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I. INTRODUCTION

During the psriod from 1940 to the present time, & considerable
advancement was made in the field of semiconductors. In purtioﬁlur,
the properties of slliocon end germenium were studied. From this,
detailed information was obtained about the energy levels and the
conducting properties of semiconductors,

A evidence of the advancement, it wes announced in 1948 that a
radically new type of amplifying dévioe had been diacovaredl. This
smplifying device was called a point-contact transistor. Its ability
to amplify was based upon the conducting properties of the
semiconductor germanium.

Tremendous progress has been made in the field of transistors
since their announcement. To the rapidly growing list have been
added the coa#ial transistor, the junction transistor, the field-

effect transistor, the transistor tetrode, and the P-R-P-N

lJ. Bardeen and W. H. Brattain. Transistor, a semicondusotor
triode, Phys. Rev. 74: 230-231, 1948,

W. H. Brattain end J. Bardeen. Nature of the forward ocurrent
in germenium point contacts. Phys, Rev. 7T4: 231-232. 1948,

W. Shookley and G. L. Pehrson. Hodulation of oconductance of
thin films of semiconductors by surface charges. FPhys. Rev,
T4: 232~-233. 1948,



transistor. Manufacturing techniques have been developed and improved
to the point where polnt~contact and Jjunction transistors are now
available in quantity. Transistor cireuitry has been developed to the
point where only the present cost (and possibly quality) of tran-
sistors prevents them from replacing many vecuum tubes, New fields
have been found for transistors where amplifying devices had not
previously been used.

At present, it appears that the junotion transistor holds the
greatest possibilities outside the field of switohing circuits. It
has many naturel sdvantages over other transistor types: the theo-
retiocal aspects of the junetion transistor are easily understood;
its eleetrioai characteristics can be acocurately predicted; it is
capable of producing relatively large powsr gains; as an amplifier,
it is shortecircult stable; it is rugged; its power requirements are
extremely small; its size makes it particularly adaptable to
miniaturized ecircuits.

In addition to the above advantages, the aveilability of N-P-N
and P-N-P transistors makes 1t possible to take edvantage of comple-
mentary symmetry principles., Using these prineciples, blasing
problems are simplified and circult~component requirements are
reduced. In pushepull stages, complementary symmetry oan be used
to eliminate the need of a phese inverter.

Single wnit symmetry was introduced by junction transistors.

Using this prineiple, it is possible to reverse the direction of



anplification by reversing bias voltages.

As indicated by these present advantages, the junotion tran-
sistor is of great importance. This thesis pertains to junction
transistors; specifiecally, it is concerned with the appliocation of
feedbaok to transisbor olreuits with the resulting problem of

eirouit analysis.



II. REVIEW OF LITERATURE

Literally hundreds of articles eoncerning trensistors have
appeared in the physies journals end the sleetrical engineering
periodicals since 1948. Tﬁssn articles pertain 40 all phases of the
transistor including theory, sirouit properties, and applications.
fwo books have been written dealing exclusively with transistorsl.
However, the amount of information available ooncerning transistor
faeadback circuits and their analysis is rather limited.

R. L, Wallace, Jr, and W. J. Piataapolg published one of the
first articles on junction transistors in 1951, discussing circult
properties and applications of single stage N~P-N transistors.
This discussion was limited to the use of one equivalent oclrcuit

for sll ebnnaetiana, and was primarily concerned with basic circuit

properties without reference to feedbaok aspeocts.

lﬁ; Shookley. Eleotrons and holes in semioondustors. lst ed.
D. Van Nostrand Company, Ino, 18B80.

R. P. Bhea. Prineciples of transistor cirouits. 1st ed. John
Wiley and Sons, Inoc. 1983.

22. L. Wallace, Jr. and W. J., Pietenpol. Some cirocuit
properties and applications of N~P-N transistors. Bell Sys. Tech.
Jour. 30: B30-563. 1961,



Richard F. Shaal aonsidered feedback as a means of stabilizing
Junotion transistor operating points. He investigated the effect of
adding serles resistors to the trensistor terminals in order to
reduse the wvariation in the collector saturation current., This was
a very imporbtant contribubion. &tabilisatioﬁ methods introduced by
him are used in most present day oircuit designs.

2 studied the effect of feedback on sutoff

D. E. Thomas
trequanoy3. He considered only tha.feodbuok inherently present in
the transistor. He concluded that return differenaaé sould be used
as & measure of oircult outoff frequency.

A aamprshaﬁxiva study was made on transistor equivalent cirouits

and associated terminology by L. J. ﬂiaealetﬁoa. He attempted to

olassify transistor equivalent cirouits and to standardisze the

1Riehard F. Shea. Transistor operation: stabilization of
operating points. Proe. of the IRE. 40: 1436~1437, 1962,

2D. E, Thomas. Transistor amplifier-cutoff frequency. Proe.

of the IRE, 40: 1481-1483. 1962.

3Gutnff frequency is defined as the freguency at which the gain
is 3db below the low frequency gain.

%See Appendix B for definition of return difference for
transistors,

BL. J. Glacoletto. Terminology and equations for linear sctive
four~terminal networks including transistors. RCA Review. 14: 28-46.
1953,



subsoript notation for the network coefficients and the squivalent
cireuit parameters. It is possible that his notation will be
standardized by the professional groups.

In a recent article by Peter G. 3ulzer1, junetion transistor
eirouit applications were reviewed. He illustrated several single~
stage and oascaded transistor cireuits whioh he termed "building-
block®” cirouits. All of these circuits were of the grounded emitter
connestion. For d-o stabilization, he used a resistor in series
with the emitter, a resistor between base and collector, and a
resistor between base and ground. This thesis identifies feedback

of this type as series and parallel feedback.

'1Peter G. Sulzer. Junotion transistor cirouit applications.
Eleotronies. 26: 170~173. Aug. 1963.



III, TRANSISTOR BQUIVALENT CIRCUITS
A&, Introduotion %o Bguivalent Cirocuits

As the first step in analyzing the linear operation of tran-
gistors at low freguencies, suitable equivalent oircults must be
selected. Many different transistor sguivalent circuits are
availablel. In order to prevent confusion, it is necessary to

derive the equivalent cireuits needsd.

lJ. M. Early. Effects of space-charge layer widening in
junction transistors. Proec. of the IRE. 40: 1401-1406. 1962.

L. J. Giacoletto. Junetion transistor eguivalent cirocuits and
vacuum tube analogy. Proc., of the IRE. 40: 1480-1483. 1952.

L. J. BGiacoletto. Tsrminblsgy'aud equations for linear aoctive
four-terminal networks inecluding transistors. RCA Review.
14: 28-48. 1853.

Geoffrey Knight, Jr., Richard A. Johnson, and Roland B. Holt.
Measurement of the small gignal perameters of transistors. Proe. of
the IRE. 41: 983-988. 19563.

R. ¥. Ryder and R. J. Kirchner. ©Some ciroult aspects of the
transistor. Bell 8ys. Teoh. Jour. 28: 367-401. 1949.

Wallace and Pletenpol, op. eoit.

R. L. Wallace and G. Raisbeck. Duality as a guide in tran-
sistor eirouit design. Bell Sys. Tech. Jour. &0: 381-417. 1951.



Equivalent cirouits may be derived from the mesh or nodal
equations of a general three~terminal uatwbrkl. This immediately
divides the equivalent eircuits into two distinet groups: those
equivalent oireuits derivs& on the basis of mesh equations taking
the form of a T and those eguivalent aircuits derived on the basis
of nodal equations taking the form of a w. It will be convenient
to first obtain a genersl equivalent cireult of each group, and
from these build up specific ocircults.

The general solution to the first group can be found from the

mesh squations of the active thres~terminal network of Figure 1.

Aotive [
Network |

Figure 1. Aotive three~terminal netwnrka

1L. C. Poterson. Equivalent olrouits of linear astive four-
terminal networks. BHell Sys. Tech. Jour. 27: §93-622. 1948.

2‘,?}15 direotions chosen for voltages and ourrents in this figure
are standard nomenclature and will be used throughout this manuseript.



At low fraquaneias,‘whars the network coefficients are resl,

Ey = rialy + rigle (1)
and

Eg = rgaly + regls . | (2)
These equations may be written in the form

Ey = r1aly + rigls : (3)
and |

By = rigly + ragls + (raa=rie)ly . (4)
Equations (3) and (4) suggest the equivalent oireuit of Figure 2.
In this figure, the network coefficients are related to the
squivalent cirouit parameters as follows:

ryy ®" ry + rg ,

Fig " Tp »

gy " r4 + rep, (5)
and

gg = Tg * I'g -

Figure 2. General mesh~derived transistor equivalent oirouit
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Because the connections for the transistor of Figure 1 are not
specified, the equivalent ciroult of Figure 2 can be used for any
connection, Of the aix possible connections, only three produce
appresiable power gain; grounded base with emitter input end col-
leotor output, grounded umibtar’with base input and colleotor
output, and grounded collector with base input and emitter output.
These connections will be referred to as the grounded base, the
grounded emitter, and the grounded collector, respectively. No
other oonnection will be disoussed,

The same procedure can be repested with the nodal equations
for the three-terminal network of Figure 1. The equations are

Iy = g11By + g1gBa » (6)
and
Ia = geBy * geafe - (7)

Here g's are used to indicate that the admittances are reall,

Rearrangement of equations (8) and (7) gives
I = g11By + ZieBs » (8)
and

Io = g1gF1 + Eanfe * (Ee1=B1g)By . (9)

1Tho g's used here are simplifications of admittance and should
not be confused with the network ccefficient resulting when I, and Eg
are considered independent.

