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ABSTRACT

The production of a negative-capacity by
means of a two stage amplifier has been investigated
with the hope that it would be helpful in extending the
tuning range of existing ferrcelectric capacitors. It
is found that the negative capacity thus produced is
limited in application because of its inability tc handle
input voltages above 3 or L volts rms, and to operate
successfully at frequencies above 3 mc.

Although the negative-capacity circuit may
be effective in reducing the capacitance of an external
circuit, its practical application is restricted to
external circuits having a minimum positive capacitance;
the actual value of this minimum positive capacitance is
dependent upon the amount of negative capacitance to be
added to the external circuit.
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THE NEGATIVE CAPACITY AMPLIFIER

1. INTRODUCTION

The negative capacity amplifier is an active circuit having a negative
capacitance input. It was investigated for possible incorpdration in an electric-
tuned oscillator or rf amplifier circuit (Ref. 1) to increase the tuning range
available with existing ferroelectric capacitors. These capacitors have a
capacitance which varies as a function of applied dc electric field, permitting
electric tuning of rf oscillators and amplifiers.

The maximum range of electric tuning is now limited by the ratio of
the maximum to minimum capacitance of a particular capacitor. For instance, a
ferroelectric capacitor mey have an effective range of from 25 to 200 upf with
the use of a reasonable bias field. In parallel with a fixed inductance, this
will give a tuning range of about §f§667§§ or 2.8. However, if some method could
be found to increase this capacity ratio, the tuning range would be correéponding-
ly increased.

Increasing the capacity ratio might be accomplished by subtracting
capacity from the maximum and minimum ferroelectric values. For instance, if
=20 puf was shunted with the 25-200 puf variable dielegtric capacitor, the new
effective capacity range would be from 5-180 puf, which more than doubles the
original tuning range. Although these hypothetical conditions were not dupli-

cated, the tuning range was increased from 2:1 to 2.7:l.
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2. CIRCUIT CONSIDERATIONS

It might be well to define here exactly what a negative capacity is
and how it may be produced. A negative capacity offers a reactive component to
the circuit X, = J/wC which differs from a positive capacitive reactance only
in the sign preceeding the j operator. The methods for producing such a component
are discussed by many authors (Refs. 2, 3, 4). The basic circuit used in this
investigation (Fig. 3) is given by P. R. Bell in Vol. 19 of the MIT Radiation
Series (Ref. 4). It is a simple two-stage RC coupled amplifier with a positive
feedback from the output of the second tube to the input grid of the first tube,
and a negative feedback loop from the output of tube two to the cathode of tube
one.

The reason for selecting the particular circuit used over others is
that it appeared to be best suited to the desired frequency range.

Only the shunt negative capacitive reactance amplifier will be discussed
here. A much more complete study of negative impedance production by the means
of feedback amplifiers is given in Ginzton's article (Ref. 2).

| For the sake of a simple explanation, imagine a two stage amplifier

having zero phase shift, and a single positive feedback loop through the reactance

Xn, as in Fig. 1. When a voltage e; is applied to the input, the source supplies

o— o —o
¢ A Zo eA
o —0 O

BLOCK DIAGRAM OF NEGATIVE CAPACITY ELEMENT
FIG. |
2
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a current, il. This current has the form

11' = ey/24 (1)
where Zi is the input impedance with feedback, and the input impedance without
feedback is considered infinite (see Appendix A). The equivalent circuit is

shown in Fig. 2.

€

THEVENIN EQUIVALENT OF BLOCK DIAGRAM
OF NEGATIVE CAPACITY AMPLIFIER

FIG. 2
Thevenin's theorem gives the relation
e; = ip(X; +2) + e,A (2)

wvhere Zo is the amplifier output impedance and A is the amplifier gain without

feedback. Then by combining (1) and (2) we have

7 R (3)

In this expression it can be seen that Z; is positive if A<i;
increasing A causes Z:L to approach infinity, become negative, and have the value
(X, + Z,) vhere A = 2.

