATIONS

_ The previous section prov1des a2 physical explanatlon
. of the mechanism’ of operating point variatlone with temper-

" ature changes.~ It»is necessary now to exemine each,factor in
pafticular-whiCh affectspthe'stabiliZation ef ﬁhe operating
- pointy

The specified maximum and minimum values of current
gain hfe et the operating p01nt 1s an 1mportant consideration.
since the variatlon in hfe takes into account ‘the change in |
current gain anticipated 1f -the tran51stors are replaceableo

The veriatlon of hfe caused by temperature‘changes must also .



be. includedg this 1nrormat86n oan be obteined from'grephs’
‘uwoually: made available by tho manufaoturer.* The variation _
.of oollector current whioh wae aisoussed previously 1noreaeea
;6 5 - 8% per degree centigrade and doubles with a temperature
ohange of 9-11° C. -In the design of the bias network, the -
minimum valve of Icao ispaeaumed~zero, and the max;mum va19612

‘18 obtained from transistor curves of Igp, versus temperature.

The variation of VBé must be taken . into account.
Undor normal bias conditions Vag for a silicon transistor: is
iapproximately .7 volts but it may become necessary at
]elevated temperatures to reverse bias this junction to ob- -

_tain low values of collector current.’

Fig. 8 shows a typical grounded emitter stage which .
‘1s'a general oircuit.» This ciicult was analyzed and from
%ﬁthe reeults the resistive components used in the final cipr-

-eult were ocalculated.

FIG. 8 TYPICAL GROUNDED EMITTER STAGE
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1¥mThe\féllowing équations apbly‘to the circuitkin Fig; 8.
Ite = 7= o an

L= /{fej;s *]:‘E’o = /;/e 03 *‘/)’e *//]"0 \ _(»1-8)
| | = ofLe +Leo (19)
JE - //{,ee w1 ) Lo # Leo.  (20)

V; / *(/_Z;. £ fa(& - (21)

The method used to design the blas network was to obtain two
equaﬁions for Vgt
1. Wnen the temperature is at_ifs minimum valme,”
I is a"m;nimum‘and the worst conditions that\;
could occur are for hfé= hfe g’ VaE = vaeméx’

and I = 0. Thus,
. . co .

- / .
Vd:///ﬁ_f;/? * /Ej gf(m*/f/mmr .(22)

2. When the temperature is'at its maximum value,

IE is a maximum and the worst value the para-

meters could have are. for h = h C
_ - . fe fe max

\Y =V y I =1 - . Thus,

" BE 8 min co co max

/ﬁ é—b;%— + e Iemm *Vssum Icoﬂm( KE (23) '

Solving Equations 22 and 23 the value of R can be calculated

- 1h terms of B“uand the circuit parameters. The fesulting ‘
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equation is of fhe'form C
Mp= MR C (24)

where K and C are constants. To convert to a single battery
bias network VB had to be determined from Equatiqn 22; Phis

is done in Section C.

Stebility relationshin. The stability factor of the
bias‘circuit is defined as the rate of change of I° with re-
spect tb I.o° This factor giyes an indication as to the re-
lative merit of the bias circuit when subjected to changes‘in;
temperature. 'Equation 21 is used in the determination of the

stability of the network with the following substitution for

_— — ) e .
L= _/37“" - Leo (25)

bage current:
. <
. Making this'substitutioanK-IB, replacing Ic:by IB +
Iy and neglecting Vie an equation for stability is obtained
by differentiating Iciwith respect to Igg.

+1-of (26"
C. DESIGN OF THE BIAS NETWORK

Enumerated below is the procefire used in the bias.

circuit design.7



1.
2.

3.
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Range 6f temperafure was 78°F to 25Q°F.
The values of fqo obtained from & graph sup-.
plied by the_manufacturer was Igg.pay = 50 micro
amperes and Ico min = 0;

TheAcurrent gain was determined by using the man--
factureﬁé tolerance and adding to. the maximum.
specified value the variation due to temper-
ature at the upper limit. This was determined
from a plof of the transistbr parameters versus
temperature. The minimum value,of hfe remained
the same because the paramétér variations were
nérmalized to 78°F. The maximum value for h,

fe
was 47, and the minimum value was 11.

- The maximum and minimum values of emitter cur-

rent were determined by the points on the 1

versus power out curve at which the gain was

reduced by 1 db. The values of IE determined.

vere IE max = 2° 76 ma.  and Ia min = Lle 55 -ma.

The actual values used in the design equations

were modified by a factor of 15% due to the -

'tolerance of bias re31stors. Thegcorrection_

resulted in IE max = 2.23‘ma and Ie min =
1. 795 ma. ’

U31ng Equations 22 and. 23 B was then solved

in terms of R o
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o {Tenax ~Tenw) Re +Vaenm- Voe nac
Ra= - *
iIconA!-:[EIUK *.:[E'HLU
Nie max ¥/ “Wio Hiw +1

(27)
Let R. = 1000 ohms which is sufficient to swamp the

base to emitter forward resistance. Rg is equal to 2.25K.n

ohms.

