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This report is concerned with the theoretical and experimental results

of a study begun in the Fall of 1955 on the gZeneral subject of transistor

low pass amplifiers. Since the work is still in progress, interim results

are reported here.

Most of the effort has been concentrated on wide band response through

the use of linear networks to extend the bandwidth beyond tbat obtainable using

the transistors alone. This approach which 1is usua.lly called equalization re-
quires as a basic starting point the specification of the network to be equal-
jzed. In the case at hand a reasonably accurate transistor equivalent circuit

must be found before the design of the compensating networks can proceed on a

2

systematic basis. For this reason & good deal of effort has been expended on

A
.
¥
-
Ld

the small sigral equivalent circuit of the Junction transistor from both the
theoretical and experimental points of view. The theoretical work on this im-
portant subject has been first to review and check the results reported in the
literature and second, to simplify the general equivalent circuit to fit the

impedance conditions met in the video interstage. The representation used has
for the most part been the common emitter h parameters and experimental checks

have been made on alloy junction, grown Jjunction and surface barrier transistors.

Two measurement techniques have been employed. One is a high accuracy bridge

which can give precise results for driving point immittances However, since
the bridge is rather cumbersome from the point of view of suxiliiary equipment
needed and numerical work necessary to obtain the final results, a simpler di-
rect reading type of measuring set-up has been developed which can be calibrated

against the bridge initially and thereafter give important parasmeters to a fair

degree of accuracy with a maximum of convenlence.
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Principles of Wide Band Transistor Equalization

The purpose of this section is to point out some of the limits on the

solution of the problem imposed by the characteristics of reelizable networks.

It is usually true in low pass amplifier practice that midoand gain is exchange-
able for bandwidth. The efficiency with which the trade can be accomplished
and the 1limit to which this efficiency may be extended by the use of suitable

networks are important fundamental problems. In general it has been found in

vacuum tube circuits that the ultimate gain-bandwidth figure of merit of tae
simplest configuration consisting of a tube working into a shunt capacitance

Co, transconductance gm and a load resistance interstage Ro is

where Ko = midband voltage gain ratio f o0 = > db barndwiuthn
Since the minimum value of C o is the shunt output capacitance of the tube,

the ultimate limitation on the figure of merit is dependent on tube parameters
only, the interstage resistance Ro Jjust determines the division of gain and

bandwidth within the product which has a maximum value that is a constant

for a given tube.

Since Eq. (1-1) holds for the specified amplifier structure it is reason-

able to inquire into the possibility of obtaining a larger bandwidth Yor e

given gain by employing a more camplicated interstage network. The simplest

general class of such networks is a two terminal shunt interstage. Bode hms

shown*th&t: if the gain is to be flat over the desired band the best that can

" "Network Analysis and Feedback Amplifier Design" p. 408 by H.-Bode
(D. Van Nostrand, 1946)
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be done with any two terminal interstage limited by a specified shunt capacit-

ance is only a factor of two higher in the figure of merit than for the simplest
case of Eq. (1-1). The next step in complexity beyond the simple resistance
interstage is the shunt peaking circuit (series L and R across the output).

If this is adjusted for no rise in response above the midband value the figure
of merit is about 1.8 times the product of Eq. (1-1) or within 20°/o of the
ultimate.

The four terminal interstage can give further improvements although here
the design often imposes a restriction on the division of input and output capa-
citances which is not necessarily the way these capacitances normally appear in
practical circuits. However, even neglecting this difficulty it is found that
the gain-bandwidth figure of merit for a four terminal interstage is not improved
beyond a factor of about 3 over the very sizplest case of Eq. (1-1) without con-
siderable complexity in circuit design, construction and adjustment.

Although the above discussion dealt with the tube circuit problem, it 1is
well to summarize the general conclusions which can serve as & guide to what
one can look for in the corresponding transistor cese. These are:

1. The constraints on video amplifier design are principally due
to the parameters of the active device.

2. The parameters of importance as well as an order of magnitude
idea of the bandwidth obtainable for a specified midband gein {or vica versa)
can be found by an analysis of the simplest configuration.

3. The use of equalizing networks can give improvements in perform-
ance over the simplest circuits but the point of diminishing returns is reached
very rapidly with regard to circuit complexity unless the amplifier must be
designed to give ultimate performance regardless of cost and other factcrs.

The above discussion ocutlined the broad aspects of the prohlem. The

logical first step in the conslderation of the specific case of transistor low

pass amplifierc is the derivation of a sultable transistor equivalent circuit.
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Using the results of the equivalent circuit investigations, the problem

of wide band response has been siudied using two distinct approaches. One

has utilized interstage networks to obtain the necessary equalization while
the other has been to employ local feedback using R-C networks to obtain the

desired bandwidth. Preliminary results using both techniques are described

in this report.
It is felt that the initial aims of the study have been accomplished.

Transistor video amplifiers having voltage gains of about 26 db and bandwidths
of 4 Mc. have been constructed using conventional triode transistors. The most
important parameters of the transistor intended for use in a video axplifier
can now be specified. Future work on extending the response and a study of

output circuit limitations will be carried on in the next period.
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CHAPTER 2
Theoreticel Equivalent Circuits

2-1l. Allqy - or Fused-Junction Transistor:
For the derivation of an equivalent circuit for the alloy - or fused-

Junction transistor, we start with the analytical expressions for the y-
system parameters of an idealized one-dimensional transistor, as obtained by

Ea.r]yl. The geometry of the situation is shown in Figure 2-1 for the case of

a PNP transistor, where the boundaries of the regions are plane, perallel, and

of infinite extent. The solution is also applicable to an NFN transistor with

the roles of holes and electrons interchanged.

Bage [Collecto

P
AVAVAVAVAV

|
]
|
|
!
i

Fig. 2-1. Idealized Transistor Structure.

The parameters are obtained from a solution of the diffusion equation
for minority carriers in the base region which satisfies the boundary condi-
tions imposed by the instantaneous collector and emitter potentials, the "one
dimension” which enters into the solution being that normal to the boundaries

of the regions.
The parameters, for the reference directions and circuit configuration

shown in Figure 2-2, are as follows:

l"Design Theory of Junction Transistors, by J. M. Early, BSTJ, Vol. 32,
pp. 1271-1312, Nov. 1953. ==
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- ts and voltages,

- . ference Directions for small signal curren

Fie. 2 2(e) 2io§;ded-base connection. (b). Circuit representation of the
y-system equations. Note that I, and I} do not include the

1
currents flowing into CTE and CTC’ respgctively.
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The quantities involved in Eqs. (2-1) thru (2-4) are:
q = electronic charge
k = Boltzmann's constant
T = absolute texperature
¥ = width of base region
v, = time average width of base region
L= Dp'rp diffusion length of minority carriers in base region

Vcs collector voltage

Tp= lfetime of minority carrier in base region °
Ipc= collector hole bias current
Ie = ealtter vias current

and, in addition
) » the quantity up as a function of complex frequency s is

given by

uy =TT (2-5)

Jm [¢4]

If we define €117 81ps etc. a8 the low frequency (i. e., s = 0) values

of Y12 y12’ etc.. then:
w
qu u_ tanh _I—-? qI
=—Lt P2 . L ~£
8 =37 v = T
tanh i-?- u‘_p
8 =0

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9



Declassified in Part - iti
Sanitized Copy Approved for Release @ 50-Yr 2013/09/03 : CIA-RDP81-01043
_ A - R002500170003-9

A\ w

(o} (o)
. . u coshL u =bw : cosh I

B2 gvc pC vy Wc Pe v,
1 sinh T up

s =0

Here, the minus signs vhich are associated with ylz_gnd Yo1 have been re-

tained, as these result from our choice of current and voltage reference direc-

tions and not from & consideration of the low frequency values. We note that,

sides of Egs. (2-6) thru (2-9), a1 quantities are readily
w

1:a the right bhand

measured with the exception of %% , v, sod -iq . On the other hand, there
[

are four equations, SO that the measurement of the Jow-frequency values enables

us to check the yalidity of the theoretical results. This point will be dis-

cussed in detail later.

Referring to Figure 2-2(p), ve show the CTE and CTC, the emitter and

collector Junction capacitances, respectively. The effects of these are not

jneluded in the paramete rs above, so that the next step in the analysis is to

take them into account. The impedance leve
may be neglected, even at relatively high frequ:ncies;

1 on the emitter gide is generally

jow enough 80 that CTE

on tke other hand, CTC 18 important, due to the much higher jmpedance level in

+he collector circuit. Thus we have

1 2-10
yll = yll ( )

d

Yip =T = Yoo (2-11)

+ BCTE

To summarize, the y-system equetions including the effects of CTC and

CTE are:
(2-12)

a a .
L=y H*Ve %

(2-13)
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2.2 Effect of the Base Spreading Resistance Ty

One of the assumptions in the one-dimensional analysis pPreviously des-
that there

cribed is that the base ig everywhere at the same botential, i.e.
is no current flow in the base region parallel to the junctions In the act-

ual transistor, however, the emitter snad coliector currents are different, and
the current flow in the base region produces & itransverse voltage drop.
For a transistor structure similar to that of Figure 2-1 but having finite

boundaries, the most important effect of this on the equivalent circuit, espe-

clally at high frequencies, appears to be the addition of a basge spreading re-
sistance ré between the base terminal of the diffusion transistor and that of

the actual transistor.3 More complicated Physical structureau require further

additions to the basic equivalent circuit which make it guite difficult to ana-

lyze. For this reason our attention will be focused upon the effects of adding

ré to the equivalent circuit for the diffusion transistor.
In order to find the y-system parameters of the actual transistor, which
we denote by Y10 yiz, etc., it 18 most convenient to consider the problem ag

one of them being the diffusion trans-
itself. The

one of two networks connected in series,

sistor and the other being the simple network represented by ré

z-system parameters of the overall network, i.e., the actual trarsisior, are

then the sum of the corresponding parameters for the two networks. The manipu-

lations involved may be handled through the use of matrices5, as transformations
from the y-system to the z-system, and vice veresa, are necessary.

The y-matrix for the diffusion transistor, denoted by Ii]d, is

See, for example, the paper by Early previously cited.

of problem are described in

Matrix methods applicable to this type
Circuits", John Wiley and Sons

Chapter 15 of "Principles of Transistor
(1953).

@ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9
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a
n 2-14

b = a (2-1%)
Yor

' terms
The z-matrix for the diffusion transistor, |z|y, 18 expressed in

of the y's for the diffusion transistor as

N d d
A
lz|d= le 12 =—Ld-
a al &

Z

25 02

(2-16)

d a_ a
- a
Y11 (ygp * Cpg) " V12 Y22

Referring to Figure 3, the z-matrix for the network consisting of r.l') is

simply

-matrix for the actual transistor, is

|

and |z], the z

2] - [y + [Am -
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The final step is to convert from the z-system for the actual iransistor
to the y-system, as the latter are more accurately measured in the laboratory.

The y-matrix for the actual transistor is -

] = Aiz

We next evaluate Az as

2

a. ,,.d a a
+ 1) Ay )(;gr21 + r! Ay)

a dy,. @ . _, .4
(y22 + 8Cpo + T} O )(yll + ) Ay)- (y12 3

Y

~

a, a a_a. .4 a a a_ a
Y13 Opp *8Cpe) = ¥ip Yoy 48 r (pp + 80+ ¥y3 - ¥ip Yp

a a d a
1 ]

d 147y (Vg +8Cqp+¥yy =¥y =¥y )

Yy

The result for Y1 of the actual transistor becomes
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(2-21)

d a

3 d
14x) (g +Ypp +8Cp =¥ - ¥

We note that, for the case where rt" is zero, this expression reduces to ylld’
as it should. The other y parameters are

a d
12 Y12 " Ty &

A D

Yo2

= fll
A
4

d d d d
=1 '
where D = 1 + rp | Yy, Vs + BCTC +Yp *¥p (2-25)

Of these, the ones with which we will mainly be concerned are Y117 Y51

and Yop - the first two because they determine @, the short-circuit current
gain in the grounded-base connection for the actual transistor, and y the

latter because it is the same as y22 for the actual transistor in the grounded-

emitter connection.

® 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9
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2-3. Amximations for the ggounded—base parsmecers

_Due to our assumption of unity collector and emi

tter efficiencies, the

for the diffusion transistor (with consideration of Cog and Cp,

y-parameters
Referring to Eqs. (2-1) thru (2-4), we

neglected) are not all independent.

form the ratio

da d
Thus we have the useful relastionship yDld/yll =¥ /yaed, which

gimplifies the preceeding derivations considerably. For exsmple, the quantity

Ayd becomes

a a_ a a_ 4 a
&y =V¥yy Yo " V12 Yau + 8Cpo Y33

y d y d

4 da) 722 21 d

= Y12 - a(t e n
Yi2. Yu
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a_af 1 a a a
=¥11 Y10 {-a.d *"'a}*’cmcyn"yn Y12 % 8Cpo ¥3y

d
Y
21
The quantity ay = - 3

y
siderable importance. Thi%‘lia the short circuit current gain (for the diffu-

which was introduced in Eq. (2-28) is of con-

sion transistor) in the grounded-base connection, the frequency dependence of

which is given by Eq. (2-26). The minus sign in (2-26) is due to our choice

of current reference directions, and indicates that current flow is out of the

collector terminal when current flows into the emitter terminal. Also, since

v o/I' is typically in the range 0.14-0.30, the low-frequency value of oy is

very close to, but slightly less than, unit.
This means that %’d as given by Eq. (2-28) is approximately equal to

d a
2(1 - a,d) &, 8o -
Since g;, 1s on the order of 1072 times g,,> and (1 - a.d) is on the order
of C.05 at the most for representative transistors, the quantity rl') Ayd can

usually be neglected in the expressions for ¥ and Yop° This gives us

(2-29)

21 (2-30)

Yo

together with the very important result that, since a for the actual transistor

is given by - yel/yu, it is, to a good approximation, the same as ¢y This is

conpidered in detail in Section 2-4.
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Before discussing the frequency dependence of a, we will express the

d a d da
quantity D= 1 + r{) scm +yy, + Yip t Vo * Yoo in a simpler form which

involves «. This is done by rewriting it as
a

- Y. Y
- ' d 21 d( 12
D l+srbCTc+yn (l+-—-d)+y22 l+——‘-d)
Y1 22

d d
x1+sr}')cm+r.é(yn +y22)(1-a.)

The last result above is obtained by recognizing that Y121 and Yoo have
the same frequency variation,” and that 322<< 8,,» 80 that we may neglect the

effect of y22. Also, for a typical transistor having rl') = 100 ohms and CTC =

5 mmfd., the rl') C’I‘C rroduct represents a time constant of 5 x 10-1+ microseconds

or a frequency of about 300 megacycles. This time constant can be neglected

compared to the much larger time constants present in ylld(l -a). [See Eq.

2-76{.
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is obtaineqd from 1it.

(v)

Fig. 2-5. fne Y's in this figure are thoge for tie grounded -bage connection.

In the grounded-emitter connection, the extrinsic base spreading resgist-
ance rl’) appears effectively in series with the source driving the transistor.

From a consideration of the definition of the y-system barameters, it ig seen

that each of the Y's in the grounded-emitter connection will involve rt" and
the y's for the grounded-base connection. The work of obtaining the former
can be shortened by deriving only some of the Y's for the grounded-emitter
connection, and some of the h's, or hybrid parameters, from Figure 2-5. Since
conversions between the two systems are available (as listed in Figure 2-6),
the complete Y or h representation is easily obtained.