If an ideal amplifier éould be produced, there is no réason why a
simple two stage amplifier would not be good enough to prodﬁce a stable negative

capacity over all frequencies, provided the negative resistance due to Zo were

3
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balanced out by a positive resistance connected to the input. But because an
ideal amplifier does not exist, to improve the actual amplifier characteristics

- (i.e., stability and bandwidth), negativé feedback is added to the basic amplifier
~as in Fig. 3. If the cathode resistors are considered unbypassed, degeneratiog
due to this is included in the gain A. In addition, a feedback loop having a
feedback fraction, p, is added from the output to the cathode of the first tube.
This gives a new effective gain of the amplifiery and substituting ¥ for A in

" equation (1), the input impedance becomes

+2
Zi = x?_;? (%)

where / = A&

1-AB

In an ideal amplifier Zb, A, and ¥/ are real quantities and frequency
insensitive. In an actual amplifier all of these quantities are complex, and
 frequency dependent. In addition, a small compensating capacity'ck, is introduced
(see Fig. 3). These factors lead to a very involved expression for.Zi (see
Appendix B).

The compensating capacitor Cy is introduced to extend the frequency
response of the amplifier. It begins to reducé the cafhode degeneration of the
first stage at frequencies where the gain begins to fall off because of shunt
jcapacitan‘ces. By a suitable adjustment, the upper frequency response of the
‘amplifier may be increased with only slight variation in overall response.

Criteria established for the negative capacity element were: (1) wide
bandwidth (as it was to operate over a wide frequency range), (2) capability of
handling high input voltages (because of thg voltages it may be subjected to ih
the oscillator tank circuit), (3) good staﬁilify, and (U4) moderate plate power
requirements. Tubes chosen to satisfy (4) may not satisfy (1) and (2) since

these criteria are mutually exclusive.

b




FIG.3

CIRCUIT DIAGRAM OF THE NEGATIVE CAPACITY
ELEMENT
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If a parallel resonant circuit is placed at the input, oscillation takes
place if the negative capacity element is sble to overcome the external circuit
power losses. This condition occurs when the input shunt conductance is negative
a.ﬁd exceeds the external circuit shunt conductance in absolute magnitude. Two
components go to make up this negative conductance. Since Y > 2, the first neg-
ative component is present at all times, and is due to the resistance term, R,, in

the expression
Xp + X5 + Ro

==z (5)

where Ro + JXO =2, the‘ output impedance. The second component is introduced as
the frequency becomes higher. Lagging phase shift is introduced due to tube and
stray shunt capacitances in the circuit. At these frequencies 2 bvecomes complex,
taking the form g = r - jﬁi. At the point where J,ﬁi becomes appreciable, Xn
and Xo render a second negative resistive component. The resistive component of

Zi is given in general by

R, = (1 "”r)Ro-/'{:’LL(mn“'ng)_ (6)
(l "’y r)2 +J12

Thus it is possible for the circuit to operate without oscillating at mid-band

frequencies, while at higher frequencies the negative resistance Ri becomes large
enough to cause ‘oscillation. 7

Overloading the input voltage will also cause the circuit to oscillate.
The overload voltage is determined by the plate characteristics at a given grid
bias, and the amount of negative feedback in the circuit. Negative feedback will
vallow the input voltage to be increased by a factor of -G]_'—Ag) over overload volt-
age without negative feedback, within the normal operating frequency range.

If this circuit happens to be left ungrounded or open, it behaves as an
asymretric multivibrator operating at about 1000 cps. This is to be expected be-

cause the two tubes are capacitively inter-coupled.
6
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3. EXPERIMENTAL RESULTS

3.1 Actuasl Circuits

The circuit as given in Fig. 3 was builtvup using 6CL6 tubes. The trans-
conductance is high (= 11,000 pmho) in fhis type of tube. The values used in the
circuit with this tube are given in Table I.

