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INDIRECT TEMPERATURE COMPENSATION 
PROCESS IN AN OSCILLATOR 

FIELD OF THE INVENTION 

[0001] This invention pertains to the ?eld of temperature 
compensation. More precisely, this invention describes an 
indirect temperature compensation process and its embodi 
ment in a crystal oscillator, called “Digital Indirectly Com 
pensated Crystal Oscillator” (DICXO). 

BACKGROUND OF THE INVENTION 

[0002] Electronic clocks, and in particular crystal oscilla 
tor, are a key component of many electronics systems, such 
as electronic instrument, radio-communication device, data 
communication, electronic navigation devices, landing sys 
tems, etc. The clock frequency stability is in general a key 
parameter. 

[0003] Besides time (aging), temperature variation is the 
most basic and the most important cause of clock frequency 
variation. In applications such as in avionics, the ambient 
temperature range is typically from —55° C. to +85° C. and 
the rate is up to 5 deg/min. In this environment, the typical 
uncompensated crystal oscillator drifts by +—50 parts-per 
million, With rates up to about 3 parts-per-million/deg. 

[0004] Various techniques have long been available to 
mitigate the temperature effects, such as the oven controlled 
crystal oscillator (OCXO) and the temperature compensated 
crystal oscillator (TCXO). 

[0005] In the oven controlled crystal oscillator, the oscil 
lator is maintained at a constant temperature in a thermally 
insulated and temperature-regulated housing or oven. Unfor 
tunately, such devices are expensive, bulky, and they need 
input poWer for the oven. Furthermore, a Warming time is 
necessary prior Working. 

[0006] In the temperature compensated crystal oscillator, a 
temperature sensor provides feedback-control of the oscil 
lator frequency in order to reduce the residual drift. Typi 
cally, the sensor is a hand-trimmed compensation thermistor 
netWork that feeds a “varicap” oscillator tuning diode. The 
precise adjustment of the control circuits requires manual 
iterations and is of limited accuracy. Furthermore, tuning an 
oscillator can compromise its inherent stability; ?nally, the 
technique does not Work With some types of crystal, such as 
the SC-cut crystals that are electrically too “stiff” and do not 
yield to electrical tuning. 

[0007] An improvement of the TCXO, the digital com 
pensation crystal oscillator (DCXO) uses built-in interpola 
tion circuits to perform the frequency correction digitally. 
The calibration data are saved in a built-in memory device. 

[0008] Although the average frequency can be indeed very 
stable, digital approximations cause a large time-jitter 
modulation that degrades seriously the spectral phase noise 
purity. Therefore, the DCXO is not suitable for most RF 
applications. 
[0009] Besides temperature compensation, there is a need 
for compensating the effects of the temperature variation or 
thermal dynamics, due to the changes in the external envi 
ronment. Large temperature variation rates can cause tran 
sient thermal distortions in various devices and can degrade 
the accuracy of the temperature compensation in the clock. 
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[0010] The usual mitigation techniques comprise, the use 
of an OCXO, adding thermal insulation and/or regulation to 
dampen the variation rates, insuring a tight thermal coupling 
betWeen the compensation device and the oscillator, so as to 
reduce the thermal distortion. 

[0011] The thermal dynamics effects depend mostly upon 
the clock construction, but also upon its actual installation 
and the thermal design of the user system. Hence there can 
be signi?cant variations from installation to installation, 
causing unexpected performance variations. The issue of the 
thermal dynamics and of the actual thermal environment is 
particularly important for airborne GPS navigation and 
landing systems, Which are sensitive to small clock insta 
bilities. 

[0012] The thermal dynamics from the environment Will 
induce clock frequency variations that in turn Will cause 
apparent errors in the user system. 

[0013] For instance, at the GPS L1 carrier frequency 
(1.57542 GHZ, 0.19M Wavelength), a 1 PPM clock fre 
quency error is equivalent to a frequency error of 1.5 KHZ. 
This is an apparent aircraft speed error of 1500*0.19= 
285M/S or 554 MPH. This error Will be common to all GPS 
satellites being tracked, so it can be estimated by the built-in 
computer and cancelled out. Nevertheless, this speed error 
shoWs up and stresses the individual GPS carrier-tracking 
loops of the system. Similarly, the temperature variations 
generate higher order frequency derivatives that are equiva 
lent to an apparent acceleration error due to the second 

derivative (d2F/dt2), an apparent jerk (acceleration rate) 
error due to the third derivative (d3F/dt3). Unless properly 
handled, the temperature variations can cause signi?cant 
stresses on the tracking loops of the GPS navigation system 
that Will impair its performance and safety of use. Further 
more, the apparent acceleration and jerk are critical and must 
be strictly controlled in particular applications such as clock 
aiding, Where the precise value of the receiver clock time is 
used in the navigation solution to complement the GPS 
satellite measurements. 

SUMMARY OF THE INVENTION 

[0014] It is an object of the invention to provide a com 
pensation indirectly in the host system Without altering the 
subject devices, their characteristics or their outputs. 

[0015] It is another object of the invention to compensate 
the static temperature effects and the transient as Well as the 
dynamic effect induced at the device level. 

[0016] Yet another object of the invention is to compen 
sate the static temperature effects and the transient and the 
dynamic effect induced in the application at the system level. 

