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SUMMARY

When a ferrite material is subjected to the influence of both a-c and d-c fields,
the inductance of a coil wound on the ferrite material depends upon the magnitudes of
both the a-c and the d-c fields. If a ferrite-cored inductor is used in the frequency de -
termining circuit of an oscillator, the inductance, and, hence, the oscillator frequency
can be varied by changing the magnitude of the field acting on the ferrite core material.
Variable inductance modulation results when this pr1nc1ple is applied to produce fre-
quency modulation of an oscillator,

The use of the variable inductance modulator has given rise to new concepts of
simplicity, flexibility, and reliability in telemetry subcarrier oscillator design. A mod-
ulator of this type has been developed for use with a transistor oscillator to form the nu-
cleus of a complete line of FM/FM subcarrier oscillators.

The design of a variable inductance modulated oscillator requires consideration
of certain aspects of the fundamentals of both the oscillator circuit and the magnetic cir-
cuit, This paper presents one method of approach leading to the design of such an oscil-
lator. It is hoped that the advantages of variable inductance modulation, especially in --
the field of FM/FM subcarrier oscillator design, will bring about the development of
new and better design methods in the near future.

INTRODUCTION

Most transducers (strain gages, resistance bridge transducers, voltage trans-
duccrs, thermocouples, etc.) commonly used in aircraft and missile telemetering sys-
tems convert the magnitude of the sensed phenomena into a voltage or current of pro-
portional magnitude. The role of the subcarrier oscillator in the FM/FM telemetering
system is to convert the voltage or cufrent outputs of these transducers into frequency
modulated signals. This conversion process is a potential source of error in the system.
Many of the design requirements imposed on subcarrier oscillators are directly related
to minimizing this error. Of equal importance in missile telemetry are the restrictions
on size, weight and power consumption, since these factors limit the number of telemetry
channels available for any particular test. In addition, the subcarrier oscillator must
operate normally while exposed to increasingly severe missile environmental conditions.
Since all the above factors must be given due consideration in subcarrier oscillator de-
sign, a reasonable approach to the ideal subcarrier oscillator poses formidable prob-
lems. 1
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While seeking a solution to subcarrier oscillator design problems involving the re-
aguirements indicated above, it became necessary to investigate the principles and char-
acteristics of variable inductance modulation. During the early stages of this investiga-
tion, the transistor oscillator circuit (Figure 1) was developed. 2 The feasibility of ap-
plying the variable inductance modulation principle to this circuit was almost immediately
apparent. Considerable developmental effort was then directed toward producing a prac-
tical variable inductance modulated subcarrier oscillator based on this circuit. This
paper describes the circuit which resulted from these efforts. The variable inductance
modulator makes use of the fact that the inductance of a coil wound on a core depends
upon the permeability of the core material. The term "permeability’ is, in general,
used to define the relationship between the magnetic induction or flux produced by a
given magnetizing force, and the magnitude or intensity of that particular magnetizing
force. The permeability of a ferromagnetic or ferrimagnetic (ferrite) material is
greater than unity, Furthermore, the permeability of such material (generally desig-
nated a "'magnetic' material) depends upon the magnetic field strength, the previous mag-
netic history, temperature and physical stressec in thc material, 3,4 I all the factors
affecting permeabllity of the core material are controlled in a predetermined manner,
the inductance of a coil wound on the core material is similarly controlled. This princi-
ple has been applied to the design of the variablc inductance modulator.

The scope of this paper is limited to an analysis of a basic variable inductance
-modulated oscillator. The transistor oscillator and the modulator are first described
separately, followed by an analysis of the combined modulator-oscillator circuit. Partic-
ular emphasis is placed upon linear correspondence between oscillator frequency and
modulator input stimuli. One method of obtaining this linear operation is described.
Other methods requiring further investigation of the magnetic circuit are possible. Tem-
perature stability of the circuit is discussed briefly. Some particular applications of the
circuit are presented to illustrate the inherent advantages of the circuit.