Other types of tubes can be used in the circuit, provided the inter-
electrode capacities are low; such tubes are the 6AH6, 6AGS or their octal equiva-
lents. The circuit was built up using 6AG5's. The 6AGS has the lowest &n
(= 5000 pmho) of the three tubes considered. The components used in the 6AGS
circuit are also given in Table I. The results derived using this typé of tube
were very similar to those found using 6CL6 tubes with two expected differences.
First, the circuit does not operate to quite as high a frequency (maximum of 2.5
mc as compared to somewhat over 3 mc for the 6CL6's). Second, the circuit is in-
capable of handling as high an input signal, primarily because of the lower bias on
the 6AG5's. The type 6AH6 tube would probably give a circuit performaence inter-
mediate to that given by the 6AG5 and 6CL6 tube. The only advantage in using 6AG5
tubes was that the circuit required only 18 ma total plate current as compared to
70 ma with 6CL6's.

3.2 Explanation of Graphs

Figures 4, 5, and 6 are plotted from data taken from the 6CL6 circuit.
A Q-meter (Boonton 160A) was resonated at a given frequency with its internal cap-
acitance. The Q was recorded. The negative capacity was placed in the circuit in
parallel with the internal capacitance. The Q meter was re-resonated at the same
frequency, and again the Q was recorded.

There are now three cases to consider. Either the Q is (1) higher with
T
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TABLE I

Component Values Used in the Basic Circuit of Fig. 3

Element 6CL6 Circuit 6AG5 Circuit

Ceo .002 pf .003 pf
Ca .01 uf .01 uf
Csy .5 uf .5 uf
C82 | 5 uf S uf
(1 - N)(R) 100. 180.
(M) (Rg) 400. 680.

Rko 100. 180.

Re 1000 3300.

R'L 1600. 10k

Ry 1600. 10k

Rgl 1 meg 1 meg

Rep | 1 meg 1 meg

Rs, 22k 82k

Rsy 22k 82k

gm‘ ' | 11 kp.mho 5 kumho

Cy 10-150ppuf 10-150ppLf

mica trimmer mica trimmer
Cy 10-150ept 10-150pLpf
mica trimmer mica trimmer

C o" Capacitancé between the plate of tube 2 and ground
Co' Capacif.a.nce between the plate of tube 1 and ground
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GRAPH OF G; VS. FREQUENCY WITH Cy AS A PARAMETER
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the negative capacity, (2) the same, or (3) it is lower.

In case one, power is being supplied by the negative capacity to the
_ Q-méter. The amount of negative conductance was determined by placing suitable
resistance in shunt with negative capacity so that the value of Q for the Q-meter
circuit was the same with and without the negative capacity. In case two, the
negative capacity neither supplies, nor absorbs power. This means the input con-~
ductance is zero. In case three, power from the Q-meter is being supplied to the
negative capacity. To determine this positive conductance, a resistor is shunted
across the Q-meter without the negative capacity in the circuit. The above pro-
cedure was repeated for different frequencies from .3 mc to the point where, de-
pending upon the value of Cp and Ck, oscillation could not be stopped with the
introduction of a reasonable amount of positive conductance (Eéloofzmho).

In Figs. 4 and 5 the data points were obtained from the nominal values
of the shunt resistors used. The range of possible error, indicated by the verti-
cal bars, was obtained from the resistor tolerance.

The dashed lines on the graphs are estimates of the behavior of the con-
ductance when no data were taken.

Figure 6 shows a plot of negativg capacitance as a function of frequency.
The negative capacity oscillates in the region to the right of the diagonal dashed
line.

In Figures 4 and 5 it is noticed that the conductance starts out pqsitive
and quite low, increﬁses to a maximum, and then goes negative very steeply_as the
frequency increases. With increasing C

k

ance maximum increases in magnitude and occurs at higher frequencies. This is to

, or decreasing Cn’ the positive conduct-

be expected from the analytical derivation of Yi (see Appendix B). The shape of

the C; vs. frequency curves is also predicted by this derivation.

12
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3.3 Summary of Results

Satisfactory operation was obtained only when the circuit was not over-
loaded., Although extensive data were not taken, the overload voltage appeared to
decrease as the frequency was increased. It also decreased as C, was increased.

