A LOW-PROFILE HIGH-PERFORMANCE CRYSTAL OSCILLATOR FOR TIMEKEEPING APPLICATIONS

R. K. Karlquist**, L. S. Cutler**, E. M. Ingman*, J. L. Johnson**, and T. Parisek*

*Hewlett-Packard Company, Santa Clara Division, 5301 Stevens Creek Blvd., MS 7,Santa Clara, CA 95051
** Hewlett-Packard Laboratories, 3500 Deer Creek Rd., MS 26M3, Palo Alto, CA 94304

Abstract

A crystal oscillator is described that uses various un-
usual techniques to achieve double-oven class tempera-
ture stability with a single oven. Sability of better than
1 part in 10" over a temperature range of -40° to +85°
C has been demonstrated. The use of the single stage
oven allows for a form factor with a relatively low height
(19 mm. or ¥, inch) for an oscillator of this performance
class. The low profile facilitates card-based designs. In
timekeeping applications such as wireless and telecom
synchronization, the temperature coefficient of frequency
(tempco) is more important than ever. The temperature
extremes involved in wireless base stations increase the
error due to temperature while the use of GPS timing
receivers to discipline quartz oscillators greatly reduces
the error due to aging, leaving tempco as the major
component. Numerous design innovations are described
such as a hermetic oven mass assembly and a non-
ovenized digital temperature controller. This controller
permits automated optimization of the oven set point and
thermal gain. An overview of a novel zero-gradient oven
technique used to achieve the double-oven performance
is given, with more details in a related paper. Fre-
guency pulling due to the oscillator circuit components
is greatly reduced by a novel balanced-bridge controlled
oscillator circuit that is described briefly here and in
more detail in another related paper.

Oscillator requirements for timekeeping applications

Quartz oscillators have traditionally been used
as frequency sources, rather than as timebases for clocks,
the latter role having been filled by atomic standards.
Recently, GPS receivers using quartz “flywheels’ have
been replacing atomic clocks in synchronization applica-
tions such as wireless base stations and telecom central
offices. Oscillators used in this new role have different
requirements from traditional ones. In a traditional ap-

plication without GPS, an oscillator might be recali-
brated as often as once per month. A good quartz oscil-
lator will typically age several parts in 10° / month.
Hence the accuracy, even with the monthly recalibra-
tions, is limited to about 10°. In light of this, a tempco
of 10”° over 50°C (typical for a good single oven oscilla-
tor) would probably be considered adequate, since it
wouldn’t appreciably degrade the 10°. While this level
of accuracy would be adequate for most syntonization
type applications, it would not be acceptable for most
synchronization applications since a 10”° frequency error
is equivalent to an accumulated time error of 86.4 nsec
per day, whereas only a few nsec of error istolerable.

In a quartz based GPS timing receiver, aging is
measured by comparison to GPS, then future aging is
predicted based on past aging, and the prediction is used
to remove most of the aging. With aging thereby re-
moved, the tempco is left as the major source of error.
While the GPS receiver is good for correcting long term
errors such as aging, it is of limited utility for dealing
with frequency errors caused by rapid temperature fluc-
tuations. This is because a long loop time constant is
required to integrate out SA (selective availability) noise.
It is also desirable to have the capability of operating
without the help of GPS for periods of a few hours to a
few days. This mode is known as holdover. When in
holdover, the oscillator’s frequency is adjusted to com-
pensate for expected aging, but otherwise it is free run-
ning. An example of a holdover test is shown in fig. 1.
An oscillator of the type described in this paper was
locked to GPS for 24 hours so that past aging data could
be gathered to predict future aging. After the 24 hours,
the GPS antenna was removed, and the oscillator was
steered with the algorithm’ s best guess about aging. The
oscillator was predictable enough to keep a clock driven
by it within ¥ nsec after one day, and 3 nsec after 2
days, and about 10 nsec after 3 days. Since the aging



correction is not perfect, it is desirable to have as much
of the error budget as possible available for uncorrected
aging by minimizing temperature effects. This includes
not only the usual tempco of frequency, but also tempco
of frequency aging (e.g.: fig. 8).
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Figure 1. Oscillator holdover test.

