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SECTION |
INTRODUCTION

1. GENERAL

This application note explains the principles of pre-
cision frequency and time standards, with emphasis
on practical working methods of frequency and time
determination,

Hewlett-Packard has placed major emphasis on the
development of high performance frequency and time
standards to meet the needs of basic research and
advanced technology since 1943, when the first HP
crystal-controlled frequency standard was produced.
Today, the HP cesium beam standard typifies the state
of the most advanced frequency and timekeeping art.
This primary standard takes advantage of a most
significant development, the utilization of an atomic
transition to provide an interval of far greater
uniformity than any previously available in the long
history of timekeeping. This compact and portable
self-contained unit has been flown as a ‘“‘passenger’’
on regularly scheduled airlines around the world to
compare time-of-day standards of the United States
to those of other countries. The 1965 flight success-
fully compared standards to an accuracy of about
one microsecond for the U.S., Switzerland, and several
other countries.

Hewlett-Packard frequency and time standard systems
are used for frequency and time controlor calibration
at manufacturing plants, physical research labora-
tories, calibration centers, astronomical observa-
tories, missile and satellite tracking stations and
radio monitoring and transmitting stations. System
applications include the following: distributed standard
frequencies in factories or researchfacilities (““house
standards”), control of standard frequency and time
broadcasts, synchronization of electronic navigation
systems, investigation of radio transmission phe-
nomena, frequency synthesizer control and adjustment
of single-sideband communications equipment.

Because units of time or frequency cannot be kept in
a vault for reference purposes, frequency and time
standards require regular comparisons to a recog-
nized primary standard to maintain their accuracy.
Hewlett-Packard offers frequency and time standard
systems which not only provide locally generated
frequencies and time intervals, but also include means
for relating these frequencies and time intervals to
frequency/time standards such as the United States
Frequency Standard (USFS).

While accuracy may be the primary concern, the de-
gree to which a high-accuracy system is useful is a
direct function of system reliability. For this reason,
increased accuracy and increased reliability are con-
sidered inseparable design objectives at Hewlett-
Packard. Necessary equipment characteristics pro-
vided by Hewlett-Packard systems are: (1) suitable
oscillator stability, (2) high-accuracy comparison
capability, (3) reliability and (4) operational simplicity.

AN-52

Compatible design of HP’s complete range of equip-
ment makes it easy to arrange a system to meet the
user’s exact needs, whether they be for frequency
standard work, timekeeping, or both. This appli-
cation note explains basic system arrangements after
a brief introduction to frequency and time standards,
and to timekeeping. Appendices provide detailed in-
formation on precise timekeeping, on national stand-
ards of time and frequency maintained by NBS, and
on worldwide broadcasts of time and frequency
standards.

2. FREQUENCY STANDARDS

Frequency and time standard broadcast stations make
possible worldwide comparisons of local standards
to national standards. In the United States, the
National Bureau of Standards operates standards
stations, and the U. S. Navy operates transmitters
that are frequency stabilized.

Fast and precise frequency calibrations traceable
to the U. S. Frequency Standard (USFS) are possible
through comparisons of a local standard against
phase-stable low frequency standard signals now
being transmitted by the National Bureau of Standards
(NBS). These low frequency broadcasts from NBS
transmitters at Ft. Collins, Colorado, WWVB (60 kHz)
and WWVL (20 kHz) are capable of yielding com-
parison precisions as high as a few parts in 1012
against the U. S. Frequency Standard (in the conti-
nental U. S. under good propagation conditions).
USFS, which is located at the Boulder, Colorado
laboratories of NBS, is described in Appendix II.

Even at great distances, the frequency comparison
accuracy which can be achieved over 24 hours with
low frequencies exceeds that which could be realized
by use of high frequency transmissions over months.
Other low frequency transmissions include the U, S.
Navy Station NBA (24.0 kHz, Canal Zone) and the
United Kingdom Station GBR (16.0 kHz, Rugby).

The stability of the local standard is a primary con-
sideration in achieving a high level of accuracy and
precision. An increase in a local standard’s long
term stability makes it possible to increase the
length of time between recalibrations.

A new level of absolute accuracy is now possible in a
local standard system which incorporates atomic
controlled oscillators such as the HP 5060A Cesium
Beam Frequency Standard. The cesium standard
provides an accuracy of 2 parts in 1011,

The HP cesiumbeam standarduses aninvariant atomic
frequency to stabilize a high quality quartz oscillator,
thus combining the excellent short-term characteris-
tics of a quartz oscillator with the long-term stability
of an atomic resonator. The long-term stability for
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the HP 5060A is 1 part in_ 1011 and short-term
stability approaches 1.5 x 10-11 for a 1 sec averag-
ing time (long-time constant used for all conditions).

Long-term stability of Hewlett-Packard quartz os-
cillators is rated conservatively 5 parts in 1010 per
day for Models 107AR, BR and 5 parts in 1011 per
day for Models 106A, B, and substantially better
performance is experienced under normal operating
conditions, Such performance results from use of
(a) carefully tested, high-quality crystal, (b) precision
temperature control, (c) inherently stable circuitry,
and (d) low power dissipation in the crystal [(approx-
imately 0.7 microwatt inthe 5 MHz crystal (107AR,BR)
and 0.2 microwatt in the 2.5 MHz crystal (106A,B)].

In addition to good long and short-term stability,
many applications also require a signal having a
high spectral purity. This is essential where fre-
quency multiplication to microwave frequencies is
performed. The HP 106A,B and 107AR,BR were
designed to specifically include these applications.

3. TIMEKEEPING - INTERVAL AND EPOCH

Timekeeping has two distinct aspects: determination
of epoch and determination of interval. Epoch is
concerned with when an event occurred; interval is
concerned with the unit of time and is independent of
a starting point.

For measurement purposes, an accurate time scale
is set up in the same way asan accurate length scale.
From a chosen origin point, a constant unit is laid
off until the resulting scale extends over the interval
of interest. That the unit be consistent is critical to
the scale’s internal accuracy.

The search for a uniform time unit has led to adoption
of an atomic standard as was done for the unit of
length (the meter is defined in terms of wavelengths
of the orange-red line of krypton-86). The funda-
mental unit of time used in the U. S. is the inter-
national second. The 1964 redefinition of the second,
in terms of a certain hyperfine transition in the
Cs-133 atom, has realized a time scale moreuniform
than any previous scale. Until 1964, the time unit
was based upon astronomical observations.