Using the 6AGS circuit, the overload voltage at 2 mc had decreased to
1.9 volts rms for Cn = h%Huf, but to only 2.7 volts rms for C, = |Quut. This
circuit was used in conjunction with a one tube oscillator (Fig. 7) to investigate
the possible improvement in tuning range. So long as the oscillator tank voltage
was below the overload point, an improvement in tuning range was obtained up to
about 2.5 mec. Above this frequency, the negative capacity began to take control
of the frequency of the tank circuit, raising it to a scmewhat higher,frequency
(bl me).

Near a region where the negative capacity controls the oscillation,
increasing Cn first increases the frequency of oscillation (from#s2 towsl me
and upward) then causes it to oscillate at a much lower frequency (®.9 mc).

This indicates that as C, is increased the negative capacity first increases very
sharply (2 to 4 mc) and then ccntinues to increase more slowly. With a further
increase in C,, the input capacity becomes positive.

Limitations are imposed on the amoﬁnt of negative capacity that can be
added to the circuit. Frém Fig. 5 it is seen that increasing Ci negatively
(e.ge, Cn) lowers the frequency where negative conductance appears. For this
reason the amount of negative capacity added must be such that the total capacity
is large enough to resonate at a frequency below the negative conductance region.

Examples of this are given in the following datat

13
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C. C Measured
1 t Upper Frequency Limit
et JIaTE: (Megacycles)
"'20 Ll-h 1.8
"2)4 6,..[. ~ lc 5
=26 71 ~1l.h

where Ct is the tank capacitance, including strays.
When using Ci = ~20ppuf the tuning range can be extended from approxi-

mately 2:1 to 2.7¢1l as given in the following datar

C. C Measured
i t Resonant Frequency Tuning Ramge
ppt JT9ns s (Megacycles)
none Ll 1,26
2:1
none 18L .63
-20 iy 1.8 ,
2.721
=20 184 <67

The upper frequency limit for satisfactory operation could be raised by
employing (1) cathode peaking in the second tube, (2) lower plate loads, or (3)
shunt plate peaking.

3.4 Application to Dielectric Tuned Receivers

An application of the negative capacity might be realized in a dielec~

tric tuned receiver. Because the negative capacity's input voltage is limited it

cannot be used in the local oscillator, But in the rf and mixer stages, the nega-

tive capacity could be used to advantage., Fig. 8 shows the tuning curves of a

15
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FIG, 8

TUNING CURVES OF A DIELECTRIC TUNED RECEIVER
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dielectric tuned receiver. The local oscillator is designed to give a 600 kc
intermediate frequency. In this example, the tuning range without negative
capacity for the oscillator, rf and mixer stages is 2.25:1 for the maximum
allowable ferroelectric bias field. The desired frequency range of the receiver
is from 1 to 3 mc. The local oscillator can cover this range with no difficulby
because it tracks the mixer tuning unit at 0.6 mc above, therefore the maximum
range of the oscillator (1.6 to 3.6 mc.) is only 2.25:1. The rf and mixer stages
can cover only the range 1 to 2.25 mec, however., If a negative capacity of the
proper value is added to these stages, they will now tune from 1 to 3 mc giving

the required increase in tuning range of the entire receiver,

L. CONCLUSION

The negative capacity amplifier was found to operate satisfactorily

in a restricted frequency range below 3 mc., The upper frequency limit can be
raised somewhat with suitable circuit modifications.

Because the negative capacity element is capable of handling very small
input voltages it is limited to use in rf amplifiers and certain applications

in rf oscillators where it is not subjected to more than 3 or L volts (rms) of

alternating voltage.

17
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APPENDIX A

Approximation for Z;

Zi’ the input impedance with feedback is (as shown in the Eq. 4) depend-
end upon the output inpedance, the circuit gain and Cn'

However, if R is finite, Z; takes the form

7, = 2Cnt%) !
(1-4) (RX, + Z,)

where Zb is the output impedance of the amplifier and R, the dynamic input resis-

tance in the absence of feedback through Xn’ has the form

= 1 = ARg
" &(‘%ﬁ)u A-N(A-H) ©)

where N is the fraction from ground of the cathode resistor at the point of the Rg
connection, and Rg,é% and A are as previously defined.