Other oscillator requirements

The environmental requirements for wireless
synchronization have become quite stringent with the
trend towards microcell technology, in which base sta-
tions are mounted in non-environmentally controlled
enclosures on utility poles instead of air conditioned
sheds on mountaintops. For this reason, a specified tem-
perature range of -40 to +85 °C was chosen for the os-
cillator described in this paper. This is significant be-
cause some oven designs can only achieve high thermal
gain over alimited temperature range. Another trend in
synchronization sourcesis card based design, rather than
rack and stack boxes. Although small size in general is
always desirable, the critical size issue in card based os-
cillators is the height. An oscillator with height exceed-
ing the available headroom in a module, no matter how
small its footprint, will require a double-width module, if
that is an option, or will be unusable altogether. A
height requirement of 19 mm or ¥, inch was chosen for
this oscillator on the basis that it would fit most known
modular systems, and was large enough to alow good
oven design. Another requirement is that the oscillator
must be hermetically sealed to prevent variations in hu-
midity and barometric pressure from causing frequency
errors.

Design philosophy

The underlying design philosophy for the oscil-
lator isto build a high quality oven, minimize the oveni-
zation requirements, and partition the system so that only
those sections that must be ovenized are in the oven
(fig.2). The non-ovenized circuitry can then be absorbed
onto the card on which the oven is mounted. The mini-
mization of tempco is based on the combination of oper-
ating the crystal very close to a turnover temperature and
using an oven with extremely high thermal gain. Al-
though the crystal is the major potential contributor to
tempco, it isimportant to minimize tempco effects due to
the oscillator circuit components. A two prong approach
was used here. First, an extremely low tempco oscillator
circuit was developed [1] . Second, it was located in the
oven with the crystal, and the oven was designed to pro-
vide high thermal gain over its full volume, not just at
thecrystal [2] .
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Figure 2. Oscillator partitioning.

To minimize temperature induced aging rate
shifts (fig. 8), the oscillator and crystal are mounted
within an isothermal hermetic space. This effect is cov-
ered in more detail below. The height was minimized by
developing a low-profile crystal package and using a
minimum amount of thermal insulation. Where neces-
sary, footprint compactness was sacrificed to minimize
height.

Mechanical construction

Figure 3 shows an exploded view of the oscillator
oven assembly.® An outer cylindrical can of drawn cop-
per islined with thermal insulation about 3 mm. thick.

! Patent pending.
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Figure 3. Mechanical design of oscillator, oven and controller board.

The top and bottom mate with overlapping sides for
good thermal conductivity and detents built into the can
allow snap-together assembly. A D-subminiature con-
nector for interface with the controller circuitry on the
board is built into the side of the outer can. The cylin-
drical oven mass is supported mechanically by the ther-
mal insulation surrounding it. Both faces and the rim of
the oven mass are covered by flex-circuit heaters. The
flex circuit is also used to connect to the D-subminiature
connector. It exits thru a small space between the two
halves of the insulation. The oven mass consists of a
main oven mass piece and a lid. The crystal and oscil-
lator circuit are located inside the oven mass, which is
sealed by an O-ring around the lid and fastened with O-
ring seal screwsto maintain hermeticity.

The crystal package is mounted by its rim in a well
in the center of the oven mass containing three equally
spaced thermistors embedded in the walls. The ther-
mistor leads connect to a flex circuit that wraps around
the crystal well for close thermal coupling. This pre-
vents temperature offsets between the thermistor and
oven mass caused by heat flow along the leads. The
thermistor flex circuit connects to a precision resistor

bridge and bias source on the oscillator board. The EFC
diode is mounted on this board and extends into a notch
in the crystal well so that its temperature remains close
to that of the crystal well. The oscillator board is circular
and fits around the crystal well. A small auxiliary board
called the “bridge’ board connects the crystal leads to the
oscillator board. The outputs of the thermistor bridge,
the RF output, and the EFC and DC power inputs for the
oscillator are brought out of the oven mass on hermetic
feedthrough pins. These are connected to the D-
subminiature connector with auxiliary traces on the
heater flex circuit. Four mounting ears on the outer can
are used to secure it to the board using threaded inserts.
Heat sinks are provided on this board for the oven heater
regulator FET’s (not visiblein fig 3).

Electrical architecture

Fig. 4 shows an dectrical block diagram. Condi-
tioned +4.5V from the controller board powers the os-
cillator and +2.5V reference. The ovenized +2.5V refer-
ence has three functions: It is used to generate a stable
ALC reference voltage in the oscillator, it biases the
thermistor bridge, and is used as the reference voltage for



a 24 bit A/D converter on the controller board. The RF
output of the oscillator is coupled via an impedance step
down transformer with a floating secondary. This results
in a balanced circuit with a very low impedance (several
ohms) that can be connected via a pair of traces on the
flex circuit without significant susceptibility to RFl and
ground loops. Coax would be impractical here. The
oscillator drives a conventional low phase noise
grounded base buffer amplifier on the controller board.
The low input impedance of the buffer amplifier is com-
patible with the oscillator, which is designed to drive a
low impedance |oad.
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Figure 4. Block diagram.

