University of New Mexico

UNM Digital Repository

Electrical and Computer Engineering ETDs Engineering ETDs

5-30-1961

Conditional Effects in the Transistor Distributed
Amplifier

Herbert D. Arlowe

Follow this and additional works at: https://digitalrepositoryunm.edu/ece etds

b Part of the Electrical and Computer Engineering Commons

Recommended Citation

Arlowe, Herbert D.. "Conditional Effects in the Transistor Distributed Amplifier.” (1961). https://digitalrepository.unm.edu/
ece_etds/269

This Thesis is brought to you for free and open access by the Engineering ETDs at UNM Digital Repository. It has been accepted for inclusion in
Electrical and Computer Engineering ETDs by an authorized administrator of UNM Digital Repository. For more information, please contact

disc@unm.edu.


https://digitalrepository.unm.edu?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/eng_etds?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds/269?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalrepository.unm.edu/ece_etds/269?utm_source=digitalrepository.unm.edu%2Fece_etds%2F269&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:disc@unm.edu

i

378.789
Un30ar
1961

cop. 2



WOTY  +  ATMITIRY GUOAIAISIA NOISISNVAL F0L NI SIOR4HT TINOLLIGND)



THE LIBRARY
UNIVERSITY OF NEW MEXICO

Call No. Accession
Number




w
=
a
-
<
a

























UNIVERSITY OF NEW MEXICO LIBRARY

MANUSCRIPT THESES

Unpublished theses submitted for the Master’s and Doctor’s de-
grees and deposited in the University of New Mexico Library are
open for inspection, but are to be used only with due regard to the
rights of the authors. Bibliographical references may be noted, but
passages may be copied only with the permission of the authors, and
proper credit must be given in subsequent written or published
work. Extensive copying or publication of the thesis in whole or in
part requires also the consent of the Dean of the Graduate School
of the University of New Mexico.

This thesis by ..Herbert. D, Arlawe..............00vnins
has been used by the following persons, whose signatures attest their
acceptance of the above restrictions.

A Library which borrows this thesis for use by its patrons is
expected to secure the signature of each user.

NAME AND ADDRESS DATE







CONDITIONAL EFFECTS IN THE
TRANSISTOR DISTRIBUTED AMPLIFIER

By
Herbert D. Arlowe

A Thesis
Submitted in Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Electrical Engineering

The University of New Mexico

1961







This thesis, directed and approved by the candidate's com-
mittee, has been accepted by the Graduate Committee of the
University of New Mexico in partial fulfillment of the require-
ments for the degree of

MASTER OF SCIENCE

'j>71“1£L4£3<{; /9¢/
Date 4 ;

Thesis committee
n, LY
‘f{ ﬁ l("(j @Qern—"
Z

// = ’/
[ Y Sk

Chairman

N

(fiéﬂ}gﬁ4;%/L2;///;i;;;é// » i

o S P ot i




—



ABSTRACT

This thesis describes some of the difficulties encountered in the ap-
plication of transistors to distributed amplifier circuits. When an attempt
was made to construct a useful distributed amplifier, it was noted that the
input signal was severely attenuated along the input line. The primary
concern of the thesis is this severe loading effect sometimes observed on

the distributed amplifier circuit by the input parameters of the transistor.

The thesis first reviews the principles and objectives of the dis-
tributed amplifier. The effects of various basic types of amplifying devices
are analyzed in order to demonstrate the application limits of the distribu-

ted amplifier.

With these limits in mind, the input characteristics of a specific‘
transistor are measured and the generalized real and imaginary im-
pedance components are determined as functions of frequency for a com-
monly accepted transistor equivalent circuit. Since the loading of the
distributed amplifier circuits is directly dependent on the Q of the

components involved, this parameter is treated with special concern.

The allowable limit for amplifying device loading is next derived in
a simplified analysis of the gain in'a distributed amplifier having non-zero
losses.

A theoretical analysis of one method of applying an idealized resistive
transistor to a distributed amplifier shows that, even if impedance match-

ing is observed, the principle of distribution does not contribute an

advantage.
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Finally, an analysis is made of one type of compensating network
which can raise the input Q of a transistor amplifier to the point where

it may be used to advantage in a distributed amplifier.

As part of the appendix, special techniques in the measurement of
transistor input parameters at low signal levels are discussed. Data
are also given on measurements taken of the input parameters of the
2N384 transistor, which show their variation due to external circuit

parameters and manufacturers tolerances.
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CHAPTER I -- INTRODUCTION

A primary goal of the electronics industry is to increase the per-
formance of electronic equipment. One particular area of investigation
has been to make signal amplifiers as independent of frequency as pos-
sible. The amount of information that can be packed into a signal has
become closely linked with frequency bandwidth. There are many
effects in present amplifying devices which tend to restrict the maximum
frequency at which they are useful. These effects can be divided into

two rough catagories.

[

The first group consists of circuit parameters, such as inter-
electrode and stray capacitances, and lead wire inductances. These
parameters are not really necessary for the theoretical operation of the

amplifying device, but occur due to its physical nature.

The second group of effects results directly from the nature of the
amplifying mechanism. In vacuum tubes, this effect includes transit
time and grid loading; in transistors, it is charge storage and drift
velocities. In both devices, this second group of effects takes hold at
somewhat higher frequencies than in the first group. For pentode tut-)e'
amplifiers, the capacitance from plate to ground (Cp) and from grid to
ground (Cg) cause a reactive shunting of the signal to ground at radio
frequencies. This effect has long been overcome at specific frequencies
by utilizing the capacitance as a part of a tuned circuit. However, if
one is to keep the circuit response independent of frequence, it is !
necessary to have the amplifier "'see' a load which is independent of

frequency. If a resistive load is used, a maximum gain-bandwidth

product can be specified, sometimes called Wheeler's ''figure of merit"







for a tube:

grn

Gf, = ——m (1)

2
7 c C
"Vp g
Where:

G is the gain
f2 is the upper frequency limit
g is the mutual conductance of the tube

As shown by Equation 1, the size of the shunt capacitances limits the gain

bandwidth product.

