Measuring and Compensating
Oscillator Frequency Drift

How stable is the VFO in your
rig? A frequency counter, a
simple environmental chamber,
and a home-built electronic
thermometer can ailow you to
measure and even compensate
the drift in your oscillators.

By Wes Hayward, W7ZOI
7700 SW Danielle Ave
Beaverton, OR 97005

osctllator’s stabilifv characterizes
All its relative freedom from undesired
frequency change, Many factors can cause
unwanted frequency shift. Variations in
loading (termination) can cause pulfing.
Altering the oscillator power supply voltage
cun cause pisshing, Circuit noise can modu-
lute an oscillator, feading to phase-roise
sidebands.

The most commaon form of oscillator in-
stability. however, is that related to tempera-
ture. The inductors, capucitors, crystals, and/
Or transimission lines that determine oscilla-
tor frequency huve values that depend upon
temperature. Temperature changes arise
either from internal heating, which causes
warm-up drift, or from changes in the envi-
ronment surrounding the circuitry, Both of
these ure called thermal drift.

Variable frequency oscillator (VEO) drift
has always been a topic of vital concern
to the radio amateur. Articles on the sub-
ject abound, with each author presenting
his or her own recipe for achieving oscilla-
for stability, Some of this lore is well-
founded—that is, based on careful observa-
tion and sound thinking. and correspondence
between the two, Other contributions depart
fromscience. The collective resultis confus-
ing, if net chaotic. Believing the lore may
cause us to build itl-conceived circuits while
we ignore others that might offer wonderful
stability.

VEO design is an ever-evolving pursuit,
Internal heat generation was the major prob-
lem we fought with vacuum-tube oscillators,
Although less severe, these thermal effects
persist with solid-state oscillators. A more
recent difficulty adds further complication:
Some critical VFO components are no longer
commercially available, Stable fixed-value
capacitors and high-quality variable capaci-

tors are refatively difficult to find, (Some
fixed-ceramic capacitors advertised  as
having an NPO temperature characteristic do
not really qualify. More later on this.) The
smooth, double-beuring "variables™ used in
our vintage rigs have been largely replaced
by siualler, but more rugged and robust
tuning diodes. The diodes ure easy to use and
offer wonderful mechanicai stubility, but
they also tend to have terrible temperatire
characteristics and be lower-Q than the
iechanical variables they replace, They can
alsu generate noise,

Thermal stability problems can be solved
through cureful measurements. The regui-
site tools for oscillator measurement include
a frequency couater and # simple environ-
mental chamber with a controlled, measured
temperature. An initial measurement (at
power up) determines the oscillator's “cold™
output frequency. Further measurements at
the same chamber temperature quantify what
warm-up drift occurs, Heating the chamber
then adds the factor of rising ambient
temperature, Further temperature and fre-
quency measurements then characterize the
oscillator’s thermal stability,

Many experimenters already vwn fre-
guency counters, su this urticle will describe
a simple thermal chamber [ built for oscilla-
tor evaluation. I'll also present several
methods for temperature measurement=—sa
vital part of the process—and show how to
use the counter, temperature chamber and
thermometer for oscillator evaluation,

Once the measurement tools are in place,
the details of temperature compensation can
be explored. 'l discuss some of the things
that cause drift in oscillators, and how com-
poneats are specified for temperature stabil-
ity. I'll then present some examples that il-
lustrate the compensation process.

{photos by W7Z0I)

Temperature Measurement

The ambient temperature in a ham shack
is usually around 20 degrees Celsius (°C). A
reasonably useful hamenvironmental cham-
ber would produce temperatures from =20 to
+70 °C. The vhamber [l describe is less
ideal: it operates only at room temperatures
and above. It is still nonetheless useful to be
able to measure temperatures on either side
of 200 °C,

A mercury thermometer, available from
a chemical supply house. serves us un easy-
to-use and traditional solution. For some
experiments, I’ve used a Curtin Matheson
Scientific Inc type CM-8 (catalog #2438~
422), which covers =20 1o +150 °C, A hole
in the chamber passes the thermometer.
Most of the thermometer remains outside
the chamber: its mercury bulb enters the
chamber at the sane height above the bottom
of the chamber as the circuit under test.

