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INTRODUCTION

As ﬁhis‘paper is cohcérhed wiﬁh the tréhsiétor és a3cifcﬁit
elenent, it is apparent tnat frequency ef;ecto are 1mporbant, and '
that we must know “these effectse -In the de31gn of practlcaliy amy
‘electronlc c1rcu1t “the freqpency response of the uystem.ls of vital
interesto The‘usual-de51gn reoulrenenzs s;e01fy the deslred frequensy 
A"response of the system.and; from.bnese and otner reﬁulrem.ents9 the -
system.can be de31gned 11 the. parametcrs of the acblve elemenus of‘
bhe .;yste:n are knowno | | |

‘ Thus, 1L is necessary that the effects- of freouency on tne para-
meters of the ur&nﬁlstor st be establlshed before any good des1gn

| can be_developedo



Chapter 1

THE COM:ON EMITTER EQUIVAIENT CIRCUIT

(1.1) Introduction

The common emitter equivalent circuit was developed to facilitate
design of transistor circuits. It is true that the common base hybrid
(or "n") parameter equivalent circuit is more widely used, but the
author feels that it possesses a disadvantage that necessitates the
develomment of a different form of equivalent circuit. This disad-
vantage becomes apparent from a consideration of most electronic cir-
cuitse Nearly all conventional transistor circuits arc designed for
the comuon emitter connection, not for the common base connection from

which the h-parameter equivalent circuit was designed.

(1.2) Definition of "AM Parameters

The circuit diagram of the common emitter hybrid parameter equiva-
lent circuit is showm in Figure (1.1). The four hybrid perameters
are defined as follows:

Aq1 is the input resistance with the collector shorted to the

emitter,. V d
A = AY% - ALV, / .
/Y Al —ZZ v‘ o (1 1)

1. The original definitions of the hybrid A parameters were made
by Dr. Thomas L. Martin, Josef Gartner, and Aladdin Perkins at the
University of Arizona in December, 1954.
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A22 is the output admittance with the base an open circuit.

/{?2 = &l _ LZ. (1.2)
A VC JVC Ib =¢)

Al2 is the voltage feedback factor with the base an open circuit,
A Ve d Vc Ib o

A21 is the ratio of the collector current to the base current

with the collector shorted to the emitter,

AJ; J-—[;
AZ/ T ——— —— /
Ve =0

ATy A7 (1.4)

The factor A21, which is defined as the cwrrent amplification

factor, is more commonly identified by the symbol—ﬂ « Therefore,
the equivalent circuit assumes the form shown in Figure (1.2).

(1.3) Development of The Common Emitter Hybrid Parameter Equivalent
Circuit For Circuit Design

The equivalent circuit drawn in Figure (1.2) is not suited to
a straightforward circuit design. This seems to be a disadvantage
camon to all two-generator equivalent circuits. This circuit can
be further simplified by evaluating the voltage generator in the input
circuit. This is the generator marked A,,V, in Figure (1.2).

Assume that the transistor has some arbitrary three-terminal
load connected as shown in Figure (1.3). Three new terms are defined

as follows:



F1G. (/-2) CHanvee sn Nomenclature ;
Common Fmitter, Hybrid

Rarameter fFawvalent Circuet
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ZL= Input impedance of the connected load circuit,
ZC = Input impedance of the entire passive collector circuit,

Zy = Mutual impedance of the entire passive collector circuit.
These terms are indicated in Figure (1.3).
From the circuit, it can be seen that the collector voltage Vp is

given by:

Vc. = ‘I/'Z‘: ZC— » (1.5)

Therefore,

AV =2y (A BZ.) (1.6)

Now, define a new parameter so that the circuit can be further
simplified into a more useful form, This parameter, Ay;, is the
voltage amplification, measured from the base to the collector, and
is given by:

Ase = YA, (1.7)

This ratio is usually a negative, complex number for the common
emitter circuit.

"From the equivalent circuit of Figure (1.3), and from the equations

previously developed, the voltage gain parameter is:

/4 = — /Zc
¢ /4” ‘//Z ?Zc. (1.8)

Solve for / 2.