The bandwidth f2 can be increased only at the expense of gain.
When the gain drops below unity, these amplifiers are useless in them-
selves and cannot be cascaded due to the multiplying effect therein. If
these tubes are placed in parallel, in order to make their gm's add, one
finds that the Cg and the Cp's also add, so that the overall gain bandwidth

product remains the same.

Here is where the distributed amplifier technique is helpful. Its
use allows the paralleling of the tubes in a manner such as to cause the
gm's to be additive while holding the shunt capacitance to that of a siﬁgle
tube. As shown in Figure 1, the grid and plate capacitances form the .

shunt elements of low pass filter networks.

If there were no losses in these filter networks, the new expression

for gain bandwidth would be:

L







(Note: 1/2 of low frequency gain is lost at the reverse termination of the
: .
output line Zor)

Where:

n is the number filter sections and tubes used.
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Figure 1

It would seem then that almost any gain-bandwidth could be achieved
by using a sufficiently large number of tubes. However, there are losses
associated with these filter networks, and, at higher frequencies, with

the tubes also. This results in a new but larger gain-bandwidth product

[4] concept:

2 274/ AG | : (3)







Where:
GO is the grid conductance
A is the gain of the distributed amplifier
Gm is the mutual conductance of the tube used

As shown in Figure 1, the distributed amplifier consists of two
filter networks, usually having constant K sections, with either m de-
rived end sections or else regular half sections for terminations. The
tubes are placed at the filter junctions so that the grid and plate capaci-
tances are in fact the shunt reactances for the filters and so that the
voltages which appear at each grid will be amplified and inserted into
the output line. The voltage ''wave fronts' introduced into the output
line will travel in both the forward and reverse directions. This wave
front will experience a phase shift as it travels along the filter lines.
The signal contribution from each tube will arrive at the forward output
termination "in phase'' and, in general, will arrive ''out of phase' at
the reverse termination. The energy arriving at the reverse termination
is not normally utilized and accounts for the loss in gain of 1/2 that ap-
pears in the gain Equation 2. This power must be absorbed as much as

possible, however, to reduce reflections.

In order that the input signal experience the same phase shift
regardless of which tube amplifies it, the phase shift per input line
section must be the same as for the output line sections. This is ac-
complished by making the lines identical, or at least by making the product
LC the same for both. This procedure is indicated by the following -

equations:

RO =V L;C (4)
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2 arc sin (f/fc) (6)

=
]

1
1/7JLC = ——— (7)
% n\/ LC

The nominal gain of a distributed amplifier, considering that the

lines are terminated in their characteristic impedance ZO, would be:

Zo
A=Bgng (8)
In a distributed amplifier whose input and output lines were not equal in
terms of an iterative amplifier, the theoretical gain would be modified

by the characteristics of an ideal impedance matching transformer,

Zo Zoz n - y
Ay ngm a Y ZO =-2— gm\/ Z01 Z02 (9)

In. review, the main advantage of using the distributed amplifier '

with vacuum tubes is in the addition of individual tube gains without

increasing the effective shunt capacitance.







CHAPTER II -- EFFECTIVE AMPLIFYING DEVICES

Although they may often be overlooked, certain properties are
necessary in an amplifying device before it can be used to advantage in

a distributed amplifier.

First of all, the term '"amplifying device' should be explained: it
is a general active network which exhibits a power géin and may con-
sist of passive as well as active components, or, specifically, a vacuum
tube or transistor with passive compensation networks at the input and/or

output terminals.

To be useful in a distributed amplifier, this device must have a
generally imaginary input impedance as will be demonstrated. (The
same statement applies to the output impedance of these devices, but

this factor will not be a problem in the subsequent analysis).

We will now consider the result of trying to use the distributed
principle when the amplifying device has one of the following charac-

teristics:

1. pure shunt capacitance
2. pure shunt inductance

3. pure shunt resistance

- The case of the shunt capacitance is the one mentioned in the

simplified analysis of the lossless tube distributed amplifier. Repeat- |
ing for comparison, the gain bandwidth product of the single device is

limited by the input (and output) shunt capacitances. The distributed

amplifier allows an adding of individual device gains without increasing

the effective shunt capacitance.







The instance of a device having purely shunt inductance is mentioned

not for its practical value, but to complete the overall picture. Such a
device, if it were dependent on its input voltage for its gain, would have
a loss of gain at low frequencies when used with a resistive driving
source. A distributed amplifier could then be built using high pass filter
sections as the input and output lines. Again, this distribution would be
used not for the frequency characteristic of the filters but because this
type of filter uses inductances as shunt reactive elements. The result,
of course, is the achievement of a higher gain at a low frequency by

adding the individual device gains without decreasing the shunt inductance.

The third case occurs when the device has a purely resistive input.
This case is of primary importance because many transistors exhibit .
this characteristic over a large part of their useful frequency range (lsee
Chapter III). From a power standpoint, if the amplifying devices all
absorb real power as a part of their operation, placing them in parallel
cannot increase the overall power gain of the system. It will next be
shown that, in general, no type of passive network, whether distributed
or not, can be conceived which would allow k such amplifying devices to
produce more power gain (when connected in parallel) than a single such

device can.
1. Let each of these devices amplify power with a gain of G.