The buffer amplifier has an auxiliary output that
is converted to a 5V P-P square wave to act as a clock for
the microcontroller. An interesting feature of thisis that

the microcontroller has a watchdog timer that causes it to
go into a failsafe mode if there is no clock, which will be
the case if the oscillator has no output. The oscillator
board contains an overtemperature sensor independent of
the thermistor bridge that shuts off the oscillator if the
oven temperature exceeds a safe value. This causes the
watchdog timer to detect loss of clock and do a hardware
reset of the oven heater DACs, shutting off the oven heat.
Hence most possible causes of oven runaway are eimi-
nated.

The EFC for the oscillator is multiplexed with
the RF output lines to reduce the number of feedthrough
and connector pins. The EFC voltage is monitored dif-
ferentially by the second multiplexed input of the A/D
converter. Between thermistor bridge voltage conver-
sions, the A/D switches to the EFC lines and digitizes
the EFC voltage. The EFC data is fed back to the con-
troller for the EFC DAC (not shown) to correct DAC
errors.  Otherwise it would have been necessary to
ovenize the DAC to avoid degrading the temperature
stahility of the complete system. Sincethe A/D converter
is running from an ovenized reference and has autozero
and autocal capabilities, it is far more stable than any
DAC.
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Flgure5 Balanced bridge controlled oscillator.

Balanced-bridge controlled oscillator circuit

In order to guarantee that the tempco of the os-
cillator is determined principally by the crystal, with
negligible contribution from the temperature sensitivity
of the oscillator circuitry, a new type of oscillator circuit
was developed with about two orders of magnitude less
temperature senditivity that conventional circuits. The
key aspect of this oscillator is a balanced-bridge devel-
oped especially for this oscillator.? The bridge acts as a
network analyzer of sorts by balancing only when the
frequency of the oscillator is at the series resonance of

2 patent pending.



the crystal, as modified by the EFC diode. An automatic
frequency control (AFC) circuit tunes the oscillator as
necessary to maintain bridge balance (fig 5). Hence the
bridge is virtually the only temperature sensitive section
in the oscillator, and it uses only low tempco compo-
nents, with the exception of the EFC diode. The EFC
diodeisingtalled in a notch in the crystal well, where the
thermal gain isvery high. The bridge oscillator circuit is
also an enabling technology for an ALC circuit with
greatly improved temperature stability.®> This is impor-
tant because non-linearities inherent in quartz cause the
resonant frequency to be very sensitive to crystal drive
current. Further details of the bridge oscillator and ALC
circuit are described in [1].

Oven temperature controller

The oven temperature control loop is imple-
mented digitally. The advantages of digital control over
analog are numerous, some of which include:

1) Infiniteloop gain isavailable at DC.

2) Loop parameters and temperature setpoint
are adjustable in software.

3) Various operating parameters of the loop
can be transmitted serially to a monitoring
device.

The loop may be opened or closed via a keyboard selec-
tion over the serial port.

An advantage for the specific case of a digital
oven control loop for a crystal oscillator is that the loop
can be commanded to change the temperature a specific
amount and for a specific amount of time, thereby al-
lowing a search to be conducted for the crystal’s zero
temperature coefficient point. For the case of relatively
slow loops, such as oven contrallers, the ability to dither
the output of an inexpensive DAC permits higher reso-
[ution to be obtained from a wide selection of commer-
cially available components. Also, none of the loop
components is required to operate at or near its limit of
clock speed, thereby avoiding performance problems
often seen in high speed digital applications.

A disadvantage in the final product is the addi-
tion of digital noise not seen in analog loops. A disad-
vantage in the development of the control loop is the

3 patent pending.

requirement of a software development system and the
cost associated with the software writing/debugging ef-
fort.

