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The frequency stability of an A T-cut quartz crystal resonator as a 
function of temperature is determined primarily by the angle at 
which the resonator plate is cut from the mother quartz crystal. 
Curves showing this dependence are presented in Figure 5-6. These 
curves follow a cubic equation of the form 

( 1 0- 1 )  

where f is the frequency difference between to, usually taken to be 
20 or 25°C and the temperature t. (The values for the coefficients are 
given in section 10.4.) Improved frequency stability can be obtained 
by operating the units in a controlled-temperature environment such 
as a crystal oven; however, the disadvantages of such operation have 
become apparent in recent years, as discussed in sections 4. 1. I and 
9.3. It is therefore desirable to develop other means for improving 
the frequency stability of quartz crystal resonators which are more 
nearly compatible with present-day requirements. 

It has been known for many years that the resonant frequency of 
a crystal unit can be made to shift by placing a reactance in series 
with it. If this reactance is made to vary in such a manner that it 
counteracts the frequency shift of the resonator with temperature, a 
greatly improved temperature coefficient can be obtained. The ad­
vent of the varactor diode and the thermistor in the late 1 950s first 
made this practical. A method of analog temperature compensation 
was developed in which a multiple thermistor-resistor network was 
used to generate the required voltage-temperature curve. 23 

At the time of this writing nearly all production temperature­
compensated crystal oscillators (TCXOs) use this method, which we 
shall refer to as analog compensation. Generally, the frequency sta­

1 30 
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bility using this method can be made as good as 0.5 ppm from -55°e 
to +85°e in production by tailoring some elements in the thermistor 
network to the individual crystal being used . With great care, small 
numbers of units have been compensated to better than 0. 1 ppm, but 
the procedure is rather tedious. 

It is not surprising that, with the development of field program­
mable read-only memories (PROMs), digital compensation should be 
possible. Historically, because only small PROMs were available ini­
tially, the coarse compensation was done using analog networks, and 
the final corrections were made digitally. The general approach was 
to sense the temperature and use its value in digital form to address a 
memory. The contents of the particular memory location then con­
tained the fine correction voltage required at that temperature. The 
digital correction voltage was converted to an analog signal and ap­
plied to a fine-compensation varactor in the oscillator. This technique 
is referred to as hybrid analog-digital compensation and makes fre­
quency stabilities in the O. I -ppm range practical in production. If a 
large memory is used so that the coarse analog compensation can be 
eliminated, we refer to the technique simply as digital compensation. 
Temperature compensation can also be accomplished by using micro­
processing techniques in which the processor compensates its own 
clock oscillator or an external precision crystal oscillator. 

These techniques are discussed in detail in the remainder of the 
chapter and, in some cases, experimental results are presented show­
ing what can be achieved in practice. 

10.1. ANALOG TEMPERATURE COMPENSATION* 

As indicated earlier, most TeXOs in production at the time of this 
writing use analog techniques and, although many new designs will 
be digital, it is nevertheless of interest to discuss the technique. In 
general the procedure is to place a varactor in the oscillator circuit 
where it can pull the frequency at least as far as the crystal drifts in 
temperature. A voltage divider network composed of thermistors and 
resistors is then designed which will produce the required voltage­
temperature function to compensate the oscillator. 

·Several of the results presented in this section were developed under sponsorship of the 
US Army Electronics Command and are discussed in more detail in reference 1. 
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Normally, though not always, the varactor is placed in series with 
the crystal and has a capacitance-voltage function given by the 
equation 

K 
(10-2) 

(V+ Vo)n' 

where K, Vo, and n are constants (actually these quantities are some­
what temperature-dependent, but for a first approximation may be 
treated as constants). Vo is the contact potential and is in the order 
of 0 .75 V ;  n is primarily determined by the slope factor of the p-n 
junction and may be on the order of 0.3-2. For analog TeXOs, an 
n around 0 .5  is often used and represents an abrupt p-n junction. 

Solving equation (10-2) for V gives:3'K) l/n 
V=-	 - Vo . (10-3) 

C 
The crystal load capacitance required to pull an amount Illils in 

parts per million is given in equation (5-2) and may be arranged in 
the form 

C1CL = 
2(Illlls) 

- Co (10-4 ) 
· 

Substituting III = I - Is gives 

_CL ­ - Co· 
(10-5) 

Normally the crystal is cut slightly low in frequency so that when 
CL = 32 pF the crystal is on frequency at 25°C. Thus we have 1=fL 
at the load capacitance CL. Now, defining IlIL asl - IL' the change 
in frequency from nominal, the load capacitance required by the 
crystal at AIL is given by 

- Co· (10-6) 

The function Cxl can then be determined by substituting values of 
IlIL lIs from the crystal curve such as shown in Figure 5-6. In prac-

Cxl = 
C ]

2 
1 

Is 2(Co +Cd 



C= ----­

RT. (T) = RTI (To) exp {31 ( __ 
I ) 

Temperature Compensation 1 33 

tice only the limit values of Cxl are normally calculated at lowest and 
highest crystal frequencies. Then knowing the values of  the oscillator 
capacitors, C. and C2 (see Figure 1 0- 11 , for example), the varactor 
capacitance C can be calculated by recognizing that C1, C2, and the 
varactor are effectively in series. Thus 

( 1 0-7) 

Finally then, using equation (10-3), the required voltage extremes 
can be found. 

A large variety of  thermistor-resistor networks have been success­
fully used to generate the required voltage function for TeXOs. One 
such network which works well is shown in Figure 1 0- 1 .  It can be 
shown that the transfer function for this network is given by: 

I 
I I 

Cxl CI C2 

(10-8)(Rl + RTd(R2 + RT2)(R3 + RT3) + R2RT2 [(Rl + RT.) + (R3 + RT3)] 

)
(

.!.
T 
 To 
 ( 1 0-9) 


( 1  0-10) 
RT2(T) = RT2 (To) exp {32 
 _.!. IT To_ 

Figure 10-1. Three-stage thermistor network: schematic diagram. 
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T To 

To assist the designer in manipulating the values of this network, a 

( 1 0- 1 1 )  * 


series of computer-generated plots is included showing how the vari­
ous circuit values affect different portions of the temperature curve. 
These graphs are shown in Figures 1 0-2 through 1 0- 1 0. 