- 4
/Zc - "'A// /‘Af: ,4;5 (109)




Thus, the negative component of the input impedance becomes:

/~Ag Ape (1.10)
Because the base to collector gain, Abc’ is normally negative,
this is a negative impedance. Therefore, the total input impedance

of the circuit is:

Zn= '4// - /4rz ﬂzc (1.11)

or

z . A

/=FAz Asc (1.12)

And the equivalent circuit assumes the form shown in Figure (1.4).
Because the operation of a transistor changes with changes in

signal frequency, the equivalent circuit must indicate the cause of

the changes. It was assumed that the frequency changes were the result

of reactive components actually associated with the transistor. This

will be discussed in more detail later: at this point, the final equi-

valent circuit is assumed to have the form shown in Figure (1l.5).
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) | STATIC VALU;*.S Ob PARAMETERS AND INDEENDEI\]C“ OF FREQUENCY OF Al] AND AZP‘VII

(2:1) Introduct Son

| , : Th. is necessary ;b04 know the staﬁie cheracteristics of the tran—
sistor before the effec’t.sr of :Eréque‘ncy can be deternmlﬂede\’ The static
or d.wecb eurrent values for the prev:x.ou.aly defmed parameters were
determmod. by ord1nary mebhod.sg described briefly in the paragraphs
that £ollow,

(2.2) Btabic Measurements of Paramebers

Thempub »énd oubput char&ctéris‘tic curves for the -%ra,nsisto?s
were ob‘l;an ned. m.%h a L:Lbrasconc Kw’I plot uer; 'Fo‘r the oubpub character=
ism.cs s ’fme ﬁranslstor was operaued at dﬂ_f.LeZ?eﬂ.b parametrlc va.lues
. of base curre”ﬂ, s and uh@ collec’cor volbage vamed From zeroc vol“os to
~the ma:;amm allowable voltage w:a.‘ohout e_xceed:.ng the meximum collector
dissapa:hiono Phe ‘plottyex? recorded a conbinuous curve showlng célléétor .
cmérén’s as a function of collec’é.oa:f voltage for each paréme*brié vailue:
| ) ;:L‘ base current.

“Fhe 1‘a1out characterlstics Wwere obm,a:med. 1n a s:x.mila; mamler s ’ohe
collector voltage serving as the ‘fgum...y parameters Thus; for each value
. o?E bolléc’oor VCi‘o.age 5 the base v.'oltage’ was varied from zero volts up

o the meximum a].lowabie value, and the plotter recorded a continuous
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» 13
éU::‘;Ve of the base dﬁrr?n‘c as a function of ‘bhe base voltage. Figures S
(2;1).and (202) show ‘s;ample ’chara;cit;eristicbme‘s for bot‘h-lthe‘input

" and 5utpﬁ£,_’cir;uits of the transistor. Fpom the previous definitions
of the hybrid paralgeﬁérs s it is. ;léar ﬁhaﬁ; they can be"detér}ninedf

directly from these cu:c-vés@ -

- {(263) Qgi;‘cect of Frequenc;’y on All And Azz‘

' The dynamic or ‘aliternating ‘éurrent' 'va;lues, of Aqq a.nd' Ay were
deterinined fx'om meésurements made by Mro Bavid" Jo Sakr;islon of the
v Electricéi Engineerirfg department at the »I‘Ihivgi‘siit-y of Aﬁ;zona s and
tt.he values obbained are in a,gc"eémex:b v(wi’ohin 10 ‘%)‘ m’ch the statié
values, Iherefores frqz‘r‘ir’cjh’elzse‘a rééuits s it c‘an’ be said that AZL'L and ,
&22 are c&:nsﬁan’c with frequency. This is in accoi'dance W:L'th the equi-
* yalent cir‘cl_li‘c‘ shovm in Figure (155)@ Fro;nn this you can see thab
‘_ the changes in input 'é,nd;output ﬁmpédanéé are accounted for by the
ca.pa.ci'bances present in these circﬁj,’ose The voltage feedback faétorg
| ﬁ‘l’zﬂ also has an eff,eci upon the input impedance. This will be dis-
cussed in more detail in a later chapters



Chapter 3
THE VARIATION OF / WITH FREQUEICY
(3.1) Introduction

In Chapter two, it was noted that the value of the cwrrent ampli-
fication factor / » equal to -A,y, was determined from the static
characteristic curves. The purpose of this chapter is to show, theo-
retically, that (? is independent of frequency and, then to verify
this theory by experiment. This assumption that / is not frequency
dependent disagrees with the generally accepted theory which assumes
frequency dependence. However, it is felt that the approach presented
in this chapter merely depends upon a simpler definition of the base
current, Ib‘ Specifically, in the theory proposed, the base current
is assumed to be only in the impedance designated as %C .
In the more common theory of frequency dependence of {? » the base current
is assumed to be all of the current into the base terminals. It should
be clear from the equivalent circuit shown in Figure (1.5) that this
new notion greatly facilitates the design of a multitude of electronic

circuits using transistors.