OSCILLATOR

Description

A simplified schematic of the oscillator is shown in Figure 1. The oscillator is
essentially a series resonant circuit and a transistor switch. The coupling between the
resonant circuit elements and the transistor consists of an RC phasc ghift-attenuator net-
work. Since the circuit components in this nctwork affect lhe uscillator frequency, they
are treated in this analysis as part of the series resonant circuit,

The oscillator frequency is the natural frequency of this series resonant circuit.
The transistor functions as a switch, exhibiting alternately high and low impodanccs
during successive half cycles of operation. When the transistor impedance is high,
energy is supplied to the series resonant circuit (charge half-cycle). When the transis-
tor impedance is low, energy is supplied by the resonant circuit to the network (loss half-
cycle). During the loss half-cycle, the battery current is limited by the 1nad resistor,
RI. A more delalled description of the circuit appears in Reference 2.

Circuit Theory

The oscillator is frequency modulated by varying the impedance of the modulator
coil connected in the oscillator series resonant circuit. An expression for the oscillator
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frequency as a function of this impedance will be derived below. An approximate equi-
valent circuit of the oscillator is shown in Figure 2. The transistor emitter, base, and
rollector resistances are represented by the symbols rg, rp, and r¢, respectively.

\ complete list of symbols is given in Appendix A. The instantaneous values of resist-
ances, rg, Trb, and rc, are determined by the values of voltages, VBE and VCE,

at any instant. The peak-to-peak amplitude of voltage, VBE, is sufficiently high to cause
the transistor to act as a switch. During large positive swings of Vg, when the base is
positive with respect to the emitter, the transistor is essentially cut off. It is during this
part of the cycle that rg, Tp, and r¢ attain maximum values. When VBE swings
very far negative, i.e., the base becomes appreciably negative with respect to the emit-
ter, the transistor is driven into saturation. It is during this part of the cycle that rg,
rp, and re¢ attain their minimum values, .If the transistor were an ideal switch, the
maximum and minimum values of Trg, Trp, and r. would be infinity and zero, respec-
tively. For the sake of simplifying this analysis, let us assume that the transistor
approaches ideal switching action. With this assumption, theoretical limits can be cal-
culated for the lumped R, L, and C . of the resonant circuit. If the Q of the
resonant circuit is sufficiently high (on the order of ten or greater), the theoretically
ideal limits will enclose relatively small intervals of possible values of R, L, and C.
This will permit approximation of these values with sufficient accuracy for this analy- -
sis.

The assumption of the ideal switch gives rise to two equivalent circuits represent-
ing the "off"" and "on' switching states., These equivalent circuits are shown in Fig-
ures 3A and 3B. In the following analysis, the parameters which are common to both
Circuits, but have different values in the two circuits, will be denoted by the subscripts
1 and 2. The subscript, 1, refers to the "off"" or nonconducting state of the transistor;
the subscript, 2, refers to the "on' or conducting state of the transistor.

Consider first the " off "' condition depicted by Figure 3A. The lumped resonant
circuit resistance, Rj, consists of R1 (load resistance), Rp, (the resistance contri-
buted by the inductor), and Rc (the series equivalent resistance attributed to R2). The
resonant circuit series inductance, L, is simply the inductance of the modulator output
winding. The equivalent resonant circuit series capacitance, C1, is the effective
capacitance of the C1 and C2 combination.

R, £ Rl + R+ R ()
where: R 2 Rz c2’ (2)
: c 2 2 2 2

R2” [ €17 C2% + (C1 + cz)2

. awlci?ca?re? 4+ (o1 4 o)
1 = " 9 9 (3)

w?c1 c2®r2® + (C1 + c2)

The expressions for RC and C1 are derived in Appendix B.



-4-

Figure 3B is the equivalent circuit for the "on' state. The resistance, Rg, is the effec-
tive series resistance of the inductor, Rj,. Again, L is the resonant circuit series in-
ductance which is the inductance of the modulator output winding. The effective resonant
circuit series capacitance, Cs, isthe sum of Cl1 and C2.

_ In an operating oscillator, Rj and R2 are the limiting values of R (the true
equivalent series resonant circuit resistance).

R, <R <R, | | (4)

In a similar sense, C3 and Cg are the limiﬁng values of C (the true equivalent series
resonant circuit capacitance).

