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ABSTRACT

An investigation was carried out to see if it was possible
to build inexpensive, temperature stable(0,0005% per 63 precision
oscillator using ordinary, as oppésed to military, quality components
and employing a linear compensation technique,

An oscillator whose performance was better than the design
objective was built but it was found that the linear compensation
technique, though it improved the performance of the oscillator
significantly, was, by itself, not adequate to meet the design
objective because the values of the components varied non-linearly
with temperature, It was also found that the frequency of the
oscillator was not repeatable because of randomness in temperature

cycling characteristics of the components,

Thesis Supervisor; Barry Blesser
Asst. Professor of Electrical Engineering



ii

ACKNOWLEDGEMENTS

I wish to thank Prof, Barry Blesser for his patient guidance
and constructive suggestions through the course of this study,

I am also indebted to my faculty counselor, Prof, William Peake,
for his advice and moral support throughout my undergréduate career

at the Institute,



iii

TABLE OF CONTENTS

AbStra-c.t L R O I I B O R B B B B T I I I B I I R T B ) i
Achlo“ledgements L R I R R BB BB I I B O I U I T I N B B IR B A ) ii

1- INTRODUCTION Q..!I'."ll.'l...l..'.ll'."'l.'l'. lll LN 1
2, DISCUSSION
2.1 VCO LR B L B I R R R O O I I R T I I T T A T T T T T T T R T T TR S S T R ] 3
2,2 COMPENSATION CIRCUIT ,.uuvvennerrenrernnennnns 7
2|3TEMPERATURECYCLING L A I I O B O I I RRC R I B B I I BN DN R I U BN I I I ) 12
2,4 MULTIVIBRATOR ,,..... TP | -
2,5 TEMPERATURE DEPENDENCE OF COMPONENTS . ..'v'vererernnss 21

3' CONCLUSION L R O O I T T A I T T A T T S S A CHI S T ST ] 25



1, INTRODUCTION

It is well known that properties of circuit components display
a certain temperature dependence, In some cases, this does not matter
much because the accuracy of the circuit has enough tolerance range
so that the effect of temperature on the circuit can be ignored,

In other cases, precaution is taken to ensure that the circuit is
operated at around the temperature it was designed for by use of
mechanical means such as a fan, In still other cases, where space
is 1imited and high accuracy is required, corrective measure(s) for
the temperature dependence of the circuit must be incorporated

into the circuit itself,

An example of a circuit where temperature dependence plays
an important part is an oscillator, For example, human ears are
sensitive enough to detect a change of i+ Hz, at 500 Hz, If this
kind of change occurs within a temperature span of 20 dﬁ say from
25° to 45%, the change in frequency per C%is 0,0025%, This means
that the oscillator one uses to tune his musical instrument must
have frequency stability coefficient of 0,0025% per c%or better,
Otherwise, his guitar will not sound the same from one season to
the next,

The object of this thesis was to build an inexpensive, precision
oscillator whose frequency stability coefficient was 0,0005% per g
or better in the audio frequency range and between the temperatures
30T to 609, Since low cost was presumed, the oscillator was not

to make use of highly accurate but expensive military quality



components, The design objective did not seem too unrealistic because
values of components were assumed to be linearly related to the
temperature and this temperature dependence could easily be neutralized
by some linear compensation scheme,

Throughout this text, € is used to indicate a temperature and

¢ to indicate a temperature interval,



2, DISCUSSION
2,1 vco
The temperature dependence of a readily avallable oscillator

was first studied, This was a voltage controlled oscillator (VCO)
designed for use in course 6,717 (Audio Frequency Communication
Project Lab,), Fig, 1 shows its schematic, The frequency of this
oscillator is given by

f=(14,3+7V)/ (150K + ¢) , where
V is the input voltage and C is the capacitance, The VCO had an
internal mica capaciter of 300 pf but the capacitance could.be
varied as required by having other capacitors in parallel with
the internal capacitor, Throughout the course of this work, when
the VCO was not being compensated, the input voltage was grounded,
With zero input, the frequency of the VCO with its internal
capacitor should be

£ =14,3 / (150K ¢ 300 x 10"%)