A photographic shop muy also carry a
thermometer you can use! Photo thermo-
meters. typically priced around $20. operate
over a temperature range that includes most
of the one we need. Some home thermo-
meters may even work, although many lack
useful resolution. The restricted range of
medical thermometers makes them wnsuit-
able for our pnrposes,

If you already have a digital multimeter
(DMM), vou can cheaply and easily build
the ultimate sulution, an electronic digital
thermometer. (If you're an avid experi-
menter who doesn’t have a DMM, put one on
your "wish list.,”) Two possible circuits
(Fig 1) use National Semiconductor’s
LM3911IC temperature sensor. The stmpler
circuit, Fig 1A, provides areadout in kelvins.
The LM3911 has an output of 10 mV/°C, so
this circuit provides 0.1-°C resolution when
used with a DVM capable of [-mV resolu-
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Fig 1—Two solid-state thermometers based on the LM3911 temperature sensor |C, one

with readout tn kelvins (A) and another {B) with readout in degrees Celsius. The circuit's

fixed resistors are '4-watt carbon-film; the capacifors, general-purposs ceramic. B1,
CALIBRATE, is a trimmer potentiometer.

Inside the chamber, a vestical parition separates the incandescont-lamp heat souree from
the circuit under test. The switch box controls the lamp and exhaust fan.
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tion at the 3-V level. Fig 1B shows a version
with direct readout in degrees Celsius.

The TO-46 metal-can LM3911 [ used in
iy thermometer needed a small heat sink to
guarantee accuracy, Without it, self-heating
in the sensor IC van generate errors of
several degrees, even with the IC dissipating
only 5 mW. An 8-pin plastic LM39(1]
(LM391IN) ts available from Digi-Key tor
about $2. This plastic [C van he spoxied to 2
small, junk-box heat sink, Alternatively, the
LM391IN may provide uccurate results
without a heat sink if its unused pins (5,6, 7,
and 8) are soldered to the surface where tem-
perature is being measured, Some experi-
ments may be required here.

[ built the Fig 1B circuit in two sections.
A small scrap of PC-board material carrying
the LM3911 resides in the temperature
chamber, A hox away from the ¢hamber
contains the offset amplifier. There iy
nothing critical about the offset circuit and
any construction form is suitable. R1, the
CALIBRATE pot, should atford high resuiu-
tion,

The electronic thermometer can be cali-
brated at room temperature using a chemical
thermometer as 1 standard. Absolute tem-
perature accuracy is not especially impor-
tant for this application. What's more impor-
tant is the ability to measure temperature
changes with accuracy and repeatubility,

The Chamber

The thermal chamber (see title photo)can
be us simple or as ¢laborate us vou would
like it to be. The oven described here empha-
sizes simplicity, but it still provides a great
deal of information.

A thermal chamber consists of a source
of heat and an enclosure to spatiaily confine
the heat. A 6Q-watt light bulb serves as the
heat source. The only control 18 4 toggle
switch, The bulb resides in a ceramic socket
mounted on 4 piece of fiberboard abont 16
inches square (see photo this page ). Another
piece of fiberboard, placed vertically
between the light bulb and the part of the
chamber containing the circuit under test,
prevents direct buib radiation from reaching
the circuit under test.

The chamber itself is a Y-inch deep
Styrofoam box originally used as a shipping
vontainer for tropical fish, {At a supermar-
ket, I located a suitable substitute box in the
form of a Styrofoam picnic cooler. A usable
substitute could be fabnicated trom plywood.
or even cardboard.} The box is inverted and
placed over the tiberboard base. Wood strips
onthe base locate the Styrofoam, stmphtying
the box’s yuick removal und replacement
when inserting test circuits.

The box confines the light-bulb heat
through the excellent insulation properties
of Styrofoam. Lining the inside surtace with
aluminum foil would further tmprove the
chamber’s thermal performance by provid-
ing reflection as 2 second isolation mecha-
nism. The metal would, however, act ag a
therinal load and slow the rate at which the
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Ugly Weekender (JFET Hartley) VFO
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Fig 3—An Ugly Weskender drift run made
with the transceiver’s enclosure open. The
quicker response of the VFO components
to test-chamber temperature changes is
clearly evident.

chamber temperature can be changed.

My chamber also contains a small fan
configured to exchange room and chamber
air. This allows quick cooling of the cham-
ber air to ainbient temperature, Air exils
through a sralloutlet hole in the Styrofoam.
A Styrofoam plug normally closes a hole in
the top of the box; removing the plug allows
raom air to enter when cooling is desived.
(The cooling fun is a convenience and is not
essential. The chamber would be effective
without it.)

