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A TRANSISTORIZED CURRENT-CONTROLLED OSCILLATOR
FOR DC EXCITED STRAIN GAGE APPLICATIONS

INTRODUCTION

This paper describes the fransisto:ized current-controlled oscillator
(abbreviated TCCO). The TCCO was designed primarily to operate with a
DC excited, resistive bridge, strain gage transducer to provide a modu-
lating signal for an FM telemetering transmitter. 2 change in input
current produces a proportional change in output frequency of the TCCO.
The principal features of this unit are: its compatibility with DC
excited, resiétive bfidge transducers; its size - 2.8 cubic inches; its
inherent high reliability due to the simplicity of the circuit and com-
plete transistorizatioh; and its low cost. Its compact and rugged design
and its low power requirement make it especially suitable for airborne

telemetry applications.
Summary

The purpose of this paper is to ptésent a functional descfiption of the
TCCO. This,deséription makes use of the fundamental concepts of the theory
associated with eaqh»circuit component; however, a rigorous circuit analysis
is not intended. On the contrary, the scbpe of the circuit description is

limited to intuitive reasoning verified by experimental results.

A description ofsthe operation of the TCCO is presented in terms of typical

experimental transfer characteristics related to a block diagram.
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Each major component of the TCCO (i.e., the DC difference amplifier, the
variable»inductor, and the oscillator) is described in detail. The descrip-
tion of each major component includes the development of a nonrigorous

mathematical expression relating the output to the input aﬁd a discussion

of temperature stability of the component.

Using the mathematical input-output relationships developed as part of the
description of each component, an over-all input4ou£put equation ié devel-
oped which relates the output freduency to the magﬁitude of the input

current.

Circuit performance and proposed applications are discussed briefly pre-

ceding a general summary and statement of conclusions.

Description of Operatioﬁ

General

The TCCO is shown in block diagram form in Figure 1. The TCCO consists
of three basic functional components; a DC amplifier, a variable inductor;
and a transistor oscillator. A resistive bridge transducer is shown con-

nected across the input terminals of the DC amplifier.

The key component in the conversion of a low-level change in input current
to a chénge in output frequency is the variable inductor. The variable
inductor makes use of the principle that the effective pérmeability of a
ferromagnetic core material subjected to the influence of superimposed AC

and DC magnetic fields is ‘a function of the magnitude of the DC field.
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Since the inductance of a coil woynd on a specimen of ferromagnetic mate-
rial is a function of the permeability of the material, the inductance is
also a function §f the magnitude of the DC field or of the DC current pro-
ducing thé field. The DC biasing field of the variable in&uctor-;s devel-
oped by current flowing in two separate control windings. A third winding,
of the inductor is connected in the tgnk circuit of an oscillator. Changes
in magnitudes of the DC currents in the control windings produce propor-

tional changes in inductance of the tank circuit winding.

The DC difference amplifier appears as a constant resistive impedance to
the bridge transducer. When the resistance bridge is balanced, the current

is zero in the input circuit of the amplifier. An unbalance in one or more

~arms of the bridge produces a current in the amplifier input circuit which
_ is proportional to the bridge unbaliance and the magnitude of the DC excita-

.tion voltage. A change in DC amplifier input current is amplified and

appears as a change in DC current in the control windings of the variable
inductor. Thié, in turn, produces a change in inductance of the tank cif—
cuit winding of the variable inductor. The oscillator frequency is a
function of the inductance in the tank circuit; therefore, a ;hangg in

inductance results in a change in oscillator frequency.:

Strain Gage Bridge

It is a well known principle that strain is proportional to stress in the
. )

region below the yield point of most materials. The strain gage bridge

makes use of this principle for measuring stresses in a material. The

function of the strain gage bridge is to convert stress variations (e.g.,

A
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in the skin or‘a structural member of an ;ircraft or‘miSSile) to voltage
level changes at the output of the bridge. This is effected by making

one or more 3arms gf the resistance bridge active in the sense that their
resistances are proportional to the strain in the material to which'they
are bonded. Therefore, if the bridge is balanced with normal, steédy-
state stress in the material; sfress variations in flight will produce
proportional bridge unbalance. The bridge output voltage is zero for

the balanced bridge condition. Figure 2 is a typical bridge characteristic

giving output voltage as a function of DC excitation voltage apd resistance

variation in one active arm.

Balanced Bridge Operation

When the strain gage bridge is balan;ed, eg =0 and iy =0 (Figure 8A4).

The oscillator output remains at center frequency fo as indicated on the -
input-output characteristic, Figure 6. With e, = 0, the DC zamplifier out-
put-currepts ic1 and 1c2 are determined by the fixed bias on transistors

Q1 and Q2 and the characteristics of these transistors. A typical‘transfer
characteristic for the DC amplifief is shown in Figure 3. With icl and

ic2 fixed at values corresponding to e, =0 as shown on Figure 3, the
inductor bias current IB is adjusted to obtain the desired operating point
on the trgﬁsfér characteristic of the variable inductor. The inductance
corresponding to this operating point, Figure 4, is tlie value required to
produce oscillation at éenter frequency fo as shown on the outpﬁt frequency

versus inductance curve for the oscillator, Figure 5.