The value of Vg is determined from Equation 22 which
1s the condition of minimum temperature. Close examinatibn”
of Equation 23 shows why the Vg is determined from the equa-
tion for minimum temperaturel The term e-(ICO Rz)which be}
comes significant at;highktemperatures has a tendency to'L-A
lower V, . ‘Therefore, in the design the highest value of Ve
is chosen and the associated voltage divider 1s caléulatéd
for this particular quantity. ‘

The bias circuit used_forvthé aﬁplifier.is_a‘single“ |
“battery type shown in Fig. 9.; 3 is equal to Rg . ‘The:;e;>

2
‘neglects the 1nput coil resistance.

R\ - VQC

sistor R, may be found from the followlng relationship whioh

Ve R - (28) :
| aAl"so\, ) | | R o
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& Ve | 2.9Ka

Rz = Vec-Ve (30)

The final bias circuit is shown in Fig. 9.

-Q

(qA

%oxﬁ.

Iagq!

[
s T

FIG. 9 BIAS CIRCUIT

% 29K

D. EXPERIMENTAL RESULTS

Ihe proscdure . To check the accuracy of the design

equations one of the units wes subjected to a temperature
ochange of 172°F to determined the variation of I,. The
trangistor was inserted in the designed bias circuit, and

the voltage across R; was monitored by using a vacuum tube
voltmeter. A heating element was connected to the transiétor.
The temperature was controlled by a variac which supplied
power to the heat source. Temperature readings were obtained
from a Weston thermometer attached to the heating element. fip-
proximately 15 minutes was allowed for the temperature to
stabiiize before the initial reading of,IE was taken. The

same interval of time was allowed between each successive
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reading. This data shown in Table III.

Conclusions.A‘The results are plotted graphically in

Fig; 10, The variation in ie,as-the temperature was changed
from 84OF to 250°F was 144 micro:ampereéQ The‘emitter’cur-.
rent stayéd wéil withinAthe upper limit.of the desired value
of 2.76 ma., siﬁce; the maximum experimental value of Ia was
less than 2.0 ma. The minimum value of ie allowed was 1.55

ma. which was considerably less than the'minimum obtained ex.

periﬁentally (1.8 ma.) .

Thelstability predicted theofgtically was 2.94, this
is in close agreement with the experimental fesu}ts; The
graph of Ico versus femperature-provided-by the manufacturer
shows a wvariation ih Ico of 50 micro.ampefes over the'range
of - temperature considered. The expected increase in I, is S
ico which is 150 miqro amperes. _The.valug'fbund experimén-

tally was 144 micro amperes change in ie’

Since the network-is_designed'for maximum.protection
at the highérftemperatures, the value'bf I, is usually iowgr
phan the optimum value of 2 ma. at which maxihum power géin
6c¢urs. This problem is eliminated by.increaSiﬁg the size

of Rzg This results in only a slight change infstability;
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TABLE III.

STABILITY DATA

READING TEMPERATURE | cummENT

v (°F) (ma)

1 | sso0 | 1.80

2 88.0 | 1.80
3 99.0 | - 1.80
4 | 109.5 1.81

5 140.0 1.82
6 5 159.0 1.84

7 | 179.0 1.85

8 | 205.0 1.89

9 2500 1.9%

. ) e




CHAPTER V
DESIGN OF COUPLING NETWORKS

A. INTRODUCTION

The coupling networks used in the amplifier interstage
networks were of the single-tuned transformer coupled type.
The original de31gn was for three staggered tuned stages sep-
arated to give a flat bandwidth between 9.5 and 10.5 Mc.
Theoretieally this is eﬁtireiy feasible, however, practically.
the desigﬂ of these stages proved impossible. When it-wae
>found that a one megacycle flat response could not. be obtained
the des1gn requirements were changed to allow a one megacycle
response between the three db points. Thls chapter 1s divided
into two nartS° (1) devoted to the work done in an endeavor
to stagger tune the stages; (2) the flnal de31gn of the single-

tuned stages whlch were ultimately used in the: ampllfler.

- Interstage design for stagger-tuned'amplifiers.‘First,

the center frequency and required Q for the networks was_de-
 termined. This was accomplished using methods previouely
developed for vacuum tubes.8 To obtain the requlred bandwidth,

,-two stages with a d1331pat10n factor of D at frequencies of

_foQ!and»fOA{ were requlred. The third stage was tuned to |
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the center frequency of the cascéde and had: a dissipation
kfactorcnis The dlSSloatlon factor is aeflned as 1/Q,L

QL 1s the loaded Q of the 0011, ando(ls equal to one plus
.4338.

. From the design equations previously mentioned the
frequencies of the_tuned'circuits were found to be_9)58-Mc§,‘
10 Mc., and 10.433 Mc. with loaded circuit Q's of 20,10, and
20, reqpectively; ‘The design of the two stages requlrlng a

‘QL of 20 were 1m00531b1e to fabricate u1th the material

Savallable.