< ' '
c, <C<c, (8

The range of possible values of R and C for any given set of oscillator circuit compo-
nents can be illustrated graphically by plotting the points 83 and Sg corresponding to
the '"off'" and "on'" conditions, respectively, in'the complex frequency plane. A typi-
cal plot of this type is shown in Figure 4. The points S1 and S2 are defined as:

B TR | (6)
: R1 .
T | - @
1
Ekk
(1) = - (8)
L RS X

where: R1 is defined'by equation (1)

C, is defined by equation (3)

Sy = -% t Jwy (9)
R, |
4 = aL | ~ (10)
2 1
. Ry 172
W :[LC - 2} (11)



Where: R2 = RL

C ClL + C2

2

Any unique set of values of R and C within the ranges given by Expressions (4) and (5)
will result in a corresponding value of S which lies on a straight line joining Si and Sy.
Therefore, there is a point S ‘on the straight line joining S1 and S2 which corresponds
to the true equivalent series resonant circuit R, L, and C and the true frequency, v ,
of the oscillator.

S ar jw (12)

g &
A4 R ‘
1 .
2 —_—
A ’ .
w=ﬁ—c-%}2 (19
4L

where: R, L, and C are fhe true equivalent series resonant circuit parameters of
the oscillator '

&) 1is the true oscillator operating frequency.

If the true oscillator frequency,w , is measured, the imaginary component of S is de-
termined. Since S is a point on'the line joining S; and S2, and Wi# W 2, w must
belong to a unique point S. Therefore, if the point SK = jw is plotted on the ordinate,
and a line parallel to the abscissa is constructed through Sg, the intersection of this
line and the line joining S; and S92 is the point S = - @&+ jw)., Since the inductance,
L, of the oscillator series resonant circuit can be measured, R and C in the true
equivalent series resonant circuit can be determined. From the definition of &
(Equation (13) ):

R = 2L& | © (15)
where: & is the graphically determined real component of S.
From Equation (14) it is possible to deduce the relationship:

_—
8% = . \ (16)

The true value of C is then:
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The actual oscillator frequency, w , in terms of the true equivalent series resonant cir-
cuit R (Equation (15) ), L, and C (Equation (17) ) is expressed by Equation (14).
When the oscillator is variable inductance modulated, both L and R depend upon the
magnitude of the input signal. It is assumed, however, that C remains constant at all
frequencies within the bandw1dth of any particular oscillator. Equation (14) can then be
expressed as:
1
K _RZ|2
W = [ - w-Aw £ W Lw Aw (18)
L 4L2

where: K is equal to the constant é

Awis T.5%w for all standard telemetry channels; 15%wfor special wide
bandwidth channels.

MODULATOR

Description

The variable inductance modulator consists of three or four coils wound on two
matched toroidal cores. The core material is a ferrite which belongs to the class of
materials designated ferrimagnetic. A generalized configuration of the modulator is
shown in Figure 5. This figure is drawn so that the modulator windings include one or
more input or signal windings, a bias winding and an output winding. It is the output
winding which is connected in the series resonant circuit of the oscillator. In actual
operation the output winding is the series-connected combination of two windings, one on
each core. These windings are first wound on the cores; the two cores are then stacked
coaxially and the bias and signal windings are wound on the pair as a unit. To minimize
transformer effect between the output and the other windings, the two components of the
output winding are matched and the cores stacked so that.these two windings have the
minimum mutual coupling.

Circuit Theory

The impedance which the modulator output coil exhibits in the series resonant cir-
cuit of the oscillator can be expressed as:

_ e _ . A
z =3 RL + jwL | (19)

where: e 1s defined as the a-c voltage at the coil terminals.

i is defined as the a-c current in the winding.

RL is defined as the total loss resistance of the coil.’

wL is defined as the lossless reactive component of z
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The impedance z varies as a function of modulator input signal. Consideration of Equa-
tions (18) and (19) leads to the conclusion that oscillator freauency,«w , is a function of z.
The object of the following analysis is to define the relationship between oscillator fre-
quency, «), and z . Since the resistance, Ry, in Equation (19) is defined as the total
loss resistance, this implies that the total losses in the modulator output coil are

. .
Wo = I' R (20)

.where: I is the rms current in the winding.
The above losses can be divided into two groups as follows:

A. Losses in the winding
1. Copper losses (d-c)
2. Eddy current losses (a-c)

3. Dielectric losses in the shunt capacitance in the windings

B. Losses in the core material
1. Eddy current losses
2. Hysteresis losses

3. Residual losses

- At the standard subcarrier oscillator frequencies. (1 kc to 70 kc) and the a-c voltage and
current levels used in the modulator output winding, the d-c copper losses exceed the total
of all other winding losses by a factor of 10 or greater. In this analyses, therefore, the
winding loss resistance will be assumed constant over the bandwidth of any particular
subcarrier oscillator. With this assumption, the only variable components of Rp, are

the core material losses. ‘ :

