Reactance TUsEs

in F-M Applications

The behavior of reactance tubes, particularly with reference to their use in frequency modu-

lation circuits is treated. Emphasis is placed on the physical operation of such tube circuits

EACTANCE tube circuits have

the property of injecting re-
actances into associated networks.
If the associated network is the fre-
quency determining branch of a tube
oscillator whose frequency is not
stabilized, then the injected reactance
may be used to change the frequency
of the generated oscillations. But if
the frequency is stabilized (as in a
piezoelectric oscillator or in a car-
rier frequency amplifier which
causes no appreciable back actions on
the master oscillator) the injected
reactance will cause a phase shift of
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varies, frequency modulation will be
produced in the former case and
phase modulation in the latter case.

The case of FM is of importance
since some commercial f-m trans-
mitters are based on reactance tube
modulators and considerable fre-
quency deviations can be caused di-
rectly with reactance tubes. Such
tubes then provide convenient means
for translating modulating voltages
into proportional frequency varia-

ances into associated networks they
are also used in some f-m transmit-
ters for the stabilization of the cen-
ter frequency of the master osecil-
lator, whose frequency is being
modulated.

It is the purpose of this article to
bring out basic principles of react-
ance tubes and their actions on asso-
ciated networks, especially with re-
gard to their application in modu-
lated oscillators or amplifiers.

Reactance Conditions in Tube Oscillators

the generated oscillations. There- tions. Since such tubes can also be Any oscillator which generates
fore, when the injected reactance employed for injecting fixed react- sustained oscillations of stable ampli-
Reactarnce i
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Fig. 1—Schematic wiring diagram of reactance tube modulator and associated oscillator tube.
The assigned carrier frequency is F — 2/6.28; the modulating frequency is f — w/6.28
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tude and fixed frequency, F, requires
that the condition of energy balance
as well as the condition of phase bal-
ance is satisfied. The former causes
fixed amplitude of the generated
oscillations, while the latter, which
concerns us in this discussion, de-
termines the frequency constancy.
This can be readily understood from
the actions taking place in customary
tube oscillators, as is indicated in
Fig. 1a for instance.

First let us examine the oscillator
network to the right of terminals 1-2,
where the tank circuit CL denotes
the frequency determining branch
associated with oscillator tube 7,. In
case of sustained oscillations, both
the driving dynamic voltage, E, and
the circulating current, I, must have
fixed amplitudes. Since the tank cir-
cuit CL also represents the plate
load of the oscillator tube, oscilla-
tions remain sustained and of fixed
amplitude only when the energy
losses in this circuit are supplied
through the coupling condenser C..
The dynamic grid potential applied
to the oscillator tube, T, from the
tank CL, over through the coupling
condenser, C,, must therefore trigger
off such a dynamic plate supply cur-
rent, I,, that the amplitude of cir-
culating currant I remainsg sustained.
This will satisfy the condition of
energy balance.

Reactance Condition in Case of Current
Resonance

Since the frequency of self oscil-
lations, F, always assumes such a
value that the total reactance around
the 1-2-1 loop becomes zero, the
value of F can remain fixed only
when the original in-phase condition
is preserved. This is readily under-
stood from the following reasoning.
Suppose the tank voltage E produces
a grid potential such that the result-
ing dynamic plate current, I,, leads
the original dynamic supply current
slightly. Then, each successive oscil-
lation must also show a correspond-
ing phase advance. The result is that
the value of the oscillation frequency
will be larger. In the same way when
the I, current lags the original dy-
namic supply current flowing through
condenser C;, each successive oscilla-
tion lags behind the preceding one
slightly and the result is a lowering
of the frequency F. Therefore, abso-
lute frequency constancy requires
that the grid voltage be 180 deg. out
of phase with the dynamic plate volt-
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Fig. 2—Schematic wiring diagram of four types of reactance tube networks, with their
design equations

age which causes the current I, to
flow since for such conditions the fre-
quency F of the circulating current
I is fixed.