To illustrate the difficulty encountered;: consider .the
design of an interstége covupling network at a frequency of
10.433 Me. This is typical of the problem which aroseiin

attempting to secure a Qq, of 20.

The coils were wound by_hand,énd a trial and error 
procedure.: was used to obtain the vélues of inducténce tecauee
the permea0111ty of the core was not- known.i Inltlally 1t was
assumed that the couollnc circuit acted as: a perfect trans--
:former whlch transformed impedance prooortlonal to': the square
of the turns ratio. This assumptlon is only valld 1f;the
coefficient of coupling between the primary.andnsecondary
‘inductances isjapproximately equal to‘one{ -Thie eésumption

is verified in another section of this chapter. It is desir-
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ous to match the output of a genérator to thé load if maxi-
mum power transfer is to be realized. This match is obtained

when R_ = Q% R
o in

transistor and Ro_is the output resistance neglecting coil -

where Rin'is the input resistance to the

losses. The selectivity or bandwidth relation is determined
' by the Qf of the circuit which is equal to

fo 27 O A N
Q=27= 3> ,/- (31

where Ct is the capacitance required to cause the tank to.
resonate at the deéired frequency and BO/Z is the resistancé
in parallel with the coil. Using the above relationship Cy
was found to be equal to 247 pfrds. Having determined Ct; Lt
- was readily found from the relationship Lt = 14@02 Cye Lt .

was found to be .943 x 10"6 micro henries.

The coil was then wound on a Miller #4500 adjusfable
ceramic form with aAferrite core. When the Q waé;measuréd on
a Q Meter it was found that the cgil~possessed;§ Q of 30..
‘However, upon fufther investigétion ;t.waé found if the coil
was wound too'near the mounting nut, this féstener would act
as a short circuited turn, lowering the Q of the coil by. 40
to 50 percent. wﬁen the coil was properly located on thé
fbrm the @ of the circuit was fouﬁd to range between 50 and.
_60 for the three coils fdrms. Knowing the value of Q, the.

- effective shunt resistance of the coil could be found from
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the equation R, = QXp, = 58 x 61.7 = 3580 ohms. Q, is the
.unloaded Qy, that’ 1& the Q of the c011 alone. The output
resistance of the. transistor was fourd to be 2486 ohms. By
matching the 1npgt to the output the effective resistance in
shunt”wi#h the tank circuit is 1243.ohﬁs, hegléctinp‘the:ef-
fecﬁlve coil resistance. When the resistance of the coil is
taken into account an effectlve shunt resistance of 12@3/4823
3580 = 1060 ohms is obtained. The loaded Q, is now RO/XL =
1060/61.7 = 17.2. 'The obvious thing to do is to reduce the
valﬁe of XL. A reduction in XL is accompaﬁied‘by a reduction
in Ré (shunt resistance of the coil),'and_it was found that
no métfer how much Xi‘was Qecreased‘the QL.would never ab;
proach the value of Q desired. This condition is a result of
initially ha#ing a iow valué of inductive reactance. I} XL
decreases, and the Xi is large enouOh, the change 1n~B in
parallel with R of .the transistor is not as large as the
change obtazned in XL’ thus, the QL would 1norease. In most
cases, When the~Qn of the 01rcu1t 1s not too hlgh a reductlon

in inductance usually comoensates for the resmstance of the

coil,

A more thorough theoretical- 1nvest1gation into. the
feasibility of obtalnlng the desired selectlvity character-

‘1stic with a Qu of 50 proved 1nteresting.9
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If B,' is defined as‘Af/fo, 8y, 28 ‘the omtput conduct-
ance of transistor one, 812 as the input conductance of tran-
sistor two, then an equation is developed which gives maxi-

mum power transfer efficiency as a function of Bl' and Qu‘

Zz ] T [ |
77 &l :a . C 4%?/ Q‘]\: ) 3,@2 /2.

11"

FIG. 11 COUPLING HETWORK

Referring to Fig. 11 the power available from tran-
: RN
sistor one is .
. ’ | L. |

T 4 ga (32)

where 101 is outnut current of transistor one. The power
delivered to transistor two is
_ lIo,Li (33)
z- (30\*10*3~L) ' ’

Power transfer efficency is defined as

v} =',§:-' 4~9°' Jer (3%).
{ / (ro *3;..1."‘3)

this shows that for n to be equal to unity, gl must be equal

to zero and 801 equal to giz.

Bl' can alsb be expressed as
B'_ Jor *Qiatyg, ~ (35)
\ ,3\ Qu -
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Obtaining gq from Equation 35 and substituting into Equation
34 n is found as a function of gp1 and giz." Differentiating

n with respect to 850 and equating the result to zero yields
/s | o
7er Jara w4 (36)

Upon substituting values for ﬁl' and Qu-the efficiency
is 43% of the maximum obtainable if gq was zero;f This loss
of 57% of the available'power shows that even if the coupling
circuit could be designed this loss of power would greatly

affect the configuration of the reéponse curve and a flat

response would not be obtained.

