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ABSTRACT

A method for the making of non linear barium titanate
condénsers for auaio frequencies is described. Preliminary
measurements on these condensers are éiven.

An idealized theory for the behaviour of the non
linear condensers in a carrier amplifier circuit is developed.
A carrier amplifier built on this principle is described. A
theoretically possible power amplification for this amplifier
of 180 is derived. Experimental results obtained with the
carrier amplifier are given. A power amplification of 70 was
obtained.

Conclusions on the possible applications of non

linear condensers are drawn.
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CONSTRUCTION, THEORY AND APPLICATION OF NON LINEAR

TITANATE CONDENSERS

CHAPTER I

INTRODUCTION

A non linear cifcﬁit.elément is one whose inductance,
resistance, transconductance or capacitance is not a constant
but depends on the voltage applied. Such elements are all mixers,
i.e. if two voltages are applied to them then certain currents
flow which depénd simultaneously on both voltages. This property
of non linear circuit elements is widely used.

The magnetic amplifier which uses a non linear indué-
tance has been discussed theoreticelly and experimentally in many
papers (1,2,3,4).

The crystal rectifier or non linear resistance has been

widely used and thoroughly investigated as a high frequency m;xer
(5,6).

Note: The references are typical but not complete.

1. ZLamm, A.U. "The Transductor, D.C. presaturated Reactor®. Stock-
holm Esselte Aktiebolag 1943.

2. Boyajian, A. "Theory of D-C Excited Iron Core Reactors and Reg-
ulators®™. A.I.E.E.Trans, Vol.43, p.919, June 1924. Chicago,Ill.

3. Castellini, R.R. "The Magnetic Amplifier®, Proc.I.R.E., Vol.38,
No 2, pp 151-158. .Feb. 1950 New York.

4. Greene, W.E. ﬂApplications of Magnetic Amplifiers®. Electronics,
Sept. 19417.

5. Herold, E.W. "Frequency Mixing in Diodes". Proc.I.R.E., Vol.3l,
No 10, p 575, 0c¢t.1943, New York.

6. Torrey, H.C. and Whitmer, C.A. "Crystal Rectifiers". M.I.T.
Radlatlon Laboratory Serles. McGraw-Hill, New York, 1948.
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_ The non linear transconductance is universally used as
a modulator. |

The non linear capacitanée has not however had wide use
or theoretical treatment becausevnon linear condensers with'marked
non linear propeities hafe until recently been impossible to make.
But recently it has been found that some of the compqunds of
titanium, notably barium titanate (BaTiO}) are ferroelectric at
room temperature, i.e. a graph of charge against voltage for a
suitable condenser having BaTiO3 as dlelectric is not a straight
line but is a hysteresis loop, similar in shapé to a hysteresis
loop of a ferromegnetic material. A condenser of this type is
called a non linear condenser - its capacity is a function of the
voltage across it.

The physical theory for the marked dielectric behaviour
of some of the compounds of titﬁnium has received much recent
attention (7,8,9,10).

The research described in this thesis is on the use of

non linear condensers with BaTiO3 dielectrics, in circuits.

7. Von Hippel, A., Breckénridgé; R.G., Chesley;‘F;G;;-and'iaézio
Tisza. WHigh Dielectric Constant Ceramics"™. Ind. and Eng. Chem.
Vol.38. No 11. pp 1097-1109, Nov. 1946, Easton, Pa.

8. Jonker, G.H. and Van Santen, J.H. "Properties of Barium Titanate
in Connection with its Crystal Structure®, Science, Vol.109,
No 2843, pp 632-635, June 1949.

9. Kay, H.F. and Rhodes, R.G. "Barium Titenate Crystals®™. Nat.
Vol. 160 p 126. July 1947. London.

10. Wul, B.N. and Goldmen, I.M., "Dielectric Constent of Barium
Titanate as a Function of Strength of an Alternating Field,"
Compt. Rend. Acad. Sci. Vol.49, pp 177-180, Oct. 1945
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Dr. A. Van der Ziel, the director of the work, hsas
applied geﬁeral mixer theory to non linear condensers in an audio
carrier amplifier circuit(ll)’end in a high frequency (10 mega-
cycles) mixer circuit (12). 'Very little published experimental
work on non linear condensers in circuits was found. Donley (13)
did some qualitative experiments on non linear condensers, with
BaTiO3 and SrTi03 dielectrics, of less than 100 mmfds in a fre-
quency tripling circuit, a mixer at 20 megacypgles, and a frequency
modulator at 40 megacycles, but his results could not be used to
check Van der Ziel's theory.

The primery_object of this research was to build the
circuits theoretically analysed by Van der Ziel in order to check
experimentally his analysis in detail, and to revise it if necessary.

The secondary purpose was to evaluate the usefulness of
non linear condensers in these and other circuits. |

There follows a brief summary of the work done:

Non linear condensers suitable for use in audio frequency
circuits were developed. First results showed that the condensers
made were more suitaeble for experimental measurements in a slightly

different amplifying circuit to that analysed by Van der Ziel. An

11. Ven der Ziel, A. Report to Defense Research Board of Canada.‘
University of British Columbia. Jan. 1949.

12. Van der Ziel, A. %"On the Mixing Properties of Non Linear
Condensers®, Jour. App. Phys. Vol. 19, No 11, pp 999-1006,
Nov. 1948. Lancaster, Pa,

13. Donley, H.L., "Effect of Field Strength on Dielectric
Properties of Barium Strontium Titanate"., R.C.A. Rev.
Vol. VIII, No 3, pp 539-553, Princeton, New Jersey, Sept. 1947.
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adaption df his theofy was made and the conclusions of the theory
thus changed have been checked experimentally with good but not
complete agreement. An account of the main audio.frequency pro-
perties of these non linear condensers is now possible.

No measurements have been done on the high frequency
mixer, although the c¢ircuit was roughly built, but the results of
the work at low frequencies should greatly assist work at high

frequencies.,

CHAPTER IT

MAKING OF NON LINEAR CONDENSERS FOR AUDIOC FREQUENCIES

At the begimning of the work it was known that BaTi03
properly prepared has a marked hysteresis loop at 4800 volts per
cme (14) The problem was to use this knowledge to make a condenser
of capacity large enough for audio circuits (.001 to .0l mfds),
showing marked hon linearity at voltages not exceeding 300v A.C.,
having a breakdown voltage at least above the voltage at which
non linéarity was markei; and having some means of removing the
heat éenerated by hysteresis losses.

| The preparation developed for condensers satisfying
these réquirements has three main stages:
l. Preparation of a Sample of Bulk Dieléctric
The method used was very similar to that used by Von

14. See Ref. 7.
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Hippel and his co-workers (15) with a few minor changes.

