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ABSTRACT

Title of Thesis: A Direct Measurement of the Relativistic Effect of
- the Gravitational Potential on the Rates of Atomic

Clocks Flown in an Aircraft
Ralph Emerson Williams, Doctor of Philosophy, ]976

Thesis directed by: C. 0. Alley
Professor
Department of Physics and Astronomy

General relativity predicts that standard clocks placed at differ-

ing gravitational potentials will run at different rates. Although ex-

periments confirming the gravitational redshift have been done, they in
volve frequency and not time, and need not appeal to general relativity
for explanation. Therefore, considerable interest exists as to the re-—
sult of an accurate experiment in which real macroscopic clocks are
brought together for comparison before and after separation to differing
potentials.

This experiment consists of flying an ensemble of atomic clocks in

a military aircraft and comparing them before and after flight to an-

other clock ensemble remaining on the ground. The ground ensemble in-

cluded several Hewlett-Packard Cesium Beam clocks, three Efratom optical-

ly pumped Rubidium clocks, and two hydrogen masers. The flying ensemble

included at least three Hewlett-Packard Cesium clocks and three Efratom
Rubidium clocks. Five of the Cesium clocks were new models delivered
with a high beam current option resulting in higher stability than stan-

dard models. The clocks were maintained under stringent environmental



controls to protect against vibration, magnetic fields, and changes in
temperature, pressure, and power supply voltage.

Five main flights were made, each at approximately 30,000 feet
altitude for fifteen hours. The aircraft was continuously tracked by
a theodolite calibrated radar which obtained position and velocity
measurements for every second of flight. This allowed an accurate
calculation of a theoretical prediction to compare to experiment.

The flying clocks gained approximately 45 nanoseconds (45 x 10_9 s)
with respect to the ground clocks. The normalized results (measured
effect divided by predicted effect) and the experimental standard
deviations of the mean for each of the five flights were as follows:

«399 + 016 977 + 026 .963 + ,013 1.002 + .026 <991 + 037 .
The result for the entire experiment, with standard deviation of the
mean, was .987 + .01l. The statistically expected standard deviation
of the mean based on knowledge of clock quality was approximately .015.

Considering this result as well as systematic errors, a final result

is established of

Measured value — _
Predicted value Dol & U0



PREFACE

Absolute, true, and mathematical time, of itself, and

from its own nature, flows equably without relation to

anything external . . -
(Isaac Newton, Principia)
at all necessary that the "times" ... in

A priori it is not
different inertial frames agree with one another. One
would have realized this long ago if, in the practical
experience of everyday life, light did not appear (because
of its high speed) as a means for the determination of

absolute simultaneity.

(Albert Einstein, "Autobiographical Notes')

And time, that takes survey of all the world . . .

(Shakespeare, Henry IV, Part 1)

Time Discovers Truth.

(Lucius Seneca, Moral Essays, first century AxDi)

it
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CHAPTER I

INTRODUCTION

One prediction of the general theory of relativity as formulated
by A. Einstein is that clocks placed at different gravitational
potentials will run at different rates.1 A clock placed at a high
altitude in a gravitational potential is predicted to run faster than
a clock at a lesser altitude. Experimental efforts to confirm this
prediction have principally involved red-shifted photons (the "gravi-
tational red s:hift").z—13 Such results are to some extent unsatisfying
as they may be explained by energy conservation without appealing to
general relativity (although the existence of a gravitational red shift
does imply spacetime is curved).14 Hence an experiment using real
macroscopic clocks which are compared "side-by-side" before and after
separation to differing potentials is of some interest. Considerations
of such effects on real clocks in earth orbit have been considered for
some time.ls_18 However, it is only recently that the quality of atomic
clocks has made accurate aircraft experimeﬁts feasible. 1In fact,
confirmation of this effect is now of more than theoretical interest as
the increasing need for precision in navigational and time-transfer
applications requires inclusion of such relativistic effects.