[0017] According to one aspect of the invention there is 
provided a method for generating an estimation of the effects 
of temperature on an oscillator in a Global Positioning 
System (GPS), the method comprising the steps of providing 
a thermally coupled temperature sensor coupled to the 
oscillator; providing a thermal model of the oscillator; 
measuring the oscillator frequency at a stable temperature 
over a range of temperature; varying the temperature and 
measuring the oscillator frequency over time in order to 
calculate the parameters of the thermal model of the oscil 
lator; in use, measuring a temperature using at least the 
temperature sensor over time; calculating the estimate tem 
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perature of the oscillator using at least said thermal model of 
the oscillator and the temperature value over time; output 
ting a signal representing the oscillator signal frequency. 

[0018] According to another aspect of the invention there 
is provided an apparatus for estimating the effects of tem 
perature on an oscillator in a Global Positioning System 
(GPS), the apparatus comprising a temperature sensor, pro 
viding a temperature signal, the temperature sensor being 
thermally coupled to the oscillator; an analog to digital 
converter, receiving the temperature signal and providing a 
digital temperature signal; a data storage, comprising a 
look-up table, the look-up table comprising a relation 
betWeen a temperature and a oscillator frequency; the data 
storage receiving the digital temperature signal and provid 
ing an oscillator frequency; Wherein the look-up table is 
created by using a thermal model of the oscillator With the 
temperature signal of the temperature sensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The invention Will be better understood by Way of 
the folloWing description of the preferred embodiment, 
together With the accompanying draWings, in Which: 

[0020] FIG. 1 is a block diagram of one embodiment of 
the present invention; 

[0021] FIG. 2 is a How chart Which shoWs the indirect 
temperature compensation process; 

[0022] FIG. 3 is a block diagram Which shoWs the DICXO 
thermal model; 

[0023] FIG. 4 is a How chart Which shoWs the DICXO 
calibration process; 

[0024] FIG. 5 is a graph Which shoWs a typical DICXO 
calibration test run; 

[0025] FIG. 6 is a schematic Which shoWs a typical 
thermal model of the system; 

[0026] FIG. 7 is a schematic Which shoWs a simpli?ed 
thermal model of the system; 

[0027] FIG. 8 is a graph Which shoWs the thermal ?lter 
model adjustment using a Lissajous ?gure; 

[0028] FIG. 9 is a block diagram Which shoWs the DIXO 
clock calibration process; 

[0029] FIG. 10 is a table Which shoWs a typical DICXO 
data memory allocation table; 

[0030] FIG. 11 is diagram Which shoWs the set up for 
DICXO thermal test conditions 

PREFERRED EMBODIMENT OF THE 
INVENTION 

[0031] NoW referring to FIG. 1, there is shoWn one block 
diagram of the DICXO. In this embodiment of the present 
invention, the DICXO is integrated on a single unit stand 
alone device, built in a small metal case similar to the usual 
TCXO and OCXO cases. In another embodiment of the 
invention, an external data memory device or the main 
processor memory may be used. In the preferred embodi 
ment of the invention, the temperature sensor 2 is in close 
thermal contact With the oscillator 1 to avoid ineffective 
temperature compensation. 
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[0032] The DC regulator 3 supplies ?ltered and regulated 
poWer to all functions inside the DICXO, to reduce suscep 
tibility to external electrical noise. In the preferred embodi 
ment, the electrical ground is isolated internally from the 
case. In the preferred embodiment, the case, electrical 
ground and RF ground Will be interconnected externally by 
a PCB ground-plane. 

[0033] The internal CMOS logic devices are poWered by 
an external 3.3V supply in order to ensure electrical com 

patibility With the external logic devices. The 3.3V poWer 
supply Will be feed through a small external resistor (50 
ohms in the preferred embodiment) in order that a simple 
feed-through capacitor prevent the noise from the digital 
logic and processors from affecting performance. 

[0034] The oscillator 1 uses in this particular embodiment 
a SC-cut crystal and operates on the third overtone mode, for 
freedom from spurious micro-jumps in frequency. The crys 
tal is cut such as to minimiZe and to balance the frequency/ 
temperature slope over the temperature range so that tem 
perature sensitivity remains moderate. 

[0035] The loW-level sine Wave oscillator output is buff 
ered by the line driver 4, Which outputs the required elec 
trical signal Which is, in this design, a nominal 6 dBm sine 
Wave output With a 50 ohm source impedance. The line 
driver 4 provides RF isolation from load-variation effects, 
Which is critical for an oscillator With stringent short-term 
stability requirement. 