830 o6



Unbalanced Bridge Operation

When the strain gage bridge is unbalanced, a voltage e_ is impressed be-

S

tween the base of Q1 and the base of Q2 (Figure 8A) which produces a '
current is. - If the polarity of es‘is positive at the base of Q1 with

respect to the base of QZ; the base current ib of Q1 is reduced by

1

approxiﬁately the magnitude of is’ while the base current i

b2 of Q2 is

increased by approximately the magnitude of is. This results in a decrease
in Q1 collector current i 1’ and a corresponding increase in Q2 collector

. [ .
current ic2’ as shown in Figure 3. 1If, on the other hand, the polarity of

ey is positive at the base of Q2 with respect to the base of Ql’ the base

current i is reduced, while base current ib is increased by approximately

b2

the magnitude of is. This résults in a reduction of ic2 and a corresponding

1

increase in i .
. cl

In addition to the collector currents of the DC amélifier,.a fixed gias
current IB is used to establish a DC magnetizing fbrce, which, in turn,
produces a DC flux density in the cores of the variable inductor. The po-
larities of the control windings of the variable inductor are opposite;

therefore, the DC current relationship which controls the inductance

.(assuming a constant AC flux density) is the difference betWeen the cur-

rents in the control windings, or: (IB + i i .. When e, is positive

c2) T el

at the base of Q1 with respect to the base of QZ’ ic2 is increased and

icl is decreased as indicated above. 'From the relationship (IB + icz) -

icl’ it is seen that the DC flux density is increased for this condition,

resulting in a reduction in inductance of the tank circuit winding of the

890 g7y
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variable inductor (refer to Figuve 4), which produces an increase in oscil-
lator freqﬁency (refer to Figure 5). When ey is positive at the base of
Qp with respect to the base of Ql’ reasoning similar to that above_cap be
used to show that the inductance of the tank circuit winding will be in-
creased and the oscillator frequency reduced. Fiéure 6 shows the change

in output frequency produced by a change in input current.

DC Difference Amplifier

Transfer Fuﬁctiqn

The schematic diagram of the DC Difference Amplifier is>shown in Figure 7.
Figure 8A 1is an‘equivalent circuit representation of fhe amplifier, and
Figure 8B is‘an equivalent éircuit representation of transistor Ql and

its associated circuit components.

In Figure 8A,'RLl and RL2 represent the fesistanﬁes of the DC control
windings of the variable inductor. Since the two windings have equal
numbers of turns, these resistances are essentially equal. Bias resistors
R, and R2 are equal; also, R4 and R6 are equal.' The characteristics of

transistors Q, and Q, are matched so that §, = BZ and Io1=1 *

co2’

The approximate relationships between input and output currents (neglecting

Ico) are:
ic1 = Bi(ipp) . (L
icg. = Balip2) 1 (2)
* P is the transistor current feedback factor (fiz 2. ) i -is the
. l-a co

base-collector current when the emitter current is zero.

890 (08



-7-

If the B wvalugs of Q; and Q2 are carefully matched so that ?1 = 52 =B

then:
=i = B (g - 1y) (3)
<4
/ Equation (3) states that the difference between output currents is pro-
& _
portional to the difference between input currents. This is the funda-
mental equation for the difference amplifier.(l)
When the strain gage bridge is balanced (i.e., i =o0 ), Equation (4)
expresses the relationship between transistors Qy and Q2 collector cur-
rents for the quiescent condition of the amplifier,
(iCZ)O - (icl)o =g [(in)o -.\1b1);] - (%)
. .. . : . :
* where (1c1)o, (icz)o represent the values of i, and ic2’

respectively, when i_ = o; EFD PR (ibz')° represent

the values of i and ib2’ rgspectively, when %s = o.

flows in the positive

If the strain gage bridge is unbalanced so that ig

direction, indicated in Figure 8A, ibl is decreased and ib2 is increaéed:

Gppdp = Gy = Aoy = Gy - i
(ppy = Gpdg + 815, = () + 1
. (5)
Gy = G~ 81,
(ic2)h = (1c2)o + 4 ic2

e where (ibl)h’ (ibz)h, (icl)hzand (icz)h represent the values of

i i respectively, for positive is as

110 Y2 fer’ e

indicated in Figure 8A.

§90 009
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1f the strain gage bridge is unbalant¢ed in the opposite direction, i.e.,
is flows in the negative direction indicated on Figure 8A, ib1 is increased

and ib is decreased:

2
(ip1) = (ipyplo + B ipy = (ip1)o + ig
(1p2) = (ip2)o - 8 ip2 = (ip2)o - ig
(ic1) = (ic1)o + 0 ic1 )
(icZ) = (ic2)o -4 i,

h i i i s d (i sent the values of
where (lbl)’ ( b2)’ (1C1) and ( c2) repré en
ibi’ ib2’ icl’ and i 2~respect1ve1y, for négative is as
c .

indicated in Figure 8A.