To this date the only previous effort at such an experiment ( using

macroscopic clocks) is the "around the world" experiment of Hafele and

19

Keating in which a set of four Cesium beam atomic clocks was flown

around the world in both directions using regularly scheduled commercial



airliners. A qualitative confirmation of the gravitational effect was
obtained. The experiment described here aspires to high accuracy and
credibility through improved clocks, multiple flights, stringent environ-
mental controls, and accurate tracking of the military aircraft involved.
The experiment consisted of flying an ensemble of atomic clocks in
an aircraft. Before and after flight the clocks in this ensemble were
compared to clocks in a ground ensemble. (Time transfer between plane
and ground was made during flight using a short pulse laser. Since
this aspect of the experiment is not part of this thesis it will not
be pursued here. The reader is referred to the thesis of Bob Reisse).
The remainder of this chapter consists of a very general overview of the
experiment. Details will be congidered later in the appropriate chapter.
The experiment was performed at the Naval Air Test Center (NATC)
at Lexington Park, Maryland which is about seventy-five miles south of
Washington, D.C. The aircraft made available for the experiment was
a U.S. Navy P3-C Orion (figure 1). This type of aircraft is normally
used in anti-submarine warfare. This specific aircraft (number 158912)
is one of two P3's used for final evaluation of equipment before dis-
persal to the fleet. Before and after flight the P3 was parked adjacent
to a large trailer on loan from the Goddard Space Flight Center, Green-
belt, Maryland. Figure 2 shows the plane, the ground trailer, and the
hanger in which some labh and desk space was made available to us. The
ground trailer contained much of the ground instrumentation.
Two environmental chambers, or "clock boxes', were constructed to
each hold six atomic clocks. Three of these six were Hewlett-Packard
Cesium Beam atomic clocks located in the main body of each clock box.

The other three were optically pumped Rubidium atomic clocks contained



in a much smaller chamber attached to the 1id of the main clock box.
The two clock boxes were mounted on a vibration isolating system and
protected the clocks from magnetic fields and changes in temperature,
pressure, and power supply voltage. For each flight one box was placed
in the aircraft and the other in the ground trailer. Between some flights
the boxes were interchanged to aid in suppressing systematic errors.
Other clocks were also associated with the experiment. Two hydrogen
masers on loan from the Goddard Space Flight Center were also housed in
the ground trailer. One more Hewlett-Packard Cesium clock of high
quality was in the ground ensemble. Other HP Cesium clocks were usually
included on the aircraft for a flight. However these units were not
in environmental chambers and we&e not of the high quality of those
Cesium clocks mentioned above. The principal Cesium clocks were obtained
with a high beam current option and further modified for this experiment.
This resulted in performance superior to standard Cesium clocks.

Data gathering and storage were controlled by two Data General
Nova 2 minicomputers, one of which was placed in the aircraft (with
associated electronics) and the other was placed in the ground trailer.
Data was taken by each computer every 204 seconds before, during, and
after flight. Part of this data consisted of environmental parameters
(temperatures and pressures). The other part consisted of phase
measurements of all clocks with respect to one clock chosen as reference.
The reference clock for the ground computer was one of the ground set
and the reference clock for the air computer was one of the air set.
Phase measurements were made with a resolution of + 0.1 nanosecond.

As each clock box weighed approximately 1200 pounds a part of

the aircraft floor was modified to take the weight of the clock box



and two racks of equipment. The total weight was about 2000 pounds.

The equipment was located on the right side of the aircraft, aft of the
wing, and near the door (figure 7). Before and after flight numerous
cables extended from the ground trailer into the aircraft to allow

each computer system to measure all clocks available. Of course, during
the actual flight these wires were removed and the ground (air) computer
system measured phases of only the ground (air) clocks. This inter-
comparison of clocks during flight enables a determination of which
clocks, if any, changed rates during flight. Both the Cesium and Rubidium
clocks are known to make small random changes in rate from time to time.
Doubly shielded coaxial cable was used to carry the 5 Mhz signals whose
phases were measured.