[0036] The oscillator temperature is sensed by a netWork 
of thermistors or Positive Temperature Coefficient resistor 
(PTC) referred as the temperature sensor 2. The thermal 
coupling 5 of the temperature sensor 2 With the oscillator 1 
is made strong and both elements are Well insulated from 
internal and external heat sources. This insures minimum 
distortions during temperature transients and at start-up. 
Ideally, the temperature sensor 2 Will be attached to the 
crystal case of the oscillator 1, or better it Will be built inside 
provided that this does not degrade the crystal performance. 
In the preferred embodiment of the invention, a special 
attention Will be required to avoid any stresses that may 
develop in the mounting or in the materials used for the 
attachment of the temperature sensor 2 and the crystal of the 
oscillator 1. These stresses and their relief or variation over 
time and temperature may alter the temperature sensor 2’s 
calibration, or cause nonlinear thermal transient responses. 
The choice, quantity, and placement of materials and the 
fastening of the device is critical. Furthermore, in the 
preferred embodiment, a special attention Will be taken With 
the use of non-linear material such as plastics, epoxy glues 
and silicon rubbers (RTV). Furthermore, it may be important 
to avoid excessive self-heating that can result in large 
Warm-up transients. In particular, the poWer dissipated in the 
sensor netWork and in the crystal resonator itself should be 
minimiZed. In the preferred embodiment, the thermal 
paths(s) to the ambient air are controlled such as the crystal 
temperature lags the temperature sensor variations. This 
alloWs an estimation of the true crystal temperature for 
compensation of temperature variations. The process, typi 
cally implemented With a loW pass ?lter in the application 
softWare, Will smooth also the residual sensor noise, includ 
ing the analog to digital converter noise. 



US 2003/0184399 A1 

[0037] The primary object of the strong thermal coupling 
betWeen the temperature sensor 2 and the oscillator 1 is to 
reinforce the desired thermal paths and reduce the undesired 
ones. 

[0038] In the preferred embodiment of the present inven 
tion, the temperature sensitivity of the temperature sensor 2 
should match roughly the temperature sensitivity of the 
crystal of the oscillator 1, in order to ensure that the overall 
temperature sensitivity is reasonably uniform, to minimiZe 
the ampli?cation of calibration errors, sensor drift and noise. 

[0039] The ampli?er 6 may buffer, ?lter and scale the raW 
temperature sensor 2 output in order to match it to the analog 
to digital converter (ADC) 7 input. 

[0040] In the preferred embodiment of the invention, the 
analog to digital converter 7 used is a Linear Technology 
LTC 2400 device; in such a case, as such device has a high 
impedance sWitched-capacitor inputs, no ampli?er is 
required betWeen the temperature sensor 2 and the analog to 
digital converter 7. 

[0041] Furthermore, it Will be appreciated that such device 
enables high resolution, high linearity Which enable a tight 
control on compensation noise and errors. Thermal phenom 
enon being comparatively very sloW, a high conversion 
speed and a high sampling rate is not critical as a require 
ment. 

[0042] The data storage 8 is in the preferred embodiment 
of the invention a Micro-Chip 24AA64. The data storage 8 
enables the storage of calibration and compensation data. 
The data storage 8 is connected to the analog to digital 
converter 7. In the preferred embodiment of the invention, 
the data storage 8 includes a Cyclic Redundancy Check 
(CRC) code for data validation and protection. 

[0043] The host system may access independently the 
analog to digital converter (ADC) 7 and the data storage 8 
using industry standard serial data interfaces. The logic 
circuits use standard CMOS levels and are poWered using a 
3.3V poWer supply as explained above. The noise from the 
internal logic activity and poWer supply noise is minimiZed 
by internal de-coupling and suitable layout design. In the 
preferred embodiment of the invention, the “Write” function 
of the data storage 8 is intended for factory use only. In 
operation, the DICXO data storage 8 Will be read once and 
stored in the main system memory during system manufac 
ture and the temperature sensor/analog to digital converter 
data Will be read every 0.2 s. Simple means are provided to 
prevent the accidental erasure of memory data in normal 
operation. A data code in the memory identi?es the particu 
lar data protocol, format and interpolation techniques used 
by the unit. This Will ensure compatibility With alternate 
sources and With future product improvements. 

[0044] The DICXO Indirect Temperature Compensation 
Process 

[0045] The DICXO indirect temperature compensation 
process is necessary in order to remove indirectly all direct 
and induced temperature effects at the device level and at the 
system level. 

[0046] The object of the estimation process is to ensure 
that the estimated clock-frequency is identical to the true 
DICXO frequency at any time, including during tempera 
ture-variations. 
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[0047] NoW referring to FIG. 2, there is shoWn the steps 
to complete in order to perform the indirect temperature 
compensation process. 

[0048] According to step 10 of FIG. 2, the temperature 
sensor 2 is read at a constant rate. 

[0049] According to step 12 of FIG. 2, the temperature 
sensor result is interpolated using sensor calibration data. 

[0050] According to step 14 of FIG. 2, the clock tempera 
ture is estimated from the sensor temperature using a ther 
mal model of the DICXO and the thermal parameters for this 
thermal model. 

[0051] According to step 16 of FIG. 2, the clock fre 
quency is interpolated form the clock temperature by using 
clock calibration data. 

[0052] The thermal lags due to temperature variations are 
compensated by modeling, by means of a softWare model in 
the GPS receiver processor, the thermal inertia of the 
DICXO sensor and clock oscillator With respect to the 
ambient temperature changes. This feature can hardly be 
implemented With usual analog compensation techniques, 
that practically restricts themselves in reducing thermal lags. 

[0053] It Will be appreciated that the topology and the 
complexity of the thermal model is a design choice, function 
of the acceptable errors as Well as the thermal design and 
construction of the DICXO. 