The inability to thain the desired Qﬁ and the above
mentioned effect on the reéponse curve resultea in changing
the coupling circuit requirement to a 1 Mc. bandwidth be-
tween 3 db. points. This problem was a result of the authors
lack of knowledge on the subject of transistors and coﬁpling
nepworks at the time the selectivity requirements for the am-

plifier were chosen.
B. DESIGN OF SINGLE-TUNED STAGES
To obtainfthedesiredﬁbandwidth with three cascaded

stages of'amplifiers single-tuhed; allowance had to be made

for the reduction bf bandwidth due to the selectivity of
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each circuit. It is intuitively evident an dverall bandwidth
of 1 Mc between 3 db voints cannot be obtained. by the use of
three stages, of bandwidth equal to 1 Mc. It has been shown

-that n single-tuned stages have an overall bandwidth

Binm= B. “ - (37)

where By is equal to the bandwidth of one stage, ﬁln is‘equél

to the bandwidth of n stages and n is the number of stagés.lo

Solving this for Bl

with Bln =1 Mc., and n = 3 it was
= 1.96 Mc. Equation 31 yielded a value of G

found that -B1
equal to 65.34nfrds. from which I was determined to be 4.64
X 10-6 micro henries. The.Q of the coil above was 58 which
yielded an equivalent R, = 16,800 ohms. It was found.that

neglectiﬁg the resistance of the coil the output resistance
of the ampiifier was 1243.5 ohms which resulted in a loaded
Qp, of 4.28. This Q’ﬁas too low to méet the per stage’béndQ
width requirement of 1.96 He. Again a trial and error pro-
cess was usediand the Lt of thefcoil‘reduceq in small steﬁs

until a Lt-of 3.47 micro henries was obtained;

This value of inductance resulted in an inductive re-
actance which made. the Q, obtainable with a slight mismatch.
The resistance of the coil (B, = Q Xp) was combined with the

output resistance of the transistor which was matched.to the



n3

input‘of'the,following\stége. The parallel resisfance of ﬁc
and Rb was found to be ZOSOjohms. if the inpuf‘were matched .
.to this resistance we would have 1040 ohms acroés the tank
-circuit which results in a loaded Q of @;78, Therefore,
réther than reduce X;, any further the reflected input
impedancé‘was made of such size‘thét»the required QL Qouid 1
be obtained. The valge of azRinlwas found to be 2380. Rin
was equal to 408 ohms, therefore, a® was 5.82. The final

turns ratio‘wés 17/7.05 = 2.41 = a,

The va}ue of inductance originally requifed was_4.6k
micro henries, which finally became 3.47 micro henries. The
factor by whiéh the inductance was feduced was 1.34, to keep .
the reasonant freqﬁency constant the capacitance was increased
by 1.34, resulting in a Ct of 87.6 pofrds. To determine the
capacitance actuélly,heeded in‘theAcircuit the traunsferred
input capacitance (2.9 pfrds.), theﬁoutput.capacitance:(B Pfrds;)
and the stray‘wirihg capacitancé (0—20 pfrds:’ had to be sub- |
tracted from Ct. This_resglﬁed in. a2 physical bapacitanéé Qf
~approximately 60 pfrds,~which was 6bﬁained_from a fixed cap-
acitance of 45.3 pfrds. and a trimmer capacitof of 5 to 20
pfrds. The graphical results of the frequency response. is
shown in Fig. 12. The overall baﬁdwidth is a small amount
less than 1 HMc. “The percent error being'approximateiy.2.5%.
Table V shows the values used in plotting the graph of Fig.‘

12. ‘



Determination of the coefficient Qﬁlgogglgng. The
.method of measurement of the coefficient of coﬁpling uti-
lized the Q Meter to determine the mutual inductance of the
coils. This was accomplished by first measuring the induct-
ance of the primary and secohdary windings. Two coils which
are mutually connected have a total inductance given by the.
expression Lt = L1 + L2.i 2&, the plus or minus éign is de-
termined by whether or ndt the coils are connected so the
mutual fluxes are aiding. If the primary and secondary are
connected one value for L, is obtained, by reversing the con-
nections on one winding another value for Lt is obtained. |
The difference in these values is 4 times the mutual induct-
ance between the two coils. Knowing the mutual, primary, and
secondary inductances K could be evalulated from the relation-

ship K = M/T;L,. Table IV shows the values of K obtained for
the three units.