"'Here i3 is referred to as the beta of the thennistor and is a measure of how fast the resis­
tance decreases with increasing temperature. This temperature coefficient is determined by 
the composition of the thermistor during manufacture. T and To are absolute temperatures 
in OK. 
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Because of the values chosen, the transfer function around room 
temperature is affected primarily by R 1 and R T2, while the perfor­
mance at cold temperatures is affected mostly by R2 and R T •. The 
transfer function at the high end of the temperature range is a:fected 
primarily by R3 andR T 3 • 

A typical TCXO circuit diagram is given in Figure 10- 11. 
Because of the competitive nature of TCXO production, the actual 

procedures used by manufacturers to adjust the values of the therm­
istor network generally have not been available and the procedures in 
some cases involve as much art as science. 
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Figure 1 0-4. Voltage versus temperature for high-temperature potentiometer 
R3 (R3 = 33 kn ± 20 percent). 

One approach which has been found to work well for the network 
of Figure 1 0-1  and an oscillator as shown in Figure 10- 1 1 is described 
below. 

The crystal is chosen to have an angle of cut so that the total fre­
quency excursion between turning points is in the 35-ppm range. If 
an abrupt-junction varactor is used with an exponent of 0 .5 ,  its value 
is chosen to pull the crystal about 45 ppm from 1 V to two-thirds of 
the supply voltage. (A nominal value in the 20- to 50-pF range at 4 V 
dc should result . )  A small selectable capacitor of perhaps 5 pF is 
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retained across the varactor to allow final adjustment of the pulIabiI­
ity. It has been found appropriate to use crystals which have a At/t 
of approximately 160 ppm between series resonance and 32 pF. 

For 12 V dc at the input of the thermistor network, R 1 (the room­
temperature adjustment) is set for about 2.25 V initially. The oscilla­
tor is then placed in a temperature chamber and cooled to the lowest 
temperature, perhaps -40°C to -55°C, and Rz (the cold adjustment) 
is set to put the oscillator back on frequency. The temperature cham­
ber is then set to a temperature around the lower turning point of 
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the crystal, usually about - 15°C, and the frequency is checked. If 
the frequency is too high, the pullability is insufficient and the varac­
tor shunt capacitor is reduced. If the frequency is too low, the shunt 
is increased. The procedure is then repeated, adjusting R 1 at 25°C, 
and R2 at the cold extreme until the region below room temperature 
is compensated. The temperature is then increased to the upper ex­
treme, usually 7S-8SoC, and R3 (the hot adjustment) is set to put 
the oscillator on frequency. A confirming temperature run is then 
made. A typical completed TCXO curve is shown in Figure 4-1. 



1\ 
1\ 

\ 

1\ 
\ 
1\ 

, 
1\ 

, 
\ 

I\. 
"'" 

L 
Ǐ ..... ǐǑ 

V V 
il:V != 

L ó V r/ V 
V.I V 

ǒV 
r/ 

IǓ 
j 

V 
V 

V 
V 

iii
i-' 
0� 
w 
C)
-<
i-' 
0 
> 
i 
::J 
Q.
j 
::J 
0 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

+20% 

-20% 

-40 -20 o 20 40 60 60 

TEMPERATURE (OC) 
Figure 10-7. Voltage versus temperatu re for high-temperature thermistor 
RT3 [RT3(To) = 1 Mil ± 20 percent, /33 = 5900). 

Temperature Compensation 1 39 

For compensation to the 5- to IO-ppm range, a fixed compensation 
network with carefully specified parameters normally can be used, 
and the individual adjustments described above can be avoided. For 
tolerances in the 5- to O.5-ppm range, individual adjustment is re­
quired. The compensation process can be reasonably automated for 
mass production. 

Several other factors must be considered in the design of a TCXO, 
such as the voltage regulation at the input of the thermistor network 
and the load isolation at the buffer amplifier. Obviously, the voltage 
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regulation must be sufficiently good so that changes in the supply 
voltage will not cause the varactor to pull the frequency by a signifi­
cant amount compared to the frequency stability specification. In 
general, either a Zener diode regulator or a packaged integrated cir­
cuit regulator is used to supply current to both the oscillator and the 
thermistor network. It is normally of considerable importance to 
minimize the power dissipated in a TCXO because of self-heating and 
temperature gradients which may cause a frequency drift at tum-on. 
Therefore, a low-power voltage regulator is recommended to keep 
the input power below the IOO-mW range. 
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As with changes in supply voltage, changes in the oscillator load 
can also perturb the frequency. 

To analyze the effect, consider the phasor diagram of Figure 1 0-12, 
where Es represents the signal voltage at some point in the oscillator 
loop and En represents an induced voltage from the output stage at 
the same point in the oscillator loop. Here the magnitude of En is ex­
aggerated for purposes of illustration. The resultant voltage is shown 
as E,. The phase shift in oscillator voltage caused by the presence of 
En is given by angle 11 Angle a is the phase difference between Es and 
En· By elementary geometry, we have AB = En and LOAB = 180 - a. 



1\ 
1\ 

1\ 
1\ 
\ 

\ 
\ 

1\ 
ƿ 

f,\ 
I'. 

t-

1/ 
V 

I� 
) 

V 
1/ 

Ɖ 

V 
V 

/ -
e,.... 

V l-I-.. 
ǀ ". 

5 

6 

5 

4.0 

3.0 

-< 

0 2.5
>

!;A-....
::I
0 

2.0 

1.5 

1.0 
-40 	 -20 o 20 40 eo 80 

TEMPERATURE (OC) 

-10% 

+10% 

Figure 10-10. Voltage versus temperature for high-temperature thermis tor 
RT3 [RT3(To) = 1 MO, (33 = 5900 ± 10 percent). 