[0054] The simplest thermal model is a ?rst order, loW 
pass ?lter, as shoWn in FIG. 3. 

[0055] NoW referring back to FIG. 2 and according to step 
18, an estimation is performed of the effects of the clock 
frequency and their change versus time and temperature. 

[0056] According to step 20 of FIG. 2, the host system 
parameters are adjusted in order to remove the estimated 
effects. In the preferred embodiment of the invention, this 
step is performed by removing the clock frequency errors by 
re-tuning the hardWare numerically controlled oscillators 
(NCO) and RF synthesiZers devices in the RF receiver 
channels, removing the time-drift of the DICXO by adjust 
ing the hardWare timing devices and counters that control 
the receiver timing; in particular the 1-second GPS timing 
epoch pulse and the 0.1 second measurement timing gate, 
and removing the clock-frequency derivatives by correcting 
and adjusting the internal softWare parameters of receiver 
time, time-rate, speed, acceleration, and jerk. These param 
eters are used in the GPS tracking loops, satellite search and 
coarse-acquisition processes. 

[0057] The Thermal Model InitialiZation 

[0058] The issue of properly initialiZing the thermal ?lter 
model has to be solved, as prior to system poWer-up, the 
DICXO cannot build up on a knoWledge of the past history 
to set precisely the initial device temperature, even through 
the present temperature can be read accurately. 

[0059] In a standard TCXO, this issue is not a problem as 
the internal sensor keeps tracking the crystal temperature at 
all times, including poWer-off. 

[0060] HoWever, this issue might be critical under fast 
temperature variation conditions if the system has to be 
ready to operate With minimum delays. A trivial solution is 
to use initially the sensor temperature estimate as the clock 
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temperature estimate. This simple strategy assumes essen 
tially that no temperature variation is underway. Unfortu 
nately, this solution Will not Work in the current GPS 
receiver applications. 

[0061] In the preferred embodiment of the invention, the 
strategy used assumes that the temperature variation rate 
Was constant, so that a steady-state dynamic condition With 
a steady temperature lag Was reached, that is an estimation 
of the sensor temperature rate based on tWo measurements 

spaced over a feW seconds, T A1, T A2 over a time period T1, 
T2. A computation of the current variation rate R=(TA2 
T A1)/(T2—T1); and ?nally, the initialiZation of the ?lter 
output With (T A2—R~TO), Where T0 is the thermal ?lter model 
time-constant. 

[0062] The DICXO Calibration Process 

[0063] In the preferred embodiment of the present inven 
tion, the DICXO calibration process is performed once at the 
factory. HoWever, in another embodiment of the invention, 
it may be advantageous to update the DICXO calibration 
data during operation or on a regular basis, using for 
example real-time measurements of GPS time and fre 
quency. 

[0064] NoW referring to FIG. 4, there is shoWn the major 
calibration process steps. In the preferred embodiment of the 
present invention, Matlab is used to provide numerical 
analysis. 

[0065] According to step 22 of FIG. 4, the DICXO test 
data are collected. The clock test data is ?rst collected to 
describe the effects of temperature on the clock. In the 
preferred embodiment of the invention, each sample is 
collected by ramping back and forth from the loWer to the 
upper temperature limit at nominally uniform rates. FIG. 5 
shoWs one example of such ramping. The actual DICXO 
clock frequency, its temperature sensor reading and the 
ambient temperature read by an external LM-76 reference 
thermometer are recorded With a common time-tag, 5 times 
per second during 4 hours in the preferred embodiment of 
the present invention. In order to obtain the best accuracy, 
the thermal environment of the devices must be tightly 
controlled. The reference environment chosen for the par 
ticular DICXO embodiment herein assumes an isothermal 
still-air ambient, representative of contemporary avionics 
installations. It Will be noted that forced air or liquid 
nitrogen devices commonly used to speed up cooling or 
heating can be harmful to the thermal response and to the 
calibration of the DICXO. The result of the data collecting 
must be smoothed and compressed in order to ?t in the 
memory. This operation Will be detailed beloW. 

[0066] NoW referring to FIG. 5, the user must select the 
most suitable calibration segment for an accurate and noise 
free DICXO calibration. In the preferred embodiment of the 
present invention, the calibration segment should be mono 
tonic and cover the temperature range required for the 
DICXO operations. A monotonic calibration segment Will 
simplify the estimation process and avoid the noise that can 
be caused by multiple data ambiguities and not-so-coherent 
test data: for example tWo samples taken at the same 
temperature on remote data segments With different rates 
and polarities Will yield likely quite different frequencies, 
While the frequencies Will be very similar if taken from 
consecutive data points. 
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[0067] The multiple data ambiguities in the quasi-static 
data Will be prevented inherently by the use of a calibration 
segment (A-B in FIG. 5), plus a temperature variation test 
rate (~2° C./minute) and calibration data table steps (~%° C.) 
that are chosen large enough. 

[0068] According to step 24 of FIG. 4, the DICXO 
thermal model is selected. 

[0069] The DICXO and its environment create a complex 
3-dimension maZe of distributed and cross-coupled thermal 
capacities, thermal impedances, and heat sources. 