The time of day is another matter. Time-of-day
(epoch) is measured in terms of a scale, Universal
Time (UT), based upon the earth’s rotation. The UT
scale is not uniform because the earth’s rotation is
not uniform. Nonetheless, people find it practical to
base their everyday timekeeping on the sunrise-
sunset cycle (mean solar day), despite its incon-
sistencies. Further, the epoch of Universal Time is
the one employed for technological applications in-
volving the rotational position of the earth, such as
navigation by sea or air and the tracking of satellites.
Universal Time corrected both for observed polar
motion and for seasonal variation is designated UTjg.

Secular or irregular variations persist in Universal
Time even when corrections have been made to arrive
at UTg. To avoid the slight non-uniformity of UT32,
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astronomers adopted in 1956 a scale known as
Ephemeris Time, based upon the motion of the earth
about the sun during the year 1900. Although the
Ephemeris Second is now being superseded by the
Atomic Second, no change in the size of the unit is
involved because the second of atomic time was
deliberately chosen to agree as closely as ex-
perimentally possible with the earlier unit.

The Master Clock of the U. S. Naval Observatory,
Washington, D. C., determines Standard Time for
the United States. Standard Time differsfromnominal
UTg by an integral number of hours. The Naval Ob-
servatory determines Universal Time and Ephemeris
Time from astronomical observations, and publishes
data which enable seven different kinds of time used
in scientific work to be obtained.

A sketch of the complex relationships of the various
time scales and their interesting historical back-
ground is included in Appendix I.

4. RADIO TIME SIGNALS

By its nature, time interval is not a standard which can
be kept in a vault for reference purposes. Regular
comparison to a recognized primary standard is a
necessity.

Radio transmissions provide both time-of-day or epoch
and time interval. The U. S. National Bureau of
Standards and the U. S. Navy broadcast time signals
from many stations including WWVB, WWV, WWVH
and NBA (refer to Appendix III for details).

By international agreement, Universal Time Signals
are synchronized to about one millisecond and are
maintained to within about 100 milliseconds of UT32.

Time signals from WWVB are exactly one (atomic)
second apart, while those from WWV and WWVH are
slightly longer to keep in accord with UTg. Phase
adjustments are made periodically to the WWVB
signal to keep time pulses within about 100 milli-
seconds of the variable UT2 scale.

If radio wave energy were propagated at a constant
velocity and with a noise-free background, frequency
and time signals could be received with essentially
the stability and accuracy of the primary source.
Frequency would be received just as sent and time
signals would have a constant delay depending on
distance from source for which a simple correction
could be applied.

The actual propagation does not realize these ideal
conditions, so systems must be designed to overcome
existing limitations insofar as possible.

The high and low frequency ranges have different
characteristics because of the way these signals
travel around the globe. High frequency signals
propagate in a complex manner between the ionosphere
and the earth to arrive at distant points. Variations of
the ionosphere's ionic profile and height above earth
cause the propagation time of a signal to change con-
tinuously. Instabilities of high frequency propagation
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make it necessary to record data from stations such
as WWYV for many days to average outthe propagation
anomalies and even approach a precision better than
1 part in 108, although WWYV signals are considered
to be stable to 5 parts in 1011 as transmitted.

Low frequency and very low frequency signals are
far more stable, They follow the earth’s curvature,
in effect being guided as though by a duct having the
ionosphere as its top surface. Since the ionosphere
acts as a boundary rather than as a direct reflector,
its variations have a much reduced influence. The
high phase stability and long range coverage of the
lower frequencies makes them valuable for standard
frequency transmissions.

Most users still rely upon a high frequency service
(for example, WWV) to accurately set their clocks,
While it is relatively easy to control the rate of a clock
by reference to low frequency signals, information
bandwidth characteristics have limited to some extent
the use of lower frequenciesfor time-of-day informa-
tion and for time comparison measurements. To
achieve high precision in clock synchronization,
sharply rising pulses are needed to serve as precise
time markers. At the lower frequencies, pulse rise
time is degraded by the time constants of the antenna
systems and the receiving equipment. Improvement
in the ability to synchronize accurately from VLF
time signals is expected, however, as work continues.

5. LOCAL PRIMARY STANDARDS

To those standards laboratories and industrial plants
where the requirement is ultraprecise frequency
and time standards, the HP cesium beam frequency
standard offers a new level of stability and precision
in a compact and portable unit. Its accuracy, 2 parts
in 1011, is exceeded only by that of the hydrogen
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maser, which is larger and more costly. The cesium
beam standard is a self-calibrating primary standard
with excellent long-term stability.

A single precisely-known frequency is the basis for
a time standard clock, provided that the frequency
remains uniform and the clock can be properly set
initially and operates without interruption. To prop-
erly set a local clock initially, it must be correlated
with the master clock of the system (for U. S.
Standard Time, that of the U. S. Naval Observatory).

Precise time synchronization at great distances has
been the subject of much study. Radio broadcasts
provide worldwide time signals to an accuracy of
about one millisecond. Radio propagation time un-
certainties make it difficult to improve very muchupon
this value, except by use of a specialized service
such as the U. S, Navy’s Loran-C. This navigation
service makes possible microsecond synchronizations
in the area served by the East Coast Chain.

Two additional ways found to achieve microsecond
accuracies are by use of satellites and by use of
airplanes to transport accurate clocks. The satellite
Relay II was used in early 1965 to relate clocks in
the United States and Japan (see Section IV).
Preliminary results from this experiment show that
synchronizations to microsecond accuracies are pos-
sible at satellite ground stations. In a 1965 ex-
periment, the Hewlett-Packard ‘‘flying clock” (a
5060A cesium beam unit and a 115BR clock, see
Section IV) correlated time over intercontinental dis-
tances to microsecond accuracies. A time closure
to within one microsecond for a 23-day period was
made with an NBS standard at Boulder, Colorado.

Portability of the HP 5060A now makes it possible

to correlate distant stations to microsecond ac-
curacies.
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SECTION 11
SYSTEM OPERATION
PRIMARY AND SECONDARY FREQUENCY AND TIME STANDARDS

1. INTRODUCTION TO FREQUENCY STANDARDS

The demand continues for ever greater precision and
accuracy in frequency control. Basic to such control
is the atomic standard with unprecedented frequency
stability. The cesium and hydrogen atomic standards
are truly primaryfrequency standards and require no
other reference for calibration.