Since Equation (3) holds for all values of ibl and ib2 under consideration:

Gedh - (edn = B [ (b2)h - Gbldn | 2y

P Lab2y - Gu) | (®)

(leg)y = Ue1),

' Expanding Equation (7) using Equation (5), the following relationship is

obtained:

(ic2)o + 4 i - [Kicl)o - Aici]% B [?in)o + i;- - B E}bl)o - 131 (9

Rearranging terms:

(102{: - (icl)o v ic2 v icl =8 E;b2)d - (ibl)o-F 2p i;] - (10)

880 010
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Subtracting Equation (4) from Equation (10):

B, + 81y =2 Bi (11)

Equation (l11) states that the sum of the changes in collector currents is

essentially equal to the strain gage current multiplied by the factor 2

Equation (8) can be expanded in the same manner as Equation (9) by using
Equation (6), to yield the relationship given in Equation (11). Equation
(11) is, therefore, a statement of the transfer function for the DC ampli-

fier. The current gain of the DC amplifier is approximately 28 when

BI=62=B.

Temperature Stability(l)

The stability of the DC amplifier depends almost entirely upon two factors:
a. Selection of an optimum operating point for each of the transistors.

b. Careful matéhing of the tramsistors with respect to f and Ico'

The first of these factors minimizes the change in collector current of
each transistor for a given change in temperature; the second factor tends

to equalize the changes occurring with temperature in the two transistors

(Ql and Q2) .

Selection of an optimum operating point for each transistor involved de-
fining a current stability factor, the magnitude of which depended upon
the incremental change in emitter current for a given incremental change

in I.,. The base biasing resistors of Q1 and QQ were chosen to minimize

~ the current stability factor and, thus, maximize the temperature stability

890 o011
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of the DC amplifier. In addition to determining the optimum bias point
for the tramsistors, the change in collector currents with a given change
in temperature was further reduced by connecting a thermistor, having the
proper resistance-temperature characteristic, in parallel with the two
transistors. The resistance of the thermistor decreases with an increase

in temperature which tends to stabilize the collector currents.

The variable inductor is designed so that equal changes in Q and Q2
collector currents, within ceftain bounds, froduce no effective change

in the DC magnetizing force of the inductor. Therefore, if the character-
istics of Q1 and Q2 (especially B and Ico) are carefully matched, a change
in temperature produces approximately equal changes in the two collector
currents. Since the DC magnetizing force remains essentially comstant,.

the inductance of the tank circuit winding of the variable inductor also

remains essentially constant.

Variable Inductor

General

The variable inductor is a toroidal saturable reactor. The inductor has

four windings and two matched toroidal cores, as shown in Figure 9A. Each
core is 0.500 inch OD, 0.312 inch ID, and 0.093 inch high. The core mate-
rial is a ferrite manufactured by General Ceramics Corporation designated

"Ferramic 0-2."

Referring to Figure 9B, winding 1-2 'is wound on one core; winding 3-4 is

wound on the second core. Windings 1-2 and 3-4 are matched, i.e., they

8350 012
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each have the same number of turns. These two windings aré connected in
series with opposite polarities, as shown in Figure 9A. The series-
connected windings are used in the tank circuit of the oscillator. Current
flowing in one direction through these windings produces flux in opposing
directions in the two cores. After windings 1;2 and 3-4 are on the cores,
the cores are placed one on top of the other and control windings 5-6

and 7-8 aré wound on both cores as a unit. The two control windings are

also matched and their polarities aré opposite.

The inductance which windings 1-2, 3-4 exhibit in the tank circuit of

the oscillator is the incremental inductance. Incremental inductance is
the inductance offered to AC by a coil wound on a specimen of ferromagnetic
core material when the magnetic flux in the core is produced by an AC

field superimposed.on a DC field. The incremental inductance of the tank
circuit winding of the variable inductor is directly‘proportional to the
incremental permgability(é) of the core material. The incremental perme-

ability is expressed as follows:

pA = 4 B v ' (.12)

where pA is the incremental permeability; A B is the change in flux
density produced by the AC field; and A H ‘is the change in magnetizing

force, or the amplitude of the AC field.

The incremeuntal permeability of the core material of the variable inductor
in the TCCO depends upon the following factors in addition to the magnitudes

of the AC and DC magnetizing forces:

890 013
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a. The core material.
b. Stresses in the core material resulting from external forces.

c. The temperature.

The core material is fixed, so this factor becomes a constant. The matérial
and techniques used in the encapsulation of the inductor were carefully
selected in order to isolate the core from external forces; hence, this
factor is not considered in the following‘analysis. Therefore, if the
temperéture is assumed to be constant, an expression can be developed

which gives the inductance of tﬁe tank circuit winding as a function of

the magnitudes of the applied AC and DC fields.

Transfer Function

Although the term 'transfer function' may Be a misnomer in view of its
usual application, the term is here used to designate the relationship
between the inductance of the tank circuit winding of the variable in-
ductor and collector currents of the ﬁC amplifier. The inductance L

of the tank circuit winding can be expressed as follows:

L= ub N2(2) (4n X 10°%) By
: d, (13)
L2 N2(hd T) X 10™%) ny
where pb is the incremental permeability as previously defined.
N is the total number of turns in the tank circuit -

winding (i.e., the sum of the turns of windings 1-2

and 3-4).

890 014
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A is the total cross-sectional area of core material
(i.e., twice the area of one core) in square centi-

meters.
A? is the mean length of flux path in centimeters

h is the sum of the heights of the two cores or twice

@ the height of one core in centimeters.
dy is the outside diameter of the core.

d1 is the inside diameter of the core.

(NOTE: d1 and d2 must be expressed in the same

units of measure.)

