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1,1 Purpose

The purpose of this project is to evolve a practical analytical and
empirical approach to the temperature compensation of quartz crystal
oscillators. The study will encompass numerous methods of compensation,
of which the most promising will be investigated fully and complete design
procedure obtained., The study will be concentrated on a nominal frequency
of three megacycle, but will be generally applicable to AT cut quartz

crystals of from 1 to 20 megacycles,
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2,1 Abstract
The mathematical analysis of five different methods of temperature
compensating crystal oscillators is presented, The five methods presented
are referred to as Methods A, B, B', D and E, Method A utilizes a
back=biased diode and thermistors as the compensation elements. Methods B
and B' utilize the junction capacitance of the transistor and thermistors
in the transistor bias network for compensation, Method D ;ses the injector
to collector junction capacitance of a binistor and a thermistor control
network as the compensation elements., System E uses a forward biased
diode, capacitor and thermistor control network as the compensation elements,
The results of experimental tests on the compensation circuits and/or
compensated oscillator is presented, A compensation on one three-megacycle

oscillator was within + .7 parts in 107, from 0°C to +60°C,
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3.1 Conferences
Mr. Shodowski and Mr, Layden on August 20, 1962, at The Bendix Corporation,

Pioneer-Central Division

This conference covered the general organization of the project, the time
schedule and the emphasis of study. The proposed time schedule was reviewed and
approved, Elimination of proposed methods of compensation that do not appear
feasible is to be done before the end of the 2nd Quarter, It was agreed that
the investigation not be limited to the specific methods initially proposed,
but that other methods also be investigated. The list below gives a summary
of some of the methods and components discussed and accepted as satisfactory
for investigation purposes.

Class A: Discrete Systems

1, Back~Biased Diode Capacitor
2, Variable Inductance
3. Temperature Sensitive Capacitor
4, Barium Titanate Dielectric Material
5. Electronically Variable Capacitance
6, Switching Methods
Class B: Integrated Systems
1, Transistor Method
2, Binistor Method

It was decided to discontinue the voltage regulator study that had been ‘1
started until the scope of work warranted its continuance,

The final result of this project was defined as follows: The final
report shall contain sufficient information to permit an engineer to compensate

a quartz crystal oscillator to an accuracy within the scope of this investigation.
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4,1 Varicap Compensation -~ Mathematical Analysis

In any frequency compensation method, a means it needed whereby a change in
frequency of the crystal is produced that is equal and opposite in sense to the
change caused by temperature., In the varicap method and other methods of compensation
considered in this report, the means for producing a compensating frequency change is
accomplished by changing the load reactance at the crystal terminals. Figure 1 shows
the effect on frequency of changing the load capacitance of a crystal as a function
of the crystal C°/Cl ratio,

A general form of frequency compensation can be illustrated as in Figure 2, The
compensated oscillator is composed of an active element with associated circuitry,

a crystal, a variable reactance and a control network. Figure 3 shows the equivalent
schematic diagram of Figure 2 for a varicap compensated oscillator, where the transistor,
resistors, capacitors, and inductors constitute the active element and associated
circuitry. The crystal is connected to the active circuit, a varicap is the variable
reactance, and the control network, Zl' Z2, and E, are composed of thermistors,
resistors, and a voltage source,

Figure 4 is a simplified a~-c equivalent circuit for the oscillator shown in
Figure 3 and is the basis for the following analysis. It is assumed that the
oscillator circuit at Terminals 1 and 2 in Figure 2 can be represented by a parallel
capacitance, C., and negative resistance, ~R,. Also the assumption is made that Rgis
negligible,

Equation (1) defines the change in frequency of a crystal due to a change in the

capacitance presented at its terminals as shown in Figure 5. C , M, and r = C,/ C;

are constants of the crystal, and Cx is the crystal load capacitance,

(1) Af c_ x 108
r: P M ¢ ©O
2r IEO + Ex)

In this analysis, the Q's are considered high enough that losses can be ignored.
C, is equivalent to CC,/C, + C4, and Equation (2) defines P as a function of C. and

Cd where P is equal to A f/f in PPM, M can be found by setting P = 0 and

b,l
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solving the resulting :quation for M,

6
Coccx 10

+

2 o= M+
(2) F
r T L.+

Now if P is differentiated with respect to Cy, then (d P) as a function of

(d C4) will be obtained,

2
dp = . Cocc

and + Ecadyi

X 106

(3) 33 20 (CoCg * Cold + CoCq)?

In a temperature compensated oscillator, C4q will be a varicap network and cont

network as shown in Figure 5.

voltage to the varicap for compensation.,

by Equation (4),

(u) Cq

Where K is a constant determined by the diode characteristics and V, is the
control voltage provided by the voltage divider shown in Figure 6.

When Equation (4) is differentiated with respect to V,, Equations (5) and (6)

are obtained.

(5) g_c‘ﬁ1
Vo

(6) dCd

If Equation (6) is

P with respect to V. is

(7) dP =
v
(8) avy =

~
N

o}

1 KVq =3/2
7

Kvo =32 (avo)

i
2

used to replace d Cq in Equation (3), then the derivative of

CoCq x 10°

found as shown by Equation (7).

KVo~3/2 coe? x 105
Br (CoCe + CoCd * Ccld)

Bp (C,C, + CoCq + CCy)P

KCoCZ x 106

v

3/2
o

Zr tEoEc + 5353 + acad)

E, 2, and Z, provide the proper temperature sensitiv

The equation for C4q is given approximately

(daP)
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Therefore, from Equation (8), if the circuit parameters are known then the
allowable voltage change for a given change in P at a specified voltage or Cy
can be found. In a given compensated oscillator the percentage change in V., can
be determined to maintain a given 4P, At this point, the allowable voltage change
at any given V, can be found. To further carry ocut the investigation, the error
allowable in the voltage divider to maintain the same frequency accuracy will be
found.

Figure 2 shows the complete circuit for the varicap and its voltage control.
Prom this circuit, Equation (9) can be found,

(27)

Vo = E
(9) 129

Differentiating V, in Equation (9) with respect to Z; and Z, results in Equations

(10 and (11),

(10) v, _ -2 E
1 (502

&V _ 2, E
aZ; (21+2255
At this point a new equation defining the voltage divider will be introduced by

Equation (12).

12 E Z
(12) L I -1:—&
Vo Z9

By rearranging Equation (9), the equation for the ratio of 23/Z; is obtained
and this ratio will be referred to as ¢, This relationship for ¢ 1s sometimes easier
to work with than the for V..

The derivative of ¢ with respect to Vo, is given in Equation (13),

(13) E

d - .
o R
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Equation (iu4) shows the change in vy for a specified V, and change in ¢. I
Now relating Equations (10), (11), and (14) back to Equation (8) the following

relationships are obtained,

2 2
(2,+2,) (4r) (CoCetC CatC Cq)

(15) dz, = - (ap) v /2

Z,E K(C,Ce? % 106)

2 2
(Z,+42,) (4r) (C_C.+C.Ca+C C,)
1 ¢’ vovd
(16) dz, = 2 °2 - cd () v 3/2
zln KC Co” x 10
( E > (4) (CCotCoCq*Cele)?

o 2 Vi 6
KC,C.“ x 10

/2

(17) 4 ¢ - (ap) v, ° |
Vo '

Another relationship that will be important when considering the stability of

Equation (2):

|

6 6
(18) P _ (CCe#ColqtCyCe) C_ X 100 =CCq % 10° (CotCy)

N2
dc 2r (C L +CoCq#CeCy)

c
CoC, % 108 (Cotcy)

2
2r (CC +CCa+CeCyq)

a given compensated oscillator is the change in P with a change in Cos From l

e ce?x10°
Therefore, —  —
2
dc, 2r(C C #CCqtC Cy)
Rearranging Equation (18), the equation defining the change in Ce for a given ‘
change in P {s obtained. |
: 2 |
(19) o . -2r (Locc+c°cd+cccd)
C° a X 10
Values will be assumed for the circuit shown in Figure 6 and by using the -I