Guillemin, BErnst A. Communication networks. Vel. II. 1lst ed.
K. Y. John Wiley and Sons, Ino., 1936,
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Equations (8) and (9) suggest the equivalent eircult of Figure 3.

The network ccefficients and equivalent cirouit parameters for this

Figure 3. General nodal-derived transistor
equivalent oireuit

ciroult are related as follows:

iy ¥ 8x * Bm »

Eig ® "Bz »

Bo1 * B4 - £ » (10)
and

Bas ™ 8z * Bz

The equivalent oircuit of Figure 3 cen be used for any connection,

B. Mesh~Derived BEquivalent Giroults

One of the first conneetions used with transistors wes the
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grounded hase eonmctionl, with the equivalent ciroult of Figure 4.

This is probably the most familiar eguivalent cireuit at present.
The parameter subseripts were chosen %o sorrespond to the aotual
terminal designations as shown. The subscript m on r is proper
becauss it comes from a mutual impedance tarm‘aimilar to gm in

vaocuun tubes.

emitter . col=
lector

Figure 4. Mesh-derived equivalent circuit
for grounded base

Sinoe the equivalent oircuit of Figure 4 may be used in any of
the three transistor connections by exchange of terminals and proper
identification of the voltage of the equivalent generator, it may

appear that only thie particular equivalent sirouit is necessary.

lRydcr and Kirchner, op. eit,
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However, convenisence in oirouit analysis suggests that the voltage
of the active element be always in terms of the input ourrent I.
Conseguently, two more ms;hrderivad equivalent eircuite can be
conveniently used.

The equivalent oirouit fitting the general form of Figure 2,
for the grounded emitter eonnesctlon, can be found without introducing
new parameters. The equations for the e¢iroult of Figure 4 conneoted
as grounded smitter are

By = (rp+re)Is + relg (11)
and |

Ep = rely + (rotrelig ~ rp(Iy+lg) . (12)
Upon rearranging these equations, we have

By = (rptre)Iy + relg , (13)
and |

Ea b raxx + (rgv“rm“'ra)In - !'mxl . ' (14)

Equations (13) and (14) suggest an equivalent oircuit which fits
the general form and which is shown in Figure 5. Besides having
the aotive element in terms of the input basse gurrent, this
squivaleant eirenit has the further ndﬁnntage of pot introducing

new parameters,
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Figure 5. Mesh~derived equiﬂlmﬁ sircuit
for grounded emitter

The equations for the eirouit of Figure 4 connected as grounded

eollsator ere
EJ’ - (l‘b‘ra)Il » (ra—rm)lg s (15)
and

Eﬂ - raxl '.' (tc*re)xg - tmIg » (16)

Upon rearranging these egquations as

Ey = (rp+rg )iy + (re=rp)is . (17)
and
the circuit of Figure 6 is suggested, with the same advantages as

those of Figure 6.
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Figure 6. MNesh~derived equivalent eircuit
for grounded ¢ollector

¢. Nodal=Derived Eguivalent Circuits

The second group of transistor equivalent ocircuits comprise
those based upon the nodal equations. Cirouits of this type werse
first introduced by L. J. Gviaaala*kﬁe}‘ of the RCA laboratories.
The oirouits proposed by him involve a complex system of notation
based upon three subscripts for each coeffieient. Although the
system is foolproof, its practicadbility is questionable.

One way to simplify the notation is to write the parameters

11» d. Glacoletto. Terminology snd equations for linear sctive
four-terminal networks inoluding transistors. ROA Review., 14: 2846,
1963,
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of the no&aluderivnd equivalent oirocuit in terms of the parameters
used for the mesh~derived equivalent eircuits. This method will be
used throughout this manuseript.

The nodal-derived equivalent circuit for the grounded base
connsction may be easily obtained from the ociroult equations of
Figure 4. These equations are

By # (re+rp)Iy + rylg » (19)
and

Eg = (rptrp)iy + (re+rplis - (20)
Solving these two equations for I, and Iy in terms of B; and Eg

and reerranging the results gives

Fo*rp rh

I, = i E;, - ] Bg , (21)

and
Th re*rh E 3™y

I *© - E Y E - —— E 22

% |l‘| 1 |r| ] lrl r O ( )
where

|¥] = (re+rp)(rgtry) ~ rp(rp+ry) >0 . (23)

Equations (21) and (22) suggest the equivalent circuit shown in
Figure 7. 7This eircuit fite the general nodal~derived equivalent
eirosuit of Figure 3. It has the advantage of having the ocurrent of
the aotive element in terms of the input voltege E,.

The grounded emitter equivalent eirocuit ean boyabtainsd in w

similar menner. Solving for I; and Iy from Equations (11) and (12)
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Figure 7. Nodel~derived squivalent cirouit
for the grounded base

results in
(ro~rm*re) e
BT BT e
and
re (rutre) m

Is =T B¢ T EBa* ey Ba -

Equations (24) and (26) suggest the oirecuit of Figure 8.

Te

Figure 8. Nodalwderived equivalent oireuit
for the grounded emitter

(24)

(25)
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Solution for I, snd Iy from Equations (15) and (16) produces

the squations

To~Iytre Fo=Ty ,
and
Ta"Tm l"b""‘x’g Py

Equations (26) and (27) suggest the equivalent sirouit of Figure 9.

' ro-rn

. rl
AN
Ze Tb*rm<
[ IT]

Figure 8. Nodal~derived equivalent circuit
for the grounded collector stage

It should be noted that an equivalent circuit is not limited
to the partioular kind of transistor oonnection for which it was
derived. Each equivalent oircuit could be used in sny of the oon-
nections. This is true for both the mesh and nodal-~derived circults.
Figure 10 summarizes the work of this section and is inoluded

merely for sonvenienoe.
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D. Evaluation of the BEquivalent Cirouit Parameters

Having selested the transistor equivalent circuits, it now
becomes necessary to evaluate the equivalent cireult parameters.
This is easily done through the network coeffleients pertalning to
the mesh or nodal eguations.

In general, knowing the network coeffiscients for one type of
connection of the transistor, it is possible to caleulate the network
coefficients for any other aonnsntianlg This is partioularly
adaptable to the equivalent ciroculits of Figure 10. In these
~ oirouits, all network coeffioientz are written in terms of the
equivalent elroult parameters of the mesh-derived grounded base
stage. This is swmmarized in Table II. If the network coefflcients
for any one connection are known, the equivalent cirouit parameters
Tes Ths ro 8nd rp oan be evaluated.' Knowing these parameters, any
equivalent clireuit can be easily obtained.

To evaluate the transistor parameters, eight selected P-N-P
june%ian’tranaiatars‘wora connected as grounded emitter and the
network coeffiolients pertaining to the nodal equations were

a@sauredz. All measurements were made on the General Redio Type

1L, J. Giacoletto. Terminology and equations for linear active
four«-terminal networks inoluding transistors. RCA Review., 1l4: 28-46.
. 195$’ #

Guillemin, op. oit.

2596 Appendix A.
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Tabls II

Summary of Network Coefficien\

Comnection
Coafficiont Grounded Base Grounded Emitter Groundesd Collectoxr
Formula Yalue Formuls VYalus Formula Value
¥esh derived {ohm) (ohm) (ohm)
ria re*ry 372 rpire 372 Tp*ry 785,000
Tig ry 547 Te 24.5 ra~rm 66,000
rox THtre 718,000 e~y =718,000 Te 785,000
Yoo Tatly 785 wmvg Ta~r g*n:@ 86 hm@mw ucﬁl_k-s.}ﬂoﬂ 66 ﬁg
Nodal derived (@ mho) (p mho) {g =mho)
_ e—
g11 et 18,700 TeTm'Te 1,570 TeT™w'Te 1,570
[r| 7| e
*h Ta Te~rm
; - i -8,27 - -3,582 - -1,570
Big 3] x| |r| :
fa B ' ] ’ 2 o
a2 Te'Th 8.85 Tb*re 8.85 To*To -18,700
x| |xl 7|

22
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o ataex

7K o 3081,

. , ; 3W4 0,011'3#9:',f_vifl'%"‘f,“"" f .
© Mesh-derived . Hodal-derived

| Figure 11. Bquivalent oirouits for & typloal Junstion tremsistor

Fl
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681=-D, Vaouum Tube Bridge., In each ocase the osolleotor to emitter
voltage was set at five volts d-c and the d-o base to emitter
voltage was varied to give a collector current of one milliampere.
This was considered to be a typical blas point.