Barium titanate in dry powder form (obtained from
Titanium Alloy Manufacturing Co.) was pressed in a 1/2" diam.
press at 60000 1bs/sq.in. to a thickness of about .5 mm. The
discs were then placed on platinum foil in an alundum crucible
and passed through the following temperature c¢ycle in a high
temperature furnace:

An increase of 100°C per hour for nearly 13-1/2 hours
to a temperature of 1350°C.

A cdnstantAtemperature of 1350°C for 6 hours.

A decrease in temperature at the cooling rate of the
furnace. (The furnace took 36 hours to cool from 1350°C to room
temperature).

Afﬁer'the sintering cycle the dielectric was a hard
yellow brown, brittle disc which had shrunk about 20% of itsv
original size. The rurnace used (diag.l) was made at the begin-
ning of the work and was controlled with>a Wheelco Chronatrol
Potentiotrol Model 23241, which controlled the power through a
Superior Electric Co. Powerstat No 1156. A disc which may be cut
for any 24 hour temperature cycle 1s the master control for the
Potentiotrol which controls the temperature inside the furnace to
about 59C. It was found necessary to plot the relation between
temperature at the sample and that given by the furnace thermo-
couple since these are not physically at the same place. A block
diagram of the furnace and control is given in diagram 2.

2. Grinding the dielectric to 0.l mm,

15. See Ref. 7.
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To reduce the voltage necessary for marked non-
linearity, to reduce the hysteresis losses, and to increase the
capacity, as thin a dielectric as possible is required.

The technique used was borrowed from geologists who used
it to prepare thin rock samples.

One side of the sintered disc was ground flat on a glass
plate with carborundum and water and then polished on another glass
plate with aluminum oxide and water. A thin film of beeswax was
melted on the flat side of the disc and allowed to harden. Grind-
ing of the flat side was repeated. Particles of carborundum became
embedded in the wax which was forced into tiny depressions on the
surface of the disc. Grinding was eontinued until all wax except
that in the depressions had been removed, final removal of the
wax belng done on aluminum oxide. A coat of Dupont Conductive
Coating No 4351 silver electrode paint was applied to the whole
flat surface and allowed to dry. The disc was heated to 600°C,
held there for 10 minutes, and allowed to cool. This operation
fired the electrode to the dielectric. The wax technique was
introduced to plug tiny holes in the dielectric to prevent flow
of wet silver paint into them.

The disc was next mounted silvered side down with warm
Canada balsam on a 1" x 2" glass microscope slide and the dielect-
ric ground down and polished until thickness was .lmm. The waxing
procedure was repeated and the upper electrode applied to the disc
while still on the slide. This electrode was applied in 6 triangles
(diag.3) from which 6 condensers were made. This made a semi-

variablé condenser from the whole disc and permitted a broken down



section to be removed.

After the s&lver paint was dry the disc was carefully
removed by heating from its mount, éooled, and dipped in benzene
to remove the Cénada balsam and the upper electrode fired as
before.

Mechanically the disc could have been ground to .03 mm.
and still handled without breakage bﬁt it was found that 1f the
discs were thinner than .1 mm. electrical breakdown had either
occurred before any voltage was applied or did occur at low volt-
ages for a‘large percentage of the condensers made. This break-
down was attributed to tiny holes and flaws in the dielectric into
which the electrode paint flowed or which in some other way caused
breakdown. The waxing technique reduced the limiting thickness
from .2 mm. to .1 mm.

In an effort to further reduce the limiting thickness
electrodes of tin foil and gold were tried without success. A
search of the literature yielded a paper by Howatt and co-workers
(16) on the fabrication of thin ceramic sheets for capacitors. In
thié_paper a method was givenAfor making sheets of minimum thickness
.15 mm. having a breakdown voltage for BaTiOz of about four times
that found in the above condensers. Their method included in the
original mix before sintering bonding materials to remove flaws
in the final product. Their method however was complex and required
skill. It was decided therefore to obtain whatever results could

be obtained with the present technique before combining the two

"Fabrication of Thin Ceramic Sheets for Capacitors®, Jour.
Am. Ger. SOC., VOl.BO, pp 237-242, 19470
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techniques. The combination it is thought would realize the
mechanical limit of .03 mm. for the above mentioned discs.

Another method tried to plug the holes was to separate
by the thin disc without electrodes two liquids which formed a
precipitate as they met in the holes of the dielectric. Thig
method was used successfully with CaCO03 but its breakdown voltage
is not sufficiently high above that obtained by the waxing method.
It is thought that this method could be developed if a material
with a high breakdown value and which could be easily precipitated
could be found.
3. Attachment of Leads and mounting of Condensers.

| The condensers were mounted on a small copper block

1-1/8" x 1/2" x 3/16" with two countersunk holes 7/8" apart. A
sheet‘of tin foil was placed on the block and the disc, the oxide
on the silver coat having been removed with emery, placed on the
tin foil with the divided electrode side up. A thin copper wire
with a little tin foil wrapped on the end was placed on each upper
electrode. The whole was heated until the tin melted and sealed
the disc¢ to the block and a lead to each upper electrode. Solder
may not replace tin in this operation because solder tends to
dissolve the silver electrode. DBeeswax was melted to the upper
electrode to seal the leads. (diag. 4 for detalls) When a con-
denser is to be uged it is screwed to a solid copper (diag.5) whieh
may be put in a beaker of water for cooling.

A summary of the properties of an average condenser of

this type is now given:



o

Thickness .l mm.

Area of dielectric used approximately .6 sq.cms.

Expected breakdown 250v A.C. R.M.S.

Recommended Max. Operating Volts 150v A.C. R.M.S.

Expected total capacity of 6 séctions at low

voltage .008 mfd.

Temperature rise caused by hysteresis heating very

small on copper mount and bése. If copper base is not

used hysteresis heating causes temperature of dielectriec

to rise above 1209C (Curie Point for BaTiO3) and all non

linear properties are lost.

Voltage necessary for marked non linearity 80v A.C. R.M.S.

These properties satisfied all the requirements and it
was decided to proceed with testing before an attempt to improve
these condensers was made. It was origlnally planned to test con-
densers made of various titanate compositions but time has not

permitted this to be done.

CHAPTER ITT

THE HYSTERESIS LOOP AND BASIC EQUATION OF
THE NON LINEAR CONDENSER |

1. The hysteresis iooﬁ.

The hysteresis loops of the condensers made wefe observed
at different A.C. and D.C. voltages across the condensers in Sawyer

and Tower's circuit (17) with a biassing addition (diag 6). Full

17. Sawyer,C.B. and Tower,C.H. "Rochelle Salt as a Dielectric" Phys.
Rev. Vol.35 No 3 pp 269-273 Feb. 1930. Minneapolis, Minn.
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sized trﬁcings from the scope f&ce are given in diagram 7 for a
typical specimen at 60 c.p.s. 60 c.p.s. was used for convenience,
The approximate hysteresis loss for a given»loop was

calculated as follows:

Let V be the D.C. Voltage required_across the vertical plate
terminals to move the spot 1 inch. |

Let H be the correspbnding horizontal voltage.