3.5 

iii 
0 

w
" 

AB 

1 42 Crystal Oscillator Design and Temperature Compensation 

Then, by the law of sines, we have 

sin ņ sin (180 - a)
= 	 (10-12)AB 

Rewriting and substituting En for gives 

E E 
=sin 13 = 8 sin (180 - a) 8 sin a. (10-13)

E, E, 

If En « Es (as would be the case in an oscillator of practical in­
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Figure 10-11. Temperature-compensated crystal oscillator and isolation 
amplifier.* 

terest) we have E, == Es and sin (3 == (3. Then 

. En .(3=-sma. (10-14)
Es 

It is now interesting to calculate the resulting frequency shift due 
to the presence of the induced voltage, En. To accomplish this, con­
sider the circuit diagram of Figure 10-13. This is the circuit diagram 
of a crystal near series resonance. The current is given by 

E/= . (10-15) 
R + j[wL - (1/wC)] 

*See footnote p. 66. 
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B 

Figure 1 0. 1 2. Oscillator voltage phasor diagram. 

The phase angle of the current is given by 

wL - (l /wC) 
e = -tan-I . (10-16) 

R 

Differentiating with respect to w, we have 

dB = ­
1 +  

[ WL W + 
1 dW.} 

Multiplying numerator and denominator in the second term on the 


E 

Figure 1 0. 1 3 .  Series resonator circuit diagram. 
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right-hand side by l/w gives 

_1 ] dwdO = + . (10-17)wRC w 

1» 

wL 1 
R wRC 

Then 

dw dldO = -2Q - = -2Q -.w I 
(10-18) 

For small changes, flO = dO and we may write 

fllflO = -2Q-.
I 

(10-19) 

We now consider an example to obtain a feel for the required mag­
nitude of isolation. Suppose we desire fllil to be less than 5 parts in 
108 for a particular oscillator. Assuming a loaded Q of 25,000, we 
have 

flO = -2 X 25,000 X 5 X 10-8 = -2.5 X 10-3 rad. 

Substituting in equation (10-14), we find 

E 
Ņsina = -2.5 X 10-3.Es 

If a, the phase angle between Es and Ell, is on the order of 90 or 270 
degrees, the ratio EIIIEs must be approximately 2.5 X 10-3 or, in 
decibels, Ell must be 52 dB below the oscillator voltage. If the volt­
age gain of the amplifiers is on the order of 20 dB, the required isola­
tion is 72 dB. This assumes the worst case where Ell and Es are at 
90 degrees. If the phase shift of the amplifier chain is designed so 
that it is near zero or 180 degrees, much larger values of Ell can be 
tolerated. If, however, the load is allowed to vary from pure induc­
tance to pure capacitance, a will vary approximately from -45 to 
+45 degrees, and the improvement would be only a factor of 0.707. 
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Still another consideration in the design of a successful TCXO is 
the elimination of hysteresis. If the oscillator frequency does not 
repeat exactly from temperature run to temperature run, it is nearly 
impossible to achieve successful compensation. Hysteresis is generally 
caused by a component such as a capacitor or resistor which does not 
repeat with temperature or which jumps slightly in value. For this 
reason, film resistors and monolythic ceramic capacitors are often 
used in TCXOs. If it is noted that the frequency of a TCXO does not 
repeat, it is usually wise to search for the faulty component prior to 
any further attempts at compensation. 

Apparent hysteresis can also result from insufficient stabilization 
time at each temperature. The wise engineer will make sure that the 
frequency has truly stabilized prior to moving on to the next temper­
ature. In many TCXOs, stabilization times in the 15- to 30-minute 
range are not uncommon. 

In the discussion so far we have assumed that a varactor is used to 
pull the crystal frequency. It is also possible to achieve compensation 
in the 5- to IO-ppm stability range by placing thermistors directly in 
parallel and in series with fixed capacitors in the oscillator circuit. 
Although this approach is perhaps somewhat less elegant than the 
varactor approach, it is nevertheless cost effective in some applica­
tions. A particular advantage is the fact that a voltage regulator and 
varactor are not required. 

10.2. HYBRID ANALOG-DIGITAL COMPENSATION7,s7 

Analog temperature-compensated crystal oscillators, as described in 
section 10.1, with stabilities of ±5 parts in 107 from -40°C to +70°C, 
have been a commercial reality for about a decade. Such units have 
been produced by the thousands at reasonable cost. Stabilities of 1-2 
parts in 107 have been achieved in small quantities over the -40°C to 
+70-80°C temperature range, and stabilities of 5 parts in 108 have 
also been achieved ov:er narrower ranges in quite small quantities. In 
general, compensation becomes increasingly difficult beyond ±5 parts 
in 107 because of the very small component tolerances involved, of 
the interaction of network adjustments, and of an undefined degree 
of electrical hysteresis in crystals due to thermal cycling. Partial solu­
tions to these limitations, although not entirely desirable from a pro­
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duction standpoint, have been the use of digital computers to solve 
network calculations and the use of analog segmented networks to 
provide greater independence of adjustments. Often a large number 
of temperature runs have been required to "massage" units into the 
1-2 parts in 107 stability region. For the computerized approach, 
this is due to a lack of accurate component data and the inability to 
install the exact component values calculated. For the analog seg­
mented approaches, the major difficulties remain the lack of true 
independence between segments and the accuracy with which com­
ponents must be selected. 

The temperature-compensation method described in this section 
effectively eliminates the component accuracy problem and the inter­
action of segments while allowing better visibility to evaluate and 
minimize electrical hysteresis . Using this approach,  it has been possible 
to achieve temperature compensation to ±S parts in 108 over the 
-40°C to +80°C temperature range under controlled test conditions. 

A major portion of the effort to develop this approach was carried 
out by G. Buroker under the sponsorship of the Solid-State and Fre­
quency Control Division of the United States Army Electronics 
Command. 

A block d iagram of the TCXO is shown in Figure 10- 14. Compen­
sation is achieved with both analog and digital techniques. The ana­
log, or coarse, circuit is used in a conventional manner to reduce the 
oscillator temperature coefficient (TC) to ±4 parts in 107 or less; 
then the digital network adds fine corrections to reduce the overall 
TC to less than ±S parts in 108• The TCXOs with analog compensa­
tion need only minor design refinements to be used with the hybrid 
approach. Primarily, these are improved voltage and load coefficients 
and a reduction in power dissipation. 

For a typical u nit, the RF circuit consists of an oscillator followed 
by an isolation amplifier. Stages may be stacked in pairs to save 
power. Power consumption by the oscillator stage and the first buffer 
may be less than S mW from the regulated source. The second buffer 
may require two or three times more power to meet the output re­
quirement; however, in any event, the power consumption which 
results in internal heating should be minimized. 