For a given inductor, all ‘the factors in Equation (12) are fixed by the

physical charactefistics of the inductor except L and "pd . The induct-

’

ance can, therefore, be expressed as a function of incremental permeability

alone.

L =

1 ¥

A (K; = constant) . (14)

The incremental permeability can be expressed as a function of the. applied
AC and DC fields. The magnitﬁdes of these fields are functions of the
currents producing the fields. The general equation for the magnetizing

force developed by a given winding is:

8390 015
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NI
2

R '
H-’Q Oud m ) (15)

where H is the magnetizing force in oersteds (gilberts per
centimeter).
N  is the number of tﬁrns in the winding.
‘FI is the current in the winding in ampe?es.

£ is the mean length of flux path in centimeters.

For a particular inductor, X and N are fixed, so H can be expressed as

a function of the current alone:

H=K, I (K2 = constant) (16)

The magnetizing force H, producing flux in the cores of the specific in-

Aduétor in the TCCO, consists of the following components:

a. The DC magnetizing force developed by Q1 collector current in
centrol winding 7-8, and the combination of Q2 collector current

2nd the fixed bias current IB in control winding 5-6.

b. Th= AC magnetizing force developed by the AC current in the tank

circuit winding.

The componént of the DC magnetizing force produced in contrél winding 7-8
opposes that produced in winding 5-6 since the two windings are wound with
opposing polarities. Since the number of turns in each of these windings

is equal, the effective~DC magnetizing force is a function of the difference
of the current magnitudes in the two windings. Referring to Equation (15)

the DC magnetizing force is expressed as follows:

890 o016
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Hpo = Hy = K (Ig * 15 = i)
The AC magnetizing force is given by the following expression:
"H,a=AH=K i (18)

AC 2 TAC

where iAC is the rms value of the AC current in the tank circuit

winding.
o _
From the definition of incremental permeability as expressed by Equation (12)

A B
A H

magnetizing force AH , but independent of the DC magnetizing force Hb .

(ieee, po = ), it appears that pA is a function of the AC
It can be shown, however, that the magnitude of 2B is dependént upon the

DC magnetizing force Hy, which,.in turn, makes p 4 a function of both A H
and Hb .

The DC magretizing force Hb produces a DC £flux, which can be described

as a biasing flux Bb, in the core of the inductor. When the AC magne-
tizing force is superimposed upon Hb’ the result is effectively an increase

in the biasing flux B If the initial value of Bb is sufficiently near

b*
the flux density at saturation Bs, the superimposed AC magnetizing force
A H produces relatively little increase in Bb; whereas, if the initial

value of Bb is well below satdratipn, A H produces a relatively large in-

crease in Bb' It follows logically, then, that the incremental flux

. density 4B produced by a given AC magnetizing force OH is a function

of the initial biasing flux density By .

§ 830 017
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From the definition éf in¢temental permeability pd , it can be seen
that both a DC magnetizing force Hy and a superimposéd AC magnetizing
force AH must be present bgféré the phenomeﬁa expressed aé pd can
exist. Assuming then, that both Hb and Aﬂ . are applied initially, the
limiting value of p A as AH is decfeasedAto zero can be expressed as

follows:

limit p & = pr : (19)
AH—>o¢ i

(2)

where pur is, by definition, the reversible permeability.
Refer to Figures 12 and 13.

The reversible permeability is a finite limiting value of the incremental
permeability as AH is reduced to zero. For low values of Hy, pr' is a
function of both Hb and the maximum value of AH applied. As Hy 1is in-

creased so that Bb approaches saturation, ur 1is almost entirely a function

of Hb, and it can be expressed as:

B .
e ___b .
pr = , (2n)

In view of the relationship between pr and p A given in (19) above,
it appears logical that p A can be expressed in terms of . . This

expression is given below:

pb = pp+ VA HA ' (21)
where . vA is dpd
o dHA
ua 1s 2

- - 890 018
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Substituting Equation (21) into Equation (14)

L =K, (pr + vo HA) : | o (22)

When Hb is made large enough so that ur 1is a-function of Hy alonme, then

Equation (22) becomes:

+ vA HA ) | (23)

L=k (5

Bb
b

or, substituting Equation (17) into Equation (23):

B,
L =K . - + vA HA (24)
1l oKy (Ig iy -iy)

Equation (24) accurately describes the relationship, which exists in the
TCCO, between the inductance of the tank circuit ﬁinding of the variable"

inductor and the magnitudes of the DC control currents.
#

Temperature Stability

A characteristic of the core material is that there exists a limited region
of incremental permeability of the material where the temperature coefficienﬁ
of change of permeability is épproximately zero in the tempefature range
between 25°C and 75°C. The limits of this region are'détermined experi-
mpnfa]]& as a function of the DC bias current IB{ IB is then fixed at a
value within this region which results in"excellent temperature stability

for the variable inductor.

As previously mentioned, stress due to external forces on the core affects

the permeability ¢of the material. For this reason, the encapsulating

890 p19
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process used in packaging the variable inductor isolates the core from
stresses which can result from volumetric changes of the encapsulating

material with temperature.
Oscillator

Circuit QOperation

The transistor Q3 exhibits alternately high and low impedances during
successive half cycleé of oscillator operation; During the part of each‘
cycle in which the transistor impedance is high, the béttery supplies
current to the series LC tank circuit. While ;he-transistor impedance
is low, it provides a condu;tion path for current from the tank circuit
and the battery. By this switching action, the transistor coptrolé the

tank circuit excitation and thereby sustains oscillation.