It is assumed that all the applied voltage appears across
N.L.C. | |

Y ) .
ee 1% Vertical deflection means VC = V. coulombs on N.L.C.
: 0

1" Horizontal deflection means H(R1 + Rp) = 20 H volts
“Ro across N.L.C.

Now V = 27, H = 54
ee 1 8q.in. of scope face corresponds to

(20H)(V) = (20)(54)(27) = 2.9 Joules.

Consider the loop at 150v A.C. 0 Bias.

Measured area = .252 sq.ins.

o» Energy Loss per cycle = 0w252)§2.2; joules.
103)

At 60 ¢c.p.s. Power Loss = (.252)%2. ;(EO)A;j.O45.Watts;
10

At 10000 c.p.s. Power Loss = (.252)(g;%)(1oooo) = 7.5 watts.
(102) - |

This latter calculation has aésumed the hysteresis loop
has the seme area at 10000 c¢.p.s. as at 60 c.p.s. This was found
to be nearly true (diag.8). Thus 7.5 watts is approximately the
power to be dissipated in such a condenser if it is to be run at
150 v 10000 c.p.s. This power must be supplied by the carrier of

the carrier amplifier.
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2. Basic Equation of the Non Linear Condenser.

The problem is to place the information contained in the
given hysteresis loops in an equation which can be used to calculate
the performance of the condensers in circuits. The problem will |
be solved if an expression for the current flowing in a non linear
condenser can be written as a function of the voltage across it.
Without bias the hysteresis loops are symmetrical about the horizon-
tal axis. Hence the current flowing if a sine wave of voltage is
applied will contain only odd harmonies.

The non linear condenser without bias is represented by
a condenser C* in parallel with a resistor R* (dlag. 9).

C* has an equation:

Q =8V + VD + V5 tiririrenreccascnsnsasssssanenasll)

I,= adV + 3bV24V + 50744V
av at at

R* has an equation:
Ip = AV + €V3 + 277 tiiiivierniirnnecocaneencneness(2)
where a,b,c,d,e,f ... are functions of the maximum value of A.C.
Voltage (Vmax) applied to the condenser. a,b,¢ are slightly
dependent on frequency and 4,e,f are strongly dependent on frquency.
Thus total current into condensers is .

T = adV + 3bV2AV + 5cV4AV + aV + V2 + £70.0eeiverecnncessncanel3)
_ at at at

The coefficients a,b,c,d, etc. could be found by an expansion of
(3) into fundamental and harmonic currents for a sine wave of
applied voltage and a Fourier analysis of an observed current wave.

The exact solution of the problem inwvolves tedious experimental



- EQUIVALENT CIReUIT

- OF

NON-LINEAR CONDENSER

 WITHOUT BILAS

N.L.C.

© Facing Page 1



] Dee

and theoretical work.
In the theory developed in the present research ( 3)
has been approximated to: )

I=&dv+ Bbvzdv ..0.0.0...0.000.000.0.00000..00..0'0(4)
dat at

where a and b are functions of Vmax.

The neglection of 4V represents a serious quantitative error in
the theory but nbt a seribus qualitative error. The present work
was concerned in the main with the qualitétive results of (4).

Thus the model used of the non linear condenser consists
of a non linear capacity with the equation:

Q = av + bv>
where b must be negative from the shape of the hysteresis loop.

If a bias is applied to the condenser even power terms
are also introduced into ( 3) and even harmonic currents flow. If
the shape of the hysteresis loop can be altered until it is almost
rectangular as has been done with ferromagnetics, then with suitable
bias the model of non linear condenser could be altered to a capac-
ity with the eéuation:

Q = aV + bV2
I = adV + 2bV%% ...............................(5)
Thls was the model used by Van der Ziel in his two papers (18) and
(19)
Since the condensers which had been made were more

readily represented by (4) than by (5) even with large bias, it

18. See Ref. 1l.
19. See Ref. 1l2.
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was decided to work out Van der Ziel's theory using (4) rather

than (5)and attempt to build a carriér amplifier vased on (4).

This théoretical and experimental work will be described later.
The measurements for the calculation of the coeffiecients

a and b in (4) as functions of Vggx at 9000 c.p.s. will next be

| given. This frequency was chosen as the carrier frequency rather

than lQ,OOO Cc.D+S. because some of the parts for the carrier

~amplifier tuned more readily to 9000 c.p.S.

CHAPTER IV

DETERMINATION OF COEFFICIENTS IN BASIC EQL'TION

1. Derivation of Equations far Coefficlents.

The coefficients a and b eould be found by the general
method mentioned above but the method given below 1s somewhat
simpler. 1 |

The neglection of condenser losses in (4) will not
affect the validity of the calculations for a and b since these
are concerned only with capacitive currents (provided 4 is con=-
stant). '
| If a voltage Vsin wt is applied. to the non linear con-

denser the'resulting current is:

I(t) = a aV(t) + 3 v(t))2 av(t
a ( ) 3b ( "‘é%l

= waVeos wt + 3/4 bwV’cos wt - 3/4 bwiDcos3wWhe..(6)

Since only fundemental and 3rd hermonic currents are present a and
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b can be determined in terms of fundamentel and 3rd harmonic
currents in a suitable circuit. An ideal circuit would have a
generator of Vsin wt with zero impedance to 3rd harmonic. }This
is difficult to make but an approximation to it (diag 10) was
constructed. The equivalent circuit from which calculations are
made is given in diagram 1l.
Voltage applied to non linear condenser is:
Vsin wt + V3 Sin (3wt + #)
. Where V3 << V .

- Substitution of this voltage into
I(t) = adV(t) + 3b (V(t))2 av(t)

gives currents at fundamental and 3rd harmonic.
Main terms at fundamental frequency are:

I,(t) = waVcos wt + 3/4 bw Vicos wt
Main terms at 3rd harmonic frequency are:

Iz(t) = 3aw V3 cos (3wt + g) - 2§WV3 cos 3wt

In complex notation:

Il = j (Wa.v + 3/4' bW VB)..................o......-o..o..co(7)
Iz =] (3aw Vz = 3/4 bw ve v) |

but I 3 = -V3
®

oe ﬂ‘: j(}aw V3 - 3/4 bw V'2 v“)ooooooo’;oooooooooooooooocoooo(s)
where V = VedWb, V3 = v3ej(3wt+¢), Vvt = Veldwt |
B‘rom(’]) 'Il|=WaV+3/4 bWV3 oooooooooooo.o00000000000-00(71)

From (8) it can be shown that:

1+ 9a2wlRr =§F R fw

AN ¢-3
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(71) and (9} may now be solved simultaneously to give:

(Becausé V3‘¢<V some expressions have been eliminated)

a = n‘-"sj-nz- 4mt)

— o
weRr2y2
n= 2I]_R2WV

® OO B 60000 OO O OO SO OO SO O NS SN 000000.0(10)

where m

St Wt Wounss” gt Wpust? Wzt Nau?

q

b =-q 2 ; 2+ 4pr

) 20208
where p = 9 WeR23V
] %F ooooooooooo.oo(ll)

!