Controller block diagram

A block diagram of the oven control loop is
shown in fig. 4. The temperature of the oven mass to be
controlled is sensed by three thermistors in a conven-
tional bridge circuit. The three thermistors are spaced
equally around the circumference of the metal chamber
in which the crystal is contained and are approximately
coplanar with the position of the quartz crystal blank.
The crystal attains the average temperature of the three
series connected thermistors if there are no radial gradi-
ents. One way to improve the temperature sensing tech-
nique would be to place thermistors both above and be-
low the plane containing the three thermistors. We were
not able to do this due to physical constraints on the
height of the overall oven mass. The 2.5V low-noise
reference voltage driving the bridge is also used as the
reference for the 24-bit A/D converter that measures the
bridge output voltage, thus implementing a ratiometric
measurement. The reference needs to be a low-noise
variety asit is aso used in some applications to provide a
reference for the oscillator’s EFC circuit.

The most critical dement in determining the
final performance of the oven loop is the 24-bit A/D con-
verter that digitizes the output of the thermistor bridge
circuit. The mode in which the device is operated yields
a resolution of 22 effective hits or a temperature resolu-
tion of 30 nfC / bit. An important feature of this con-
verter is its ability to perform a full calibration at each
sample time. Both a full-scale and a zero-scale calibra-
tion are performed just prior to each sampling of the
thermistor bridge, which essentially removes any tem-
perature effects of the conversion process. Thorough
testing has shown that the error due to temperature
variation applied to the A/D converter is far below the
background noise in the oven loop. The converter has
the capacity to digitize three differential input channels,
leaving two spare channels in addition to the oven bridge
input. In one application, the oscillator’s EFC voltage,
obtained externally, is digitized by one of the A/D con-
verter’'s spare channels. This 24-bit conversion, using
the oscillator’s ovenized reference as the converter’s ref-
erence, isused in a correction loop to ensure stable, accu-
rate EFC voltage for the oscillator. The serial 24-bit



oven bridge data is read by the microcontroller and is
applied as the input data to the PID control algorithm
described below.

A modified PID  (Proportional-Integral-
Derivative) approach was used to develop the control
loop. This technique provides infinite gain at DC due to
theintegral term and fast response to a transient stimulus
due to the derivative term. The modification to the stan-
dard PID algorithm was the addition of a double inte-
grator term. This term removes the temperature offset
present in a conventional PID loop when thereis a ramp
in ambient temperature. The resulting oven gain and
transient response of this control loop easily met our ex-
pectations, without the addition of other compensating
terms, such as those utilizing feedforward techniques.
The P,1,12,D agorithm results in less program memory
space being used in the microcontroller than other, more
complex implementations, such as state-space control.
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Figure 6. Oven transient response to set point step.

The sample rate of the loop is approximately 30
times faster than the loop bandwidth, which means that
digital approximations to analog design equations work
well. The goal of the loop design was to minimize the
amount of time it takes the oven to recover from a
change in ambient temperature without causing a large
amount of overshoot or ringing in the response to such a
stimulus. In order to facilitate selection of P,l,I1, and D
coefficients, a BASIC program was written that simu-
lates both the analog and digital performance of the plant
and loop filter. Thethermal capacity of the plant (crystal
oven), the thermal resistance of the oven insulation, and

the time delay in the thermal response of the bridge
thermistors were measured in the laboratory and used in
the BASIC computer moddl. Additional delays were
used to model thermal diffusion through the copper oven
mass. The simulation permitted rapid determination of
the required loop filter coefficients and subsequent ex-
perimentation proved the model to be a valid predictor of
actual oven performance. Figure 6 shows the results of
the loop responding to a step in the oven setpoint, both
simulated and experimental. There are no free parame-
ters in the smulation and the agreement between simu-
lated and actual performance shows that the model is
quite accurate.

Other tasks that must be performed by the firm-
ware in the microcontroller include RS-232 /0O imple-
mentation, a square-roct algorithm, and dithering of the
loop output DAC. All communication to and from the
microcontroller is done via the RS-232 standard. Exam-
ples of this communication are the ability to change the
oven setpoint and all of the P,I,12D coefficients, as well
as transmission of each thermistor bridge data conver-
sion sample, its error from the setpoint temperature, and
the resulting loop filter output value. The calculation of
filter output value per sample is done for oven heater
power. However, the actual output to the heaters is a
voltage, not power, so a square-root must be taken in
order to express the loop filter value correctly to the out-
put DAC. The DAC isa 12-hit resolution device, but the
resolution necessary in the loop to control the oven prop-
erly to the level of “temperature noise” commensurate
with our design goals is 18 bits. The microcontroller
firmware accomplishes this increase in resolution by
dithering the DAC output.