Table I summarizes the results obtained in measuring the network
coefficients. It will be noted that considerabls variation exists in
the walue of‘corrsnpanding coeffioients. Type CK721 transistors give
8lightly higher power gains than do type CK722 $ransistors, however,
the dividing line is somewhat abﬁaura.

With the help of published material and manufasturer's infor-
mation, it was decided that the type (K722 transistor of line §,
Table I would be considered as the typical tranaictorl. Therefore,
&ll\ealaulations requiring velues are made using the measured wvalues
of this transistor,

Using the measured network ccefficients of the typleal tran-
sistor of Table I, the equivalent cirouit parameters rg, rp, ro and
ry were caleulated. From these caloulated values, the network coef~
ficienta corresponding to other equivalent cirouits were evaluated,
Table II summariszes these.

From the evaluated network coefficients of Table II, the
corresponding equivalent oireculits for the typieal transistor were

drawn and swmmarized in Figure 11.

1ﬂnythaan Manufacturing Company, Germenium transistor data
sheets No, (8-2881 and No, C3-~2884. 656 Chapel Btreet, Newton B8,
Mnssachusetts. Nov. 1962,
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IV, BSIHGLE STAGE TRANSISTOR CIRCUIZTS
A. Development of Feedback Cireouits
The transistor is inherently s feedbsok device. This may be

ssen by considering the generel mesh-derived equivelent cireuit of

Figure 12. Here it is assumed that the trensistor is supplied by

»

Figure 12. General mesh-derived squivalent
cirouit with terminations

generator Eg of internal resistance Ry and terminated in the

resistance Ry. The expresslion for return difference’ for rg is

ls” Appendix B.

H. W. Bods. HNetwork analysis and feedback mguﬁer dosign.
lst ed. D. Van Nostrand Co., Ino. 1945,

Thomss, op. oit.
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r
Fal- a4 5 - (28)

(Rg*’l*rm)(fn*ra*zL) -Ta

In terms of the network coefficients, equation (28) may be written
as

r1a({rgi*rig)
Tl 1ei\fe1"Tig ;- (29)

(Rg#r1a )(rae*BL) - rig

It is evident from equation (29) that feedback may be negative or
positive depending upon the sign of rg;. ?urthormnfa. fesdback could
be eliminated if r,, could be eliminated. Manufucturing technigues
ean be used to contrel ryig but not to eliminate sel.

8imilar reasoning can be nppiiad to the general nodal-derived
aquivalent cirouit. In thie case, it can be shown that feedback is
due %o the presence of the g, coefficient.

Feedback in a tranélﬂtar cirouit may be controlled through the
Pig Or gip coefficient. Any circuit edditions which shange these
epefficients &13@ change the fesdback. Additions of this kind will
bs referred to as added feedback, to distinguish between that

feedback which is inherently present and that whioch is added.

lkbraham Coblenz and Harry L. Owens. Variation of transistor

parametors with tempsrature. Proo. of the IRE. 40; 1472-1476. 1982.
- Early, op. cit.

Jo A. Morton. Present status of transistor development. Prooc.
of the IRE. 40: 1314~-1326. 19862.
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The oirouit of Figure 13(a) represents a straightforward method
of inoressing feedback., A mesh~derived equivalent cirouit is shown
because the type of feedback used is most easily handled by mesh
equations. Writing the equations for this eiroult without

torminations gives

Ey = (ratrg+Re)Iy + (rg+Rglig , (30)

Bg = (rgtrg+Be)l; + (rg+ry*Re)ig . (31)

Here, standard four~terminal network notation is used as shain in
Figure 1. Considering the new ociroult element R, to be a part of

the equivalent sireuit, we can define the new network coeffioients

to be
Ryy = ry +rg *+ Ry ,
Rlﬁf ®re * Rs s
(s2)
Rgy =rg +rg + Ry,
and

Bgg ® rg + s + Rg &
From the relationships of Eguation (32) we see that R, is added to
sach of the network coefficients and that Ryp (now replacing ryg)
cannot be controlled independently.
Feodbask can also be controlled by the use of transformer
aoupling between loops as shown by Figures 13(b) and 13{(c). In

this osse the transformer can be gonneoted either for positive-added
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Ideal

former

()

Figure 13. Sériei transistor fécdh@ok‘cireuits'

“'w Trans-
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or for negative-added fesdback. Because the transistor eircuit
contains feedbaok originally, transformer ooupling cen be used to
enhance, leaae#, or change this fesdbaack framkpaaitiva Yo negative
or negative to positive as the cmse may be. Referring to the network
coefficients for Figures 13(b) and 13(e) listed in Table III, Ryo is
inoreased, decreased, or ohanged in sign depending upon the size of
the feedback résister (Ry or Ry) introduced and the turns ratio of
the transformer. It should be noted that Ryy or Rps does not change
when the trensformer oonnections are reversed.

The feedback circuits of Figure 13 require a rosiatan&o to be
placed in series with Ty, I'g, OF Ty Therefors, we shall ocall these
oircuits "series fesdback cirouits™. This should not be sconfused
with serlies feedbmck cirouits as defined by Bedal. |

Feedback oirocuits whioch are most easily handled by use of the
nodal~derived equivalent eircuits are shown in Figure 14. These
oirouits will be called "parallel feedback circuits" because added
feadback requires a conductsnce to be placed inlparallal with g1,
8rs OF E3-

Table IV summarizes the network coefficients for the parallel

feedback clrceuita., It will be noted that these network cceffieclients

IBada, op. oit.
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Table IV

Betwork Coefficients for Parsllel Feedbask Cireuits

Katwerk Coefficlients

uous Tt Teie ~
Riy Rig LY Rag
Figure 14(a) ——— Gg. (g:*ég*ﬁa3 -(ga+6g) ~(~g4+gq*0g) (8a*gs*Ce)
Figure 14(b)  As shown 6 (g2*gs+61) ~(ga*88;)  ~(-g4*gs*H61) (2ar2at¥06;)
Reverse Gy (g2+8a*61) ~(ga-NGy)  ~(=gg*ga~¥0:) (Ea*es*H70;)
Figure 14(c) As ghown Gy (51*53*3235) ~(gg*HG3) *(~§4+5a*3@a} (gurEutCy)
Reversed Ga (g;*gufﬁzﬁs) ~(ga=NGy) ~(*£4+5g“§33) (2a*8a+6a)

&
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are very similar in form to the network eoefficients of the serles
feedback eircuits. This is explained by the duality relationship
which exists between the mesh~ and nodal-derived equivalent eirouit.
The most importanit feedback sircults of Figures 13 and 14 are
the cirocults not requiring transformers. Where trensformers are
used, the natural advantages which the transistor has in slze, weight
and cost are sacrificed. However, where these advantages are not
important, transformers can bs used for more versatile oirouit
design. 8everal types of transformera designed particularly for

transistors have been made availablal.

B. Belection of Cirouit Terminations

Impedance matohing is ons of the principal diffioculties in
designing transistor cirouits. When dealing with vaouum tubes at
' low frequencies, the input impadanna is usually considered infinite
in grounded cathode or grounded plate operation. Voltage gain is
eonsidered the all~important factor because power gain is meaningless.
In transistor sirouits, the input impedance is not negligible and

must be oonsidered as a load for the preceding stage. This is

1Sﬁtndard Trenaformer Corporation. 8tencor transistor transe
former data sheets., Form 462, 2-53 and Bulletin No. 463, 1-863.
3580 Elaton Avenue, Chioago, Illinois. 1963.
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gimilar to grounded grid operation in vaouum tubes., Power galn
reappears in these cases as the most fundsmental consideration of
gain,

In designing transistor ocircuits, every effort should be made
to matoh the transistor in its image impedances. This permits the
maximum allowable power gain. Failure to recognize this may require
additional stages in the over-all amplifier.

The use of transformers greatly simplifies the problem of
matehing. However, the additional weight, space, and ocost is
undesirable. This is especially true in ministurized ecircuits for
which the transistor is ideally suited. Btability may also be a
problem when transformers are used.

In cases where transformers cannot be used, matched conditions
are seldom obtained., Where enly one stage is needed, it is
sometimes possible to design the driving source and load to match
the transistor. In oases where transistors are cascaded, the
matehing of source and load does not solve the problem. A mis-
match 8till exists between stages. A better mgteh oan be obtained
in eascaded eiroults by albernating stagez from one type connection
to another., This will be discussed in Section V-B.

In the discussion which follows, we will be primarily concerned
with matohed conditions at the input and oubput of single-stage or

casocaded transiator cirenits,
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C. Analysis of Cireuits Contalining
Series or Parallel Feedbaok

1. The §enaru1 transistor eireuit

A systematic approach to the analysis of feedback and stability
can best be made by first considering the general transistor elrcults.
General equations pertaining to these circuits can be derived and
easily applied to specifioc ocases.