-

equation derived previously, the defining relationships for the oscillator will be

determined, .{

"
|
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Let r = C5/Cy = 300

Ce = 100 pf K = 200 x 10732 £ -y 1/2
E = 15V Cq=K/V 1/2
Co * S pf
dP = ,01 PPM
Let V_ 4 ¢
1 200 pf 14
2 41,4 pf 6.5
u. 100 pf 2,75
9 66.7 pf .667
12 57.7 pf .25

Assuming that a maximum change in frequency of 1 part in 108 is desired from
any given parameter change, then the allowable changes in the parameter can be

computed. The following table is the values obtained for this hypothetical

Vo d Ca/d Vo-(10 T2 Com(l0 @ d Vou(mv) o

1 -100 -1,385 .00831 .555 (2)42,)2 3.70 x 107>
2

2 - 35,4 -1,416 .00298 .795 (21+22)° 5.3 x 1079
2

4 - 12,5 -1.45 .0011 1,162 (Z4+425) 7.73 % 10-5

_%2_L

9 - 3,7 -1,51 -00034 1,825 (2342502 .21 x 107%
22

12 - 2,39 -1,56 -00023 2,22 (2+25)2 1,48 x 107"
2

Column 1 is not related to (dP), but is the derivitiive of C4 with respect
to V . Column 2 through 4 are the delta changes of the corresponding parameters with

respect to dP, where (dP) = 0L PPM, as a function of V..
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4,2 Varicap Compensations Dwp - - bata

The varicap method of compensation has also been investigated empirically.

A number of oscillators using this method of compensation have been constructed and

|
I

their characteristics investigated, Figure 3 is the basic oscillator configurationl

used in the construction of the test oscillators. Figure 6 is the basic compensati

network used.,

1

Tests were run on a number of oscillators to determine the exact characteristii[

exhibited by the oscillator due to changes in the circuit parameters. The first test

that was made was to determine the change in frequency due to a change in supply
voltage, There are two possible results from the experiment depending upon the

manner in which the bias voltage, E, is obtained. If (B+) in Figure 3 is also

1
1

(E), then a change in frequency due to a change in voltage will be due to two effecflo

One effect will be the change in capacitance of the compensation network due to
a change in voltage on the varicap and the other will be the change in frequency
due to changing only the B+ voltage on the oscillator,

The voltage, V,, will not be equal to E, but will be directly proportional
to E. The relationship is V, = (25/Z) + Z3)E. Therefore, the effect of an
incremental change of E on the frequency will depend upon the factor 2,/(Z;+Z3).
Where Z; and Z; are temperature varying, the effect of Z; and Z2 will have to be
taken into account when determining the maximum allowable voltage deviation,

A curve of Af/f versus B+ is shown in Figure 8, for the connection where separate
power supplies are used for E and B+, If B+ was also E, the curve obtained would
be the sum of the two variations discussed, The axact magnitude of resultant
variations in this case would depend upon the values of B+, Z; and Zj3.

From the curve in Figure 8, the slope (A f/f)/4V can be determined, At any
given bias point, say vy in Figure 8, the maximum voltage deviation can be found
for a given deviation in frequency., At V; in Figure 8 the value (Af/f)/AV is

equal to (N) where in this case N = ,23 PPM/volt, If the assumption la made that

- — ¢ — oy



0.01 PPM is the maximum fraquency deviation that can be tolerated due to voltage change,
then the allowable voltage deviation is:
0.01PPM/ A£/£/AV = 0,01 PPH/N = 0,0435 volts
- fho values of N can be reduced by selecting components, (transistors, capacitors,

etc.) that are affected less by voltage and by selecting a different bias point (V,).

The next experiment that was performed on these oscillators was to determine the
pullability of -the compensating varicap, e.i. P/V,, Figure 9 is a set of curves of
P versus V, for different types of varicaps. If a certain voltage range for V, is

_ desired, the curves in Figure 9 indicate the total allowable frequency deviation that
can be compensated for by using a particular varicap.

In Figure 10, the effect of changing the voltage variation of the compensation
capacitance seen by the crystal and oscillator circuit is shown, These curves were
obtained by putting capacitance in parallel with the varicap and increasing the series
inductance until the frequency was fo s Vhen V_ equals five volte. The change is the
characteristics of the Af/f/V slope is indicated in Figure 10,

The effect of changing transistors in the oscillator was not detectable and is
assumed to be negligible, If a coll is used in series with the crystal for means of
frequency setting, compensation characteristics may be altered over temperature of the
coil due to the temperature sensitivity, Extensive tests have not been performed as
yot to determine the temperature effect of the coils. Two varicaps were tried in the

same circuit to determine how much the P versus V, curve would change from one unit

to another of the same type., Negligible difference was found, but a more extensive
analysis of the effect of component tolerances of compensation characteristics is now 1
in progress.

A set of curves of V, versus temperature required to compensate crystals with the
temperature coefficient shown in Figure 1l was determined from a typical curve as shown
in Figure 9, This was done to get an idea of what the typical V, versus temperature
characteristics of a compensated network would have to be to compensate crystals with

4.11



various angles of cuts. Figure !'7 -hus. the resulting V, versus temperature curves.
To generate these V  versus temperature curves, the corresponding compensation
networks required for obtaining the different curves are also shown. The difference
in the basic network for different aigles of cut is due to the fact that the upper

and lower turning points change as the angle of cut changes; and in turn, this changes
the slope of the compensation curve at various temperatures.

An oscillator was compensated using the varicap method. Two tries were all that

were required to bring the oscillator total deviation to 7 PPM, The final curve of the

compensated oscillator is shown in Figure 13. Thirty PPM was the Af/f between
turning points of the uncompensated oscillator. From the experience obtained of this
compensated oscillator, it appears that compensation techniques can be developed

to readily compensate an oscillator with the required frequency tolerances.

4,12
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4,3 Transistor Compensation Method: Mathematical Analysis

The transistor method of compensation is based upon the junction capacitance of
the oscillator transistor and its control. Figure lu4a is the basic escillator circuit
used in investigating this method of compensation where Ry and R, are variable resistances
Figure 14b is the a-c equivalent circuit for Figure lba, C_, 18 the internal base to
collector junction capacitance of the transistor., The junction capacitance is determined
by the voltage from collector to base.

A mathematical analysis of the transistor compensation method has been made,
Figure 15a is a schematic of the d-c portion of a transistor compensated oscillator and
in Figure 15b the transistor is replaced with its simplified equivalent circuit where
the base and emitter resistance is considered to be negligible.

The analysis of this circuit was made using V. as the parameter desired to be
investigated. Using Vep 38 the control parameter is mathematically simpler than using
Ccp 88 the controlled parameter and just as effective because ccb is proportional

to Vop as shown in Equation (1).

(1) Cpb * K = _K
n 7
Vb "Veb

All equations obtained in the following derivations can be related to ch by
using Equations (1) and (11)

(2) I, ®BI, ¢+ (B +1) 1o
(3) Ig=Ig-1

(%) I = I+ 1y

(5) E = RyIj + Ryly

(5) I.R. L] 12R2
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(1) Vep = IRy - IcRe

(8) Veb = Ib[ﬁin_z_e_ L+B)+ (R - BRc)] + I, (B *1) (R_e:%_ - nc)

From these equations, Equation (8) can be rewritten in tems ef knewn

parameters as shewn in Equation (9) where Ry = 1‘.___“7_;‘-1+ Ry

(9) Vep = z:[ e e B Pe
Ry(B*Rt/Re)  Re(B*Ry/Re) R4 (1+Ry/R;)(B+Ry/Re)
1Re B2RgR) (BR1+BRc)
e R - Tl ]

Negleoting I.,, Equation (9) reduces to Equation (10)

(10) Voo = (qrmmpaiyams,) (/7 + 1/ - me/mem)

By taking the derivative of V., with respect to the circuit parsmeters

te be considered, Equations (11) through (17) sre obtained.

dc K -3/2
(11) - -3V

dav RiR
12) b - 172 -
(12) dE <B(R14R2) 4 RIRZ /R°> ( B/RQ + l/ng mOM])

@y . ERB(B + Ry + BRo/Re + RoRo/R2)

(13) -
N (Ry(B + Ry/Rg) + BRQ)E
) foo B * BRN)
&, (BRy ¢ Ry(B + Ry/Re))

ag) SVep =  EBRiRe Lgal/(nr Rp) = 1 + (B(Ry*R2)Re)/(RIRp(1 + 31/1‘2)5]
dRe (Ry 4 R,)(BRq + RyRp/R)+Rp)2
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av.y ) EB R2

(16) = -
dR, R (R, + B Rg) + RyR,B
av

(17) cb E RyR, R, R
— = ——t1- c

dR R (R, + R.) "RyR, V¥ \ R, +R R_ (1 +R,)
c e 1 2 (% +.RTL:Z$9 1 2 e 1&?