= 318K Hz,
The frequency measured from 30°C to 60T at 5 ¢’ interval is

listed in Table 1(a), At 30 T, the capacitance as calculated from

C=14,3 / (150K * f)
is 336 pf which is well within the +20% tolerance range of the
internal 300 pf capacitor,. This difference in the capacitance
is the reason for the difference between the calculated and
the measured frequency, Table 1(b) lists the frequency measured

with a 0,004?‘F$ paper capacitor in parallel with the internal
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Temperature (C) Frequency (KHz, ) f£.s.c, (B/C)*

30 283, 57 0, 0000
35 284, 34 0. 0544
40 284,93 0, 0480
45 285,48 0, 0449
50 285,98 0, 0426
55 286, 32 0, 0388
60 286, 61 0.0357

(a): With the internal capacitor of 300 pf

Temperature (E) Frequency (KHz) f.s.c, (%/C)
30 20,255 0., 0000
35 20,291 0,0356
40 20, 324 0,0340
4s 20, 347 0,0303
50 20, 362 0. 0264
55 20, 365 0,0217

60 20,351 0,0158

(b): With 0,0047 Mf paper capacitor

¥ frequency stability coefficient
IA f’x 100

(f at 30%C) *aT

Table 1: Frequency dependence on temperature of VCO (uncompensated)
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capacitor of the VCO, Tables 1(a) and 1(b) are plotted in Figs,
2(a) and 2(b), As can be seen from the Figs, 2(a) and 2(b), the
frequency dependence on the temperature is not linear but the
curve is continuous and differentiable, Therefore, this dependence
can be expressed in a Taylor series, The linear compensation scheme
would neutralize the linear part of the Taylor series but it
would have no effect on the other parts of the series, Still, this
could be a significant improvement,

The maximum average frequency stability coefficient, S, is defined

as

lfm- £a|x100
S =
o (Tm"' Tc)

fen 1s the frequency between 30°C and 60 C such that if""" f,,l
is maximum,

fo is the frequency at 30 G,

T is the temperature at which f occurs and

Ts is 30 C,

% / Ct where

Then, S for the VCO with just the internal capacitor is 0, 0358 %/c°
while with a 0,0047 uf paper capacitor added in parallel, it is

0, 0261 %/Cf The smaller frequency stability coefficient in the latter
case 1s because paper capacitors usually have better temperature

dependence than mica capacitors, though more hon-linear, -

2,2 COMPENSATION CIRCUIT
Now that the frequency dependence on temperature was known,
next step was to improve it,

Since the frequency of the VCO is given by



f= (14,3 + V) / (150K « C) ,
the effect of the temperature on VCO can be offset by applyling some
temperature dependent negative voltage, A silicone diode is excellent
for this purpose because the voltage across the forward biased diode
drops 2 mV/C? When used in the compensation circuit, this characteristic
is tailored to the requirement by using a variable gain amplifier,
The complete compensation circuit is shown in Fig, 3. The function
of the circuit was to set the frequency at 60% to that at 204,
The zener diode placed back to back with a regular diode prevented
the voltage V, from drifting about with temperature because the
voltage across the back biased zener diode rises about 2 mV/C°
offsetting the voltage drop across the silicone diode, The pot. #l (Ry)
was used to clamp the 30 T frequency while pot, #2 (R) was used to
set the frequency at 60°C to that at 30 %, This was accomplished

by adjusting R, so that V, was 0 at 30 ¢, V2 is related to Ve by

R Ry
Voy = (Rj: D(—'R;) —-(—;4 o1 9

and, therefore, V,; is 0 at 30 o Rywas used to provide variable

gain so that it was possible to set the frequency at 60 % to that
at 30%C, If V., was not O at 30 ¢, then adjusting R,affects Ve
and it would have been almost impossible to set the frequencies
at 30T and 60 € to be the sanme,

As the temperature is raised, the voltage across the diode
drops and since this is fed into the negative input of the first

stage whose gain is 1, the output voltage, Vo, , increases at the
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rate of voltage drop across the diode, This is changed as required by
adjusting R,, Depending on the value of R,, the gain of the compensation
circuit can either be positive or negative, specifically depending on
whether R,is greater or less than (R3* R9/Ry, the gain is either
positive or negative, respectively, This is helpful since this is the only circuit
required to compensate frequencies which increase and freguencies
which decrease with rising temperature, instead of requiring one
compensation circuit for each case,
When the compensating circuit was used on the VCO, a marked

improvement in the performance of the VCO was observed as can be
seen from Tables 2(a) and 2(b) and from Figs, 2(a) and 2(b), Tables
2(a) and 2(b) have been plotted onto Figs, 2(a) and 2(b) for easier
visual comparision with the non-compensated cases,