Figure 12 shows the general mesh~derived equivalent circuit with
terminations. Rg is the internal impedance of the driving source or
the output impedance of the preceding stage. Ry, is the load im-
pedance or the input impedance of the succeeding stage. The mesh
equations for the circult are

By = (Eg%rll)ll + riglg , (33) :
and

O = rpmly + (rag*Rp)is - (34)

Here ry3, rig, Tgi, rgg represent the network esoefficients of the
transietor when input and output terminals are shorted. 7This
notation will be adhered %o throughout.

The input and output impedances, memsured at the transistor

terminals, ocan be written as

Ryp * An « F11(raa*Ry) - Fistal (36)
n Paa*R
Ama Bg = 0 (rea*Ry,)



and
Ro# - Ty
. An _ (Rgtraa)rae - rastm . (36)
A%a (Rg*l":u)
Ry, =o

Here the subsoript 1 or o designates inpnt or output resistance and
the subsoript m designates the mesh-derived equivalent circuit. The
symbol.[&m represents the cireuit determinant obtained from
equations (33) and (34).

The voltage, current, and power gain of the transistor from
input terminals to output terminals represented by Ag, Ay, and Ap
respectively, are |

A% ™ E‘& = rﬁlaif . (37)
By raa(rge+Ry) = rigre

I r v

and
Apn = Appbm - ’ (39)

These gain expressions must be properly interpreted. Equation (37)
represents the ratio of output voltage to input voltage. Both
voltages are measured at the terminals of the transistor. Equation
(38) represents the ratio of output eurrent flowing in the load to
input current supplied by the souree. Equation (39) is the product
of these two and represents ‘the ratio of power out of the transistor

to the power supplied to the input terminals of the transistor.
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In most cases, the return difference can ba used as a measure
of sensitivity., If gain is defined as in equations (37) or (38),
then the sensitivity would be caloulated on the basis that constant
voltage or current was supplied at the input terminals of the
transistor. This is the same as saying that the input Impedance of
the transistor does not change with ohanges in rg. This is not true.
Therefore, as & more useful measure of sanéibivihy, the voltage or

current g&in‘will be defined as

B
Agp = -Eg » (40)
g
and
I
Am = - "i‘: R (41)

where Ey is the generator voltage of the source as shown in Figure
12 and xg is the current of the current-source equivalent. In
either oase, Ry must be included in the cirouit. This applies %o
the caloulation of return difference and sensitivity only.

If the return differences for ry were used ror‘euoh of the three
eonnections of the transistor, the return difference would hgvn 8
different meaning in each case. This is explained by the fact that
rp is not found in rg4 alone (see Table II). On the other hand, if
return difference for ry, were used, then there would be only one
meaning. As @ measure of feedback, the return difference for ry
would indioate the amount feedback has reduced the gain in terms of

the grounded base parsmeters. As a measure of sensitivity, the
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return difference for rp would indicate the effeot that ohanges in
rm have in changing grin. The return difference for ry will be used
for all mesh-derived equivalent cirouits. Both return difference and
sensitivity will be derived separately for each conneotion.

The stability limit for the transistor 1is determined by the point
at which the determinant goes to zero. For the general mesh-derived
osireuit this can be written as

Am = (Bg#r12)(raa*BL) - rigras = 0. (42)

All of the above expressions can also be used with added
feedback. This is handled by using Ry;, Rig, Rgi, and Rgy from
Table III %o replace ry;, rig, regi: and rge respestively.

For matched conditions, where Riyy = Ry and n@m = Ry, equations

(36) through (39) are greatly simplified as follows:

Rim = rxa(l"&)i/% ’ (43)
Rom = faa(l“&)l/h ' (44)
ra /T
App = /i . 46
En 1+ (1«.)1 & (45)
ray/Tae
Ay = » (%)
14+ (.’t«-«n}}‘/3
and
Apy = Agphyn | (47)

In these expressions, & is defined by

‘Em. (43)
Fiilas

For the sireuit to be stable, a must be less than unity. The point
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of instability for matched conditions ocours at

a =1, L (49)

When added feedback is used, the above expressions for matched
conditions ere valid providing the network coefficients of Table IIX
are used.

Figure 15 shows ths general nodal-derived equivalent eireult
with terminations. For ease of handling, the driving source ls

assumed to be & current source Ig shunted by the conductance Gg.

Figure 15, General nodal~derived equivalent
eirouit with terminations

The transistor load i represented by GL.

For matehed conditions, the equations for the nodal-derived
equivalent cirouit, analogous to equations (43) and (44) can be
written as

Gin = @102, (60)
and

Gon = sas(l*b)l/% ’ | (51)
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where the i or o subsoript designates input or output conductance
and the n signifies the nodal~derived equlivalent oircuit.

The equations analogous to equations (46) through (47) are

Agy = s . _ﬂ% . (52)
El 1+ (1‘b)
AIn _— Eﬁ - "Enz/&xa. (53)
I, 1+ (1-b)
and
Apn = AppAIn - | (64)

In these expressions, b is defined as

_ Eialm
b = —xR28L 1]
8118an (5)

For matohed conditions, the circuit is stable when b is less
than unity. The point of instability 1s then detsrmined by the
condition

b =1, (68)

If added fsedback is to be used, the network coefficients
G121, Gyg, Ogy and Ggp from Table IV must be substituted by gi1, 819,
gra 8nd ggp respectively for these relationships to remain walid.

It would again be desirable to use the return difference for

rp when calculating return difference for the nodal-derived eguiva=-

lent eireuit. However, due to the extreme complexities in computation,

it is necessary to introduce a new parameter. The parameter chosen

is % which is the negative of g4 for the grounded base connection.
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The return difference for~£9%-will be used for all of the nodale

Izl
derived equivalent cirecuits., Both return difference snd sensitivity

will be derlved separately for each case that follows.

2. The g;ounéed base trangistor eirecuit

Without added feedback, the matched impedances for a typical
Junotion transistor connected as grounded base cen be calculated

from equations (43) and (44) using values from Table II. They are

Bimp = 572(10.854)7% = 142 ohums, (67)
and
’ 1/2
Romb = 786,000(1-0.854) = 300,000 ohms. (58)
The subsceript b has been added to indicate the grounded base.

The transistor gains for matched conditions, using equations
(45), (46) and (47) are respectively

Agab * ?19,ooq/3731 - 1400 , (59)
1+ (1-0.854)
R 719,000/786,000 _ o seo , (60)

1+ (1-0.854)%2
and
Apmb * (1400)(0.662) = 924 . (61)
The return difference for rym for the grounded base mesh-~

derived equivalent oireuit is

g2 Gma)enn) - "
Amb (Bg*ra1)(reatBy) - r1g
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where Agb is the value of the clroult determinant where ry is set
to zero. With reference to Table II, a good approximation can be
made by neglecting the second term in the denominator. Making

this approximation, the return difference under matched sonditions

becomes

2(1-ap) /2

Fab & e
1 + (1-ap)Y/%

(63)

Evaluating the return difference with the help of Table II gives

. _2(1-0.854)1/2
1 + (1~0.864)"

| The sensitivity for rp in this case is

dry  Agmb

- [ gl J {ng*rll)(rsa*RL) - ?1gra1} (65)
r

a1"rig (Rg#raa )(rgat+RL)

Here, a good approximation is

gl A,
Pe1i~Yia

'1t

With this approximation, the sensitivity for matched oconditions is

. 2(1-ap)?
mh = 1 . (1.ab)1/§ » (66)

whioch is the same as the expression obtained for return difference.

For the grounded base nodal-derived equivalent cirseuit without
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added feedback, the return difference fbrA%%r is

'A:b o (Gg*€12)(Bon*0) ~ Basar (67)

Fnb 2
nb (Gg+£11)(8rat0L) - E1a

wheralzxgh is the eireuit determinant with %%T-set equal to sero.

As in the previous case, referenoce to Table II shows that the second
term in the demominator can be neglected. Using this approximation,
the return difference for matched conditions can be written

. 2(1-by)/2

Fpp X . (e8)
BT v (1obg) V2

Without added feedback, this has the same wvalue as equation (64).

The sensitivity for :".F;!;.r is

s -
nb ™ »

Ay TFL
Im y  AInb
Al

o8 | (%g*&11)(8aa*0L) - Euéa:.]
[;ex"ssz [ (Gg*glg)(g,g#ﬂn) * (89)

Omitting the first factor, the sensitivity for matoched

conditions beoomes

2(1-bp) 2

1+ (lubb)l/i ’ (re)

Snb ;.“i

which is the ssme as equation (68).

Without added feedbaock, the oirouit is stable since ap or by is
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always less than unity.

