Simplified Q Multiplier

Portion of cathode-follower output is stepped up by passive components and fed back to

erid of tube to give extremely high selectivity with absolute stability. Extra parts needed

are one tube, one capacitor and two resistors

ITH THE RISE of radio naviga-

tion, c-w radar, and other
systems requiring maximum signal-
to-noise ratio, there have grown up
in recent years a large number of
applications for amplifying systems
of very narrow bandwidth. Since
the basic limitation on the narrow-
ness of bandwidth which can be
obtained in an ordinary tuned am-
plifier is the resistance associated
with the tuned circuit it uses, it
seems logical that one solution to
the problem would be the use of an
active network to supply energy to
the system according to exactly the
same laws by which the resistance
dissipates it, so that some of the
effect would be cancelled out.

The use of such active networks,
known, for obvious reasons, as
negative resistances, turns out to
be an entirely practical method of
raising the Q of a tuned circuit,
Ohm’s law holds exactly for a nega-
tive resistance element, except for
sign change, so it is possible to
treat it exactly as any other cir-
cuit component, even to the extent
of combining it with the positive
resistances in the circuit.

Consider, for instance, a tuned
circuit having an equivalent par-

allel’ resistance R. The initial
value for Q would be
-k
Qo = oL (1)

and suppose there is put in parallel
with this tuned circuit an active
network having a negative resis-
tance characteristic. The negative
resistance can be combined with the
positive resistance of the circuit by
the usual laws of combination of
parallel resistances to give the
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following relationship for R.,:

R.,) R R R,
Rurm ol = e O
which is obviously greater than the
original R, corresponding to a
multiplication of the original Q by
a factor equal to the ratio of the

two resistances. In other words

Qet1 = R’L
QO B Rn - R (3)

This Q multiplication can be made
arbitrarily large by simply letting
R, approach E.

Practical Systems

A number of systems have been
used to secure this negative resist-
ance characteristic, such as secon-
dary emission in a tetrode (dyna-
tron)* or the formation of a virtual
cathode between screen and sup-
pressor (transitron)®. By far the
most satisfactory method to date,
however, has been the use of posi-
tive feedback around a vacuum-tube
amplifier.** This basic method is

used in the new circuit proposed
here.

Consider an amplifier of gain A
and internal resistance R, such as
is represented schematically in Fig.
1A, and assume that positive feed-
back is introduced through the re-
sistor E,.

Under the assumption that the
input resistance of the amplifier is
so high compared to the other cir-
cuit resistances that it may be neg-
lected—a condition easily realizable
in practice—XKirchhoff’s voltage law
can be applied to yield the following
equation

er = wWRy; + uRi + Ae @

which can be rearranged to yield
€ R/ R

e gy G g |
where Z, is simply the effective in-
put impedance of the circuit.

This effect is the basis for the in-
creased selectivity of the ordinary
regenerative amplifier or detector.
Such a regenerative circuit, how-
ever, lacks the important character-
istic of stability. Referring to Eq.
3 it is seen that appreciable multi-
plication of the Q is to be had only
when R, is very nearly equal to E.
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FIG. 1—Simplified circuits showing evolution of single-tube Q multiplier
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FIG. 2—Curves show selectivity obtainable with Q multiplier. Higher Q values were
not tested because of measurement equipment limitations

Therefore it takes only a very slight
percentage change in R,, such as
would be caused by variations in
plate supply voltage, to cause the
two resistances to become equal,
the Q and impedance level to go to
infinity, and oscillations to ensue.

One way to resolve this difficulty
is to use a highly stabilized ampli-
fier for the active element so that
changes in electrode voltages and
other random variations will have
little effect upon the gain, and hence
upon the negative resistance which
is produced. Both Terman® and
later Ginzton' have considered in
some detail one such circuit utiliz-
ing a highly stabilized two-stage
amplifier. It is the purpose of the
present paper to describe a much
simpler circuit which achieves
essentially the same results with
only a single stage. The basis of
this circuit is the cathode follower.
It has power gain, correct phase re-
lation, and it has very high stabil-
ity. But, it has less than unity gain.
Fig. 1B shows that this drawback
can be eliminated by a passive gain
element, a transformer. The evo-
lution from this circuit to the prac-
tical ones is shown in Fig. 1.