(3.2) Theoretical Basis For The AC Measurement of /

The circuit used for determining the AC value of / is shown in

Figure (3.1). The operation of the circuit is best understood from
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17
the Class A equivalent circuit in Figure (3.2). Actually, the circuit
is essentially a bridge circuit. Rx and C, are adjusted to produce
a null detector reading at a number of different signal frequencies
provided by the signal source Ve The collector signal voltage is mon-
itored with a Cathode Ray Oscilloscope at all times to assure that the
condition of Class A operation always exists.

Now, at bridge balance:

-‘[/-ZX = lﬁz; FM = -V (3.1)
Hence,

Zr = éé’z =z (3.2)
The loop equation around the input circuit is:

Z ﬂl/ ’ /SCW)+/412 Ve -7, (Z’c,”) =0 (3.3)
Or:

Z, ('4//" Iz Bhn + ISCM/) 'f,(’éc,”) =0 (3e4)

Substitute equation (342).

Ty (B, -Ae B R+ Vo - LA )=o (3.5)

w SCiv Ex

Cancel I, replace Z, with R 1/ SC, and solve for ﬂ. The

result is:
_ __A_a__ (51‘@//.)(5*”X>
" A Bm s (5#wy) (3.6)
Where:

{
C(J” - A” C//V (3'7)
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/
Wx = Rx Cx (3.8)

/
Wy = &/ —
4 x7 Az Rx Con (3.9)

In the steady state, equation (3.6) reduces to:

(1-J L2501 2=

11 w
£ = foz B (/-5 “3) (3.10)

This equation provides the experimental basis for establishing

the frequency variation / .

(3¢3) Experimental Results— Comparison of AC And DC Values of ﬂ

From the circuit presented in the previous section, data were
taken for a nunber of transistors. Plots were then rade of ﬂ as a
function of frequency. These curves are shown in Figure (3.3).

From Figure (3.3), it is evident that / is independent of frequency.,
However, to more firmly establish these results, another method was
used, as described below, )

If the output circuit of the transistor is broad-banded (RL
made very small) and a constant value of signal base current maintained,
it is possible to determine the frequency response of a new pararmeter,
ﬂ ’ « The difference in ﬂ and / /lies in the assumption of the path
for the base current. In Figure (l.5), the base current is showm only
in the impedance % , and the parameter / applies.

By defining the base current as the current into the input terminals
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20
of the transistor, we mist use another parameter to represent the cur-
rent amplification factor. This parameter is / /.

The circuit used to determine / as a function of frequency is
given in Figure (3.4). Because Ry is very small, it is valid to assume
that the output circuit is short—circuited. ﬂ ’ was determined for
numerous values of signal frequency from the following expression:

fl= 2= (3.12)

Ab [ Ve = O ’

Now, because the output circuit was short—circuited, the roll-off
of the frequency response curve is caused solely by the input circuit.
The frequency response characteristic of the input circuit was deter-
mined theoretically. Figure (3.5) shows the curves for each of the
above-nentioned sets of data., These curves are in close agreement
and, therefore, it can be said that the apparent change in ﬁ ,with
frequency can be attributed to the input circuit and that / is

constant with frequency.



R. Cc 7
& VTVM] /‘fL VTV
Z, R, /
N | ‘J- — C — —_— Vv
Cp S — \/bb b _.]__ cc

FIG. (3-4) Circuit Used to Determmne
Freaquency Kesponse of £



- 2
;, T
AT R L
el e N .
- - .w
' :

ﬂyr’f’c)’; 1

Fre

1

P g o ALS MmRuRs
P M

Lt

P

|
i

L

“]ﬁfé’i'

A+

L :

' af

B e

I

, i

[t

Rree

I
!

A

FRELTS
ol

e

="

1]

-
il

|
-1

L IR

1
+—
il

i
1




23

Chapter I

THE VARIATION OF A12 WITH FREQUEITY

(Lel) Introduction

The voltage feedback factor, A.LZ s> is the most difficult of the
hybrid A parameters to measure. It is possible to determine the static
value of A12 from the static input characteristic curves, but this is
extremely difficult because of the very close spacing of the curves,
However, the approximate average value of A12 for some LO different
Jjunction transistors is Q5 x 1072, This value is assumed to be accu-
rate within an order of magnitude, This might secem to be a rather
poor approximation. However, it should be noted that Alz is a very
small quantity and, as will be shown in subsequent paragraphs, it
can usually be neglected,

The dynamic values of A12 were debermined at various frequen-
cies. The techniques used in measuring A._ and the conclusions drawm

12
from these measurements are discussed in the remainder of this chapter.