Figure 18 illustrates the effects of adding series feedback to
the grounded base transistor elrcuit. Since series feedback is most
easily handled by the mesh-derived equivelent cirouit, the network
coefficients Ry, , Ryg, Rgy 8and Rge from Tabls III were used in place
of r1a1s Tigs gy 80d rg respectively. To simplify the problem, it
was assumed that N » 1 for those clrcuite containing transformers.
What this sssumption does can be seen from the network voefficlients
of Table III and the oirouits of Figure 13, With the transformers
sonneoted as shown, the network eoefficlients have the same form in
all three omses. This represents added positive fesdback and its
effect upon the circuit charamcteristics is shown by the solld curves
of Flgure 16.

With the transformer reversed, the network coeffioclents of the
eircuits of Figures 13(b) and 13(c) have the same form. This repre~
sents added negative feedback and its effeot upon the circuit
charasteristics are shown by the dashed curves of Figure 16.

It will be noted that both positive and negative feedback tend
to reaise the input impedance., This ls as expsoted sinoe R;, is
increased sharply when either positive or negative feedback is aedded.
Rgg» on the other hand, is not greatly affected by feedback. The
output impedence is therefore controlled primerily by the factor
(loab)l/é. This explaing the decrense in the output impedance when
positive feedback is added.

Power gein decreases for negative feedback ms would be expeoted.
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For positive feedback, the power gain increeses only slightly at first
and then alsc decreases., This can be attributed %o the rapid inorease
in Ryy; which affects the voltege gain as shown by equation (45).

Bquation (63) was used in caloulating the return difference in
Figure 16. The maximum error introduced by the approximation is less
than one peroent for the rangs of leedback resistance used. Likewise
the maximum error introduced by the approximation for sensitivity
(aqu@tion 66) is less than one and one~half percent. These errors are
subtractive soc that the ourve fhr’raﬁurn differense represents
sensitivity within one percent,

When series feedback ls added, the cirouit will be stable if

RiiRge = RigRgr > 0 . (71)

This can easily be determined by substituting the network cocefficients
from Table III into equation (71). It can be shown thet the circuit
is stable when ¥ = 1.

Parallel feedback is most easily handled by the nodal~derived
equivalent eirouit. Figure 17 shows the effect of adding parallel
feedback to the grounded base connection. The curves are drawn for
the typical junction transistor with N = 1. The seliﬂceurves
represent the charsecteristics of all three parallel feedback eircuits
of Figure 14 when the added feedback iz positive (transformers con-
nected as shown). The dashed curves represent the charscteristics
of only those ciroults conteining transformers and with the added

feedback negative (transformers reversed).
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It will be noted that the characteristics of the parsllel feedback
circuits are considerably different from those of the series feedback
oireuits. The matched input impedances now remain somewhat consiant,
especially for positive feedback. This 1s explained by the fact that
(11 changes only slightly with feedback and that the warlation in
input impedence is controlled primarily by (lmbb)l/t. On the other
hand, Ggzp inoreases sharply with inoreasing feedback, We would expeot
the output impedance tc decrease accordingly. This is shown by
Figure 17.

Power gain deocreases in both cases. This 1s due %o the rapid
inorease in Gg, as feedback is appliad (see equation B4).

The approximations made in calculeting return difference and
sensitivity in eguations (68) and (70) are good for all velues of
feedback eonductance used. The ourve for return differenne represents
sensitivity within two peroent.

With ¥ = 1, the oirouit is stable for all values of feedback

resistance used. If N ¥ 1, stability is represented by the condition

Gy10gg = 0150641 >0 , (72)

where the network coefficients are those of Table IV,

. The grounded emitter transistor oclroult

The matohed Impedances for a typiocal junotion traneistor oon-

neoted as grounded emitter without added feedback can be osloulated
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from equations (43) and (44). Substitution of values for the grounded
emitter coefficients from Table II into these equations gives

Rime = 487 obms , (73)
and

Rome = 86,600 ohms . ' ; (74)

The transistor gains from equations (46), {46) and (47) are

Afme = =837 , | (75)

Ame = =4.71 , (78)
and

Appe * 3940 . | (17)

The return difference for ry for the mesh~derived equivalent

eirouit is

Ame . %@rbw,)(rg-rmwﬁm,) - re({re=rmy)
o

; . (78)
me (Rg#rytre )(rotre*Ry,) - r,a

Fm*

Putting in the oondition of matched terminating impedances and

neglecting the seocond term in the denominator gives

2
Fre = . 79
1 + Tag*ry (79)

rm(l‘*e)}‘/z

Evaluating equation (79) with the help of Table II gives
Fpo 2 0.1985 . (80)

The eensitivity for ry can be written

o | g1 _(f_gffb*"a)(?o“!‘m*rq*ﬂla) - ro(re“rm)} .
Sme \:?ux‘rxa:l { (Rg+rp+re ) (ro+RL) (o)




B0

Neglecting the first factor and putting in the condition of matched

impedances gives

2 . (s2)
raa‘,"’rm

ran(l-ag) /2

e

e
1+
which is the same as equation (79).
' r
The retum difference and sensitivity fbr‘T%r for the nodal=~
derived cireoult oan be shown to be

[

Fre S 8ne

2
Tm
811 * T
1+
g31(i=be)"

Without added feedback, the grounded emitter connection is

IR

. (83)

stable.

The effects of adding series feedback to the typical grounded
amitter circuit are shown by Figure 18. The dashed ourves pertain to
the cirocuit of Figure 13(a) and to the ecirouits of Figures 13(b) and
12(c) when N = 1 and when the transformers are sonnected as shown.
This represents added negative feedback, The solid ocurves represent
the circuits of Figures 13(b) end 13(c) when the transformers are
reversed (N = 1). This represents added positive feedback.

With positive feedback added, the grounded-emitter eircuit
becomes unstable. The point of instability for the typioal Junction
transistor with matohed loads can be determined from equation (48)

using the neiwork coefficlents from Table III.
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. (rag=Re)(rg1~Re)

(ry1+Re MrgatRe) =1 (84)

Here Rp represents R;, Ry or Ry depending upon which eirecuilt is used.

8olving equation (84) for Ry and evaluating by use of Table II gives

Rf = 64.7 ohms . (85)

With reference to Figure 18, the matohed input impedance for the
grounded emitter stage is generally higher than that of the grounded
base stage; the matched output impedance is lower. This is highly
desirable when matching problems are considered.

The grounded emitter conneotion produces higher power gain than
any other connection. Without added feedback, this power gain ap~
proaches 4000, With negative feedback, the power galn deoreases.
With positive feedback, the power gain insreases.

The plot of return difference of Figure 18 represents sensitivity
within one paféant. The curve shows that the oircuit is inherently a
positive feedback cirouit when the oeireuit parsmeters are written in
term¢ of the mesh-derived grounded base equivalent circult parameters.
The addition of negative feedback does not ralse F above unity.

Figure 19 shows the characteristics of the typloal grounded-
emitter junstion transistor cireuit with parallel feedback added.
~ The solid ourves pertain to Figures 14(b) end 14(c) when the trans-
formers are reversed for positive added feedback. The dashed ourves

represent the characteristios of all three circults of Figure 14
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when the transformers of Figures 14(b) and 14(c) are connected as
shown. This represents negative added feedback. In all cases 1:l
transformers are assumed.

The oirouit becomes unstable when the added fesdback is
positive. The point of instability can be found from equation (56)
using the network soefficients of Table IV. For the typical

transistor, this becomes
Ge = 1,54 p whos . (88)

It will be noted that the matched impedances deorease for
negative added feedback and inerease for positive added feedbaock.
This is opposite to the series feedback characteristics of Figure 1B.

The plot of return difference for the parallel feedback sircuit

represents sensitivity within one percent.

4. ?he_groundad eolleotor transistor oirouit

The matoched impedances for the typlcal junotion transistor
connected as grounded collegtor ocan be saloulated from equations
(43) and (44). Without added feedback, they are

ng faad ag’m ﬁhm& ) (87)

Romo ™ 1880 ohms . (88)

The transistor gains, ealeulated from equations (46), (46) and

(47) are
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Agpe = 0.973 , (89)

Amme = 11.6 , (s0)
and |

Appo ™= 11.3 . (91)

Equation (91) shows that the grounded collector stage does not
produce as much power gain as the other two connections. However,
squations (B87) and (88) show that the circuit can be used to improve
matohing betwesen two grounded emittsr or two grounded base stages.
This will be disoussed in Section V=B,

The expressions for return difference and sensitivity for the

grounded collector &tagn under matohed conditions, ocan be shown to be

31"3.,1.*‘ an [l-ao ‘/* (1~aq ).é{l

ra(ray=rea Hriarm(i-ne ‘*rxxrsx[l*(l‘tayg]2*ra1(rmrrnz)

(92)

Fm"

and

2riiras [1"56 + (1*09)%3

rm(r;1~r1a) + rllrm(l-aey%

(93)

for the mesh-derived sircuit. For the nodal;dnrived cirouit, they
ara
2g118am [1*bc + (1‘bo)%J
T*(sng*aaxJ*sawﬁq(i*bo)§*511$sa[?*(1'bc)%] “&am@*T 8a1)
(04)

Fpo ~

and
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2g118e8 [l“be * (1“"”0)1/2] (95)

8 .
° . 1/2
B (gen*Ea1) * Zes 2 (1-bg)
e /R 6Rl z’~|rl 4]
Putting values into these equatlions shows that return difference is
not s measure of naﬁsitiviﬁy for the grounded bolleckor. This is
substantiated by the large amount of direct transmission presentl.
If sensitivities dre needed, they must be caleoulated from equations

(93) or (95). For the typical transistor under matched conditions,

the sensitivity for %%r can be shown to be

8 = 0,188 . « (98)

Under metched conditions, all single stage grounded collector
oirouits of Figures 13 and 14 are stable when ¥ = 1, If N # 1, the
point of instability may be determined from equation (49) or
equation (56) using the network coeffisients of Table III or

Table IV respectively.