Another usetul chamber refinement
would be a small infernal tan to circulate
the air within the chamber. Such a fan must
be carefully mounted to avoid inducing
mechanical vibrations that might compro-
mise oscillator performance.,

Thermometer measurements indicated
that the chamber temperature is higher at the
top when the heat source ts on. [t's therefore
useful to put the circuit under study on &
small pedestal made from a piece of
Styrotoam packing material. The thermom-
eter should be close to. and at the sume height
as, the circuit under study.

Testing and Using the Chamber

My initial experiments with the chamber
dealt with thermometer calibration. [ began
oscillatortesting only after confirming proper
operation of the chamber and thermometer.

The first oscillator tested was & 7-MHz
VFO from a portable QRP transceiver, This
circuit, a design based on earlier lore that
promoted Micrometals SF {-6 designation}
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Fig 4—The 7-MHz bipolar-funiction-transister Colpitts VFO used for temperature-
compensation experiments. [ts resistors are 4-watt carbon-composition; all of its
nonpolarized capacitors not marked NPQ are general-purpose ceramics.

toroid inductors and NPD capacitors,!?
was built in asmall aluminum box. Although
drift has certainly been observed with
this circuit, it has been tolerated. The trans-
ceiver has seen considerable use over a de-
cade-long period from locations as thermally
diverse as sun-drenched ocean beaches and
mountaintops to stow caves in winter.

Iplaced the entire VEO hox in the chara-
ber with the electronic thermometer in close
proximity. Cabling carried sigonal und power
conpections for the thermometer and circuit
under test. After placing the Styrofoam box
over the chamber base, [ applied power to
the VFO and measured its frequency with
the counter. The frequency dropped by about
150 Hz over the first 1) minutes of opera-
tion; this is the warm-up drift. A slight in-
crease in chamber temperature accompanied
oscillator warm-up. Fig 2 shows the
experiment’s frequency and temperature
versus time for this period.

Ten minutes after powering up the VFO,
Tturned on the chamber heat. As Fig 2 indi-
cates, the temperature immediately began to
increase, The accompanying frequency
change, however, was not immediate. Only
after a coupie of minutes of increasing tem-
perature did the VPO frequency begin to
drop, The time delay results from the ther-
mal isolation provided by the VFQ box.

I kept the heat on unti the chamber tem-
perature reached 35 "C-—for 24 minutes.
Then I cycled the heat on and off in short

'Notes appear on page 41.

bursts to maintain a chamber temperature
around 35 °CC, The VFO’s frequency
decreased more slowly during this interval,
but never reached equilibrium, At 45 min-
utes into the test. | turned on the fan. The
thermal insulation properties of the VFO
box again complicated the measurements
by slowing the nnset of cooling inside the
box. Such thermal isolation is very useful;
it is a major reason for building a VFO in a
separate box!

{ removed the VPO from the environ-
mental chamber immediately after obtaining
the data for Fig 2. Then I removed the trans-
ceiver cnver, returned the YFO to the cham-
ber, and repeated the messurements, Fig 3
shows the results on the same time scale used
in Fig 2. The VFQ was still warm from the
previous experiment, so the starting tem-
perature was higher, The warm-up was simi-
far to the earlier one, but when [ applied oven
heat at 7 minutes into the experiment, the
VFO started to change frequency almost
immediately. The frequency changed in
direct response to changing temperature,
Moreover, the frequency was relatively
stuhle as soon as 1 turned the heat off ut 20
minutes. Also, the chamber took jess time to
reach 35 “C than in the earlier run, Clearly,
VFO enclosures should be removed or
vpened for temperature compensation mea-
SUrements.

A small circuit board carrying an experi-
mental oscillator should be much more re-
sponsive to thermal changes than one in an
enclosure. I confirmed this with the design
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Fig 5—Cne temperature-drift run made
with the oscillator of Fig 4. The circuit was
not enclosed in a shield box.

presented in Fig 4. A PNP transistor serves
as 4 Clolpitts oscillator. The PNP circuit’s
collector operates at de ground when
powered from a negative-ground supply—
convenient when biasing a tuning diode. 1
used NPO ceramic capacitors for the circuit’s
three frequency determining elements, The
inductor value chosen praduced oscillation
very close 1o 7 MHz, the same value as was
used earlier. The inductor was wound on an
SF toroid, a4 T-50-6,

Fig 5 shows frequency and temperature
versus Hme for this cireoit, 1 turned the oven
on at 4 minudes und off at 17 minutes into the
test, The vscillator seemed to follow the
chamber temperature with virtoally no time
lag. Additional experiments to higher tem-
peratures showed that the frequency contin-
ued todrop as temperature increased to values
as high as 30 2C. The run shown in Fig 5 went
from room temperature to 35 “C. producing
4 frequency change of abhout 3.5 kHr.