Thus, by knowing a given change in circuit parameters, the resulting change in
V.p can be found and correlated to the resulting change in Ceb through Equation (11).
As can be seen from the squations just derived, beta is a predominant factor. If beta
can be made so large that I,< <Il) then the previous equations can be rewritten
using this assumption. The following equation was derived from Equation (10) assuming

beta to be very large.

R R Ry = R_R
=EI——R1 e R2 Ry R1 = R, Ry

E
t+ R, Ry (R} + Ry) R, (R} +Ry)

vcb

B+te

(18)

Thus Vcb is determined by Il or I and Ic or Ie or by Ry, R,, Rc' or R,. As was

2
indicated in the previous analysis, this independence of P or V., on the beta of a
compensated oscillator transistor would allow all compensation curves to be run at
room temperature because the temperature effect of beta would be eliminated. In the

case where beta is very large, the the Equations (12) through (17) reduce to the

following set of equations:

Sep , (RiRg - ReRy)

(19)
. dE RIRQ + RZRe + RIRZ

'

(200 av s <R2>(Re +R))
2
dR, Re / (R) + R,)

(21) av (R,R_ + R.R))
. ¢b . -(E_) 1% 17c
dRy Re (R} + Ry)?
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av ., E R,R |
(22) 2 = E 2% 1

av ER 1

clRc Ry (R1+ Rz)

av I :
(%) P = 0 i

dB '

It is apparent from the above equations that if beta is large enough to be ignoref,
then its temperature variations can also be ignored. This greatly reduces the complexity |
of the equations governing the transistor compensation method, |

Therefore, the change in C,; with a change in any circuit resistance, particularly
R, and Ry, can be determined very readily. This in turn can be related to a change i
frequency for a change in Rl and R2 by obtaining the equivalent circuit of the
transistor compensated oscillator and solving for P as a function of C,, of R, and R,.

In actuality,beta large enough to have no effect on the transistor compensation I
equation will never be achieved, but beta may be large enough that Equation (18)

will be very close approximation for Vcb’ At the present time, an investigation is '

method of increasing the effective beta of the transistor.

being conducted to find transistors with higher betas than those now being used or a ' 4
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4,4 Transistor C:unpensation Method: Empirical Data

Trne basic circuit used in investigating the transistor compensation method
was shown in Figure lua. The configuration of the oscillator is fixed in this study
to oscillators such as those shown in Figure 16, In any oscillator using the transistor
method, the junction capacity ch must be in such a position that it can control
the frequency of the oscillator., This requires that the junction capacity in circuit (a)
in Figure 16 appear across the inductance and crystal, in circuit (b) from base to
ground or in circuit (c) from collector to ground. Configuration (b) requires that the
collector be grounded., The configuration in (c) requires that the base be grounded.
All three configurations have been tried. There is no advantage in grounding the
collector as in configuration (b), unless it is desired to have one side of the
crystal grounded. The reason for grounding the base is to eliminate any effects
that varying Rl and R2 might have on the frequency of the oscillator.

The relationship between Rl and R2 and P has been investigated. This relationship
is basically the same for all transistors. The value of junction capacitance and the
change in capacitance with junction voltage of a given transistor determines the
magnitude of the effect of Rl and R2 on frequency. At three megacycles the reactance
change required to obtain adequate pullability requires a junction capacitance of
approximately 20 to 30 uf, This requirement immediately rules out a large number of
high frequency transistors because of their low junction capacity. During the
experiments performed the 2N697 transistor was used almost exclusively because it
meets the requirements of good frequency characteristics and large junction capacity.
Other transistors were used and a comparison to the 2N697 of a 2N1507 is given in
Figure 17, A very high gain, large capacitance transistor is now on order that should
have a much higher beta than the 2N697,

There is a difference in the slope of the Af/f versus R curves for various
transistors, The transistors used in the experiments were not selected for uniformity,
If they had been selected according to junction capacity, more uniform characteristics
would have been obtained, The curves of R1 and R2 versus P indicate that the change

4,25
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in resistance of Rl will slightly affect the pullability of R2 and R2 will affect the

pullability of R This is true because of the change in base current in the

1°
compensation network.

Temperature also has some effect on the slope of the R versus P curves, Most of
this effect is due to the change in beta of the transistor with temperature. A high
gain transistor will eliminate most of the temperature dependence of the pullability
AP/AR,

The general curves of Rl 2
show similar characteristics to those of curves (a) and (b) in Figure 18. This curve
is trus if it is assumed only NTC thermistorsare used for compensation. If both
positive and negative coefficient thermistors are used it is possible to use only R

1

for the compensation element. A typical compensation curve of R, using both PTC and

1
NTC thermistors is shown in Curve (c). Although the use of only Rl for compensation

greatly simplifies the compensation procedure, PTC thermistors are not available in

vl

and R, versus temperature required to compensate a crysta

enough of a variety to obtain the flexibility in compensation characteristics required.'

Therefore, almost all of the experiments performed on transistor compensated
oscillators was done using both R; and R2 to generate the Af/f versus temperature
characteristics. R; essentially controls the low temperature compensation require-
ments and R, controls the high temperature requirements. There is a certain amount

of interaction between R1 and R2 at the intermediate temperatures, Figure 19 shows an

ideal case where Rl becomes ineffective at T2. and R2 becomes effective at T , Methods

whereby the resistance changes in R, do not affect the compensation performed by R,

1
and resistance changes in R, do not affect the compensation provided by R, are being
investigated and will be discussed in the section on non-linear resistance networks,

Four oscillators have been compensated to varying degrees of accuracy using the

transistor method, Figure 20 shows the circuit for the four oscillators and also gives

the uncompensated change in frequency between turning points for each oscillator,
Figure 21 gives the resulting curves for Oscillators #1 and 2, Figures 22 and 24
show the evolution of the final frequency versus temperature curve from the original

4,26
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uncompensated oscillator curve for Oscillators #3 and 4., Figures 23 and 25 show

the circuits for the R, and R2 for each curve in Figures 22 and 24,

1
Oscillator #1 and 3 utilize the grounded emitter configuration and Oscillator #2

and 4 utilize the grounded base configuration. From Figures 21, 22, and 24 it is quite

apparent that the oscillators using the grounded emitter configuration were more success-

fully compensated, During the compensation procedure, it was determined that

AP/PR for the grounded base configuration was less than for the grounded emitter

configuration, Initially, networks for R

and R2 were devised from the R_ and R,

1 1
versus P of the oscillator that would compensate for the frequency change due to
temperature. When the resulting curve was plotted from the data obtained on the
first temperature run using the initial Rl and R2 networks, the error in frequency was
plotted versus temperature, From the error curves, correction curves for Rl and R2
were then changed to incorporate the required error correcting resistance. This
procedure was done until the errors became so small that further compensation was not
feasible for the time required or until the effect of R1 and R2 were at their limits
and no more compensation could be accomplished without major circuit changes.

The crystals used in the test oscillator were not optimum with respect to the
Af between turning points. They were all that were available at the time the program
was started. Using crystals with less slope between turning points would require
less compensation and, consequently, less frequency pulling capability., This would
result in a fewer number of trial temperature runs to achieve a given frequency
stability.
B The change in frequency with a change in B+ was determined experimentally as shown
in Figure 26. The average slope of the curves is approximately (0.6) PPM/volt. This
indicates that to keep the effect of supply voltage variations or frequency to less
than + 0,01 PPM; the supply voltage cannot vary more than +.0167 volts.