The maximum average frequency stability coefficient, S, is
0,0066.%/C° for compensated VCO with the internal capacitor and
0,0105 %/C°with 0,0047 [f paper capacitor in parallel with the
internal capacitdr, The improvements over the uncompensated VCO are
by factors of 5,5 and 2,5, respectively, The lesser improvement in
the latter case is because it contained more non-linear dependence,
which could not be neutralized with linear compensation, than the former,
It can be clearly seen from the Figs, 2(a) and 2(b) that linear
components between 30%¢ and 60 T have been effectively neutralized
while the non-linear components have been made more distinct by

being separated from the linear components, One surprising feature of

the compensation circuit was that, contrary to the expectation, the
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Temp, () Freq, (KHz, ) f,s.c, (%/F) Temp. (G) Freq, (KHz) f.S-C.(%/53
30 284,45 0. 0000 30 20, 201 0, 0000

35 284, 59 0, 0098 35 20,219 0,0177

40 284,67 0, 0077 Lo 20,231 0. 0149

Ls 284,73 0, 0065 Lsg 20, 238 0,0122

50 284, 72 0, 0047 50 20, 238 0, 0092

55 284, 56 0,0015 55 20,231 0, 0058

60 284, 40 0, 0006 60 20,195 0,0010

(2): With internal capacitor (b): With O, 0047/uf paper capacitor

Table 2: Frequency' dependence on temperature of VCO (compensated)

Temp, (E) Voa (mV) Vo (mV)
30 -4 Sk
35 =37 31
40 -68 )
45 -99 -15
50 -132 -38
55 -164 -61
60 -196 -83

Table 3: Output voltages of the compensation circuit for
two different settings of R, and R,



output voltage, V,; 4 of the circuit was linear, Table 3 shows Ve for

2 different settings of R,and R,,

2,3 TEMPERATURE CYCLING

Theoretically, the frequencies at 30 € and 60% should have been
the same but they were not, Not only were the frequencies different at
two ends, but also the frequencies at all temperature were not
consistent with the frequencies previously observed at the corresponding
temperatures, At first, somebody was thought to be tempering with
the circuit but soon it became obvious that this was not the case
because, though the frequencies were not precisely consistent, they
were consistent within ¢ 0,1 % of the previous frequencies observed .
at the corresponding temperatures, And then came the realization
that these frequency drifts were there all along but I failed to give
them much thought in the early part of this work, This time, this
could not be ignored because £ 0,1 % frequency drift was rather large
for and unbecoming of a precision oscillator, The analysis of possible
causes follows,
a) Thermometer

The thermometer used in this study was a laboratory calibrated
thermometer which means that the accuracy of the thermometer is
+ 0.1 C°which is clearly too small to account for the kind of drift
observed,
b) Frequency Counter

A GR 1153-AP type frequency counter was used, Its accuracy is
given as £ 1 count + time base stability which is specified to be less

than + 0,1 ppm/C from 20 T to 37 % ~mbient rise. Sincs +-s —oom
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temperature was about 25 T most of the time. the time base stability
is no problem, The errc~ due to the + 1 count accuracy is also negligible,
For freguencies in 100K and 10K Hz, range, the counting time was set
at 0,1 and 1 sec,, respectively, With this in mind, it can be seen
from Fig, 4 that the counter error is less than 0,01 % which compares
very favorably with thet0,1 % drift in frequency,
c) POWER SUPPLY

The power supply used was H,P, Harrison 6205B Dual Power Supply
whose stability is given as less than 0,10% plus 5 mV drift for 8 hours
of operation, Tables 4(a) and 4(b) show how the frequency of the VCO
changes with power supply voltage, The positive supply drift can be
ignored but the negative supply drift causes frequency changes which
cannot be ignored, This strong dependence on the negative supply is
due to the VCO configuration, Fig, 5 shows VCO in terms of block diagrams,
The amount of current in the current source is given by