N
)
)
)......O‘C.......
q=2 wR2V3 I,V? ;
)
)

r = V522 + 91, 2 v, %R°
(10) and (11) are the required expressions for a and b in terms
of quantities whose measurement next will be described. When the
measured gquantities were substituted in these expréssions one of
the two possible values for a and b was eliminated because b had
to be negative.

All values appearing in the above equations are peak
values. Volts, Amps, Ohms were used.

Since the flow of fundamental current in the above cal-
culations is independent of V3 the fundamental current may be
measured in a separate circuit to that shown above. This was done.

The following measurements were done on a tYpical con-
denser of capacity that desired for the carrier amplifier (.0045mfd).
2. Measurement of 3rd Harmonmic Current flowing in a non linear

condenser with varying Fundamental Voltage.

Diagram 10 gives the circuit used.
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The circuit was tuned tb parallel resonance at
fundamental frequency by cl.

The voltage at Z was observed on a calibrated oscillo-
scope which was part of the tunea circuit, a correction'made for
the presence of the fundamental and the 3rd harmonic current (13)
through the series tuned circuit calculated. A typical wave form
" observed at Z is shown in diegrem 12 with the harmonic composition
assigned to it. The peak deflection was observed and converted
to volts. One half of the peak fundamental voltage calculated at
% was subtracted and the remaining voltage'converted to R.M.S.
value. Division by the reactance of the coil gave the required
value of 3rd harmonic current.

Example: R.M.S. Volts at B at 9000 c.p.s. = 70
Oscilloscope Sensitivity = 44 Volts per inch.
Max Observed Deflection = 1/2 Total Deflection
on Scope = 1.6 ins.
Peak Voltage = (1.6)(44) = 70.4 volts
‘Calculated fundamenfal peak voltage across coil
=(l)(70)(1.4l4) = 12.4 volts
Peak(ogs. - 1/2 peak fundamental = Peak
 3rd Har. = 64.2 volts
R.M.S. 3rd Har. Current =

= 9,6 m-as
The results for voltages at E from 0 to 150 are given with the

results of the next sections in diagram 15.
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3., Measurement of Fundamental current flowing in non linear
condenser with varying Fundamental voltage.:

Diagram 13 gives the circuit.

The Voltages at E and Y were observed on a Cossor
double beam oscéilloscope and the capacitive and resistance com-
ponents of fundamental current flowing in the non linear conden-
ser calculated from the vector diagram 14.

Example: R.M.S. Volts at E at 9000 c.p.s. = 70

@ from double beam oscilloscope = 27.5°

Vy = 18.0 v

I = (Vy)(wc) = 30,6 m-as

Let V) = Vg - (Vy) cos & = 70 - 18 cos 27.5 = 54.0

Vo = (Vy) Sin & = 18 sin 27.5 = 8.3

Tan § = V2 = 8.3 = .1537
MR

g =8.7°

Y=90 -0 -¢=53.8°
Resistive Current Iy = I cosV = (30.6)(.59) = 18,1 m-as
'Capacitive Current-Ic =T sin\k= (30.6)(.807) = 24,7 m-as
Voltage across condenser = V, cosec @ = ‘iér = 55 volts

The results from these observations and calculations
are given in diagram 16. The values of capacity and resistance
Tor the non linear condenser are shown in diagram 17. It can be
seen that the neglection of the condenser resistance will intro-
duce a serious quantitative error in the theory. Further at low
voltages this resistance is non linear and will introduce a further

error.
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4, Calculation of a and b.

The data for the calculation of a and b from formulas
(10) and (11) has now been assembled.

The constants used are given here:

w = (5.65)(10%)

w2 = (3.2)(109)
R =28
V3 = I3R

I, I3, V, are taken from diagrams 15 and 16 and converted to peak
valués.

The values of a and b for voltages from O to 120 at
9000 c.p.s. are given in diagram 18.

Addition to Chapter IV.

The following two sections are added to Chapter IV
because they are off the main line of theoretical and experimental
results discussed in this thesié but are most closely conﬁected to
the discussion of Chapter IV and should not be omitted.

5. Audio Oscillator end Power Amplifier. |

This unit was designed as the source of the carrier for
the carrier amplifier. It has a push pull output capable of
delivering 18 watts and is veriable from 5000 c¢.p.s8. to 15000 c.p.s.
Since it is a standard oscillator and amplifier its design will not
be discussed. Circult is given in diagram 19. One half of the
output was used for measurements described in sections 2 and 3 of
this chapter.

6. Measurement of 2nd Harmonic current flowing in biassed non

linear condensers.
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After it had been decided to build an amplifier based
on equatibn (4) this measurement assumed secondary importance
since it would have been the decisive measurement of an amplifier
based on equation (5).

Both sides-or the push pull output of the audio amp-
lifier were used in the circuit of diagram 20. The two condensers
were matched as closely as was possible in the group of condensers
available and placed in series from plate to plate of the 6L6S.
Adjustment of R and C balanced the condensers with respect to the
fundamental and the fundamental current flowing through series
tuned c¢ircuit 1 could be reduced to zero. 3rd harmonic current
flowing from X to ground could not also be matched with respéct
to the 3rd harmoniec.

The voltage E to D was held fixed during the experiment
at 200v R.M.S. at 9000 c.p.s. and the voltage B to ground observed
for each value of bias on the condensers. The 2nd harmonic current
from both condensers flowed through circuit 2 and could be cal-
culated when the voltage at B was known. The circuit had to be -
retuned for each bias setting. The results are given in diagram
21.

| The non coincidence of the curves for increasing and
decreasing bias is not considered significant. It may be caused
by slight permanent electrification. .The small residual 2nd
harmonic current at zero bias had a 90° phase shift to the current
resulting from biassed condensers and was partly caused by de-
tuning of the main circuit (this point is.not yet understood) and

partly by a small amount of D.C. rectification in the condensers.
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The condensers were found to have a D.C. resistance of about

5 Megohms and to give 1 microamp of D.C. rectified current when
100v A.C. was across them at 9000 c.p.s. The residual 2nd
harmonic current at zero bias. was however small and was not

further investigated.