(4+2) Derivation of A., From The Input Circuit

12
Alz was previously defined as the ratio of the base voltage to
the collector voltage with the bzse an open circuit ( equation 1.3 ).

From this definition, it seems logical to apply a constant signal

voltage. to the collector and measurc the resulting open-circuit



2L
base voltages The circuit used is shown in Figure (4.1). The Class
A equivalent circuit of the input circuit of the transistor is showm

in Figure (4e2)e From Figure (L4e2), it is easily seen that:

/
) y/ J5Cm >
\/b 2 /4”'/'; (ll»cl)

Re-arranging terms:

Vo [A + /5:,,.,_7 = A Ve [ % C/ﬂj (4.2)

And:
4 _ Vb /41/ + //j(/” ]
< Vc, l/\jc mw (1&03)
Hence:
Vy
,4'2 = (/ f///JC//v_) v (o)

In a more convenient form:

/ |/
Ae=(+7 ¢ )4,,(,,., A (45)

In the steady-state, Equation (4.5) becomes:

. / V.
/4/1 = (JW ",4”(/” Au Con \fc ‘ (L+6)
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FIG (4-2)

Class A FEquiva/ent —
Inpvt Crrevrt
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From Equation (4.6), it is apparent that Ay, is frequency depen-
dent. It is interesting to note that the curve of A12 as a function
of frequency would follow the reciprocal of the curve of the base to
collector voltage gain as a function of frequency for the lower values
of frequency. This can be seen more clearly from Equation (Lek)e.
As the frequency of operation is further increased, the factor

: Ve
[ =

which appears in Equation (4.6), becomes more important, Figure
(4e3) is a plot of Equation (4+6) and indicates the variation of Ay,

with frequency.

(4.3) The Effect of A, on The Upper Cutoff Frequency of The Transistor

The effect of the voltage feedback factor, A._, on the upper

12
cutoff frequency of the transistor is illustrated by the curve of
Figure (Le4). The base to collector voltage gain was computed theore-
tically b;r agsuming the cutoff fredquency was controlled entirely by

the input circuit parameters and A12 was neglected. These assumptions
are valid for rather low=gain circuits.

The curve of the ratio of the collector voltage to the base voltage
as a function of frequency is also shown in Figuwre (Le4)e The cutoff
frequency of the actual curve is seen to be lower than that of the
theoretical curve,,and it can be assumed that A12 does lower the upper

cutoff frequency. Figure (4.4) is a representative curve for one par-

ticular type of transistor, the Bell 2N-27. However, similar curves
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were obﬁajﬂed For the‘ Syl.vania 2N=35 4a.nd. the Texaé_ In'stz;ument‘ ?@e
903 ;,"and th'e' results were in .accord,ahce .w:'x:bh‘ fes.u,lts ,presen;bed- ﬂére;
| Alz is seen to reduce the upper cuboff fi‘equ_en,cy of the tr’ansis== ; 
tor but, as can be seen from Figure (hol), it is a ve;fy ‘small reduce
tion; “Ehwefqre; it is,-generan.lly 'safe tfﬁ neglect this effect in

design worko
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‘Chapter 5,~.

MODIFICATION OF THE GOM{ON EMITTER HYBRID A PARAMETER EQUIVAIENT CIRCUIT

- {5.1) ‘iiij‘cl'aduction

The form of the common emitter hybr*id A parameter equivalent cire
cuit that has been used :m the previous ‘chapbers is not entirely corrects
~ It can be seen from Figure (1,5) that the Sinpat ci_ircﬁit was assumed

1

19 in parallel with a capacitor, G m“
0 ‘Ehe actual circuit consists of these two elements in parallel plus an

~ to consist Sf a re’sis%tof s A
additional feéis‘bé.nc,e s Tqp9 :x.n series Wi‘bh' the base of the traf;sis'tor"g;
' Phis new resistance is _tefmed ‘ché Bhase sjﬁ)reé,ding resistanéé‘;“-:‘ and

its usual value is about one~fourth the #élue of All;? The circuit will
simply be ,i)resented ’in this chapt.ér'; and no detailed ané.lyéis ixrill be
]pear‘fc’lbrmedQ For a fm?bhefr study of this .:t‘orm of .‘ohe‘ e@uj.vaie_ant» circ:uitg '
" ré:E'er f-to,i‘.‘Dé{relopmen'b of avv(}rdxmde"d_ Emitter Eqﬁivaléht Circuit for The
 Juncbion ?i'ﬁfré.nsistor," by Mr. David Je Salrison, Department of Elec~
‘c;xsical .Eﬁ'gineering, ﬁniv’érsit;; of ﬁfizonaa " The correct form of ’che‘v
COmon erﬁi‘btef hybrid A paramé,tef equivalent c:.rcult is Shéwn in..