Fig & shows the results of a first attempt
at temperature compensation. | replaced a
270-pF NP0 capucitor with a [00-pE NP
capacitor paralleled by u 150-pF polystyrene
capacitor. This resulted in a dritt of 1.3 kHz
for the same temperature swing that inttially
produced 3.5 kHz.

These measurements suggest a simplified
way of using the oven: Rather than recording
duta at one-minunte intervals, record the ini-
t1al frequency and temperature in your note-
book, Then apply heat to the oven for a long
enough time to produce atemperature rise of
1o 15 °C, Record the tinal conditions. This
ts enough information to calculate a tempera-
ture coefficient of frequency (TCF) for the
circuit, I used this ubbreviated procedure for
almost all of the measorements reported in
this article.

‘Temperature Compensation by
Numbers

Hrequency drift with temperature is usu-
ally specitied in terms of a fractional change
perdegree of temperature change, The runin
Fig & produced a change of about 80 Hz tor
each degree-Celsius of temperature swing
with the oscillator operating at 7 MHz. This
corresponds to a chunge of 0.0011 percent
purdegree. A more convenient specificution
replaces pereentages with parts per million
tppmi. The TCF for the YFO of Fig 6 is
~11.4 ppm/~C., The negative sign indicates
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that frequency decreases with increasing
[emperature.

Cuomponents are specified in a similar
way. The temperuture coefficient of induc-
tance (TCL) for a cuil wound on a carbonyl
SF toroid (Micrometals -6 designator) is
+33 ppm/°C. That is, the inductance will
increase by 35 millionths of the total
inductance for each degree-Celsius increase
in temperature. Mote. however, that this
value predominantly describes how the core
permenbility changes. The inductor TC is
often higher, usually because its wire is not
wound tightly against the core. (Heavier wire
vesults in higher Qs but is harder to wind
tightly than thinner wire; a more stable coil
iy therefore result from the use of smaller
wire than might be optimmum for .}

The TCF is related to the voefticients
of the individual components hy the equa-
tivn given in the sidebar, “Calcolations in
Temperature Compensation.” There is a
factor of one half in the sidebar’s Eq A The
TCF s half ol the temperature coefficient of
the ¢components, The sidebar example ana-
tyzes a paraliel tuned circuit with ane indue-
tor and two capacitors with combined value
of Cpa The overall temperature-compen-
sdting effect of a capucitor diminishes by the
ratio of its value to the circuit’s total capaci-
tance.

Capacitor manufacturers specify their
purts” thermal characteristics. but this data
may be omitted in distributors’ catalogs to
save space. The most stable capacitors have
d temperature coefficient of ¥P0. NP is a
shorthaud designation for ne gative -positive-
zere., This characteristic depends mainly on
the material from which the capacitor ts
made. Because manuofacturing processes
operate within tolerances that allow some
degree of error and variation, temperaturg
coefficients are sometimes specified in
greater detail. These specitications include
terms kike COG, COH and COJ, all of which
are variations on the NPO specification. A
COG capacitor has a TC of O ppm/*C with an
uncertainty of £30 ppm/~C.

Temperatire  compensation  involves
counteracting an oscillator’s inhercnt ther-
mal instability by adding instability equal in
vulue but opposite in sign, Dritt attributable
o an oscillator’s tuned-cirenit inductor usu-
ally plays the largest role in thermal 1nstabil-
ity, although this may aot be true if somne
especially “bad” or poorly specified capaci-
tors are present. Inductor TC 1s usually posi-
tive and car be compensated by 4 capacitor
with a negutive TC. A common temperature-
compensating capacitor type rfa ceramic
“mix”yhag 4 TC of =730 ppm/“C; this is des-
ignated us a A730 part. The compensating
capucitor’s coefficient is usually ruch farger
than that of the inductor to be compensated
because the compensating component re-
places only a tiny fraction of the total reso-
nator capacitance.

As an example, consider the oscillator
evaluated in Figs 4 and 3. Based un data re-
corded ut 5 and 17 minutes, the oscillator
TCF (us determined using the sidebar’s
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Fig 6—Thermal drift characteristic of the
Fig 4 oscillator with some of its NPO tunad-
ciroulit capacitance replaced by
polystyrena-film units. The polystyrenes’
negative temperature coefficient ofisets
dritt in the oscillator inductor. (In this case,
the result was modest overcompensation;
see fext.) As in the Fig 5 tesi, the ascillator
was not enclosed in a shield box.