The coarse compensation network consists of the three thermistors 
and their associated resistors, as described in section 10. 1. 

Separate varactors are recommended for coarse and fine com pen­
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sation, SO that the size of fine correction steps can be held nearly the 
same at all temperatures. 

A block diagram of the fine compensation circuitry is shown in 
Figure 10-15. The object of this circuitry is to correct errors greater 
than the stability specification that remain after coarse compensation. 
This is accomplished with the programmable memory that remembers 
the proper, independent correction voltages to apply at regular inter­
vals in the temperature range. 

For purposes of this discussion, a ±S parts in 108 frequency stabil­
ity specification over the -40°C to +80°C temperature range is as­
sumed. This is about the limit of what can be achieved due to hyster­
esis effects in the crystal and other oscillator components. The hybrid 
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approach can, of course, be used effectively in the 1-2 parts in 107 
range but, as a practical matter, either straight analog or straight digi­
tal compensation (discussed in section 10.3) can be more economi­
cally employed for lesser stabilities. 

Most of the development on the hybrid approach was accomplished 
during the early 1970s when the availability of PROMs and A/D con­
verters in small sizes was relatively limited. Therefore, instead of us­
ing a temperature sensor followed by an A/D converter as described 
in section 10.3, a temperature-sensitive RC oscillator was used as the 
sensor, and the frequency counter as a means of converting the tem­
perature to digital form. 

The PROM was then addressed by the states of the counter. The 
D/A circuit then converts the output words of the programmed 
PROM to an analog voltage for TCXO correction. A clock and asso­
ciated timing logic provide periodic updates and in general regulate 
the sequential operation of the counter. 

Because of the relatively high power consumption of the PROM 
and the counters, switches are provided to sequence them on only 
when they are actually used; the control signals for these switches are 
generated by the timing control unit. 

The required programming for the PROM is determined by stabil­
izing the TCXO at fIxed temperatures, recording the states of the 
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temperature registers, and simulating the correction output word with 
a manual switch. Required programming at intermediate temperatures 
is interpolated, and the entire PROM is then programmed and in­
stalled in the TCXO. 

The timing signals for the digital circuitry are shown in Figure 
10-16. These signals were developed in the custom MOS chip called 
DIGITCXO. * The first event, at the beginning of a cycle, is to ener­
gize the frequency counter flip-flops. This is accomplished by SW8 
and the -12-V switch shown in Figure 10-15. Once this is accom­
plished, the counter flip-flops (on the chip) are reset by a 20-lls pulse. 
The counter gate is then opened for approximately 2 ms. Upon com­
pletion of the count, the PROM is energized by SWS12, and the latch 
is pulsed to store the outputs of the ROM. All circuits, except the 
timing control, are then deenergized for 18 ms. The DIGITCXO chip 

. contains the 7-bit frequency counter and timing control unit. The 
finished chip measures 0.125 X 0.145 inch and was fabricated and 
packaged in a 22-pin, O.S-inch round ceramic package by the Collins 
MOS facility at Newport Beach, California. 

Compensation of the TCXOs is accomplished with the aid of an 
interface adapter which replaces the ROM during compensation. A 
l 6-position rotary switch with binary format substitutes for the 
PROM output lines. The adapter allows the operator to stop, hold, 
and read an address and update by depressing a switch. The memory 
location being addressed is displayed in a decimal format using a 3­
digit display. 

Coarse compensation is accomplished with the ROM simulator 
switch set at midrange and is carried out using conventional tech­
niques. The coarse network compensates the TCXO to ±4 parts in 
107 from -40°C to +80°C. 

After the coarse compensation has been completed, the following 
steps are used for fme compensation: 

a. 	 Seal the cover on the coarse portion of the TCXO in prepara­
tion for fine compensation. 

b. 	 Stabilize the unit at room temperature for a minimum of 

*Developed under sponsorship of the Solid-State and Frequency Control Division of the 
Electronics Components Laboratory, United States Army Electronics Command, Contract 
No. DAAB07-71-C-0136. 
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10 hours. Beginning at -40°C, stabilize the sealed, coarsely 
compensated TCXO in 4-S oC intervals up to +80°C. At each 
temperature , record the PROM address and the decimal number 
of the (simulated) ROM output word that produces the smallest 
frequency error. 

c .  	Tabulate the recorded PROM addresses and the desired corre­
sponding output words. Estimate the required output words for 
intennediate PROM addresses by linear interpolation. (That is, 
if output words 8 and 3 were found to be required at addresses 
107 and 112, respective intennediate interpolations are : 7 at 
108, 6 at 109, 5 at 110, and 4 at 111.) 

d. 	 Program a PROM with the desired information using a PROM 
programmer. 

e. 	 Remove the cabling harness from the TCXO and install the pro­
grammed PROM. Clean the circuit boards and postcoat. Attach 
cover over digital compensation boards. (Alternatively, a con­
firming temperature run may be made before postcoating.) 
Stabilize unit at room temperature for at least 10 hours. Repeat 
the preceding -40°C to +80°C temperature run at the same 4-
or S -degree increments to verify satisfactory performance. 

The fmal frequency-temperature characteristic of a typical com­
plete TCXO is graphed in Figure 10-17, along with the frequency­
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temperature characteristic of the unit after coarse compensation. For 
this oscillator, the total frequency deviation was 70 parts in 10 8 
before fme compensation and 7.5 parts in 108 after. Note that the 
curve has a discontinuity in midrange, caused by stopping the tem­
perature run overnight. Stabilizing every 4°e from -40oe to +30oe, 
a complete temperature run requires two days. Also in the same fig­
ure is a plot of the PROM address versus temperature, indicating that 
a reasonably linear relationship was obtained. 

10.3. DIGITAL TEMPERATURE COMPENSATION 

The advent of larger PROMs and integrated AID converters has sim­
plified the compensation process so that TeXOs using entirely digital 
compensation are practical. The block diagram of such a unit is 
shown in Figure 10-18. 