Initially there were numerous short duration test flights. Five
major flights followed from September, 1975 through January, 1976. Each
flight was approximately fifteen hours long with speed and altitude
averaging about 250 knots and 30,000 feet respectively. The pilots
were instructed to fly and make turns slowly and smoothly. The flight
parameters were such that the gravitational effect was expected to be
about 50 ns and the velocity effect (of opﬁosite sign) was expected to
be about -5 ns. Hence the flying clocks were expected to show a net
gain of about 45 ns with respect to the ground clocks. The aircraft
was purposely flown slowly to minimize the velocity effect contribution.

The aircraft was flown in a racetrack pattern inside an area
restricted to military aircraft. Figure 8 shows this pattern as well
as the location of the radar and theodolite stations used to track the
aircraft. These were the facilities of the Chesapeake Test Range of

the Naval Air Test Center. The thedolite calibrated radar data contained



position and velocity measurements for each second of flight. This
data allowed the calculation of a predicted value to be compared to
experiment.

The aircraft was restricted to gentle turns to keep Coriolis

forces on the cesium beams in the cesium clocks to an acceptable

level.



Fig. 1. P3-C aircraft in flight.

Fig. 2. Pre and post flight configuration with
the aircraft near the equipment trailer.



Fig. 3. Clock box with 1id removed. A Fig. 4. The clock box 1id. The smaller
Cesium clock is in place in the first Rubidium clock box is placed at the
slot. The magnetic shield can 1lids left end of the 1id.
have been removed.
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Fig. 5. The Rubidium clock box (some equipment
removed for clarity).

Fig. 6. The clock box in position in the aircraft.
The computer rack which is normally to the
right of the box has been removed.
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Floor plan of the P3-C aircraft showing the equipment location
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Patuxent Naval Air Test Center

® = Theololite station

Figure 8. Map showing the flight path of the aircraft. The
radar and theololite locations are also indicated.

The aircraft flight path was in the clockwise direction
‘generally inside the indicated oval area.




CHAPTER IT

CLOCKS, PACKAGING, AND ENVIRONMENTAL CONTROLS

A. The Clocks

The "clocks" used in this experiment are actually atomic frequency
standards which may be used as clocks by counting cycles in the output
frequency or by making phase measurements of one standard with respect
to another. Following general usage in such a context we will use the
terms "clock" and "frequency standard" almost interchangably.

A review of the early work ieading to the development and improvement
of atomic frequency standards is contained in reference 21. This work
dates from the studies of Stern and Gerlach in 1921 which demonstrated
the possibility of isolating atoms of selected energy states in
molecular and atomic beams. It was later demonstrated by Rabi22 and
his co-workers that radio frequency fields could be used to excite
resonances in such beams. Although many types of frequency standards
were developed or studied, three principalAtypes emerged: Cesium beam
23~28

’

29-30 31-34

standards Rubidium gas cell standards , and hydrogen masers

Modern versions of each of these types was involved in this experiment.
Each type will be considered separately.
1. The Cesium Clocks

The Cesium clocks used in the experiment were Hewlett-Packard
Cesium Beam Frequency Standards, model 5061A. These standards are
approximately 9 x 19 x 18 inches and weigh 65 pounds. Earlier models

comprise many if not most of the clocks in the ensemble used by many

11
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national time service organizations, including that of the United
States.

The current international definition of the second is related to
the (F=4, m=0) to (F=3, m=0) hyperfine transition of Cesium 133. This
transition frequency is 9,192,631,770 Hz. This is the atomic tran-
sition used in Cesium clocks to discipline a 5Mhz crystal oscillator.
The heart of the unit is a cesium beam tube in which Cesium atoms effuse
from an oven, are collimated into a beam, and pass through an inhomo-—
geneous magnetic field which directs atoms of the chosen state down the
length of the tube. These atoms pass through a Ramsey type microwave
cavity (using separated oscillatory fields) where they interact with a
microwave signal. Resonance microwave energy will cause atomic transitions
to the other state. A second inhomogeneous magnetic field then directs
such atoms to a hot wire ionizer and mass spectrometer. The result of
this process is a current whose magnitude depends on how closely the
impressed microwave frequency matches the atomic transition frequency.
This applied microwave signal is frequency modulated at 137 Hz. If the
center frequency exactly matches the transition frequency the output
current will vary at twice the modulation frequency. If the center fre-
quency is off to one side of the resonance the beam current will contain
a component modulated at the fundamental frequency (137 Hz) with a phase
determined by which side of the resonance the center frequency lies on.
Since the impressed microwave frequency is synthesized from a 5 Mhz
crystal oscillator the instrument may use the information contained in the
beam current to discipline this oscillator. The result is a highly stable
5 Mhz signal. Such standards have fractional frequency stabilities over