Vin=V.—0, 6

I= e Where
15K

Vyis the input voltage to fhe VCO and V.is the negative supply voltage,

Thus, reducing V. increases I and this makes the switching circuit

to switch at a faster rate, Increasing V-has the opposite effects,
According to the specification, the negative supply can drift

20 mv, i,e,, (15 Ve 0.1%)+5 mV, which will be enough to cause the

kind of frequency drift observed but the supply is not the real cause

because, at the beginning of each experiment, the supply was checked

with a DVM and the supply drift was consistently less than 5 mV,
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Voltage (V) Frequency (KHz)

14,90 283,18
14,95 283,15
15,00 283,12
15,05 283, 09
15,10 283,01

(a) +ve supply drift with -ve supply held at ~15,00 V

Voltage (V) Frequency (KHz)
14,95 282,10
14,96 282,33
14,97 282, 53
14,98 282,81
14,99 282,97
15,00 283,13
15,01 283,135
15,02 283,149
15,03 283,68
15, Ok 283,97
15,05 284,16

(b) -ve supply drift with +ve supply held at +15,00 V

Table 4; VCO dependence on power supply drift at 30‘%
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d) vco
The analysis so far leaves the VCO as the most likely cause for
the frequency drift.
Again, the frequency of the VCO is given by
f=14,3/ (150K * C),

and for €41,

Therefore,

14,3

f(1 +€) =
(150K « C)(1 F€)

Since the frequency drift observed is about + 0,1%, € is on the order

of 0,001, This is a very small number and what seems likely to have
happened is that when the temperature was raised, the internal capacitance
of the VCO changed from 336 pf at 30%C to 332 pf at 60°C, a change of
1,2%, and when the VCO was allowed to cool down, the capacitance
returned to within + 0,1% of its original value, The change in humidity
was thought to be the cause for this but this was ruled out when a jar
of water was put into the oven without correcting the drift. It seems
this phenomenon is inherent to the dielectric material used in the
capacitors and, if that is the case, the only conclusion is that there
is nothing that can be done for the non-repeatability of the frequency

except to use better capacitors,

2,4 MULTIVIBRATOR

A free running multivibrator was ‘chosen to meet the design
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objective of frequency stability coefficient of 0,0005 %/C°or better
because of its simplicity, Simplicity was necessary because the small
number of components made it easier to locate components which contributed
excessive non-linearity or otherwise degraded the performance of the
oscillator, These components could then be replaced or compensated,

Also, the small number of components helps along the design objective

of low cost,

Fig, 6 shows the circuit diagram of the free running multivibrator,
Its output voltage is limited to t 3V by the zener diodes, Its frequency
can be controlled somewhat by varying V,y .

Having seen that the capacitors have non-linear temperature
dependence and also that their temperature cycling characteristic
determines the repeatability of the oscillator frequency, different
kinds of capacitors were studied for their temperature dependence to
see which would be best suited for the design objective, As it turned
out, no one kind of capacitor was best suited but it was found that
a parallel combination of paper capacitors and Corning glass-K
capacitors was close to what was being sought after, Fig, 7 shows
the way they were put together, They were first put in series before
being put in parallel so that the over all capacitance would still
be Q1 puf, Table 5(a) shows the frequency dependence of the multivibrator
using this combination of capacitors before it was compensated and
5(b) shows the same multivibrator after compensation, This is plotted
in Fig, 8,

The maximum average frequency stability coefficient, S, of the

uncompensated multivibrator is 0,00216 %/Coand the compensated
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Temperature(C) Frequency (KHz) f.s.c, (%/C)

30 2778.5 0. 00000
35 2778.3 0,00144
40 2777.9 0,00216
45 2777.6 0,00216
50 27773 0,00216
55 2777.0 0,00216
60 2776.8 0, 00204

(a): Before Compensation

Temperature(C) Frequency (KHz) f.s.c, (%/C)
30 2779.3 0, 00000
35 2779.3 0, 00000
40 2779.3 0, 00000
45 2779.4 0, 00024
50 2779.4 0,00018
55 2779, 5 0, 00029
60 - 2779,6 0,00036

(b): After compensation

Table 5: Frequency dependence of multivibrator on temperature
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multivibrator has S of 0,00024 %/C? The improvement is by a factor
of 9 and the design objective of low cost has been met while that of
the frequency stability coefficient has been surpassed,