To compensate an oscillator to less than t 1 PPM using the transistor method will
probably involve a change in compensation techniques. The variation in ch with
voltage for a given number of transistors will vary unless transistors are selected.

Therefore, it is hard to specify a thermistor-resistor circuit that will compensate an
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cscLliator to very ¢lisg o U o...:s when differsat transistors are used, For accuraci- o
below 1 PPM, ::e nethod to compensate an oscillator would Le for each transistor to bl
ind.dually checked and comparcd ¢c previous transistors thar had been used for I
compensation. In this way, transistors could be sorted into different categories

and a specific compensation network could be used for each category. I

Another method that has been used to compensate an oscillator to frequency changes
less than a PPM is the AR system, In the AR system a small resistor of known value l

1

is inserted in series with R, and R, with a shorting switch in parallel with the AR's
When a temperature run is made on the oscillator ARl and AR2 are shorted at each '
temperature. The change in frequency for a change in R, and R2 is recorded and plottlioi
This results in a plot of P versus temperature for a given ARy and AR5;. When j
the compensated Af/f versus temperature curve of the oscillator has been plotted, thJ !
error in frequency can be determined, From this the required change in R, and R,
can be determined and the thermistor networks can be adjusted accordingly. I
This method has been tried and works very satisfactorily but can become rather
lengthy due to the fact that it is sometimes difficult to change the values of R, and
R, by a given amount over a limited temperature range. In some cases, circuitry willl
have to be added to change the resistance versus temperature curve of Rl and R,
rather than changing the values already incorporated in R, and R20 This may result

in an excessive number of components if many changes are required to achieve the

required frequency accuracy.,

bowel  owl el el el

jos]

iy, 28



COpUTI NO/ILHSNIIWDD oL S/SANSL 5.

.&W
| 55
| -

L

1

)L

2]
=
_!

[



© e r— L — —_ “—y——-

v ——

-

— 1MNJ 1lon ml_z...J ml.i-lm.,, l - -

(I.

i
e e e - S-
L dsN . soswa | B
! M . m . : _ ! . N&\Z‘N
L . Sk

Veaa o3 DU

. B N \./
A0LSISNYAL 30 NOWLDWNNA Sara N\
& SS9 (2a) AONYLSISIA, , =
SA ” -
NO\LYINRQ! r.u?usawuu

Ll 3anNSi4

- ..U\m\kﬂ“\\n e - . e e . S - A .....-l.,. - o]

iy M.MM sy SIOAN 02 :=A | N

T Aes 2L Ser=?y T SRHO EOIXEE 'Y T
28§ m&awru NI - NMOHS  DILlvivIHIS)

b S i - T N e vt e e en e LA dew b S eaes oA e 4w




4 G sl

: Jo 3% D.rq& T4l 1]
c8 09 cvy 0 - o7- F-

! i e SO B

Zj:& RN
= \

[N - -

“ oA g 4 s B
AV H A , A T

- — e — .- - (S
PRSI e ]



e T s B

)
L

e e e e e e — -

4
B R T

4
|

s0d 53ILSINTL:

zoukcwguha -

[
e e
e

3 m.mav..m o m_,m,?.m..wi. w

e e e e - + —————— — —— B L T ST S

- . S . “..»c.. 4 . . . . . i ~
' PN H- [ . . ° . .

i

i

P2
%

{

b
’n .‘ .,.m. - PRS-
SWHRO ¢O1 N 'A

©

SINHO ' ¢OF N

0
5

¥
4

3 T . NG
i i ) o / 13
” . 1 ' A W
| “ S i N _
- I3 : — e ot e il T -y : - 11 -
. . - . — — .. + m ] .
i ; . el ol Rl - ﬁ . " Lo o :
. R SR R S SR R P i b g
) | L - . m .
v T _ ‘ .ﬁ ! H H Tt T
i~ Sy . .

H T t T 1 " : o -
A R e } - : ; i ’ : i
] et v ot t 0 § Ner ol




* s V
Q

Y7L

OTTHf _],

! L
}/;m 1 w706
4] ’ ¢
L It T et | NG
4 / 2HEof l

'
I

$/a,( 47/«% é/a/(/ 4‘7{5 $/o(

= 1"
S z S M‘? §33x

/SDPF

Lo
Ts

o33.4f
yzry

!
Z OFZyf
I

@, = INE97
@G> = A JOL
03 = ?/1/706

O

P&.X//a'ifafxté; s / 4”( ) 'i Af epiins),
/ 2\ Fro7 /EZ
.z l k. i i 07 /AL
s 7 sgzz s
—” 4 T FE37 78

S= swriTs LPoSsT/oN
= CEYE T P ENEY
df = DIFEERENCE o EEQUENCY Feot

UPPEE 7O LOWEL TUCNING

RPom' >

C/CLS T ik KM OF Ko/ NG OSC/LLATOL

LI 20



\'

)

-~
*

N
*

N

| &

18+

6+

™y
T e e

———d e

" Aony

W v Thp



\,\%\k&ﬁvgb &% A ,
SuUSTIEFD &&.@\%\

b T m m . :
_




e e e o < g e Ao e i+ s e 4 e

OSCWALATOR &%

-

!
' ;

o R\ Guirest ey Ra Soonnyres |
SK i
zzK oK) agx [V |
\ O——v\/\/\—@——o O~ AN o) f
\OX(F) ]
Ko
33K =KD a7x L
2 | o—AAA O~ AV o ] |
. .
\OK(F) §] :
22X
zz¢ KD A7k AAA f
3 | 0—M—EAMD—0 OAAA— '
\S K (F) 3
27v 1K) 47K 1
4 o—vV\ O ’ }‘
VS0 2 (F) ] ‘
32y KD 4K 11
= ! %
s
BX(F) ‘=P 1

COMAR/ SHTV/N NETWOCAS
LroueeE 23



Dty W Fp



adieis. e o

T A AR S BT S W M

B ORI

CLCOULATOR. ™A

= ke S ORS UL T A AP /S T
‘t)(gs ! F:Q\ Gutrow ryaE D) Ra 4u¢mrﬂ;ﬁ

\O X

, A N ]
D VA AN |
—— P -

DL SRTION NET WS | ];
- SsE P&



S - A
\t@\b\\ww\(

_
e
[
% - L -
e e
- , B

A

e

N —

e e et S o s &

.



;,
1
;
§

© o S S o 57 sy S—

4,5 Isolation Stage Compensariun

The isolation stage method of compensation utilizes the same principles as the [
transistor method of compensation, and the equations derived in the section of l

3 -

transistor compensation are good for System B', This method was developed during

a search for a means of providing a "fine" compensation control for the transistor I 3

i

method, By using the transistor and isolation stage methods together, compensation can

il sl

effected much more readily., Figure 27 is a schematic of an oscillator utilizing the I
isolation stage compensation method.

The isolation stage method of compensation is most effective when the transistoél
method is used to reduce the frequency deviation of the oscillator with temperature ‘h§

a standard compensation network, The error in frequency that still remains is then

corrected for by using the transistor in the isolation stage for compensation, which
have less effect on the frequency than the oscillator transistor. This in effect i
provides a "fine" compensation adjustment where the oscillator transistor provides

a "coarse" frequency adjustment,

Figures 28 and 29 are curves of P versus R, as a function of Ry, R, and C,
are as shown in the schematic in Figure 27, Figures 28 and 29 illustrate the effect

of R R and R yupon the compensation characteristics of the isolation stage method,

l.
To illustrate, the slope of Curve #1 in Figure 28 is equal to AP/AR,; the
difference in A0f/f between Curves #1 and #2 is equal to AP/AR,, the difference

in Af/f between Curves #l and #3 is equal to AP/AR;. The coupling capacitor,

the isolation stage transistor has on the frequency output of the oscillator. The
effect of changing Cc is shown in Figure 29, C. is therefore a control on the

pullability that the isolation stage transistor exhibits, Data was also taken on thna

s determines the magnitude of the effect that the change in junction capacitance f».! “
¥

effect of changing the load on the isolation stage when it is used for compensation. -
The effect on frequency for a reasonable change in load was not detectable, The pl”'!
of P versus R2 as a function of Ri and R, was made to get an order of magnitude effect

of change in frequency for a change in the various compensation resistances,

1.
4,40 {
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Usang the isolatior .., compensation method, an oscillator has been compensated
to a certair <.gree as shown in Figure 30, This compensation curve was made using

cnly the isolation stage transistorj the bias on the oscillator transistor was fixed,
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4,6 Binistor Compencation Method

At the present time, the binistor method of compensation has not been investigated
very thoroughly. A number of binistors have been tested to determine .if they exhibit
the required characteristics. The test oscillator configurations are shown in
Figure 31, The results obtained are shown in Figure 32. The action of .the binistor
was not as predicted. The various currents in the circuit are shown plotted in
Figure 33, as a function of Vei (voltage from collector to injector). The current
through the collector to injector junction was not anticipated. More binistors are
now on order, so that a more thorough investigation of their characteristics can be
made.