Figure (501).

(502) ;tT"»;iigEffectécf Tb.ce Base Spreading Resiéﬁance on PrevmusResul‘bs

G :v@hapbers 3 ’and..l; de.é.lt with the frequéncy' variation of the current

aﬁplifi,caﬁibn‘i:‘ae"c.or,, ﬁ 5 and of the voltage feedback factors Ayse’
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The results presented in these chapters were obtained through the use
of the common emitter hybrid A parameter equivalent circuit with the
base-spreading resistance neglected. The effect of this omission
on the results of chapters 3 and 4 will be discussed in this section
from a qualitative standpoint.

In chapter 3, the cuwrrent amplification factor /9 was shown to
be constant with frequency. The basis for this conclusion was showm
to lie in the definition of the current Ib as being only in the impe-
dance designated as /4’,'/.,4,;79‘:,; « Therefore, even with the addi~
tion of the base-spreading resistance, it can be seen that, since
I_b is not the current into the base terminals, / is independent of
frequency.

Chapter 4 was concerned with the effects of frequency on the
voltage feedback factor, Al?.. In this case, the base spreading resis-
tance would simply introduce a constant term in the exmression for
Ay, ( Equation 4«6 ), and the frequency effects would not be altered.
Therefore, the conclusion that A12 is frequency dependent is valid

for the complete common emitter hybrid A parameter equivalent circuite.
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E.‘ihapber 6

BAHDPA&IS TRANSISTOR A FLIFIERS

O (661) mmauctian

In tne previous cnapbers, tne common emitber, hybrld A paramauer
equ:.valent c:l.rcu.:.t was nresen’ced > and the frequency vamat:.ons of n.ts
parameters were 1nvest1gatedo The remainder of this paper will deyal
with the : design and ‘operation oi’ some bandpé.ss trahsistor vamplifiers
in the megacycle 'ranvea The équiw}aleht circuit discussed m Chapber
5 will’ be investigated in so i‘ar ‘as its usefulness in the des:.gn oi'
Tuned a.mpl:.fn.ers is concerneds ’

The majority of the previous results were obbained with junction
tfansist‘ors..,, althéugh some surface bari"iers were usedé _ However;:in

the higher raenge of freduencies, the surface barrier transistors were

~ used almost exclusivelys -~ = .« e e nme s

.- The width of the base region and the interelectrode capacitances. - R

bf.the-surface bafrier transistors are very mich smaller than those

of . the Junctlon trans:.storso For 'bheS‘e two reasons9 which impose the

2 s the: sumace

upper llml’c on the i‘requency 01 operatlon of. tran51stors
barrier transmtors were usede»- S R --', - z g

[

:Wo Eo Bradley 5 and others, “’I.‘he Surface Barrier Transistor,!

g ?rdco, I:RE,, Yol N2 1702 = 17209 :aecembem 1953,
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(6e2) Derivation of The Expression For The Gain of Tuned Transistor
Amplifiers

The expression for the gain of one single-tuned stage will be
developed first. Then, this derivation will be extended to include
the input coupling circuit, and then, for "n" identical stages in cas~
cade. The equivalent circuit presented in Chapter 5 shall be used
for these derivations.

The equivalent circuit for one tuned state assumes the form
shovm in Figure (6.1). The gain of one stage shall be considered
as being from By to 132'. This definition of stage gain provides
a basis for the development of design equations for any number of cas—
caded stages, and is rather similar to the procedure used with vacuum
tubes.

Consider the equivalent circuit shovm in Figure (6.1). The nodal

equations for the output circuit are:

AL, =€ [5C°+—— +—L + €3-C
r.ll (601)

C;-Cy _L.]
—-1,’—,— e?’[x/m T (642)

63 - e + __/_. -+ _-/—-]
7o y[5cm * 7 * 7 (633)



« 2 fL

~/G. (6./7)

£Quivalen?t Crrcut far 3 Tuned 7vansistor
Amplifrer (One Stace).

9¢
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So that:

. L L
3=V, Ey (5(/” '*ﬁ; ’ 7z ) (6.4)

Substitute equation (6.4) into equation (6.1).