2. The power delivered to these devices (P) collectively is equal
to the power into the input network (Pin), less the network power losses
i ity

Pi+P,+Py+...+P +... P =P, -P, (10)

3. The power delivered at the output of the individual amplifying

devices will be GPﬁ’ or collectively,

GP' +GPL.+... +GP' +... GP! or G(P. - P
1 n k in

! ) (11)

il







4, The power reaching the output termination of the output passive

network will be equal to the collective device power output less output

network losses (P _).
ol

_ _ . 12
Pout G(Pin Pie) Pol i

5. Then the total power gain (G, = Pout/Pin) follows:

GP;,, -GP, -P,

GT = 5 (13)
in
(GP, +P .)
1
G o G _ 1e O (14)
i Pin ;

As a limiting case, if there are no losses in the input and output

filters themselves, G,, = G, or the total gain is equal to the gain of a

single amplifying devi'Ic;e.

Now if these resistive input devices were not merely placed in
parallel but were placed at the nodes of a low pass filter network, the
principle effect would be to add the characteristics of the filter to those
of the amplifying devices. The primary effects would be to increase
signal losses and to cause a phase shift near the cutoff frequency of the
filters. This phase shift in itself does nothing to increase the performance

of the system.

As will be shown in the next chapter, the input of most transistors

is a combination of both the resistive and capacitative situations, thus

.causing a compromise in performance between two of the special situ-

ations covered above.







CHAPTER III -- TRANSISTOR INPUT CHARACTERISTICS

In order to visualize more easily the effect that the transistor
input parameters will have in a distributed amplifier, an equivalent
circuit is used. The following circuit is given by a transistor manu-
facturer as being valid in the useful frequency range of the drift type

transistor (grounded emitter configuration) (Figure 2).

Cb'e
b o I'-> : Collector
e AAY

O AAA/ ~ )
Base Tip! I €hica
el >
Vb,e TS ;
Emitter l
(v -0
gb'e Cb'e gm b'e gce
Figure 2

This equivalent circuit shows the bilateral nature of the transistor.
This characteristic can be reduced by using neutralization [3], however
the most effective circuit for thié requires that the output be isolated
from the input. For any particular gain (A), the following unilateral-

zation seems feaseable (Figure 3).






b'ec
L Y Chie Cpig (1+4) 1+ 1/A
S T 7T @ $ 3 ==
- C Ll
gb'e gb'c: (A gcb' gce

1+17A

Figure 3

The input capacitance is now a shunt combination of the Miller

capaci’cance"‘< C * (A + 1) and the storage capacitance Cb'e' Similarly

bl
the Miller conductance Gb'c (A + 1) has been added to the emitter

conductance 8hia

From observations of manufacturer's specifications on drift RF
transistors, it seems that Cb'e is of the order of 50 to 100 times larger

than Cb'c’ so that for small voltage gains (< 10), C can actually be

'
neglected as an input capacitance. Similarly, for tbhi(; class of tran-
sistor, the Miller conductance (collector to base) is of the order of

1000 to 2000 times less than the emitter to base conductance, and thus
may be neglected for low voltage gains. The simplified unilateral equiva-

lent circuit is now reduced to that of Figure 4.

3%
The Miller effect is the apparent increase in grid to plate capaci-
tance (conductance) at the grid of a triode tube due to the negative voltage
gain at the plate.

10







Ty Collector
B
ase om AN

Emitter o= 2 )

Figure 4

It was mentioned at the end of the last chapter that the input circuit
to the transistor was a combination of shunt resistance and capacitance.
One of the first goals of this thesis was to undertake the measurement of
these values for a particular transistor. The methods and results are

given in the appendix.

The input impedance can be taken as a complex quantity
Z, =R, +JX. orinpolar coordinates | Z| |8 where |Zl is the
in in in

absolute value of the impedance and 0 is the reactive angle:
X i
6 = arc tan ‘ﬁi (15)

This ratio of X/R is also the Q of the input capacitance. As can be
anticipated from the equivalent circuit (Figure 4), both the real and

imaginary componeflts are frequency dependent:

o Pk (16)

X e e (17)

11






Where:

T is the base resistance

r, is the emitter resistance
w is the radian frequency
Ce is the emitter to base capacitance

As the Q is dependent on both of these parameters, it too can be

expected to vary with frequency according to the equation

fa, 3.0 O e C
ol , R, rb,/re [<iewze)2 -+ 1] +1 g

Since the successful operation of the distributed amplifier is
dependent on the Q of the reactances, arc tan Q has been plotted versus

frequency for six 2N384 transistors in the appendix.

The formulae above can be worked out to yield the maximum Q

and the frequency at which it occurs (derivation in Appendix B).

) J 1+ re/rb,

Q . (19)
max 5
2(rb,/re + 1)
1 r /Ty 2]
= (20)
Qmax 27 Ce rb, re

In the above equation, the maximum Q is aependent only on the
relation of T to r, and is not at all dependent on Ce. The frequency
at which this maximum Q occurs is of course directly dependent on the

capacitance Ce c

12







For the 2N384 transistor, the maximum Q for the manufacturers

specifications amounts to 2.14. This is reasonably close to the results
obtained experimentally. A rough plot of the variation of Q with frequency

is shown in Figure 5.

- 2.14

] a
) v

1 10 100
Frequency (megacycles) '

P—'vr

201

Figure 5

As can be seen, the Q approaches zero for low as well as high
frequencies. The maximum Q is about 2 and it occurs at approximately
4 mc. The alpha cutoff frequency* of this transistor is 100 mc, and it

can give useful gain up to 250 mec.