CHAPTER V

THEORY OF A DIELECTRIC CARRIER AMPLIFIER

The theory given follows the pattern 6f-Van der Ziel's
analysis (20) but is applied to a condenser having: '
| Q = aV + bv3
rather than Q = aVl + bV2
1. Principle of Amplification
A large voltage at high frequency (eng freq. w) end a
small voltage at low frequency (ang freq. p) are applied to a
non linear condenser of the type described above.n Currents of
frequency 2w + p and 2w -~ p flow. The potential power contained
in these side bands is greater than the low frequency input power.
The potential power amplification may be realized in a suitable
circuit by the addition of a small current at angular frequency
2w at the correct phase and the detection of the resulting mod-
ulated signal. Some of the carrier power has been transferred
to the low frequency signal.

2. Derivation of the currents flowing when two signals are

applied to a non linear condenser.

20. See Ref.ll.
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Let V Sin wt and P Sin pt (V>>P, w>>p)

be applied to a non linear condenser having
I(t) = a avst) + 3b(V(+))2 av(t)
_ at . . —at.
In this case V(t) = V Sin wt + P Sin pt
By substitution it can be shown that:
I(t) = aw V cos wt + ap P cos pt + 3b %;'_WV3 cos wt +
wP2V cos wt MEWVS cos 3wt - wV2P cos (2w + p)t
—_f- i T2
- p cos (2w + p)t + wV2P cos (2w - p)t - 2 cos( 2w-p)®

- WPZV cos (w + 2p)t - pVP2 cos(w + 213)t - wPZV cos(w=2p)t
. , 3 5 '

+ pVP2 cos (w - 2p)t + pPV2 cos pt + pP3 cos pt
5 5 %“ .
P> cos 3p1j

Of these the mixed currents of greatest' size are:

3b[-wV2P cos{2w + p)t - pPV2 cos(ow + p)tb
[ Tl
+ WV2P cos(2w - p)t - 2PV2 cds(2w - p)t
2 4 : ]

Since w>>p these become approximately:

3b(-WV2P cos (2w + p)t + wv2pP cos(ow - p)t) ceesseeall?)
These are the currents upon th:oh ;Ep;l.-ification 1s based. Since
they are independent of the sign of V a balanced cirpuit may be
designed where the high frequency is applied to the condensers in
push pull, the low frequency in parallel, and the ée output currents
“fed into a load in parallel. The high frequency may thus be
eliminated from the output circuit. The equivalent circuit of

such a carrier amplifier is given in diagram 22.
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3, Analysis of Carrier Amplifier Equivalent Circuilt.
(1) Assumptions made in circuit:
(a) The non linear condensers are identlcal. Hence no
“ fundamental or 3rd hermoniec currepts flow from A to B.

(b) The 2nd harmonic impedance between A and B is Ry+jawl,

" and between B and E and B and D is Rp. The low freqﬁency
vimpedance between A and B is high and capacitive (it will
be considered infinite) and between B and E and B and D
is low (it will be considered zero)

(e¢) The low frequencyngenerator presenfé a high impedance to
2nd hermonic and no side band currents flow into the low
frequency generator.

(d) Both generators have zero internal impedance. Matching
of practical generators will be considered later after
the‘impedance‘seen by the ideal generators have been found.

(e) The 3rd harmonic voltage from D to E is neglected.

(2) Circuit Voltages.

Across either non linear condenser there are six main

voltages. (V>>P, w>>P) | complex form
1. VSinwt . V = Velwt
2. P sin(pt +]r) P = PeJ(pt +Wr)
3. ViSin((2w + p)t + ¢) Vi= vyedl(2w + p)t + &)
4. Vilsin((2w - p)t + o) v,1= vyledl( 2w = p)t + §1)
5. VZSin((aw + D)t + @) Vo= Toed((2w + D)t + 0)
6. Volsin((ow - p)t + ol) Vol= Vole((2w - p)t + 61)

(3) Derivation of Mixed Currents.

These are applied to a condenser havings:
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I =a av + 3bV2 4av
at at

From the first term the currents in complex form are:

ja(wV + pf + (2w + p)(Vy + Vo) + (2w - p)(Vll + Vg )} ceeeeacee(l3)
From the second term-the mainfcurrents iﬁ trigonometric form are:
(Vy,Vp, V11,7t << V)

2bfwV3 cos wt = wV3 ébs‘}wt

+ EEVZ cos (pt +'*‘) + WVZ'EP cos ((2w = P)t ""k)

+ wV2V1 cos (pt + @) + wvzvi cos (pt - ¢l),+ w%??g cos (pt + @)

+ wV2V21 cos(pt - 61) + (2w + 2)v1v2 cos((2w+p)t+¢) - (2w+2)v1V2cos(pt
2 B)V V cos((2w - plt + ¢l) - ( E)Vi V cos (pt - ¢l)
+ ( 2)V2V2 cos{( 2w + p)t + e) - 2/ R)VQVZ cos (pt + 9)

Collecting all currents of angular frequency ? from both terms and
using complex notation:

+
Ip = japP + §3b,V2 (2P + MR bl A 23 TR € 79

where V;* = v,ed(pt+f)
v2+ = vze{(pt+e)
Vll++= vllej(pt"él)

v tta voled! pt-81)
Similarly for angular frequency 2w+pP:

Tow+p énja(zw + PV +V2) + ] %.bVZ(dwF* + (2w + p)(Vy + V2)).5.(15)



where P+ = Pej((2W + plt +\V)
For angular frequency 2w - b
Igw-p = jal2w-p)(V;14751) j%bvz(wPW +( 2w=p)(V114751))... .. .(26)

where Pl++ = peJ{(2w-p)t-VY)
(4) Derivation of output Power.

From circuit:
vy = -I1(Ry + 2jwil) g
Vo = =IoRp )
v, = -2I5(Ry + 2jwly) ;

oooooodoo.oooooo0000000(17)

Since I; = 2Ip because circult is balanced
Substitution of (17) into (15) with the assumption
ow + P = 2w yields the equation for I, at 2w + P

Ip = =i 3 bw_VZ Pp*
v 21T - 4wl (2a + 3b’V’2) + JW(2Ry + R2)(2 a+3WE).7(18)

If the absolute value of Ip is to be a maximum then:
1 - 4w2y(2a + 36V2) = 0
oWl = 1 |
2w(2843bV2) * seiecenersescecsacscrssacconasas(l9)
If (19) be used in (18)

Io= = 3Db V2Pt
2(231+R2)(2a+3bv2) oooooooooooooooooooc-oo0000(m)

Similarly for Ip at 2w - p i.e. Iot

121 = 3p V2 plt++
| 2( 2R1+R2)( 2a+3bV2)