Figure 2-6. h-and y-system equations ang conversion tables. The reference
directions are the Same as those shown in Figure 2-5(b)

Y - System b - System

ylleEl + ¥ l2eE2 %. = hlleIl + hlEeEe
B) + YopeEs To = byTy + By, B,

Yo1e

: hlle : M h]2eE2

ylle

h2\.2e y12e
hJ.2e =Ty

h ylle

y2].e

h

Y1le

ML © Vel Uv wasv e, W e
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2-4. "ransistor Parameters in the Grounded-Emitter Connection

The discussion in the two preceeding sections has dealt with the y-

parameters of the transistor in the grounded-base connections. For use as a

video amplifier, as well as a considerable number. of their applications, the

grounded-emitter connection is more advantageous, primarily because it offers

the possibility of a reasonably high low-frequency_input resistance coupled

with very considerable voltage gains. (These points are discussed in detail

in Chapter &.
Figure 2-3 shows the transistor in the grounded-emitter connection, to-

gether with reference directions for the small-signal voltages and currents.

We may define a set of y-po.ruseterss for the grounded-emitter connection,

and, to distinguish these from their grounded-base counterparts, denote them

by ¥i1e’ etc. This is shown in Figure 2-4, which represents the equations.

=y.. E +y .E _
I, =718 * Y12eP2 I, = Yoy B *+ YopeFo (2-32)

.‘__I2 S —~— 12

I — + o +
l Hafp QF EE
E, B CD 22 E,

+
E, {c . J y21eE1i

Fig. 2-3. Transistor in Grounded- Fig. 2-%. y-parameter repre-
Emitter Connection. sentation of (2-3), small-

signal basis.

The y's in Figure 2-4% can be expressed in terms-of those for the grounded-
base connection, either by considering the relations among currents and voltages
in each connection, and solving for the desired quantity using the defining
equations for each case, or by re-drawing Figure 2-2(b) as is shown in Figure
2-5 and computing the grounded-emitter parameters from it. The latter proce-

dure will be used here, as a better overall picture of the circuit performance

6Here taken to include both :i‘l.nd o]
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The characteristic feature of the h-system is that measurements on the

input side of the network are made with the output end short-circuited, while

those on the output side are made with the input open-circuited. For the trans-

istor, with its high output and low input impedances (in voth grounded- base and

grounded-emitter connections), these perameters are a logical choice. It is to
be emphasized, however, that at high frequencies parasitic capacitances and
other loading considerations make the achievement of a true open-circuit at
the input terminals difficult to realize, in which case the y-system, with its

short circuit terminations on both input and output, becomes the most practical

choice.

We note that h21e = 2/I = b is the short circuit current gain for

llEE:O
the grounded emitter connection, analogous to a for the grounded base connec-
tion. Since the grounded emitter stage is approximately terminated in a short
circuit and fed from a high impedance source in a simple cascade GE or GB ampli-

fier h21e is of considerable practical value in determining the behavior of cas-

caded transistor amplifiers. Similarly, hlle (or ylle) is a useful design para-
meter.
In the preceeding paragraph, we have assumed that the input impedance of

the driven transistor is small compared to that of the resistances used to pro-

vide DC biases for the stages. This requirement is not difficult to meet for
practical circuits; however, if we investigate the question of the effect of
these resistances on the voltage-gain bandwidth product of the GE stage, we
find that wide bandwidths require low values of resistance, and vice versa.

In other words, & low value of resistance reduces the low-frequency voltage

gain, but increases the bandwidth. The important conclusion to be drawn from

+his situation is that, to achieve wide bandwidths, the transistor 1s driven not

from a high, but a very low impedance source; hence the y-parameters are more

representative of the clrcuit conditions than are the h-parameters. Since

wide-band amplifiers are the subject of interest here, the emphasis will be
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placed on the former, although the latter will also be included.
Returning to the problem of obtaining the common-emitter circuit para-
meters from the configuration of Figure 2-5, the y-parameters which are most
easily obtained are
Y1e and Yope? while h12e and }::21e a.re also obtained
without undue difficulty. The expressions for these in terms of rl‘) and the

grounded base y's of the diffusion transistor are:

Ylle

1o

!
1
$
¢
¢
i
i
¢
§

MO TR RO e g

s TR e B nt3P

244,

= sum of the y-parameters of the diffusion transistor

_ . d a a d
yll + yle + y21 + }'22 (2'36)

d
= yll (l - o'd)
the latter expression belng obtained from the development in Eq. 2-31. Using

the table in Figure 2-6, we £111 in the additional parsmeters in each system:

1 1
h = =r' +
e "y - =T (2-37)
Ya * 8Cpg
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*‘Vﬂ‘t\tﬂﬁa}‘mm%ﬂ«_. —airan

{% 45*?:).’!%;%&»»« D

R T

_ - Yo1e
- y2.=.>e Y1e Y12e

yJ_le

In the case of h22e > the result has been left in terms of the other

as it is simpler to interpret after we have discussed the

GE parameters ;
an equivalent circuit involving

behavior of the Y-parameters. However B
kyperbolic functions is s0 cumbersome as to be worthless for design purposes,

80 that the next section considers the problem of approximating the hyperbolic

the accuracy to be expected of different types of representations,

functions,
Ydeld the greatest eamount

and the types of laboratory measurement which will

of design information.
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2-5. Approximating the Parameters as Functions of Frequency

A. One method of representing sinh x and cosh x for small values of x
is to take f,heir Power series expansions and use only the firsgt few terms,

depending on how much accuracy is desired. These expansions are, for sinh
x and cosh x:

3 5
sinh x = x + X. + - ::—- (2-41)

4
coshx-l+;—!+1’:—x+-- :: (2-42)

and for tanh x we use sinh x/cosh x,

by, 351
tanhx=x+xz/‘g' *x,’f/5' (2-43)
l+§+)n---

Using these expressions, we could proceed to approximate any of the para-
meters which were derived in the previous section. Bowever, 1t turns out that
the low-frequency values of certain parameters are very simply expressed 1in
terms of 'rp, wo, and L, thege being physical quantities which were defined
in connection with Eqs. (2-1)through (2-4).

B. Ilow frequency value of short-circuit current gain in GB connection.

The short circuit GB current gain for the diffusion transistor is appro-

ximated as follows:

1

5 (2-44)

lwo
1 + 5? (i—)

Since s the current gein for the actual transistor considering ré » 1s
nearly equal to a.od, the above expression can be used for a, as well.

C. Iow frequency value of short-circuit current gain in GE connection

Thig 18 the low frequency value of hele = b (gee Eq. 2-34), and will be

denoted by b,+ Referrir, to Eq. 2-34, we have
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and, substituting for a.od from the Preceeding equatiop 2-44,

which showg that, for 1, constant, bo varies g

Wy* Also, gince [

GB Connecticny.

D'

Cutorr frequenciesg for @; ard b,

IY can be seen from Eqgs.

dependent. If we get g =

Ju  to examine the steady-state behavior, the cutorr
frequencies fa. and fb are defined ag thoge frequencies at

which the magnitudes
of a angd b, respectively are 70-7°/o of their jow :t‘requency

values, or 3 db down.

are frequently encountered

» and 1is logical inasmuch gg

1t Corresponds +
ed value of Kdw).

o a
simply comput

Starting with E. (2-26) for @3> Ve have
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'ad(‘jma” = = = ;l—-
’cosh k F + ,jua-rp! \I2_ ’

sin =2
ce k L - Also, wrrp>> 1, so that 2-47 simplifies

2
cosh k = ‘ 2
| Jua*rp = |cosh k ‘Fuar (1 + J)’ =2
Jy 2
The use of the identity for cosh Z = 2osh (x + Jy)
C 4 2 = 2
|eosh (x + Jy)l = sinh® y (2-49)

lexds to the expression

W
sinh2 k ‘I__agp + c052 k
| (2-50)

This can
be further reduced » through the use of the éxponential forms for

sinh x end cos x » to obtain g transcedental equation

. [V ¢ G T
sinh zk l—°‘5-‘3 + cos 2k !%2 =4 (2-51)

L (&, l.2
Y (,{2 T 2
_ P (2-5z)

Tre factor > 2 2
/k° 1s brougkt out £eparately, since we showed Dreviously txat

1"ls if *he game ag bc'

1.
~ 25 bc

W =

b
Tke onl
Y approximation made in this derivation, that o < >1, i
be & very gcod one. ac b o s
s 28 by is on thke order o 20 to 100
100, so thet (2-53) may be

considered sas virtually an exsct relationship.

*
Results s_milar to those ob
- obteined kere h
"Rrequency Vers ave been cbtained b
hc‘l : g Iu'.s.!‘fions of Current-Amplification Factor fop oy R. L. Pritchsrd
froe. 1. R. F., Lo, p. 1476, Nov. 19sp. vinction Transieter™,
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We proceed in an analogous manner to f£ind the b-cutoff frequency by

substituting from Eq. (2-26) into Eq. (2-34, to obtain

d d
'(5'21. + Yoo + sC,

Zyd + SCTC

)

since y22d << yal.d

The effect of the term Juc,m/ylld in determining the b-cutoff frequency

is negligible here, the major contributing factor being 1 - Q. The result

for the angular b-cutoff frequency w, is, to & very good approx:lmtion7 )

il
g,
{

it

1
w, =2 (2-55)
v
Substituting this result back into Eq. (2-53), we have the relation

Y o W
o

Wy = 1.25 b w, or £y = 1.25 b £, {2-%6)

o b hand

wtieh is in the nature of & (current) gain-bandwidth product dependent only

B

17 ey

on the cutoff frequency of the trensistor. Tris relation ic of considerable

velue in the design of wide-bend transistor amplifiers.

E. Tn deriving the ab-ve results, we have used series approximations only

a * Wy P
s S

to simplify the low-frequency values, and have used what amounts to the exact

v e

b

snalytical expressions in determining the cutoff frequencies. This is an impor-
tant point, as the process of first taking the series approximation 2s a function
of frequercy, end then determining tkhe cutoff frequencies from the epproximation.

is of dubious value unless the results are checked against the exact values.

TThia assumes that both the emitter efficiency 7 and the transport fuctor B
=re very close to unity (see reference of Footnote 1).

-

A% i G PN ‘M@j‘t?ﬂﬁg‘«w‘;fm\n .
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In addition to the power series approximation which has been given,

an alternate method exists of expanding the functions of kup=k ' 1+ sfp
which are present in the expressions for the transistor parameters. This

is to express the function as the broduct of an infinite number of terms of

the form (1 - sT,) i.e.,

F(kup) = A(1l - sT )(1 - 8Ty) - - - - (1 - sT ) (2-57)

where A 18 a constant. We see by setting s = 0 (which corresponds to the low-
frequency value of F) that A is real and equal to F(k). An expansion of the
form of (2-57) has considerable practical utility in network analysis » as the

quantities Tl ’ '1‘2 » ete. enter directly into the response of the network to an

arbitrary excitation as determined through the use of the Laplace transforma-

tion.
As 1t turns out, it is not difficult to obtain such expansions for the

mogt important parameters. For example, to find the Tn's for @, we set
cosh lmp = 0, and solve for the resulting values of s. These are

2 2 2
_1 1,47 ~ 1 1,2 2
sn"-r['l'(n+2) sz = -7(@+3) 2

n=0,1,2,3 -+ -

The steps in this process are as follows: first, since s may be & complex

number, we set kup = k1 + srp = z, where z is the complex variable x + Jy.

Setting cosh z = O requires that both the real and imaginary parts be simultan-

eously zero, glving
cosh x cos y = 0 sinh x sin y = 0 (2-59)

which have the solutionas

8. For a discussion of infinite products, see E. T. Copson, "An Introduction to
the Theory of Munctions of a Complex Variable™ Oxford University Press (1935)

pp. 102-106.

- —
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Zn=x+.jy=O+J(n+%)x n=0,1, 2, etc. (2-60)

The valueg of 8, in (2-58) foliow directly from this. Using the relations

bo = 2/k2 and w = X s (2-58) can be written
*p

bO

1.2 2
3 ‘é') x (2-61)

(n +

cosh kup = (s - so)(s ~8)----(s - sn) n =0,1,2,3 - -

A (l+:—l)(1+:—2)---(1+:—n) (2-62)

If we compare the latter form of (2-62) with (2-57), we see that ![‘n = l/sn
and that A ig the product of all the Tn's. Our product expansion for a(s)

becomes

1
als) = cosh ¥ (1 + aTo)(l + aTl) - == {1+ eTn)

%

l+28 1+ 8

2
T Y b, % w5

- - ete.

If we gset g = Jw in Eq. (2-63) to determine the steady-state behavior of

@, the a cutoff frequency ag predicted from using the first term only is seen

2
to be w, = -’8(— bo w o= 1.23 w bo-' which is almost exactly equal to w, as

determined from an exact solution.g The reason for this can be seen from (2-63)

where the secord factor involving Tl has a cutoff frequency by itself or 9wa.

the second factor contributes almost no amplitude error » but does contribute

an appreciable phase error at w = wa, since the phage lag due to the first

9. Due to the fact that this is, for a1l bractical purpogesg » the exact
a-cutoff frequqncy, we will consider it ag interchangeable with the

w, of Eq. (2-56).

N

: - - 3R002500170003-9
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factor 1g 45°
5", and that due to the second ig ta.n-l 1/9 or 6 300
error of about 9 | o
12/0. Due to the fact that th
N € values of T go as 1/, 2
€ product approximati, : .
on converges rapidly, although an estimat
o e of the
er of terms required for a 8lven amplitud
1
ed n'equency range is sti11] difficult,

above,

F. Approxima.tions for b.

Setti
g cosh kup -1 = 0 leads to

cosh x cos y - 1 =

8inh x gin y o)
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The solutions of (2-66) are:
(2-67)

The 1nteresting part of this result is that the £ 1t factor in the pro-

duct expansion, i.e., n 0, has & cutoff frequency of Precisely @, which is

the same as the exact result (2-55). This would seem to indicate that contri-
butions from the remaining terms in (2-67) are negligible, and this is borne
out by examining the term for n = 1. This, by itself has a cutoff frequency of
&rebomb, which 18 64 times the alpha-cutoff frequency. Hence, for b(s) we have
the extremely good approximation,

o

s ' %

1+ &

“%

If we substitute &; (Jw) from (2-64) above fnto b =

(2-68)

b(s) ¥ 2

p

%3
1l - ay
making the approximmtion that aod is very close

ad
o)

1+ g S
first-order approximation from the product expansion witha
%3
1.23 W, vwhich is considerably different from the correct value of @ .

» the b-cutofr

frequency obtained is again @,

to unity. On the other hand, if we take ad(Jw) = » where this is the

a)a = 1.23 abbo’ and

» the 3 db cutofr frequency for this expression is

{
{
A
H
¢
!
i
{
H
H

substitute it into b ¥ i

The results of the various approximations for Q3 and b are compared in

Figure 2-6.

LRIV NEE s sxw Hmaey

Predicted 3 db
czd—cutoff freq.

Form of ad(Jtn) Form of b( jw)

-

Predicted 3 db
b-cutoff freq.

Exact case Eq. 2-28 Eq. 2-54 -
q. 2-5 @, = 1.25 ab_

o

W
b

e

-

1st term of
product exp.

d
x

1+ ‘3/1.23 @b

1.23 axbbo

(.Db

1st term of
power series

d
(04

2
R I

P

(%

Figure 2-6.

ol AR ‘m‘?

Results for q, and b.

of b(Jw) and 9

Here, bo and ad
oy (Jw) as detefmined £8

P

are the low~frequency values
m the power series expansions.