If this oscillator could be mass produced, it would probably be the
cheapest temperature stable oscillator on the market but mass production
did not seem feasible because it was suspected that the components of
identical value and make displayed different temperature dependence
characteristic from each other, So next step was to study how much

components really varied in their temperature dependence characteristiec,

2,5 TEMPERATURE DEPENDENCE OF COMPONENTS

Ten from each of the following 4 different kinds of components
were picked randomly,
a) 12000 pf Corning glass-K capacitors
b) 0,01 f paper capacitors
¢) 12K Corning glass tin oxide film resistors
d) 10K carbon composition resistors

To make measurements under identical conditions, a rotary switch
was used to enable all 10 components of one kind to be in the oven
at the same time, The manner in which they were connected is depicted
in Fig. 9 for the case of resistors, and the results obtained listed
in Tables 6(a), 6(b), 6(c).and 6(d),

One thing that is immediately clear is that within the same kind
of components, frequencies vary considefably. For example, for Corning
glass-K capacitors, the frequency variation is as much as 13 %, It

should be emphasized here that this difference is due to the tolerances

of the two components involved, independent of the rest of the circuit,
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because the rest of the multivibrator was left intact, Also, there is
no general pattern in the frequency stability coefficient between
the components., Then, the only possible conclusion is that no two
oscillators, though made from same design and components, will have
same frequency dependence on temperature,

Therefore, even though the free running multivibrator with linear
compensation performed better than the design objective, this does
mean that this multivibrator can be mass produced with same kind

of performance,
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Fig, 9: Connection of components using a rotary switch




Temp, (C)

30
40
50
60

30
40
50
60

30
40
50
60

30
40
50
60

30
4o
50
60

Freq, (Hz)

2736, 6%
2738.1
2739,7
2746,2

3039.8
3042, 4
3045, 8
3054, 2

3068, 4*
3071,2
3073.1
3080, 3

2904,9
2909,0
2912,5
2920,7

2962,8
2965,0
2966, 6
2973.3

f.s,c, (%/C)

0, 00000
0. 00548
0,00566
0,01171

0, 00000
0,00855
0,00986
0.01580

0, 00000
0.00815
0.00717
0,01260

0., 00000
0, 01411
0, 01308
0,01812

0, 00000
0, 00743
0, 00640
0.01800

*Largest frequency variation ~13%

Table 6(a):

Temperature dependence of Corning glass-K capacitors

Temp, (C)

30
40
50
60

30
40
50
60

30
40
50
60

30
Lo
50
60

30
40
50
60

Freq, (Hz)

2982, 1
2984, 5
2986, 0
2992,3

2972,1
2974, 2
29764
29813,2

2918,0
2921,6
2925,1
2933, 5

2913,1
2916,2
2919,7
2927,5

3066, 6
3070.8
3075.4
3084, 5

0, 00000
0, 00804
0, 00653
0,01138

0, 0000

0, 00707
0,00723
0,01234

0, 00000
0,01234
0,01218
0,01770

0, 00000
0, 01065
0,01134
0, 01650

0. 00000
0,01370
0,01432
0,01947

2443

f,s.c,(%/C)



Temp, (&)

30
40
50
60

30
40
50
60

30
L0
50
60

30
40
50
60

30
40
50
60

Freq, (Hz)

3321.9
3316,9
3311.5
3304, 4

3334, 5
3330,5
3326, 6
3321..0

3365,0
3360, 0
3354, 7
3347, 5

3290, 0
3285,7
3281,0
3275.0

3295.9
3290, 6
3285,7
3279.2

f,s.c, (%/C)

0, 00000
0,01505
0, 01567
0, 01758

0, 00000
0,01200
0,01185
0,01351

0, 00000
0,01483
0.01529
0,01632

0, 00000
0, 01306
0, 01368
0, 01520

0, 00000
0,01609
0,01548
0, 01690

* Largest frequency variation ~ 10%

Temp, (™)

30
40
50
60

30
Lo
50
60

30
Lo
50
60

30
40
50
60

30
40
50
60

Fren, (Hz)

3546, 7%
3541,7
3536.8
3530,2

3401, 6
3391,2
3391.6
3386, 5

3231, 4*
3227.0
3222,8
3216, 1

3315.5
3310.5
3305, 6
3299.3

3265, 6
3260,8
3256,1
3249,0

Table 6(b): Temperature dependence of 0,01 #f paper capacitors

241

f.s.c. (%/C)