TABLE IV COEFFICENT OF COUPLING

United Tested Coefficient
of Coupling

1 O7H
2 o <965
3 .98

With the coefficient of coupling near unity the transferred



L5

impedsnce of the coupling network could be assumed propor-

tiohalit§ the"squarerf_thé‘ﬁﬁrns;ratioé lThisfferifiééfthé

agsumption made in the design of the coupling networks.:

TABLE V FREQUENCY RESPONSE DATA

1. (te)

 rroguency |

AMPLITUDE

 FREQUENCY -

- (Me)

AMPLITUDE

8.2

9.0

k 90“’

LR
‘aig

i_9;z;-“

{1000

>;175‘ §5
S R

.21
30
37
A8
.61

095 S jl

1,00

. 10.2
10.4
10.6
10.8
11.0°

S 112

'11;4_;

: “11.6<‘ 

- 11.8

.58

V35 .
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CHAPTER VI
AMPLIFIER GAIN

A. INTRODUCTION

The high frequency power gain of a transistor may be
expressed in terms of fuhdamental device parameters. The
first portion of this chapter will be devoted to the-théoreti-
cal determination of high frequency power gain and then the
experimental. results will be evaluated. Construction of the
amplifier will be considered and the problems encountera&iwill

be discussed.

Rigorous analysis by Pritchardll has shown that the
high ffequengy power gain of the transistor can be expressed

by the following eduation

] )
SO 2
G= 25 % Rt (38)

Experiments -have shown that this equation .is valid in- the fol-

lowing'ffequency range.

V74
—_— 2 _

The transistor selected for use in this amplifier is

a Surface Alioy Piffused-base silicon semiconductor. It»has
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an.(éé'frequency of approximateiy'604Mc. The power gain pre=
, dicted with the use of EquatiOn 58 was a miﬁimum of 18-db;
and a maximum of 21.6. db. dependlng on the value of rb'C

used in the caloulatlon, 300 or 165 osec respectlvely. ‘The
above mentlonedrrange of rb'cc 1s_oontrolled in the manufacs

ture of the unit.f
B. CONSTRUCTION

In the constructlon of the 1ntermed1ate amplifier

shown Schematically 1n Flg. 13 a two 1nch wide and eight and
one half 1nohes long strip of_plastlo bread board material
was'used;“Fittings'could be inserted in the plastic for mount-

ing the.; components and tran31stor easily. The Circuit was
"construoted and a res1stance check performed to ensure that

no w1r1ng errors were made." The ‘assembled amollfier is shown
in Fig. 14 The battery -voltage was then aoplled, thls caused
the c1rouit to start a random osclllatlon whlch preventea any
attempts to tune the coupling~networks. AThlS‘WaS due to a
‘lack of neutralization.' It was found that each circuit must
'be'neutralized before these osoillations would?desist.i The
second and third transistors were remoVed from the oircuit
 and the. first stage neutrallzed as described in: Chapter IT.
Once this circuit was neutralized the second trans1stor was
1nserted and,neutrallzed.«.”his process was repeated on the

third stage and oscillations did not recur. When the Stand-
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ing the scope ieadsracrOSSAthé 427 ohm load resistance and
tuning from the input to the output stage. This had the
disadvantage of adding'some éhunt cavacity to the final stage
due to the 14 uuf présent in the Scope probe, This would beA

corrected in an actual circuit.,
C. EVALUATION OF GAIN

The power géin of the transistors to be used in the
amplifier were checked and found to have the gains showm in

Table VI. These gains were obtain from a circuit which was

terminated in ﬁ27 ohms.

TABLE VI POWER GAIN PER STAGE

UNTT POWER GAIN
A 18

16
C o ©18.6

The actual power gains are somewhat less than the the-
oretical values due to the wide tolerances on parameters al-
lowed in the manufacture, as an example, the variation allowed
for hfe is i; to.36, a variation of over 300%. The coupling

and bilas networks may cause a reduction from the theoretical
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power gain of .5 db. to 3 db,,.and the equgtion'itself gives
a slightly higher gain than can be obtained at the lower fre-

quencies,

When the-three amplifiers wére,oascadgd the overall
power gain waé found to beAappfokimately.49.4'db. Thefe is
nargin for a large percentage of erfof in the measurement of
the overall power gain.due_to the test equipment available.
.The‘measurement of voltages was accomplished by the usé of a
Teéhtronix Type 5i4 AD Scope whose vertical amplifier upper
frequency limit. was 10 Mc. The scope was the only voltage in-
dlcator available in that frequency range with sufflolent sen-
s1t1v1ty. ~The high frequency probe had to be used to keep
‘shunt capacitance to a minimum which was 14 Dfrds. The call-
brated voltage range on the scope was from .03 to 50 volts
peak to peak with a maximum vertical sensitivity of .03 volt~
pericm. ?he input voltage was on the order of .0015~volté.
Therefore, the input voltagevat-beét is'a:closeAapprokimation.
The overall:power gain Qf_thg,thrge amplifiers in seriés was
49.4 ab, Individually the amplifiers totaled to a gain of -
.52 6-db.-which can be seén‘frdm Table VI. The power lost in
the coupling networks can be computed from the equation PL
10 1og101/n where n is the efficlency calculated from Equa—
tion 34 Chapter V. The power lost is .66 db.. and ‘the effi-

ciency is 86%.
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Conclusions. The‘acﬁual>theoretical gain for the am-

plifier should bé from 18 db to 21;6 db. Neglecting the losses
in the coupling.networks, ﬁhe overall gain should be 54 toA
-64.8 db. depending on the value of rb'Cc. The overall gain
actually obtained was 51.38'neg1ecting coil losses., The
gain‘obtained ﬁas slightly low, however, consi@ering>thé
limitations on the theoretical equatién for power gain and

parameter variations the results were reliable.