[0070] Such thermal system may be analyZed using an 
equivalent linear electrical netWork of resistors, capacitors, 
heat sources and heat sinks. NoW referring to FIG. 6, there 
is an equivalent of a DICXO thermal system. 

[0071] In general, some elements of the netWork Will be 
non-linear or time/temperature dependant, due for example 
to aging, heat radiation, sliding mechanical contacts and 
frictions, hysteresis effects, materials phase-change. The 
actual elements Will vary With the internal DICXO construc 
tion, its actual installation and cooling in the host system. 
Hence there must be some spread from unit-to-unit and 
amongst installations. This spread may be corrected by 
individual calibration of the thermal model parameters. This 
is a form of softWare “tuning”. For DICXO frequency 
compensation purposes, the objective is to estimate the 
crystal temperature from Which its true frequency can be 
estimated in real-time. It is possible to simplify the theo 
retical 3-dimension thermal netWork maZe illustrated FIG. 
6, by lumping together many thermal paths. This simpli? 
cation is an approximation Which Will create therefore model 
approximation errors. 

[0072] According to FIG. 7, a simpli?ed equivalent 
model is shoWn Which illustrates the tWo basic types of 
thermal coupling betWeen external ambient air, sensor tem 
perature, and oscillator temperature: parallel paths and serial 
paths. “RC” (single-pole loW-pass) transfer functions 
approximate thermal lags. 

[0073] The parallel path is made Weak by construction and 
may be negligible compared to the serial path component. 
Thus the crystal temperature lags the sensor temperature. 
The serial path component is therefore used. 

[0074] There are obviously internal and external sources 
of heat that are not shoWn in the simpli?ed model for clarity. 
The internal and external sources of heat Will distort 
momentarily the chosen model and the accuracy of tem 
perature compensation during the ?rst feW minutes of Warm 
up and folloWing a short poWer interruption, until the 
internal steady-state temperature distribution is established. 
Modeling self-heating Would require measuring and con 
trolling more model parameters. But as self-heating effects 
are comparatively small they can be ignored. The thermal 
model is implicitly “tuning” the DICXO to meet the speci 
?cations. 

[0075] Balance must be maintained betWeen performance, 
cost and complexity of this process. Obviously, the simpler 
the selected model is, the easier it is to calibrate, control, and 
implement in the host system softWare. Referring to FIG. 7, 
the serial path model is more desirable because it is easier to 
use. A single parameter must be modeled, Tlag. The parallel 
path model is less desirable, because more complex, as tWo 
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parameters must be modeled, Tado and Txtal. As shown in 
FIG. 7, the crystal temperature may lag or may lead the 
sensor temperature, depending upon the internal DICXO 
construction and the balance of thermal paths. The param 
eters Tlag and Tado may be estimated from the observed 
thermal lags during tests at constant temperature variation 
rates. A“thermal lead” for the crystal response is undesirable 
and Will yield a high-pass ?lter model that Will amplify the 
analog to digital converter and the temperature sensor noise. 
Within reasonable limits, a “thermal lag” crystal response is 
desirable, it Will yield a loW-pass ?lter model that Will 
smooth-out the analog to digital converter and the tempera 
ture sensor noise. Of course, an excessive lag Would degrade 
the Warm-up time. 

[0076] Self-heating effects and parasitic serial/parallel 
paths Will exist in practice, Whatever the thermal model 
complexity. They must be minimiZed by design and by 
construction in order to avoid a degradation of the perfor 
mance. 

[0077] Each DICXO sample Will be slightly different and 
must be calibrated or tuned individually by measuring its 
model parameters (thermal lags), typically during a tem 
perature-ramp test. As illustrated earlier, the actual installa 
tion and cooling of a DICXO in the host system Will affect 
and “de-tune” its thermal model. This in turn can degrade 
signi?cantly the performance. 

[0078] It Will be appreciated, by the person skilled in the 
Art, that the more complex the thermal model is, the more 
parameters must be estimated and the more vulnerable they 
Will be to thermal “parasitics”, small experimental distur 
bances and inaccuracies. Furthermore, more experimental 
data Will be necessary, hence longer test time. The system 
identi?cation process Will tend to be more complex, longer 
and possibly unstable. 

[0079] According to step 26 of FIG. 4, the DICXO 
system-identi?cation technique is performed. In the pre 
ferred embodiment of the present invention, the system 
identi?cation technique used for calibrating the DICXO is 
based on a Lissajous plot of the thermal response. A Lissa 
jous ?gure is a plot of tWo related time-variables, ie the 
output of a ?lter versus its input for a given sine-Wave input, 
or the clock-frequency versus the sensor temperature, for 
calibrating the DICXO clock frequency; or the estimated 
sensor temperature versus the ambient temperature, for 
calibrating the DICXO temperature sensor. 

[0080] NoW referring to FIG. 8, there is shoWn a Lissajous 
plot. In theory, an ellipse appears When there is a phase error 
in a Lissajous ?gure; While an horiZontal straight line 
appears When the phase error is null. 

[0081] If the thermal model time constant T0 is set too 
large, the estimate Will lag the true output; the error trajec 
tory Will folloW the loWer-half of the ellipse When Warming 
up (reading too loW); then it Will retrace on the upper-half of 
the ellipse When cooling doWn (reading too high). The error 
trajectory Will rotate counterclockwise With each tempera 
ture cycle. If T0 is set too small, the true output Will lag the 
estimate and the pattern of rotation Will be reversed. If T0 is 
set just right, there Will be no lag and the error trajectory Will 
retrace on itself along a straight line. 