The winding loss component of Ry, is designated RW;" the core material loss com-
ponent, Rm. The component, Rm, is obviously the sum of the equivalent eddy current

- loss resistance, Re, the equivalent hysteresis loss resistance, Ry, and the equivalent
residual loss resistance, Ry, 5. ‘ )

R =R + R (21)

R =R, +R +R_ (22)



where: R, = < sz (23)
R, = apBmiL | | (24)
R, = cpfl (25)

and: €, a, and c are constants of the core material
€ is the eddy current loss coefficient
a 1is the hysteresis loss coefficient
¢ is the residual loss coefficient _
p is the effective permeability of the core material
f 1is the frequency in cycles per second-
L is the coil inductance
B

is the maximum (peak-to-peak) magnetic flux density in the core material
durmg operation

Equations (22), (23), (24), and (25) are assumed to be valid approximations at frequencies
where the material Q, (designated Qm),

w L :
m
is greater than 10, In ferrite core materials a decrease in @y, to a value less than 10 as
a resull uf increasing frequency, is accompanied by an increase in rate of change of the
residual loss resistance. When this occurs, the coefficient ¢ in Equation (25) becomes
frequency dependent. The subcarrier oscillator frequencies are well below the frequency
where c¢ becomes variable in the ferrite core material used in the modulator.

At low flux densities, the hysteresis loss resistance varies linearly with the max -
mum flux density, By, as indicated in Equation (24). If the frequency is held constant
in the subcarrier oscillator frequency range, and the a-c flux density, By, is increased
steadily, a point will be reached where the relationships described in Equation (24) no
longer apply. From this point, further increase in By, produces a corresponding in-
crease in hysteresis coefficient, a. \

The L in Equation (19) is a function of the permeability of the core material.,

-~

L = L | (27)

where: p  is the permeablhty of the core material

L. is a constant depending upon the physical configurations of the core materlal
and winding
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The permeability p is often represented as simply the ratio of magnetic induction to the
applied , magnetizing force, or:

p o= . | (28)

where: B is the magnetic induction or the magnetic flux per unit area of the core

H is the magnetizing force per unit length or the magnetic field intensity
in the core material

Refer to Figure 6.

The magnetic field intensity is a linear function of the current in the w1nd1ng and is ex-
pressed as:

_ 471 Ni (oérstedé)'
H — 1To {,i (29)'
where: N is the number of turns in the winding

: éi is the mean length of the i h flux path in cent1meters
i is the current, in amperes, in the winding
The niagnétic flux density in the core material is proportional to the voltage induced in

the w1nd1ng and varies inversely with the frequency of the current producing the magnetlé
field.

_ 10" ey, ‘ ‘
B = wNZAi (gauss) . . (30)

where: « 1is the angular frequency of I
N is the number of turns in the winding
A . is the cross sectional area in cmz of the ith flux path

e is the induced voltage. This is the purely inductive component of the
voltage appearing at the winding terminals

&

Rewriting Equation (28) and substituting the expressions for H and B in Equations (29)
and (30), respectively:

S . 9 S| 1e \ |
B _ 1 10 ‘él} {LJ
poo= = > - | (31)
H LWNZ Al Lt . |
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Assume that the core material is temporarily removed without altering the flux distribu-
tion, The permeability becomes unity (the permeability of air). Using Ecuations (27)
and (31), an expression can be derived for the constant, L From the derinition of er,

o
above:
e, wLi (32)
and: , _ ,
L _ 1 10° Z(i} \: Li:l (e
=35 - SN
Lo 41 N2 Ai _1
or:
: A.
L = 47N%107° S——l | | (34)
o ;,(’i

It is apparent that Lo is a constant for any particular modulator éonfiguration.

The previous definition of permeability is based upon the assumption that the core
material is in the presence of an alternating magnetic field only. If, in addition to the
alternating field, a unidirectional polarizing field, Hp, is introduced, the magnetic flux
density in the core material is changed by the presence of the polarizing field. When a
d-c field, Hp, is thus superposed upon an a-c field, AH, the resulting permeability of
the core material is the ratio of the cyclically changing induction, A B, to the cyclically
changing field strength, AH, and is, by definition, the incremental permeability, pa .
Refer to Figure 7. A d-c field, Hp, is used in the variable inductance modulator to
control the incremental permeability of the core material. The inductance of the modula-

precisely the same sense as that previously described by Equation (27). Therefore, .