A _L
“/I r';e)’[sc”" 7 l‘ ]Z;CO ‘v’ RJ l’, (6.5)
Or:

b1, = eﬂ/[r“ (Scm*,. "'L)(‘“ it *.rz.) r,. 6.6)

Now, from the input circuit:

€
]

Substitute equation (6.7) into equation (6.6).
_L
pe‘ = C"v['fa ($G~+r, *Vz )(-SCo "3“2) Y, (6.8)

The gain for one stage was defined as:

= Z; (6.7)

(6.9)

Therefore:

Als) =

L 62 (San + 3 22 )G+ +7; 1(-)-%] (6.10)
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Let
4.t L

,7! Kt /?[ (6.]_-1_)
And

_,-+_L_ _ .

. Ry Az (6.12)

Therefore, equation (6.,10) becomes

Ao = AL ,/_L_ L v
[l (3cw +4 )50+ 30 ) ~ 2 ] (6.13)

Rearranging terms, equation (6.13) can be expressed as

£

2 \ -
[Fix Co o (5+ Rocm, Y(EE T Ra ot Aeo)— Nz

AG) = (6.14)

The term Y /m was calculated and found to be around 3, This
term, upon expansion of the denominator, will be part of the coeffi-
cient of the "s! term in the cubic equation. The other components
of this coefficient were determined to be about 115, Therefore, the
ﬁ:./r” term ray be neglected.

The expression for the gain becomes

-£s |
¥ Yi2CaCin ($+"R‘.'ET;)(.52+ E:.Co + 1~lf-'o ) (6.15)

Consider the coupling circuit in the input of the amplifier.

Als) =

The nodal equations are

e -e
Itp= € (scord; #3r )+ S22 (6.16)

Vi
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e, -© L.

'_Y',._ = €, (SC/N * ¥z (6.17)
Hence

e A L
L= (Scw Tt T, (6.18)

1]
And

€z . /

= 6.

e, 7, (SC,” 'f'-'é" _l,__ (6.19)
Also

For the input signal

I = 8s_ 6421
s = (6.21)
Therefore
ez /
[ Z L Z)- R (6.22)
st (SCM’*—* )(550 *R; 5]
"

The s/r" term in this expression can be neglected as the ratio
of this term to the other terms in the coefficient of "s" is about

3 to 115, Therefore, the expression for the gain becomes

At = o 642
v, Rs CoCun (Jf—L—‘R'CI”)(SZfR:CO +_zlco) (623)
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To determine the overall voltage gain of a cascade of "n! identi-
cal tuned stages, it is necessary to consider only the output or collec-
tor circuit of the last stage. The output voltage will appear at the
collector terminals of the last stage, and the ratio of this voltage
to the input signal voltage will be*the overall voltage gain of the
cascade,

From the initial definition it is clear that the voltage gain of
the last stage will be
-5

ri2Co (st "R,co +Z=) (6428)

A =

Therefore, the overall voltage gain of ¥n" identical tuned stages

in cascade is

Ats)= (-£) S

RsCo (51+ '?SJ = L - )(';’ %G, Cm{s = Dn (6425)

The significance of this result shall be discussed later in this

chapter.

(643) Center Frequency of Tuned Transistor Amplifiers

One of the most important design considerations for bandpass
amplifiers is the center or resonant frequency of the amplifier,
The exmression for the center frequency of one stage of a tuned tran-

sistor amplifier shall be derived.

The circuit diagram is showm in Figure (642) The circuit can



also be expressed in the form of Figure (6+3). From Figures (6.2)

and (6.3), it is immediately obvious that

. /
Y, =G, +jwC, + 557 (6426)
=G y
Te=CprjwC, (6427)
X‘ = Gy (6428)

The total admittance is given by

- Y2 Vs
Yr= T+ Y2 +Y; (6429)

Substitute for 1, , ), and )3

Vo= (645w, 5l )+ S2lCetiwce)

vwl GytGet S wC, (6.30)

Multiply through by the denominator

Yr - (6, +ij,+§L.JL) (wCet6r+Gs)+ GeGat wl Gy

jw Cz + Gg + GJ (6.31)

Let Gp2+Gy = Gu, . Bauation (6.31) beccmes

. /
Yr = (6:#5w6 + Tk WiwCt +64) + G263 /w26y (6432)
le Cz + Gy




° WW -0
a3
«< L § ¢— p—
o ve)

F/G. (6-2.) Circut Used s Delermme

e Cenler Fregvency of
7uoned Transistor Ampelifrers.

o Y3 o)

FIG.(6.3) Afternile Fform of fievre (6.2).
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Rationalize equation (632)

2
Y, = Gutiwts s Tt oy #46)# (6363 +w GGy )Gy ~sew Ca )

G-,,z + a;z Czl (6033)