In conclusion, ‘it can be seen that the input capacitance to a grounded
emitter transistor is of significance only at the "'middle" frequencies and

then only at a very poor Q.

'sThe frequency at which alpha, the forward current transfer ratio
for a common base transistor, drops to 70.7 percent of its low frequency
value,

13






CHAPTER IV -- EFFECT OF AMPLIFIER LOSSES

This chapter investigates the maximum power loss allowable at the
input to an amplifying device before this device is no longer useable in
a distributed amplifier. The approach used will be that of comparing
the gain of a single device (such as a transistor video amplifier) with

the gain of a distributed amplifier using these gain devices.

It has been shown, that for vacuum tube distributed amplifiers,

‘ circuit losses definitely introduced a new, although much higher, gain-
| bandwidth "product' [4] (see Equation 3). It will be shown here that
similar losses occur in a transistor distributed amplifier at the very
frequency range in which distribution would be expected to do some

good.

In comparing a transistor distributed amplifier to any other type
of transistor video amplifier, full advantage will be given to the distrib-
uted case by allowing the use of the comparison amplifier as the active
part of the distributed amplifier. To repeat, if a transistor video circuit
"D" is to be used as a co.mparison, then the distributed amplifier will

use ''n" of these "D'" circuits along its input and output filter nodes.

Now, if one takes the propagation function y = a + j8 where « is the
attenuation constant in nepers per input filter section and B is the phase
shift per section, and allows the gain per amplifying device "D" to be A,
then the total gain of the resulting distributed amplifier (neglecting phase

shift and losses in the output line) will be:

-3 -(2n+1)a
2
A, = — +— + ... +— (21)

14







Ad=%e_a(1+e_a+e_2a+..; e-na)

for an infinite number of transistors

‘_0‘\/

2 1

A - Ae. | 1

d 2 /\ -a
1 -e

(22)

(23)

Now «, in the pass band of a simple filter structure, is determined

primarily by the Q's of the inductors and capacitors used. Normally the

Q of the capacitors will be much higher than that of the coils.

capacity to a grounded emitter transistor (2N384) does not generally

The coil

Q is then the only one considered. However the Q of the input shunt

exceed a value of two (the Q varies among transistors of the same type).

A theoretical solution based on the manufacturer's equivalent circuit

yields this value (see Appendix ’A). Therefore, the Q of the shunt capaci-

tance will be the only loss considered at this point. The solution for the

distributed gain (A d) follows.

1 R ap
a=z +
(o o) i

2 arc sin (f/fc)

Since

™
]

Then
2B 2

= _>_2fora11f<fc

CIR) TR

(24)

(26)







1 1 N ‘ .

Assume

a = l/QCand QC =2, thena =.5

e e .607, e al2 7179 (28)

<.779 1 ) =_§ L1779

W e = .99A = A (29)

Therefore, if transistors alone are used (of the type tried) more
gain would be obtained by using a single transistor. On the other hand,
if a transistor amplifying circuit were found which had an input capacitive
Q greater than two, and if the Q's of the other filter components (neg-
lected in above analysis) were sufficiently high, then the distribution

principle might yield an advantage.

16







CHAPTER V -- DIFFICULTIES OF ONE FILTER CONFIGURATION .

It has been suggested that complete filter sections be used between
transistor bases in order to cope with their resistive natures. Each of
these filter sections would be terminated with m-derived half-sections
in order to match a resistive transistor between filters. Each filter on
the input line would have a different characteristic impedance such that

there would be minimum mismatch at the transistor junction (see

Figure 6).
[ % | oo
g Ro zO Zo Output Ro
G, ¥ Gy
e I
i 1 1
L 7 = S s
PAE ’Lo G.+G Zo G
é 2 3 3
- -
Ly Lo s s »
G1+G2+G G2+G G.+G G G

3
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To determine the theoretical feaseability of such a design, a gain
solution based on an ideal filter and an ideal resistive transistor will be

made. The equivalent circuit shown at the right will be used to represent

the transistor. The filter groups will ib ic _ Aib 180
all be lossless and constructed tomatch " el

the resistive terminations appearing at é
each end. Each filter will have the ]

]

same phase shift with respect to fre- O

quency. Accordingly, the transistor-

ized distributed amplifier will appear

as in Figure 8. Tagune

!
Output Filters 5 % R
> 0
R | a—

Input Filters
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The proposed design was such that the im;t)edance seen by each
filter matched its characteristic impedance, as shown in Figure 7.

Zc = 50 ohms for a 50 ohm transistor, Z, = 50 ohms in parallel with a

b
50 ohm filter or 25 ohms, and likewise, Za = 50/3 or 16.7 ohms.

One third of the input current iin flows into each of the three transistors,
or iin/k flows into each of k transistors. The current into the second

transistor has been delayed 6 degrees, or, referenced to iin’

W=

B

: ; R [
Yin I—g sty = F A, TLEd
or in general,

(n-1)6

e
Yon © k(lin)

where i, is the base current for the nth transistor in an amplifier having

bn
a total of k transistors.

On the output line, there will be no loss in current since the output

terminals of the transistor are taken to be current sources having zero
shunt conductance. The collector current flowing from each transistor
will be equally divided at low frequencies, each half flowing in opposite
directions along the output filter lines, the currents from the individual
transistors will add to each other vectorally at the forward and reverse
filter terminations. As shall be shown, those arriving at the forward
termination will be in phase, while in general, those at the reverse
termination shall be out of phase.'