periods of days that approach parts in 10 13 or 1014. Since the width of
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the Cesium resonance (about 360 Hz) would imply a stability of only
four parts in 108, it is seen that the electronic circuitry is out-
standing in its ability to remain close to the center of the resonance.

Some of the Cesium clocks used in the experiment were standard
models normally used by the U. S. Naval Observatory for time transfer
applications. These clocks are sometimes called "travelling clocks".
Seven of the Cesium clocks, however, were specifically selected and
modified for this experiment. These Cesium standards were serial
numbers 1025, 1028, 1033, 1035, 1026, 752, and 761. The first three
were in clock box 1, the second three in clock box 2. Number 761 was
part of the ground ensemble. The first five of these seven units were
new instruments from Hewlett-Packard delivered with a high beam current
option (option #004) to obtain improved stability. All seven standards
were also personally modified and checked by Dr, Leonard Cutler,
Director of the Physics Research Laboratory of Hewlett-Packard. One of
these changes was proprietary. A second change was the modification of
the feed-back servo loop to a two pole circuit which eliminated drift
or steps in the crystal frequency (see Appendix A for details). This
modification was principally to reduce rate changes occuring during and
after vibration.

One other modification should be mentioned although it was not
internal to the standard itself. One component of the Cesium standard
is a "buffer amplifier" which accepts one 5 Mhz signal and delivers two
buffered 5 Mhz signals. As several buffered 5 Mhz signals were desired
from each standard, additional buffer amplifiers were used. Two such
units were strapped to the front of the standard and powered from within
the clock. The 5 Mhz output was brought to each of these units. This

resulted in four buffered 5 Mhz signals being available from each clock.
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These modifications were made after the first flight.

It should be mentioned that all Cesium clocks used in the experiment
were the property of the Time Service Division of the U. S. Naval
Observatory, directed by Dr. Gernot Winkler. They approved the above
modifications.

2. The Rubidium Clocks

The six Rubidium clocks used in the experiment were Efratom
Rubidium Frequency Standards, model FRK-H. These standards are approx-—
imately 3.9 x 3.9 x 4.4 inches and weigh 2.2 pounds. They are smaller
and lighter than the Cesium standards. However their stability is
worse by about a factor of ten unless great care is taken to maintain
constant pressure and temperature, in which case they are worse by a
factor of three or four. The units operate on a hyperfine transition
of Rubidium 87 analagous to that of Cesium 133. However, these standards
are not beam standards. Rather, they use an optically pumped gas cell
placed in a microwave cavity. Resonance light from a Rubidium lamp
enters this absorption cell containing Rubidium 87, passes through the
cell, and impinges on a silicon photo detector. A microwave signal
of the resonant frequency of Rubidium 87 (about 6834.68 Mhz) present
in the cavity will stimulate transitions of atoms, some of which have
already been 'pumped" into the higher hyperfine state by the resonance
light from the lamp. These transitions affect the absorption of the
resonance light as it traverses the cell. This in turn affects the
magnitude of the current leaving the photo detector. Thus, although the
mechanism has changed, the situation is like that in the Cesium standard:
The output current depends on the input microwave frequency. This
frequency is frequency modulated at 127 Hz producing the same situation

as that described for the Cesium standard.
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The output frequency of the Rubidium standards is 10 Mhz. Since
the rest of the experimental apparatus uses 5 Mhz signals, a divide-by-
two circuit immediately follows each unit. A buffer amplifier is also
placed on the circuit board. Hence, two buffered 5 Mhz signals are
obtained from each Rubidium standard.

These units were on loan from both the U. S. Naval Observatory and
the Efratom company.