The oven control loop is sampled approximately
once per second. The output DAC dithering is accom-
plished by updating the DAC at a rate of 256 times per
second. If the dithering algorithm changes the output
serial stream to the 12-bit DAC by one bit, only once out
of the 256 times the DAC is updated per second, then the
resolution of the DAC has been increased by 256:1 or an
additional eight bits.

The physical limitations that restricted the oven
package design caused its shape to be cylindrical rather
than the ideal spherical shape. The crystal is placed in
the center of the oven with radial symmetry being main-
tained in all dimensions. In order to approximate the



ideal condition where the mass can be heated uniformly,
as in the spherical case, there are heaters placed on the
top and bottom of the cylinder, as well as around its rim.
A development technique used during the design of the
oven was to havetwo DACs, one to drive the rim heater
and the other to drive the parallel connection of the heat-
ers on the top and bottom of the cylinder. This technique
allowed the voltage applied to each set of heaters to be
adjusted individually, which meant the power to each
area of the cylinder could be “tuned” to compensate for
the non-ideal cylindrical heat loss from the mass. With
18-hit resolution in the DACs driving the heaters, the
ratio between the rim and top/bottom heaters could be
adjusted to yield an oven gain of several million. The
fact that this level of oven gain can be maintained as the
ambient temperature is varied over a range of 150°C is
evidence that the digital control loop is contributing very
little to the overall system error. When the proper heat
distribution was determined, the heater resistance was
changed so that both heater assemblies (top/bottom and
rim) could be driven from one DAC, thereby simplifying
and reducing the cost of the control loop.

The amount of power and the ratio of power
between the rim and the top/bottom heaters must be pre-
cisedly maintained in order to preserve the high oven
gain. The oven controller circuitry and layout are not
necessarily unique, as each customer application of the
oscillator may require a dightly different form factor for
the combination oven mass and controller, and possibly
different input/output configurations. To maintain con-
sistent power and power ratio to the heaters under these
varying conditions, and to remove effects of varying con-
nector pin resistance, the heaters are sensed remotely.
This is accomplished by having extra traces on the
flexible heaters to sense both the voltage input and return
lines directly on the oven mass. Thereis also a warmup
heater trace on the top/bottom heaters that can be
switched fully on or off to decrease warmup time. This
heater trace is not used during normal operation at the
oven setpoint temperature.

Measured oven performance

Figure 7 shows the measured oven temperature
response to a 50°C step in ambient temperature with a
fast rise time of 10°C/min. This trandates into a tran-
sient thermal gain of 33,000 and a steady state thermal

gain of 500,000. The maximum transient error is only
0.0015° C and the steady state error islessthan 100 nfC.
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Figure7. Oven transient response to ambient step.
Error Sources

The 24-bit A/D converter is configured such
that its contribution to the residual thermal noise in the
loop is at the level of about 20 nfC, RMS. This contri-
bution is primarily due to semiconductor device noise in
the converter’s modulator. The actual loop noise re-
ferred to the input of the converter in terms of tempera-
tureis about 200 nfC, RMS. There are two major con-
tributers to this noise. Thefirst is the fact that each input
from the thermistor bridge to the differential input of the
A/D converter is sampled at a dightly different time.
The sample rate is 20 kHz at the input which makes the
inputs pseudo-differential and can cause an error com-
pared to simultaneous sampling, if there is noise. The
second is the error due to the non-ideal ratiometric sam-
pling that occurs because the 2.5V reference is very
tightly coupled to the thermistor bridge, but the path
from the reference voltage in the oven mass to the con-
troller printed circuit board is longer and is subject to
noise pickup from the immediate environment and the
controller board itself.

Oven mass design for zero gradient operation

The oven controller does a nearly perfect job of
keeping the temperature of the thermistors constant. To
what extent this trandates into high thermal gain for the
crystal, EFC diode and oscillator circuit depends on the



degree of minimization of the thermal gradients between
them and the thermistors. A heating technique rarely
seen outside the laboratory is used consisting of covering
the entire surface of the oven mass with distributed heat-
ers[2] . The heaters are designed to supply just enough
heat at each point on the oven mass to replace the heat
that leaks out from that point through the insulation to
the outside environment. Hence each point on the heater
pulls its own weight, so to speak, without subsidizing or
being subsidized by any other point. To the extent thisis
realized, areas of heat flow through the oven mass are
eliminated along with their corresponding gradients.
The highly thermally conductive outer can ensures that
the heat loss distribution is not changed appreciably by
environmental effects.