The maximum possible power avaiiable from both side band
frequencies for an input voltage P in R] and both R2 can be
calculated to be:



Po = '9b2 v4 P2 V.d.oo).ooooooooooooooooo’oo(22)
2( 2R1+R2)( 2a+3bV2)2

I, and Ipl have been converted to R.M.S. for this derivation.
(22) gives the maximum possible power available for reconversion
to éngumar frequency P.

| O0f this power the amount available in R; is:

P= 9p2P2V4R) |
( 2R1+R5) & 26+3bV2) 2"

ooooooo.ooonoo000000000000‘23)

This is the practiéally usefﬁl output power.
(5) Derivation of Input Currents.
~ From (2) Ip = -xP*

where x = 3pVe .
2( 2R1+Ro}( 2a+3bV2)

From (21) Iyl = x Pl*+
Thus ~ I; = 2Ip = -2xP*
ill = 2Iol = 2xplt+
From (17) V, = xR Pt
TV, = —x RgPl++

Vi = 2x(Rl + 2ijl)P+
Vil = -2x(Ry + 2jwL,)Plt+
From this it can be shown that:

Vot = xRgP !
Vol*t = “xRoP )

N ) ceccecesencanea24)
Vi = 2x(Ry+2jwl; )P g
)

Vi1** = <2x(Ry+2jwly )P

Substitution of (24) into (14) yields:
Ip = P(j(ap+% bV2p) -] %bpvzx( 2R] + Ro + 4 jwLy))



(6)

(7)

This is the low frequency current supplied to one condenser
onlj. For both condensers this must be multiplied by 2.
Substituting for x gives:

Ip = 2Ip = P(Jp(2a+3bV2) - j9p2pV4( 2Ry +Ro+4 jwll))
-2( 2R +R2)( 2a+3bV2) )

When Iq is resolved into its real and imaginary components
there results the low frequency resistive and capacitive
input currents: ((19) is used)

q: ZPb2pv4 A v »ooo.cooooooooo'ooo-ooooooo(25)
2w( 2Ry +Rg)}( 2a+3bV2) 2

Te = P(§p(2a+35¥2) =5 9 b2 D VA ) .iiiiiineinennnaa(26)
N 2( 2a+3bV2) )

Derivation of Power Gain

From (25) the low frequency input power is:
Pr = 9 b2 p2, v

4vi( 2RI +Rs)( 2a+3bV2) 2

.oooooo00000000000000000000(27)
Division of (22) vy (27) gives the maximum possible power gain:

G' = Po ='2w. ovoooooo-o-ooo.oqooooooooocooooiooo(28)
B -

(28) 15 £he eﬁd reéﬁlt of the theary. It gives the maximum
possible power gain under ideal conditions for this type of
amplifier. It can be shown that the power gain but not power
input or output is independent of the tuning condition (19)

In the amplifier to be described in the next chapter w= 90
D

Thus maximum possible power gain = 180

Discussion of the theory.
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The theory as given yields the following conclusions:

If most of the output power is to be ﬁsed in Ry and not
in R, then Rp must be as small as possible relative to Ryj. If a
large outﬁut powef is desired Ry anleg must be small from (22) but
~for a given Rp there is a value of R} wheré a maximum of power is
used in Rj.

The low frequency input capac1t1ve current given by (26)
shows that it is not effected by the output clrcult.
| The low frequency input re31st1ve current is strongly
effected by the output circuit. As the output power increases
so does the inputﬁgower. Thus inpuf circult matéhing depends~bn
the output circuif. The impedances seen by the low fregquency
generator arevgiven'by (25) and (26iiand a practical generator
 must be matched to these. " o

The high frequency generatbr sees a capééipive impedancé
which can be found from the first term of (13) end the first term
of the follow?ng expansion. It also sees a small resistivé com-
poneht-since it must supply the powér for‘the poWef'gain.
4., Qualitative Effects of Inclusioh of‘CondenSer Losses in

Amplifier Equivalent Circuit. |

A complete analysis could be»@one with the non linear condenSérs
in section 3 of this chapter,shunted'by appropriate resistors.
Such an ahalysis is quantitatively-ﬁore complete than~that glwven
above but does not bring forward resﬁlts_which cannot be predicte@f
-quaiitAtively by'a simple discussion of the circﬁit; The theor-
etical pieture is further complicated by the non lineafity of the

résistors at low voltages (diag 17}.



~28~

The following general donclusions about the inelusion
of Qondenséf losses"aré drawn. |
Sincé_the cuf}ents flowing}through the Shunting resistors
flow.thfough 1, the tuning condition (19} will be altered.
o The 1ow frequency signal inbutﬂimpedance will contain
an additional resisti?e,element representing the eﬂérgy fed by
the low frequeﬁcy generator‘to hysteresis losses. If the greatest
power gain is to be achieved this input power must be small
relative to the input power of (27): Hehce R; and therefore R2
should be as smali as possible but given’Rg, Ry must not fall
below a certain value. |
The high frequency input signal will have to supply
qonsiderably more power than indicated by the idealized théofy.
‘It must supply the hystéresis losses for the.high frequency high
voltage signal. These can be éalculated from diagram 17.
Losses in condenser hysteresis at side band frequencies‘
will also reduce the power gain-achievabie.in prac?ise. _ |
The above the&ry'apd conclusions Weré checked in an

amplifier which was @ physical realizafion~of'diagram 22.

CHAPTER VI

EXPERTMENTAL RESULTS FROM CARRTER AMPLIFIER
1. Circuit. ' ‘
The‘éircuit was similar tO'thatvused for measurement

of 2nd harmonic current and is given in diagram 23. As before



~-29=

the non linear condensers were balanced with respect to fund-
amental by R and C. Unless otherwise stated the following
setting up procedure was used in tests on the amplifier:

The high frequency was tuned ﬁo 9060 CeDsSe and the
low frequency to 100 c.p.s. |

‘The circuit was tuned with et.:

The condensers were matched until the voltage at Y was
a minimum. ‘

Circuit 2 was tuned until side band current was a
maximum,

Since all these adjustments are not independent they
were repeated until all held simultaneously. | |

About 1/2 hour warm-up tine was required for conditions
in fhe circuit td stabilize. OSince non linear condensers are.highly
voltdge sensitive fluctuetionsnin,line voltage were always obser- |
vable but were not sufficient to necessitate use of voltage
regulated supplies.
2. Measurement of Qutput Power.