Atomic resonance standards use quantum mechanical
effects in the energy states of matter, particularly
transitions between states separated by energies
corresponding to microwave frequencies. Transitions
having properties well suited to standards use occur
in atoms of cesium, rubidium, thallium, and hydrogen.
Considerable attention has been directed to three
devices: the cesium atomic beam, the rubidium
buffer gas cell, and the hydrogen maser. The cesium
and rubidium devices utilize passive atomic resonators
to steer conventional oscillators, usually of the quartz
crystal type, via feedback control circuits. The
hydrogen maser, an active device, derives its signal
from stimulated emission of microwave energy amp-
lified by electronic means to a useful power level.

Three other devices of interest as frequency standards
are the thallium beam, the ammonia maser, and the
rubidium maser. The ammonia maser is attractive
because of the high spectral purity and excellent
short-term stability it offers, but its development
has not reached the stage of widespread use in
general frequency control applications. The thallium
beam, similar to the cesium beam standard, seems
capable of even higher precision than cesium and is
being investigated at the present time. The rubidium
maser is a recent development which offers the
prospect of spectral purity exceeding that of any
existing atomic frequency standard.

Secondary frequency standards are those which must
be referenced to an accepted source such as a pri-
mary standard. Quartz crystal oscillators are
widely used as high quality secondary standards.
Both the cesium beam and the rubidium cell devices
make use of slaved quartz crystal oscillators. For
applications not requiring the precision and accuracy
available in a quartz crystal oscillator referred
directly to a primary atomic standard, quartz os-
cillators referred to the U. S, Frequency Standard by
means of phase comparisons with low frequency radio
signals from WWVB or WWVL offer high accuracy at
moderate cost.

For example, the HP Model 117A VLF Comparator
phase compares a local frequency standard against
the 60 kHz signal received via NBS station WWVB.
A self-contained strip chart recorder plots the phase
difference of the two frequencies, thus providing a
link between house frequency standards and the USFS.

AN-52

2, PRIMARY FREQUENCY STANDARDS

Common to all atomic frequency standards are means
for (1) selecting atoms in a certain energy state,
(2) enabling long lifetimes in that state, (3) exposing
these atoms to (microwave) energy, and (4) detecting
the results. Two primary atomic standards which
have reached a high state of development are the
hydrogen maser and the cesium beam.

A. THE HYDROGEN MASER

The hydrogen maser is a primary frequency standard
in that it provides a frequency which is well defined
without reference to any external standard. A sys-
tem with the high Q needed to generate such a fre-
quency results when arrangements are made to allow
a relatively long interaction time between atoms in a
selected energy state and a microwave field in a
manner leading to maser action.

Hydrogen atoms are formed into a beam and passed
through a magnetic field of high gradient to select
those atoms in the higher quantum mechanical energy
states, among which are the useful atoms in the state
F=1, mp=0. The selected atoms pass into a quartz
cell having a protective coating that neither adsorbs
hydrogen nor causes unwanted energy transitions to
occur. A microwave field surrounds the cell. Within
it, the atoms make random transits, reflecting from
the walls. Their zig-zag path lengthens possible
interaction time, and they interact with the microwave
field until they relax either by giving their energy
usefully to the field or through some (unwanted)
collision event. The long interaction time permits
coherent stimulation of the hydrogen atoms and
sustained maser oscillations.

The hydrogen maser is potentially capable of ex-
tremely high stability, and existing units have reached
stabilities to parts in 10 3 over months. *

B. THE CESIUM BEAM STANDARD

Cesium beam standards are in use wherever high
precision and accuracy in frequency and time standards
are the goals; in fact, cesium beam units are the
present basis for the U. S. Frequency Standard.

For the cesium beam standard, the quantum effects
of interest arise in the nuclear magnetic hyperfine
ground state of the atoms. A particularly appropriate
transition occurs between the (F=4, my=0) —(F=3,
m =0) hyperfine levels in the cesium-133 atom,
arising from electron-spin nuclear-spin interaction.
This transition is appropriate for frequency control by
reason of its relative insensitivity to external in-
fluences such as electric and magnetic fields and of its
convenient frequency (in the microwave range, 9192+
MHz).

*Frequency, 2, 4. July-August 1964, p. 33.
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A typical atomic beam device which takes advantage
of this invariant transition is so arranged that
cesium atoms (in all sub-levels of states F=3 and
F=4) leave an oven, are formed into a beam, and are
deflected in a non-uniform magnetic field (‘°‘A”’ field)
by a vector component dependent upon mg and the
field. For the two m =0 states the deflection is
equal and opposite. The atoms then pass through
a low and uniform magnetic field space (‘‘C’’ field)
and are subject to excitation by microwave energy.
At resonance, change of state occurs by absorption
or by stimulated emission depending on the initial
state, F=3 or F=4. Upon crossing a second magnetic
field (““B’’ field) identical to the first one, those
atoms and only those atoms which have undergone
transitions are focused on the first element of a
detector, a hot wire. The cesium atoms, ionized by
the hot wire, are attracted to the first dynode of an
electron multiplier. The resulting amplified current
serves to regulate the frequency of anexternal crystal
oscillator. Oscillator output is multiplied and fed
back into the cesium beam through a waveguide,
closing the loop.

In the HP Model 5060A Cesium Beam Standard, the
microwave field, derived from a precision quartz
oscillator by frequency multiplication and synthesis,
is phase modulated at a low audio rate. When the
microwave frequency deviates from the center of
atomic resonance, the current from the electron
multiplier contains a component alternating at the
modulation rate with amplitude proportional to the
frequency deviation and with phase information which
indicates the direction, that is, whether the frequency
lies above or below center frequency. This component
is then filtered, amplified, and synchronously de-
tected to provide a dc voltage used to automatically
tune the quartz oscillator to zero error.

The control circuit provides a continuous monitoring
of the output signal. Automatic logic circuitry is
arranged to present an indication of correct opera-
tion. The new, compact cesium beam tubes exhibit
frequency perturbations so small that independently
constructed tubes compare within a few parts in
1012, Outstanding reliability is obtained from these
tubes with a presently guaranteed life of 10,000 hours.

The quartz crystal oscillator used exhibits superior
characteristics even without control by the atomic
resonator. Drift rate is less than 5 x 10-10 per 24
hours, and short-term stability is better than +1.5 x
10-11'ior a one second averaging time. The 5-MHz
quartz crystal is housed in a two-stage proportionally-
controlled oven. Output variation due to temperature
is less than + 1 x 10-10 from 0° to 40°C.