Thecrysta

A crystal used in a current production OCXO
was modified for the oscillator described in this paper by
redesigning the package to remove as much excess
height as possible, resulting in a finished height of about
5 mm. or alittle more than a quarter of the total height.
The third-overtone SC cut crystal in the redesigned
package is plated for series resonance at 10 MHz to be
compatible with the oscillator circuit described below.
The crystal is operated at its upper turnover temperature
to allow sufficient headroom to realize a +85 °C ambient
operating temperature.

Control of temperature induced aging effects

Temperature induced aging effects have recently
received a lot of visibility with the advent of GPS timing
receivers that attempt to predict and remove aging.
These effects show up as a change in the rate, and possi-
bly direction of, aging when the ambient temperature
changes. Fig. 8 shows a purchased oscillator that exhib-
its this problem. There are two known sources of these
effects, one due to the crystal and the other due to the
oscillator circuit.

Crystal induced temperature/aging effects can
occur due to insufficient oven gain at the crystal because
changesin quartz resonator temperature can affect aging.
In some oscillator designs, an attempt to overcome in-
sufficient oven gain is made by operating the crystal at a
turnover temperature and/or temperature compensating it
by offsetting the EFC, asin a TCXO. While these tech-
niques can fix the static tempco, they have no effect on

temperature/aging effects, and, in fact, can make them
even worse. In the oscillator described in this paper, the
oven gain at the crystal is simply so high that these ef-
fects are not measureable.
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Figure 8. Temperatureinduced aging
(purchased oscillator).

Oscillator circuit induced temperature/aging
effects are not as well understood, but seem to be related
to temperature gradients within the hermetic envelope
volume of the oscillator. In conventional oscillators, the
outer can is the hermetic envelope. This can operates at
a small temperature rise above ambient, hence at low
ambient temperatures there is a large temperature gradi-
ent across the thermal insulation. It appears that thereis
some sort of mass transport mechanism, probably in-
volving water, that is dependent on this gradient. Per-
haps water condenses out on the inner surface of a cold
outer can. The hallmark of this phenomenon is that the
effect goes away if the hermetic seal is broken to allow
accessto ambient air [3] .

In this oscillator, the oven mass itself is her-
metic. Since the oven mass is isothermal to within mil-
lidegrees, there is no opportunity for temperature gradi-
ents to cause this effect, whatever its mechanism. Also,
this allows the outer can to be non-hermetic, which per-
mits it to be made of light gauge copper without any risk
of explosion at high atitudes.

Tempco budget

To design the oscillator for good overall tempco,
three different issues must be addressed. Oscillator cir-
cuit tempco, oven temperature controller error, and oven
mass gradient error. The oscillator circuit used here has
a tempco of about 10™/°C, not including the EFC diode.
An easily achieved thermal gain of 250 with respect to



the oscillator circuit will result in a tempco contribution
of only 5" 10™2 over the entire -40 to +85°C range.

However, the EFC diode has yet to be consid-
ered. Most tuning diodes have tempcos in the hundreds
of ppm/°C, the lowest being around 100 ppm/°C and the
highest being around 1000 ppm/°C. Some diodes have
lower tempcos at higher voltages, many do not. There
are many constraints on the choice of tuning diode,
hence it is not necessarily possible simply to use the one
with the lowest tempco. The ppm numbers quoted above
refer to capacitance. Capacitance has a complicated rela-
tionship to frequency that depends on the total tuning
range of the EFC and the deviation from series reso-
nance. The best situation, which is the case in this os-
cillator, is to operate very close to series resonance, and
provide only enough tuning range to account for aging,
not using the EFC diode to take up calibration errors in
the crystal frequency. It is aso helpful to have a low
long term aging rate such as the 10%/year figure for this
oscillator. This allows the use of a +5 Hz EFC range,
which trandates into a frequency change of about 10
nmHz for a 1 ppm change in EFC varactor capacitance.
With a 500 ppm/°C EFC varactor, this results in a
tempco of 0.005 Hz/°C or in fractional terms 5 10°%°C.
A thermal gain of 10,000 at the varactor would result in
a tempco contribution of 6" 10%2. In the oven described
here, the thermal gain at the varactor is believed to be at
least ashigh asit is at the crystal.
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Figure 9. Frequency error budget tradeoffs.