Refer to oscillator circuit diagram, Figure 10A, and oscillator current

and (measured) voltage wave éhapes, Figure 11.
Switch S is closed at t = 0.

Due to inductance L, the initial tank circuit current is zero at t = 0.

The voltage V at X (across capacitor C) with respect to ground is zero

X

at t = 0.
The voltage VB at B with respect to-ground is zero at t = O.

When switch S is élosed, the battery current is determined, for a short
but finite interval of time, by the resistance of R9 and emitter-collector

impedance of transistor Q3. Since the voltage, Vg, is initially zero with

850 020
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respect to ground, the transistor starts conducﬁing when a positive voltage
is impressed at E. With the transistor conducting, the voltage VE drops

almost instantaneously to a low positive value with respect to ground.

At this point in time, the circuit enters operation Region I as indicated
on Figure 11. Although the voltage at E at this instant is small, it is
positive with respect to Vg, VX’ and ground. With transistor Qé conducting,
' base current starts to flow thfough R8 producing a voltage across C, and C1
in.series, and ‘'starts charging capacitor Cy. Since C2 is small compared to
Cy, the Qoltage Vg starts increasing in aipositive direction. For a finite
period of time the véltage Vg is positive with fespect to Vy and.negative
with'respect,to VE’ Simultaneously the current is increasing ip L, causing
theivoltage VX to increase in a positive direction. As the voltage Vy
approaches VB’ current flow through C2 reverses direcfion.ana drives B
further positive. When the voltage VB becomes equal to the voltage VE, the
circuit operation leaves Region I and enters Region II.

As the Qoltage VB goes positive with respect to the Qoltage VE’ reversé
bias is applied to the emitter-base junction of the transistor causing the
impedance between E and B to increase to a high valué. While B is positive
with respect to E, the voltage VE depends almost entirely upon the voltage
drop a;foss Ré and the battery voltage.. As the tank current swings through
its maximum positivg value, the voltage at E with respéct to'B reache; its
maximum negative value. As Ehe tank current decreages toward zero, the
current through Rg, and hence the voltagg-drop across R9, decreases

causing VE to increase toward VB'
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While Vy is positive and increasihg with respect to Vg» 02 is charging
through R8 and the relatively high base-collector junction'impedance of

the transistor.

When the voltage VE equals the voltage Vg, the circult operation goes into

Region III.

As Vg becomes negative with respect to VE’ the transistor base-collector

junction impedance decreases rapidly, causing VB to go further negative

with respect to VE until near maximum current is flowing through the

transistor.

When the transistor emitter-collector impedance reaches its minimum value,

the circuit operation goes into Region 1IV.

The battery current through Ré and the transistor. reaches a maximqm value

as the emitter-collector impedance reaches a minimum value. The low im-
pedaﬁce between E and ground also allows the tank current to flow in a
negative direction through the transistor. Since the transistor impedance

is a low resistance, the battery current is practically limited by the

»

value of R9. The transistor current, therefore, reaches its maximum

value at the same time the tank current reaches its maximum negative value.

While the circuit is oparating in Region IV, VE remains positive with

respect to V VB remains positive with respect to ground, and VX remains

B’

positive with respect to V In this region, the voltage VX goes from

B.

near its maximum positive value to a value at which the voltages Vy and
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VB'are equal. When the voltage Vg equals the voltage VB, the current in
C2 is zero. As Vx goes negative with respect to Vg, the circuit operation
goes into Region I and the cycle through Regions I, II, III and IV repeats

‘itself.

. Transfer Function

Again, it is necessary to qualify the use of the term 'transfer function."
It is defined in this instance to be that function which states the rela-
tionship begween the inductance of the tank circuit winding of the variable
inductor and the fréquency of the oscillator. Since the oscillator is oper-
ated Class B or Class C, a rigorous analysis of its operation is beyond the
scope of this paper. Instead, an intuitive development of the transfer

function follows.

Refer to the equivalent circuit, Figure IOB,- The switching action of the
transistor Q3 is controlled by the base current, which is a function of the

voltage V A condition which is essential to Class B or Class C operation

B
is that the voltage VB‘mus; be positive with respect to Vp during a portién
of each cycle. During this portion of the c&cle, base current ip is flowing
emitter-collector impedance is quite high. Similérly,'during another portion
of each cycle Vg must be negative with respect to VE' During this portion

of the cycie, the base current iy is flowing in a positive direction, as
indicated in Figure IOB, and the transistor emitter-collector impedance is

quite low. It has been determined experimentally that the optimum relation-

ship between Czpand R8 at a given frequency fo is: ch = R8' The ratio
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CZ/CI is fixed at each frequency fo to produce minimum distortion. The
maximum value of CZ/CI is 0.5. Resistor R9 limits the transistor emitter-
collector current during that portion.of the cycle when Vg is positive with

A

reépect to VE; therefore, R, is selected to obtain the desired operating

9
point during this portion of the cycle.