The forward termination current for a three-transistor amplifier

will be

1. ] 1. L1,
5101 29!I-T‘2_1c2'i+2103 B0

19







or in general,

k : .
o1 : l :
iy = ZI:Z:l . (k-n) @ (31)

if there a a total of k transistors. At the reverse termination the current

is

1. 1. 1. I
5101 +§1c2 [i+§1c3 = (34}

or in general,

k

sy . s

lr-EE ;1 g ln-1)0 (33)
n-=

Now, substituting in the value for icn’

lcn = A1bn 180

i
i =A —l—rl;l— |180 +(n-1)06 for three transistors. (34)

L1, 11,
i, = 2<3 1in>A 18OI2G+2<31m|9) (Ai180 |g>
el |
+3 (g Lo Ize) (A ]180) (35)
i, =5 A [180 <3 i (20451 [20+3 1in_|29) (36)

1.
¢ 2_1inA1180+2e‘ (37)

20







The total amplifier gain

1 -' :
_osef: =1 38
A 1f/1in =4 l180 + 20 (38)
At the reverse termination, the current is given by:
S S 1. 1, 1, )
1r-2A|180(31ml_e_+31mL2_9+31m|4_9 (39)

In other words, at the forward terminal of the output filter (for the
ideal situation) one obtains 1/2 of the gain of an individual transistor

shifted by a multiple of the filter phase characteristic. At the reverse

termination, the individual currents do not arrive in phase unless 8 =n 7.

The forward output current is in general for k transistors:

k
Yt =>:

n=1

[%iin lm—l)ﬁ] [A bﬂ] [% L(B_n)ﬂ] (40)

k !
1
=§: ey . 4 41
7K 1inA l180+(n 1+k-n)o (41)
n=1

k .
1 1 e
2 = - = — +({k~-1) 0 42
5 E klinA 180 +(k-1) 6 2linA 180 +( ) | (- )
n=1 ‘
The total generalized gain is:

_At=;A|180+(k-1)9 SRR _ , (43)

In conclusion, for the idealization above, the overall current gain
was 1/2 of that for a single transistor, regardless of the number of
transistors used; whereas, 'for tubes (ideally non-resistive on input),
the total mutual conductance is n/2 times that for a single tube where

n is the number of tubes used (see Equation 9).
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CHAPTER VI -- EFFECTS OF AMPLIFIER COMPENSATION

As derived in Chapter III, the maximum Q is a function of Ty

and r .
e
il 71‘
\/ e’ b!
Q » (44)
+
max 2 (1’.'b,/re 1)
and the frequency at which this maximum occurs is given by:
o S
b'""e
¢ d (45)
Qmax 277Ce i T

Now if an R-C compensating network is added to the input of the
transistor such that the overall input Q is sufficiently raised, and if its
maxima is shifted upward in frequency, then it seems possible that an

advantage can be realized when used in a distributed amplifier.

One circuit which has been tried by a transistor manufacturer [1]

is shown below in Figure 9.

R Transistor
& JVV‘- A 4
R T . o )
i1 LS Sl
Input 1 - T, ‘ Output
_ &
Figure 9







The primary reason given for the use of this circuit was that it

would compensate for the high frequency roll-off of beta (the grounded
emitter forward current gain). It was mentioned in the literature [1]
that the special transistor used did not conform to the standard equivalent
circuit (Figure 2). In lieu of this information (input parameters), it was
not possible to speculate on the Q of this transistor input (Fairchild

2N706).

This circuit will have a similar frequency compensating effect on
the 2N384, but it also has the effect of increasing the maximum Q and
raising the frequency at which it occurs. Of course the gain is reduced
by this procedure, but this may be compensated for by the additive gain

character of the distributed amplifier.

If one applies such a frequency compensating circuit as shown in
Figure 9, and chooses R = nr and C = 1/n Ce" the circuit can be re-

drawn as shown in Figure 10.

rb,
G=—AA/N
r c
A B
R =nr 1
e a s Ce =C
o
Figure 10
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The right-hand side of this network appears as, and acts like, a

frequency compensated attenuator. Since the voltage amplitudes and
phases at A and B are equal whether or not A and B are connected directly,

the connection AB can be disregarded and the circuit becomes that shown

in Figure 11.

bl
‘—M,\v
R' =r +nr : é(lc>
e e § ---; ot e \n e
R' = r (n+1) d c +1c 6.3
o e n e ’
.
=8 (46)
* c n+il

Figure 11

From Equation 45 we see that the substitution of C' for C will raise

the frequency of maximum Q by (n + 1).

1 n+ 1 I‘b'/re ol
bl (47)
27 C i i
¢ b' e
ft =(n+1)f - (48)

Due to the voltage divider characteristic, the gain will be reduced by the

ratio of component values:

T Rl o Ty T A g L (49

'+re(n+1)

b







if re>>r 'thenr

can be neglected, giving:

b B

1
A' _ e 1 (50)

—A_~re(n+1)=n+1

Note, however that as Xce becomes small at high frequencies, that this

approximation is not valid.

So, if an amplifier design bandwidth is based on the frequency of
maximum capacitor Q, then the gain decreases as the bandwidth in-

crease‘s such that:

1 Y s A
(A)(fc)-(

o 1) (n+1) f_ = Af_ (51)

In other words, the gain-bandwidth product remains approximately
constant. However the payoff to this method lies in the increase in Q.