L = L,k | (35)
- 8B [ e - | (36)
P& T AH L L il A ‘
o .
where: i 1is the a-c current in the modulator output winding.

ey is voltage induced in the modulator output winding,

Again, it is necessary to state that ey, is the purely inductive component of the voltage
appearing at the terminals of the modulator output winding. Since this voltage component
cannot be measured directly, a more useful equation is obtained if pa is expressed in
terms of the a-c voltage at the terminals of the modulator output winding. If the 2Q of
the output winding is expressed as

Wl
R, = o , (37)
L RL
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the inductive component of the voltage e at the modulator output terminals is

IIL
e, = |—>=—— | e _ .(38)
L \:1 + JQL

Using Equation (38), p, intermsof e and i is:

1 L e _
R

or, from the definition of 2z in Equation (19)

o .
_ Z "L -
" { Lo} L ¥ jQLJ | 0

Equation (40) illustrates the fundamental relationship between the magnetic properties of
the core material, i.e., p, , and the electrical parameters associated with the modula-
tor output winding. If the expression for p, in Equation (40) is substituted into Equa-
tion (35), an equation for oscillator frequency, «”) , in terms of z and QL results.

Q.
L
o[ e

CRITERIA FOR LIN.EAR OPERATION

Definition of Linearity

At this point equations have been derived expressing oscillator frequency in terms
of the oscillator equivalent series R, L, and C, Equations (18) and (19). Equation (41)
expresses oscillator frequency in terms of the impedance of the modulator output winding.
In order to use these equations in the derivation of an expression for linear modulation,
the term '"'linear operation'' must first be defined as it applies to this circuit.

The oscillator center frequency (RDB channel frequency) is obtained with no-signal
or null-signal.conditions in the modulator. For these conditions, the impedance of the
modulator output coil is a function of the polarizing field produced by d-c current flow-in
the bias winding. When a signal is applied to the modulator to shift the oscillator fre-
quency, current flows in the signal winding, changing the magnitude of the polarizing field
acting on the core material. The change in polarizing field results in a change in imped-

~ance of the modulator output coil, which produces a corresponding change in oscillator
frequency. The IRIG standard bandwidths for FM/FM subcarrier channels is +7.59 for
11 standard channels, and *15% for the special wide-band channels in the 22 KC to 70 KC
sange. Taking these facts into consideration, linear operation is defined as follows:
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The relationship between the oscillator frequency and the magnitude of the
modulating signal can be represented as a point on a single straight line at
any frequency within the previously defined bandwidth of the oscillator,

This definition stated mathematically is:

‘ / : <
w= K I + i L WS w S wraw | - (42)

Where (v is the oscillator frequency

AW 1is 7.5% ) for standard bandwidth channéls and 159w for wide
bandwidth channels.

K’ is a constant.
Ib is the d-c¢ bias current.

i is the instantaneous signal current.

5
lIh + 'iq| is the effective magnitude of the modulating signal,

To simplify further derivations, the quantity l + isl will be represented by the sym-
bol Ie . Rewriting Equation (42) using this notation

W= K'Ie , w-aw S S W+ W (43)

Linear Operation

The Q -of the oscillator equivalent series R, L, C circuitis given by
| _ WL |
Q=R | (44)
in which R  is the total resistance in the equivalent R, L, C circuit,

Equation (19) rewritten in terms of L and @ becomes
2 . .
o g [ »

I\[L— 1 + 4»Q2

or in terms of R and @,

1 4KC | |
W = - [ Q 2] (46)
1 + 4Q _ 4
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Using the definition.of Qj, in Equation (37), Equation (4!) can be rewritten in terms of
L, Qg, and the magnitude of z as

2 41 |
o 1
w= 2 {———L 2]2 (47)
1 + Q : : :
L

Equations (45), (46), and (47) constitute a system of equations relating oscillator frequency
to circuit parameters. By substituting Equation (43) into the above system, the relation- :
ships between Ie and 2z , R, L, Q and Q are‘thereby defined for linear operation,

) L
1.e.,
- 1
o1 akg? | 2 - " (48)
e K’VL 1+ 4Q2H S - |
;- [ 4x0 | (49)
e KR |, 107 |
2 q 1
Q 2
_ z L
L = %L L QZ (50)
+ L-

Referring to the definitions of R, ¢ and QL the following relationships are apparent:

If Ri>>R o = QL . This condition must be met in the design of the oscillator cir-

E’ ~
circuit 1n order to minimize harmonic distortion in the oscillator output.