Now, at resonance, the imaginary part of the previous expression

is equal to zero. Therefore, the expression is

. 2 a2 ) .
()ucﬁjb‘:)(éyfw Cz)fJNCZG'_;Gy W 6,6y = O (6.34)
Or, in more convenient form

2 2 ¢ 2 2 2 2 2 2
ch,G—,,-/-wLC,Cg -Gy - C2 -waC;GJG‘/—wLCZGzG:,:o 6.35)
35

Factor equation (6435)
2 3 2 2 2
wy(lc,Cr)+w L66, =€ +LC266,~LG6 6 |-G = O  (6.36)
2
Divide by £C,C;

2
4 2
i W By

-4 4, 6 2
¢! Lg +S28y — 6265 |- Gy = O (6.37)
2 C, CZ C' Cz L qczz

Therefore:

W= —b A2 4c

2 (6438)




Where:
£
b=Cvy - 463Gy _ G:6y
C: LCI C, Cz_ C, Ca (6439)
e 2
C = - 6440
LC,CZZ (6.40)
Hence, the resonant frequency of the circuit is
w, =] (b)ry b*~ 4C
r 2 (6e41)

The significance of this expression shall also be discussed in

the next paragraph.

(6ek4) Proposed Method of Design For Tuned Transistor Amplifiers

The expressions developed for the gain and center frequency of
bandpass transistor amplifiers are very cumbersome, and their complexity
presents many problems to the circuit designer. Approximations were
attempted, but they were found to be invalid. For example, the design
procedure could be greatly simplified if the rcal nole in the complex
s plane could be neglected (the pole-zero diagram for equation 6.15
is shovm in Figure 6.4). Unfortunately, the location of the real pole,
which is determined by the physical structure of the transistor, is
such that it can not be neglected.

At the present time, the most practical solution of this problen
seems to be the use of an effective equivalent cireuwit. By using

this method, the pole-zero diagram assumes the form shown in Figure (6.5).
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The real pole is eliminated by asswaing all the impedances of the

equivalent circuit are in parallel. It should be emphasized that the

base-spreading resistance, r._, is not being neglected. This will

i}
becone more clear from the method used to determine the effective
parameters, which will be described belor,

The pole-zero diagram of the eflective equivalent circuit is
practically of the same form as that obtained in vacuum tube circuits,
The center frequency and the bandwidth are immediately obvious, and
the design is, therefore, greatly simplified. The effective equivalent
circuit is assumed to be of the form shown in Figure (6.6). The val-
ues of the effective parameters were determined in the following
manner .

The circuit diagram of the circuit used to determine the effec-
tive values of the parameters in the input circuit is shown in Figure
(6.7)s The load resistance in the collector circuit is set equal to
zero, and the output circuit is therefore broadbanded - the base to
collector voltage gain being equal to zero., A coil, whose inductance
and resistance is accurately known, is placed in shunt with the input
circuit of the transistor. By changing the signal frequency, a maxi-
mum value of e, is found. This maxinum occurs at the resonant fre-
quency of the input circuit of the transistor. The bandwidth of the
input circuit is then found by varying the frequency on either side
of the resonant frequency.

The input capacitance, Cin’ is then given by

/
w2 L (6.42)

Cow
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The input resistance, Rll’ is easily calculated from:

/
Rz zmBcC, (6.43)

Where

C:7- = C:/AI

(6e44)
R = ﬁu Rar
Ry + Rar (6ek5)

Rar being the paraliel resistance
of the coil at this frequency.
A curve of the input circuit response is shown in Figure (6.8).
The value of the input capacitance is a function of the base to collec-
tor gain. This is analagous to the HMiller effect observed in vacuum
tubes, and the equations are of the same forn13. The curve of the input
capactiance as a function of voltage gain is shown in Figure (649).
All the information required to design a tuned transistor ampli-
fier can be determined in the preceeding manner. This method was
used and an amplifier constructed in the laboratory. The character-

istics of this amplifier will be discussed in the next section.

3¢ A+ No Perkins, "A Common Emitter Equivalent Circuit For
Transistor Design," (Thesis), University of Arizona, 1955.
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(645) Neutraligation of Tuned Transistor Amplifiers

The problem of neutralization arises when using a one stage
amplifier with both inrut and output tuned or when cascading tuned
amplifiers. This can be seen from the circuit diagram shovm in Figure
(6410) 4

The base to collector feedback capacitor, Cbc » provides positive
feedback when the input conductance is negative (the input conductance
becomes negative when the impedance in the collector circuit is induce—
tive,) If the positive feedback is of sufficiently large amplitude,
the amplifier will oscillate,

The method of neutralizing this type of tuned transistor ampli-
fier is analogous to the Hazeltine system used in grounded cathode
vacuunm tube amplifiers. The circuit diagram of a typical neutraliged
grounded emitter amplifier is shown in Figure (6.11). The equivalent
circuit of this amplifier is shown in Figure (6.12).