This increase occurs as follows: &

‘/1+r/r' '
Q g8 _ (52)

max 2(rb,/re+1)

As an approximation, re/r is normally 20 or greater and increases

bl
asr_ or its equivalent, so that the assumption that re/rb >>1 introduces

an error less than 5 percent. Therefore:

i
Qrax™ TV Te/ T - (53)

The Q of the new circuit,

r (n+1)
£ (54)

DN =

Q -

I‘b'







the improvement in Q

Q' _ 55
o (55)

M= N
L}
S
+
i

This says then that.the RC compensating network discussed can in-
crease the Q of the input of the amplifying device by approximately the

square root of (n + 1). The higher the n, the better the approximatioh.

Therefore, if a transistor alone does not have sufficient @ to
enable its direct use in a distributed amplifier (see Chapter IV, it may

be possible to increase the Q sufficiently by the use of an RC compen-

sating network.
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CHAPTER VII -- CONCLUSION

The input characteristics of some transistors prevent their direct use
in a distributed amplifier. The concept of distributed amplification demands
that the input to the amplifying device be a reactance of sufficient Q to be
used as one of the shunt elements of a filter chain (or artificial transmission
line). If this Q is too low, then the loss of the filter network cannot be com-

pensated by the use of additional "parallel"™ amplifying devices.

One possible solution has already been suggested, that of an RC com-
pensating network that will raise the Q and reduce the capacitance of the
input to a grounded emitter transistor. Another solution is to find a tran-

sistor having the necessary input "quality."
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APPENDIX A

DERIVATIONS OF INPUT PARAMETERS

symbols, see equivalent input circuit for transistor, Figure 4.

. re/jwc ) r, - (jre/wc) (re + j/we)
b r_ + 1/jwe r, - jfwc (re-f-J/wc
REE jrez/wc 4 re/wzc2
E re2 & l/wzc2

2 2.2 2 2 A
=rb<re +1/w"c >+<re/w c ) -Jre Jwe

( ) ( )

2
|= r‘e /wc
2 2 2
I rb(r +1/wc)+re/wc
2
r
- e
rwc(r +1/w20 >+r Jwe
b e
2
r wc
b e
e LTIk 2
rw e (r +1f/w ¢ )+ r
2
r we
N e
- 2 2 2
rw e (r +1/mc)+re
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r wc r wcC
e

e
v /r (rwc>2+1 +1= r022+r/r +1
b/ Te|\Te be® @ b’ e

taking first derivative with respect to w and setting equal to zero.

r c(rrc22>—<r Jh / +1>rc
0Q _ e” b e o pre® © v/ Te e
w 2

I =0
0 2 2
<rbrec w o+ rb/re + 1)
2 2 2
0= (rbrec 2:.0) - (rbrec w  + rb/r'e - 1)
2.2 22
0= rr,C 2w -1 cw - rb/re -1
2 9 rb/re+1
©€® Torr -rr
be b e
+ -
g rb/re 1 T r /v +1
V - y +
2 T, & 2 Bt e

for 2N384 r, =50, r_=1000, c = 100 x 10712

-12 [50/1000 + 1 _ 12 ’1.05
9 1/100 x 10 Q/,so,ooo =10"7/100 50.000

1027100421 x 107

£
i
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6
wy = 45.8 x 10 radians = 7.3 mc = frequency of maximum Q

ewc

v rb/re[<rewc)2 - 1]+ 1

1000 x 45. 8 x 10% x 100 x 10~
-2.2
50/100[(1000 x 45.8 x 10° x 100 x 10 2) # 1]+ 1

12

- 4,58
.05[21+1 + 1

=4.58/2.1= 2,14

O
1

Derivation of maximum input Q
From previous page

r wc
e

rb/r'e {(rewc>2 + 1] +1

rb/r + 1
Also maximum Q occurs at w_ = 1/c =&
2 T

Q:
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e (r/r + 1)
SRR I

Q/i /r+r2
R

+
b Te
+
. i r, ) 1 r. /Ty &
max rb/re +1+ r-b/r‘e + 1 2(rb/re + 1) max

for rb = 50Q), r, = 1000

Q _y1+1000/50 _ 421 288 g,
max 2(50/1000+1) 2(1.05) 2.1

Donioy wiag s o
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APPENDIX B

MEASUREMENT METHODS

I. Voltage Measurements

Essentially all forms of electronic measurement depend upon the
reaction of the unknown quantity to a voltage. The measured response is
also often in terms of a voltage. Similarly, the measurements made for
this thesis involved the use of a device which could measure radio fre-
quency voltages with reasonable accuracy. Because of the frequencies
involved, this device must have a very wide bandpass and, due to the nature
of the transistors, must be sensitive to voltages in the range of 1 to 10
millivolts. The Tektronix oscilloscope available had neither sufficient

bandwidth nor sensitivity.

The first attempt at using germanium diode demodulators driving a
20 microampere movement meter satisfied the wide frequency requirement
but needed toc much radio frequency power and was not sensitive enough to

the low voltages.

The low voltage requirement may need explanation. When small
signal theory is involved, the signal must be small enough not to upset bias
voltages, and it must remain in the linear operating region of the transis-
tor. It was found that the measurea input resistance apparently decreased
with smaller signal voltages until the region of 10 millivolts was reached.
This effect is due to the non}inearity involved when the signal voltage is

greater than the low bias voltage (around 20 millivolts).
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In the measurement methods used, it was not convenient to use a DC
amplifier in conjunction with the diode demodulator, although this probably

would have worked very well.

Instead, a pulsed radio frequency source was used (as from an RF
sweep generator with the sweep width adjusted to zero). The resulting
signal from the demodulator was a low frequency AC signal which was eas-
ily amplified by a conventional low noise amplifier and displayed on an
oscilloscope and/or a peak reading vacuum tube voltmeter. In respect to
this method, it should be mentioned that the low frequency noise generated
by the transistor will also appear at the demodulator and on the scope trace.
Thus the amplitude of the RF test voltage must be a compromise between

the noise voltage and the nonlinearity voltage limit.