D. Analysis of Circuits Containing Both Series
and Parallel Feedback

411 of the circuits discussed so far have been two~loop or two-

node networks. When both series and parallel feedback are used on

Iﬁireet transmission here refers to the voltage or current gain
of the cirouit when ry is made zero.
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one transistor, a three-loop or three-node network results. It
would be very desirable if the preceding methods and formulas eould
be applied to those cirouits where both types of feedback are
present. Two methods which make this possible will now be discussed.
Conslder the equations for any mesh~derived transistor equiva-

lent sirocuit given by equations (97) and (98).
By = riady + ragly s (97)
Eg = rgnly + ragly (98)

The equations for the corresponding nodal-derived equivalent circuit

are
v. = I8 - F3 ; 9
IL Ir E.‘L TE'E‘EQ ' ’ ( 9)
w121 i
Ig = B By + g Eg , (100)
where
Ir| = riafeg = riges - (101)

If parallel feedback is added to the circuit as in Figure 13(a),

equations (99) and (100) become

Iy = [%%& + &g] By ~ [%éﬁ * Ga] Bg » (102)
(T2 ray |
| Iﬂ " - [: e + a‘] El + W + Gﬂ] Eﬂ . (103)

Converting from the nodale-derived equiwalent airouit back to & mesh~

derived equivalent cirouit, the corresponding equations can be
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written as
(raq + Gglr| | rig + Golr| |
[ra1 + Gg|r| | [fne + Gglr| |
3 E T SRR SE. R R AT,
By i 5 ] I, + S X (105)
where
P ™1+ Gy(ryy+rge=rig=raa) - (108)

The equivalent oirouit corresponding to equations (104) and (108) is
shown in Figure 20. The addition of parallel feedback to the mesh-

derived equivalent circuit udﬁa a resistence of Ggy|r| ohms in series
with the shunt leg and deoreases all parameters (ineluding the added
resistance) by thé fastor p. Series feedbeck may now be added in

the usueal manver.

Figure 20. Mesh-derived equivalent e¢irsuit
- with parallel feedback

If a nodal derived equivalent oircuit is desired, the coirouit
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of Figure 21 should be used. Here, the addition of series feedback

%o the nodal-derived equivalent oirouit adds a conduotance Ry |g| mhos

Figure 21. Nodal~derived equivalent c¢irsuit
with series feedbaok

in parallel with the shunt branch and reduces all the parameters by
the factor s where

|6] * &118em ~ Banbea » ; | (107)
and

8 = 1+ Ro(821+6rn=Bap~Ea2) - (108)
Parallel fesdback may now be added in the usual manner.

The above methods for handling circults with both parallel and
series feedback have been illustreted for eircuits without treans-
formers. This does not mean that transformers oannot be used. With
proper interpretation, the above equivalent oireuits can be modified

40 inelude traneformers.
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V. CASCADED TRANSISTOR CIRCUITS
A. Equivalent Cirouits for Cascaded Transistors

In cases of no added feedback or where feedback is applied to
individual atagas; casocaded trensistor c¢ircuits may be analyzed
stage by stage. The analysis must begin with the last stage and
proceed baokwards until all stages have been tre#tad.
| In cases of added feedback where the feedbacsk paths involwve two
or more stages, stage by stage analysis cannot be used. A method
which can be used consists of deriving an equivalent cireult to
replace two or more transistors,., Feedbaek oan then be appliod o
the new equivalent eirouit in the usual way.

Consider two transistors oconnected in cmscade. Let each
transistor be represented by a mesh~derived equivalent cirouwit. If
the input current and woltage to each transistor are considered to
be the independent variables, the matrix equations for the first

transistor can be written as

ria \r"
B — B
l ra1 ra 3
- = » (109)
1 rd
Lilm= 2| |u
Yoi Yz

where
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lrt| = riirge-rieria - (110)

The equations for the segond trinsistor osn be written as

f{; ’?”
E- '
I Py “L e
- X (111)
I 1 !';g 1
- -w “in
J rea ;E;
where
le"l = riirgarisray - (112)

Here, the common voltage and ourrent at the junction between the
trensistors has been given the subscript j. The ourrent Ij is
assumed to flow into the first transistor.

Upon elimination of Ej and I4 by matrix methods, the following

matrix is obtained:

By riarist|r| ria|r"| +raa|r Eg
- x
Yairey
I, ri1*rie 7| +viarae ~Ia

{113)

kIt is now possible to find e new mesh~derived equivalent eirecuit to
replace the sasesded pair. Since the matrix for any one mesh-
derived circuit tekes the form of (109) or (111) we can write by

inspection
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r ririat |7
X L 11"' l , {(114)
Tay raira
7| rdalr" +rdalry
. - , (115)
ra riiraa
1 r?er
Far rgilaa .
and
ree  |PY trisrs
s . | t —287e8 | (117)
Tay rai¥al
where
|2‘| = ryifee~risfel - (118)

Solving these expressions for ry3, rigs g1 and rgg, the network

coe fficients for the new equivalent cirouit are

riirist rt '

i 3
r13*rge
" ,
risfie
rig = Ciffie | (120)
riytreg
Yézrgl
Fai * "%y s ’ - (121)
riatrga
and
r¥| eriers

]
Fiitrge

If the first transistor is represented by a mesh-derived
equivalent eirouit and the second trensistor is represented by the
nodal-derived eguivalent cireuit, the meshederived equivalent eireuit

representing the pair is found from the following matrices:
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ria |z ]
E B
* Ta1 ra J
= x . ' (123)
1 ra
Ll | o |
Tgl g
and
]
Eza 1
E = = |[Ea
J : 3758 . Bm
L X ™ (124:)
L]
g" 812
-13 'n | " ~Iq
€21 E=1
Eliminating E4 and I4 and solving for the network coefficients
gives
r K n
riagast '] (€
ry = l, l,‘ | (125)
Esa* € l?ag
riegl A
ris = - e, (126)
gae* |8 |ria
riiea
Fay = - et o Qen
gas* 8" ras
and
1+rjags .
ae aafay (128)

W‘\m
Ean* 8" ras
In these expressions, we deline

[rY| = riarga~risra » (129)
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Table V¥ (continued)

Individual
Transistor Fetwork Coeffioients®
Representation

Nodal~derived resultant

1st Tran- 2nd Tran-

sistor gistor €11 S1s 8e1 Bee
5 wesh mosh riﬂr;ﬂé |!"” l - l'iar;a . - r;lrgl — !’i:.rgx* ]ril
PR A e P e e A P PO P P P PR P P
6  mesh nodal raegia*l rigsis raigem rizgaetir’|x|g"|
tix*lf'|siz rix*lr'lsix riz+|r| gl riitlr') gla
7 nodal mesh f::gi;*lf'lx]$'| rizgis raiga riigastl
reat |r”| g2e raat|r" g2e raa*|r®| gia ree*!r®| gie
giig11+|g'| glatln g£1.8a1 ghstss* 8"
811*Bze E13 % Eam £11*8gz2 Bi11*Eax

*3ingle primes designate network coefficients of the first transistor. Double primes designate the
network coefficients of the seeond transistor.

89
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for the first transistor and
g"| = el182e~Eleka1 » (130)
for the second transistor.

Table V summariges the network coeffiscients for cascaded pairs
ineluding a&ll possible oombinations. Parameters for the first
transistor are indicated by single primes. Parameters for the second
transistor are indicated by double primes.

The process of combining transistors as summarized in Table V
is actually oircuit reduotion of active networks. This process of
reduction can be applied to nny‘nnmbsr of transistors in cascade;
after two transistor oireuits have been combined, the resultant
cirouit may be oombined with the third and so on. The amount of work
required is the only limitation.

The equivalent circuits corresponding to the network coefflolents
of Table V are not shown. They may be obtninad‘by the methods

outlined in Bection III-A.

B. Analysis of Cascaded Circuits Containing
Series or Parallel Feedback

Without the use of impedance matching devices, matched conditions
are not obbtained in,aiacadad transistor éitouite. The most desirable
connections, considering power gain only, sre the grounded base and
the grounded emitter connections. These connections have low input

impedence and high output impedence. If transistor eireuits of these
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types are paacgded » much power gain will be lost due to mismatehing.