The crystal oscillator contains a single varactor, as in the case of 
the analog-compensated oscillators and, by application of the proper 
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Figure 10-18. Digitally temperature compensated oscillator. 

voltage to this varactor, the frequency is pulled by exactly the 
amount required to compensate for the temperature drift. In digital 
TCXOs it is generally desirable to use a hyper-abrupt varactor, with 
an exponent near unity, which gives a nearly linear frequency­
voltage curve. The voltage range required can be found by the 
method outlined in section 1 0. 1  with the aid of equations ( 1 0-3), 
( 1 0-6) , and ( 1 0-7).  It should be noted that a voltage of less than 
about I V should be avoided because the RF voltage across the 
varactor may cause rectification and override the correction voltage. 

The actual correction voltage is obtained in the following manner. 
First the voltage from the temperature sensor, such as a thermistor 
or diode, is digitized using the AID converter. The digitized tempera­
ture word is then used as an address for the memory which contains 
the correction voltage required for the oscillator at that particular 
temperature. The contents of the memory location are latched into a 
digital-to-analog converter and the analog voltage is applied to the 
varactor. Since temperature changes relatively slowly, continuous 
corrections are not required. The temperature of an oscillator rarely 
changes more than 1 0  degrees per minute, and since the maximum 
rate of frequency change is less than 1 ppmtC, a few corrections per 
second are sufficient. Consequently the AID converter and the PROM 
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can be turned off most of the time to save power and may be pulsed 
on only momentarily when a new correction is being made. 

In most cases, it is desirable to minimize the memory required by 
the TCXO; thus it is important to choose the optimum word size for 
a given stability. It is most convenient to use uniformly spaced 
temperature intervals to address the memory. The slope of the 
frequency-temperature curve of a crystal, of course, varies greatly 
over the temperature range, as can be seen from Figure 5-6. The 
memory word size and capacity must be adequate to accommodate 
the worst-case slope. For a typical TCXO crystal with a frequency 
difference between the upper and lower turning points of about 
32 ppm, we find slopes on the order of 1.4 ppm;oC at - 55°C, - 0.5 
ppm;oC at 25°C, and 0.7 ppm;oC at 85°C. Let the worst-case slope 
be represented by S. Figure 1 0- 1 9  shows how the compensation 
varies over a temperature interval from t 1 to (2 if the exact com­
pensation values are used at t 1 and t 2' The worst-case error occurs 
just before f 2 is reached when the frequency correction contained in 
the t 1 address is still being used but the crystal requires the value 
near (2'  This error can be cut essentially in half by overcompensating 
at f l  so that the compensation is correct midway between f l  and f2 •  
This is shown graphically between fk and tk+ 1 in Figure 10-1 9. The 
frequency error due to the slope is then given by : 

(tk+ 1 td S-f = . ( 10-20) 1 2 

Since a fmite memory word size is used, an additional error occurs 
due to the fact that the exact desired value cannot always be ob­
tained with a finite word size. In the worst case, the frequency can 
be set only to within one-half the frequency change represented by 
the least significant bit of the memory. Let this error be >f2 ' Then 

total frequency correction range >f2 = ( 1 0-2 1 )  
2 (no. of correction levels) 

and the total worst-case frequency error is given by 

( 1  0-22) 
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We may then write : 

Il l =  � (Z)+ � (�) ( 10-23) 
2 n 2 2b ' 

where 

S = maximum frequency-temperature slope of the crystal, in 
parts per million per Celsius degree. 

T = the total temperature range over which the oscillator must 
operate, in Celsius degrees. 

n = the number of words in the memory. Then each temperature 
interval is given by tk+ 1 - tk = Tin. 

F = the maximum peak-to-peak frequency excursion of the crys­
tal, in parts per million. 

b = the number of bits in each correction word. 
Ill= the maximum frequency error to be allowed; in parts per 

million. 

We wish to minimize the total number of memory bits required 
given by 

M = nb. ( 10-24) 



n = -----

M = -----

(2!:J.f /) 
= Ƈ---ƈ--------0y 

- ST - 2- b bSTF In 2 

( 2!:J.f -

dM 

db 
( 1 0-27) 

Equation ( 1 0-27) is zero if the numerator is zero. Setting the numer­
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Solving equation ( 1 0-23) for n gives 

ST 
( 1 0-25) 

2!:J.f - (F/2b ) '  

Substituting equation ( 1 0-25 ) into equation ( 1 0-24) gives 

bST 
( 1 0-26) 

2!:J.f - (F/2b ) '  

We may determine the value of b to minimize M by differentiating 
and setting dM/db = O. We find 

ator to zero leads to the expression 

F( 1 + b In 2)
2b = . ( 1 0-28) 

2!:J.f 

Equation ( 1 0-28) cannot be solved in closed form ; it must be 
evaluated by trial and error. Once b , the word size, has been deter­
mined, the number of words required can then be found from equa­
tion ( 1 0-25). 

As an example, suppose that the following values are assumed : 

!:J.f= 0. 1 ppm, 

F =  32 ppm, 

T = 85°C - (- 5 5°C) = 1 40°C, and 

S = 1 .4 ppmtc. 


Then from equation ( 1 0-28) we find 

b == 1 0.35 for !:J.f= 0. 1 ppm. 

For !:J. f = 0.5 and 3 ppm, the values of b are 7.65 and 4.45, respec­
tively .  The values ofM from equation ( 1 0-26) are given in Table 1 0-1 
for several values of b and frequency stabilities of 0. 1 ,  0 .5 ,  and 3 
ppm for the crystal and temperature range above. Thus we see that 
it is possible to build a 0.5-ppm TCXO with an 8 X 256 PROM. In 
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Table 10-1 .  Memory Size for F = 32 ppm,
S = 1 .4 ppm, and T = 140°C. 