Eg Ay was —28.0 ppm/°C. The circuit used
all NPOcapacitors. Assuming that these parts
are drift-frec, the inductor has a temperature
coetficient of +36 ppm/oC.

The moditied oscillutor that produced the
Jduta of Fig 6 used parallel capacitors, 440 pF
of NPO plus 150 pF of polystyrene {TC, - [ 5{}
ppm/~Ch. According to the sidebar’s Eg A,
the approximately compensated oscillator
shouid bave 2 TCF of -9 ppmy/“C", The mea-
sureinents on which Fig 6 is based reflect a
TCFof -11.5 ppm/°C. Compensution would
be exact with 220 pF of N130 and 370 pF of
PO capacitance,

Ohservations on the Method and Its
Limits

The methods presented are incomplete
because the test chamber ts capable only of
positive temperature excursions, Extending
the process to cooler extremes shonld not be
difficult. Forexample, usmall thermal cham-
ber could be put inside a household freczer.
After u suitable cooling period. the heat
source could be turned on to bring the oscil-
lator under test up to room temperature.”’

The compensation process should not be
asked to deliver muracles. The folly of such
an effort is evident from the sidebar’s Eqg A,
which shows how two or three thermal
effects are balanced ugainst each other. As
une component becomes less stable, the
others must be made similarly zostable, but
in the opposite direction, such that the over-
ull result is zero net drift,

Asabetter design procedure, use the most .
stable inductor available. Resonate it with
the most stable capacitors available to you.
Then use compensation only to make this
good design even hetter. This approach 1l-
fustrates u concept that finds its way through
much of science: Twa large etfects are not
expected to balance euch other uniess there
is guod physical justification tor the balance.
This idea, applied to VFC design, was ¢m-
phasized by Roy Lewallen, W7EL, in his
earlier work.

Ham junk boxes typically do not contain
vapacitors with negative temperature cocffi--



Calculations in Temperature Compensation

If a tuned circuit consists of an inductor with a
temperature coefficient of TG, that is paralleled by two

tance C with a net temperature coefficient TG, where

capacitors, G, and C,, with temperature coefficients 1
TG, and TC,,, respectively, the temperature coefficient Cret ® 5
of frequency is then TCF, where N I, B EqB
Cs (C,+C,]
TOF = - | TG, +TC,, —— + TC_, =—5— Eq A
2 . 1 Copa 2 Ciotal
ifa compensating capacitor, C,, is paralleled with a Cret Cc

i AL o et TC, = 5 TC, EqC
capacitor CIj and the combination is placed in seties
with a capacitor C, the combination has a net capaci- (Cc * Cp)

cients. One major exception to this is com-
mon: polystyrene film capacitors. Most of
the polystyrene capacitors I've used have
comme from Mouser Electronies. They were
specified to have 4 temperature coefficient
of ~[50 ppm/°C. Such relatively stable,
low-"TC’ performance should he used in pref-
erence to smaller-valued., but higher-coeffi-
cient N750 parts.

Examining compensation more closely
further complicates the process. Especially
at higher frequencies. the parasitic reac-
tunces of a cirenit’s active devices become
signiticant. The analysis presented in this
article assunwes that drift is linear with tem-
perature. Linearity implies that a component
temperature coefficient is constant. but this
only approximates reality. Compensating un
oscillator over a wide temperature range can
be u very difficult chore.

Conclusions and Quasi-Lore

1found this project very enlightening. and
it suggests the following conclusions and
chservations, Some of these are rather
specific, aften pertaining fo technical lore
long believed by amateur constructors, while
others are more general.

The first, and certainly the strongest,
vonclusion that emerges is that tempera-
ture compensation is neither ditficult nor
expensive, The equipment needed is usually
available in an experimenter’s cullection of
goodies. While lore provides a starting point
for design, it is no substitute for measure-
ment.

I'll now present as lore some of the
generalities that have come from the experi-
ments, with the thought that they can and
will be confirmed through additional reader
Measirerments:

» Excellent components are available to
radio amateurs of today. This allows good
compensation results to be realized with
single-point methods, That is, we cun do one
TC measurement between two relatively
close temperatures and be assured that the
results will apply over a wider range.