On the other hand, the grounded collector stage has relatlively
high input impedance and low output impedance. Using a grounded
collector stage alternately with the grounded base or grounded
emitter stags produces a betiter match. However, the inorease in
power gain obtained from the grounded base or grounded emitter stage
is offset by the low power gain of the grounded collestor stage.

The above can be easily demonstrated for a two-stage transistor
amplifier. Consider two grounded emitter stages connected in caseade.
The network ocoefficients for the pair, obtained from equations (119)
through (122) using values from Table II, are

L (372)% + 42,2 x 108

iy 36 400 638 ohms , {(131)
(24.5)2

rig * 88 400 = 0,00804 ohms , (132)
o 2

rg1 * %2- = 7,800,000 chns , (133)

»
and

42.2 x 105 + 4,38 x 109

res ® 56200 = 66,500 ohms. (134)

Equations (43) and (44) oan now be used to find the image impedances

of the cascaded pair. They are

Rimee = 658 ohms , | (138)

and
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Ropes ™ 66,300 ohms . (136)

The powsr gain from equation (47) is

If the second stage were replaced by a grounded collector stags,
equations (131) through (137) bescome

riy = 392 ohms ,

rig = 1.9 ohms ,

rg; - ~862,000 ohms ,

raa * 5,160 ohms ,

| | (138)

Rimes ™ 499 ohms ,

Romeos ™ 6,520 ohms ,
and

&m°(~ 42’303 phms .

If the first stage were a grounded colleetor stage and the
second a grounded emitter stage, equations (131) through (137) become
ra * 5,040 ohms ,

r;# = 24.4 ohms ,

rgs * =8,600,000 ohms ,
ree = 66,500 ohms ,
' (139)
Rimpe ™ 6,410 ohms ,
Romoe ™ 84,600 obms ,

and

A-m - 41,906 .
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Equations (138) and (139) show that the grounded colleotor stage
is very useful a8 a mateching device. They show that higher gain may
be obtained from a combination of grounded collsctor and grounded
emitter stages than can be obtained from a cireuit made up of all
grounded emitter stages.

When feedback is added to cascaded transisbtor oirouits, it ie
inry sasily handled by oireuit reduction teohniques. If the added
feedback is applied to individual stages, as shown in Figures 13 and
14, then the corresponding hatwark coefficients of Tables III and IV
are used in place of the r's and g's of Table V. If the added
fesdback involves more than one stage, such as shown by Figures

22(a) and 22(b), the fesdbaok elements R or Gj can be added after

 Gg
NN N
O~——1 Stage Stage [© = O~ Stage | Stage o
.
2
o l 0 o »)
() Series feedbaok (b) Parallel feedback

Figure 22, Casoaded transistor pair with added feedback
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the cirouit has been reduced. The addition of these feedback elements
to the reduced circuit is identical tc the sddition of feedback to
single stages in that R adds direotly to rg and G} adds directly
to gg where rp and gy are parameters of the two-stage equivalent
cirouit (see Figures 2 and 3). The individual transistors of Figure
22 can be represented by either mesh- or nodalederived equivalent
cirocuits. However, for ease of handling, the resultant two-stage
equivalent airquit must he s meshederived equivalent oirouit for

Figure 22(a) and a nodal-derived equivalent cireuit for Pigure 22(v).
This is indicated by the type of feedback present.

A more eomplibqtoé‘aeriaé feedback olroult, included merely for

illustration, is shown in Figure 23. Here elroult reduction oan be

O Stage - Stage T Sttgc;;-;f-ib,g;
| Bo. 1 | Boe 2 | | No. 3 :
‘.. & |
8y
o O

- Figure 23. Three-stage transistor feedbaock ¢irocuit
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applied to the first two stages with Ry and Ry included. With Ry
added to the resultant two-stage equivalent oircuit and with Ry added
to the equivalent cirouit of the last stage, the cireuit oan be
reduced to one uquivnl;nh eircuit for the three stmges. Finally R4
can be added to the three~stage equivalent eircult to complete the
problem. |

B8imilarly, cascaded oirocuits with parallel feedback can be easily
reduced with the use of nodal-derived equivalent cireuits. Ho further
explanation of this seems necessary.

The equations developed in Sestion IV-C for application to single~
stage transistor cirsuits ocan be applied to cascaded transistor
oirouits without additional work. The equivalent circult representing
& cascaded transistor cirocuit is in no way different from the equiva-
lent cireuit of & single gtage except in the wvalue of the paramateré.
Using the network coefficients of the cascaded sireouit, equations (43),
(44), (80) and (61) will yield the matohed input and output termie
nations for the oasoaded oirouit. Equation (47) or (54) will yield
the power gain of the cascaded oirouit. The #quaﬁiana for woltage

gain, eurrent gain and stability also apply.

C. Analysis of Cascaded Transistor Clireouits Containing
Both Series and Parallel Feedback

To illustrate the method of handling circuits containing both

series and parallel feedback, Figure 24 is shown. Circuit reduetion
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AN
: — Stage [ | Stage
| Boo 1 | | No.2 | | Fo.$

(o]

Figure 24. Casoaded trensistor oircuilt
with both series and parallel feedback

can be applied to this circuit in the following way.

Iet the first stage be represented by a nodal-derived equivalent
eireuit. OCp may be added directly to this oirouit. Let the second
and third stages be represented by & mesh-derived equivalent circuit.
Ry may be added directly te the third stege. The last two stages can
now be combined by use of the relationships of Table V, line 6. This
resultant two-stage equivalent oircuit is of the nodal-derived type.
Therefore G, may be added directly. FKow, the equivalent oircuit of
the first stage (with Gp included) can be combined with the two-stage

equivalent cirocuit (with G, and Rp included) resulting in a three-
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astage eguivalent circuit; it may be of either the mesh~ or nodal-
derived type.

If the three-stage equivalent olrcuit is obtained by use of the
relationships of Table V, line 4, a mesh-derived circuit results. Gy
may uaw‘ba added to thie cirouit by methods outlined in Seetion IV-D.
Ry may be added directly.

If the three~stage equivaléntieirmuit is obteined by use of the
relationships of Table V, line 8, a nodal~derived sirocuit results.
Here, R, may be added to the oireuit by methods outlined in
Seation IV~D, and Gy may be added diroaﬁly.

Regirdlass of what method is uued,\the oirouit of Figure 24 ocan
be reduced to one active network defined by four parameters. This is

N

applicable to cascaded eircuits in gensral.
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VI. GUMMARY

A large selection of transistor equivalent circuits is available
for use in transistor cireuit analysis. In partiocular, those equiva~
lent circuits which fit one of two general types are especially useful.
These are the mesh~derived T and the nodal-derived n equivalent
circuits. To reduce the number of equivalent circuit parameters and %o
greatly simplify the notation, all parsmeters can be written in ternms
of the grounded base mesh~derived equivalent oirouit parameters: rg,
Ips Tou e

The network coefficlients pertaining to the nodal equatipna may be
fairly essily mesmsured by bridge methods; the mesh coefficients are
comparatively difficult to measure with existling equipment. Any one
of the three transistor connsctions may be used. Then, by means of
mathematical relationships, the equivalent circuit parameters can be
found from the network coefficients. Results obtained in the actual
measurement of commercially available P«N-P junoction transistors show
thet for identieal bias conditions, the equivalent circuit parameters
vary greatly between transistors,

The transistor is inherently a feedback device. TFeedback may be
added %o single-stage transistor elrouits with or without transformers.
Weight, space and cost meke transformers undesirable but their use

permits more versatile circuit design. In either case, feedback may
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be applied in one of two ways: series feedback which eontrols the
shunt resistor of the T equiwslent circult and parallel feedback
which controls the shunt rezietor of the w eguivalent clroeult.

Gircui%s are best analyzed on the basis of matched conditions at
the input and output terminals, General equations which hold for any
type connection can be used in much of the analysis. A comprehensive
sﬁudy of series or parallel feedback on single-stage transistor
cireouits shows that matched input impedance, matched output impedance,
volhige gain, current gain, power gain, return difference, sensitivity
and stability are vmry’mueh dependent upon feedbeck and can be con-
troilad by feedback techniques. Rach type acnneation'is unique and
must be studied separately. Stages with series and pargllel feedback
can alsc be easily handled.

Cascaded transistor sircuits pressnt no particular problem when
eireuit reduction of the active networks 1s employed. This method
consists of obtaining a T or w equivalent oirouit to replace two or
more transistors. It is very versatile and can be used with series,
parallel, or both series and parallel feedback. Feedback need not‘ba
limited to one stage but may invelve any number of stages. Of most
significance, after the cascaded circuit has been re&ueed. the
analysis is identical to‘singla stage analysis. All methods and
formulas applicable to single stage cireuits are applieable to

reduced cascaded ecircuits.
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APFENDIX A, MBEASUREMENT OF TRANSISTOR
HETWORK COEFFICIENTS

The equivalent eircuit parameters for an active network can be
found through the network wafﬁaﬁ.an‘ks; This may be shown by eon-
sidering the general representation of an active network such as
shown in Figure 1.