3. The Hydrogen Maser

There were two hydrogen masers as part of the ground ensemble of
clocks. These were massive units, over six feet tall and weighing
several hundred pounds. They were units #NP-2 and NP-3 on loan from
the Goddard Space Flight Center,-Greenbelt, Maryland. These were units
that had been constructed under the direction of Harry Peters. Their
frequency stability over periods of a few days was approximately the
same as the better Cesium clocks, or perhaps a little better.

The hydrogen maser operates on an atomic hyperfine transition of the
hydrogen atom analagous to that of cesium and rubidium. This frequency
is 1420,405,794.319 Hz. Hydrogen atoms in the excited hyperfine state
are injected into a microwave cavity of sufficient'Q to allow masing
to occur. A fraction of the energy in the cavity is extracted by a
coupling loop. This signal is used with a phase comparator and frequency
synthesizer to lock a crystal oscillator to the transition frequency.

Tt has been our experience that, although the hydrogen masers are
excellent standards, their reliability is less than the Cesium or
Rubidium stanaards. This may well be because these are not commercially
produced units. In any event, both masers needed occasional repair.

A series of problems caused NP-2 to miss several flights. These were
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usually electronics problems.

B. The Cesium Clock Box

Pictures of the clock box appear in figures 3-6 of chapter I.
Schematic and block diagrams showing the essential features of the
clock box appear in figures 9 and 10. The box is constructed of alum—
inum plate and ribbing. It is separated from a base plate by pneumatic
isolation mounts for vibration protection. This base plate is mounted
on wheels so that the box may be moved about. The entire structure
weighs approximately 1200 pounds. Power supplies and other electronics
are located on the box 1id, the front of the box, and inside of the box.
The clock box is attached to the aircraft by bolting the base plate to
two channels on the aircraft floor. The height of these channels is
such that the box may be rolled over them with minimum clearance. The
wheels then only need be lowered slightly to rest the box on the channels.
In practice, the front wheels were completely removed after the box
was seated.

The interior of the main box contains three Cesium standards. Other
features of the clock box will be considered in the following sections
which consider the environmental influences and the measures taken to
protect against them.

1. Magnetic Fields

The Cesium clocks are already rather well protected from magnetic
fields by a triple layer magnetic shield that is part of the beam tube.
We have provided further isolation by placing each clock in a magnetic

shield can constructed of mo-permalloy. Openings in these cans allow
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air circulation (see the next section). Measurements have shown that
even with the 1id of the shield can removed exterior magnetic fields are
reduced by a factor of 100 near the middle of the can. Further tests
were done by rotating one clock box 90 and 180 degrees in the earth's

magnetic field. No effect was detected to a level of several parts in

1014, this being about the intrinsic quality of the clocks themselves.
Measurements were made in the aircraft during flight using a Hewlett-
Packard model 428B Clip-on D.C. milliammeter with a model 3529A
Magnetometer probe (1 Gauss/amp). These measurements were made near the
clock box in three orthogonal directions. Nothing was noted except the
earth's magnetic field.
2. Temperature Control

Temperature control of the Cesium clock box was attempted through
two stages. The first stage involved two variable speed fans which
were mounted on the lower base plate to isolate their vibration from
the box proper (see figure 10). A nylon skirt closes off the area
between the base plate and the box proper. Lucite panels are attached
to the ribbing on the rear and side of the box. The skirt and lucite
panels cause the air sucked in by the two fans to be directed over the
bottom, rear, and sides of the clock box. A thermistor is attached to
the outside wall of the clock box. This thermister is connected to a
thermistor bridge/power controller combination (see Appendix A for
circuits). This power controller delivers 0 to 29 volts dc to the two
fans. Hence the rate of air flow over the bottom, rear, and sides of the
box is reguléted by the outside box skin temperature.