Let us now consider the case indi-
cated in Fig. 1b. The tank circuit
CL is the same as in Fig. la except
that the branch to the right of
terminals 1-2 is of no concern in this
discussion and, therefore, not shown.
Looking into terminals 1-2 of Fig. 1b
we have a network as in case of cur-
rent resonance. For pure inductive
and capacitive branches the total re-
actance across terminals 1-2 would be
infinite in case of oscillations of
natural frequency. Since any physi-
cal coil of effective inductance L, has

an effective resistance 2., its im-
pedance is of the form Z = R, +
j Q L, where Q = 6.28F. The react-
ance is proportional to the operating
frequency F' and L. and may have a
positive or a negative value depend-
ing on the magnitude of F. The re-
sistive and reactive components of Z
at any frequency are given by the
expressions:

I S

T —-2CLE+ RCPR? m

L(1—2CL) — CRY }

x.=az =020
m i
_ L—CR + oL
a Q[ m | =ap/m J
(1)
The expression Z = R, + jX, refers
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with wave forms of modulated and unmodulated signals illustrating variation of
transconductance of modulator tube

to the equivalent resistance R, and
series reactance X, when looking into
the 1-2 terminals of the oscillator
tank CL. We are only interested in
the expression X, = pQ/m of Eq. (1)
since for tube oscillations of natural
frequency this reactance must van-
ish. This happens when p becomes
zero, leading to

L =C (R~ @2 L?) @
This is the exact expression required
for tank resonance and shows that
the impedance looking into terminals
1-2 of Fig. 1b is not infinite but has a
finite value since

R+ 2L

Z”Jmhmuwmm—nz
is the expression for the absolute
value of the effective impedance of
the parallel branches across term-
inals 1-2 holding for any fre-
quency F.

@

Reactance Modulation

Of engineering interest in this dis-
cussion is, how the frequency, F may
be varied by means of a modulating
current or its corresponding voltage.
Eq. (2) which is the criterion for
zero reactance, that is, the natural
frequency of oscillations, shows that
we have three means of accomplish-
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ing this. One is by a change or vari-
ation of the value of C, the second by
a variation of L, and the third by a
variation in R. From a practical
point of view, the latter variation is
not as easy to accomplish as that in
which either capacitance or induc-
tance variations (in synchronism
with a modulating current) may be
injected across the terminals 1-2 of
Fig. 1b.

From the discussion given above
we learned that a leading current
fed back through condenser C, in
order to sustain oscillations (Fig.
la causes an increase of the oscilla-
tion frequency F while a lagging cur-
rent causes a somewhat smaller oscil-
lation frequency. We have in the ar-
rangement of Fig. 1b a means for
changing the natural period of the
CL-tank if we can inject a suitable
current 7, into the tank circuit CL.
It is to be realized that the current
7, now comes from a separute source
rather than from the plate circuit
of the oscillator tube T,. When the
current 7, of Fig. 1b is of same fre-
quency as the tank voltage E but
leading E by 90 time deg., then this
injected current may be assumed as
flowing through the capacitive branch
since the original circulating current

I is likewise leading E by 90 deg. in
this branch. This means that the con-
denser branch carries more current
than the inductance branch of the
tank. This has the same effect as
though the capacitance C had been
increased to a value C 4+ AC causing
an oscillation constant (C + AC)L
instead of CL. The result is that the
tank in the oscillator branch of Fig.
la will produce a current of fre-
quency of F — AF rather than of F,
where AF' is the corresponding de-
crease in frequency produced by the
injected current. On the other hand
it is also possible to imagine that the
90 deg. leading 4, current flows en-
tirely in the L branch of Fig. 1b
which means that it is in antiphase
with the original I-current in the L
branch and, therefore, causes a
smaller current in this branch than
in the condenser branch. This is
equivalent to saying that the effec-
tive inductance of this branch must
have increased to a value L + AL
causing an oscillation constant
C(L 4 AL) which must be identical
with the value of (C + AC)L in order
to account for the same frequency
change AF as above. Inasmuch as
the first way is the more direct, the
circuit may be considered to be
changed by an amoupt AC and we
may assume that a capacitance re-
actance X, is injected across the ca-
pacitive branch of the tank.