An approximate equivalent circuit of the oscillator with the transistor,re-
placed by‘a'switch and two iesiscors is shown in Figure 10C. Class C opera-
tion is approxiﬁated when the switch is closed during hélf of each cycle and
open during the remaining halflcyéle. The resistance R, represents the
emitter-collector resistance of theAtransistor whén VB is positive with
respect to VE' The resistor Ry represents the emitter;collector resistance

Capacitor C' represents the

when Vg is negative with respect to VE'
{ .

effective_capacitancé paralleling Cy due to Cy.

The transfer function, as previously defined, must be valid for the range
of values of L necessary to produce *7.5% change in frequency from some

center value. The form of the transfer fpnction is:
£ = F(p) . (25)

where f is the frequency of the oscillator.
F(L) is a function of L which states the relationship
between £ and L over the range given above.

(26)

]
(o]
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Equation (27) must be true in the range of operation stated above.

It follows then:

e 1
wL % — e (28)
W& =t - (29)
‘v L cT '
g2 =1 . 1 L (30)
2n 4L Gy (2m A/ Ty ) (VL)

which is the trancfer function given in Equation (25).

The relationship between ¢, and C' depends upon the class of operation,
the Q associated with L, and the effective Q of the C; + C' combination.
This relationship can be evaiuated experimentally for a given set of circuit

parameters, and in the range of operation required, can be stated as follows:

ct = Ky €, (K3 = constant) . (31)
then C) + K Cy =Gy | (32)
and f={ 1 ) ( 1 ) (33)

?”'Vﬁi *+ Ky C, VL

The constane Ky Ls determined by the condicions setaced abuve.

Temperature Stability

‘This oscillator exhibits excellent temperature stability when it is operated
Class B or, preferably, Class C. The transistor functions as a switch, as
explained above, so that if the magnitude of thé driving signal remains above
the value required fof Class B operation, éhanges.in transistor characteris-

tics with temperature have little effect on the operating frequency.
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Over-all Input-Output‘Characteristic
The relationship between oscillator frequency and magnitude and direction of
the resistive bridge transducer current can be expressed,by combining the
previously developed transfer functions for the DC amplifier, the variable

inductor, and the oscillator.

Beginning with ‘Equation (33) which gives oscillator frequency as a function

of the 1nductance of the tank circuit winding of the variable inductor'

1 1 , .
f=(2nVC1+‘K3C2 )(VL ) _ (33)

For a particular design of the TCCO, the factor ( 1 ) s
- 2w/ C; + K3 C
fixed and can be represented as a constant K:

£ = (34)

K
v Y L
Substituting for L in Equation (34), the equation which ekpresses L as a

function of the DC control currents icl’ i.c2 and IB (i.e., Equation 24),

the following expression is obtained:

+ VA HA

By setting 1 and 1 equal to their respective values when the DC amplifier

cl)o;

(35)

input current is zero (i.e., icl = (i

1,= (1c2)°), Equation (35)
becomes an expression'giving'the oscillator center frequency fo as a function
of (lcl)o and (icz)o:

fo = K : . . _ (36)

Ky Bb + VA HA
.KZ [TB + (ig2)g - (icl)oj]
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Using Equations (10) and (11) to express DC amplifier collector currents as
a function of the resistive bridge transducer current:

fOiAf= ' K

(37

K2 [?B + (1c2)o - (ic1do * 2B ié]

The * sign for 2B is gives the direction for is as indicated on Figure B8A.
When the plus (+) sign is used for 2§ is, the + sign applies for Af;

the opposite 1is true for the negative (-) signs.

Redefining the constants in Equation (37):

1
K =¢( 2n\/C1 + K3 Cy ) where Kq depends upon the class of operation

of the transistor in the oscillator. As the tramnsistor

operation approaches Class C, K3 approaches 1.

d

Ky = NG (hgn-—a%—_ )'( 2 x 10-% Refer to Equaﬁion (13) for

definition of symbols.

i K, = _O.4nN . Refer to Equation (15) for definition of

symbols.

Figure 6 is a typical input-output characteristic for the TCCO with both
~experimental and calculated points for one prbtotype unit plotted. Figure 6
shows reasonably close agreement between calculated and measured points on

the curve. .
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Performance

Laboratory and production prototype4 of the TCCO have been constructed.
Production protofypes are presently being subjected to extensive environ-
mental testing. Tests which have been performed on laboratory prototypes
indicate that the TCCO will bé particularly sﬁitable for airborne FM-FM
telemetry applications. Although the circuit is simple from the standpoint
of the number of components required, somewhat rigid produc;ipn control is
required in the selecqion of mat;hed transistors for the DC amplifier and

in the fabrication of the variable inductor.