C. FREQUENCY COMPARISON OF
H MASER AND Cs STANDARD

A high precision measurement of the ratio of the
frequencies of a hydrogen maser and a Hewlett-
Packard Model 5060A Cesium Beam Standard has
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shown the average zero-field hydrogen maser fre-
quency to be:*

1, 420, 405, 751.778+0.16 Hz

The measurement was made at the Laboratoire
Suisse des Recherches Horlogeres (LSRHO) in Neu-
chatel, Switzerland. Another measurement compared
the LSRHO cesium long-beam tube against the hydro-
gen maser with similar results.**

3. SECONDARY FREQUENCY STANDARDS
A. QUARTZ OSCILLATORS

The striking properties of the quartz crystal os-
cillator give it such an advantage over all earlier
frequency stable systems, such as those relying on
tuning fork resonators, that its use for exacting
measurements of frequency and time quickly became
almost universal in national and industrial lab-
oratories around the world.

Crystalline quartz has great mechanical and chemi-
cal stability and a small elastic hysteresis (which
means that just a small amount of energy is required
to sustain oscillation, hence frequency is only very
slightly affected by variable external conditions).
These are most useful in a frequency standard. The
piezoelectric properties of quartz make it convenient
for use in an oscillator circuit. When quartz and
certain other crystals are stressed, an electric
potential is induced in nearby conductors; conversely,
when such crystals are placed in an electric field
they are deformed a small amount proportional to
field strength and polarity. This property by which
mechanical and electrical effects are linked in a
crystal is known as the piezoelectric effect.

In use, a quartz resonator is mounted between con-
ducting electrodes, now often thin metallic coatings
deposited directly on the crystal by evaporation.
Mechanical support is provided at places on the
crystal chosen to avoid any inhibition of the desired
vibration, and if possible, such that unwanted vibra-
tion modes are suppressed. An alternating voltage
applied across the crystal causes it to vibrate at a
frequency such that mechanical resonance exists
within the crystal.

When the resulting two-terminal resonator is con-
nected into a circuit it behaves as though it were an
electrical network. It is so located in the oscillator
circuit that its equivalent electrical network becomes
a major part of the resonant circuit that controls
oscillator frequency.

*Peters, Holloway, Bagley. Cutler, ‘‘Hydrogen Maser and
Cesium Beam Tube Frequency Standards Comparison’’, Ap-
plied Physics Letters 6, 2 (15 Jan. 65, p. 34).

**Adjacent paper by Peters and Kartaschoff, ‘““Hydrogen Maser
Frequency Comparison with Swiss Cs Atomic Beam Standard’’
See also Markowitz, et al, Physical Review Letters, Vol. 11,
No. 7, (1 Oct. 63) p. 338.
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Improvements in quartz crystal oscillator stability
have come along three main avenues: (1) increased
precision in temperature control, (2) improved cut-
ting, mounting, and sealing techniques, and (3) im-
proved control to keep driving power to the crystal
low and constant.

An inherent characteristic of crystal oscillators is
that their resonant frequency changes (usually in-
creases) as they age. This ‘‘aging rate’ of a well-
behaved oscillator is almost constant. After the
initial aging period, a few days to a month, the rate
can be taken to be constant with but slight error.
Once the rate is measured, it is usually easy to
apply corrections to remove its effect from data.
Over a long period, the accumulated error drift
could amount to a serious error. SFor example, a
unit with drift rate of 1 part in 1010 per day could
accumulate in a year an error of several parts in
108.) Thus, periodic frequency checks and corrections
are needed to maintain a quartz crystal frequency
standard.

At Hewlett-Packard, long-term stability of the Model
106A/B Quartz Oscillator is conservatively rated at
5 parts in 1011 per day, and substantially better
performance is experienced under normal operating
conditions. Such exceptional stability results from
careful attention to all controllable factors such as
selection of the highest quality crystals, their operation
in precision temperature controlled ovens, and their
incorporation into inherently stable circuits designed
for low power dissipation within the crystal.

B. RUBIDIUM VAPOR STANDARD.

The rubidium vapor standard, as is the case for
the cesium beam, uses a passive resonator to stabi-
lize a quartz oscillator. The Rb standard offers
excellent short term stability in a relatively small
apparatus easily made portable. It is a secondary
standard because it must be calibrated against a
primary standard such as the cesium beam during
construction; it is not self-calibrating.

Operation of the rubidium standard is based on a
hyperfine transition in Rb-87. The rubidium vapor
and an inert buffer gas (to reduce Doppler broadening,
among other purposes) are contained in a cell illumi-
nated by a beam of filtered light. A photo detector
observes changes near resonance in the amount of
light absorbed as a function of applied microwave
frequencies. The microwave signal is derived by
multiplication of the oscillator frequency. A servo
loop connects the detector output and oscillator such
that the oscillator is locked to the center of the
resonance line.

By an optical pumping technique, an excess population
is built up in one of the Rb-87 ground-state hyperfine
levels within the cell: the population of the F=2 level
is increased at the expense of that of the F=1 level.
The illuminated Rb-87 atoms are optically excited
into upper energy states from which they decay into
both the F=2 and the F=1 levels. The exciting light
has been filtered to remove components linking the
F=2 level to the upper energy states. Since the
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light therefore excites atoms out of the F=1 level
only, while they decay into both, an excess population
builds up in the F=2 level. The optical absorption
coefficient is reduced because fewer atoms are in
the state where they can absorb the light.

Application of microwave energy, corresponding to
that which separates the two ground state hyperfine
levels F=2 and F=1, induces transitions from the F=2
to F=1 level with the result that more lightis
absorbed. In a typical system arrangement, photo-
detector output reaches a minimum when the micro-
wave frequency corresponds to the Rb-87 hyperfine
transition frequency (approximately 6835 MHz).

Resonance frequency is influenced by the buffer gas
pressure and to a lesser degree by other effects as
well. For this reason, a Rb vapor standard must be
calibrated against a primary standard. Once the
cell is adjusted and sealed, the frequency remains
highly stable.

4. TIME STANDARDS

Time standards and frequency standards have no
fundamental differences -- they are based upon dual
aspects of the same phenomenon. The reciprocal of
time interval is frequency.

As a practical matter, a standard of frequency can
serve as the basis for time measurement, and vice-
versa, with certain restrictions. To avoid errors
when a frequency standard is used to maintain time,
either interval or epoch, care must be taken to refer-
ence the frequency to the time scale of interest (atomic,
sidereal, UTy - see Appendix I).

The first requirement for a time standard is an
ultrastable oscillator capable of producing an ac-
curate, precise frequency. Such an oscillator can
be made the basis of a clock.

When two independent oscillators are made to drive
clocks, then the time kept is only as accurate as
the frequency. Suppose two quartz oscillators with
a known relative stability of about 10 parts in 101

are used to drive clocks. In a day, the two clocks
could accumulate a relative error of nearly 10 us.
Even when the same frequency is used to drive two
identical clocks, they might show two different times
unless initially one had been set against the other to
high precision.