- . L7 e
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It is apparent that using the first term of the product expansions for

%3

values. This does not indicate that these should be u
as has been previously mentioned.

and b gives cutoff frequencies which are remarkably close to the exact
sed without careful

attention to the frequency range covered,
G. Product Expansions for the Transistor Parameters
The process of finding these is essentially the same as that employed
for o and b, except that the factor up = JE‘I‘E?;‘ which appears in the nume-

rator of certain perameters causes difficulty if the expansion is attempted in

terms of 8. As an example of this, we take

sinh k
gy tanh k a V1t 8T “ooshk

g =g
11 tanh ku, - 1L sinh k /I + 87

i ¢
P

h k1
cos vi+ srp (2-69)

cosh k1 + arp sinh k Jl + srp

a
=g
11 cosh k sinh kI ¥ 87

where the problem results from the factor /1 + stp in the numerator. Although

the value 8 =

-l/rp causes this to become zero, it is a non-analytic (due to

the radical being double-velued) and hence does not have an infinite product

This can be solved by setting z = k1 + srp , 8o that the last

expansion.
fraction in (269) becomes 1/k si;h el The values of z which cause sinh z

to vanish can be found without difficulty, these being z, = 0 + Jjoxt, n = 0,11,

+2, etc. Then sinh z can be expressed es

ginh z = Eﬁ—“” (z - 3nx) (2-70)

n=-~w

where the symbol I] indicates the multiplication of all terms for the values
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10
of n”". We see that for n = O, the term 1s Just z, so that (2-70) can be

rewritten

D]
=( || (2 - jnx) 'ILI’PT_H° (z - Jnx)}

D=eco n=1

:z'ﬂ_ (z-anx)(z+3nx)=z'Tr'(z +n

n=1

With this last result, we have

ER - .
R R I Pﬁ\‘gg!ﬁgp&}im‘ M?r;-m [

P
.

1

-[]—[k (1+s'r)+n

n=1

In the second infinite product, setting s = O gives us the velue of the fiji'st

one as eiih k s BO we get

T (1 + sT) : 1 +(§—’j

n=1

__k 1
~ sinh k T
1+s—)/l+s?) - -

10 n=N !

n=N
That is, T 8, =8, 8, 93 S---a, Just as }: a = al+a.2+a3+- - -Tn

n=l

ST RIS W L e
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The infinite product expansion of y].ld becomes

d d[l«:-s!l‘a][l«f-s-;qi]---

Y11 = 8y T r
[l+s—9J[1+sa~-—
n 16

vhere the product expansion in the numerator is identical with that derived fo

(2-74)

u.d(a)- It 1s vorthwhile noting that the time constants in the numerator inter
lace those in the denominator; this fact, coupled with all roots of the numer-
ator and denominator being real and negative, allows yud to be realized as an

RL network.
An expansion for the quantity (1 - o) can be obtained as

(1+ sT,)
[l+a;°][l+s%]—-—

and combining this with Eq. (2-74) gives us the expansion for a quantity which
inéluded:

(2-75)

Oo“IO‘2

appears in many of the transistor rarameters where the effect of ré is

glld a (1 + s!!lb)(l + BTa‘)

y11d (1-a5) = b > TS 3 (2-76)
2 P L

An examination of (2-76) shows that, due to the fact that T, is a much

larger time constant than any present in the denominator, ylld(l - ad) can be

represented with good accuracy out to tie cz.d-cutoff frequency by a parallel

RC circuit as is shown in Figure 2-7 below.

4 d
o _ &1 % . 8y
a ¢ G==2 G == = %
Y= Y1 (l-ad)——->- . R o) . o
o
cal gllimb
*R % "o
(o]

Figure 2-7. First order approximation for yée:l(l-a ). The admittance of

the circuit, with the values sh®Wn, ha% the form (1 + 8T, ) and
approximates Eq. 2-76 out to the ad-cutorf frequency.

——— 'S AT ¥ SET
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An accurate circuit for this eéxpression becomes very complicated,

second-order pole.

about 10°/o at the a-cutorsr frequency,
greater, the approximation 8iving a phage
actual value 1s close to 75° leading. TIn
the expressions for the Y-parameters,
expression in Eq. (2-76) rather that the

=31~

due to the

The amplitude error for the approximate expression is

while the puase error is considerably

shift of 90° leading, while the
many ceases where this is used in

it is therefore nhecessary to use the

simplified form of Figure 2-7.

By expanding the numerator and denominator of (2-76) we have

815

d
a

2
o l+s(!‘a+Tb)+aT

d

and neglecting the terms
d ~

which 1s valig out to about 2wa
in Pigure 2-g.

meters satisfy
Iresentation ig

in g% glves a better approximation for yud (1 - ad)

d
-
bO

the design equati
good out to 2wa.

[«
[ T ]2 (2-17)
1eaf 2 [

1+a!b
T a, ¥1 T, >> T (2-77a)

d
_E&
b ‘1+sm/2‘

[o]

d (1-@). Waen the para-
at the right s the re-

If we solve the three equationsg resulting from Figure 2-8 for RE’

da

g
e I L
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Ry R+R, =2
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b T
we obtain R2 = —2-% _ | The use of the relations w_= 2 b w,

2 g d a 4 obd
T = 1 ".'D reducc*lthitg to R2 = 2 . 'his is of interest in connection
a 5b o 5 d
with the high-frequency value of Yi1e? which is an important design parameter

in grounded-dmitter video amplifiers.

The derivation of the infinite product expansion for the other y's for the
aiffusion transistor presents no new problems, so that the results for the com-
plete set are sumarized below.

T
nd (1""0;)(1*'?“)"

T T
(1+ o)1+ 85g) - -

d 1

T T
(1+s (Q+833) --

1

T T
(1+s-;%) (1+sl—g)

Ta
(l+£a_i(l+'—9-) ---

TG TG.
(l+"ﬁ_)(l+’ig)"°

(2-79)

Using these, together with the expansion for ylld (1 - c:.d) , an approxima-
tion can be obtained for y;,,, etc. Referring to Eq. (2.32), the circuit con-
figuration obtained for y,;  1is that shown in Figure (2-9), where it is to be

emphasized that this is valid in the range O<wg 2w,
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2V

Sel

Tbs.udT
bO

TC

d -

o<w52wa

S

C

Circuit representation for
a Y. which is valid out to zw . Th
capacitor C., has been incl » but can usually be neglgcted ©

ag is exple.?.ged in the text.

That this circuit do
e8 correspond to Y11e can be seen by inverting Eq. (2-32)

1 (2-80)

d
Y11 (1- a,d) + 8Cpq

+

Over the frequency range s
pecified
above the effect of CTC can usually be

neglected. To demonstrate this, consider a typical high-frequency triode tran

sistor with

b°=1+O

T, = 1076 second,
qI
= —& _ v
and 8116 = %7 = +O% mho at room temperature ang

Ie of 1 milliampere. Then

a
Tp811 _ (1078 (o) - 100
b, 40 = 1000 uufd (2-81)

s0 that
» with C‘I‘C ou the order of 5 pufd and rl') in the range of 50 to 10C ohms
)

the reactan
ce of CTC is very high compared to that of the series combinatlion of

R which d
5 (which is 2/5811 or 10 ohms) and the 1000 uufd capacitor. fThe important
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q Q
? e

For th
e case of Y10e? We have, referring to Eq. » 38

d 12
Yoo

1+ r'Z
b[ yd + BCTC]

Zo, a|X+sm)1+er)
b B _—— + 8Cp,

(l+s~4£')

—

a
Su%  (+em)(1+er)
b - = @
(o) T 72

Zl-{»szc—"]

l+'tl;

d
8op
- [(1 + sT )(
" b, T )(1 + sra)]+ 5Cpg

e

X
1 + <

b *ts

o
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(1+s !b)(l + sl'a) +-%°—c§°-

d
Exp Eoo
b
(] T
l+.oi+s-‘,__,&+’;—"EE
(o] (o]

Thus Y10e 128 & low frequency value of gaad/bo, vhich represents a very

n
=

high resistance. For frequencies which are much less than the a~-cutoff fre-

quency, the numerator term of importance is moc,m /gzed, the time constant
representing a frequency on the order of a few kilocycles. As the frequency
is increased, y12e increases at the rate of 6 ab. per octave until a frequency

on the order of 20°/o of the a-cutoff frequency ( corresponding to the time con-

stant in the denominator).
In the expression for yale, the terms yead and scm can be neglected in

the numerator:

a a a
o1 * Yo + 8Cy, g Y21

Y21e™
1+ Zyd + sczg 1+ ré[Zyd + SCTJ

d

€
1+ +sr—“+'-x—g£]
2 bo

b
(o]

Here the numerator is independent of frequency over the range in which we
are interested, while denominator is the same as that for ylpp’

The exact expression for Yope frem Eq. (2-24) 1g

d 3
y22 + BCTC + rb Avd

Yope = Yo =
]
l+zxn !Eyd-rscml
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of in
terest in this cag.. Referring to Eq. (2-28), we have

a (1-a)a
¥a = (nymd) 2 * ) + sy, %

Y a d 1 «
=V ('y]_g ) T since b = —9 __
d 1~ @y

Using th
g e infinite Product expansions for the quantities involveq and

retaining terms out to T
a

a l+a!l'a

&, ¥g —_— d 1 l+s a
l+°T 14_8-& (o) sTa
4

2zud slzd (1 + 8T, )(1 + sTu/2) (2-86)

b
(6] 2
sTh
(1+ 4)

2 Eq ( )’ 2 2
80 tha T this cancels the Term l + 8 —= 111 the numey 8 tOI f or I pa e
2 quencies

to
d

Dl e 2% 8
r! Ay ¥
b (l+sIb) (2-87)

(o}

W“’:’,L‘.:!?M_" -‘%vi... . .
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1l + g7 d
a 2 x
g a g22
22 Tr o —— +sc,m+ (1 +8m)
Yone ¥ a/4 ° "

(o)
14X (1 + s’L‘b)(l+ BTa.)
bo Ta. 2

1+8T

2

d T ) 2 d
. €sr (1 + s!l‘a)(l+sTa')+scTc (l+s-h—a‘) +L;‘?L(l+smb)(l+8%)
)

. In simplifying this expression,

we have retained only the first order

T
a

terms 1 2
n the expansion of (1 + s!'a/u) 1+ 5 s 88 was done in the cage

of ylle .

We see that the low frequency value of Yo0e is very nearly & d
2 ?

since for a typical transistor with X =4 and b
o

= 50, it 18 only 7°/o larger
d
than 322 .

At high frequenci
. q es the predominant term 1g & capacitance having

the value O, = —Zc__ th
1 N >’ the latter form being obtained with the aid of

L

lati = 2
on Ta, %{b .

[o}

1+ 5s(T +7) 4+
1+ T) 82T1T2

the re-

———

Yope = N |
+ 8T2 "
1
T. =RC R ;
2 272 — R == 2
y?ee 1 T Cl c '
. T) =R C; l 2 |

T =
(Rl + Re) C,

Figure 2-10. A circuit wr Lech
u i represents Y.
the values given by Egs. ;.8328 Hhen Rl’ B Tl, TQ nave

L]

"""-\u"'h&-\. - €
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The circuit of Fi -
gure 2-10 represents y22e when the parameters are

Properly chosen. The conditions are

3‘(1+5—)

1+X
(o] bO

ﬁ
b
X
b

1+

The value of
T2 is given directly by the third equation above; the others

are easily determined as follows:

- : .
TSR R A zy T S sy s
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These values can be used to obtain the values of Rl, R2, etc., but this
is unvieldy due to the camplicated forms for T, Tl » and T2. The important
feature of Egs. (2-89) is that the value of x has a considerable effect on
the time constants appearing in Yooe* Leakage across the collector-basge
Junction is present in the actual transistor » the major effect of which is
to increase the observed value of geed. An increase of 10 to 1 is not un-
common in commercial units. Further discrepancies result as the termination

of this leakage conductance may be "tapped down™ on rt').

}
§
o
i
}
!

N AL I TS T i, T Y L3 S
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2-6. Summary

In the rreceeding sections we have considered a theoretical model for the

@ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9

alloy - or fused-Jjunction transistor » and derived expressions for the y-parameters

&s functions of frequency in the grounded -bage connection. The addition of the
collector junction capacitance CE[C and the extrinsic base spreading resistance
r{) approximated conditions in the physical transistor. The y-parameters for
this model in + = grounded-emitter connection were obtained » and the problem
of approximating the hyperbolic functions occuring in both cases discussed in
detail.
From the standpoint of error » 88 well as ease of application in network
analysis, the product expansion is superior to the power series expansion in
approximating many important quantities. It was also noted that appreciable
rhase error may be present even when the amplitude error is negligible.

In connection with the important problem of approximating complicated
functions of frequency by expressions of the form (1 + 8T) or -ﬁﬁ; » the best
bossible approximation is not given by simply taking the corresponding term of
the infinite product expansion for that function. The value of T to be used
depends on the frequency range over which the approximation is used » Whether
it is on a plase or amplitude basis, etc. It is possible to set up various
eérror criterla analytically which indirectly determine the value of T; however,
these expressions frequently are so camplicated as to make the solution imprac-
tical. The infinite product expansion provides an approximation which is easily

obtained, and is of a form commonly used in network analysis, irrespective of

how many terms are used.

B e T TS
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CHAPTER 3

Measurement of Transistor Parameters

5-1

Measurement Techniques

Before the measurements of small signal parameters of amplifying devices

can be underteken a number of fundamental principles must be understood

Among these, the most important are:

(1) The type of circuit in which the device is to be used.

(2) The parameters must significant in the light of (1).

(3) The number of independent measurements required to determine

the desired parameters.

(4) The specific technique of measurement to be used for each

parameter.

At first glance item (1) may appear to be an unnecessary consideration

. since from four terminal network theory a set of four complex frequency para-

meters which may be chosen in a large number of ways suffice to specify the

transistor completely and can therefore be used to culculate the bahavior

of any linear network in which the device is immersed. However, as a prac-

tical matter, it can often happen that the accuracy requirement on the measure-

ment 18 very severe for good accuracy of the circult performance if the para-

meters are not selected judiciously. A very simple example of this is the
use of the measured common base parameters for the representation of the
common emjtter circuit. Here the common emitter short circuit current ampli-

. fication h2le is given approximately by

The fractional error in finding hele due to a fractional error ﬁg in measure-

ment of a is

-nwmmm;_» . __3“‘:}@)% .
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a h2].e _ h21 Lo
hale e a

Since hale is a number much larger than unity, « must be measured very ac-

curately for moderate accuracy in hale'
is the configuration most often used in the wide band amplifier work studied

Since the common emitter connection

in this report, parameter measurements were made using this connection.

Besides the choice of the conﬁgura.tion,a decision is also necessary on

the parameters to be measured. This depends on the termination conditions

which the transistor meets in the circuit. Since the wide band equalization
process 1s essentially one of obtaining increased bandwidth at the expense of
gein, it is expected that in most cases the total load impedance will be small

compared to the transistor output impedance. Thus the output termination,

at least for an internal transistor in a cascade arrangement, can be considered

more nearly = short circuit than an open circuit. From this it follows that

ylle or its reciprocal hlle i8 the most reasonable input driving point para-

meter and Yoie OF h21e is the most logical forward transfer parametoer. The

considerations leading to choice of the other two parameters are somewhat more

complicated due to the fact that the input circuit is often terminated in an

impedance which cannot be considered high or low compared to the transistor

input impedance. Accordingly both y22 end h22 = - are discussed. The feed-
“22

back parameter h12 was also measured but it was found that it could often be

neglected in actual design work with great saving in labor and with little error.