* There is no fundamental thermal stabil-
ity difference between a Hartley ora Colpitts
oscillator, or any other topology that [ have
tried. 1t's important that the oscillator oper-
ate with cureent limiting.* Voltage limiting
can severely degrade resonator Q, leading to

compromised stability.

* Micrometals -6 toroid material, when
used with high-guoality NPO capacitors, form
the most stable starting configuration | have
found. The run of Fig 5 is typical (TCF =
~28 ppm/°C), After compensation, several
oscillators have yielded TCFs between 1 and
2 ppm/°C. I have not vet investigated the
newer -7 material that some builders huve
found useful.

* Warm-up driftisinteresting as a meusure
of self-heating. However, it is 4 poor indica-
tor of stability when compared with a tem-
peraturz run in a simple thermal chamber,

* A search tor readily available, inexpen-
sive NPO capacitors that perform as adver-
tised produced two viahle sparces, One part
tested way a 470-pF monolithic ceramic
{Mouser Electronics 21RD&47). The other
part tested was u 220-pF ceramic (Digi-Key
P4460, manufactured by Panasonicy, Other
parts from the same catalog groups are prob-
ably as stable. This experience is much more
encouraging than a similar experiment done
a few yeurs ago.

* A tuning diode | examined (a Motorola
MVZ09) exhibited, us expected, a high TC
{+d42 ppm/°C). Work continues on active
compensation cirewits, however, Voltage-
regulator circuitry used with tuning diodes
must be designed with care hecause Zener-
diode temperature drift can confuse compen-
sution resulis,

« Some builders (amateur and otherwise)
have been building oscillators from avail-
able, but apparcatly mismatched compo-
nents, Experiments confirmed the variable
performance of these wethods, One oscilla-
tor, built using a -6 toroid and polystyrene
capacitors alone (no NP0 units), was over-
compensated (TCF = +24 ppm/*C—better
than expected., but not recommended).
Another test osciltator, built with 4 -2
(“carbonyl E7) core, exhibited a TCF of
~63 ppm/°C when tuned with NPO capaci-
tors. Replacing the NPO capacitors with
polystyrenes yielded ¢ TCF of +8.2 ppm/®C.
This topelogy 15 also not recommended. be-
calse its temperature depends on two relu-
tively large coefficlents working against
each other. As mentioned carlier, better de-
signs aim for the best stability with each and
every component.

* Coils should be conditioned for best sta-

bility. Bending und stretching the coil wire
during winding creates mechanical stresses
in the windings. Heating the coil, and then
allowing it to cool to ambient, relieves those
stresses. [ readily observed this effect with
the temperature chamber: A new coil, just
wound und sobjected to a thermal cyele,
starts ut a frequency that is different than the
finul one. Subsequent cycles, however, show
repedtable, reversible behavior. Tempera-
ture-chamber tests confirmed a method of
annealing an inductor in boiling water as
suggested by W7EL.S

+» This article considers only toroidal in-
ductors. They are presently available, offer
higher Q for a given volume than other
forms, and are well-characterized. Some
workers continue to advocate sfug-tuned or
air-core coils, but have not oftered specifica-
tions or measurements.

Science can help you build hetter oscilla-
tors if you give it achance. Yon can have “rock
stable™ oscillators if you're willing to build
and apply some simple measurement gear,
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Notes

'R, Lewallen, "An Optimized QRP Transceiver,”
QST Aug 1980, pp 14-19; also see Feedback,
QST, Nov 1980, p 53. The Optimized QRP
Transceiver article also appears in re-edited
form in the 1992-1894 ARAL Handbooks.

2R, Hayward and W. Hayward, “The 'Ugly
Weekender,” QST, Aug 1981, pp 18-21.{The
Ugly Weekender alse appears In re-edited
form in the 1992-1994 ARBRL Handbooks.)
Also see oscillator comments in W. Hayward
and D. DeMaw, Solid-State Design for the
?gdf’n)) Amateur (Newington: ARRL, 1877 and

B6).

3Brian Mattson, K8BHZ, has suggested using
the Peltier-efiect coolers that are naw avail-
able as 12-volt-powered mini-refrigerators.
Relatively inexpensive and available in a size
intended to cool six-pack-sized objects, they
might be an ideal basis for a4 small environ-
mental chamber.

*W. Hayward, Introduction to Radio Frequency
Design {Englewood Cliffs, NJ: Prentice-Hall,
1982}, Ch 7.

%See Note 1. AEF
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