In exactly the same way it is evi-
dent when we inject a current i,
which lags the tank voltage E by 90
deg. the result is equivalent to an in-
ductive reactance injected across the
inductive branch. If AL denotes the
corresponding inductance variation
which acts in parallel with a constant
inductance L, the resultant induc-
tance is L, = LAL/(L + AL) and
the oscillation constant CL. indicates
that the oscillation frequency is in-
creased to some value F+AF. Hence,
injection of a positive inductance
AL across the 1-2 terminals causes
an increase of oscillation frequency
while injection of a negative in-
ductance—AL causes a decrease in
F. Hence, if AL gin (6.28 ft) is in-
jected by means of a corresponding
1, current we have to deal with a cor-
responding reactance injection AX
sin wf which modulates the oscilla-
tion frequency sinusoidally. In a
similar way, if AC sin wt is in-
jected across the terminals 1-2 of
Fig. 1b we have likewise a reactance
modulation.

Hence, in either case, whether
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sinusoidal capacitive or inductive in-
jections occur, we obtain sinusoidal
frequency variations. When both
.sinusoidal capacitive and sinusoidal
inductive injections of same respec-
tive maximum amplitudes are im-
pressed across the 1-2 terminals
simultaneously, the respective fre-
quency excursions from the center
frequency will be twice as large as
that for either one alone. We have
then the case of push-pull reactance
injections.

From this discussion we note that
for sinusoidal currents 4, of carrier
frequency F which lead or lag behind
the tank voltage E, by 90 deg. we
have fixed frequency shifts of == AF,
respectively, from the natural fre-
quency, F, of the oscillator tank.
Since the 7, current which is injected
can have a phase difference other
than == 90 time degrees with respect
to the tank voltage E, such currents
will injeet equivalent impedances
across the terminals 1-2,

Reactance Tube Modulators

Since it is good engineering prac-
tice to inject the ¢, variations by
means of a separate tube, such as the
modulator tube T, of Fig. 1a, the
circuit performance is explained for
a network as used in practice. In
Fig. 1a it will be noted that the fre-
quency determining network is part
of the oscillator. Across the ter-
minals 1-2 is connected a network
which takes a comparatively small

current I; from the tank circuit. The
purpose of this current is to build up
a suitable voltage K, = Z,I, across
the shunt element Z, of a phase
shifter Z, Z, This voltage is es-
sentially applied across the con-
trol grid and cathode of the modu-
lator or reactance tube T,,. The dyna-
mic plate current ¢, of the reactance
tube is then equal to ¢.E. and in
phase with E, if ¢, is the grid to
plate transconductance of the re-
actance tube.

Suppose we desire to inject a fixed
capacitance C, across the condenser
C. For such a requirement terminals
3-4 are shorted and only the varying
voltage E, acts in the grid circuit of
tube T,. Since for a C, injection, i,
has to lead FE by 90 deg. the series
element Z, of the phase shifter is an
ohmic resistance R, which is at least
five times the value of the reactance
Q L, formed by an inductance L, for
the shunt arm Z, of the phase shifter.
The voltage E; across this inductance
is then 90 times degrees ahead with
respect to the tank voltage E since
for such relative dimensions of R,
and Q L, the small phase shifter cur-
vent I, is essentially in phase with
the driving voltage E. Since 7, =
¢.E,, the injected current ¢, leads E
also by 90 deg.

It is arn easy matter to derive the
formula for computing the injected
fixed capacitance C, in terms ol
known factors. Since E is the driving
voltage for any currents flowing in

the capacitance branch it must be
also the voltage which drives the cur-
rent i, through the injected capaci-
tance C,. Hence, E/i, = 1/(QC.) and
E E E R,
——ng1=gmULxll= gm Ly (9)

T
because E/I, is essentially equal to
R, for R, = 50 L,. We have then for
the injected capacitance reactance

A B
Q C. gm Q Ly
and the design formula

L

Ci= gfﬁ,— farads 4)

if the grid-plate transconductance
¢. of the reactance tube is in mhos,
R, in ohms and L, in henries. In a
similar way the other formulas given
in Fig. 2 in connection with the re-
actance modulators are derived.