The common emitter h parameters having been chosen with hlle and hele being

consldered most important, the next problem is the specific technique of measure-

ment. Here two philosphies were employed. One was the use of a high quality
bridge (a Wayne Kerr bridge type B 601 was used) as a standard and as a means

of making non-routine measurements. Results of measurement of actual transistor

@ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9
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L3

parameters on this bridge and comparison of these measured results with theory

are reported later in this Chapter. The second approach was to develop a simpler

(but not quite as accurate) tester which conuld glve rapid results with a maximum

A schematic diagram of the circuit used is shown in Fig. 3-1

It was designed

of convenience.
and a photograph of the completed model is shown in Fig. 3-2.
to measure h'.L'Le and h21e over the frequency range of 100 Cps. to 6 M Cps. to
an accuracy within 10°/o + The circult was tested by measuring an impedance

which simulates hlle on the tester and comparing the results with the theore-

tical response. The results of this are shown in Fig. 3.3. A mmber of precau-

tions in construction were necessary before the tester gave the above mentioned

performance. First, since a 100 ohm termination was used and the driving source

impedance was 100,000 ohms, the desired parameters are given by

h2le = %xloj
B

hlle = 100 g kilohms

To prevent over loading of the transistor El was limited to .1 volt so that

for typical values Ei and E2 were in the millivolt range (Ei was especlally

small at high frequencies). Because of the low level involved special pro-

vision was made to construct the output terminals so that a direct fit could

be made to the terminals of the output vacuum tube voltmeter. This completely

eliminated the hum problem in spite of the low signal level.
Another important consideration is the effect of distributed capacitance

across the input 100K resistor. This was overcome by passing the resistor

thrr.igh a hole in a shield which was tied to ground. This reduced the capacit-

ance across the resistor to a low value at the expense of increasing the capacit-

ance of each end of the resistor to ground. The latter effect was not serious

® 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9
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Simple Parameter Tester for Measuremen% of

h
11e? hl?e’ and h2le'
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@ Theoretical
X Measured

—tee el e - .. .

Calibration Test for hll e OO Small Tester

Fig. 3-3

— -

----- AP ey PR L 8 N e T S o T
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for the impedance level normelly met. The tester can be built in a single

day and was found especially useful for routine checking of units.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9



Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9

-48-

3-2. Measurement of Transistor Parameters using Bridge Techniques

The accurate measurement of the small signal parameters which were dis-
cussed in Chapter 2 is complicated by two important considerations. The first
is that the required DC bias voltages and currents must be supplied during the
Measurement; the second is the extremely wide range of impedance values which
are encountered in the different transistor connections. As an example of
the latter we have L £0Y with a typical value of -03 mhos, compared with Yoo
vhich may be on the order of 2 micromhos. For the former, the problem of
minimizing the error due to the bias supply impedance (which ig effectively in
parallel with yu) is relatively simple; in the latter case, it iz extremely

difficult.

T

2§£st3.n.gz; Rm;spj?;g;s:gpg Fig. 3-5. fThe error with this
the uasurelgnt of Y. type of circuit is dependent on
the bypass capacitor across V .

c

Flgure 3-4 illustrates the situation which is encountered when the power
su
pply resistance :Rc 1s in parallel with the terminals across which the measure-
ment i1s made.
] e. Since y22e is a relatively small rercentage of Y , an accuracy
’ c
of 17/c in the measurement of th
) € sum and of Yc may result in large errors in
the ¢ ted
ompu value of Yoo On the other hand, the accuracy obtained with the
circult of Figure 3-5 is dependent only on msking the impedance due t the
e}
capaciter across V. negligibl
i i glble compared to l/yaae, & condition which 1s much
easler to satisfy than that of making Y
negligibl
o &lble compared to Yppe in Fig. 3-h.

O TS T T AT
. 3%&"&1% ::-;-—:-.,;; ———
- .
«

VY
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of the bridge.
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ring the range of 15-500 ke,

ower one cove
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34
[}
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o«
~
[}
£
e}

601 RF Bri

1

tectors, the

500 ke. to 5 me.,

Wayne-Kerr Type B-

a8 de

Figure 3-6.
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An instrument which permits the use of the type of circuit in Figure 3-5 for
the measurement of two-terminal driving-point impedances (such as ¥17e 8nd
y22e) on devices such ag transistors and vacuum tubes ig the Wayne-Kerr B-601
RF Bridge, which 1s shown in Figure 3-6. This instrument is designed for mems-
urements over a frequency range from 15 kilocycles to 5 megacycles, with an
accuracy of l°/o over the major part of the Tanges. The range of values for
R, L, and C are as follows: R, 10 ohms to 10 megohms; L, 0.5 microhenry to
50 millivenrys; C, 0.01 mfd. to 0.02 mfd. The circuit used in the bridge
toe accurate measurement of the impedance between any two terminsls

in a 3-terminsl network, and also the transfer admittances, although the
latter presents some Jroblems with bias supplies for active elements such as
transistors and vacuum tubes. .

Figure 3-7 shows the basic circult used in the bridge. The source Yolt-
age E. feeds the primary of 1'1, the secondary of which 1s center-tapped at N.
The coupling between the twc halves of the secondary is very tight, so that
N is a true center-tap even with unbalanced loads on the secondary. The un-
known impedance zu and a standard impedance Z' are connected in series across
the entire Becondery, while the detector is connected between N and the Junc-

tion of t&'he two impedances.

1 +

T2
‘::’ I i Detector EJ_ -

WS. . 2

1 E bl
(b)

Fig. 3-7. Basic Circuit of the Wayne-Kerr B-601 RF Bridge.

J‘Manu.factured by the Wayne-Kerr Laboratories, New Malden, Surrey, England.
A unit baving the same basic circuit, the Type B-801, is available for
the frequency range from 1 to 100 negacycles.

: - - R002500i70003-9
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From Figure 3-7(b) the configuration of the bridge becomes evident. At

balance, the potential of the Junction of the impedances is the same as that
of poi
point N, so that the current I must be zero. With E, = E (due to the
ve
TY tightly coupled halves of the secondary of Tl), this gives 2 = 2 In
the a . y
ctual bridge, a wider range of measurements is obtained by changing the
ratio 32/ » 88 well as
El changing the effective Zn through the use of trans-

formers.

é DETECTOR

Fig. 3-7(c). The admi Neasurem
. ttances Y. and Y do
e t not affect the
e y-system p&z-a-ete?s etwork may be deteneﬁegrb;(j,

direct measurement.

Figure 3-7(c) shows a Iroperty of the circuit which ig extreme. . useful
in commection with the meas rement of network properties. If a thre.elterninal
network is represented by & delta connection of the admittances Y » Y, and v
these may be measured directly with only the three terminals avni;blea ’for exy

In the
example ghown, Yl hasg no effect since, due to the

2 ¢
ero at bal&nce- nle

Procedure for ob
obtaining Y, and Y, follows directly from Figure 3-7(c). The

Y-system equations for the network are
L=k +y,E
I, = E
2521 B Y ¥ E,

T e XY MM e, b7y, 3NN oy b wev
" s

.

S e e e e

170003-9

—_—
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and the y!
Y's are related to Yl, Ya, and Y3 as follows:

=Y, + Y

=Y +Y =
Yos = = -
12271 %Y 5 Yy =Y, Y,

1 1 3

This constitutes what is essentially an indirect method of evaluating the

Y-system perameters of a 3-terminal network, since they are not read directly

on the btridge. Since the transistor is an active network, it has four inde-
pendent J-parameters, and these cannot be obtained by the Preceding method, as
only three measurements are made. However, the bridge can be used to measure
both two-terminail admittances and transfer admittances directly. For the
former in the case of a passive network the procedure is straightforward, but

for an active network, where biases must be applied, the basic circuit of

Figure 3-5 may be used.

3-8. Connections for the m
L easurem
Bridge. The circuit wiring ﬁtdisfhi%?fiﬁﬁ the Wayne-Kerr B-60L
the bridge for the DC collector current. ® shovs the path through
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measurement of y22e is shown

(An NPN transistor 18 sketched here; for Eyp transistors it ig

only necessary to reverse the polarity of Vcc. ) The rath of the DC collector

current ig through the lower balf of the

1 mfd. ceramic capacitors
The reactance Fresented by cc is sufficiently low for frequencies covered by
the bridge that negligidble error Tresults in the measurement of the Y-parameters

in the grounded-emitter connection.
or electrolytic types

used in the actual system due to Space limitationsg.
A mounting Jig which simplifies the Problem of making the necessary ccn-
nections and or d.isconnecting the trangistor from the bridge for initial balance

is shown in Figures 3~9(a) and (b). The unit automatically connects the collec-

tor of the transistor under test to the "R x 1" terminal on the bridge for the

measurement of Yope (or 4,,e ¥hen G, 18 removed), or the base to the "R x 0.1"

terminal for measurement of ylle' The system Plvots on a stua which ig supported

terminal on the bridge, s0 that, ag in Figure 3-9(a), the complete
assembly may be turned for initial balence of the bridge, ard then re-positioned
-9(b)) for the actual measurement. e adventeges of +this system are
the trangistors leads relstive to its case,

(Figure 3
that there is no z2chanical motien of

80 the Possibility of troken leads ig elininated. Also, short, low-inductance

connections are easlly obtained with

ing the quick conversion from Y16 to Yope DeBSUrement without unsoldering

- -v?u&m.;‘, Yo -

' 39 |
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Figure 3-9(a).
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connections. Extension posts of 1/2" aluminum rod 1" long are used to hold the

chassis above the surface of the bridge and provide clearance. The arrangement
of Fahenstock clips used here to make the connections to the transistor is the
same as that used in “he video amplifiers described in Chapter 5. This provides
& positive electrical contact with the transistor lead, but insertion of the

transistor is somewhat difficult, so that future units will employ different

terminals.
The disadvantage of this type of mount is that a small but measgurable

error is introduced in the results, due to the capacitance between the "hot"

terminal and the "Earth" terminal caused by the mount. Since the bridge re-

sults are in the form of the values of R and C in a parallel RC circuit s this
correction is easily taken into account. The capacitance to be subtracted from
the C reading can be accurately determined, and is 0.9 mmfd. for the "R x 1"

terminal; 0.95 mmfd. for the "R x 0.1" terminal. In many measurements, it is

adequate to take the error as 0.9 mmfd. in either case.
The transfer admittances for a three-terminal network may alsc be meas-

2
ured using this bridge. For the network of Figure 3-10 the y-system equations

are
=¥ BtV E,

Io =9y By +¥5 B,

50 that the transfer y's are defined as Yip = Il/E2 , s Vo = I2/El’ .
=0 E_ =0
If the network is connected in the bridge as in Figurg 3-11, the voltagg El is

2This is described in "A Junction-Transistor High Frequency Equivalent
Circuit," by R. D. Middlebrook (Technical Report No. 83, Electronics
Research Laboratory, Stanford University). Transistor measurements
in this case were in the grounded-base connection.
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; L — — 1,

r o1 204—-—2%
!

Fig. 3-10. A three-terminal network with reference directions.

zero at balance, and the current through the standard impedance Zs is equal

to I,, and we have

2’

¥

Fig. 3-11. The network connected for the/measurement of Yoy At balance,
Yoy =1/2 .
21 8

o
NLUrJ
000D YOOFY—
=

—~22_

The fact that the transfer admittances can be measured on this bridge
is of great importance, as the measurement of these at high frequencies is a
very difficult problem.

A mounting jig for transfer parameter measurement similar to the type
shown in Figure 3-9 has not yet been designed and built, since the test unit
described in Section 3-1 yag available for the xeasursment of h12e and hale' How-
eéver, accuracy considerations at higher frequencies make the use of bridge
measurements essential, so that this is scheduled for completion in the very
near future.

The bias problem which is rresent when measuring transfer parameters of
elements such as transistors or vacuum tubes arises because different

active

potentials relative to the neutral lead are needed on the input and output

' ! " - 70003-9
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sides of the network. In general, the basic circuit of Figure 3-5 may be

used on one side, while a direct connection may be made on the other. It

appears that a possible solution for low voltages is a battery power supply

of sufficiently small physical size so that it may be placed on the transistor

mount on the bridge without introducing error due to parasitic coupling between

it and the bridge terminals.

SO0URCE %

Fig. 3-12. A Possible method of connecting the transistor and bias supplies for
the measurement of Y. discussion of the values required for Cl

. A
and C, is given in th€Stext.
A circult for this purpose is shown in Figure 3-12, where a battery

furnishing the desired collector-to-emitter voltage Vce 18 placed in series

with the emitter and the Neutral terminal of the bridge. An examination of

the connections involved shows that the impedance due to the bypass capecitor

Cl should be negligible campared to l/ynb » and, as the latter quantity is on

the order of 35 oms at low frequencies, Cl is a fairiy large capacitor. For

example, if the reactance of C, is to be 1o°/o of l/ylle or 5.5 ohms at 15 ke.,

Cl i1s found to be 3 mfd. An electrolytic of this value, in parallel with a
ceramic capacitor, to insure good high-frequency bypessing, could be used. In

the case of Ca, its impedance should be negligible compered to l/yue, and a

value of 0.1 mfd. ig adequate.

: - - 002500170003-9
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An alternate possibility exists as in Figure 3-13. Here the battery

furnishing Vce is placed in series with the collector lead. The requirements

for 02 are unchanged, but the value of Cl required is much smaller, since the

criterion to be met is that its reactance be negligible compared to 1/y22e, a

condition which is easily satisfied by making (!l = 0.1 mfd. On the basis of

eliminating measurement errors due to the odd behavior of electrolytic capaci-

tors with frequency, this circuit is to be preferred.

L=

SOURCE ?

+

35-13. An alternate method of providing bias for the measurement of y 2e*
The values for C, and C. are small enough to. permit the use ofl €

either ceramic or paper~t
frequency characteristics.

For the measurement of Yo1e it is only necessary to interchange the base

and collector leads (with their associated bias components) relative to the

bridge terminals. Since the bridge readings are in terms of the values of R

and C for the equivalent parallel RC circuit at the frequency of measurement,

the form in which the results may be presented with a mintmum amount of calcu-
lation is a polar plot of the form Y =G + JB. For certain parameters, notably
Yoper & 8reat deal cf information may be obtained from such a plot, even when

relatively few experimental points are available. In other cases, such as

Yile’ 8 polar plot of hlle = l/yll e is much more easily compared with the pre-
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dicted theoretical form. In either the admittance or impedance case both the

theoretical and measured polar plots are sections of circles over at least part

of the frequency range of interest, so that useful information may be obtained
from either type of representation.

5=-3. Results for a Fused-Junction Transistor
The measurements of ¥1e and Yope Were made using the W-yne-Kerr B-601

RF Bridge, while those of h12e and hele were made using the unit described in

Section 3-1. All measurements were made at a collector-to-emitter voltage vce

of 5 volts and a collector current Ic of 1 milliampere, as the data furnished

by many manufacturers specifies either this operating point or ones very close

to 1it.

A. Complex Plot of ¥11e

Figure 3-14% shows both measured and calculated frequency characteristics
of y,,, for a fused-junction transistor, Raytheon type 2N113-2. (The last num-
ber 1s used for purposes of identification in the laboratory and is not part of
the manufacturer's type number.) The measured value of bo for this unjt is 44,
and the b-cutoff frequency, fb’ 1s 200 kilocyecles. As theory predicts a definite

correlation between the frequency dependence of Y13e and f’b’ data for ylle was

taken at frequencles which are integral nmitiples and sub-multiples of fb'

It 1s seen that the portion of the measured characteristic for frequencies
up to f/fb = 10 is virtually a perfect section of the circular locus as pre-
dicted by theory. The theoretical locus shown here was obtained by selecting
the radius so as to provide the best metch with the measured characteristic in

this region. For this case, the intercept on the G-axis 1s Gl = 750 ymhos at

w= 0, G2 = 8760 umhos at w = o, and the frequenty of -’-t5° pnase shift is ap-

proximately l.efb.
The analytical expression for this locus is

@ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9
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1+ JuT

=6 ¥ 05T

. -~ (3-1)
G -

1 0 x 10

_— = % = .085

G2 8760 x 10

and the value of T, according to theorem should be T, = 1/2x f,- If we take

the values of G, and G, glven above and substitute them in Eq. (3-1), the value

of uT which represents 1#50 phase shift is approximately 1.19. This is in good
agreement with the value obtained from the measured characteristics, so that,

in the frequency range up to :t'/fb ¥ 10, we have

6, 1+ 32/t 2

The agreement between this expression and the measured points for other values

of f/fb in this range is quite good.