CHAPTER VII

THE VARIABLE FREQUENCY OSCILLATOR'

A. INTRODUCTIOW

. Quite frequeantly an alterpating current energy source
is required for some application, this energy can be supplied
by a2 transistor oscillator. The purpose of this chavter is
to desigﬁ a radio frequency oscillator which will qperate at
10 Mec. and be variab1y~tuped; The main objective here is to
obtain a design procedure, if a varticular spécification is
desired once the procedure has been determined the design

can be nmodified to fulfill these conditions.
B. DESIGN OF 10 HC VARTABLE FREQUENCY OSCILLATOR

Design procedure. It has been shown that the "1T"

equivalent circuit can be used in the analysis of transistor

12

oscillators if the effective capacitance across the collec-

tor to base region is assumed to modify the resonant frequen-
cy by its shunt capacitance;_ The use of-the high frequencyw
circuitv in thé analysis of oscillators provides accurate.ree

sults in the establishing of conditions for oscillations. -
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' The general feedback circuit is showm in Pig. 15

/) Aﬂfz/ﬁaf Le
o] e "
- v
g- X
P T e
Acd Ae

FIG. 15 GENERAL FEEDBACK CIRCUIT

The amplifier is assumed to have zero input impedance,
an output impedance zo, a short circuit current amplification
of’Aii and be unilateral. The feedback network has for a
short-circuited oufput, an input impedance Z; and a current -

amplificationg .

The current amplification when the amplifier is work-

ing into the feedback network is

K= A

zo+z,. | . (80) .
'l‘he starting condition for oscillation is that the
total current amplification be unity, that is,

KB = A/.[iom ] ,f- \ (41)
p E
53 W (42)
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The transistor does not have zero input impedanee,

but, by combining the parameters rb' and ref with the feed -

back network the circuit is arranged as shown in Pig. 17.

Cs
—|
fz
W v‘vm‘

"¢ m O
R ' o /e )
¢

C
L

re Ae
> Av‘r‘v‘v‘vl *
A 9
&4y
ANpLiFree

FELDBACK NETwoRK

’
H
%AVA'A'A# _ l ._+___~__.._.__.
[ ' !
e |

FIG. 17 GENERAL FEEDBACK DIAGRAM

If in Equation 42 r is substituted for Z, and «f for Aj

..i/ ZA’) 43
'ggq /f—;_: ‘ (43)
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The input impedance to the network is usuyally much less than'
Ty With good approximationtf is equal to 14{ . The feedback

network can be represented as shown in Fig. 18 1if i, =1

i =1
z‘l
1, L2

 and

e~ 3
@ch,
R
)

FIG. 18 FEEDBACK NETWORK

Bwill be equal to i3/il which is the current amplification
of the feedback ncetwork. The analysis may be simplified if
it is realized that the capacitance C1 provides feedbaok'to
the enitter circuit. If X“ is made small in compearison to
the input impedance of the emitter circuit it can be neglected
with little loés of accuracy. The resistance R whioh shunts
the emitter input can be neglected if it is required thgt_B
be much larger than the input impedance of the transistor.’ )
The function of R is twofold, it developes the feedback YQIEQ
age, and provides bias to the amplifier. When these,approx—_
imations are incorporated in the feedback network the result-
ant e¢ircuit is shown in Fig. 19.
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PIG. 19 APPROXIMATE FPEEDBACK NETWORX

The resulting loop cquations are:
/ / )
WPl 3¢ )= 4 e+ 2s i/ et

b (Ple 115l )= duplat plT) 44 te (45)

wregE L=l
Eliainating 1 from the above equations

z[zuzr (o4 +, t)/ //.z,w//,/ « e s 14 )1 40 1) ](%)

Solving for 1§ /1 =  the result obtained is

. L *AV
A 1; "'Lbl’/’ /-C/ (47)

4T (plre e Joly = lplar p )3l Jp s S




In the analysis of the feedback network it was found
for the loop gain to be unity aK was requirad which was ap-—
proximately equal to 1/ . To effect this relationship Equa-
tion 47 was set equal to 1/y 1@

- /f!.:f’% "ff_'géifl "‘ (48)

A
X ol »fe )ioin ) a5 B s <

The real part of the numerator multiplied byD(m set

equal to the real part of the denominator, and the imeginary
part of the denominator was set equal to Y multiplied by the
real part% of the numerator.