A related issue to thisis the required stahility of
the source driving the EFC line. By keeping the range at
just 10 Hz, the tuning sensitivity is reduced to about 2
Hz/volt. Even at this low sensitivity, the EFC voltage
must be stable within 25 nvolts to hold the error down to
50 nHz, which is 5 102, For an EFC voltage of 2.5V,

50 mHz is 125 ppm. Over the temperature range of -40
to +85°C , thisis eguivalent to less than 1 ppm/°C. This
level of stability is virtually impossible to achieve with-
out an ovenized reference. In this oscillator, the refer-
ence on the oscillator board is freely available for this
use.

Finally, and most importantly, there is the issue
of crystal tempco. Fig 9 shows the relationship between
crystal tempco, deviation from turnover temperature,
thermal gain at the crystal, and resulting temperature
stability over -40 to +85 °C ambient. Various tradeoffs
can be made among these parameters. For example, if
crystals are available with turnover temperatures in the
right range, the oven set point can be adjusted on each
oscillator to coincide with the turnover. If this can be
doneto an accuracy of +1 degree, which is not difficult,
then a crystal thermal gain of 10,000 will result in a
temperature stability of 7 10™. Together with the pre-
viously discussed portions of the error budget, this results
in a design that will do better than 10° over the entire
range. Another factor of 2 or 3 reduction in crystal
tempco is reasonable by setting the oven set point more
accurately at the turnover. This improves the stahility to
a few partsin 10", Alternately, more effort can be put
into more accurately setting the thermal ratio on the zero
gradient oven to boost the thermal gain to 100,000 or
more. With precision setting to the turnover, this further
improves the temperature stability to a nearly unmeas-
ureable level of partsin 10™2.  Alternately, lower preci-
sion crystals can be used away from the turnover tem-
perature. For example, with athermal gain of 100,000, a
15° difference between the set point and turnover results
in atemperature stability of 10%°.

Measured oscillator performance

Fig. 10 shows a frequency vs time/temperature
plot of a typical oscillator. Fig. 11 shows the perform-
ance for a 90% change in relative humidity at 65° C.
Since the oscillator itself is hermetic, thisis mainly a test
of the humidity effects on the exposed temperature con-
troller circuitry, especially the accuracy of the A/D con-
verson. This test shows that the controller not only
works under these adverse conditions, but contributes
only asmall error.
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Conclusions

The performance of this oven consistently yields
an oven gain in excess of 100,000, with an initial over-
shoot in oven temperature of less than .002°C while the
ambient temperature is being ramped at the level of
8°C/min. The double integrator feature of the controller
algorithm prevents an oven temperature offset (after ini-
tial overshoot) while the ambient temperature is ramp-
ing. The low temperature coefficient of the crystal os-
cillator circuit combined with the high thermal gain of
the oven produce afinal product with a frequency change
of less than 10™* over an ambient temperature excursion
of 125°C.

Appendix: linear oven regulator efficiency

This oscillator is heated by resistive heating
elements (flex-circuits) controlled by linear pass
transistor regulators. These were widely used from the
dawn of the transistor era until about 30 years ago when
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they became “obsolete due to obvious inefficiency.”
They were replaced by switching regulators controlling
resitive heaters. These, in turn, were “superseded”
about 20 years ago by the even more efficient (~100%)
method of directly heating the oven from the collector
dissipation of transistors thermally attached to the oven
mass. In this oscillator, all three techniques were inves-
tigated as possible candidates for the oven heating system
before the decision was made to use a linear regulator in
contradiction to the conventional wisdom. It turns out,
when all the tradeoffs are examined, that linear regula-
tors are a viable aternative to the other two techniques,
even when efficiency is considered. An additional con-
sideration with this oscillator is that a zero gradient oven
with distributed direct transistor heating would be virtu-
ally non-manufacturable.

Before discussing the specific methods, it is
necessary to understand the context in which efficiency is
defined, and why it is an issue. First, it is necessary to
unlearn the tradeoffs between linear and switching
regulators as they apply to conventional power supplies.
In power supplies, the input voltage typically varies over
a moderate range due to AC line variations or battery
condition, and the output voltage is fixed. Theload is a
current sink, independent of input voltage. The range of
the load currents is typically specified with a maximum
and minimum, with aratio of 4:1 or less. It is often nec-
essary to provide input/output isolation. With these con-
gtraints, the tradeoffs usually greatly favor the switching
regulator. In contrast, ovens often run from fixed input
voltages; the oscillator described in this paper operates
from +5V +5%.* The load is resistive (except for the
directly heated case), and the output voltage must be
varied from zero power through maximum sustaining
power (for minimum ambient) and up to warmup power.
These different conditions result in different tradeoffs.
For example, the zero load-current requirement is prob-
lematical for most switching regulator designs. Also, the
RFI generated by switchers is more detrimental in an
OCXO than most other applications.