Certain specifications and nominal performance data are summarized in-
7

Figure 14. Final performance specifications will be issued as soon as

complete environmental test data are available.
Applications

It has been previously stated that the TCCO will find major applications in
the field of aifborne.FM-FM telemetry. A Six Channel Airborne'StrainvGage
Calibrator and Excitation Unit has been designed to provide inflight cali-
bration of six TCCO units and to provide isolated DC excitation for the
associated resistanée br;dge transducers. The TCCO Qsed in conjunction with
the Calibrator and Excitation Unit provides a simple means of measurement

of any physical phenomena for which resistance bridge transducer pfinciples
can be employed. These include, in addition to strain measurements, the
measurement of pressﬁre and acceleration phenomena. Certain types of

temperature measurements can be made utilizing thermistors or other
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-y
temperature sensitive elements. The TCCD can also be used with suitable

adapters for low-level voltage measurements.
Summary and Conclusions

The TCCO is a pfactical device for provid%ng a frequency modulated signal
directly propprtional to the appropriate excitation phenomena such as stresé,
pressure, acéeleration, and, in some instances, temperature. Thé unit was
designed primarily for airborne FM-FM telemetry applicatioms. The TCCO is
simple from the standpoint of number of parts. ItAconsists of only threé
functional components: the DC amplifier, the variable inductor, and the
oscillator. Eéch of the functional components was designed to provide
maximum reliability and stability of operation. The use of transistors, a
subminiature toroidal inductor, and ﬁfinted wiring have made poésiple a
compact, rugged, low-cost unit with extremely low power requirements. The
TCCO provides a unique method of converting the output of a rgsistance
bridge transducer to a proportional frequency modulated signai with the

required accuracy and stability.
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APPENDIX

Temperature Stability of the DC Amplifier

The temperature stability of the DC amplifier depends, in part, upon the
selection and stabilization of the operating point:of .transist:ors‘Q1 and
Q2. The operating point of each transistor was selected as followgz

1. Relatively low B transistors were selected f§r 0. and

1

Qz. The total current gain required for most applica-
tions of the TCCO-SG does not exceed 30, From Zquation
(11) in the tekt, the required B of each transistor is
then approximately 15. By using transistors with 8
values in the range from 15_to 30, the stability prob-
lem was minimized,

2. Extensive measurements using Type 2N413 transistors
showed that_wigh an emitter current of approximately
2 milliamperes, the transistor input and output resist-
ances remained essentially constant over the expected
range of operation. "For a fixed value of emitter cur-
rent, the collector current is expressed.as follows:

g

ié f Fcn = nie = (Efz'f)‘c 1)
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Therefore, with ie = é milliamperes and B in the range
ﬁetween 15 and 30, the range of collector currents is
1.88 to 1.94 milliamperes. Reference to the transistor
manufacturer's data revealed that with this range of
collector current, stable operation could be obtained
by using a collector-tofbasg voltage Vc of approxi-
mately -4.volts.>

3. RL1 and RL2 were fixed by the core size, the number
of turns, and thé wire size used for fhe DC control
Qiﬂdings of the variable.inductor. These factors were,
in tu;n, fixed by the DC magnetizing forcelrequired
for the &agiayle inductor. Ry, %R , 4 300 ohms. The
voltage drop in each DC control winding due to the
collector currents }n paragraph 2 above lies in the
range of 0,565 to 0,583 volts,

4, Neglecting the voltage drop acroés the emitter-base
diode, the voltage drop across resisFor RIO is then

expressed as follows:

V.. =V - ( +|v ]y (2)

r1o0 = 'r - GRu

Where: VT is the supply voltage

Vc is the collector-to-base voltage
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Using the values from paragraphs (2) and (3) above, and

a- supply voltage of 12 volts:

Va0 = 12 - (0.575 + &) = 7.425 volts (3)

The current producing this voltage drop is the sum of
the two emitter currents or approximately 4 milliamperes.

The value of R10 was then obtained:

V.. /21 = 7.425/0.004 = 2965 ohms %)
R10" " e _ :

A value of 3000 ohms was used.

With the emitter current, emitter resistor, collector

current, collector voltage and load resistance fixed,
ghe ratio of R1/R4 (and R2/R6)»was reasonably well
established by the voltage required at the base of each
transistor, A restriction in the selection of the value
of R1 (= Rz) was that the resistance of R1 must be at
least several times the value of input resistaunce of

Q, in order to prevent shunting the input signal eé.

It was assumed that a current stability factor could

be expressed as the ratio 6f change in emitter current

to the change in Ico for the temperature range of the

amplifier.
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51 = a1 =41 )
[of 0} . CO

By minimizing SI’ the current stability of the amplifiér

is maximized, In order to obtain a minimum value of SI

for the DC amplifier, S_ was expressed as a function of

I
Rl'(= RZ) and R4 (= R6). (Refer to.Figure 8B which is
the equivalent circuit for Q1 and its associated external

resistances.) Again it was assumed that the voltage drop

across the emitter~base junction was zero., Let R.= 2R10:

I =i +1 (6).
c c co
iC =Qie (7)
ib = (1 ~-a) ie'- Ico _ (8)
R ™ .
I, =1 773 : (9)
I, +i, =1 r§_+(1_°)'¥_1 (10)
b b~ e i R4 J co

The following relationships are obtained from the equiv-

alent circuit, Figure 8B:

Vp = le{lR4) R4.+§ i { R, + (1 -a) } - Ico} R, (1)
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Rearranging terms in (11):

" RR, + RR, ¢+ (1 - R.R
v =1 . 4 1 ( a) 14 |-1 R
T e | R ! col
L _ 4 -

If Ico increases by a factor AICO, the following holds:

. T )
g RR - N : )

Vo= (i +0i) "R, *RR +(@-0RR, |- (1 +AT )R
T e e’ | *co co
L R4 i

Subtracting (12) from (13):
T "e
Y, | RR, + RR, + a - a)R &, [ R
e ' R col
- 4 .
R
; A 1R
1 Alco RR4 + RR1 + (1 - u)RlR4