EBquating the imaginary parts
’ , / / - / 4 / / Z ¢
/s //Zr rae /T *"2/{/" 7c / (¥9)

For this to be an equality {ply + 1/pC) must be sero.
Thus, at resonance the effective series impedance of the tank
sirouit is rero., The resistance of the coll was neglected
sinse the Q of the coil was approximately 150, Equating
(p!.r + 1/pC) to zero we obtain

/

W=7 ¢ (50)
Equating the real parts the following relationship i»s
obtained:
[‘C"’/ =ph /,o/r ,oc/ /”/’”/ (51)

Sinse (pLT + 1/pC) is equal to zero
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2 ,
of /2.2 V4 =__/‘/lf//7/ (52)

from whioh the magnitude of (L, + if) relative to Ly for

osoillationsg to sctart 1ia obtaxned

< f-/7
o - L (53)

LG
T™his means that Lz + M must be very mush larger than
L1 + M. It was found, however, the point at which the tap
for feedback was plagced on the osclillastor coll was not crisi-
eal, Oselllasions worz started and suatained by the oseilla-
tor for turns retios of 2/22< N, /N, < 22/22, The inductance
used had a value of 15.5 micro henries and was resonated with

a onpaaitor wnieh ocould be varied from 5 to 20 pfrds,

The frequency range over which the oircuit was tunable
was to be theoretically 9.2 lo to 16.8 le., The values ob=
tained from the eirouit were 9,48 i‘%c and 16,65 Mp. This re-
sulted in a 2.5%7 error at the low end and & 1.27 error at
the high end; "h% 1nstrument used in the determinuntion of
froquency wes the Techtronix Type 51% AD Oscillosoope vhioh
has & maxinum sweep »f .1 usee/ner cn. At ten nmegacycles a
reasonable apppoximation‘to the aotuni signml frequency is
obtained. There is ¢ high probability of orror in reading
the seope feos, since 1/20 th of a centermeter error in
reading the qoopé results in = 1/2 megaoycle error in fre-
quenoy. Thé stability of the osoiliator ocould not be deter-
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mined due to ‘the limitabions of the available measuring equip-

ment,

‘The tunable range of.frequencies was 16’65 Mé to 2'5
Me The upper llmlt oould be extended 1f small values of .
1nductanoe uere used. The lower 1imit oould be extended if
larger values. of inductance were used. Decreasing the fre-
quency to 2.5 Hc by'the'addition.of capacitance caused a -
continued decrease in collector load impedance to.such'an ex-

tent that oscillations could no longer be sustained.

rr‘he output was taken from the voltage developed a-

" cross the emitter re81st0r R shown in Plg. 18. If maxinun l

-~ output power from:the,unltowas.requlred it could be obtained
by transformer ooﬁpling. .The coupling requifed to'effect maxi-
mum power is determined by matching the load to the output im-_
pedance of the transistor assuming Class A operatlon. The'cir~
cuit output is determined by the maximum voltave swing of -the
collector. TheAosoillations,bulld_up until the powerrols-
sipated is eqﬁal,tO«the poﬁer geherated or_uhtilla point of
nonlinearity is reaohed preventing a further,change'in col-

lector current.

Bies hetwork. The bias network used on'the-osoillator

was the same one designed for the grounded emltter ampllfler

and prov1ded good results.. The legitlmacy of u31ng this same
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network is verified 'if the effect on stability is examined
due to a2 K resistance in the emitter circuit. ‘The stability
'is defined by Equation 30.  This change in R

1‘results in a

#alue of S =1.12 instead‘off2.94.

Conelusion. The frequency output of the oscillator was

described adequately by the equations developed, and the con-

ditién for 6séillations to start waé verified.



CHAPTER VITI
SUGGESTIONS FOR ADDITIONAL INVESTIGATION

In the course of this study on transistors the author'
became aware of three a&dltlonal subgects ‘which might prove
fruitful if investigated. Specific problems are not pre-.':'
sented here but, rather, a general area which might be con-

-sidered for edditional-developemeht.

. Intermedlate frequency ampllllers to be used in a com-
munication receiver usually must have provisions for automatic
ga;n-control, The gain control of stages is 1mportant:when ‘
-the input signal veries in intensity. ﬁhie might be caﬁsed-
by radio.frequency:"skip"'of'signals which depend on the
refractive effects of the ionosphere for long.distance trans-

mission. -

Vacuum tube,tranconduetance'can,be;easily‘varie@lby
changing the operating'pcint; nfoViding eesy EOnﬁfol oftﬁhe
gain. lran31stors, however, have essentlally the same cur-.
‘rent valn over ‘a wide varlatlon of the operatlng noint.‘ A

dependable means by which this gain can be adequately con-

trolled presents an 1nterest1ng problem.