The mesh equations for an active eircuit are

By = ryly *+ rigls | (140)
and |

Eg = rgg,I;_ + 3‘3&1“ . ) (161)

If the oireuit is driven at the iﬁput terminals and Ig is made

zoro, these equations can be written as

B
T, |

and
Eg
Tm* Y, ~ (143)
Bquation (142) shows that ry; is the input impedance of the eircuit.
Equation (143) shows that ry; can be found by taking the ratio of
output voltage to input current. BSimilarly, if the input and output
terminals are interchanged, the network coefficients ry, and ry, can

be found.
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Although this method can be applied to transistors, it has one
serious disadvantage. In order to make I, or Ig4 zem' and still
maintain the d~¢ blas ourrent, a high quality eurrent source is
needed. For use with juncetion transistors, this current source must
have more than ten megohms internal impedance.

The network coefficients pertaining to the nodal-derived
equivalent cirsuit ean also be measured. This proves to be more
convenient for transistors which are short~scireuit stable.

The nodal equations for an active network cen be written as

I = guaFa * B1eEs » (144)

and
Ia = gaaBy + Baefa - (148)
If the eireuit is driven at the input terminals and Ep is made

zero, equations (144) and (146) may be written as

I
Qi1 "5 (148)
By
and
. Iﬂ
a1 = 3= (147)
1

Eg may be made zero by supplying the d~o bias voltage by means of a
batbery. Equation (146) shows that g;3 is the input mdmittance of
the eireuit. Equatien (147) shows that g, ean be found by taking
the ratio of output ourrent to input voltage. Similarly, if the
input and output terminals are interchanged, g;; and gge can be

messured.
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Meny bridge~type oircuits have been used to measure the network
coefficlients pertaining to the nodal equations. In particular, the
General Radio Type $61-D Vasuum-Tube Bridgal is wollksuitad. 8ince
this bridge was designed primarily for vacuum tubes, all controls
are labeled with vacuum-tube ?nram&ﬁers. It is therefore necessary
to oompare vacuum~tube and trensistor network coefficients.

?hc nodal equation for the grounded ocathode wasuum tube under
normal operation van be written as

I = (0)By + (0)Eg , (148)
and

Iz * gnB1 + gpEg + (149)
Here By is the grid to ocathode voltage and Ey is the plate to cathode
voltage. The network coefficients are defined as follows:

gmn == matual conductance ,

and

gp == plate conductance .

For inverted service, the nodal squations for the vacuum tube are

I, = gghy * 8pgls » (180)
and |

In d (Q)Ex 4 (Q)E‘g . (151)

1

Gensral Radio Company. Operating instructions for type 561-D
vasuuws~tube bridge. 275 Massashugetts Avenue, Cambridge 39,
Massachusetts. Jan. 19563.
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The network coefficients of equation (150) are defined as follows:
Bg ~= grid conductance ,
and
gpg =~ inverse mutual conductance .
The network soeffiecients of equations (149) and (160) are not all
measured directly., What is measured directly is as follows:
1

rg ...gg ~=  grid resistance ,

Epg =~ lnverse mutual condustance ,

tpg * %25- -~  inverse amplifioation faotor ,
g
rp = i . plate resistance ,
Ep

Em -~ mutual conduotance ,
and

p=— == amplification factor .

Table VI

Vaouum-Tube and Transistor Network Coeffigients

Bridge Setting Coefficient Measured
rg , ‘ /812
Bpg Bam
¥pg g10/812
rp LV
&m | 8s1

[ 8»1/ Eon
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APPERDIX B. RETURN DIFFERENCE AND
SENSITIVITY FOR TRANSBISTORS

Special consideration must be given to transistors in defining
return differense and aunaibivityl.
The nodal~derived equivalent circuit of Figure 25 can be con-

sidered to be driven by the voltage source of internal resistence Rg

Figure 25, ¥odal-derived eguivalent ecircuit

1H.'H. Bode. Network Analysie and Feedback Amplifier-design.
lst ed. D. Van Nostrand Company, Inc. 194B.
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or the ourrent souroe with shunting conductance Gg. The use of
either source will produce the same snd result when calculating

reburn difference if

R = G - (152)
and
Tg "Eglg - (168) -

It should be noted that for feedback to exist

Rg ¥ O . ‘ (1864)
This is also true for vacuume~tube circuits which employ conductance
between plate and uidk analogous %o gy in Figure 256. The fact that
gain changes when ge is varied does not necessarily signify feedbaock.

A physiocal explanation of return difference can be glven by use
of the aircuit of PFigure 26. Here it is assumed that the nodal

E, Ey 8z _ ) Eqy

) B
1 volt £ g1 ga l$4 o L

Figure 28. JNodal-derived eciroult
- with return differsnce
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point Eq controls the asotive slement similar to the grid in the
vaouum tube. If unit veltage is applied to this control point, the
eirouit egquations are

0 = By (Gg+ga*gs) ~ Egka » (188)
and

~g4 = =E18g * Ba(ga*gat0y) (156)

Solving equations (166) and (160) for E; gives

B oe- 2, (267)
Az
wherse Ag is the normal eirsuit determinant An with g4 set to

soml. It can be written as

A2 = (8g+81%80) (En*8a*0L) - €5 - (158)
The voltage difference between the control point and the node at B;

is

Eq ~ By === = Fy , ‘ (159)

n
where Fp is the return difference for the nodal-derived equivalent

aireuis.

1Thn normal sireult determinent is obtained when the nodes ab
Ey and By are connected togethsr.
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The sensitivity for g4 1is defined as

1
"R
dgg A

Here voltage gain or current gain can be used providing they are

properly interpreted. Referring to Figure 25, voltage gain must be

defined as
_E A
Ap = -2, (181)
Bg

This makes it necessary to use the voltage source when computing this

gain., If current gain is used, it must be defined as

Ia

The ocurrent source must be used when computing Aj.

The above expressions for gain seem very ressonable when con-
sidering what is implied by the sensitivity expression. Stated
in words, the reciprocal of sensitivity is ratic of the percentage
change in gain (due %o a change in g4) to the percentage ohange in g4.
Realiging that E; or I does not remain constant when g4 varies, gdin
oxpragnions must be written to inelude the source sharscteristics.
Equations (161) and (162) do this by taking into account the source
resistance or conductance respsotively. Evaluating equations (161)

and (162) for the circuit of Figure 25, we have
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iy » Gg(ge-g4e)

183
and
ap = Snl8avge) (164)
n

Using either of the above expressions, the sensitivity defined by

equation (160) bscomes

o (B4~Ba Z&,l )
Bn [ &4 :l li(@sﬁ‘g;*ga)( Ee*g ”"&L)jl * ( 185 )

8imilerly, for the mesh-derived squivalent cirouit of Figure 27,

the use of either source will produce the same expression for return

difference when equations (152) and (153) hold.

Figure 27. Mesh-derived equivalent oirocuit
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A physical explanation of return difference for the mesh-derived
cirouit can be made using the cirouit of Figure 28. Here the branch
earrying the surrent Iy is assumed to ocontrol the active element. If

unit ourrent is applied to this branch as shown, the eircuit equations

cen be written as
g = (RE*Px*Pﬁ)Il * rﬁl, s (138)
and

=rg = raly (re*rp*RL)ls . (167)

ampere

Figure 28. Mesh-derived equivalent olrpsuilt
with return difference

Solving squations (166) and (167) for I, gives

a4 | (188)

N
»n

I, »



102

where A: is the normal eirouit determinant Am with ryq set to ur@l.

it ean be written as

A: = (Rgtry+rg)(ratra+Ry) - ra2. (189)

From this, the difference between the currents I, and I; can be
written as

Io - I * +5 = Fa , (170)

An

where Fy is the return difference for the mesh~derived equivalent
circuit.

In ealoulating sensitivity, either of the folléming gains must
be used:

g = Eg _ (ratre)Ry

Bg WAM;** » (171)

or

ap = - Ia o (ratrelRe (172)
Ty T Am

The sensitivity for rg can then be written as

.t o | Ta*T4 A n
8 da L X4 [r& ][(%w"w“)(”a”a"ﬁz)il . (173)

Sor——.

drg 'y ‘

lrhe normal circuit determinant is obtained when the branmch
shorting the ourrent sourse is opened.
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The above definitions of return difference and sensitivity are
concerned with the active element only. For the nodal-derived
oirouit, the return difference and sensitivity for g4 was defined.
This corresponds to the return difference and sensitivity for gy in
vacuum~tube oircuits. For the mesh-derived cirouit, the return

difference and aenaitivity for rg was defined. There is no analogous

case for this in vacuum tubes.
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