Any other types of phase shifters
can be used in order to inject out-of-
phase currents into the frequency
determining network. It is not neces-
sary at all that an electrical connec-
tion exist between the tube oscil-
lator and the reactance tube modu-
lator since out-of-phase currents can
just as well be injected through mag-
netic coupling. In each case it is es-
sential that the amplitude of the in-
jected current be fixed so that no ad-
ditional amplitude modulation occurs
also.®

Fixed reactance injections have
many applications. They are em-
ployed, for instance, for the stabiliz-
ation of the assigned frequency in

(Conlinued on page 143)

l(— ———————————————— Balanced modulaftor---—-—-———~——-—= S - 5Me oscrllator—————— «—-= -
;P . i [ I\ and T 1 '
I r_»lnjecfs L — 5P | —— ﬂ 645
) 1 - T i LT
0001uF =¥ ! \L FP) ll T Vip o |
Tm Y -
| ;-\63” 11350K=R, X AO
== ::}_ i;,T l 100K
7~ Lt v il
S E :T(:: 500K c L L1
Modulating 180 ohms + = 2 9 | 1000 f
voltage _ gl —+—vw—>
(o T .7 0.005
0.005uf g L)S/k=R, uf
T +B y
- | — e
=== 6SA7 Balancing condition requires —= =22
N=6.26F " - M 9 7 Ry 1
Cy is: the grid fo m Cp20-2 mbim yv }'P ne,
ground capacrtance upf T PR . :
of tube Tm Phase shifter of tube Tmi1s L= —<and L=R,
i InjectsC - ac,
P nyectsCy

Phase shifter of tube Tm is Z1=Ryand I, =IT‘C—z

Fig. 4—Diagram of balanced modulator and oscillator tube to illustrate
the current and voltage conditions which occur for a balanced modulator

ELECTRONICS — October 1942

71




Shee Drop

o Soten.

CAN WIN A BATTLE!

KESTER SOLDER won't let go

In a war of movement and machines,
the Army, Navy and Marine Corps—in
plane, tank, ship and “sub”—depend
heavily on their instruments of communi-
cation and control! One faulty piece of
vital equipment might easily cost an en-
gagement!

The patented, plastic rosin flux—self-
contained in the core of the solder for
fast, sure production—will not cause cor-

rosion or injure insulating materials.

If you have any production problem
involving solder, Kester engineers, backed
43 years of specialized experience,
will gladly assist vou—without obliga-
tion.

In plants throughout America, Kester
Rosin-Core Solder is helping to insure
precision performance, permanence, free-
dom from operating difficulties, in radio
and electrical equipment of every sort for
America’s fighting forces.

by

KESTER SOLDER COMPANY

4204 Wrightwood Avenue, Chicago, Illinois
Kastern IMlant: Newark., N. . Canadian Plant: Rrantfard. Ont.

F( g,DEF ENSE
P ;7 ouf

BORN or PEARL HARBOR!

Even as guns crashed and planes screamed over Pearl Harbor,
B & W engineers were heavily engaged in helping solve many
phases of the new and unusual communication problems involved
in an all-out War.

Since then, these efforts have been doubled, redoubled, and
trebled—thanks to B & W's years of highly specialized experience

which have made it possible to solve difficult problems quickly,
efficiently and accurately. The Special Adjustable Coils shown
above are typical examples.

Naturally, B & W is eager to cooperate wherever Special coils
are needed for War uses. But remember—we‘ll all save precious
time if it is possible to adapt one of the many STANDARD B & W
Types to your needs. This is worth keeping in mind when you
design—or we’ll be glad to advise you whether your problem calls
for a Special coil or can be solved with B & W “Standards.”