In the circuit used, R = 5 megohms and, therefore, at least two orders
of magnitude larger than X or Z,. Therefore, Eq. 7 may be closely approximated
by

% =g ()

18
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APPENDIX B

In studying the input conductance as shown in Figs. 4 and 5 it is more
convenient to look at the input admittance rather than input impedance. The in-

put admittance is given by
i
Y, = (J——-—) JoC,, (See Fig. 9) (9)

€

Cn

.
—~

AMPLIFIER es

€
‘ F(p)

BLOCK DIAGRAM OF NEGATIVE CAPACITY AMPLIFIER

FIG. 9
) Y, = [F(e)-1] »C, (10)
where p = Jo and F(p) = -3 is a function of p to be found in the following
e

1
sections.

The input admittance will be calculated on a somewhat simplified version
(Fig. 9) of the circuit as given in Fig. 3. The tube transconductance, gm, is

modified by cathode degeneration to gm given approximately by

z B
gm oy 71 (11)

where Rk is the cathode resistor, and gm is the effective transconductance of the

tube in question assuming that the screen current is a small percentage of the
19
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total cathode current.

Replacing the loads and tubes of Fig.10 by admittances and current gen-
e;'ators we obtain Fig. 11, the equivalent current generator circuit. e; is the
input voltage to the first tube grid (no grid current is assumed to flow in either

tube). e, is the voltage across Y2 » Wwhich is the input to the second tube.

The second tube is replaced by a current generator 12 = e,gm, and e3 is
the output voltage.
ek is the voltage across Yk’ the cathode admittance.
The nodal equations at A, B, and K are as follows
= ]
e gm Gp (ea-ek) +Y, e, (12)
e gm, = Y3e3 + (':'rf(e3-ek (13)
= - L} - -
e,em, Gf(e3 ek) + GP (e2 ek) Yk(ek) (Lh)
e -gm1GrYp + gm1gmo(Ge+Yk)
solving for -2 = F -guGeG_ '
e e, ) GeY3(Gp' + Y2) + Y34Gr)Gp'Yo + Yi(Y3+Gr)(Gp'+Y2) P
(15)

Substituting the components for the complex admittances Yk’ Y., Y2 and factoring

powers of p we have

i é[ms;%+ Uy '-1] P (16)
where coefficients P, Q, R, S, T, and U are as follows:

P = gm [gma(cf +Gy) - GfG'L] (27)

Q =gn [gmeck-GfCO'] (18)

R = GsG30p + (G34G,)0 6" + G (G34G¢)G, - EmyGrGp' (19)

= ' *

where 62 Gp + GL
] "
and G3 Gp + GL

S = Gp(G,C," + GyCo") + G {co'(c.3+cf) +C"a, } (=)

0y (G3#Gp)C, ' + GyGaCo" + (G3+G7)GoCx
20
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SIMPLIFIED CIRCUIT OF NEGATIVE CAPACITY AMPLIFIER
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FIG. 11

EQUIVALENT CURRENT GENERATOR CIRCUIT OF FIGURE 8
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T

C"C'(G+G)+ Co"Gy +CC'(G )+GC"C' (21)
0 iy k0

U = CxC,"C," (22)

expanding F(p) in powers of p and substituting in Eq. 10

P (QR-—PS)S+PRT
Y, = pC [-— -l +*——1p - p2 + higher order] (23)
1 ? (R Ra { } terms in p

(§ -1) pC, is the negative capacity term

[(QR;;S ) P] pC, is a negative resistive term which depends upon 0.

The coefficient of p3 is another capacitive term and that of p’" another

resistive term, etc.

Plots of input conductance and capacitance based on Eq. 23 give curves
similar to Figs. 4, 5 and 6.

22
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