The second stage of temperature control is inside the box. The
temperature of each of the three clocks is individually sensed and

controlled. A constant speed dc fan (Aximax 2, model 464YS) and a heater
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are associated with each clock. These units are mounted at the inside
front of the clock box (see figure 10). The fans are on small spring
mountings to reduce vibration. These fans are capable of moving air
at 28 cfm against a pressure differential. Air is sucked in by a fan,
moves over the heater, is delivered through a two inch diameter hose

to the magnetic shield can of the clock in question. The air enters the
can through a two inch hole in the middle of the 1id and exits the can
at the bottom through 40 1/4 inch holes along the bottom edge of the
shield. Removal of the mechanical clock movement normally found on the
front panel of the Cesium standard creates a two inch hole in the front
panel allowing easy passage of air through the clock interior.

An average temperature measurement of the clock was obtained by three
thermistors connected in parallel. One was directly in the input air
stream, one was midway down the side of the shield near (but not touching)
the shield wall, and the third was at the bottom of the can near an exit
hole. These thermistors were attached to a thermistor bridge/power
controller combination which supplied 0 to 29 volts to the heater
winding. These windings were bifilar to reduce magnetic field generation.
The heater resistance was thirty ohms resulting in a maximum power out-
put of thirty watts to each clock. To achieve good control the temperature
of the clocks were maintained somewhat above room temperature. The
actual temperatures were in the range of 95 to 103°F.

To aid in temperature control of the clocks, polystryrene insula-

tion was installed around each can. This change was made after the first

flight.

The result of several measurements on the Cesium standards showed

temperature coefficients between two and ten parts in 1014 per degree

Fahrenheit (see Appendix B). Hence we attempted to maintain the Cesium
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clock temperatures to within 0.1°F. Generally this proved to be

possible if room temperature stayed within a ten to fifteen degree

range, although rapid changes of a smaller extent could cause fluctuations

in the clock temperatures. Hence an effort was made to control the

lock boxes. This was achieved quite

temperature of the area around the ¢

well in the ground trailer in which the area containing the clocks

was maintained within one OT two degrees F. The plane was much more

difficult. The aircraft does have an automatic temperature control
system. However, it never worked well in the automatic mode until the
last flights even though a large amount of effort was directed toward
ailed during the second flight

this problem. In fact the entire system f

resulting in temperatures near freezing in the aircraft cabin (the
Cesium clocks barely remained in their temperature control range) .
g elements of the plane's temperature

The sensing and controllin

ocation near the front of

control system were moved from their normal 1
the plane and placed near the clock box. When the system worked well
variations of only a few degrees occurred: At other times variations
of five or more degrees could occur pefore the system responded. This
was especially true during ascent and descent when the changing cabin
in the convective cooling rate about the box

pressure caused changes
£ all the above the

ite O
thereby affecting the DoX cemperatures I P

. o
Cesium temperatures in general were malntalned to the goal of 0.1°F

(see plots in AppendiX D) .
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3. Pressure Control

Although pressure control was effected mainly for the Rubidium
clocks, it was desired to keep all clocks at constant pressure, especially
during flight when the cabin pressure would drop to 2/3 atmosphere.

The main Cesium clock box and the smaller Rubidium clock box on its 1id
were connected by tubing and pressure controlled by the same system.

A Granville-Phillips automatic pressure controller, series 216, and
matching variable leak valve were used to control pressure by admitting
dry nitrogen at a rate sufficient to counteract leakage. A National Semi-
conductor type LX3701A pressure transducer was the measuring element.
These units operate using a diaphragm and piezoresistive strain sensor.
Pressure was held constant to within 1 mm Hg.

Tests were performed to measure the pressure coefficients of the
Cesium clocks and no effect was detected. The limit of this measurement

-2
was approximately two or three parts in 10 14/1b-in"“,

4. Vibration Isolation

Several aspects of this problem have been alluded to: the variable
speed fans being mounted on the base plate, and the constant speed fans
being on spring mountings. Thus vibration from these two sources is
greatly attenuated. This section will describe the shock mount system
isolating the box proper from the lower base plate.