To maintain a practical time standard, then, places
additional requirements on top of those associated
with maintaining a frequency standard.

5. FREQUENCY DIVIDERS AND CLOCKS

A. INTRODUCTION TO TIME COMPARISON
SYSTEMS

In order to maintain a consistent local system of
time and frequency standards, they must be inter-
compared. Further, to keep the local system in
correspondence with national standards, a reference
must be established and maintained. Radio broad-
casts from frequency and time standard stations
are most often used as the link to keep this reference.
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Many of the same qualities that make aquartz crystal
controlled oscillator an excellent frequency standard
are required for its use in a clock. The lower fre-
quency convenient for clock operation must be de-
rived from the high quartz frequency (typically,
0.1 MHz to 5 MHz) in a way that does not degrade its
high precision and accuracy. This is normally
accomplished by fail-safe regenerative divider cir-
cuits in the ‘‘Frequency Divider and Clock’’.

This section will describe equipment and methods
used to compare a local system with standard
broadcast signals for timekeeping purposes. Such
comparisons can provide detailed records of drift
rate as well as time or frequency differences between
oscillators in the local system. Details of methods
for comparisons against WWV (see Appendix III) to
maintain a local system to Universal Time are given.

An LF/VLF system for maintaining local frequency
standards traceable to the U, S. Frequency Standard
is discussed in Section II Part 6.

B. HF RADIO RECEPTION

General characteristics of high frequency and lower
frequency propagation were discussed in Section I-4
where it was pointed out that high frequency signal
propagation is subject to erratic variations, in par-
ticular, phase delays. For effective use of HF timing
signals, it is important that certain precautions be
observed to reduce the effect of these variations.
For best results:

1) Schedule observation for an all-daylight or all-
night transmission path between transmitter and
receiver. Avoid twilight hours.

2) Choose the highest reception frequency which
provides consistent reception.

3) Observe tick transmission for a few minutes to
judge propagation conditions. The best measure-
ments are made on days when signals show little
jitter or fading. If erratic conditions seem to exist,
indicated by considerable fading and jitter in tick
timing, postpone the measurement. Ionospheric
disturbances causing erratic reception sometimes
last less than an hour, but may last several days.

4) Make time comparison measurements using the
ticks with the earliest consistent arrival time.

A good communications-quality receiver which can
be tuned to the needed frequencies (for WWV, 2.5, 5,
10, 15, 20, and 25 MHz) is the basic requirement.
The receiver’s capability and complexity (hence cost)
depend upon the degree of precision demanded of the
measurement and upon the received signal strength
at the user’s location. Itis preferablethat the antenna
be of the directional type, oriented to favor that
transmission mode which consistently provides the
shortest propagation path.

C. TIME COMPARISON BY TICK PHASING
ADJUSTMENT

Figure 2-1 shows a block diagram for a system to
compare local time against time signals from a
standard station such as WWYV. The local frequency

FREQ DIV & CLOCK I1SBR(CR)

DIRECTIONAL
ANTENNA
TIME STD
SIGNAL
0SCILLOSCOPE  HP 1208
LN
s - & HF RECEIVER
.,., Iqu e ®
EXT &
SYNC
|PPS

{F’ - (][| < |00KHZ CLOCK DRIVE

HP106A/B OR 10TAR/BR

- ®

RSO SOR A 4 A
.' < : . .

o0 o @ > o o
[ —

Figure 2-1. Equipment for time comparison with tick phasing adjustment
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standard, an HP quartz oscillator (Model 107AR, BR
or 106A. B. etc.) drives the frequency divider and
clock (HP Model 115BR or CR). The 115BR/CR
derives a 1 sec tick from the oscillator output, and
it is these local ticks which are caused to trigger the
sweep of the oscilloscope.

Upon initial observation, the local tick and the re-
ceived tick, which is the master timing pulse, may
be apart as much as a half second. With oscilloscope
sweep time set at 1 sec or more, the WWYV tick may
be located with reference to the local tick. Adjust-
ment of the Time Reference Control on the 115BR/CR
is made to bring the WWYV tick toward the beginning
of the oscilloscope trace. Successive adjustments
of the Time Reference Control and oscillator sweep
speed are made until the two ticks are brought to
near coincidence (the Time Reference Control operates
to change the phase of the 115BR/CR tick without
affecting oscillator frequency).

The WWYV tick is a 5 ms pulse of a 1000 Hz signal
(shown in Appendix III). It is this master timing
pulse which is observed on the oscilloscope as the
phasing of the local clock tick is shifted.

Once the two ticks have been brought into near coin-
cidence, the calibrated Time Reference Control, which
can be read to an accuracy of better than 10 us,
gives the initial time reference between local time
and the time of WWV, At this point the Time

Reference Control reading is logged. As the os-
cillator under test drifts with respect to the received
time signals, the Time Reference Control is re-
adjusted to again establish near coincidence with the
WWYV tick. The amount of this readjustment (which
indicates the time drift of the local oscillator) is
again logged. These data, taken over a period of
time and plotted, will allow accurate determination of
drift rate and frequency error. Time comparisons
made over several days can yield comparison ac-
curacies of a few parts in 108 or better. Oscillator
frequency can be readjusted to keep within the desired
accuracy limits.

The oscillograms of Figure 2-2 show the appearance
of typical WWV signals (as received at Palo Alto,
California with severe amplitude fading) on an HP
Model 120B Oscilloscope during a time comparison
measurement. Note that in oscillogram (D) the WWV
tick starts about 3.2 ms after the time of sweep
triggering. The time read from the 115BR/CR Time
Reference Control in this instance is 3.2 ms ahead
of the received WWYV tick.

The time of day can be printed out in divisions as
small as 1 ms when a HP 562A Digital Recorder is
used with a Model 115BR/CR Frequency Divider and
Clock modified for BCD time of day output. This
output is derived from shaft angle encoders to give
hours, minutes and seconds, and decade scalers may
be added if milliseconds are wanted.

R SWEEP SPEED = 0.3 SEC/CM

£ Sweep SPEED I0MSEC/CM

NOTE: ARROW POINTS TO LEADING EDGE OF WWV TICK

B SWEEP SPEED 0.1 SEC/CM

D SWEEP SPEED IMSEC/CM

Figure 2-2. Typical oscillograms showing WWYV signals
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D. HF MEASUREMENTS WITH A TIME
COMPARATOR

Systems which include the HP Model 114BR Time
Comparator permit clock tick and other outputs to
remain on-time during the time comparison measure-
ment., The comparator permits a controlled delay to
be generated after the clock tick output. The meas-
urement procedure is similar to the basic procedure
described already but is simplified by comparator-
generated time marks supplied to the oscilloscope and
by direct-reading delay dials on the comparator.
Figure 2-3 shows the equipment.