If an operating region exists in which the coefficients of the @ terms in Equations
(48), (49) and (50) are linearly related, this implies that @ must be constant in this re-
gion, If RI>>Rp, Q < QL every point in the constant © region represents a solution
to the system. of Equations (48), (49) and (50). Experimental data has shown that the con-
stant @ region does exist. At every point within the constant Q region the oscillator
frequency maintains a linear relationship to the magnitude of modulator signal. By select-
ing an operating point well within the region, linear operation is obtained over the re-
quired bandwidth of the oscillator. Refer to Figure 8,

The constant @ requirement for linear operation leads to a method of selecting a
core material for the design of a variable inductance modulator. Refer to Equation (26)
which defines Q.,. The relationship between € and the @ of the oscillator equiva-
lent R, L, C series resonant circuit is:

@L = QR =QR = QR, + R + R_) ‘ (52)

4
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It has been shown experimentally that the existence of a constant Gp, regionina
given core material implies that there exists a constant & region in a practical modula-
tor in which that core material is used. Refer to Figure 9. Although the two regions do
not necessarily coincide at the boundaries, they intersect in all the core materials which
have been investigated. Furthermore, the size of the constant &, region is similar to
the size of the constant €} region,

Referring again to Equations (48), (49) and (50), it is apparent that linear depend-
ence of the Q factor coefficients and constant @ are not mathematically unique boundary
conditions for simultaneous solution of these equations. A unique solution requires the
existence of at least three more independent relationships between the variables. Per-
haps a more precise analysis of the oscillator circuit and the loss characteristics of the
modulator core material would produce the relationships required to prove that the pre-
viously described boundary conditions do lead to a unique solution of the system. Experi-
mentally, linear operation has been obtained only in the constant € regions.

Temperature Stability

By selecting an operating point well inside the experimentally determined bound-
aries of the constant ¢ region, the change in core parameters over the temperature range
of -30°C to +80°C does not move the operating point outside the region, The change in the
core parameters does, however, affect the incremental permeability and loss resistance
of the material. This results in corresponding changes in impedance of the modulator
output winding which produce oscillator frequency drift. The core material incremental
permeability and loss resistance have been held essentially constant over the above tem-
perature range by controlling the a-c field, AH, so that it varies with temperature in such
a. manner as to compensate for the changes in parameters indicated above, The most
effective means of accomplishing this involves the use of a thermistor temperature com-
pensating circuit which causes the magnitude of the a-c current to vary as a function of
temperature. By controlling the magnitude of the a-c current, the a-c field is similarly
controlled.

Non-Linear Operation

Some experimental effort has been expended investigating the effect of using damp-
ing techniques to alter the flux distribution in the core material. The results of these in-
vestigations show that the boundary conditions for linear operation were, in some
instances, radically changed when these techniques were employed. This tends to indi-
cate that the magnetic modulator can be used to produce practically any response charac-
teristic which may be desired simply by controlling the flux distribution in the core
.material.

PERFORMANCE

Several laboratory prototypes of the variable inductance modulated oscillator cir-
cuit have been constructed. The ferrite core material used in the modulators of these
units is Ferramic 03 recently developed by General Ceramics Corporation.

The operating points for the laboratory prototypes have been selected well inside
the constant @ region previously described. The linearities obtained in the prototypes
have been consistently better than one percent of bandwidth deviation from a straight line.
Modulator sensitivity is uniform for the prototypes tested.
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A thermistor temperature compensating network has been incorporated in the oscil-
lator to minimize frequency drift., The temperature compensating network adjusts the
modulator a-c field strength to compensate for changes in core material parameters.
Frequency drift has been held to within #3% of bandwidth over the -30°C to 80°C temper-
ature range. In the prototypes tested, the change in linearity over the above temperature
range was less than 19 of bandwidth deviation from a straight line. The change in sensi-
tivity was also less than 19, of bandwidth over the temperature range. It appears that no
significant variations from the above performance criteria will be encountered in produc-

tion.