The corresponding plot of byye = 1/¥;, 15 shown in Figure 3-15. On this
the difference between the measured and theoretical characteristics is less
where the plotted values are small. In con-

plot,

pronounced, as it occurs in g range

nection with the point for f/fb = 32, 1t should be noted that, as f, for this

transistor is 200 k¥ locycles, this is a frequency of 6.4 megacycles, which is

outside the 5 megacycle upper limit for the bridge accuracy specification.

A number of other fused-Junction units showed a deviation from theory

similar o that in Figures 3-14 and 3-15 as was men*ioned above » Bame error is

contributed due to the bridge at f/fb = 32. It 1s planned to use = Wayne-Kerr

B-801 Bridge, presently on order, to make measurements up to at least 10 mega-

cycles so that the behavior of ylle in this frequency range may be accurately

For this reason, we will discuss some of the possible causes of
correlate any of these

determined.
this difference, but will make no effort at this time to

causes with the observed phenomena.
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One source of error is that the physical structure of the transistor,
rather than being of the idealized type discussed in Chapter 2, 1s more of the
form shown in Figure 3-16. If this form is, in turn, approximated by the geome-

try of Figure 3-17 which is dizcl;.ssed in the pe.perl by Early previously mentioned,

the simple r, model must be replaced by the more complex circuit of Figure >-18.

Here, as in the case of the simpler model, we have neglected the effect of feed-

back due to base width modulation.

c

| collector emi.ier collector
B

TEA

Tpo

b
c

Fig. 3-16. Cross-section Fig. 3-17 Fig. 3-18. Approximate
of typical fused~-junction Idealized cross- circulit representation for
transistor. The base iz in sec’ “~n for the the gecmetry of Fig. 3-l%4.
the form of a disc, with the geome._y of Fig.

contact made by a metal ring 3=13.

around the periphery of the *

disc. The transistor elements

are symmetrical about the axis

of the disc.

For the measurement of hlle (or ylle) in the grounded emitter comnection,
the collector terminal is a-c short-circuited to the emitter terminal, so that
the behavior of h , for the circhit of Figure 3-18 is not difficult to predict.
At high frequencies, i.e., many times the b-cutoff freguency, h'.L‘Le approaches

r.l')l as it did for the simpler model. For a typical transistor, r'b2 may be on

the order of 1/2 of r},» 80 that the effect of Cp, would not enter in until the

reactance of C’I‘C was comparable to rge/a. This represents an extremely high

frequency for cormonly encountered values of CTC and réz, po that it does not
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serve to explain the experimental results. It should be emphasized that the

fact that C![C is "tapped down" on the base spreading resistance may have a
slgnificant effect on the performance of the transistor when operated as a

grounded-emitter amplifier, due to the fact that the collector and emitter

terminals are not a-c short circuited. This is because there is a multipli-

cation of the actual value of c’l’C as far as the input circult is concermed,

this being similar to the Miller effect in vacuum-tube amplifiers.

B. Complex Plot of Yone

This is shown in Figure 3-19, for the same transistor, Raytheon 2N113-2.

As in the case of Y11e’ the initial part of the locus ig circular, which permits

us to draw a semicircular locus shown by the dashed lines. This locus goes from

a low value of conductance at zero frequency to & higher value at infinite fre-

quency, and has a positive phase angle in between. This may be represented by

an admittance Y which consists of a resistance in parallel with a serieg RC

circuit. The form of Yope 88 predicted from theory has this form of circult,

with an added capacitance in perallel, as shown in Figure 3-20.

B
] |
| | JuC
I | Yooe
I Rll
1 |
Yope—> | R Cll = 02 Y
| ==
l , l W = 0 W =0
j : ” _c
[ J G, T
Y 2 Gl

Fig. 3-21. PFlot of the admittance
y22e =G + JB of Fig. 320.
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The problem at hand is to determine vhether the measured characteristic

£, predicted by theory.

2
This may be solved by noting that, if this is true, the real components of the
Reasured curve and those of Y should be equal, since the Jw 02 term afrfects
only the Imaginary component of y22e' Also, the difference in the imaginary

components of the measured curve and Y should be rroportional to frequency.
and a reference to Figure 3-19

of Figure 3-19 ig accurately represented by the Y + Jw

These properties are diagramed in Figure 3-21,

shows that the first requirement is met. As for the second, 1f AB is the dif-

ference in the Imaginary components of the measured and Y characteristics, we

have

AB ¥ 90 micromhos at 1'/:t.b = 16 or 3.2 megacycles; (3-3)
3-3

AB £ 180 micromhos at r/rb =24 or 4.8 megacycles;

and calculation gives a value of C, = 2 mufd. for £/f = 16 ana C, = 1.7 mmrd.
2 b 2

for t/i'b = 24, While the agreement ig by no means exact, it should be kept
in mind that this method for determining Ca is very sensitive to small changes
as well as to amall percentage errors in the measurement of
of course, by making measurements
This

in the locus of Y,
B for y22e. Better accuracy could be obtained,
at higher frequencies, so that AB is an appreciable fraction of B for y22e'

in turn indicates the use of a bridge covering the range above 5 megacycles,
such as the Wayne-Kerr B-801 RF Bridge, which is not presently availsble. Thus,

using the data from Figure 3- 19, we will use the representation of Figure 3-20

for Yoo and take 02 = 2 mmfd., while determining the other circult comstants

from the locus of Y in Figure 3-19. fThe latter procedure is not difficult, as

the intercepts on the G-axis determine (}l and G2’ while the first frequency of
45° phase shift may be used to determine the chl product, as it is only a emall

percentage of the second. The circuit constants for Figure 3-20 are found to be:

= 25,000 ohms; R, = 307 ohms;
T 1 (3-4)

Cy = 2 mard.; Cl=61+mmrd.
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The large value of Cl and very low value of R1 impose severe limita-
tions on the gain-bandwidth relationship of the transistor when used as &
grounded-emitter video amplifier. The effects of these elements are con-
sidered in detail in Chapter 5.

C. Frequency Dependence of h12e and h21e

These were measured using the parameter tester described in Sectioa 5-1,
and, as this unit provides amplitude information only, the results are shown

in decibels relative to the low frequency value, versus frequency normalized

to the b-cutoff frequency of the transistor.
The behavior of lhlzel for the Raytheon 2N113-2 is shown in Figure 3-22.

It begins to increase at .0l f;, or 2 kec., and approaches a slope of 6 db per

octave, tending to level off scmewhat as fb is approached. At £ = 10 fb’ or

2 megacycles, it is only 6 db above its value at f = f,. The estimated con-

stant value which the curve approaches is on the order of 38 db above its low

frequency value.
It should be noted that the accuracy to be expected using this methcd of

measuring h , 13 quite good. As b, = El/E2 with I, = 0, & requirement for
good results is that the external meter used to measure El bave an input imped-
ance whick is very high compared to the effective source impedance looking into

the base and emitter terminals. Since the collector 1s fed from a very low

impedance source, the impedance in question is essentially hlle’ which at high

frequencies approaches Ty As rﬁ 18 on the order of 100 ohims, capacitive loading

by the vacuum-tube voltimeter used to measure El is not a serious problem. For
example, an input capacitance of 25 mmfd. has a reactance of 20 ri (for tke
+yplcal case of ré = 100 ohms) at & frequency of 3 megacycles.

It is seen from Figure 3-23 that h2le = b follows the predicted form of

frequency dependence very closely. The theoretical characteristic shown here

represents the function
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b

N o b
,hzle(d”), = ’b(dw)' EErTEN ll T ETEN

- o -
ST (3-5)

where the frequency f‘b was determined experimentally as that at which the mag-

nitude of b was 70.7°/o of the low-frequency value bo' This means, of course,

. that the points for f./:t‘b = 1 are made to coincide, and that agreement elsevhere

depends upon the validity of the theoretical form. The major difference evi-

dent in Figure 3-23% is that the measured characteristic does not approach a

4 slope of -6 db per octave at high frequencies, the actual slope being on the

order of —14»1/2 db per octave. It is possible to approximate this slope through

A the use of a more complicated network function, but the consideradble labor in-

volved would not Justify this step where an expression useful for design purposes
is needed.

D. Comparison with Theory

. For Y11e? the agreement with the theory as regards the frequency depende ce

is reasonably good, as in the case of Yooe* For the latter, however, the parame-

ter values in the circuit representation are in poor agreement with those pre-

dicted by theory, especially as concerns the low-frequency value of Yopat This

1s generally caused by leakage effects across the collector-base Junction which

completely mask the much smaller value of conductance due to transistor action.

In the case of Yipe? We use the relation Yipe = = h12 e/hlle' The curve
for h12 e in Figure 3-22 may be approximated by the analytical expression

14 d=
e = =

e (5]
l+)s2.j“—)b;

(3-6)

where u_ is the low-frequency value of and the constants A, and are
e e 1

determined from the frequencies at which the curve is 3 db above its low-fre-

quency value and 3 db below its high frequency value, respectively. (This

method of approximation is discussed in detail in connection with the growm-

Junction transistor later in this section. )
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For the curve of Figure 3-22, Mo = 0.5 x 10'3, A.l = 4o, A2 = 0.4, so that
1+ 340 -:’:
-3
= 0.5 x 10 (3-7)
"1z 1+3o04%
ub
Combining this with the expression for hlle previously derived,
1+37 £ 1+ J.085 %
ho.=R — = 1330 = (3-8)
1+9— 1+ 3=
“4 %

ve obtain the form for y12e which approximates the measured characteristics,

(1 o<y (1 2
h12e £ 0.5x 107 . *d ub) (1+4 wb) (3-9)
T hy, 1330 (1+ 3042 (143 .085<
“y “y

which is quite complicated as it stands, but may be simplified considerably

y12e

for design purposes. At present, however, this is to be compared with the

theoretical expression for Yi0e? Eq. (2-82), Chapter 2:

b C
a  @ragh) 1+l 4 e
822 b @ &»
Y10 = - (3-10)
12e by + x 1432 X# 0.4
w.b b + X
where the relation T = 5%'1"0 has been used to obtain ? + :—E = (x + 0.4).
o DY

Here, x is r 81_1’ which for the transistor discussed here is 113(0.0%) =

at room temperature. In this cage, X 1s caomparable to bo’ 80 that it must be

included in the analysis.
Comparing this with the expression representing the measured character-

istic, we see that the numerators are of the same power in w, but that the
denominatars are not. Disregarding this for the present, we may determine

322 by equating the low-frequency values ’
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m -3
gga = (b, + x) 7 = (4 + L.5) -0—:%_-’553%0—- = 18.2 ymhos (3-11)

This corresponds to a resistance of about 55,000 ohms, which is much larger than

the value of Yoo at low frequencies, the latter being about 25,000 ohms.

Similarly, equating coefficients of jJw for the numerator of each expres-

sion enables us to find C,m,

b, Coc w
* Jw[;;-!-w—a-b :22 =J(H+1)§

| b C
| od'l‘C gil- w >>m,b
: 82o “b *
3 N 4
. - 1802 o -12
Cre = b, W Bk X5 x 0.3 X 10

= 13.2 ppf (3-12)

does not agree with that predicted from the measure-

1
This value of C’I‘C

ment of Yepo the latter value being on the order of 2 yuf. The error in this

case is undoubtedly in the measurement of h12e’ and it is planned to resolve

this problem by direct bridge measurement of y in order to obtain better
12e

correlation with the theoretical model. It skould be noted that, as a matier

of practical interest, the effect of h,, (or y12e) on the performance of the
unit as a wilde-band amplifier is sufficiently small that excellent results may
be obtained from a design theory which does not include 1t.

For the case of y21e, we obtain yzle as

1+ 3 2. b G
Voo = ¥ co— 2 .y 1 ___ (3-13)
2le ~ Y1le h2le - W o w w -13
1+ rj et 1 + J —— 1l + 7J ——
“b “p “b
where 7 = r.t') G and G is the low-frequency value of ylle' The form for Yo1e

as predicted from the theory developed in Chapter 2 1s Eq. (2-83):
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a
oo = &y __ & 1 -
Cle ‘+Ji—l(x+o.h) 1+bi 1+Ji———§++o;
o o

1+
s “ By

A comparison of Egs. (3-13) and (3-1%) shows that we should have

d x x + 0.4
&, = (1 + E) b, G 7 = .boT (3-15)

The second relation of (3-15) may be checked immediately for the 2Nil13-2. The

value of y for this transistor, from Eq. (3-1), is .085; and the value of x is

4.5. When this is substituted in the right hand-side of (3-15), the value
obtained is 0.1, which is comparable with the measured value of .085. Thus we
have good agreemeni between the theoretical and measured frequency dependence
of Yp1e? which is & useful parameter in the design of wide band transistor
amplifiers, using the grounded-emitter connection. As will be shown later ’
a reduction of the driving source impedance results in a greater bandwidth,
so that the transistor is frequently driven from a low-impedsance source, a

condition approximating that under which the y-parameters are defined.

3-4 Results for the Grown-Junction Transistor
A set of theoretical results for circuit parameters of the grown junction

transistor as camplete as those available for the fused junction type has not
Yet been published, although much work has been done from a primarily exper-
imental point of view. In particular, Pritcharde has shown that one of the
major differences between the equivalent circuit representations for the
grown-and fused-junction transistor is that the former must be considered to
have a complex base spreading resistance zb' instead of the rb' which provides
reasonably good agreement between experiment and theory for the case of

fused-junction transistors. In addition » the frequency dependencé of zb' is

®R. L. Pritchard and W. N. Coffey, "Small-Signal Parameters of Grown-Junction

Transictors at High Frequencies", Convention Record of the Institute of
Radio Engineers, Part 3, 90-98, 195k,
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such that it cannot be exactly representeq by physically realizable, lumped-
parameter networks. A further point ofr importance 1s that » Tor the fused-

Junction transistor rb' may be on the order of 5 °/o of the low-n-equency
ue of zb'

low frequency val
value of h].le’ vhereas the ratio low frequency value of .
order of 50 °/o for the grown Junction unit » 80 that the non-physically-

may be on the

realizable nature of zb' is markedly present in h:l_le’ These effects make
the develomment of a satisfactory design theory for video amplifiers using
the grown-junction transistor very difficult » due t~ the necessity of
approximating hlle by a compllcated network function.

A plot of ’hlle , vs. r/rb for a grown junction transistor is shown in
Figure 3-24. It will be noteq that a slope of -3 db. per octave is ap-
rroached after r/rb = 5, rather than the 6 db. Per octave characteristic
ot hll e for the fused- or grown-junction transistor.
acteristic does not flatten out at high frequencies a8 18 the case for the
latter type of transistor.

As hll e is an important quantity in the design of trangigtor wide-band
amplifiers, it ig necessary to obtain an approximation to hlle in terms of
a physicaily realizable network. Although an exact representation would be

extremely difficult, the quantities W, w2, “’3’ - . for the form
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“

Fig. 3-25. Method of Approximating a Network to Represent hlle(.jw). The
Significance of the Frequencies Wy, Wy and w, is explained in the text.

A line having a slope of O db per octave is drawn from the low-
frequency value out to the frequency where the charscteristic is 3 db

down. At thi =—oint, the slope of the line is abruptly changed to -6

db. per octave, and the frequency is that corresponding to “, above.
The line is extended at this slope until that frequency where its value
is 3 db. below that of the characteristic. This frequency corresponds

to W, and the slope is again changed to O db. per octave. The process

1s continued as far as necessary until the characteristic has been

approximated over the frequency range of interest.