[0082] Hence it suffices to adjust the thermal model (The 
WO parameter) until the area of the Lissajous ?gure is 
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minimiZed. This iterative process is easy to automate and is 
used for the tWo thermal model ?lters of the DICXO. In 
practice, the ellipse is distorted because of the non-linear 
response of the crystal of the oscillator and the temperature 
sensor; because of start-up transients and micro-jumps; 
because the excitation is a saW-tooth rather than a sine-Wave, 
etc. The process illustrated in FIG. 9 assumes implicitly that 
the design and the construction of the device(s) are such that 
the ?rst-order thermal response predominates, and that all 
other thermal “parasitics” are made small enough. Other 
Wise, more than one parameter Would need adjustment. 

[0083] The same Lissajous ?gure technique may be used 
for a complex thermal model, but the processing Will be 
more involved and more sensitive to small discrepancies. 
The process may not converge or may become unstable. In 
all cases, it may be possible to use the more sophisticated 
“system-identi?cation” techniques knoWn by someone 
skilled in the Art. 

[0084] According to step 28 of FIG. 4, the DICXO sensor 
thermal model parameters are estimated. In the preferred 
embodiment of the present invention, this thermal model 
relates the temperature of the DICXO sensor With the 
external ambient air temperature and time. This step and 
calibrating the temperature sensor unit-by-unit as per step 30 
of FIG. 4 may be dispensed With, if its accuracy and 
linearity are adequate for the intended use. 

[0085] The sensor calibration data, do not exist yet. Thus, 
they are replaced temporarily by the folloWing set of data 
corresponding only to the calibration data segment shoWn in 
FIG. 5: the output from the temperature sensor Which is 
mapped time-sample-by-time-sample to the sensor-tempera 
ture estimated from the measured output of the reference 
thermometer, using the thermal model and a trial value of the 
parameter of the thermal model (W0). This temporary set of 
data is smoothed and decimated over 2° C. WindoWs to 
speed-up processing. Then it is formatted as a temporary 
“sensor look-up table”, that relates tentatively the DICXO 
sensor output to its static temperature. This can be seen as a 
boot-strapping process, that progressively Will re?ne itself 
until errors are found small enough. The prediction error is 
computed using all of the clock-test data as folloWs; ?rst, an 
estimation of the sensor-temperature is performed from the 
output of the reference thermometer using the thermal model 
and the same trial value of the parameter of the thermal 
model (WO in FIGS. 3 and 8); then an estimation of the 
sensor-temperature from the output of the temperature sen 
sor is performed by interpolating in the temporary sensor 
look-up table. The estimation of the prediction error is 
computed as the difference of the tWo last values computed 
above, in degrees Celsius. 
[0086] The Lissajous ?gure is then displayed using the 
prediction error computed above and the sensor-tempera 
ture. The residual errors are estimated, either visually by 
eyeballing, or by computing automatically the area enclosed 
by the Lissajous ?gure. 
[0087] Finally, a decision is made of increasing or decreas 
ing the parameter of the thermal model, and the process is 
repeated until the residual errors are judged small enough; 
for example until the iteration step on TO=1/WO is less than 
1 second. The typical value of To for the DICXO sensor 
thermal model is of the order of 2 minutes. 

[0088] According to step 30 of FIG. 4, the quasi-static 
DICXO sensor data are created. At the completion of the 
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sensor thermal model estimation process above, the esti 
mated sensor-temperature is mapped time-sample-by-time 
sample to the measured output of the temperature sensor, 
using only the data that is part of the calibration segment 
A-B of FIG. 5 and the best estimate of the parameter of the 
thermal model of the thermal sensor. 

[0089] That is, the calibration segment A-B provides 
directly the data used for DICXO sensor calibration. 

[0090] This data set forms the quasi-static DICXO sensor 
data. It relates the sensor output With its temperature, as it 
Would have been measured by sWeeping at an in?nitely sloW 
rate the DICXO over the temperature range. 

[0091] In the preferred embodiment of the present inven 
tion, the range of DICXO temperature calibration is 
extended from the actual test range up to —65° C. . . . +95° 

C. “Abnormal Operation” limit, by means of local interpo 
lation polynomials. The accuracy of this extrapolated data is 
of course degraded. The interpolation process is identical to 
the one described later for the DICXO clock calibration data. 

[0092] The purpose of the extrapolation is to ensure that 
the indirect compensation process Will yield arti?cial but 
usable data, rather than creating a program failure because 
mathematical solutions are not possible. Aprogram failure is 
potentially dangerous for the intended avionics applications. 

[0093] According to step 31 of FIG. 4, the DICXO sensor 
calibration data are created by compiling the quasi-static 
sensor data. In the preferred embodiment of the invention, 
the DICXO sensor calibration data format and processing is 
identical to the DICXO clock calibration data format and 
processing that Will be described later. 