Mixer circuits and converters are important to re-
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ceiveﬁs‘and an investigation of the design of these two cir-
ouiﬁs would be vaiuéble._ Ah understanding’of:the deSign bf‘
the two circﬁits presenteqlin this thééis;'and the thfée
additional subjects mentioned here, éhould”brove ﬁelpful

to an engineerigonsidering'a future iﬁ transisﬁof oiréuit‘de-

sign.
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APPENDIX I
A. PARTIALLY NEUTRALIZED OUTPUT IMPEDANCE'

The following is a determination of the partially neu-
tralized output impedance of a transistor using a high ffe-'
queney equivalent circuit. The procedurs: presented pro-
vides & method for determination of the output lmpedance
with a feedback path. The equations presented here are 3

of thevtransistor alone and do not consider thé stray ocapagb-

tance which is present in a practical circuit.

The neutralizing network is sﬁown in Fig. 20.

T. Cw I<
e <

-.9,1‘ ‘Iez.

v%’#‘”"ﬂ ' é//z’%/wé’”
Yo f Y P

FIG. 20 IEUTRALIZING NEZTWORK

The short circuit admittance equations for the neu-

'tralizing circuit are

45=’52j&r # éﬁ@ﬁcz. (54)
= 607%" $ Gt | (55)



Pigo 21 is the high -frequency equivalent circuit of the

transistor. ' @—‘] 16 5
e J lXcﬂ‘VV
?*e
, - /
Z,= 1+l Z2= /e

B

E?Z;=;-A§/f;/‘1;°( é?zz /ﬁ%’;7,4é_/?-0§%

FIG. 21 TRANSISTOR EQUIVALENT CIRCUIT

The determinemt of the open circuited z parameters in Fig. 21
is

Az= ZyZyy ~Ziz Bas = ré/e ‘;,/XC'//%yf‘“//?, (56)

The neutralizing circuit is in parallel with the tran-
sistor, therefore, if t_:hg trénsisto’r z parameters are con-

verted to y parameters, -they can be added together as shown
in Equation 60.

~ The open circuit impedance equations are
e, = 2’,, ;(/ + Zz/‘&/('&- (57)
Oy Fu o +Far s (58)
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Ccnverblon of ehe open oircui% paname%oro to %h019
aquivalent v paramaﬁore 18 enouu in unabion 590.

) . Z"-\- > '2l1. !
1= _édavb., oy |
[V ] ; - 2 2u J (59)

Thoe array fov the ehovt eipcul% admittanoe paramoters of thel;
neu%vallzing network and transiator 1s

[/’ ] [a"w“ 5‘“#1‘1 ] (60)

J? Jv ,gxi +J\1

The doterminant of the array 19

8y K i = / /m//ﬁ /// e

| The output impadanoe with a generator admittanoe oqual

to Vg (y = 1/Rg) 18 | .

2, J/:/ "% 2/ »/—4/ «/Vl/&;//} /)

4&"* tij 2 *,/? *" ;/ o _ret '“to'“/_

X?v o Ay
hero By <X, Y '
The parameters values are ry °~=13 5, rS' o 110 ohmep

Co = Cq @ 1e3 pfrdeo and Bg~= 20& OhmBo . The reeu;ting va}ue_

for 2 18 12, 82 - 3595 ohms. L

(6 )

B, SHORT c‘mvcur:r_.ou'i*m'r{n_&mméy |

Tho open oirouic 2 parameeere of ehe trancieeor ape~3=
snovn 1n Equatione 57 anﬁ 580,,Solving for Z vieh 91 equal .
%o zoro yielﬁe B R
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_ €1z Zu )
5:22-- TES s (63)

'/7, /_ ‘///;(/M(—”»‘e'] (64)

Substituting values as in part A the ocutput impedance obbained
is 12 - 31610 onms

An examination of the Equations for Zo in part A aad
B shows the resistive components to be approximately ejusl
and, the capacitsnoe to differ by 11 pfrds.



APPENDIX II

SHORT CIRCUITED INPUT IMPEDANCE DETERHMINATION

The equivalent circuit used to determine tho input im-
pedance is shown below in Pig. 22.

Y.
i —
b VA ‘wW\.A — C

% 4
<
it
.'
9
—*@—-
v—--—-—-\—‘—4
L

e B
f’klef— lo Ha Cbe—pc
/..
< L. LA
rb BA&E’ RESI$TANCE /-'éc ,-c—' W
FIG.

22 TRANSISTOR EQUIVALENT CIRCUIT

When the collector and emitter are shorted the resulting in-
put_impedance is

| Y /‘Eﬂ?‘4/%7Qe7?%f’f‘ﬁééVC; :
Zy=fév‘ (65).
fye -;/w/@ef(},d i

SineE€ F e ¥ /"éf

A -
ﬂé@“arxof/;j(‘ny”W (66)
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— ’/' . : =‘;af2$45
Xe= & s+ Cot) ' (67)

The input impedance calculated from Equation 65 is 486

- j’71.5 ohms. The parameter values are given in Appendix Io:
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