Stability Considerations

The most serious factor limiting
the applicability of any positive
feedback circuit is the stability.
Ginzton® described a two-tube cir-
cuit; a more general derivation fol-
lows:

Consider the circuit shown in
Fig. 1F in schematic form. Note
that in the special case where C, —
oo and A7 > 1, this circuit reduces
to the type of system considered by
Gizton, while when C, =« o0, A’ <
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1, it represents the new circuit of
Fig. 1E.

The gain of any feedback ampli-
fier can be represented by the
equation

p K

In the present case, the gain of
primary interest is not that of the
tube itself, but rather that from
points X-X (Fig. 1F) to the tube
grid and through to the output at
the cathode. This gain is the
product of the active gain A’ and
what might be called the passive
gain @, or gain contributed by the
tapped tuned circuit

aK
4= TR (7)
where
- C+ G
a= ®)

At this point the assumption is
made that the output impedance of
the amplifier is negligible with re-
spect to the feedback resistor R,.
This is reasonable for an amplifier
stabilized with a high degree of
negative feedback. Equation 5 for
the negative resistance developed
across terminals X-X then reduces
to

By

A1 9)
or, substituting from Eq. 7 for the
actual gain of the circuit

— R, = —

— R . _ _RB(O0-BK)

aK—-1+8K

(10)

Passing over the details of the
derivation, it may be said that this
equation is now differentiated parti-
ally with respect to the no-feedback
gain K, simplified, and rearranged

to yield an equation relating the
fractional change in the negative
resistance produced to the frac-
tional change in the no-feedback

gain. That is, an equation of the
form

0Rn _l _ _6K-

Re Tk K (n

where the factor k might be called
the stability coefficient of the sys-
tem. In this case the stability
coefficient is

1-8K)[(a+ /K —1]

k= oK (12)
It is apparent that one would like
to make the magnitude of this sta-
bility coefficient as large as possible.
The maximum possible value is
found by differentiating again with
respect to a convenient parameter
—in this case g—and setting the
derivative equal to zero. The opti-

mum value of B turns out to be

[4-] w

The corresponding value of the
stability coefficient is

Bopt =

a K
4
It is now a simple matter to de-

termine the optimum operating

conditions for the cireuit

Bopt = — (15)

kope = — K/2 (16)
The stability of the negative re-
sistance is merely incidental to the
matter of prime concern—the sta-
bility of the effective Q. The above
results can be related to the Q
stability by beginning with Eq. 3
and employing much the same
process of differentiating (this
time with respect to R,) and simpli-
fying as in Eq. 10. The result is

0Qert _ [ Qotr 5R.
Qors [ Qo 1:' R, an

Or, combining the two equations

6Qe 15 Qetr 2 K

Qote Qo -1 K K (18)

A number of interesting facts
are apparent from this expression:
(1) The stability is independent of
the absolute value of initial Q. It
is then just as easy to multiply Q
from 100 to 1,000 as from 10 to 100.
Thus it is important to begin with
as high a Q as possible to gain max-
imum stability. (2) The stability

14

kopt -
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is independent of the frequency, so
that the circuit can be used to mul-
tiply Q anywhere in the spectrum
where the stated assumptions can
be met. (3) The higher the Q
multiplication, the lower is the sta-
bility. For high multiplications
this is approximately an inverse
relation. (4) The stability in-
creases in direct proportion to the
no-feedback gain.

Another Stability Criterion

1t seems logical to set up as an
important design criterion of a
narrow-band amplifier circuit, the
amount of change in the no-feed-
back gain—that is, the change in
the ¢, with electrode voltage
changes, aging, and other possible
circuit variations—which can be
tolerated without causing the sys-
tem to break into oscillation.