[0094] The object of this step is to smooth, compress and 
convert the quasi-static sensor data into a suitable form for 
read-back by the indirect-compensation process. In the par 
ticular DICXO embodiment herein, the quasi-static DICXO 
sensor data are smoothed and decimated to create a ~600 
entries look-up table, using ~1A1° C. steps. The table format 
is designed for linear interpolation. The multiple-data ambi 
guities are prevented inherently by the use of data from the 
calibration segment A-B of FIG. 5 plus a temperature 
variation test rate and table steps that are chosen large 
enough. This look-up table forms the DICXO sensor-cali 
bration data. 

[0095] In the preferred embodiment of the present inven 
tion, this table Will no longer be modi?ed or re-processed, in 
order to ensure the coherency With the clock-calibration data 
that Will be created in the next step. In the preferred 
embodiment of the present invention, the sensor-tempera 
ture reads in ° C., With a typical static accuracy of +—2° C. 

[0096] According to step 32 of FIG. 4, the DICXO clock 
thermal model parameter is estimated. In the preferred 
embodiment of the present invention, this thermal model 
relates the temperature of the clock oscillator With the 
temperature of the DICXO sensor and With time. As 
explained earlier, this particular model assumes essentially 
that heat folloWs a series path, from the ambient air trough 
the sensor and ?nally to the clock oscillator. 

[0097] The device calibration data do not exist yet. Thus, 
they are replaced temporarily by the folloWing set of data 
corresponding only to the calibration data segment AB of 
FIG. 5: the clock-temperature, estimated from the sensor 
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temperature using the thermal model of the device and a trial 
value of the parameter of the thermal model of the device 
(W0 in FIGS. 3 and 8). It is mapped time-sample-by time 
sample to the measured clock-frequency. 

[0098] As shoWn in FIG. 9, the sensor-temperature is 
computed from the measured outputs of the temperature 
sensor, by interpolating in the quasi-static sensor data that 
has been created in step 30. 

[0099] The previous data set is then smoothed and deci 
mated over 2° C. WindoWs in order to speed-up processing. 
Then it is formatted as a temporary “clock look-up table”, 
that relates tentatively the DICXO clock frequency to its 
static temperature. This can be seen as a boot-strapping 
process, that progressively Will re?ne itself until errors are 
found small enough. The prediction error is computed as 
folloWs, using all of the clock-test data; an estimation of the 
clock-temperature from the sensor-temperatures is com 
puted using the thermal model of the device and the same 
trial value of the parameter of the thermal model of the 
device (WO in FIGS. 3, 8); then an estimation of the 
clock-frequency is computed from the clock-temperature, by 
interpolating from the temporary clock look-up table; this is 
the ?rst step; then in a second step, an extraction of the 
corresponding samples of measured clock-frequency from 
the clock-test data is performed. The prediction error is 
estimated by computing the difference betWeen the tWo last 
computed values in the tWo last steps, in HertZ. 

[0100] The Lissajous ?gure is then displayed using the 
prediction error computed above and the clock-temperature. 
The residual errors are estimated, either visually by eye 
balling, or by computing automatically the area enclosed by 
the Lissajous ?gure. 

[0101] Finally, a decision is made of increasing or decreas 
ing the parameter of the thermal model of the device, and the 
process is repeated until the residual errors are judged small 
enough; for example until the iteration step on TO=1WO is 
less than 1/8 seconds. The typical value of To for the clock 
thermal model is of the order of 20 seconds. 

[0102] According to step 34 of FIG. 4, the quasi-static 
DICXO clock data are created. 

[0103] At the completion of the clock thermal model 
estimation process above, the estimated clock-temperature is 
mapped time-sample-by-time-sample to the measured clock 
frequency, using only the data that are part of the calibration 
segment A-B of FIG. 5 and the best estimate of the 
parameter of the thermal model of the device. 

[0104] That is, the calibration segment A-B provides 
directly the data used for DICXO clock calibration. 

[0105] This data set forms the quasi-static DICXO clock 
data. It relates the clock frequency With its internal tempera 
ture, as it Would have been measured by sWeeping at an 
in?nitely loW rate the DICXO over the temperature range. 

[0106] According to step 36 of FIG. 4, the DICXO clock 
calibration data are created. The object is to format and save 
the quasi-static DICXO clock data in the data-storage ele 
ment, in a format suitable for Writing and reading-back the 
calibration data and the parameter of the thermal model. 

[0107] As explained above, the DICXO sensor data have 
been created ?rst in order to insure of coherency With the 
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DICXO clock-calibration data. Only the quasi-static DICXO 
clock data remains to compile. 

[0108] The multiple-data ambiguities are prevented inher 
ently by the use of the calibration segment A-B, plus a 
temperature variation test rate and table steps that are chosen 
large enough. 

[0109] In the preferred embodiment of the present inven 
tion, the range of DICXO temperature calibration is 
extended from the actual test range up to —65° C. . . . +95° 

C. “Abnormal Operation” limit, by means of local interpo 
lation polynomials. The accuracy of this extrapolated data is 
of course degraded. 

[0110] The purpose of the extrapolation is to ensure that 
the indirect compensation process Will yield arti?cial but 
usable data, rather than creating a program failure because 
mathematical solutions are not possible. Aprogram failure is 
potentially dangerous for the intended avionics applications. 