The next problem came about due to the extreme nonlinearity of the
diode demodulator at low signal amplitudes. Table B. 1 shows the relative
demodulator outputs for various known RF voltages. The output resulting -
from a 100 millivolt RF input is taken as the reference. The last column

indicates the error induced by the nonlinearity.

TABLE B. 1
RF Measured
ratio (db) RF voltage ratios Output Error
0 100 mv 1 100 mv 0
-10 31.6 « 215 21.5 -31.6%
-20 10 .133 2.0 -80%
-30 3.16 .1 ARPOE -93%

- The problem of detector nonlinearity was circumvented by making. all

voltage measurements occur at one constant voltage (around 8 millivolts RF).

The effect of frequency dependent loading by the detector was next
investigated. As will be explained later, some of the voltages were meas-

ured at points having an RF source impedance of 200 ohms. The stray
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shunt capacitance of the detector caused a loading of the RF source at higher

frequencies. It was calculated that the capacitance needed to cause this
amount of shunting was about 10 micromicrofarads. The variation of load-

ing with frequency is indicated for two conditions in Figure B. 1.

In conclusion, considering the drop in the circuit impedances at the
higher frequencies, the error would not be appreciable at any frequency of

interest.
II. Impedance Measurements

As indicated in the body of the thesis, a prime concern was the input
impedance of the transistor. This measurement was accomplished by ob-

taining the ratio of VT to VQ in the circuit shown in Figure B-2.

The RF voltage would first be adjusted to give a near full scale read-
ing on the VITVM. Next the switch S1 would be thrown to the other position
and the RF step attenuator adjusted until the vacuum tube voltmeter read
the same as before. The amount of signal change required in db, gave the

ratio of voltages between points T and Q.

This ratio will give the input impedance of the transistor in terms of

the series resistance for real or resistive impedances as follows:

ET > I.inpu’c | (B '1)
EQ rinput + R,

A plot of this relation for a 200 ohm series resistor and the ratio expressed

in db is given in Figure B. 3.

A check was next made on the accuracy of the measurement method
and equipment. Most of the error must be attributable to the RF db atten-
uator. It had been used by the military for fairly accurate RF attenuation.

A home made attenuator having 10- and 20-db steps was constructed and
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checked against the military model. It is felt that these measurements are
accurate within plus or minus one db, but readings were generally taken to
within 1/5 db. As shown in Figure B. 1 the voltage ratio caused by a shunt

resistance of 200 ohms was with 2 percent of . 5 at frequencies up to 30

megacycles.

For more complex impedance (namely that of the input to a transistor),
a special graphical method was worked out which, under certain assumptions
that proved to be valid, provided rapid solutions. Although these solutions
were carried out on much larger sheets of paper, the method is demonstrated
by Figures B.5 and B.6. Assuming an equivalent circuit (also Figure B.4),
then the locus of the complex input impedance vector must lie between point
0 and a point on the semicircle. The length of the vector represents the
magnitude of the impedance, and the angle is the phase associated with it.
In rectangular coordinates, the abscissa is the real or resistive part of the
impedance, and the ordinate is the imaginary part. The position of the
vector along this path is determined by the freqﬁency involved (see equation

on Figure B.4).

To return to the relation of the voltage ratio to the ratio of two com-
plex impedances, it was found that each voltage ratio was satisfied by a
continuous set of complex impedances. Thus the set of voltage ratios pos-
sible corresponds to the family of impedance curves shown in Figure B. 5.

The derivation of the curves is given at the end of this appendix.

To complete the data necessary to this method, the relation between
input k and frequency is needed. A typical plot for a transistor is shown

in Figure B. 6, where the ratio k is given in db.
A typical solution would proceed as follows:

1. Using the test setup shown in Figure B. 2, data is taken and plotted
for voltage ratio k in db versus frequency. (See Figures B. 6 through B. 11).

2. At low and high frequencies, the voltage ratio is not a function of

frequency, hence the impedance must be resistive. At these points, then,
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It will be noticed that at frequencies above 100 megacyles, or so, the
This was

On

impedance begins to increase (see Figures B. 6 through B. 12).
assumed to be due to the inductance of the transistor lead-in wires.
this assumption, a similar impedance response curve was run on small

loops of wire which were approximately the same length as the transistor
leads. As seen in Figure B. 13, the 3 db point calculation resulted in a

measured inductance of about . 1 microhenry.

Other measurements included the base bias current which was indi-
cated by a 20 microampere Weston meter, and the collector current which
was monitored by a 1 milliampere Weston panel meter. The collector volt-
age supply was read on a 1 milliampere movement, 50 volt, sealed military

meter.

Derivation of Equation for Loci of Constant
Impedance Ratio Curves

Let

ZT X2 + Yz

= (see Figure B. 5)
Q J x-R)? + Y2

kz(X-R)2_+k2 2 2 2

Y =X"+Y
k*x? - 2k®RX + k°R +‘k2Y2 o |
(kz-'l)x2 - 2k?RX + k°R? + (k2 L1) Y2 =0
Bond o al m el
(k“-1) (k” -1)
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|

This is the equation of a family of circles, a different circle for each

value of k.

R

The center of each circle is Y =0, X = i
1-1/k

The radius of each is given by k—-ﬁﬂﬁ .
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APPENDIX C

Having found a suitable measurement method, a check was made on
the input parameters for several transistors ’of the same type. It had been
suspected that wide manufacturing tolerances might be to blame for some
of the difficulties encountered in the operation of a transistor distributed
amplifier.