The capacitance across the collector to injector junction of the two binistors
tested appears to be too small for practical use., This is due to the fact that this
capacitance does not have any limiting manufacturing specifications. The possibility
of obtaining either selected binistors with larger junction capacities or specially
made binistors with larger injector to collector junction areas has been discussed
with a representative from Transitron. The feasibility of obtaining a number of
binistors on consignment for our immediate requirements was discussed, but no definite

answer has been received,

4,46
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4.7 Capacitor ~ Diode Method - Mathematical Analysis

The merocl of compensation discussed in this section of the report utilizes a
semiconductor diode and a fixed capacitor, therefore, is referred to as the diode-
capacitor method of compensation. The first time that this method was tried for
compensation, the results were quite favorable and a thorough investigation was
initiated. Figure 34a shows the basic oscillator schmatic utilizing the diode
capacitor method of compensation, The diode D1 is a silicon diode, biased in the
forward direction and capacitor Cx is a fixed capacitor, At the points denoted by
(X) the d-c control circuit is connected., The d-c control network is shown in
Figure 3ub, The combination of this network with D, and Cx forms the entire com-

pensation circuit., In Figure 3ub, R, denotes coupling resistors, Z, and Z, are

1
temperature sensitive resistance networks, and the voltage source E is constant.
The a-c equivalent circuit of the compensation circuit is shown in Figure 35b. R

represents the diode D, and control network in Figure 35a, Figure 36 is a plot of

1l
a typical voltage versus current curve for a silicon diode, As the current through
the diode increases, the voltage also increases in a non-linear manner. Rp is the
slope of the V-I curve at any point as shown on the curve at Point (a). It is
apparent that as the d-c current through the diode increases the a-c resistance

decreases, Figure 35¢ is the series a-c equivalent circuit of the parallel equiva-

lent circuit in Figure 35b.

R
Rmep+l
1
(b) C =C l 4 e
s P wlc 2R 2
P P

Equations (a) and (b) give the relationships between the series and parallel
circuits in Figure 35, Assuming that wis constant and Cp is constant, Figure 37
is a plot of normalized R; and 1/wCg versus R,, As R varies from infinity to 0,

P P
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Rs varies from 0 to infinity. Also as R varies from infinity to 0, Cg varies from
1
Cp to infinity at |Rp |=|wcp |, Rs 1is equal to R /2 and Cg = 2C,. Therefore, the

resistance, R_ placed in series with the crystal will always be less than Rp and the

peries clbacitancc Cy will always be greater then C If the fixed capacitance Cp

P’
and the V-I curve for the diode are known, then the plot of Cg versus I can be
determined. This can then be used in further calculations for the required I versus
temperaturs, and consequently the 2, and Z, versus temperature required for compensa-
tion.

The following analysis was done to give an indication of the effect of Rp upon
the Q of the oscillator. Figure 38a is the equivalent oscillator circuit used in this

analysis. Lie Ci» Rl and C° are constants of the crystal, Ry and Cp are the compen-

1

sating networks and Rys Cy

oscillator from the crystal and compensation network terminal.

s C, and -R are the equivalent parameters looking back into the

The following analysis is an attempt to find an order of magnitude effect of the

diode~capacitor method of compensation on the Q of the oscillator,

Rp

(1) R = =
RD w CD + 1

(2) C. = C. (1 + )
a D w2Cn2 RD2
R
y
2 .2 2
(3) Rb = Ry w Cy + 1
1
4 Cy2C 1l + e —————
() b*Cy ( T
y y

From equations (1) through (4), the circuit shown in Figure 38a can be reduced
to the circuit in Figure 38b. The circuit in Figure 38b can be reduced still further

to the one shown in Figure 38c by using equations (5) and (6).

4,51
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(5) R, =R, +Ry

(6) Cm B et

Cat Cp

Now combining Co with R, and Cro the following relationships result and are

shown in Figure 38d,

};2
w<C -

o

Rm2

j wCo + wiCy2 Cp

+

1
w3Cq Cp?

SO S

2
Ry *_%2(Co + Cp

(o] m

o)
3

)

(8)

1
Rp2 Co2 Cp2 + w (Cqy + Cp)?

(9 ¢y =

E
. 2 2 2~ 2
(_cm+1) +&n wCo
Cm

The circuit presented in Figure 38a has not been reduced to an equivalent series

circuit as shown in Figure 38d.

of the diode compensation method on the Q of the circuit, assume the following para-

meters for circuit 38a,

W =20 x 108 cps
Cp = 50 x 10712 £
C, = 50 x 10712 £
Ry = 5x 103 ohm

Co > 5 x 10712

RmZ wCq Cp? + gm + 29-

To continue our investigation to determine the effec

RD = unknown value
R
0.2 x 103 +T9‘—IU'G—ID X ¥
&
*r 100 x 10-12 ¢ 0”5 2 R, 2
Re? + 2\ o2 x 108+ x 108
5 x 10°10 ¢ j_zz,zx_mr_ RD2 x 1076 4+
Rp
If Ry = infinity
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R = 139 7

167 0

5

1
.....| » Ry is equal tc 1000 2
wCp

then:
- [a]
RT . 9nn
The relationship for Q af <he cieauit in Figuvs 07 la glves Iv Zoon v (00),
NLl
Rl + RT
The ratic of cireuit Q's with 3nd without the compenza=ion netvord is . 7o by

Equation (11),

(11) wlLy

Qo - ~——— . f——nt. = st S A——————— 3

wliy (7. + Ry) R+
U R, ¥ k7 ) Rp

1
P
"
=

"
S
L]
o]

i
The maximum effect of Ry it when P 2|lemme]|, therafore, the trwas degr:dation <

wCp
circuit Q will be when tha Sailc iy candivi-sn auists:

1
24 e I e
(12) R © s e o

0, JHAX R

Therefore in this exarple:

Ry + 900
(13) € T smemamt—

Rl + JR7

The very maximum value o7 3 0% 2sould be eb*sinad o wian R =z 7, In %% 3
i
case, ¢ = 900/1687 = 5,4, If % is k=ov 3bove or below the walua fe— | theun ©
o e

will decrease corrzsnondinrsle,

The vrlua for RT wisnogs coor st len e he ATacbnd ce e, 12 e e 28 by

[

order of ragritude by ceraic.ring +% allewing anuations

n
v
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If it is further assumed that C,/C; = 300, then:

If:
Rl + RT
then:
wL, = Ry Q
(15) Rp = el
No
(16) Ly = .15 HENRIES
therefore:
I x 106
Oo

The following table gives values of Ry for varisus assumec values of Qy ard R

Rp = Q 0o Ry =
300 x 103 10 10
30 x 10° 100 10
2.990 x 10° 1000 10
290 Q 10000 190
299,9 x 10° 10 100
29.9 x 103 100 100
2.9 » 103 1000 100
200 @ 10060 100

Trom the table above it appears as if RT is too low and, consequently, the
assumed valuesfor Ry and Cy in Figure 38a were probably too low,
accurate values for the circuit parameters a more realistic value for Ry would
probably be obtained, If RT is larger in magnitude than was indicated in the example
given, then the maximum ratio between (Q,) Ry = K/ (Qy) Ry = 0 would be less, indicav}rp

that the effect of the diode resistance would have very little effect on the Q of the

oscillator,

4,54
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The temperature dependent resistance network in Figure 35a acts as a current
generator for diode D) and it represents an open circuit to a-c signals. This is
trws in actual compensation circuitry because Rc is very large. Therefore, the diode

characteristics éo not affect the diode current., The relationships of Ip to the rest

" of the cireuit parameters is derived in the following analysis.