As a starting point, consider
again Eq. 8 for the Q multiplica-
tion, and solve this equation for R,

Qett

S )
R” B R Qell _ l (19)

Qo

From Eq. 3 it is apparent that
the point at which oscillations begin
will be that point where R, becomes
equal to B. Therefore if R is sub-
tracted from the above expression
for R,, the result will be the abso-
lute value of the change in R,
which can be tolerated without
causing oscillations. This can then
be divided by R,, to yield the frac-
tional change in R, which can be
tolerated

(AR.. ) "o 1
R, olerable = =t
rotereb! Ra (20)

or, making use of Eq. 19 again

( AR, ) _ Qo
Rﬂ tolerable Qe £f

But here again the negative re-
sistance is merely a derived char-
acteristic of the circuit. What is
really wanted is the permissible
change in the no-feedback gain K.
It is apparent from the optimum
operating conditions which were de-
rived, and from Eq. 10 that the
negative resistance can be repre-
sented as

Then if R, represents the value

(21)

(22)

132

of the negative resistance at some
particular chosen operating point
of the circuit and R,. the critical

value of negative resistance at
which oscillations occur, Eg. 21
above can be rewritten
ARn) Rnl - Rnc QO
= = (3
( Ly / tolerable R Qett )

Substituting from Eq. 22 and simp-
lifying, this becomes
Rnl 4 Rna
R
2 (Kc - I(l)

KK - K+ Ko—1 @
where K, is the no-feedback gain at
the particular operating point
chosen above, and K, is the no-feed-
back gain at the critical point.

Now let K, = K, + AK. Then

_Rnl - Rna
Rnl 2
A K
T K+ KiAK+AK-1 @5)
which, by Eq. 21 is equal to -g’ .
off
Equating and solving for AK gives:
AK=——2Q K=l _
et (K4 1) (26)
Qo

If this equation is now divided
by K. the result is the fractional
change in no-feedback gain K
(=g¢.R,) which can be tolerated
without oscillations

.AK_ P
X =
tol

K? (27)

In practice, K is almost always
kept much larger than 1, and the Q
multiplication much larger than a
half, so that a somewhat simpler
working formula may be obtained:

( AK_) I
K tol Qest
@
K -1
2
This is a most interesting expres-
sion. For suppose that at some
particular operating point a

Qets | _ K

Q la 2 la (29)
The above equation then goes to in-
finity, signifying an infinite change
in K necessary to cause oscillation.
Further, suppose that

Qeff | < K_

Q |a 2 la (30)

Then the fractional change in K

(28)

necessary to cause oscillations is a
negative number greater than 1.
But this would require a negative
gain, which, of course, is impossible
in a vacuum-tube amplifier. It can
be concluded, therefore, that if at
any operating point, the condition

Qott : = K | (31)

Qo a 2 a
is met, or, in other. words if the
circuit constants are adjusted so
that the no-feedback gain K
(=g.R.) is always greater than
twice the degree of Q multiplication
which is desired, there will be no
chance of the circuit breaking into
oscillation no matter how much the
gn of the tube may change with
aging, changes in electrode voltages,
shock and so on.

Here, then, is the fundamental
contribution of this new circuit.
Without any substantial increase in
the complexity over the ordinary
regenerative svstem, it has made
possible attainment of arbitrarily
high Q multiplications, while at the
same time retaining the absolute
stability of the ordinary amplifier.

Practical Circuit

It is not possible to set down any
hard and fast rule as to the magni-
tude of the ¢.,R, product which
may be obtained. Experience has
shown, however, that with a 6AK5
and a supply voltage of 200 volts,
values of about 100 are easily at-
tainable. With higher supply volt-
ages, correspondingly higher values
of the ¢g. R, product may be realized.

Now suppose that a relatively
modest degree of Q multiplication—
say 10—is all that is wanted. (This
still will allow Q’s of the order of
2,000 to 3,000 if a good coil is used).
The above equations then become

9 change in 1 { % change in
Qett = 5.5 Jm

(32)

Oscillation impossible

In other words, the percentage
change in the Q is only approxi-
mately a sixth of the percentage
change in the g¢,. which caused it,
and it will be impossible to cause
the circuit to oscillate no matter
how much the g, may change with
shifts in plate voltage and other cir-
cuit parameters.

Even for the relatively high Q
multiplication of 100, which would
(Continued on p 134)
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(Continued from page 132)
correspond to possible Q’s of the
order of 30,000, stability is excel-
lent.

(% change in Qetr) = 2 (9% change in g(’ég;)

1009%, change in g, to cause oscillation

This is still well within the prac-
tical range of operation, if a power
supply of any reasonable regula-
tion is used.