* It should be noted that many switching heater supplies
historically were required to operate on a wide range of
input voltages, in which case they have a substantial ad-
vantage over linear regulators.



Efficiency impacts (1) power supply capacity
requirements, (2) active device thermal stress, and (3)
thermal overhead contributed to the target system (par-
ticularly at high ambient). Regarding criterion (1): The
worst case power supply current flows during warmup.
The direct heating method, being nearly 100% efficient,
minimizes supply current. However, the linear regulator
is also nearly 100% efficient during warmup because the
pass transistor is in saturation. This is possible as long
as the input voltage and warmup current are nominally
fixed. On the other hand, the switching regulator effi-
ciency will be at its maximum-load value, perhaps 80%,
caling for 25% more input power than the other
schemes. Hence for criterion (1), the direct heating and
linear regulator methods are winners, and the switching
method is suboptimal.

100% —
° Efficiency:
800/0 1 **
60% T *
40% Dissipation (% of MOSP):
20%
**
0% 1 1 1 1
0% 20% 40% 60% 80% 100%
*1 stage regul ator Heater power
** 2 stage regulator

Figure 12. Characteristics of oven regulators.

Regarding criterion (2): The direct heating
method is the clear loser here. The active devices are
operated continuously at the oven set point temperature,
which is always higher than the highest ambient tem-
perature. At minimum ambient temperature, the active
device dissipation equals 100% of the maximum oven
sustaining power (MOSP). Thisresultsin a combination
of maximum power dissipation and maximum tempera-
ture. Because of packaging constraints related to at-
taching to the oven mass, there is usualy a substantial
junction temperature rise above the oven set point, exas-
cerbating the problem. Furthermore, the stress will be
considerably higher than even the worst case stated
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above during warmup just before reaching the set point,
unless a tapered warmup power curveis utilized.

In the switching case, the worst case dissipation
occurs during warmup, and is given by:

dissipation = (warmup power) - (100% - efficiency)

If warmup power is 120% of MOSP and the switcher has
an efficiency of 80%, the worst case switcher dissipation
will be 24% of MOSP. Of course, if fast warmup is
needed, this number will be considerably higher. Other
than warmup, the worst case dissipation would be only
20% of MOSP, and this would occur at low ambient,
which reduces the stress.

The efficiency and dissipation for a linear
regulator is shown in figure 12 (single stage curves). As
noted above, the efficiency is ~100% at warmup, where
both the warmup heater and the operational heaters are
fully on. It is also ~100% when the heater power is at
100% of MOSP. As ambient rises from its minimum,
the efficiency drops following a square root law. How-
ever, the amount of power processed also drops as ambi-
ent increases resulting in a broad maximum of about
25% of MOSP. Thus the maximum dissipation in the
linear regulator is about the same as for the switcher,
although it occurs at a higher ambient temperature, so
the stress on the active device is somewhat higher. How-
ever, a two stage heater approach can be used to reduce
this. In the two stage heater scheme, there are two heater
resistances co-located on the oven mass, controlled by
Sseparate transistors.  The resistances are chosen so that
one dissipates 33% of MOSP at 5V and the other dissi-
pates 67% of MOSP at 5V. The lower power heater is
used at high ambients where less than 33% of MOSP is
required. For lower ambients, the lower power heater is
fixed at full power (i.e. 5V) and the higher power heater
isused to vary the power. Thisresultsin an efficiency of
over 75% over 80% of the range, and dissipation peaks
of 8% of MOSP at high ambient and 17% of MOSP at
lower ambient. The conclusion is that with respect to
criterion (2), the double stage linear regulator is best,
followed closely by the switching regulator and the single
stage linear regulator. All of the above operate with
vastly lower stressthan direct heating transistors.

Regarding criterion (3): the directly heated
oven is clearly best, since no additional heat load is
added. However, the two stage linear regulator adds



additional heat of only 8% of MOSP at high ambient. If
the system design can accommodate 100% of MOSP at
low ambient, it is highly likely to be able to withstand
8% of MOSP even at maximum ambient. A switcher
might do better than a linear regulator if its efficiency
holds up at low output power, but this is difficult to
achievein practical switchers.

Summarizing the above, it can be seen that the
linear regulator is the overall method of choice, based on
power supply current, active device stress, manufactura-
bility, freedom from RFI, and thermal overhead.
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