Memory size (bits) 
Word size 

(bits) 0.1 ppm 0.5 ppm 3 ppm 

4 196 

5 196 

6 2 14 
7 1 ,829 238 

8 20,906 1,792 267 

10 11,615 2 ,023 

1 1  1 1,694 
1 2  1 2,238 

many cases it may be convenient not to offset the corrections as 
was done at tk and tk+l in Figure 1 0- 1 9  to achieve optimum perfor­
mance. If compensation is accomplished simply by using the nearest 
available value at the temperature breakpoints, then twice the num­
ber of words are required. * 

10.4. 	 TEMPERATURE COMPENSATION WITH 

MICROPROCESSORS 

From section 1 0 .3 it can be seen that the memory requirements for 
digital compensation beyond 0.5 ppm are substantial and that it is 
desirable to operate on the stored data in some manner to reduce the 
number of correction values required. Perhaps the simplest algorithm 
which can be used is to interpolate between stored data points. This 
can be accomplished in several ways using digital logic or digital­
analog combinations. Perhaps the most attractive means, however, is 
by the use of a microprocessor. Because of the availability of low­
cost microprocessors, m any items of communications equipment are 
being designed with a processor. In some cases, the microprocessor 
can be used to generate frequency corrections during idle time. A 
one-shot multivibrator can be used to request an interrupt every few 
seconds, or the processor may be programmed to service the TCXO 

*Digital compensation of crystal oscillators is discussed in reference 47, which also contains 
several interesting variations of the basic approach discussed here. 
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at regular intervals. In other applications, as minimum microproces­
sor systems become available with self-contained I/O, PROM, and 
RAM on the chip, it is desirable to include a dedicated micropro­
cessor in a semiprecision or precision frequency standard. The pro­
cessor can be pulsed on momentarily to generate a correction and 
then turned off to save power and reduce self-heating. 

An experiment was conducted to demonstrate the feasibility of 
temperature-compensating a crystal oscillator using the INTEL-8080 
processor. A linear interpolation program was used to generate cor­
rection voltages from the following equation:  

(Vn+l - Vn )  (t - t n ) V = Vn + . ( 10-29) 
(tn+1 - tn ) 

Here the temperature t is assumed to be between the stored values 
tn and tn+l ,  which correspond to compensating voltages of Vn and
Vn+l , respectively. 

A linear temperature sensor was used in the crystal oscillator and 
the output of the sensor was converted to an 8-bit digital number 
using a single-chip A/D converter. After the correction voltage was 
calculated, the output was converted to an analog signal and applied 
to the varactor. The program was written to allow l 6-bit tempera­
ture data, although only 8 bits were used for the test oscillator. * It 
should be noted that although 16-bit temperature words can be 
accepted, the difference between any two adjacent temperatures 
may not exceed 7 bits. 

A flow chart of the temperature-compensation program is given in 
Figure 1 0-20. Once the temperature is determined, a search is made 
for a correction value. If the exact value is found, no calculation is 
required and a test is m ade to determine if the correction voltage is 
the same as that determined on the previous p ass. If so, the output 
value is left u nchanged and a branch is made to repeat the program. 
If the correction value is different, the new value is read into the 
output latch and a branch is executed to the beginning of the pro­

*It is also possible to determine the temperature by using the processor to count the fre­
quency of a thermistor-controlled RC oscillator. Approximately 3 3  machine level instruc­
tions are required to determine temperature in this way. The method was not used in this 
experiment. 
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Figure 10-20. Overall flow chart of temperature compensation program. 

gram. In the more likely event that the exact correction value is not 
stored for the particular ambient temperature under consideration, 
the search routine finds the nearest temperature-voltage pair above 
and below the actual temperature. The interpolation program then 
calculates a correction voltage based on equation ( 1 0-29), and a test 
is m ade to determine if the correction is different from the value 
found in the previous pass. If so, the output latch is updated and 
control is passed to the beginning of the program. If the output is 
the same, the latch is left unchanged. 

A graph of the curve for the uncompensated crystal oscillator is 
shown in Figure 1 0-2 1 along with the final compensated curve. The 
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compensated curve is also shown in Figure 1 0-22 with the ordinate 
expanded by a factor of 25 . As can be seen, the frequency of this 
5-MHz crystal oscillator is within +2 X 1 0-7 to -4 X 1 0-7 of the nor­
mal frequency over the entire temperature range from - 26°C to 
+82°C. * A schematic diagram of the oscillator is shown in Figure 
1 0-23. The A/D converter, not shown, was an MM435 7. The D/A 
converter, shown in Figure 10-24, consists of 8 CMOS buffers fol­
lowed by a ladder network. A simplified block diagram of the pro­
cessor is shown in Figure 1 0-25 . An INTEL-MCS-80 design system 
was used, and the program for the test oscillator was stored in RAM 
via a TTY. 

The test setup is shown in Figure 1 0-26 and includes the TTY as 
well as a small test fixture used to monitor the temperature. The test 
fixture also has the capability to force the digital output to any 

·The processor itself was not included in the temperature chamber; however, the crystal 
oscillator as well as the AID and DI A converters were exposed to the temperature change. 
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Figure 10-22. Frequency-Temperature for microprocessor compensated crystal 
oscillator (expanded scale). 

value, thus allowing convenient data taking on the initial temperature 
run when the correction table is being determined. The oscillator is 
initially run over temperature and, at intervals of 5-1 o degrees, the 
output switches are adjusted to put the oscillator on frequency. The 
temperature (address) is then read and recorded along with the cor­
rection required. The values used in this experiment are listed in 
hexadecimal notation, in Table 1 0-2. Photographs of the temperature 
chamber, the processor, test fixture, and oscillator are shown in 
Figures 10-27 , 28, 29, and 30. 

The microprocessor program was written in assembly language and 
requires 22 1 bytes of storage. In addition, 10 bytes of RAM are re­
quired as scratch-pad memory. A listing of the memory assignments 
is given in Tables 10-3 and 1 0-4. 
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Figure 1 0-24. Digital-to-analog converter used with TCXO shown in Figure 
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Figure 1 0-25 .  Simplified block diagram of processor used with TCXO shown in 
Figure 1 0-23 .  

Table 1 0-2. Stored Temperature-


Frequency Correction Data. 


Temp. Corr. Temp. Corr. 

00 00 78 AS 
OA 6 1  82 8D 
14 A3 8C 74 
I E  CA 96 5D 
28 DF AO 45 

3 2  ED AA 30 
3C FO B4 I E  
46 EE BE 1 2  
50 E7 C8 OD 
5A DC D2 OF 

64 CC D7 1 3  
6E BA FF FF 



Figure 1 0-26. Test setup for microprocessor temperature compensation. 

Figure 1 0-27. Temperature chamber used in experiment. 
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Figure 1 0-28. Processor used i n  experiment. 

Figure 1 0-29. Close-up of test fixture and processor. 
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Figure 1 0-30. Oscillator used in experiment. 

Table 10-3. Memory Usage. 