During operation, the comparator switches which
adjust oscilloscope sweep time and comparator delay
are set to give a convenient oscilloscope presentation
of the WWV tick. Comparator delay dials always
indicate the delay between the clock tick and the start
(left end) of the oscilloscope sweep. The time interval
between the clock tick and the selected reference
point on the WWV tick is equal to the 114BR delay
dial reading plus the interval between the start of
the oscilloscope sweep and the reference point on
the WWYV tick as indicated by the intensity- modulated
time marks. Figure 2-4 illustrates use of the time
marks to make possible a more accurate comparison
measurement.

The WWYV tick appears to be relatively free of jitter,
and readings can easily be made to within 10 us by
switching to 1-ms sweep time. Only one cycle on the
WWYV tick appears on the oscilloscope at this sweep
speed. As shown in Figure 2-4, intensity markers
occur at intervals of 0.1 ms along the base line of
the sweep. The 10-us dashes on the waveform start
at even 0.01 ms intervals, and spaces start at odd
0.01 ms intervals.

E. TICK AVERAGING

Since random variations in the propagation path cause
variation in the arrival time of each WWYV tick, the
accuracy of time comparison measurements depends
to a large extent on the operator's ability to judge tick
arrival time. Excellent results can be obtained with
the use of the variable persistence feature of the HP
Model 141A Oscilloscope. Selection of, say, a 5 sec
persistence permits the operator to view repeated
sweeps of WWV displayed together. From thisdisplay,
he easily candetermine the time of earliest consistent
tick arrival. An alternate methodof tick averaging is
to make an oscillogram by use of an HP Model 196B
or 197A Oscilloscope Camera or equivalent. A time
exposure of several seconds produces a record such
as those shown in Figure 2-5. If oscilloscope sweep
time has been calibrated accurately, a determination
of the time comparison reading is possible.

HP10GA/B QUARTZ OSCILLATOR OSCILLOSCOPE ~ HP 208R
FREQ DIV & CLOCK  HPIISBR 1
‘u ° 5 D e @
1 lookhz | S — SR
e o 0o @ ° = & AR : (4 N ) 'é*’ .1‘
h eesEse——— ——
HORIZ 4 VERT
1000PPS 1PPS
(POS) (POS)
GATED TIMING
WWY TICK SWEEP wARKERS
HF RECEIVER wav TICK — [ seO m , *°
TIME COMPARATOR HPII4BR
Figure 2-3. Equipment for time comparison simplified by use of HP-114BR Time Comparator
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6. VLF COMPARISON SYSTEM
A. GENERAL

A local frequency standard can be maintained to
within a part in 1010 or better by comparison of its
relative phase to that of a received VLF carrier. Any
one of a number of monitoring systems may be
chosen to make this comparison possible, depending
on the degree of precision required of the relative
phase measurement. For the greatest precision, the
local standard must have a low drift which is pre-
dictable to within a few parts in 1010 over several
days.

If no better than a part in 108 is wanted, a nearly
instantaneous direct comparison for a short time may
be used. If a part in 109 is wanted, comparison must
be continued for long enough to reveal any ionospheric
disturbance. While low frequency signals are rela-
tively immune to propagation variations, best results
usually are obtained when the total propagation path
is in sunlight and conditions are stable. Near sun-
rise and sunset there are noticeable shifts both in
amplitude and in phase.

Design objectives for a receiver to make possible
frequency standards traceable to NBS and the USFS
include (1) performance at any location withintheU.S.
(2) simplicity of operation, (3) reliability, and (4[
calibration accuracy capability approaching 5 x 10~
on a daily basis. Hewlett-Packard has met these
objectives with a VLF comparison system described
in paragraph C.

B. LF/VLF RADIO RECEPTION

Propagation of low frequency and very low frequency
signals has been discussed in Section I-4. The phase
stability and long range coverage of lower frequency
transmissions makes them particularly valuable for
standard frequency broadcasts.

Variations in propagation conditions do, however,
exist and for accurate comparison measurements
account must be taken of such variations as those
associated with the diurnal shift (phase shifts occur-
ring at sunrise and sunset). Factors affecting path
phase velocity include ionospheric conditions, ground
conductivity, and surface roughness. Recent VLF
propagation studies are summarized in a paper (a
bibliography is included) presented at the General
Assembly of URSI, held in Tokyo, Japan, September
1963.*

Since the phase velocity of long range VLF signals
depends to an extent upon the effective height of the
ionosphere, sudden atmospheric disturbances such as
those occurring during solar flare events cause
sudden phase anomalies. Other changes in VLF
propagation are believed to relate to polar cap events,
magnetic activity, nuclear explosions, and even to
meteor showers.

*D.D. Crombie and A.G. Jean. ‘‘The Guided Propagation of
ELF and VLF Radio Waves Between the Earth and the lono-
sphere’’, NBS Journal of Research, 68D, 5. May 1964 (p. 584).
See also ‘““VLF Signals: Sunrise and Sunset Fading’’, NBS
Technical News Bulletin, Feb. 1965 (p. 32).
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Figure 2-5.

Because relatively short periods serve for LF/VLF
phase comparisons, diurnal phase shifts and other
anomalies are not a serious problem, provided the
user is aware of them,

C. HP-117A VLF COMPARATOR

The Hewlett-Packard VLF Comparator (Model 117A)
provides for phase comparison between the 60 kHz
signal from NBS station WWVB and a local frequency
standard. Such comparisons serve for calibrating
high quality frequency standards or for monitoring
atomic frequency standards. The VLF Comparator
thus provides a link between house frequency stand-
ards and the USFS.

In the continental U. S., frequency standard compari-
sons to an accuracy of apartin 1010 can ve approach-
ed in an 8-hr period. A 24-hour period may give
2 parts in 1011, and a 30-day period may give
accuracies of parts in 1012, The local standard
being calibrated must, of course, be of a quality
commensurate with the realization of such high
accuracies.