The circuit will be neutralized when Ep, is equal to zero, or:
Foe=bewtbis =Fcpe +£2,=0 (6.46)

Therefore, for proper neutralization

EcN = - £‘2 (6ol+7)

And

Ecbc =7 EL, (6e1:8)
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F16. (6.11) Nevtrafized Grovnded Emitter
loned Amplifrer.



56

B | | C
O~
|
G Z
Z, 4 (: A
= P A2
A
(s
1] L
Cr .
AL 3,
Z3
£

[lG. (6-12) [fouvalent Circvit of 3
WNevtralized Grovndesd”
Emetter Amplifrer



frequency.

It 12 is much larger than 13, the currents through L2 and LB

Then, for steady-state operation:

- :-[E(JWL.?)

JwCy
And

,[’ = -2z Gwiz)
Jw Cbc

Also, from equation (6.49):

~ I =23 (Jwls)jwC,
Substitute equation (6.51) into equation (6.50).

L wls)iwln _ -7, (juwly)

Jew Cye
Therefore:
L2

Lz
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will be the same. This is assumed to be true for high Q circuits,

(6 011«9)

(6450)

(6451)

(6452)

(6453)

Using the above results, a grounded emitter amplifier was con-

but with no effect,

Without neutraligzation, the circuit immediately burst

structed with both the input and the output cireuwits tuned to the same

into sustained oscillation upon the application of bias potentials.

The inductances in both the input and the outyub circuits were varied,

The circuit was then altered by first center-tapping the inductor
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in the collector circuit and comnecting the neutralization capacitor,
. C_, from one side of this coil to the base of the transistor. This

n

s

is the circuit that is shown in Figure (6.12) Bias potentials were
_applied and the _‘circuit no ‘lpngez‘? -io,scillated"but- koperate;:dv as an a.mpli«-»_> |

fiers

' (646) Gharacteristics of An Experﬁnental Tuned Transistor Amplifiér

‘The_ desigﬁ 'px-oééduré fd;c' “buned 'transisftor‘ amplifiéfs was- Outlined‘
in seé’bion (600) 5 , Using this'ﬁlethbd, a one stage 'bv;}néd amplifiei\
- was construc*bed and its characterlsb:.cs stud:.edo T‘hé amélifier mé
| des:.gned to hc«ve a cen’cer frequency of 403 megacycles, a bandwidth of
, .2,00 kilocycles, and a gain of at least 1_60‘ ,‘Ehe circuit diagram is
~ shown in Figure (6.13)% | k
B " The theoreta_cal and expemmen’cal response cur';res are shown A:z.n
F:Lgure (6@3‘.}-{-)' The exper:x.menual ampll:[‘:z.ew had a center J:requency oi‘
lpol megacycles s & bandtnd’oh of 240 k:x.locycles N and a gain of 19 Lo
Although the results are not exactly equa.l ’co the calculated values,
y they are rather encouraglnba
Theoretlcally s the gai nwbandxﬂdth proclucb was 302 x 10 6 cyc_:j_.eé '
E ;‘per secon@ 5 wn:.ls the gam—bandvrldr,h product determ:meg exper:.menﬁﬁlly s
{vas hebb % 10 © cycles per ‘Sécondg As :Ln vacuun tube cireuits, the
: galn==bandw dth produc’c may be uhouoht of es a figure of merit Ior the
‘ ,c:chuLL in ques’L:.ono Because ’che flgu:c-e of mex-:v.t of the ac’oual Clr—
cu:u, was greater tha.n the theoretlca.lly calculated. value, the des:.gn

appears to be a ratheri pessimistic one., Perhaps one of Lhe more
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oubtstanding reasons for this could be the use of average values for the
paramebers of the effective equivaleit circuibe |

The error in the center,-frequency is less than 5 %Qb This could
be caﬁsed b;y' the values of the parameters of the effecﬁive‘ equivalent
cifcuit , which are not accurate to more'thgn 5 % because of instru~
menﬁa.tiom Also, the ihductances used were handwwoﬁnd on ceramic coil
forms and it is possible that the values for the inductance and effec-
tive resistance of the coils could be s}.ightly in error..

Although ’bheAresults seem to validate the proposed inefhod of |
' designing tuned transistor a.mpli.:t‘iers, the: au"bhof- feeis ‘that the s-v.bm=

ject bears further investigation.
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