[0111] In addition, calibration tools include ancillary vali 
dation tests and sanity checks, such as the veri?cation of the 
monotonicity of the sensor-calibration data, the noise on the 
calibration data and its derivatives, the range of temperature 
calibration, the record of process data such as the operator 
name and ?le names, the record of the softWare tools 
revision level. 

[0112] The Interpolation 

[0113] The most obvious prior Art techniques for interpo 
lating the calibration data are time-WindoW smoothing and 
decimation of the raW data by means of a digital FIR ?lter, 
folloWed by polynomial curve-?tting interpolation, or look 
up table interpolation. The time-WindoW smoothing and 
decimation are easy to implement, and Will yield directly to 
look-up tables suitable for interpolation. Furthermore, the 
smoothing reduces the noises and eliminates the small 
multiple-data ambiguities. The major draWback is the large 
siZe of the look-up table if interpolation errors are to be kept 
very small. Another draWback is that no interpolation is 
possible beyond the table limits. 

[0114] In the preferred embodiment of the invention, the 
look-up table interpolation technique is selected for the 
DICXO. 

[0115] HoWever, polynomial interpolations have been 
used or are used for estimating the thermal model param 
eters, and for extrapolating the calibration data beyond the 
actual test range as described previously. 

[0116] According to step 38 of FIG. 4, the quasi-static 
data of the DICXO are compiled from the quasi-static clock 
data. The object of this step is to smooth, compress and 
convert the quasi-static data into a form suitable for read 
back by the indirect-compensation process. 

[0117] In the preferred DICXO embodiment herein, both 
the quasi-static clock data and the quasi-static sensor data 
are smoothed and decimated to create large (~600 entries) 
calibration look-up tables With %° C. steps. The table 
formats are identical and designed for linear interpolation. 
The look-up table created from the quasi-static clock data 
using this compilation process forms the DICXO clock 
calibration data. The look-up table created from the quasi 
static sensor data using this compilation process forms the 
DICXO sensor-calibration data, as described earlier. 
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[0118] According to step 40 of FIG. 4, both the DICXO 
clock and DICXO sensor calibration data are stored in the 
data storage together the parameters of the thermal models, 
and the ancillary data Which is useful for operation, incom 
ing inspection tests, maintenance, and Quality Control pur 
poses. For example, in the DICXO embodiment, the ancil 
lary data comprise parity and CRC codes, manufacturer 
name and code, date codes, lot and serial numbers, data ?les 
names and revision numbers, process data (Operator ID, 
softWare tools & revision, etc.), interface data (variants, 
options, alternate suppliers, etc.), alternative topologies of 
the thermal model, data about the look-up tables structure, 
etc. These data are formatted to ?t physically and logically 
in the selected data-storage device, a CMOS 64 KB 
EEPROM, so that it may be Written and read. The actual 
DICXO data format in the EEPROM integrated-circuit is 
illustrated FIG. 10. In the preferred embodiment of the 
invention, the “dFc” table holds the clock-calibration data 
and the “ADC” table holds the temperature sensor-calibra 
tion data using both 32 bits data Words. 

[0119] The De-Tuning 

[0120] The de-tuning may be severe in a forced-air cool 
ing system, or if there are large local heat sources such as 
processors, interfaces, poWer ampli?ers, etc since the 
DICXO is typically calibrated in the isothermal still-air 
ambient de?ned in FIG. 11. Whether or not the DICXO 
de-tuning is signi?cant depends upon both the intended 
application and the actual installation. 

[0121] The conventional design solutions are adding ther 
mal insulation and/or thermal regulation. These techniques 
require of course extra physical space, material, poWer and 
Weight. Hence, they may not be applicable. To limit the 
de-tuning effects, the standard DICXO test set-up assumes a 
nominal value of the system thermal time-constant of typi 
cally 8 minutes. Hence the end-user should design the host 
system and its cooling for a system-level thermal lag greater 
than 8 minutes, in order to avoid a degradation of the 
performance of the DICXO beyond the speci?cation limits. 

[0122] Because of the thermal de-tuning effects, the 
DICXO performance must be measured in a standardiZed 
and optimiZed test environment. OtherWise the tests Will no 
longer characteriZe the DICXO performance properly, but 
its thermal environment. FIG. 11 de?nes an idealiZed “iso 
thermal still-air ambient” test environment. It is intended to 
be easily reproducible, and representative of the convection 
& conduction-cooled installation typical of contemporary 
avionics. 

[0123] Still referring to FIG. 11, the insulating pad 50 is 
a 1/2“ thick rigid ?ber-glass panel overlaid on or under the 
PCB, blocking heat and air?oW from under. It is important 
to remove any metal foil exposed under the isothermal 
exposure 52. Sockets protrude for plugging the DICXO and 
the sensor. 

[0124] The temperature sensor 54 is raised 1A1“ over the pad 
and 1A1“ under the DICXO 56 base. The LM76 digital 
thermometer integrated circuit in a SO-8 package, mounted 
via long ?ne leads and calibrated Within +—% C of an 
NBS-traceable standard. 

[0125] The isothermal enclosure 52 is a Styrofoam coffee 
cup cut-doWn to 1.5“. it provides the reference isothermal 
still-air ambient for the DICXO 56. 