© The measurement of sideband current or output power -

-was done_as follows:n | |

A calibrated'osciiloscope was'placed frem'B to ground.
When,the circuit was operating'tne‘side bands were obéerved. The
condensers were biassed to a few volts until a little less than
lQO per eent modulation existed. - a |

(Theory quickly shows that biASSing does produce 2nd

harmonic in the correct phase to give a normal modulated signal.
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If in thé expansion Q = f(v) for a non ;inear condenser there is
a term proportiqnal to V2Aaﬁd V Sin wt is applied thén the 2nd
harmonic current has the phase Sin 2 wt. From eqﬁation (12) the
sideband currents have the phase * cos (2w 3 p)t. This is the
correct phase relation}. o

A sketch of é typicél'waveform at B is given in diagram
24. The distance x wés measured and convérted to volts. From
“the theory of an amplitude modulated s1gnal one quarter of this
~voltage is due to one sideband. The current at one sideband is
readlly calculated by the d1v1s1on of this voltage by the imped-
ance from B to ground. The power in one 31deband 1s given by the
square of the current tlmes the resistance in series tuned circuit
2. »
Example: 2" total deflection required 20v R.M.S.;at;l8000 C.DPeSe

o x measured = .83 ins.

wL

it

impedance B to gnd. = 2830 ac

Ry = 110 ohms.

Sideband current = (.83) ( o)(looo) 1.47 m-as
: o o140 2030) - :

~ Power inIRl at 1 Sideband gl Og éllog‘= 23é'micrbwatts.
Power in Rl at both sidebands Péwer Output of
Anmplifier = 472 microwétts.
~ 3. Measurement of Low Frequehcy input power.'
For this meésurement it was essential to remove all
voltages except low frequency voltages at Y. |

The voltages at X and Y‘ahd the microammeter reading
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were observed. VR was the voltage drop across Rl. The current
from X to Y as a function of VR was carefuily.plotted independ-
‘ently.\ Hence the vector diagram 25 could be drawn since the
lengths of all sides of the triangie were knoﬁn and the‘angle

@ calculated. This gave the phase relation between the voltage,
between Y and ground and the current flowing.into the circuit at
Y. The capacitive and resistive components of the current could
~be found and the power input calculated. The capacitive and |
resistive currents flowing info the circuit without the non linear
condensers were measured in the same way and subtracted'from the
results obtained with non linear condensers. The low frequency
power and capacity currents flowing into the non linear condensers
were thus found. | | |

Example: - Vx

o

2.42 Yolts

L]

Vy = 1.60 volts at 100 c.p.s.

A = 26.0 microamps

Vg = 1.09 volts (from calibration curve).

= 1 (Vx + Vy + V§) = 2.555 |
S- vj = .955 '
S- VR = 1.465
VyVp = 1.745
1/2

Sin tx (s - Vy)(s - Vg) = (. 955)(1 465) .895

A =127° 6 = 53
Resistive Current = (26.0)(cos 53) = 15.6 microamps.
Capacitive Current = (26.0)(Sin 53) = 20,6 microamps.

"Low frequency Power Input ;‘(1.6)(i5.6) = 25 microwatts.
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From these the power,vcapacitive curréﬁt~and resistive current
fed into the circuit without non linear cOndensers must be sub-
tracted but the method of measuremeﬁt.of these is identical and
is not given. -
4. ,Variation of Output Sideband Current with Low Frequency Voltage.
:The:following we:evheld cOnstgnt: | |
High Frequency = 9000 c.f.s;
High Frequehcy Volts per condenser = 40 and 120
R, = 110 ohnms.
Low Frequency 100 c.p.s.

The voltage at Y was varied and the output at B observed.
Results: Diagram 26.
Equation (26) predicts a linear variation. The observed curve is
certainly very nearly linear with a tendency'to be ‘concave down-
ward which incféases at the lower value of high frequency voltage.
This point was not investigated further sinee this bendihg might
have been caused by a zero error in the voltmeter.
5. ’Variation of Oﬁtput Sideband Current with Frequency of Low

Freduency Input.
The following were held 6onstant:

High Frequency = 9000 e¢.p.s. .

High Frequency Volts per condenser = 40

Ry = 110 ohms :

Low Frequency Voltage = 1.5 volt _

The low frequency was varied and the output at B

observed. |

Results: Diagram 27.
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Equation (26) predicts a horizontal stréight liné.'

The curvature of the observed curvé is more likely to
have occurred from experimental than theoreﬁical error. It was
not investigated further. :

6. Variation of Output Power with Ry.
The following were heid'cohstantA:V
| ngh Frequency = 9000 CePeSe |
High Frequency Volts Der condenser ‘40 and 120.
iLow Frequency = lOO C.D.S.
'Low'Frequéncy Volts = 1.5
R2 = D.C. Hesistance of one half of T = 70 ohms.
Rl was varied and 6utput at B observed.
Results: Diagram 28.
Equation (23) is also plotted and has used values of a and b
giv?n in diagram 18. The experiment was repeated for I = O in
which case (23) becomes:
P = 9w2 b2 v4 P2 Ry
L1+( 2Ry +Rp) 2( 28+ 36V2) 202

...................(29)

Experlment and theory are given for thls case in diagram 29.

In the latter case agreement between theory and practise
is gbod but in the former agreement is poor. The absolute agree-
ment between theory and practise within about 20% is not considered
| important sipce experimental efror could possibly be this great.
But in diagram 28 the errors greatly exceed this figure. No
explanation is given for this divergenée. It‘would seem incorréct
to discard the theory entirely since égreemént is good in diagram

29 and certainly the experimental curves are greatly different in
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diagram 26 to diagram 29 and the general qualitetive features of
the theoretical curves show the same differences. Nor will the
consideration of condenser losses save equation (25) for this will
lower rather than raise the theoretical curves.

It is thought that the next approach to thie problem
should be the careful alteration of il aod'the plotting of output
power as a funétion of Ry as I 1is changed from zero to the tuning
condition of (19) which is considered to hold for diagram 28.

The apparatus woﬁld have to be altered for this because at present
I3 1s not easily controlled. . |

Since the factor between theory and practise from
diagram 28 apparentiy.depends‘op V, the variation of output power
as a function of V for fixed Rl was ﬁext done.v Ri = ilO‘wes chosen
since the power output was greatest for small resistances, this
being the resistence of tuned circuit‘z without any added resis-
tance.

7. Variation of Output Power with High,Frequency Voltage.“

The following were held constant®

High Frequency = 9000 CeDPeSe
Low Frequency = 100 c.p.s.
Lowarequency vo1te = 145
Ry = 110 ohms Rp = 70 ohms.

The high frequency voltage was varied and the output

at B observed. |
- Results: Diagram 30.
Equation (23) is again plotted,
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The shape of the..two curves agréés well except at low
voltages. The divergence here may be assigned until extension of
the theoryt$ The neglection in the theory of the non linearity of
the resistance component of the condensers at low voltages shown
in diagram 17.} This is the reason the low voltage thenrefical
points are not weightéd as heavily in:diagram 30.