Description Location 

Ambient temperature 

least significant byte (LSB) PlAIA 

most significant byte (MSB) PIAIB 

Stored correction data 
T l  (LSB) DTA 

Tl (MSB) DTA+l 

F I  DTA+2 
T 2  (LSB) DTA+3 
T2 (MSB) DTA+4 

F2 (LSB) DTA+5 

End of file 
FF DTA+n - 1 
FF DTA+n 

Correction voltage output PIAOC 
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Table 1 0-4. Internal Memory and Register Usage.a 

Description Register/Memory 

Ambient temperature 

T(LSB} 

T(MSB) 

Output to interpolation program 

TN(LSB} 

TN(MSB) 

FN 

TN+l (LSB) 

TN+l(MSB) 

FN+1 

FN+ 1 - FNb 

Working registers 
sign of Fn +l - Fn 
dividend T - Tn 
divisor Tn +1 - Tn 
quotient and multiplier 

(T - T1 }/(Tn +1 - Tn ) 
multiplicand (Fn +l - Fn ) 
product 

counter for multiplication 
and division 

store previous output 

RAM 

RAM+ I 

RAM+3 

RAM+4 

RAM+5 

RAM+6 

RAM+7 

RAM+8 

RAM+8 

RAM+2 

C 
D 
E 

A 

HL 

B 

RAM+9 

aA listing of the program is reproduced on the following 
pages. 

b F n+1 in RAM +8 is destroyed by the program after Fn+1 - Fn 
is formed. 

The program is loaded beginning at a location called ROM, which 
for the MCS-80 system was assigned a value 1 200 in hexadecimal 
(H) The first scratch-pad location is caJled RAM and was assigned a . 
value 1 365H. The stored data table begins at a location called DTA 
and has a value 1 300H. The 8255  peripheral interface adapter was 
wired so that port A , designated PlAIA, has an address 1 4H; port B, 
designated PIAIB, a value I SH;  and port C, designated PIAOC, an 
address l 6H. 

The frequency accuracy of a crystal oscillator which is compen­
sated using microprocessor techniques depends on many of the same 
factors as other methods of temperature compensation. Among these 
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are hystereses, temperature transients, the inaccuracy in determining 
temperature, and the inaccuracy in setting analog correction voltage 
to the desired value. The microprocessor has several advantages over 
other methods of compensation, however. Since a search for stored 
correction values can be made, it is reasonable to store points closer 
together over portions of the temperature range where the crystal has 
the largest slope. It is also possible to use various algorithms to calcu­
late the correction required between stored points. In this discussion, 
a linear interpolation is assumed. It is possible, however, to develop 
algorithms based on more than the two closest stored values, such as 
fitting the cubic equation of the crystal. 
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For this discussion, let the frequency error at any given tempera­

ture be represented by 

( 1 0-3 0) 

where 

E is the overall frequency error in parts per million; 

S is  the maximum slope of the frequency-temperature curve of the 

oscillator in parts per million per Celsius degree ; 

flsb is the temperature range represented by the least significant bit 

of the digital temperature input;  

F is  the total frequency pulling range of the varactor; 
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b is the number of bits in the digital correction word ; and 
� 	is the error resulting from the spacing between stored correction 

values. 

If a linear interpolation program is used, the error 8 is the differ­
ence between the actual crystal curve and a straight line joining the 
two nearest stored correction values. 

It is assumed here that a linear modulator is used so that the cor­
rection voltage is proportional to the frequency correction required. 

It is well known that the frequency-temperature curve for a 
quartz crystal is a cubic equation of the form 

( 1 0-3 1 )  

2 1 � A ! 3  L X I  ... . RAM.' I lOAD 
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A 2 == (ANG) (- 4.5 X 1 0-9)  - 0. \ X 1 0-9 

A 3  == (ANG) (- 20 X 1 0-12 ) + 1 30 X 1 0-12 

( 1 0-32) 

( 1 0-33)  

( 1 0-34) 

+ b2 t2 + b3 t3 + b4 
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where X = t - to' The coefficients vary slightly with the crystal pa­
rameters and a comprehensive listing is given by Bechmann in ref. 4.  
From this reference one set of values for plated resonators using 
natural quartz are given below. For a fundamental-mode AT-cut 
crystal, 

A l  == (ANG) (- 5 . 1 5 X 1 0-6 )  

where ANG is the angle in degrees of arc from the angle of cut to give 
a zero slope at to. (The term t is the temperature in Celsius degrees 
and to is taken to be 20°C.)  

For a third overtone AT-cut crystal, 

A l  == (ANG) (- 5 .  1 5  X 1 0-6 )  ( 1 0-3 5)  

A 2 == (ANG) (- 4.5 X 1 0-9 )  - 1 .7 X 1 0-9 ( 1 0-36) 

A3 == 1 05 X 1 0-12 ( 1 0-37) 

and for a fifth overtone, 

A l  == (ANG) (- 5 . 5  X 1 0-6 )  ( 1 0-38) 

A 2 == (ANG) (- 4 .5  X 1 0-9 )  - 1 .2 X 1 0-9  ( 1  0-39) 

A3 == 1 05 X 1 0-12 ( 1 0-40) 

If we substitute X = t - 20 into equation ( 1 0-3 1 )  we obtain 

= b 1 t  
 ( 1 0-4 1 )  
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where b i  = A I  - 40A 2, + 1 200A 3 ( 1 0-42) 

b2 = A 2 - 60A 3 ( 1 0-43) 

b 3  = A 3  ( 1 0-44) 

b4 = 400A 2 - 20A I - 8000A 3_  ( 1 0-45) 

The microprocessor uses a linear interpolation algorithm of the 

form 
[(t2) [(t )- 1 (t td, ( 1 0-46) 

(t2 - t I ) . 
and the frequency error over the interval t 1 to t'2 is given by the dif­

ference between equations ( 1 0-4 1 )  and ( 1  0-46) and is 

[(1 1 ) +  

fj = [(1) [(t l  ) - [[«(2) - [(l l  ) ] (t -
(t2 - t l ) 

( 1 0-47) 

It  is convenient in dealing with this equation to perform a coordinate 

transformation, as shown in Figure 1 0-3 1 .  Using the dotted axes we 

have 

[(t) - [(t I ) and 

The equation ( 1 0-4 1 ) becomes 

F(T) 