Barry Stabl-levl SLM-6 pneumatic mounts are placed at each corner
of the box. Each mount is connected by pressure hose to an adjustable
valve and reservoir and also to a filling stem and pressure gauge near
the front of the box. The valve/reservoir units are on the back of the
box. Each mount/reservoir system was normall§ inflated to 55 psi and

the valve "tuned" to approach as close as possible to critical damping.
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This resulted in 5 resomant frequency of three Hz with a falloff of
about 12 db/octive. Although critical damping was not quite achieved,
the second peak following an impulse was 1/3 to 1/4 the amplitude of the

primary peak. The Principal resonance of the aircraft in flight is

90 Hz from the engines. The most critical frequencies for the clocks
are the 137 Hz and 127 Hg modulation frequencies of the Cesium and
Rubidium clocks. Although vibration on the P3 aircraft was quite
Botleable in flight 1t d4d not wesn g6 Be transmitted to the box which
only showed gentle swaying motions during flight. No higher frequency
vibrations could be detected by touching the box.

A retaining pin was located at the very top of the box structure.
A ring firmly attached to the aircraft surrounded this pin, normally
not touching it, to prevent excessive movement of the box on its shock
mounts. On take-off and on landing the box would jerk to the side and
be abruptly stopped by the ring. This was the most violent motion
transmitted to the box.
5. Power Supply Variations

The clocks were electrically isolated from each other by placing
each on a separate voltage regulator. A standby battery on the front
of the clock box protected against brief (5 min) power failures. Longer
power failures were guarded against by use of a "battery cart" between
the clock box and the local AC line. Essential power could be maintained
to the boxes for periods up to fifteen hours in the event of longer power
failures, several of which occurred. Although the Cesium clocks were

normally supplied with DC power they are capable of accepting AC power.

Provision was made for doing this for repair or emergency use.



C. The Rubidium Clock Box

The Rubidium clock box is mounted on the rear portion of the 1id

of the Cesium clock box (see figures 4,5,6, and 10) . Inside the box

are mounted the three rubidium clocks, each in a magnetic shield can,

and the divide-by-two and buffer amplifier circuits. The entire box

is temperature controlled as a unit by a bifilar heater winding in the

1lid of the box. A thermistor/thermistor—bridge/power—controller sequence
regulates the temperature. The box is insulated. An exterior fan mounted
on top of the box on spring mountings flows air over the top plate. In
the later flights this arrangement was modified by attaching a tube
causing this air to return and flow over the surface again (closed system) .
The speed of the air flow was regulated by the temperature of the heat
transfer plate on top of the Rubidium box. This did improve performance.
Following this modification the Rubidium box temperature could be
maintained to better than 0.05°F. Previous to this modification large
excursions were caused by rather small plane temperature excursions and
were a distinct problem. The temperature and pressure coefficients

of the Rubidium standards were measured and found to be approximately

Temperature: -3 x 10712 / degree F
Pressure: -1 x 10713 / mm Hg
(see Appendix B).

The Rubidium clock box shared in the pressure control and vibration

isolation of the Cesium box.



D. Other Clock Box Features

Some features of the clock box not considered in a previous section
will be discussed here.

Since the clock boxes had to be relatively pressure tight a rubber
gasket was placed between the box proper and the 1lid. Bolts were spaced
around the perimeter about 2 1/2 inches apart. These bolts were
tightened with a torque wrench to 18 ft-1lbs. Electrical access to the
inside of the boxes was obtained by vacuum tight multi-pin or coaxial
feedthrough connectors.

Environmental parameters were monitored by sensors different from
the sensors used for control. These included a pressure transducer in
the main Cesium clock box (National Semiconductor LM3701A) as well as one
external to the box. Temperature measuring thermistors were placed in
each Cesium clock shield can, the Rubidium clock box, and outside of the
box. This data was accumulated by the computers. It was also available
for monitoring with a voltmeter at the box itself as were other voltages
not recorded by the measuring system.

Three lights of different colors exist on the front panel of the
Cesium clocks indicating the condition of the clock. Photodiodes were
attached to each of these lights on each clock and connected to circuitry
on the outside of the box where a panel of light emitting diodes repeated
the information. Hence the condition of the Cesium clocks could be
discerned without opening the box. There also exists a button on the
Cesium clocks for resetting. A small relay was attached to the clocks

and wires brought out to buttons on the outside of the clock box to allow

this function to Be performed without opening the box.