The frequencies w , W, wy are called the “break points™ of Eg. 3-16,

and it is to be emphagirzred that the foregoing method of determining these

from a measured characteristic is valid only vhen these frequencies are

well separated from each other. This may be seen from the fact that
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anlitvehavethecondition02<<ul<<a,‘,etc.,thenatu-ua,

example, we have

for

by
' 2 -1 2 - i
- -
h1100 ("] u l+(u2) m-m2 IE

Pt S
R TE R X R e

»

which shows that Eq. 3-17 is 3.db. pelow its low frequency value at

H
:
3
F
Ed
i
7
e
o
i
2

w = ua. Similarly, at w = “@, ,

h g

lle . .

"1e0 e 1+@)2

2

o
o

-l

T PRy cop v geey

An

which shows that ,hll . , is approximately 3 db above its value at the
horizontal line through the break point at ul From Eq. 3-17 we see that,
ir :.x_‘-/«.:2 = 3.16, the value of the quantity W' 2 18 only 1.05, so
1+ _2_)
y
that the approximations involved in Eq. 3-18 and 3-19 are quite good
even for this relatively smmll ratio of break point frequencies.

This method applied to the characteristic of Figure 3-24 results in

R

Cghn

Ry

an expression of the form

i et THEL VDT i
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m (007) (s aty)

—r

L% (1+Ji)

The exact curve as calculated from EqQ. 3-20 1s also shown in
Figure 3-24, It is geen that this provides a remsrkahle 8004 approx-~
imation for w : 60 &,» vhich for this transistor corresponds to a
frequency of 9 megacycles. A point of major importance is that the network
function of Eq. 3-20 may be realized with zb' as a p&rallel RC circuijt.
This adds one additionsl element to the simplified equivalent circuit,
vhich materially complicates the design of wide-band a.lplirzitcra using
grown junction transistors.

Due to the form of the hegystem perameters, z, ! w111l appear only
in hlla and not in any of the other h-parameters.

Meagsurements on the transistor of Flgure 3.24 verify this experi

' on th
zZ,, e performance of a wide-band amplifier.
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CEAPTER 4
Compensation Using R-C Networks

In this chapter the problem of transistor wide band egualization is attacked

in a somewhat limited sense in that circuits using only resistance and capacitance

will be considered. The question naturally arises as to what are the fundamental

restrictions on what can be done with this special class of network. For a

passive R-C network the restrictions on a realizable transfer function can be

stated asg
l. All the poles must be simple and lie on the negative real axisg.

2. All the zeros must occur in conjugate pairs.
A special class of transfer function, the minimum phase function, is sometimes
of interest since it can be realized in the familiar ladder structure, in fact
any ladder network has a transfer fwction which {s minimum phase. A minimum
phase transfer function of the R-C type will satisfy conditions 1 and 2 stated
above with the added restriction that it have its zeros in the left half plane.

In transistor networks based on the simplified equivalent circuit discussed

previously for the common emitter configuration, (where h‘12e 18 considered as

zero) the use of passive interstage R-C networks will not alter the regtrictions
on the pole zero configuration of the transfer function over that obtainable from

some equivalent R-C passive network. This is true because the transistor simply
e and h e which

i K
centributes a real axis pole due to } Sle and networks due to hl_l o0

are composed of only R-C elements.

A different situation can be encountered » however, when R-C networks are
placed in the feedback path of a transistor or other amplifier circuit. In this
case the poles of the resultant transfer function may leave the real axis
(although they must of course remain in the left helf plane). Thus it is
possible to obtain transfer functions using R-C networks in the feedback path
of an amplifier which could be obtained with passive elements only by using
inductances. This is one reason why & feedback configuration is of interest.
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Before entering into the details of the cases to be considared it is well
recall the discussion of Chapter 1 which emphasized that the ultimate limitatid
on gain bandwidth product is due to the properties of the transistors used and
that the results for even the simpliest type of asmplifier can glve a good idea
of what can be expected with more complicated methods. We begin therequp vy
considering the sizxpliest configuration shown in Fig,!i-la. The circuit is fed
by a current generator having a registive impedance R ( or admittance G )
transfer functions of interest are the ratios of output current/input short
circuit current and output voltage to input open eircuit voltage. The transis
equivalent circuit used is shown in Fig. 4-1b. The transistor is represented b
hale and Yooe with 1:112e neglected. Under the termination conditions con-

hlle’
sidered here this is often a usable assumption. The current transfer function

definad above assuming

R << L

&2

is given by

2 (4-1)

Rd 4
Xo=l+3 5 7 = 7 37y =
o rb 1 Rg +r' + Rd 2

For small load resistances which satisfy

1
<< =
RL boubcc
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The zero in the trensfer function is cancelled by one of the poles. The response

then becomes of the single time constant type and the 3db bandwidth £ is seen
o
to be
(k-2)

The midband gain is glven by

boR

[Ki] = b7 :-————-§—— 4
(o} o/l R8+rb+Rd (3)

Equetions (4-2) and (4-3) may be rearranged into the form of two design equations
to meet a specified bandwidth requirement ro. These are

(4<ba)

b f. r! /L
Kol = 22 1-§§(r—° -) (44

o b

The gain bandwidth product can be found directly from Eq. 4-4b and 1s geen to

- -“.pé';)‘gag‘u*‘, vy

depend upon bofb (.8 times the alpha cut-off frequency of the transistor), the
1

ratio of extrinsic base resistance *o diffusion input resistance( ﬁl) and

R

\'d

Given a transistor having the following constants
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rb=100kc
b, = 50
Gy = 5004 mho
Co =5 puf
ré:BOQ

If the load resistance is restricted to
6
10
R <« 2,(125:63800

the single time constant response is controlling. Thus for large R , the
8
gain is 50 the bandwidth 100 ke. If the bandwidth must be extended to

T, = INC, from Eq. (4-4)

£
(o]
] [1 -x Gd(ﬁ'l)]
ngd b g
2.3

%

The gain is found to be (from Eq. 4-4b)

=142 g

|Kiol= 3.2

The form of response is not altered if voltage gain rather than

current gain (as defined previously) is considered provided the load resist-

ance is kept low en co 1
ough compared to ma.cc « Although by breaking this restric-

tion much larger mig-band voltage gains are possible than the ma.ximlm of b
for the current ratio, the increased gain results in a more rapid deterior:-
tion of the bandwidth due Principally to the effect of the collector shunt
capacitance It is instructive to carry the above analysis one step further

and consider the case of two transistors in cascade, fed by a generator having

- e——— e s

TNV v L
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& fixed resistance R8 and working into some specified load admittance Y. .

L
The network is shown in Fig. 4-2 and is seen to contain a shunt sdmittance

Y' in the interstage which is to be adjusted to obtain wide-band response.

Fig. 4-2 Two Transistor Amplifier With Shunt Interstage

The voltage transfer function as defined previously may be found using the

approximate transistor equivalent circuit of Fig. 4-1b.*

b
o

hz~1e=h=1+s'v.*bl

*Since the high frequency performance is of primary interest in Egq. (4-5),

the bilas resistors :Rl’ &g, R ., Rc are assuzed to be large enough so that
they can be neglected. uﬁ% i %rue for C. and C.. The low frequency
response is however strongly dependent on the %ime cogsta.nts Rcl cl and Rcece-
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L = G * 8C,

R oy

Eq. (4-5) is written so as to proint out clearly the factors which degrade the

response. These are seen to be:

1. The current fall-off due to frequency variation of b. This ig
due to diffusion effects within the transistor.

2. The current division between the generator internal admittance
and the transistor input admittance Yil' The latter quantity is a function
of diffusion effects (in G, and Ib) and ry the majority carrier (extrinsic)

base resistance.
3. The division of current in the output circuit of the first

transistor where some control may be exerted by choice of the interstage

YR e 1

admittance YS. The other quantities in this factor are the input admittance

to the second stage and the output admittance of the first stage (YOl). This

VT gyagy
P

latter quantity is determined by the alpha cut-off frequency of the transistor,

the collector capacitances Cn and the low frequency common emitter short cir-

cult current gain bo.
k. Finally there is a division of cwrrent between the load admit-

tance YL and the output admittance Y
G

5. The quantity -1;5 represents the ratio of load to generstor
L

impedance to obtain a voltage gein expression.
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Although the separate factors appearing in Eq. (4-5) were discussed

above, one interesting feature of the behavior of this equation are the

cancellation of the poles of bl and b2 by the zeros of Yil and Y12° The

remaining expression contains time constants involving Tbl and mb2 but
these appear modified by other circuit parameters. One simplifying assump-
tion which can sometimes be made without drastically affecting the result

i8 to neglect Ym and YOl in comparison to the admittances which appear in

parallel with them. This assumption is least valid for an output stage

especially if the load impedance is as high as p lc . However, in an inter
a C

stage vhere the minisum loading is the following transistor, the approximatio

is better although it will affect the response to some extent even in this

case. Neglecting the Y)s Eq. (4-5) becomes

Y Y
11 12 % (4-6)

onm l Ow
LI}
=
N
=
+
(=]
HH
n
+
2]
L_"-<

A specific example of YB being a series L-R circuit will be considerved

in the next chapter.

ey iy
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Lo,
2. Wide Band Response Utilizing Local R-C Feedback

3 The use of local feedback is
¥ one approa
§ ActUally it is8 a " o o e sguatisation problen.
? o special class of the more general technique of using feed-
ks ck to obtain the desired
‘; g, eton + results. Before discussing the specific applica-
] £y on to transisto
i ; T circuits it might be well to discuss the characteristics
: common to feedba
| § ck circuits for thisg type of application.

In this st
udy only local feedback (feedback involving one transistor)

%

was attempted.
yo) Although the more general cage is also of interest, the pro-

ties ifr f
eedback around several stages is attempted. It showid be pointed

out, however
B » that successful video amplifier circuits have been constructed

usi both
ng beedbe.ck and interstage equalization. 7 < However in almost
>y

8ll cases t
8 the design appears to have been besed on experimental ad justment

of com
ponents. Thus g simple usable theory was lacking on thig Bubject

IR T AR T
aSaap %M?‘"!ﬁﬂ%ﬂﬂ*zmwtz

—

ey

Fig. 4-3 BEnitter Feedback Configuration

’

.
e O b S S TP e

~

gt
-l o

o

1. Lo et al, "Transi !
) sistor Electronics" p. 3hp (Prentice Hall, 1955).

L AT

2. 'Video Fulse Amplifiers En
ploying Silico "o
High Frequency Transistor Circuits Conge:e::::? 8%;;;" R2 E. leslle,

-

p
: P 11U4 b.y ‘ & Gx ll]*bh, hallsi
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This is probably due to the rather involved transistor equivalent circuit

and the many factors which enter into the problem.

The feedback configuration used in this study is shown in Fig. L4-3.

A crude statement of the operation of the circuit is that the addition of

Re reduces the midband gain by a certain factor below that available with

e
to be appreciable at the frequency

R =0 fhe capacitor c is adjusted so that its shunting effect on R begins
where the gain would fall off due to tran-

sistor response or the barasitic capacitances. Since Re represented degenera-

tive feedback, the effect of Ce at the higher frequencies is to decreage the

degeneration or increase the gain. Thus the rise in gain due to ce can com-

off due to the transistor at least over some portion of

bensate for the falil-
the desired band. The design procedure for the equalization Problem using the

local feedback configuration of Fig. L-3 consists in arriving at values of R

FELLETRTS S rorn e T

As & first step in the solution to this problem one needs a network repre-

D L o )

sentation of the transistor in the common emitter configuration. Although an

analysis based on all the h barameters of the transistor could give a good

answer for any given circuit, the algebra 1s too involved to provide good

insight into the problem and to yield a usable design procedure. As a first

|

|

|

and C to obtain specified performance. i
!

|

|

]

|

|

approximation the equivalent circuit of Fig. 4-L has been found to yleld most

Fig. 4-4 Approximate Equivalent Circuit for Amplifier of Fig. 4-3
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of the behavior of interest. The transistor is simply represented by hal.e
with bype and h12e considered zero. Also hy, is taken as f’\’;' Neglect of
h12 limits the analysis to the case of a& low load hpedn.nce._ The justifica-
tion for neglecting the diffusion part of hll of the transistor lies in the
assumption that Ze is larger than the internal emitter equivalent T impedance
at all frequencies of interest. h22 may be neglected if RL is limited to

<zt L.
RL ma. cc . e expression for voltage gain can then be found to be

B -b, R(1 + 8T)
(1+8T) TR L+ 8T, )@+ 8m)) + bOReJ

T, = R, C,

=R %%

R = Rg +ry
For 8 = 0, the low frequency gain is

o Ry

boﬂe + R/

e>>Rt‘>

In order to consider the frequency behavior in detail s is replaced by
3o 1n Eq. (4-7) and the square of the magnitude of the resultaiat expression
is found. To simplify the algebra and provide a basis for comparison the
quantities in q. (4=7) are ncrmalized giving

RDP81-01043R002500170003-9

(4-9)

1+ 12 x2
1+x Tnaabz) Exu x2 B2+ xe{ 21 + -)2—2-h}+ 1_]

In a design problem, if the transistor and generator impedance are specified,

1t remains to choose RI.’ Re and Ce. The factors which enter into a choice
of Ry are the followings

1. Ry must remain smaller than %’1% in order for the effects of
collector capacitance not to contribute to the response.

2. It may happen that even if RI. satisfies condition 1, the respoase
may still be limited to some extent at least by the shunt capacitance in the

output circuit. This is especially true if good high frequency transistors

are used.
3. The choice of RL in an output stage must be consistent with the
power handling capacity of the transistor as well as meet the requirements

of output swing as closely as possible. This usually requires large RI. which

conflicts with the freq y T require

Once RI. 18 chosen based on the above considerations, the next task is the

choice of R, This is straightforvard since from Eg. (4-8)
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Where if Kvo is specified }‘(e may easily be found. Once Re i-idetemined the

quantity h is fixed and all that remains is a choice of ce (qr »l). As a first

approach we neglect T‘L (this is a reasonable assumption for 10w values of load

impedance and even a mediocre high frequency transistor).
no rise in the response will occur if the coeficients of the )F terns

Under these condi-

tions,

in 2q. (¥-9) are equated in numerator and dencminator.
w2 =12 (1+m)? - 2un

This may be solved for m, and subject to the condition that h << 1

m = .41kh (4-11)

R];

= kb
% R 2
e a

The 3 db bandwidth fo , (to which there corresponds a value of X called Xo)

may be found from

=1
. 2,2
14w X

Eq. (4-11) may be used to eliminate m giving

1
— = 0
(414 n)2

50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9

The solution for Xo is

(4-13)

R
= -2
f, 173 £, RQ

It is of interest at this point to see the effect on the bandwidth of making
C, = O while retaining R . From Eq. (4-9) (again neglecting T;) the bandwidth

denoted by f°° is

:b Re
T =% = %o EZ (4-24)
Comparison of this expression with Eq. (4-13) shows that proper adjustment of
Ce results in a 750/0 improvement of the circuit bandwidth over having Ce = 0.
Using Eq. (4-14), the expression for C, given by Eq. (4-11) may be written

bl
Co = B (4-11a)
e 2xﬂef

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9



Declassified in Part - San

4.3 Effect of Losd Capacitance
As seen above a simple usable
than & lc . Baw;mr, even under these conditions pn-etltic shunt capacitance
can ll:.tctbe response to a marked extent especially if a good high frequency
transistor is used. The load impedance to a first approximation adds a -6db

yer octave term in the denominator of the response function as can be seen

theory can result if F'L is made much smaller

from Bq. (4=T). As an aid in evaluating the importance of the load time con-
stant vs. the transistor parameters in limiting the response a curve has been
)n".;nred (see Fig. 4-5) vhich shows the bandwidth of one ;;rt of the circuit
vhen the overall bandwidth and the bandwidth of the other part is nowa. e

curve is based on a simple response of the form

1
fr@Th @]