APPLICATION

The immediate application of the variable inductance modulated oscillator described
in this paper is in a complete new line of miniaturized FM/FM subcarrier oscillators.
The circuit shown in Figure 10 is being used as a basic component in a transistorized
current-controlled oscillator (TCCO), a transistorized voltage-controlled oscillator
(TVCO), and a transistorized thermocouple-controlled oscillator (TTCO). Block diagrams
of the complete subcarrier oscillator units are shown in Figure 11. :

The TCCO includes a temperature-stabilized d-c differential amplifier to convert
the low-level output of a resistive bridge transducer into a signal current of suitable
magnitude for the variable inductance modulator., The TCCO operates from a regulated,
12-volt d-c power supply which also supplies d-c excitation to the resistive bridge trans-
ducer. This feature decreases overall power reguirements and provides increased sta-
bility in the amplifier.

The TVCO also uses a d-c differential amplifier similar in design to that used in
the TCCO. The differential amplifier is temperature-stabilized for -30°C to 80°C oper-
ation and features 0.3 megohm input impedance.

The TTCO input circuit is a single low impedance winding in the variable inductance
modulator, This provides extremely good stability, since. the need for an amplifier has
been eliminated. The signal winding in the modulator is floating which allows for ground-
ing either side of the thermocouple.

In addition to the applications enumerated above, a TVCO with logarithmic frequency
response is being designed using the basic variable inductance modulated. oscillator.

The possible applications of the variable inductance modulation principle are almost
unlimited in the field of instrumentation and remote control, The outstanding advantages
which this type of modulation offers over others are its comparative simplicity, flexi- '
bility and inherent reliability.
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CONCLUSIONS

The inherent non-linearity of a variable inductance modulated oscillator has, until
recently, prevented its use as a subcarrier oscillator in FM/FM telemetry systems.
The development of a method for obtaining linear operation of a variable inductance mod-
ulated oscillator has led to its application in the design of a complete line of subcarrier
.oscillators. Linear operation is obtained in an operating region where the Q of the os-
cillator resonant circuit is constant over the bandwidth of the subcarrier oscillator.
Experimental results obtained using the oscillator circuit described in this paper indicate
that the above criteria for linear operation requires the existence of a constant O, region
in the characteristics of the modulator core material. The larger the constant Qm re-
gion, the less critical is the design of the modulator.

A simple and effective method for temperature stabilizing the variable inductance
modulated oscillator involves controlling the magnitude of the a-c field of the modulator
so that it varies in such a manner as to compensate for changes in core material para- d
meters with temperature. : ’
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APPENDIX A

Definitions of Symbols

Instantaneous value of oscillator transistor emitter resistance (Figure 2).
Instantaneous value of oscillator transistor base resistance (Figure 2).
Instantaneous value of oscillator transistor collector resistance (Figure 2).
Instantaneous base to emitter voltage (Figure 2).

Instantaneous collector to emitter voltage (Figure 2).

Assuming the transistor ideal sw1tch analogy, the following symbols pertaln to the ' off "
switching condition (Figure 3A):

The equivalent resonant circuit series resistance.
The equivalent resonant circuit series. capacitance

The oscillator frequency (natural frequency of the equivalent series resonant
circuit).

Assuming the transistor ideal switch analogy, the following symbols pertain to the "' on'"
switching condition (Figure 3B):

Ry

2

“g

The equivalent resonant circuit series resistance.
The equivalent resonant circuit series. capacitance.

Thé oscillator frequency (natural frequency of the equivalent series resonant
circuit).

The following symbols pertain to the true equivalent series resonant circuit of the oscil-
lator. (Figure 4):

R
C
w

" 5" £

H';U:}UFUZ'J’;‘FUNMFU

The true equivalent circuit series resistance,
The true equivalent circuit series capacitance.

The actual oscillator frequency (the natural freauency of the true equivalent R, L,

- C series resonant circuit).

The total component of R not attributable to the inductor.
The impedance of the modulator output winding(RL + jwL).
The total loss resistance of the modulator output winding.

The component of R_ attributable to the winding losses.

L

The component of RL attributable to the core.material losses.
The. component of core rhaterial loss resistance, Rm , due to eddy current losses,

The component of core material loss resistance, Rm » due to hysteresis losses.