Three RCA 2N384 transistors were purchased in the fall of 1959 and

labled I, II, and III.. During the fall of 1960, three more were purchased
of the same type: IV, V, and VI.

The following transistor input parameters are those of the "unilateral"
equivalent circuit, repeated here in Figure C. 1.

T C €

b' 4 v 1 b'e
Base o——AAN T ———— e -0 Collector
1 :
Nilia R
b'e 1gmvb'e
Emitter o 1 : -0
Cp=C, +(A+1)C,

Figure C. 1

The data shown in Table C. 1 was obtained by the methods covered in
the previous section and are all taken at a collector current of 1 milliampere,
a collector supply voltage of 20 volts, and a collector load resistance of
1000 ohms. The base bias current was adjusted in each case to obtain the
proper collector current. The last three columns refer to DC values. The
very small voltage biases appearing at the base (calculated from the input

resistance and current) should be noted. Any signal voltage which surpasses
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TABLE C. 1

T e ey Lias in in
Transistor DC B ohms ohms pfd pamp ohms mv Comments
I 20 39 541 224 50 580 29
I 25 25 775 255 40 800 32 Noisy
III 72 50 1550 185 11 1600 18
v 50 58 1222 186 20 1280 26
A% 66 57 1550 181 6 1600 10 High
leakage
V1 55 28 1310 211 15.5 1340 21
Average 48 43 1150 204
Mfg. spec. 60 50 1040 187
Average
percent
deviation 20 14 10 9
Maximum
percent
deviation 66 50 49 36

these values may be distorted and any calculations based on such voltages

are liable to be in error.

The next observation was of the range of collector currents of dif-
ferent transistors when they all had the same base bias voltage. (See.
Table C. 2.)

The variation shown in Table C. 3 concerns the effect that changes in
collector currents have upon the three input parameters r, ', r. and CT.
Note here how these important transistor parameters all improve with
decreasing IC in such a manner as to increase the Q of the transistor input
reactance and to raise the frequency at which this maximum Q occurs.

(See Chapters III and VI).
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TABLE C. 2

Base volts .22 .24 .25 . Volts

Transistor
I .29 .67 1.37 Milliamperes
II .49 .98 . 2.16 Milliamperes‘
III .61 1.10 2.43 Milliamperes
IV . 274 .00 1.23 Milliamperes
v . 274 « 95 1.25 Milliamperes
VI . 235 aoll 1.12 Milliamperes

Average .36 .72 1. 16 Milliamperes

Maximum

deviation 70 53 52 Percent

The last Table (C. 4) shows the variation in CT as the collector load

resistance is changed. The effect here is due to the change in voltage gain

as the load impedance varies. As the gain changes, the Miller capacitance

appearing in shunt with the emitter capacitance also changes (see Chapter III).

At zero load resistance (and zero gain), the Miller effect should be zero
and the residual capacitance would be nearly all due to the emitter capaci-
tance. Subtracting out the manufacturers value for Cb'e' we get this varia-
tion for the various transistors: 135, 151, 101, 104, 140 pfd average 123,
manufacturers stated value is 90, average error +37 percent, maximum

deviation -67 percent.

It was found that the input resistances rb' and r did not change with
changes in load resistance due to the very low Miller conductance. No data

was taken for this reason.

One final variation of concern was whether or not the emitter capacity
Ce was constant with frequency. It was constant within the limits of the

measurement method for all of the transistors tested except one (No. III).
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IC (ma)

Transistor

I
II
II1
v

<

II
III
Iv

<

II
II1
v

-

Min

30
19
42
50
45

22.

" 8000

8000
8000
8000
8000
8000

69
76
63
53
74
96

TABLE C. 3

Effect of Collector Current

31.

20
42
50
50
24

1600
2300
4000
3200
3200
3200

114
127
-80

83
105
122

.25 .5 1
5 34 37
22.5 24

46 48

53 58

53 56

26 217

1000 540
1350 800
2300 1600
1600 1100
2300 1400
1800 1200

150 220

159 228

110 165

110 187

124 170

159 215

40

25.

50
58

30

300

475
750

740 .

830
870

440
360
265
380
400
350

Base
resistance

(ohms)

Emitter
resistance

(ohms)

Total shunt
capacity .CT
(pfd)
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R W ] T T TR

Load (ohms)

Transistor

I
II
III
v
A%
VI

TABLE C.4

The Variation of Total Shunt Input Capacity With
Changes in Collector Load Resistance

0 .47k 1k 3k 10k
137 162 220 284 400 pfd
153 177 230 310 935 pfd
103 124 167 218 306 pfd
109 135 187 227 318 pfd
106 130 169 210 290 pfd
142 164 181 212 306 pfd

Going back now to the variation of input impedance with frequency,

Figures C. 2 through C. 7 show the variation of the magnitude and phase of

the input impedance for each transistor. This data was taken directly from

the individual transistor impedance plots similar to Figure B.4. To give

an idea of the variation of Q with frequency, note that an angle of 63. 5

degrees corresponds to a Q of two.
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APPENDIX D

CONCLUSIONS TO APPENDIX

Low amplitude RF measurements of sufficient accuracy can be
achieved by using relatively simple and inexpensive equipment. The
graphical impedance solution simplifies and facilitates data reduction,
allowing the measurement of these important transistor characteristics

under many changes of external parameters.

As to the specific characteristics of the input to the transistor,
there is a much greater deviation from published data than in the case
for vacuum tubes. The variation of these characteristics under different
circuit conditi;)ns may make the difference between whether or not these

particular transistors can be used in a distributed amplifier.
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