Consider the circuit in Figure 33a,

(18) Es= Il (zl + 22) - ID (22) )
(19) 0= =1, (23) + I (29 ¢ 2 Rg + Ry)
I, (2,)
(20) I, = - 2
22 ¢ 2 Rc + ‘n
Zg ¢+ 2 Rg + Ry
)/
€22) 2R, R}
. E=l Lo taml (2, +2 -2
° ( Z2 22) ( ! 2) 2

(23) Re Ry
S 14 e tamel (2, +2) -2
° 7/( 29 zz)(l 2) 2

() 2R
| Rc”"‘n'/(l*— (2) +2)) -2
23
: z z,
(25) I, = r/zl + 2, + R, (1 +_£_;_)= yzl + R, (1 + ;..)

2
1f Rg>> Z2;, then:

2
(26) I, = %xc (1 + _i) * 2, 75% (21 + 29) zg",ﬁnc
2

Z

I, is approximately equal to the voltage divider's output voltage, V., divided
by 2R.. As Z; becomes larger this relationship becomes less accurate and the exact
equation must be used. I, defines the resistance, Rp, of any given diode. Therefore,

R, can be determined easily if the diode V-I characteristics are known.

4.5%5



An analytical analysis of an oscilldator uging the capacitor-diode method of

compensation can be made quite easily if the assumption.is made that the resistance

D

component parameters used, but it simplifies calculations and gives an order-of

magnitude of the compensation network,

Assuming a circuit as shown in Figure 1, the following relationship must be
known to arrive at an analytical analysis of the oscillator. - Essentially, the analys
is the same as that for the varicap method, with the exception that a current

source provides the compensation in the capacitance-diode method whereas a voltage

source is used in the varicap method,

Af 2C, x 1078
(l) —— L - m + R
£ r (C, + Cy)
(2) Cy = £ (Rp,Cp)
C2CC
Af
($) = £ (T)
f
(5) Ry = £ (Ip, T)
E 2 v
2
(6) I = 2
Zy (Z3) + 2R, (21 + Zj) 2R,
N z1 = £ (T)
(8) 25 = £ (T)

In an analysis of this circuit, the variation of Rp with I, and temperature

must be known, the variation of P with Cy must be known, and C, must be known.

4,56

R_ is negligible., This assumption 'hdy ‘6r may not be true, depending on the ‘exact

T = TEMPERATURE
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With C. known, the required value of Cs can be determined. From Cg and a given
Cps the required Ry as a function of temperature can be determined. From Rp the re-
quired I can be found and from I, the required Vo, 2, and Z, can be found if E is

known,

4,57
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4,8 Capacitor - Diode Method: friirical Analysis
Using the basic principle presented in the preceding section, a number of oscilla:

tors were constructed and experimental data was obtained for the capacitor-diode method

of compensation, Figure 39 is a schematic of the first oscillator built utilizing this
method of compensation, Tests were conducted on the P versus V characteristics as a
function of C, as shown in Figure 40. The effect of changing C, is apparent from the
difference of the slope of the pullability curves in Figure 40, Thus varying C, is an
effective method of varying the pullability of the compensation network.

Tests following this initial circuit were performed on complete compensation cir-

cuits as shown in Figure 34, Curves of P versus R for various oscillators are shown

in Figures 41, 42 and 43, The effect of temperature on the compensation network is

also included in Graphs 41 and 42, The temperature effects on these curves is due to

el e M e o

changes in the diode characteristics V versus I curve with temperature, This results
in a change of RD with temperature, and consequently, a change in frequency for a giveél
diode current. The reason why some diodes are affected by temperature more than other
is now being investigated to determine which diodes have the least temperature coefflcj!;
To nullify the temperature coefficient of the diodes, C can be a negative temperature
coefficient capacitor of the appropriate slope.

Figure u4 shows the P versus temperature curves of a capacitor-diode compensated
oscillator, Curve #1 is the first try and curve #2 is the second try. This curve

indicates the relative ease with which compensation can be obtained. The network fo:

.««.x—.ﬂw sl so ey it . et 7 0

B+ leg of the divider, These networks were obtained from the set of curves shown in

Figure 41, The method used to determipe the appropriate networks was to examine thc

curves in Figure 41 and pick a suitable bias point for R,, The R versus temperature

f O,

function required to produce a compensating P versus temperature characteristics was

curve #1 is given in Figure 39, Curve #2 was obtained by putting a thermistor in ti I
then solved for in terms of actual network elements, thermistors and resistors., Tc {
-l

compensate for the low end, it was assumed that P versus R, had the slope as P versus

-

Ryo for values around Ry = 22K, This is not exactly true, but is an approximate solut:

ooy

4,62
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Figure 45 shows the difference betwnon a calculated compensation and the actual
compensated oscillator fruguency curve. The calculated and actual curve were in very
good agreement considering the fact that temperature effects on the diode were not
considered in the calculations.

Figures 46, 47 and 48 are plots of the best compensation curves obtained to this
time, and the evolution of curve #4 from the original crystal curve is shown. The
circuit used for these curves was similar to the one in Figure 39, except the 1 mh

chokes were eliminated and the 68K resistors were increased to 82K,

4,63
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4,9 Diode voltage Control and Switching

The problem of generating specific voltage or resistance versus temperature
curves has been discussed in the sections of this report on the various methods of
compensation, The problem is essentially one of making a thermistor or thermistor
network ineffective over a given temperature range and effective over the remaining
temperature rnage. The first attempt at solving this problem is referred to as
Diode Method a. This method uses semiconductor diodes to generate non-linear

resistance and voltage curves with respect to temperature.

Method a:

The basic circuit for this method is shown schematically in Figure 49, where a

bl el et el el ey g

T S

diode is used to generate a non-linear voltage with respect to resistance. i

Srvmre]

i 1
& L7 !—I” @ l
L— 1% |

DIODE CONTROLLED VOLTAGE DIVIDER -i
Figure 49 N

3

In the above circuit, Diode D, changes the normal output voltage, V5, when D, ]
is forward biased or E;, > ep + Ep. As long as Ep is greater than Ez,, Dy is
reverse biased and has an impedance much greater than Z,. Therefore, D, is essential‘l t

an open circuit,

E = supply voltage } ’
Z) = thermistor network -I “
Z, = thermistor network =
D; = diode .I
Ep = bias voltage i

Vo = output voltage {

4,74
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When E;, tries to become more positive than Ep, then Diode Dj conducts,
maintaining Ey, = e + Ep. Under these conditions Z, can continue to change with
temperature with no change in voltage across it, Figure 50 shows some actual curves
of voltage versus R,, when the diode is in the circuit and is not in the circuit,

1f Diode D) is reversed in polarity the circuit shown below is obtained.

K T
) L (= r P
- I

DIODE CONTROLLED VOLTAGE DIVIDER
Figure 51

The effect of D; jn Figure 51 is exactly the opposite of the effect of D,
in Figure 49, Ezj cannot become less than Ep + e, but can become greater,

Another method of accomplishing diode voltage control is shown in Figure 52,
/o0 A
2
20V
1
£

DIODE CONTROLLED VOLTAGE DIVIDER
Figure 52

'{\*-o-—\'\ -0
o~

¢

As resistance increases V, becomes greater if Diodes D} and D are not present
and as resistance decreases, voltage V, decreases if D, and D, are not present.

Figure 53 shows the effect of D) and D, on the output voltages El and E2.

Figures 54 and 55 show the effect of varying Ec on the output voltage. Another
possible configuration using this same schematic is to place a diode in the Z;

leg of the circuit as shown in Figure 56,

4,76
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DIODE CONTROLLED VOLTAGE DIVIDER
Figure 56

|
|
I
I
I

By using various combinations of this type of voltage control, many different I
Vo functions can be generated. The major use of this type of voltage control was :l
intended for the following specific case of TC crystal oscillator.