This quantity bemmes % at a frequency ro, the overall 3db bandwidth. One of

the bandwldths say f, is related to f_ and the other (rl)‘by

x|2

In a typical problem fo }s measured and fl calculated from the load time
constant. The curve then gives re, i.e. the bandwidth neglecting the load time
congtant. The curve shows for example that if rl is larger-than 3.% times fo’
f2 is equal io £ to within 10°/o- Although the form of response of the tran-

sistor amplifier is not the same as that of Eq. (4-15), the curve of Fig. 4-5

1043R002500170003-9

does give a g00d 1dea of what can be expected in many cases. Of course this

plot can be used in many applications in electronics other than transistor

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/0:
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4.4 Experimental Results with R-C Iocal Feedback Equalization
A test program has been in progress in order to obtain experimental 2 g
-
- . - a - -
results using the theory developed earlier in this chapter.. It is recalled ’;. i §
. - = s 4
that the philosphy used in working out the equations was tc find the simplest & 4 E'é‘
—, o 2 |
usable design v and it is 4 that only approximate correlation ~ &
. of, theory and experiment will result. = gg B ] o| o ~
| W] of o
The procedure followed was to first decide on the low-frequency gain g , ] 3
- q
¥ X ©
K__ required. Then i.’ the a-c load resistance (not the bias resistor) was j i . %"Q o gl 2l o 2 1
A » N | A5 8l R B B = F
. chosen to be less than o—=g for the transistor used. Kiowing Ry and K, ' S L Ll I B o
a ¢ R 5 CI: 8
' R, vas then calculated using Eq. (4-10). The circuit was then consuructed - L s
o ‘o * * ®
and the bandwidth f_ was measured. From this R} was calculated using Eq. . § g é g F Qll ol E & 3 ‘v
e 5 g dl o 4| Q] S| F| @ 5 b
(4-14). c, was then determined from Eq. (4-11) and connected in the circuit. 'g S 3
2 8
The bandwidth f was then measured and the result checked against Eq. (%-13). . 4 3’\ ~
.. I 9 o of = oli wl w %
oo Since transistors were used with alpha cut-off frequencies of the order 3 3\% A R Q| & = 8
CNC g
of 10 Mc and collector capacitances of Suuf, by 1C was about 3000 ohms. The ;" o 2 8
a e w0 o @
load resistor was in most cases kept at 1000 ohms. It should be mentioned 5 8 E M 3
3 2.4 9 9 2l 2| 9 8 =
that some improvement in bandwidth over that reported here is possible if o : S | B | B B -t
- o @
shunt peaking is used in the output circult. ] N 8
g w? OB R 3l 8%
The results of following the design procedure 1s ghown-in some represent- E‘ ol I ) LN 8 L
- R g g A o ~ A @ oA 2 o
ative cases in Table 4-1. It is seen that in every case the values of ce as | g e P B S
. = o Q
3 8 8| 8| 8 8 =
caleulated resulted in & marked improvement in bandwidth aad the 1mproved > o ,g. gl ol ol 8 ® L
- . o — I
bandwidths corresponded at least approximately with predicteg values. A check 5 E Eu/ M 5 o o o o *
. 1] 3 o N o Al A
was made of the response OVer the whole band in each case and-in no instance 5 bl o~
& A A A Al | o |
was a peak in the response found to exist. R", included in every case a 100 olm <1 |f - ] .| o . . i
| - 3 HIEEE: R
. enerator resistance. i -
‘ . _ : IEEEEEE
) It is to be expected that the best theoretical and experimental agreement o 8 & g 5
. would occur in low freguency units since here other factors like output shunt ) A
-- o
capacitance have relatively little effect. - 3
3 3
S )
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Another point of importance is that the design procedure is based on 4.5 Common Fmi-
? 3 \ trer -Common pa
. se Circuit

B &: 4-6 show: @ circuit used. e first transistor bey, n the common
Fig. 4-6 shows tn, 1. t Th tor b h
1 1 ng i

emitter configuration tends to limit th,

1isted. However, since the data used to enter the calculations was found by
sistor (SB.

€ I
-100) was selected h “oponse o & good high frequency tran-
ere. The common bas
€ circuit has a wid,
e bandwidth

measurement, the value of Ce tended to be in a direction so as to. provide the
“off frequency) and 1t 15 useful ag ag output
pus

needed equalization even vhen the responsc was different than the form on which (1its alpha cut
- its low distortion properties

the theory was based. - stage because of
14,
ea of the R-C interstage lecessary may be

The results on the grown junction transistors can be expected to be in found from the follows
owing reason:

appreciable error due to the fact that the theory assumed an rl" which is
independent of rrequgncy-‘ Bince the low frequency rl" 1s usually lerger for
grown Jjunction transistors than alloy Jjunction uni}:s the theoretical perform-

ance based on a constant rl" tend to show the grown junction transistor in an

unfavorable light. Actually because "1': decreases with frequency “4t can be

expected that the measured bandwidth would be better than the calculated.

This was found to be the case. DNote also the effect of increasing the col-

lector bias voltage. Since this narrows the base width due to the fact that

the collector transistion region widens with bias voltage, fu_ increases.
=R_C
e e e

However, it is expected that rl'a will increase due to the narrowing of the
Tae = reciprocal
base width. In most cases the increase in f_ dominates the increase in T @ or T2 of angular alpha cut-orf frequency
@pp = lov frequency alpha of T2 (=1)

and the overall result of a higher collector bias voltage is a favorable inc-
V T, =
T RL Co the load time constant

rease in the frequency response.

- (4-16) may be simplified to

1+ sT
— e

R
1+ sT —3S5__ b I+ 1
e R TR bl b1 W (4-17)

#* Pritchard and Coffey "Small Signal Parameters of Grown Junction Transistors
at High Frequencies", Convention Record, IRE Part ITI, 1954 1
+ In the abvove

bare ctreuit
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has been neglected. This will limit the usefulness of Eq. 16-1=6 which should
not be used for too small a value of Re. The choice of Te depends of course,

on the pole locations of Eq.(4-17). If the output time constant is limiting

the response then ‘1‘; should be made nearly equal to ’I‘L and ‘then by arrangement
R

of the factor R—_+ET a direct gain bandwidth trade is accomplished (assum-
ing the other t\sao poi:s to correspond to very high frequencies).

In the circuit of Fig. 4-7 the load time-constant (including the output
meter) was .07 p seconds. RL was limited to 2K to minimize the output capacit-
ance and still give reasonable gain and output swing. A factor of two was
allowed to be lost in the interstage. Re was chosen as 1000 chms which is
small enough to minimize the effect of the colliector capacitance of the first
stage and large enough to minimize the effect of the rising input imrvedance
of the common base circuit. 'l'e was first adjusted to .07 u seconds, but it
was found experimentally that increasing it to .1y seconds improved the band-
width without gi\’ring a peak in the response. The circu'it response 1s show
Fig. 4-8 for two values of R.!" One of these correspond to Rs = 0, the other

R = .
tos 78

-103
CHAPTER 5

Compensation Using RL Networks

b Compensated Amplifiers using Simple RL Networks.

The purpose of this section is to discuss the design of single-and dusal-

stage grounded-emitter amplifiers using simple series RL networks for com-

pensation in the output and interstage circuits. Although the theory is

readily extended to include the analysis of cascade amplifiers having more
11 be seen that such amplifiers using these simple net-

and bandwidth.

than two stages, it wi.
works have severe limitations on the available gain

Fig. 5-1. Circuit representation of the h-parameters
for a grounded emitter amplifier.

An important consideration in the design procedure is the effect of the

internal feedback in the transistor. In Figure 5-1 we show the h-parameter

equivalent circuit of & grounded emitter amplifier. Here, the voltage gen-
erator hlaeEe affects the voltage gein Kv = EZ/El of the amplifier stage.

However, we note thet this generator may be moved to the position shown in

Figure 5-2, without affecting the electrical performance of the amplifier.

Tne gein K“, = Ea/Fl is then that of the transistor with h12e =0, i.e., with

no internal feedback. An examination of Figure 5-2 shows that the circuit

is that of an amplifier of gain K", with series voltage feedback at the in-

put and a feedback factor RIS Thus the relation between K and K 18

T e
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readily written as

.
Bl mpB iyt

)
(o

Fig. 5-2. This circuit is electrically equivalent to that of Fig. 5-1.

and we see that Kv may be considered as essentially equal to K“, ir
[nyp Ky l<<] (5-2)

This requirement is substantially satisfied in t; wide-bend grounded-
emitter amplifier. We shall see that, just as in the case of vacuum tube
amplifiers, the attainment of wide bandwidths results in a relatively low
value-of voltage gain, usually in th.e range of 5 to 15. Thus, even when h12e
‘has increased to a value of, say,lo'2 at high frequencies, the guantity
hlEeK\‘/ will still be considerably less than unity. It should be kept in mind,
however, that for transistors in which by, 1is abnormally large, Eq. {(5-2)
does not hold and an exact enalysis is required for accurate results. Other-
wise, the problem may be greatly simplified by neglecting the internal feed-
back in the grounded-emitter stage.
5-2. Single Stage Amplifier with RL Network in Output Circuit.

Figure 5-3 shows & single stage grounded emitter amplifier vhich feeds

a loed consisting of a capacitance CL in parallel with a high resistance R.

This may be the grid circuit of a high-level vacuum tube video amplifier, or
of a cathode ray tube. As in the vacuum tube case, the load resistance R)
1s of necessity much smaller than R, so that R may be omitta'i from the an-
alysis. The stage i1s fed from a generator having a source resistance Ra

and an open circuit voltage E, the quantity of interest being the voltage

gein K, = E,/E-

. 5-3. Grounded emitter amplifier with loed consisting of C. and R, and
Fig- 53 compensaeting network R.-L,. Bias connections have b&en omitted
£3r dimplicity.

In figure 5-4, the transistor has been replaced by its approximate
equivalent circuit in terms of hue, hale' and Yoge® The latter quantity is
used as the termination on the input side of the transistor is much closer to
short-circuit than open-circuit conditions. This follows from the fact that
a low value of Rs is essential if wide bandwidths are to be obtained.
The voltage gain of the stage may be conveniently expressed as the current

1
, times the ratio of the total output circuit impedance (——ﬁ—)
Yaze

gain, Dy 5

to the input impedance h]_le+Rs' Thus we have

v T8 T T *B)(pe * Y3
where Y} is the load acmittance due to R}’ Lj, and CL.

o e Y

e . P oty
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Fig. 5-1&.‘ Fig. 5-3 with the transistor replaced by its approximate equivalent
circuit.
In general, Rl >> Rﬁ, 80 that it may be neglected. Also, the source
resistance Rs effectively adds to rl'] , 8o that the effective input impedance
seen by the generator may be expressed in the form —_

1+ sy'Tb

Ria
h._ +R =R +1! + o =R! S0
1le 8 8 b 1+5Tb 1 l#sTb

r! +R
b 8
Ri=r£+Rs+Rm 37 -————Ri'.

The ratio hy /h,  is then
b
R -
1+ sTy

1+ s7'Ib
Ri Twem,

wnich shows that the input circuit will contribute a real-axis pole to

K, at —:i,! s’ and demonstates the importance of a low value of Rg- However,
the improvement as Rs is reduced diminishes as Rs approaches r};, so that a
campromise is necessary in this respect.

Eq. (5-6) may be substituted into the expression for Kv to give

-
K,

= S 1
v IR F e ) (g, ¥ Y50 (>0

The admittance Yy, + Y, is shown in Figure 5-5, where the shunt capacitances
22e 3

50-Yr 2013/09/03 : CIA-RDP81-01043R002500170003-9

CL and Cl are represented by a single capacitance C. We see that, for the uncomp-
ensated case where L = 0, the Joad admittance is Y3 at low frequencies, becoming
Y5 + Y2 at higher frequencies where w2R2 >> 1. While the exact frequency

range in which this occurs will depend upon 02, R3' and Ra, this effect can-

not be disregarded in the design of an amplifier where the best possible per-
formance is desired. That is, if the bandwidth is specified, R} should be as
large as possible, to give the greatest midband gain consistent with other re-
quirements on the response characteristic. The latter may, for example, require
a response which has maximum flatness, i.e., which never exceeds its low
frequency value for any frequency. Thus, although considerable complication
results from its inclusion, Yone must be taken into account in order to de-

sign for optimum results.

Ly

3
,é
7

TC-CJ_+CL

Fig. 5-5. The total output circult admittance Yope + 13.

The general expression for the voltage gain Kv in terms of the circuit

parameters is

(J.+s‘1‘2)(l+sT3) (58)

K
o
Ko (1+sy'n~b){1+s [9rycre)) +6® [Lylcpme)emen;) +53cn.3r2}
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vhere T, = R.Cp, Tj = L5/R5, and the low-frequency voltage gein K is glven
by '

- RY _; (5-9)

As R5 and L} are the only adjustable parameters in Eq. 5-8, our con-

trol over the form of the response 1is necessarily limited. If we set
R5 = R2

then the general expression simplifies to,

5 _ 1 oo - —
K Ty ) (Tt 1 = F° (5-11)
The term (lﬂTL) in Eq. 5-11 is of the same form as that obtained for the
vacuum tube amplifier with a perallel RC load. Thus we have a gain-bandwidth
trade as far as the effect of the output circuit 1s concerned, but the added
term in Eq. 5-11 imposes & fundemental limitation on the response.

This term commonly corresponds to & frequency in the range of 1 to 3
megacycles, while that corresponding to TL is generally much higher. Thus
the simple form of Eq. 5-11 1s of very limited value, and the removal of the
term (l+s7’Tb) is highly desirable even if a relatively complicated design
procedure is involved.

An examination of Eq. 5-8 shows that either the term (l+sT2) or (1+sT,)

3
could be used to cancel that containing 7’Tb in the denomlnator.»v’nhe former,
however, represents & characteristic of the transistor itself and is not
subject to control for a given transistor. The alternate choice is to set
7va = TB' This determines the ratio L}/Ry so that R3 may be considered as
the only remaining adjustable parameter.

For this case, Eq. 5-8 may be re-written in the form

50-Yr 2013/09/03 : CIA-RDP81-01043R00250017000

1*3’1‘2

Koo a 1+s [’1‘2+R5(C2+C§] 4-523} [7‘Tb(c+C2)#T20] +s5R5C7'TbT2

(5-12)

where we have a first power term in s in the numerator and & term in a} in

the denominator. In general, for arbitrary values of R)’ Eq. 5-12 will nol

be a desirable form of response, i.e., peaks may exist in the response which

result in ringing vhen & transient input signal is applied. The value of R5

for maximum flatness may be calculated as
7'T, -T,

Zbv'2 -
Ry =2 g, (5-13)

In general, values of R} less than this will provide an increased band-

width, but the response cheracteristic itself may or may not be flat, de-

pending on the values of the other circuit parameters. Thus, the use of &

simple shunt RL circuit in the output offers the possibility of increasing

the bardwidth, but offers no means by which specified frequency characteristico

may be met. The latter requirement may be met by a more complex network with

pdded degrees of freedom, but here, as in the present case, the transistor

itself will impose limitations on the performance available with a given unit.

Referring back to Eq. (5-13) the time constant ¥'Ty is in general larger

than T2’ so that the value of R3 required is positive. In fact, the value of

R5 as ovbtained from EQ. (5-13) if frequently large enough so that the voltage

gain KV is quite high. It should be kept in mind that the condition under

which we may neglect the internal feedback in the transistor requires

'hleeKv‘ << 1, and this will not be true for large values of Kv. Thus, this
analysis does not yleld accurate results under these conditions. It should

be noted that thls 1s of secondary importance, however, as the bandwidth is

also reduced to low values. This point is illustrated in the experimental

D S =
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results to be glven.
5-3. Exper..chtal Single Stage Amplifiers

In the experimental amplifiers, it is desirable to provide for “ease of

e —

measurement and rapid change of circuit parameters, in both the amplifier and

(The latter is necessary due to the opposite supply

power supply circuits.
This flexibility was provided

polarities needed for NPN and FNP transistors).

through the use of the DuMont K-100 Universal BEreadboard Chassis Xit. This

consists of a framework supported by two end pleces, the former being used

to support phenolic wchagsis® which are 2 by 4 inches in size. Terminal lugs

P e ARSI STV D R F AR

may be placed in pre-drilled holes in the chassis for electrical connections,

while additional holes may be drilled to support peaking coils and other small
components .