Experimental Results

The curves of Fig. 2 show the
results obtainable from a typical
circuit of this new type. These
curves were taken by applying a
variable-frequency, constant-volt-
age signal to the Q multiplier cir-
cuit through an isolating stage and
measuring the output voltage as a
function of the frequency. The no-
feedback curve is a plot of output
voltage versus frequency when the
feedback circuit was opened, or
when R, — w and the circuit was
operating as an ordinary cathode
follower. The other curves show
the effect of reducing the feedback
resistor closer and closer to the
critical value of 29,300 ohms. The
maximum Q value of 15,000 shown
was by no means the limit obtain-
able with the circuit. There was
simply no measuring equipment
available precise enough to allow a
reliable set of data to be taken for
higher @’s.

Theory indicates that the shape
of the response curve should be un-
altered by the Q multiplication.
This was checked by plotting data
taken for several values of multi-
plication on the same graph as the
universal resonance curve. In every
case the results were identical. This
meansg that these circuits may
profitably be cascaded or staggered,
using the identical means of calcu-
lation as for ordinary resonant
circuits.

Experiments have verified the
two stability relations. In both
cases, the stability turned out to
be slightly higher than predicted.

Practical Suggestions

For the convenience of the de-
signer, it might be well here to sum-
marize a few practical hints which
have been discovered in the course
of working with this circuit. First
of all, for reference, the actual cir-

134

~200,000

i
ouTPUT
Ki 147 100KC

\
%Wg A

g j ?53°W' }"soooo

i -
3ine

FIG. 3—Practical circuits of single-tube

Q multiplier. In B the first triode section

serves as the Q multiplier and the sec-
ond as a grounded-grid amplifier
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cuit used for the preceding experi-
mental measurements is reproduced
in Fig. 3A.

The exact critical value of the
resistance R, is easily found from
Eq. 3. Remembering that the nega-
tive resistance is developed across
only half of the tuned circuit in this
system, Eq. 3 actually becomes:

Qe Ry

QO - ~Rn - R_/4

But R, is given by Eq. 22. Substi-
tuting and regrouping gives

(34)

1
%-"1__ﬂ4 K=1) (39
Ry (K+1)

from which it is apparent that the
critical resistance is

iR (K —1)
LR="4 (k+1)

For design purposes this value
can be taken simply as one-fourth
of the tuned circuit impedance. If
the circuit is operating properly,
oscillations will ensue for all valueg
of R, less than this value. For R,
— co the circuit operates as a
cathode follower, and as R, de-
creases toward the critical value,
the Q multiplication increases with-
out limit.

The actual R, to be used in com-
puting the g¢.R. product is the
cathode resistor R, in parallel with
the series combination of R, and
one-fourth of the impedance of the
tuned circuit—that is, approxi-
mately the cathode resistor in par-
allel with one-half the tuned circuit

(36)

impedance in the multiplier.

The grid biasing connection
shown in Fig. 3A is used for the
purpose of increasing the g¢.R.
product, and hence the stability.
Using this arrangement, a large
cathode resistor can be used with-
out increasing the grid bias exces-
sively and thus reducing g..

Somewhat higher stabilities are
obtained by using pentode as in
Fig. 8A, instead of the triode dis-
cussed previously. The screen
should be by-passed to the cathode.
Otherwise the tube will operate as
a triode. If only moderate multi-
plications are needed, however, the
double triode circuit shown in Fig.
3B may be found useful. Here the
first section is used as a Q multi-
plier, and the second as a grounded-
grid amplifier.

The source impedance should be
kept high, either by the use of a
series resistor as in Fig. 3A, or by
designing the preceding stage for a
high output impedance. If high Q
multiplications are sought, the ser-
ies resistor is preferable, in con-
junction with a low output imped-
ance for the previous stage.

The phase shift must be kept to
a minimum to avoid frequency shift
as the Q multiplication is changed.

When the split inductor variation
of Fig. 1D is used, the cathode re-
sistor R.. may be omitted. This
allows about a 2-to-1 increase in
stability.

The signal input should be kept
relatively low for best results. Ex-
perience with the type 6AK5 has
shown that inputs much more than
a volt or two result in reduced
effective Q multiplication due to
curvature of the tube characteristic.

It is possible to raise the Q of a
coil alone by use of the circuit in
Fig. 1D with the capacitor omitted.
Use in such a manner suggests a
number of additional applications
for the circuit.
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