NBS station WWVB at Ft. Collins, Colorado, is phase-
locked to the USFS (described in Appendix II) and is
kept to within a tolerance limit of +2 x 10-11, The
WWVB carrier frequency is referenced to the atomic
second rather than to the second of Universal Time
(Appendix I gives details).
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Photographic tick averaging

The VLF Comparator* is a complete system (ex-
clusive of local standard). The unit phase tracks a
voltage-controlled oscillator with WWVB. The local
frequency standard is then compared to the phase
tracking oscillator. The comparator’s strip chart
recorder makes a continuous recording of the phase
differenee, measured in pus. Figure 2-6 shows a
simplified block diagram of the system (full details
are given in the operating manual and will not be
covered here).

In operating the VLF Comparator, the user should
always consider the system as a whole: (1) trans-
mitted signal, (2) transmission path, (3) VLF Com-
parator, and (4) local standard. The first two parts
of the system are not under the user’s control, so
he must choose his observation time when a fre-
quency standard signal is being transmitted and when
transmission conditions are optimum. He should
keep up to date on the NBS low frequency services
by requesting that he be placed on the NBS mailing
list (see Appendix III).

Antenna location and orientation are important. Best
location is on the roof of a building on the side facing
Ft. Collins, Colorado. The antenna should clear by

*Dexter Hartke. ““4 VLF Comparator for Relating Local Fre-
quency to U.S. Standards’’. Hewlett-Packard Journal. Vol.
16, No. 2. Oct.. 1964
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Figure 2-6, Simplified Diagram of the HP Model
117A VLF Comparator System

3 feet or more any metal structure, roof, etc. To
avoid regeneration, the antenna should be at least 25
feet from the Model 117A. No appreciable signal
deterioration has been found at distances of 1000 feet
or more. The orientation shown in Figure 2-7 gives
maximum signal pick-up.

D. NBS-A TO UT2 TRANSLATOR

Many prefer to maintain their local standard refer-
enced to UT2 rather than to NBS-A. (The NBS-A time
scale is kept by a clock based on the USFS, see

LAAL

*=———L00P ANTENNA
(top view)
supplied with
VLF=117A

Figure 2-7, Orientation of VLF-117 Antenna
for maximum signal pick-up

AN-52

Appendix I.) Installation of a Translator Kit (HP
Model 00117-91027) adapts the VLF-117A Comparator
for this service. Figure 2-6 shows the connection of
the translator into the basic system.

The translator derives the equivalent of a UT2 ref-
erenced frequency from the received WWVB signal
by continuously retarding its phase. The basic unit
is a motor-driven synchronous resolver. Insta-
bilities in the local power line frequency can affect
short-term performance, but typical deviations in
power line frequency (0.1%) have been found to cause
errors of only about 1.5 x 10-11, (Most power
companies average much less than 0.1% deviation
over any extended period.)

The offset of atomic time needed to yield UTg as
announced by the Bureau International de 1’Heure
(see Appendix II) may change from year to year.
Gear sets with different ratios can equip the NBS-A
to UTg2 translators for other offsets.

A synchronous resolver operated by a frequency
derived from a quartz crystal oscillator or other
standard rather than from the ac line avoids any
errors arising from line frequency changes. HP
Translator K10-117A is such a device. It can be
applied to the VLF 117A or to any other unit where
a small and constant frequency offset is desired.
The K10-117A can change either time scale to the
other, that is, atomic time to UTg or vice-versa.
The user’s standard frequency (100 kHz) is divided
down to 50 Hz to drive a motor which drives the
synchronous resolver. Output is selectable in incre-
ments of 50 parts in 1010 (other increments can be
provided by a simple change of a gear rack).

E. VLF COMPARISON SYSTEM

Figure 2-8 shows the basic system to compare a
house frequency standard to the USFS via reception
of the WWVB 60 kHz signal. The system is simple
and straightforward.

A 20 kHz version of the 117A is available with the
special designation H20-117A. While it can be useful
to receive the 20 kHz broadcast of WWVL, for
simultaneous monitoring with WWVB for additional
comparison accuracy, it should be noted (see Appendix
III) that WWVL is presently an experimental station.
Transmissions may not always be in a format suit-
able for frequency comparisons.

F. RECORDER STRIP CHARTS

The 117TA VLF Phase Comparator plots the phase
difference of a locally generated signal vs. that of the
received carrier by means of a self-contained strip
chart recorder. Full-scale chart width can be set
for either a 50 us or 16 2/3 us phase difference.
The recorder, of the sampling type, makes a dot on
pressure-sensitive chart paper once every 60 sec.
When standards of high precision are being cali-
brated and propagation conditions are stable, the
trace resembles a continuous line.
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signal is equivalent to the rate of change in the phase
difference measured over a time interval. The VLF

Comparator plots this phase difference as a function
f_gg:z' ::fam of time with, under laboratory conditions, a resolution
better than 1 us of phase difference.
HPIITA
"1 ouv--i — l

< > y r G. USE OF TRANSPARENT TEMPLATE.
: The ""slope''™* of thetrace made by the 117A Compara-

¥

: : tor's strip chart recorder is, at a given instant, fre-

( uslu':m quency offset between the local standard and the re-

100KHZ) ceived signal de¢/dt. So that this slope may be read at

a glance, a set of transparent templates relating slope

HP 50604 to frequency offset is provided with the 117A. One

B ~ i~ G template isfor use when the full chart width is 16-2/3
o & ps and the other for a full chart width of 50 us.

W5 _ _1 zgmmou In use, the template is overlayed on the trace, the
RECORD matching slope is selected,and the frequency offset
(together with its sign) is thenread from the template.
The template is oriented so that it is aligned with
b @ the chart (with the long lines on the template parallel
= to the chart edges) and is moved back and forth along
pecee oA the chart until one of the template lines is found to
have the same slope as the chart trace. The offset

is then read directly from the template.

or HP106A/B

or
OTHER HOUSE FREQUENCY STANOARO

To establish the drift rate of a local oscillator, two
determinations of the offset at separate times are
required. The derivative of the slope of the recorded
trace (rate of change of slope) is frequency drift rate

Figure 2-8. VLF Phase Comparison System or aging rate. Under conditions of stable propaga-
tion, this drift can be attributed to the local standard.
It is possible to make frequency comparisons by Figure 2-9 shows a template superimposed upon a
measuring changes in phase, over a period of time, typical recorder chart at two separate chart times so
between a locally generated signal (from a quartz that a drift determination can be made. At around
crystal oscillator, counter time base, etc.) and the
received carrier. The fractional frequency offset * In the strict sense, we cannol speak about a slope on the recorded
of the local signal with respect to the received trace itself since its coordinate system is curvilinear.
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Figure 2-9. Use of template to interpret 117A recording
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1:00 P. M. (point t;), offset is read to be about +1.5
x 10-9.  The following day, again about 1:00 P. M.,
(point tz), offset is read to be about +1.9 x 10-9.
Therefore, drift is

+1.9x 1079 (at ty)
(-) +1.5x 1079 (att;)

+0.4 x 10”9 (drift for 24 hours)
or, drift is +4 parts in 1010 per day.