Diagram 30 generally supports phevvalidity of equation
(23). "

w The low frequency input ci;cuitlwas next investigated.
8. Variation of Low Frequency Inpﬁt Currents with High Frequency
Voltage.' | -
| The following were held.conétépéf
High Frequency = 9000 c,p.s..
Low Frequency = 100 c.p.s.:
Low Frequency Volts = l.g
Rl = 110 ohms R2 = 70 ohms.

Results: Diagrdms 21 and 32.

Equationsv(ZS) and (26) are plotted for.comparison ih-
diagrams 31 and 32 respectively. |

| The wide divergence’between theary and experiment
in diagraﬁ 31 was exbected since the low frequencj input resis-
tive current will be very sensitive to the neglection of conden-
ser losses. At low high-frequency voltages theltheoretical
points must again be lightly regarded. It is impossible to tell
how much of the discrepancy‘wduld'be eliminated by inclusion of

condenser losses. The negative slope of the experimental curve

at low high frequency volts is probably caused by non linearity
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of condenser resistance. |

The agreemeént between theory and practise for the
capacitive input current probably occurs because these currehts
in theory are almost independent of condenser losses.
9. Power Gain as & function of ‘High Frequency Voltage

The experimental curve of dlagram 33 was obtalned by
passing a smooth curve through the input resistive current plots
and through thevoutput power plots (not given but similar to
diagram 3%0), and obtaining the ratio of output to input- power.

Alhe corresponding theoretical curve is a horizontal
line at height 135, (180)(2R1 '.) , on the vertical axis (from

no loss theory). (R2+2Rl)

The drotping'of the
experimental curve to zero at lowlvolts was expected since the
output power is negligibile relative:to condenser losses at low
frequency, but the subsequent behaviour of the curve cannot have
any theoretical explanation until an exhaustive analysis of non
linear condensers has been done. .However,jouof the-theoretically
available‘lBB is not considered»unreasohable.~
10. General Discussion of Results. |

Although at least one experlmental result (dlag 28)
cannot be explalned by the theory even with a’ ‘qualitatiye dis-
cussion of condenser losses, nevertheless the conclusions
concerning the design of an amplifier, of the type described,
drawn at the end of Chapter 5.have been confirmed by experiment,’
The magnitudes of the various input and output impedances must
still be determined by experiment if exact maghitudes are

necessary. However the general me thod given in this thesis
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predicts magnitudes to within about a factor of two.

It must be emphasized howéver that neither theory
nor experiment has been exhaustive. Power gain has been checked
at only one outpuﬁ load resistbr, and the frequency of the high»
frequency voltage has been kept”at all times at 9000 c.p.s. This
was done because of the numbér'oftuning changés necessary if this

frequency was changed.

CHAPTER VII

CONCLUSIONS.

1. Possibly the most important conclusion from the work done

is that non linear condensers-can in practise be used as power

amplifiers as predicted By:thEOry.

2. The greatest disadvantage of the condénsers used in this

research was their high losses. These losses make their theor-

efical analysis complex and ré&uCe'ﬁheir uSefulness;
| ‘ The losses Tesulted in: .

" (a) Bulky cooling equipment. Becausé of the high temperature
dependence of the characteristics of the non linear condenser
constant temperatures are essenfial. A

(b) Reduction of achlevable  power gain, ‘
(c) A very low overall efflclency defined as total output power
d1v1ded by total input power. This was of the order of .l%.

- Two main lines of development could reduce these losses.
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(a) The'dielectric could be made thinner. Two possible methods

"Were suggested in Chapter II, Sec.2. If a given capacity aﬁd
a given field strength in the dielectric are required then
the losses Vary as the square of the dielectric¢ thickness. A
reduction of the present dielectric thickness by a féctor of
three which is considered possible forvaudid frequency con->
densers would reduce the iosses by a factor of nine.

(b) The area of the hysteresis loop night be reduced by physical
and chemlcal research. Combinations of materials might be
superior to barium titanate.

3. As the condenser losses are reauced a more detalled check of
thé theor& éé given will be possible. In its present form it is
sufficient for broad practical design of an amplifier. On the
other hand thé theory could be extended‘without'great difficulty
to include the condenser losses. |

It should be mentioned;that;the_extension of Van der
Ziel's theoretical method was done iﬁdependentl& by the author
after Dr. Van der Ziel had left the University of Brltlsh .Columbia,
and has not been completely checked by anyone. -
4, Van der Zlel's analysis (21) u31ng |

| Q.= aV + bv2

as the basic non linear condenser eéuatlon gave as a theoretically

possible power ampllflcatlon gggz as against. 2(W) derived in this

thesis -for a non linear condenser with the equation

Q =av + bv3 o

2l. See Ref ll.
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In principle then the development of condensers obeying the
former‘relation (rectangular hysteresis loops) would séem-more proéisj
mising. In the present condensers however the coefficient of v2
in the expansion for Q@ is small'(Chapter IV,‘Séction 6), and the
input power at 16w frequency to overcome feedback wogl& beamugh .
smaller relative to thevhysteresis component of inpuf power than
in the amplifier tested. Howevef the greater possible gain might
overcomevthis to give a greatér overall than that achieved in
this work. However disadvantages would be the necessity of

about 100 volts of bias and:the need to feed the low frequency
input in push puil. Unfortunately'time did not permit eiperi—
ments on this type of amplifier. | |

5. The use bf non linear condensers at high frequencies was not
investigated. That they éan'be used at high frequencies Wés
shown by Donley( 22) in éualitative exﬁeriments at 20 megacjcles
and 40 megacycles.ﬂ He used low voltages and a very thin chip as
dielectric to give him about 100 m.m.fds. or less. He did.not
report overhéating. | |

‘é. Since power amplification has been demonstrated possible with
non linear condensers feed back may in principie be used to in-
creése the amplification.  It coﬁld be increased until low fre-
quency oscillations were present provided a frequency control was
supplied. v | | |

7. Dielectric amplifiers have all. the advantages of magnetic'
amplifiers of ruggedness,-and'indefinite lifetime (this has not

been verified), and the lack of heaters.

22, See Ref. 13.
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In principle, in analogy with condensers and coils, it
would Seem dielectfic could bé made’mofe efficient than magnetic'
amplifiers. ,

8. As a D.C. amplifier the-dielectric amplifier might be most
usefnl. Thé.input_power necessary to bias non linear condensers
~would be small sinne no hysteresis losses would be present. The
theoretical gains are infinife for both types of dielectric amp-
iifier mentioned in section 4 of this chapter, and a vety high
power gain might be achieved even with the present condensers
which apbarently have a relatively low D.C. resistance. The

non linearityiproperty might be used directlj aS-an'autométic
control. The température dependence of the propertieé of non
linear condensers and the Jjump to a linear condenser nt the

Curie temperature nay also find application.
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