Assume that compensation of a crystal using the varicap method with a temperaturg]
curve as shown in Figure 57a is desired,--where T, is the minimum temperature and
Ty is the maximum temperature and T, is the lower turning point. If varicap
compensation is used, then the required V, versus temperature curve is similar

to the inverted curve of Figure 57a as shown in Figure 57b. A voltage divider is to

be used to supply V..

~ ~
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COMPENSATION CURVES -~
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To generate a curve such as shewn :n Figure 57b, 2, and Z, will basically be as
shown in Figure %8t and 58¢ respectively,

Be ow Tg at Ty, Rtl has the most effect but as TwT,, Rt2 also has some effecrt,
¢imilarly, at Tj, th is the control element but as T-=T,, Rtl- also has some
effect, Therefore, for some AT around T, both thermistors have effect. This
complicates and in some cases makes it almost impossible to match the required Vo
versus T curve.,

To eliminate this interaction in the 4T, the scheme of voltage control using
diodes can be employed as in Figure 58d.

At Tl’ the equation governing V, is shown by Equation (1).

- - RT, + R
(1) Vg = (Fy = ep)) ( atRa )
Ta + a"' 1
As the temperature increases and temperature T, is reached, D) cuts off and Dy

is made to conduct. Above T, Equation (2) describes the output voltage, V..

ER R NOTE: R, "
N\ h

(2) VO = T-+T + (EDa - eD ) l + "R_-—;_'R— Rx = -—i-’-a:‘:—-u-
x t Rp + Ry a x ¥ Ro+ Ry Rl‘}.ﬂ.""’l

As can be seen by inspection of Equations (1) and (2)only one variable exists in
each equation if the change in ep is considered negligible. In Equation (1), Eta
1s the only variable and in Equatien {2) R, or RTl is the only variable. This
eliminates the matter of the considering the effects of both transistors over a
AT .

Equation (3) is the equation that describes V, in the absence of D, and D,
E (Rp_ + R)

(3) v -
° TRX+RTa+R2+Ra)

4,81



| S — [

T e ———— N

- @ Twgw T —_— - —
llllllllll..lrt et ey bt e e o

SFTO/NAD FOMLIGN OF?7OFLNC2 FO/T
PO /NIC POLL 700 \n\\\\»ﬁw\

JH
e
11w

o

-0

Wy

o

O-

g

hl\(‘\\sk.‘\-\ X \s‘
2z ©)

2
)
< . . NLIWIN2S FINT FOOLIOA WS
. (e)
0 . o— i :

Q> 22

l-c—\.u —0




This method of voltage ccntrol can also be used in the diode capacitor method of
compensation, Aiso the transistor method of compensation can utilize this method to
eliminate the effect of a thermistor in Z, and Z, at a given temperature.

The circuit described above can also be considered as a non-linear resistance
generator, Assume a circuit as shown in Figure 59,

-t

<o

<
AR
” NU/Z e
=

N

NON-LINEAR RESISTANCE GENERATOR
Figure 59

Dicde Dl has no effect upon the circuit as long as e is negative or zero. The
equation for Ry, is in this case Ej,/Ijn = Ry, = (RT1+R2). If ep is positive or
zero, the equation for Ry, becomes the following$E; /Ij, =R, + (Ep - ¢p)/Ij,. This
term for input resistance no longer contains Ry, and it is therefore effectively
out of the circuit when the above conditions are satisfied, This non-linear
resistance circuit is useful in the transistor method of compensation.

The second method, Diode Method b, of generating a non-linear voltage function
utilizes a zener voltage-regulating diode, Essentially, Method b is the same as
is needed. This is due to that fact that a zener diode conducts at a given reverse
bias, E, changing its impedance from a very large value to a very low value, Zener
diocdes can be used to generate almost the same voltage functions as a diode and

battery,
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Assume a voltage divider as shown in Figure 58a, 58b, 58¢, where Zy and Z,
are thermistor-resistor networks, Using NTC thermistors, Z, and Z,, always decrease

in magnitude as temperature increases. Also assume that a V, versus temperature curve

L B )

must be generated as shown below,

o) owmeld e

\ |
N, |
51! l
Y| , |
| 1 | ‘{
7 % Ty .
TEMPERR TR
VOLTAGE Vs TEMPERATURE CURVE ]
Figure 60

At Tl’ the change in Vo is almost entirely determined by RTz’ but RT2 and RTl both
have effect at T;, Therefore, Rr,also determines the change in V .

Thus for temperatures around To. V_  is dependent on both RTl and RT2. By using

o
zener diodes the impedance of V, on RTl can be limited to a given temperature range
and the dependence of V, on RT2 can be limited to another temperature range.

Limiting the range of effect of Ryn_ can be accomplished by the following circuit.
T2

—VWW\— '(

— VWV *vﬁi .i
) ’@ T ]
2

ZENER DIODE CONTROLLED
VOLTAGE DIVIDER
Figure 61
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Various methods of using the zener diode to control voltage can be devised.
Figures 62, 63, and 64 show the results of generating a non-linear voltage output
using zener diodes.

The zener diode method has the advantage that only one voltage source is required,
but has certain characteristics that may or may not be disadvantagecus. One
charecteristic that the zener diode is voltage polarity dependent and another is that
sener diode has a discrete break-over voltage. If different voltages are required
different zener diodes must be used. Also, zener diodes may only be used to limit
positive going voltages.

The ourves in Figure 65 illustrate the effect of zener diode on a compensated
oscillator using the capacitor-diode method of compemsation. Curves #1 and #2 in
Figure 65 are affected very slightly by the zener diode, but the effect of the
dotted curve shows the actual frequency versus temperature characteristics of the

oscillator using a supply voltage between 15 and 15,5 volts.
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In order to determine the aging with time of compensates ocillators, an aging ‘[

4,10 Oscillator Aging Tests

test program has been initiated. As new compensation methods are tried, oscillators
incorporating these methods are placed on aging runs, At the present time, five ‘I
oscillators are being aged. Three of the five use the transistor method of compensation,

one uses the varicap method of compensation, and the other oscillator uses the diode- .

capacitor method,

The first oscillator to be placed on aging runs used the transistor method of
compensation. Figure 66 shows the aging curves for two of the oscillators,
Oscillators #1 and #3 whose frequency versus temperature curves are shown in

Figures 21 and 22, The other two oscillator aging curves , Oscillators #2 and #u werql
not plotted because their frequency varied with room temperature to such an extent ]

that the aging characteristics were not apparent. Oscillator #4 has since been -

taken off of the aging test. 7

The next oscillator to be put on aging was one using the varicap method of )

.

compensation. Its aging characteristics are shown in Figure 66, Curve #3. The fre- {

qQuency vs temperature characteristics are shown in Figure 13, .

The most recent oscillator to be included in the aging test was one using

the capacitor-diode method of compensation, Its aging characteristics are shown i
in Figure 66, Curve #4, The frequency versus temperature curve for this oscillator

is shown in Figure 47, Curve #u.
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4,11 Temperature Sensitive and Special Reactive Components

During the visit made during August by Mr, Layden and Mr, Schodowski the
possibility of using temperature sensitive components with characteristics that could
be used for compensation was discussed. An investigation has been initiated to
determine if such components could be obtained, Figure 67 shows the capacitance and
inductive reactance changes required for compensation of a typical AT cut crystal,

TC capacitors with temperature characteristics that change slope can be obtained,
but none have been found that are commercially available that are of the right
magnitude and turning point. Further inquiries into obtaining special capacitors with
the appropriate TC are being made. This will probably involve the necessity of having
special dielectric compounds made to obtain the correct TC and capacitance. Coils
with the appropriate TC have not been found. Further investigation into the temperature
characteristics is being made in an effort to find a suitable material.

An inductor that is not temperature sensitive, but is current controlled is
made by the Vari-L Company, Inc. This type of component could be used for temperature
compensation of crystal oscillators by providing an appropriate temperature controlled
current. The characteristics that this device has does not make it too practical
for temperature compensation. The required control current for the variable inductor
ranges from 0 to more than 20 ma; there is a hysterisis effect of roughly 5%, and it is
relatively large in size and weight. The manufacturer of this device is being

contacted to determine the best unit, if any, to use for compensation purposes.