A chassis with power supply ccmponents mounted at the left-hand end and

a typical amplifier stage at the right ic shown in Figuru 5-6. FPotentio-

Justing the various bias voltages are mounted at the left-hand

T
A I R Y YA A e et

meters for ad

end of the assembly.

The video amplifier stage in Figure 5-6 is shown actual size in Figure

5-7. Electrical connections to the transistor are made by means of minature

Fahenstock clips, the positioning of these being the same a5 those in the

bridge mount described in Chapter 3. A chassis in which the general parts

but which uses Alden terminals, is shown in Figure 5-8,

amplifier stege at the right.

layout is similar,

6. DuMont K-100 Chassis Breadboard, with power supply components at the left and video

also actual size.

Figure 5-

Declassified i - iti;
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Figure 5-7. Amplifier chassis Figure 5-8. Similar to

using minature Fabenstock clips Fig. 5-T, except that Alden
for transistor connections. clips are used for connec-
Actual size photographs. tions. Actual.size photo-

graphs.

The type 651DT diode terminal is used for the transistor leads, due to

the small wire size, while the type 653T is used for_a.l.l other connections.
These terminals have the adventage that components may be readily changed, &
feature of value for electrolytic capacitors where the polarity must be ob-
servéd in going from NFPN to PNP transistor types. It also permits very r.apid
exchange of the in;.iividual chassis on t}_ze framework, due to the easg with

which the power supply connections may be made.

Declassified in Part - Sanitized C oved for Release
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5-3. Experimental Results.
The circuit for the single-stage amplifier is shown in Figure 5-9.

25

=

Fig. 5-9. Circuit diagram for the single stange amplifier showing
bias connections. The 0.1 mfd. ceramic capacitors are
used in parallel with electrolytic units to assure good

high-frequency performance.

In teking the response characteristic, the voltage EJ_ was held constant so
that the effective source resistance for the transistor wes Rs. In Figure
5-10 we show the equivalent circuit of Figure 5-4, witk the element values
1gbelled for the transistor used, type 2M13-2, in taking the response
curves stown later. (The lest mmeral is for purposee of identification
in the laboratory and is not part of the manufacturer's deeignation.
52 ! \
- e e —e——
b, gu= | ! hoog 3R
— M 25 le™s
' == oppf . )

;‘#T‘—ﬁ—“ﬁ?? lﬂogﬂo.zj‘ _?_:61;“,13’& L l

=c. =
g Lont
L; ] L
—
TokD

1 ——— "’IV—V—~_/‘ — e~ —
hlle hﬂe Yoze

Fig. 5-10. The equivalent cireuit for the single stage amplifier, with
parameter values for the type 2N113-2 lebelled.
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11k~

For this transistor the value of R) for maximum flatness t(Eq,. 5-13)
1s about 3900 ohms. This value gives & mlculatgd value for l(;- of 125, &8s

This difference 1is due_to neglecting

e T ey e

compered with 's measured yvalue of 115.
but is of minor importance

in this case.

in

the 25K shunt resistance in Yo5er
er these conditions is shown

ocycles, while with

The messured response characteristic und

The 3 db frequency for L = O 18 325 kil

in ng\m 5-11.
but the new 3 di:’ frequency is

= 7"“bR5 the response is improve

L} ol somevhat,
only ¥50 kc.
neglecting the effect of hlae'
so that the p'ucudi.ng design theor
the bandwidths attained ar

It should be noted that the value of Kvo here is 80 high that

at high frequencies introduces serious errors

c

y does not provide an accurate answer-

On the other hand , e well below those required in
this being primarily due

-5 volts, I = -1 milliampere.

the majority of wide-band amplifier applications,

to the effect of the 64 mmfd. capacitor in Yoo,*
as was previously ug}ionad.

=Ry = 400 ohms

In order to extend the

£, Megacycles

bandwidth, it is necessary to reduce R},
the response of this circuit with R}
is now calculated to

Figure 5-12 shows

and various values of Lj. The midband voltage gain Kvo

with a measured value of 13.2. For L)
frect of the input

be 12.7, 88 compared = 0, the measured

wa at 1.5 megacycles, showing the e

Transistor biased at V
ce

response 18 3 db. do

I
oltage Gain Response Characteristic for the Circuit of Figure 5-10.

circuit on the response, 88 the frequency corresponding to 7'Tb is 1.65

ponse does not arop off at 12 db

megacycles. It should be noted that the res
per octave due to the effect of the term (l+sT2) in the numerator of Eq. 5-12.
educe the roll-

Fig. 5-11.

of 6.2 megacycles and tends 0 T

This corresponds to 8 frequency

off in the response 88 this frequency is approached . This point is to be em- ]
v

R phnsi.zed, ‘as the general appearance of this curve suggests & cutoff due to &

: -q@ ‘uteD IATIE[AY

single RC or RL time constant.

wn by the curve corresponding

That this could not be the case is sho’

0 L) = 7’TbR5' For this case there is & gradual reduction in the high freq-
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point occurring at about 5 megacycles. This

3 to 1 in the high-frequency cut=

uency response, with the 3 db.

represents an improvement by & factor of 3.

off, with no loss in midband gain. It will te recalled that the simple

vacuum tube case provides an improvement of 1.8

shunt-peaking circuit in the
to 1 for no peak in the response,
It is worth noting that a somewhat 1ar|
5-12 would provide improved high frequency respon!
£ this value would involve every

so that the effects here are due to a more

400 ohms for the uncom-

0) and that corres;
jponding to = 7'
1.5 7 'I:hR5 Bias conditions same as for Fig. 5-11.

ger value of I.3 ‘than

complex network.
se.

that specified by Eq.

Unfortunately, the analytic determination o

term in the expression for the voltage gain, 80 that this is best determined

by final sdjustaent of l:.5 in the circuit.

The ab;va amplifier with & low-frequency
_bandwidth product of 66 megacyec:
The fundsmental reason for this

gain of 13.2 and a bandwidth of

5 megacycles has a gain: les, which compares

favorably with many vacuum-tube smplifiers.
corresponds to & of the vacuum tube

is the fact that the quantity which here
This

which is 44/1370 or 31,000 xicromhos.

(at low frequgncies only) is bo/Ri
usual pentode

used as & video amplifier, &

Frequency, Megacycles

is much larger than g& for the
000 micromhos.

On the other hand, the low value of R}

typical value being 5,
1tage swing from the

the problem of obtaining & high output vo.
dissdvantage where linearity or large s

complicates

wings are

stage, so that this is &

important.

5-5. Interstage Equalization
er with a simple RL network in the intersta,

A two-stage amplifi ge is shown

in Figure 5-13-

pensated condition (L5

T3V

Fig. 5-12. Voltage Ga: 5] -
& ltage Gain Response Characteristic of the Circuit of Figure 5-10 with R3
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Fig. 5-13. Two stage amplifier with geries RL network in the inter-
stage. The current gain K =T, /1, may be used as & trans-
fer function. (DC biss net

works ake not shown).

In analyzing the performance of a network of this type, either the

voltage or current gain could be used. However, if we are interested in

the overall voltage gein Kv’ this may te expressed as )(v = 12‘L/Zj_n’ where

1(1 is the overall current gain, end ZL and zin the effective load and input

impedances, Vrespectively. The current transfer Ki = IE/I:L will be consid-

ered here, as the overall current gain is Just the product of those for the

individual stages in the amplifier. .
it was shown previously that the use of & shunt resistance Rc in the
interstage extends the bandwidth as Rc is reduced, but that a constant-

We will now snow that this may be

gain bandwidth product is not obtained.
done for the RL interstage under certain conditions.
The expression for Kj'_ as obtained from the approximate_éqhiva_lent

circuit is
bR (14T, )(1+8Ty

o) :
0l ¢ 2
K} = -—ﬂi——r—(———y : (5-1%)
1 l+a'1‘bl$ | Rcl 1+sT, 48T, 4Ry J.+572’I‘h2 ] .

e e i BRI TG NS Frne
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where the subscripts 1 and 2 identify the parameter as being for TL and T2,

and the time constant Tc = Lc/Rc. Eq. 5-14 is derived under the assumption

that the effect of Yo, B2Y be neglected compared to the low impedance level

of the RL network, an approximation vhich is generally valid when wide band-
widths are attained.
We see that if the transistors have equal b-cutoff frequencies, then
Tbl = sz, and Eq. 5-14% will simplify to
14sT
c

K! = -by,R _(__—R———y—(—“j‘ (5-15)
1 Ol'c R, lﬂaTc 1+8T 5 4Ry 146Ty 5

This may, in turn, be reduced to a transfer function having & cingle
real-axis pole by setting

T, = 72T (5-26)

for which case 1(1 ‘becomes

<b,.m R
01 c
K, = ———=— vhere ®m =g g~ (5-17)
1 l+sl'l‘b2 Rc+R2
The anguler cutoff frequency for (5-17) is mbe/m, while its low-frequency

value is 'bOJ.m' We see that the product of these two quantities is constant,

so that there is & direct gﬂ.in-ba.ndwidth exchange. The point 1llustrated by

p—
this case is an interesting one, although of Jimited practical application

due to the restriction that the o-cutoff frequencies mst be equal. Eg. 5-1k

can always be used in the general case to obtain the overall Kv'

56. Two-Stage Ampiifier with Interstage and Output Equaelization.
Figure 5-14 shows & two-stage amplifier with simple RL compensating net-
works in both the interstage and output circuits. The overall voltage gein

for this system can easily be obtained from the results of the preceeding

sections.

Declassified in Part - Sanitized Copy Approved for Release @ 50-Yr 2013/09/03 :
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]

_ Mg 5-14. Two stage smplifier with interstage and output networks.
- Bias components are omitted in this drawing.

The expression for the voltage gain is

N5 P02 1487, L
K, ="Ri /, . B s, (018
i1 (1"71'”\:1){ Tra [T ML 7T ] ¥ mc'rbz} 22e*"3

R
A= -R—-c—— and the low frequency gain 1s

12*::

v b R R
Ko™ R?l('gzﬂ'oa'c ) (5-19)
41\ e 12 —

Eere, Ry, 18 the low-frequency value of by for Ty, and T, = I.C/Rc as

before. Wwith reference to Section 5-1, the form for y228 + Y5 is:

(1+sT2)(1+s'x' )

i 5 5 (5-20)
Yope*¥s l+s[T2+R5(C2¢Ci+s [L3(c2¢c)+T2m;l+s oL,

Thus the general form for Kv for the two-stage amplifier is very com~

plicated, having highest order terms of s6 and s5 in deuumln;itor and numerator,
respectively. An examination of this expression shows, &8 may be expected ,
that low values of Rc are essentisl for good high frequency response.

The ndJjustable zeros of ]&, are '.!.‘c and '1‘3, '1‘2 being determined by the

oved for Release

RDP81-01043R002500170003-9

particular transistor used. These may be chosen go as to cancel out the term

in square brackeis in the denominator of Eq- 5-18. That is, vwe set

(1raTy)(14aT,) = 14 NCRCIRTICE S +82NT Ty (5-21)

and equate the coefficients of like powers of s on each gide. The results are

1, = e 2 T3 7 M2 (5-22)
This is & practical approach to the problem, 88 the largest time cou~-

stants are those within the square brackets, and their effect upon the res-

ponse will be most gerious. It should be noted that this does not compensate

for the factor (11»37in1), which, for reasoneble values of R), is the limiting
factor.

The measured and calculated voltage gain as & function of frequency for

a two-stage amplifier under these conditions is ghown in Figure 5-15. Here

the frequency corresponding to 7]'_'.{!‘71 is 2.7 megacycles, and the low-fregquency

voltage gain Kvo =15. The low frequency gain is nearly the same as that ob-

tained for the single-stage amplifier discussed previously, but the response

1s much poorer-

An alternate approach which yields better performance is to adjust the

zeros at T, and '1') so that

(148 Tc)(l+s Ta)(hs T,) = (148 7i'1n1)[1+“{ x(mc+mb2)+(1-~)721b2} mszcme]

L

To meet this condition we may set

-
T, =7 Ty (5-23)
and the require.ments for Ta (vwhich is fixed by the transistor used) and 'I‘5

are

e e e i o i T S
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(5-2%)

T, T, =M T2 71T .

T, + Ty Myp Tyt T0) * (N7, Tp (5-25)

Since both T and \ are parameters which may be chosen at will, these

3
restrictions that T} > 0 and

may be solved for '1‘3 and A, subject to the
- 7y Tp < T

0<A<1. Subject to the approximation that 79 Ty

result is
-
Lo lene 2 (5-26)

T 7L 2

72 T = T2
1 e s (5-27)
=7 By Oy - %2
Due to the complex wey in which the time constants enter in, it is
1 conclusions from these expressions. However, since

relatively low. The

aireicult to draw geners.
’J.‘2<< Tb2 will again be small so that the overall Kv is
the input ecircuit is con-

advantage of this design is that the effect of

sidered, so that the response characteristic 18 of the form

X 1 (5-28)

. A
Ko 148 [T2+n3(02+c)] + 52[1,3(c2+c) + TECR:] v ag,

in which tke response may be controlled, within limits, by the choice of Rj

5-7. Summary
Video amplifiers having reasonable ‘bendwidths and low-frequency voltage
gains may e constructed using commercially available transistors. However,
the use of simple RL compensating networks does not give the same degree of
control over the response 88 in the yacuum-tube case; as certain parameters

must be specified to equalize for the most serious joss in the transistor 1t-
self. Tilus the design problem will gcnetally require more complex networks
for control of the gain, bandwidth, and shape of the response curve, within

the limits imposed by the transistor itself. -
I I s ey e g e ]
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APPENDIX

Scme Characteristics of Transistors Under Hushed Biasing

Conditions

During the time the study described in the body of this report
was in progress, it came to our attention that a significant improve-
ment in the performance of transistors with respect to their noise
properties could be realized by operating at very 1ow values of
collector bias voltage. A report on this mode of operation vas

glven by Volkers and Pederson*. They used a common emitter eircuit

with zero collector to base voltage and .11 emitter to base voltage.
The theory of excess noise (noise beyond that contributed by the
resistances in the transistor end circuit) is still ina somevhat
primitive state and will not be discussed here. In fact interest
here 1s not even centered on the noise properties of transistors.
Instead experimental results on transistor eircuit behavior under
bias conditions reported to give good noise characteristics will be
presented. Particular emphasis is on the gain and frequency response
of a junction transistor with very low bias voltage. This aspect of
in detail in the work found to date on

the problem is not treated

the hushing princ iple.

The results of the brief study conducted are summarized in
Fig. A-l for & typleal alloy Junction transistor (2N1L36) and Fig. A-2
for a grown junction transistor (2N78). In both cases although the

power galn is reduced from the value possible under normal bias

* W. K. Volkers and N. E. Pederson, "The Hushed Transistor Amplifier”™
TR 54 Millivac Instrument Corporation.

CIA-RDP81-01043R002500170003-9
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thout serious
conditions, considerable power gains are possible wi

£ "hushing”-.
degradation in the frequency response under conditions O

the
The ordinate should really be jabelled volt ampere gain for

i{fied load since the input impedance .is complex over & large
spec:

wer was
rtion of the frequency range. However, since the input po
b . .

ve &
even less than the input volt-ampere product the curves gl

onditions.
pessimistic picture of the performence under hushed ¢
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