F(T) == b l (T + 1 1 )  + b2 (T + t l )2 + b3 (T +  t l ) 3  + b4 - [(t l )_ ( 1 0-48) 

F 

I 
I 
I 
I 
I 

I I 

I I 
I I 

Io- - - - - - Fr; - - - - - - r  
I I 
I I 
I I 
I I 

Figure 10-3 1 .  Frequency-Temperature curve transformation . 
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Expanding and simplifying gives 

F(T) = (b i + 2b 2 t I + 3b3 tD T +  (b2 + 3b3 td T2 + b 3  T3 .  ( 1 0-49) 

We may then write equation ( 1 0-47) as 

� = F(T) -
T

, a O T O T2 . ( l a-50) 

Substituting from equation ( 1 0-49) we have 

ƣ = (b i + 2b2 t I  + 3b3 tD T +  (b 2 + 3b3 td T2 + b 3 T3 - [(bi  + 2b2 t I 

2 2 T
+ 3b 3 t l ) T2 + (b 2 + 3 3 ( 1 -5 1 )  b 3 t l ) T2 + b3 T2 ]  T";' a 

which can be simplified to 

� = - (b 2 T2 + 3b 3 t I T2 + b 3 T�) T + (b 2 + 3b 3 td T2 + b 3 T3 .  ( 1 0-5 2) 

Obviously, � = 0 at T = a and T = T2 because of the way the expres­

sion for � was constructed. A maximum or minimum occurs near the 

center of the interval and is found by setting df>/dT = O. 

Let 


KI = - (b2 T2 + 3b 3 t } T2 + b3 TD ( l a-53) 

K2 = (b2 + 3b 3 t d· ( l 0-54) 
Then 

� = KI T + K2 T2 + b 3 T3 ( l 0-5 5)  

d� 
= K} + 2K2 T + 3b3 T 2 . ( l a-56)dT 

Setting this expression to zero and solving for T gives 

-K2 [ 1  + (3b3 K} /K�) ]  
T =  . ( l a-58) 

3b 3 

However, if the intervals are small so that 

1 3 Kl b 3  ( 1 0-59) 
K� (b2 + 3b 3 t l )2 



vi 

m «  

1 - 1 + �  
3b3 Kl ) 

b2 T2 + 3b 3 t 1 T2 + b3 T¢ --=---=----=-=---=---=---=-

-:¢ [. 

T = --
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we may expand I - (3b 3 Kt IKD using the binomial series and re­
tain only the first two terms; thus 

( 1  + m)O< == 1 + am for I 
and equation ( 1 0-58) becomes 

-K2 
3b3 

( 

( 1 0-60) 

2K¡  

Kl
T = - --. ( 1 0-6 1 )  

2 K2 

Now substituting from ( 1 0-53)  and ( 1 0-54) 

T = ( 1 0-62) 
2(b2 + 3b 3 t 1 ) 

If the temperature interval is small as previously assumed , 

T2 (b 2 + 3b3 t d T2
and T ʚ = ( 1 0-63) .- 2(b2 + 3b 3 t 1 )  2 

Thus the maximum error occurs in the center of the temperature 
interval. Substituting this into equation ( 1 0-52) gives : 

2 T2 T¢  b3  T£ _6max - - (b2 T2 + 3b 3 tl T2 + b 3  T2 ) - + (b2  + 3b 3 t1 ) - + -- ,
2 4 8 

( 1 0-64) 

which may be simplified to 

= b3 T2 + b2 + 3b3 t l] . ( 1 0-65) cSmax 

Values of cSmax are given in Table 1 0-5 for temperature intervals 
of 3°e, 6°e, and l Ooe using a typical TeXO crystal with ANG = 7 
minutes of arc (0. 1  1 67 deg). Then from equations ( 1 0-32) to ( 1 0-34) 
and ( 1 0-42)  to ( 1 0-45) we have 

b l = -4.228 X 1 0-7 

b2 = - 8.287 X 1 0- 9 
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Table 10-5 . Maximum Tracking Error for Stored 
Temperature Intervals of 3°e, 6°e, and lOoe. 

Ambient
temp. 11 

(DC) T2 = 3DC 
0 max (ppm) 

T2 = 6Dc T2 = lODC 
- 5 5  0.0648 0.254 0.686 

- 30 0.0432 0. 1 6 7  0.447 

- 1 5  0.0303 0. 1 1  6 0.303 

0 0.0 1 74 0.0642 0. 1 59 

J O  0.0087 0 .0298 0.0635 

1 5  0.0044 0.0 1 2 5  0.0 1 57 

25 - 0.0042 - 0.02 1 9  - 0.0800 
5 0  - 0.0257 - 0. 1 08 - 0. 3  1 9  
65  - 0.0387 - 0. 1 67 - 0.463 

80 - 0.05 1 6  - 0. 2 1 2  - 0.607 

95 - 0.0645 - 0.263 - 0.750 

b3 = 1 .2766 X 1 0-10 

b4 = 1 .074 X 1 0- 5 •  

It is possible, of course, to use the microprocessor to calculate the 
frequency correction directly from the cubic equation of the crystal 
or to use other algorithms taking advantage of more than the two 
nearest stored correction values. These methods may be used in con­
nection with a fine-correction lookup table to compensate for minor 
irregularities in the crystal curve. 

Temperature compensation using microprocessors is subject to the 
same ultimate limitations on accuracy as the digital method of com­
pensation, namely temperature transients and frequency hysteresis. 
At the time of this writing the limit is about ±5 parts in 1 08 for an 
AT-cut crystal, because of hysteresis. As better crystals are developed 
it will be possible to make additional improvements in the compensa­
tion accuracy by the addition of more bits in the temperature and 
frequency correction words. 

Research to improve the accuracy of TeXOs has been carried out 
in various laboratories for over two decades and will no doubt con­
tinue for some years to come. The requirement for highly accurate 
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frequency and time standards which are also low-cost, low-power, 
and small in size is considerable, and promises many benefits to a 
broad spectrum of the electronics industry, including both military 
and commercial areas as well as in data processing and transmission 
equipment. Many techniques remain to be tried, and the use of 
microprocessors will no doubt play an important roll in imple­
menting many of them. 