KER & WILLIAMSON

Avenue, Upper Darby, Penna.

235 Fairfield

142

"All-Out" for Dependable Communication! |

time constant is not small enough
the calibration will change for rapid
impulses since C, will be only par-
tially discharged between impulses.
The time constant cannot be varied
at will by changing R,, because if
values much lower than 200,000
ohms are used, the grid of 7, may
fail to regain control after an im-
pulse.

Lower counting ratios may be ob-
tained by decreasing the capacity
of C,, or by increasing the value of
C.. If C, or R. are varied, the time
constant C,R, should be kept small,
because impulses received during the
charging time of C. are not counted.
However, the discharge must not
be too fast, or the mechanical coun-
ter will not be able to register. It
is also necessary not to use too low
a value for R, or the safe plate
current of T, will be exceeded. C.
must be large enough so that at the
slowest impulse rate which is to be
registered, it will not lose too much
charge through leakage. The leakage
in the condenser itself is also a fac-
tor, so a well insulated condenser is
needed, and electrolytic condensers
would not be suitable.

Errata

OUR ATTENTION has been called to
certain errors which, unfortunately
occurred in the article, “Amplitude,
Frequency and Phase Modulation”
by August Hund, in the September
issue of Electronics.

Page 50. The term above the
brackets in Eq. (4) should have
read:

f A 6cos 2 x fi.

Page 51. For conditions of PM and
FM Eq. (7) should have read:

I, = I, sin (Qt + B sin ot)

Text immediately under Eq. (7)
should read: “where § = A4 for PM,
B = AF/f for FM, and K = i,/I.
for AM”.

Line 12, third column, should read:
“much different for PM and FM as”.

In Fig. 4, the term ab@ve the words
“Modulating agency” should read

/f.

Page 54. Line 35, second column,
B, should have read —0.3276.

In this issue Mr. Hund called our
attention to certain changes in illus-
trations which were received too late
to alter cuts. In the lower left-hand
corner of Fig. 1, page 68, C, should
be deleted. In Fig. 2(c), gm should,
of course, be g,.
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Reactance Tubes
in F-M

(Continued from page 71)

f-m transmitters. The center fre-
quency stabilization is then based on
the property that the transconduc-
tance of a reactance tube can be
changed by varying the grid bias.
Any slow drifts in the center fre-
quency F' can be made to cause direct
voltages at the output of a frequency
discriminator, whose polarity de-
pends on the direction and whose
magnitude depends on the magnitude
of the drift. The output voltages vary
the grid bias of the modulator tube
and causes such reactance drifts as
to bring the center frequency of the
associated master oscillator to the
assigned value.

With respect to variable reactance
injections, reference is made to Fig.
3a showing the dynamic network

of the tube oscillator which is being

modulated by means of a reactance
tube T.. In Fig. 3b is shown the
action for a class A modulator for
which g, varies linearly over the
entire operating range. For bal-
anced push-pull modulators the fixed
injections cancel while the respective

! dynamic reactance injections are ad-

ditive 30 that twice the frequency ex-
cursion is obtained. In Fig. 4 is

1 shown a balanced reactance tube

modulator with tubes and dimensions
as often employed in practice. Tubes
T, and T”,. are like tubes and are ex-
cited by the tank voltage E causing
the respective exciting currents I,
and I’; which in turn cause the re-
spective carrier frequency voltages
E, and E’, on respective modulator
tubes T, and T’.. These voltages
cause the dynamic plate currents 4,
and ¢, which are in phase with E,
and E’, respectively. Hence, i, lags
E by 90 time degrees and causes,
therefore, inductive reaction injec-
tions. The dynamic plate current 4,
leads the tank voltage E by 90 deg.
and produces capacitive reactance in-
jections. The combined effect is a
push-pull reactance injection which
for balance cancels the fixed injec-
tions and leaves only dynamic in-
jections which cause twice the fre-
quency swing.
SEE ALSO PAGE 142

* Mary useful modulators with numerical
values are described in_a forthcoming pubh-
cation on Frequency Modulation.
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