It is possible, of course, to interpret the chart trace
without use of the template. In fact, when the local
oscillator is in agreement with the received signal
to better than a part in 109, it is more convenient
to select two points on the trace some distance apart
in chart time and to read off the change (at the full
chart width of 16 2/3 us, each minor division of the
chart is 1/3 us). If N is the difference in us of two
readings three hours apart, then N can be said to be
approximately the frequency offset of the local os-
cillator in parts in 1010, at about the midpoint of the
three-hour span. This is apparent from the following:

N
10

N microseconds _ N
3 hours 3(3600)10° 10

The fractional time error corresponds to the fractional
frequency error:

H. INTERPRETATION OF COMPARISON RECORDS

A number of examples of phase comparison records
made with the VLF Comparator (Model 117A) are re-
produced in Figures 2-10 and 2-11, together with
short discussions of particular points brought out by

each record. Such records enable the user to
evaluate his local standard over a short term or a
long term, in a manner that makes the local standard
traceable to the USFS.

A phase comparison recording, made on September
19, 1964, of WWVB against the Hewlett-Packard
cesium standard at Palo Alto, California, is shown
in Figure 2-10 (a). This recording agrees closely
with the classic theory of an ideal propagation path.

Since the Hewlett-Packard cesium standard is invery
close agreement with the U.S.F.S., which itself is de-
rived from a cesium-controlled oscillator, all devi-
ation from an arbitrary phase difference trace is due
to variations in the propagation time of the 60 kHz
WWVB signal. Although these effects have been
exhaustively described over the past decade, it will
perhaps be of interest to point out some of the
characteristics of the VLF system. Note that the
trace begins on the left at 5:30 a.m. at one inch per
hour and the ordinate is time (phase) 16 2/3 us full
scale. The trace is noisy and not well defined when
the transmission is in darkness and useful only to
show that unstable reception does occur. At sunrise,
when the transmission path moves into sunlight,
propagation time is decreased about 25 us (propaga-
tion path is 900 miles), due to the lowering of an
ionized layer in the ionosphere, together with an
appreciable improvement in the quality of the trace.
The signal is most stable and useful during the time
when the entire propagation path is in sunlight. As
the transmission path moves out of sunlight, be-
ginning about 6:00 p.m., propagation time increases
and the phase recording again shows noise and re-
duced definition.

S o~ A AT

Figure 2-10 (a). Phase Comparison Plot for an Atomic Standard
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Figure 2-10 (b). Crystal Oscillator Stability Check
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Figure 2-10(c). Parts 1 and 2.

Figure 2-10 (b) is a portion of a 24-hour phase com-
parison recording made on the 117A, of the 5245L
Electronic Counter 1 MHz time base crystal oscillator
against the 60 kHz WWVB standard broadcast. This
record was made on September 19, 1964. As shown
here, the effect of the diurnal shift on the 60 kHz prop-
agation path can be seen around 6:00 a.m. and 6:00
p. m. The crystal time base, during a 6-hour sunlight
period, was checked and found to be aging positively
at a rate of approximately 4 x 10-10 per 24 hours.
(This was easily computed using the frequency offset
templates provided with each instrument.) At 8:15
a. m. the slope of the frequency offset plot was -7.5 x
10-10 and at 3:00 p.m. was -6.5 x 10~ 0, This shows
a positive drift rate of approximately 1 x 10- 10 per 6
hours or +4 parts in 1010 per 24 hours. A 24-hour
check would increase definition and reduce diurnal
cffects.

The phase shifts on both Figure 2-10 (a) and (b),
occurring shortly after the hour, are identification
transmissions by WWVB (a 45-degree phase shift in
the 60-kHz signal).

Figure 2-10 (c), 1and 2, are comparison plots of a
UTg local standard without the use of a translator.

Part 1. Idealized recorder trace shows accumulation
of -100 us phase change (-50 us per pass) in 2 hours.
Frequency offset of local standard frequency with re-
spect to WWVB carrier therefore is -100 us/2 x 60 x
60 x 105 us = -140 x10-10, interpreted as +10 x 10~10
offset with respect to UTs.

2-12

Comparison Plots, UTg Local Standard without use of Translator

When a UTg-referenced frequency standard is com-
pared with WWVB by a VLF Phase Comparator that
does not have a Translator, the phase record is
accurately evaluated by determining the phase change
accumulated over a definite period of time. The
offset is readily computed as the ratio of phase
change, measured in microseconds, to elapsed time
(Part 1). This method, applicable to any offset, is
valid since the fractional time error is the same
as fractional frequency error (~t/T f/F ).

Part 2. Actual record made by HP Model 117A VLF
Phase Comparator of locally-generated UT32-refer-
enced frequency against WWVB. Gaps in each pass
are caused by once-an-hour 45° (2.083 us) phase
shifts introduced into WWVB carrier for identification
purposes. Identifying phase shifts, which last five
minutes, show up as 2-pus displacement of 5-dot
line segment.

Ionosphere phase anomalies are sufficiently unlike the
nature of a quartz (or atomic) standard's aging charac-
teristic as to be easily distinguishable. Occasionally,
daytime ionosphere activity does occur (mostly in the
winter months) and should be recognized for proper
evaluation of the data records.

Achieving maximum usable comparison precision of
the WWVB signal can be accomplished by giving greater
weight to phase records made during days havingthe
more constant signal level. If daylight fading should
occur, it is a certain indication that ionosphere dis-
turbances are taking place and these are likely to be

AN-52



u Phase comparison plot, HP house standard vs WWVB, 162/s ps full scale, Jan 21, 1965
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Figure 2-11.

accompanied by apparent received phase instabilities.

The maximum error attributable to ionosphere disturb-
ances experienced at Palo Alto on WWVB was about
1 x 10-9 during November 1963. Another helpful
method of determining accuracy depends on a fairly
good knowledge of the behavior of one's own local
standard. Once the aging rate has been determined,
it can be removed from the phase records with reas-
onable accuracy.

The two phase comparison plots shown in Figure 2-11
(a) and (b) are examples of phase anomalies that are
attributed to ionospheric disturbances. Both traces
are plotsof the received 60 kHz WWVB signal against
the Ilewlett-Packard house standard. During the time
covered by these phase recor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>