0, 00NND
0,01408

0,01395
0,01580

0, 00000
0,01295
0, 01470
0,01480

0, 00000
0,01362
0,01331
0,01579

0, 00000
0,01509
0, 01493
0.01630

0. 00000
0,01439
0,01439
0.01681



Temp, (&)

30
4o
50
60

30
4o
50
60

30
Lo
50
60

30
40
50
60

30
Lo
50
60

* Largest frequency variation ~/1, 5%

Table 6(c): Temperature dependence of Corning glass tin oxide film
resistors (12K

Freq, (Hz)

2563,6
2563,5
2563, 6
2563, 5

2560,0
2559,4
£25549,.2
2558,7

2566, 7
2565,9
2565, 2
2564, 5

2550, 5
2550,0
2549,7
2549,2

2544, 6
2544, 5
2544.,8
2504, 7

f.s.c.(%/d3

0,00000
0.00039
0, 00000
0.00013

0, 00000
0, 00232
0,001 56
0,001 69

0, 00000
0.00312
0, 00292
0.00285

0, 00000
0, 00196
0, 00157
0, 00170

0, 00000
0, 00038
0,00039
0,00013

Temp.(%)

30
40
50
60

30
40
50
60

30
40
50
60

30
)
50
60

30
40
50
60

Freq, (Hz)

2559.8
2560, 3
2560,8
2560, 7

2534, 7*
2534,7
2534,7
2533.5

2568, 7*
2568, 4
2568, 3
2567,7

2560, 5
2560,7
2561,0
2560, 8

2564,2
2563, 6
2563,1
2562, 4

2he

f.s.c. (%/0)

0, 00000
0,00196
0,00196
0,00117

0, 00000
0, 00000
0, 00000
0,00158

0,00000
0.,00112
0,00075
0,00129

0, 00000
0,00078
0,00098
0,00039

0, 00000
0,02320
0,02122
0,02338
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Temp.(%) Freq, (Hz) f.s.c.(%/03 Temp.(ﬁ) Freq, (Hz) f.s.c.(%/03
30 .3013,3 0, 00000 30 3007.5 0, 00000
40 3012,6 0,00232 Lo 3007, 2 0, 00299
50 3009,4 0, 00647 50 3003, 6 0, 00649
60 3001, 6 0,01295 60 2995, 7 0,01310
30 3004, 2 0, 00000 30 3008, 2 0, 00000
40 3003, 3 0, 00299 Lo 3007,9 0, 00299
50 3000, 2 0, 00655 50 3004, 7 0,00581
60 2992,1 0.01562 60 2996,9 0,01252
30 3014, 2 0, 00000 30 3035.1 0, 00000
40 3013,4 0, 00298 40 3034,3 0,00264
50 3010,1 0,00697 50 3030,7 0, 00725
60 3002, 0 0,01362 60 3022, 6 0,01375
30 2968, 3* 0, 00000 30 3034,0 0, 00000
40 2966, 6 0,00538 40 3033.7 0, 00297
50 2963,2 0,00842 50 3030, 3 0, 00610
60 2954,9 0,01495 60 3022, 4 0,01278
30 3081, 5% 0, 00000 30 3011,8 0, 00000
40 3080, 4 0, 00357 40 3011,0 0,00266
50 3077.0 0, 0073, 50 3007, 8 0, 00665
60 3069, 2 6,01331 60 2999.7 0, 01341

* Largest frequency variation~ 4%

Table 6(d): Temperature dependence of 10K._ficarbon composition resistors



3, CONCLUSIONS

In this work, it has been shown that frequency dependence on
temperature of an oscillator can be improved significantly by using
linear combination, In terms of cost-performance, this means that
it will probably be better to use inexpensive, regular components and
employ the compensation scheme to offset the temperature dependence
than to use components which have very small temperature dependence
and, consequently, expensive,

It has also been shown that precision oscillators with frequency
stability coefficient of 0,0005%/C” or better cannot be mass produced,
If further work is to be done in this area, it would be interesting
(and could, conceivably, be commercially profitable) to see how much
the frequency stability coefficient need to be sacrificed for the

sake of mass production,
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