For B values in the range 15 to 30, the factor (1 -a)
X assumes values in the range 0.063 to 0.032. Since neg-
ligible error was introduced by discarding the factor

1 -a) R1R42

_ Ale . RlR4 _ RIR4
I8 T RR, f R,) " 2R (R + R,)

S
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S_ was

From Equation (16), for a fixed value of RIO’ I

minimized by selecting R1 and R4 to be the smallest values

which satisfied the previously stated criteria for these

resistors., The minimum value of R1 was obtained experi-

mentally; the corresponding value for R, was selected to

[
obtain the desired collector current. Since R1 = R2 and
R, =_R6, all values of bias resistors were determined by

the above analysis,

The minimum value'of SI obtainable with linear bias cir-
cuit elements was achieved as indicated abovg. A means
was then sought for further reducing the current stability
factor. A satisfactory method was found which required

the use of a nonlinear compensating element shunting tran-

sistors Q1 and QZ. Thermistor RT 1 was selected so that:

i, 2K+ (Bi ) + AL

) ~an

Where: it is the current through the thermistor RT 1.

i i represent the change in i | and 1
81 y» 81, TeP , & cl c2’
respectively, for a given increase in temperature,
If the resisténce-versus-temperature characteristic of
the thermistor is selected so that the relationship in

Equation (17) is satisfied over the temperature range

of operation, the current stability of ‘the amplifier is
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appreciably improved. The change iﬁ resistance réquired

for the thermistor from some initial value at an initial
temperature To was éxpressed as a function of change in

Ico of the transistors., Since change in Ico is, in turn,

a function of temperature, the résistance-versus-temperature

characteristic required of the thermistor was obtained.

The change in collector current with a change in tempera-

ture AT was expressed as'follows:‘

Ai = abi  + O
c € co

. 18
at (18)
Aic ={u , +1=a SI +1
A
\ %o
Substituting Equation (18) in Equation (17):
Yt Tt ¥ (QSI « D (AIcol+ AIc02)_ (19)

‘Where: ito io the valuo of thermistor current at the lowest

temperature in the range under consideration (i.e.,

To).

The resistance of RT 1 at To is:

- . - ‘ (20)
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The required change in resistance of RT 1 (for a tempera-
ture change AT) expressed as a function of change in Ico
is as follows:

V; - 2i R
AR T e .

or = 1 (21)
. : 1
(asI + 1) (AIcol +4

)

co2

When I I
co

1 o2’ Equation (30) simplifies to:

V- 2iR
. T 10 o
BRpr = — l)i ) (22)
.-2(a81'+ A co

Using the following relationship:

SRY .
I s IOIC - S -1 - (23)
y .

Where: Io is the intrinsic collector-base current flowing
with reverse bias on the collector-base junction;
Vc is the collector-base voltage; T is temperature

in oKelvin-absolute.

Then:
AIco = )Tl ( co)To
;1 1Y
A = K'v - - -
To = I, exp KV, $xp T, exp To, (24)

1 1Y
AIco = K exp T, @XP To
1 O -
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Substituting  (24) in (22):

. Vo = 21 Ry

AR. .
RT 1 1
zx(asI + 1) (exp T1 exXpP

From Equation (25) a characteristic curve can be con-
structed allowing RRT to vary as a function of the
parameter T. This can be expanded into a family of

curves by assigning different values to K.

890
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FIGURE 14

PERFORMANCE DATA AND SPECIFICATIONS TCCO

PERFORMANCE DATA

‘NOTE:

Center Frequencies
Available:

Power Required:

Input:

Sensitivity:

Output Signal Amplitude:

Output Signal Distortion:

Frequency Response:
Output Signal Lihearity:
Amplitude Modulation of

Output Signal:

Nominal Operating

Temperature Range:

Frequency Drift:

PHYSICAL CHARACTERISTICS

Overall Lehgth:
Overall Width:
Overall Height:
Overall Weight:
Vibration:
Shock:
Acceleration:

£

-IRIG Band No. 4 through Band No. 18 (0.96 KC to 70 KC)

10 ma nominal at 12 volts *+0.5%.

DC excited, four-arm resistance bridge. Bridge excit-
ation must be isolated from TCCO power supply.

*10 ﬁiﬁroamperes produces #*7.5% deviaﬁion from center
frequency. Refer to Figure 2. With 330 ohm bridge,
one active arm, 12 volts excitation: *0.4% strain
produces *7.5% frequency deviation. ‘

2.5 volt nominal across 70K load.

Less than 1.5% total harmonic distortion over bandwidth.

Flat within 0.5 db to twice IRIG recommended frequency
response (modulation index of 5).

Within #1% of bandwidth from best straight line through
£7.5% bandwidth points.
Less than 107 over bandwidth when calculated as follows:

AM = Emax - Emin-X 100
Emax + Emin

70°F to 150°F

Less than *17% of center frequency over a two hour

. period after 15 minutes warm-up within nominal

operating temperature range.

The data listed above is average for all protypes tested.

2-13/16 inches

1-11/16 inches

3/4 inch -

3.1 ounces

To 10 g at 500 cps

500 g all planes, both directions)
100 g all planes, both directions)
20 seconds duration )

Causes less
than 27 of

B. W. frequency
shift.

50
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