';E CARCITIVE RERETAMZ (~JX)
SE INDKTIVE ERCTINGE (ALY
|
N |
[ |
& | !
-40 -10 70
TEMPERATURE
COMPENSATION REACTANCE Vs TEMPERATURE
Figure 67
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4,12 Thermal Studies

Due to the nature of temperature compensated oscillators, they are subjected to
the ambient temperature changes. If the ambient temperature changes rapidly, it is
very likely that the crystal and temperature sensitive network will not change temper-
atures at the same rate due to the difference in the thermal time constant. Where
rates of change of temperature are fast enough to cause a temperature difference
between the crystal and compensating network, means have to be provided to obtain

a thermal delay to the components so that the rate of change seen by the components

will never exceed the various component thermal time constants. This in effect requires

a thermal integrator. The electrical analog of thermal integrator is shown in Figure
68a, In Figure 68a, assume that T, = T, or that the switch S, is open. At some time
t, the switch is closed which is analogus to setting T,>T, by a specified amount,

Rl’ R2. and Ry is the thermal resistance of each material. C,, C,, and Cj represent

the thermal stage properties of each material., At some time t. after tj, Cj is at the

1
same potential as Vo. Conversely at some time t after t,, T, has changed to the
value Tle

Using the analogy presented above, the problem of obtaining an appropriately
long thermal time constant for the heat sink becomes electrical rather than mechanica’
As can be seen from the simple analogy presented above, the larger Ry and R,
are made, the larger the time constant.

Another problem exists in the actual design of a heat sink that was not mentione
previously. In considering a three-dimensional heat sink, the problem of thermal
gradients or temperature difference between any two points in space must be con-
sidered. Figure 68 (b and c) illustrates the three dimensional electrical and
physical analog of a heat sink, Assuming that each of the six surfaces of the heat
sink may be at different temperatures, then thermal gradients may also exist at the
interior of the heat sink. Therefore, some means must be provided to eliminate the
possibility of thermal gradients. This can be accomplished by making material #1
an insulator and material #2 a conductor. The electrical analogy is shown in Figure

68d for one dimension with normalized values of R and C,
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The R for an insulator will be greater than R; or the internal component thermal
resistance. For a thermal conductor, the R may be quite a bit less than Ry. The
C or energy storage of an insulator will be less than Cp, and the C of a metal will
be greater than C;. Also the thermal coupling impedance, R12, Ry3s etc., will be
very much greater for an insulator than for a metal,

By using the basic principles presented previously it can be seen that an ideal
heat sink would consist of an infinite number of layers of thermal conductors and
insulators., In practice, the number of layers will be limited by practical considera-
tions such as weight and volume.,

The results of the initial experiments that were made are presented in Figures
€9 and 70, At the present time, a mathematical analysis is being considered,
such as wounting, weight, volume, method of mounting the crystal and compensation

network, and simplicity of fabriaction,
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4,13 Voltage Regulators

During the first month of this contract, a short study of voltage regulators l
was made, The voltage regulation of the B + voltage on an oscillator is very impor-
tant as can be seen from Figure 26, where the approximate slope of the AF versus
V curve is 0.7 PPM . Therefore, if the B + line voltage is not held nzarly constant.l
an appreciable :}ouixtige in frequency will be observed for a change in the B + voltage,
Also, the compensation methods that use voltage dividers are very sensitive to changes
in input voltage.

A number of voltage regulators were investigated with varying degrees of success,
two of the better voltage regulators that were tried and tested appear in Figure 71, l
Figures 72 and 73 show the characteristics of the voltage regulator shown in Figure 71b,
The regulator in Figure 7l1a was very similar to the one in Figure 71b, but was not qui?l

as efficient., The variation in output voltage with a variation in input voltage was I

approximately 10 mv for a change of Vin from 22 to 30 volts,
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4,14 Component Data

A survey of the available components that will be used in compensated oscillators

has been initiated. The reason for this is that if compensation is to be achieved

D I

with a minimum amount of effort, then the component parameters must be known very
closely and cannot change under environmental conditions or with time. The following
table lists some of the manufacturer's data obtained for various components. The
components listed exhibit the best that were found from the data available. Further l
investigation will proceed as it is detersined what components and p:arameteu will be

the most critical.
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S.1 Conclusions

1
I

Progress has been made in determining the characteristics of the different typ;i

of compensation techniques. The results go far indicate that additional temperature

compensation techniques of quartz crystal oscillators can be devised,

At this time, it is difficult to say which method of compensation will yield tbhe

best results, The mathematical analysis of the various types of compensation

e §

|

|

indicates that all methods can be used to temperature compensate an oscillator, Thél

best compensation obtained has been with the capacitor diode method over the
temperature range of 0°C to +60°C,

The effects of component aging have not been investigated sufficiently to

have on a given compensation technique,
Aging data on compensated oscillators has not been obtained on a sufficient
number or for a sufficient length of time to draw definite conclusions. From the

data obtained thus far, it appears that the transistor and capacitor diode method

of compensation have Very little aging effects, The varicap compensated oscillator.

|

has aged considerably more than the other two types, but the reason for this is not‘[

known as yet,

5.1

L

arrive at a conclusion as to the total effect that any component parameter change wi

.




6.1 Personnel Associated with the Project
The following Engineering personnel have engaged in various activities in

conjunction with the project during the report period.

PROJECT DIRECTOR: Dr., Darrell E, Newell, Ph.D Approximate hours:
EDUCATION:

BSEE, Iowa State University, 1952
NSEE, State University of Iowa, 1956
Ph.D. in EE, State University of Iowa, 1958

EXPERIENCE:

Juns 1961 to present
Dr, Newell is the Senior Engineer in charge of research, design
and development of products within the Advanced Electronics Group.
Representative projects include; development of new technigques
in cryogenic liquid level measurement and flow measurement for
missile and space applications, preliminary development of complete
propellant management system for Saturn II wehicle, development
of new techniques for tempersture compensation of crystal
oscillators, development of a new crystal type cryogenic thermo-
meter and other internal sponsored development projects directed
towards advance applications in space and missile technology.

June 1959 to May 1961
Associate Professor in the Research Section of the Electrical
Engineering Department at the State University of Iowa. Some
of the projects under his jurisdiction included:

1, Study of temperature compensation circuitry for
quartz crystal oscillators,

2. Investigation of the short-term instability of
regenerated dividers,

3, Investigation of mechanical refrigerator suitable
for cooling quartz crystals.

4, Investigation of Parametric Amplification,
Oscillation, Miltiplication and Conversion.

S. Nuclear Gryoscope Project.

1952 to 1959
Dr. Newell was employed by Collins Radio Company, Cedar Rapids, Iowa.
During this period when academic endeavors were pressing he was

employed as a consultant and the remaining time as a Research Engineer

in charge of such projects as propagation, excitation and function
generator control problems,

1949 to 1952
Transmission Engineer for WOI-AM~FM=TV
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PROFESSIONAL AFFILIATIONS:

1.
2,
3.
b,

PATENTS:
1,

2,
3.

PUBLICATIONS:

1.
2,

Member and Officer of Institute of Radio Engineers
Registered Professional Engineer of Iowa

Member of Iowa Academy of Science C ‘
Maintains First Class Radioc - Television Conmevcicl Liconse

Switching Circuitry
Automatic Frequency Control
Frequency Stabilizing Networks

"Research Modulation" published by Collins Radio Company
"An Investigation of Noise and Function Generators" published
by Collins Radio Company
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PROJECT ENGINEER: Richard H, Bangert Approximate hours: 4us
EDUCATION:

AA, Keokuk Community College, 1958
BSEE, State University of Iowa, 1961
Graduate work towards MSEE, State University of Iowa

EXPERIENCE:

' August 1961 to present
‘ Mr, Bangert is the Project Engineer in charge of the Frequency Synthesis
and Control Group, Projects under his direct supervision include:

b 1. Phase-locked Frequency Dividers
2, Temperature Compensated Oscillators
[ 3, Miniature Oscillators
| 4, Frequency Standards
S. 50 Mega-cycle Phase-locked Loop System
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Member of Institute of Radio Engineers
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