The component of core material loss resistance, Rm , due to residual losses.
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Eddy current loss coefficient.
Hysteresis loss coefficient.
Residual loss coefficient,
Total losses attributable to the modulator output coil. -
The permeability of the core material |
Magnetic induction or magnetic flux per unit of core cross sectional area.
Magnetlzmg force per unit length of core. | | ' ‘
The a-c voltage at the terminals of the modulator output w1nd1ng
The purely inductive component of e.
The a-c current in the modulator output winding. | .
Cross sectional area in ({m2 of the ith flux path,
Lengfh in.cm of the\ith. flux path,
The inductance of the modulator output winding.
A constant relating L to p ( quuation (27)).

The incremental permeability. of ‘the core mater1a1‘ The permeability exhibited by
the core. materlal in the presence of both a-c and d-c fields,

The cyclically changing (a-c) field superposed on a d-c polarizing field.
The cyclically changing (a-c) induction or flux density due to the presence ofAH.
The notation used for field intensity of a d-c polarizing or biasing field,

The effective bias flux density depending upon the magnitudes of both H, andAH.

b
JeOLs . . . e
R Quality factor of oscillator equivalent series resonant IR, L, C, circuit.
'aél" ] Quality factor of modulator output coil.
L

(“JL Quality factor of modulator core material.

R,/

Modulator d-c¢ bias current.

Modulator instantaneous signal current.

‘ IIb + isl Effective magnitude of the modulating signal.

Equals, by definition.
Equals, approximately.

-



-19-

APPENDIX B

Derivation of Rc and C., for the "OFF" or Non’-cdnducting_ State of the

1
Oscillator Transistor

Refer to Figures 2 and 3A. Let the equivalent impedance of the C1, C2, and R2
combination (for the transistor ' off "' state) be Zc' Then,

Zc = Rc +j Xc m
where: | X = L.
c oJl C1
Therefore: , - (I X)) (Ry-iX,) (2)
c R2 - (Xl + XZ) |
where:
X, = L
1 w,Cl
1
X = _1__
2 a)l C2

Rationalizing Equation (2)':

2 2 9 9
g - R2X1 - (R2 X1 +X1X2 +X.1X2)
c 2 2
R2 +(Xl'+X2)

R2 X2 R2ZX. + X X (X. + X.)
z=[ 1 lei 1 121*2}
c 2 2 9 2 (3)

R2 +(X1+X2) R2 +(X1+X2)

1]

Equatiori (3) is in the same form as Equation (1), therefore:

2
1

R22 +(X1 + X

R2X

R =

c 2

2)_
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2
R2 vX1 + XIXZ(XI + X

c 2 2
R2 +.(X1 + ‘Xz-)'

2)

Rewriting Equations (4) and (5) in terms of <}, Cl, and C2:

T 2
R = R2 C2"

¢ w?c?c2?r2? 4 (C14 C2)2
1
X =
(o I;)J

1

-, |

l:c‘)l c1 c2? ro? . (c1+C2) }
9 9 ,

a)12 ci® ¢2® 2 + (01 + C2)?

Since

« ? c1® c2® re? 4 (c1+ C2)

G 52

“)12 c1 c2® r2® + (C1 + C2)

(6)

(7')_
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Figure 1
Oscillator Simplified Schematic
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Figure 2

Oscillator Approximate Equivalent Circuit
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R1
Ry,
L

b

oy
Re
T
Figure 3A

Oscillator Approximate Equivalent Circuit for Transistor
Non-Conducting Condition

~ C2

)1

‘Figure 3B

Oscillator Approximate Equivalent Circuit for Transistor
Conducting (Saturation) Condition
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isf = 1

Figure 4

Complex Frequency Plane Representation Oscillator
Equivalent Series Resonant Circuit.
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1 Normal Magnetization
Curve

2 Point on Magnetization
Curve Designated
(H max, B max)

3 Slope of this Line is
Permeability, £, at Pnint
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H{ =B max’
H max

" Figure 6

Definition of Permeability, u
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1 Normal Magnotisation
Curve

2 Slope of this Line
is Incremental Permeability,
#A, at Point (Hy, Bp2), or:
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Figure 7 |

Definition of Incremental ‘Permeabﬂity,' uA
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Q = Constant Implies @ = Constant

Figure 8

Linear Oscillator Operation Nlustrated in S- Plane
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Oscillator Schematic Diagram
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