Slide in boarq holding ._

electronics

Cover with

electronicsg beneath

Wheels

NOT SHOWN: Box 1i4, lucite panels on box

and lower edge of box,

Magnetic shield cang
(containing the Cesium clocks) —

Fan and heater unit
(Hoses from these to top
of shield cang not shown)

R

Figure 9. Schematic dia

gram of the clock box.
is not shown. Dimensiong as shown are
32 x 26 x 43 inches,

The 1i4d

©e



25

17
15 16 18 18
14 13
o i~
(z2) ) 5 |

o ~ m
-W@ ‘ e e R

% FJ“L, (1 [ rf“j)ﬂzo“h” i

O g

1. Cesium clock 13. Pressure controller
2. Buffer amplifiers 14. Pressure valve

3. Magnetic shield cans 15. Rubidium clock box
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Figure 10. Block diagram of the clock box.



CHAPTER ITII

DATA ACQUISITION

A. General

The phases of the clocks are measured in two ways. The primary
method is the use of an "event timer" to be described below. The second
method is an analog comparison using circuit boards designed and built
by Charles Steggerda of the Quantum Electronics Group, Department of
Physics and Astronomy, University of Maryland. Application of two 5 Mhz
signals to an analog phase board results in a dc output voltage which
varies between -5 and +5 volts as the phase difference between the two
signals varies between 0 and 200 nanoseconds. This method is not as ac-
curate as the event timer measurement and existed as a back-up in case
of failure of the primary system. No such failure occurred.

Recall that each of the Cesium clocks has four 5 Mhz outputs (as
modified for this experiment). One output from each clock goes to an
analog phase board located inside the clock box. A second output of one
of the three standards, the one designated as analog board reference,
goes to the '"reference" input of all three analog phase boards. The
other outputs go to feedthrough BNC connectors on the front of the box.
One of these outputs goes to the reference input of all three analog

phase boards inside the Rubidium clock box.

B. The Event Timer

The heart of the primary phase measuring system is an "event timer"

26
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built by Charles Steggerda originally for the lunar laser ranging pro-

gram. This device is described completely in reference 35. It is basic-

ally a dual slope integrator in which a capacitor is charged at one rate

and discharged at a second slower rate. The event timer requires a 5

Mhz time base as reference and also uses this time base to maintain an

internal calendar and clock. It can measure the epoch of an event, such

. t
as the arrival of a NIM pulse , to a precision of 0.1 nanosecond. Such

a measurement will give the phase difference, measured in nanoseconds,

of one 5 Mhz signal (after having passed through a discriminator to gene-

rate a NIM pulse) with respect to the reference 5 Mhz signal.

The event timer is intimately connected with the Nova 2 mini-compu-

ter which commands when a measurement is to be made and receives the re-

sult for storage or analysis. The computer console may be used to set

the event timer date and time to the nearest second. If further preci~

sion is desired, the event timer may be set to the nearest tenth micro-

second by supplying a one seconds tick and inserting the desired offset

in microseconds from that tick.

As used in this experiment, the phase data as sent to the computer

is modulo 100 nanoseconds. This is related to the fact that the 5 Mhz

time base is first doubled to 10 Mhz. The event timer may be calibrated

so that this "fold over" is exactly 100 ns. Experience has shown that

this calibration is then stable over periods of days. The event timers

were calibrated previous to each major flight. Further tests have shown

that the instrument is linear to within + 0.2 ns.

The event timer method of measuring phase differences is called the

t A NIM pulse is a Nuclear Instrumentation Module signal. This is an
electrical pulse with nominal voltage of -.7 to -1 volt and nominal
rise time, fall time, and middle time of 3 nanoseconds each.



"digital phase measurement' to differentiate it from the second method
using the analog phase boards which is called the "analog phase measure-

ment'".

C. The Digital Phase Measurement

Figure 11 is a block diagram of the digital phase measuring system.
There are two computers ("ground" and "air"), each with its associated
event timer and electronics. There are also the two clock boxes, one on
the ground and one in the plane. The system is designed so that each of
the computers may access each clock box for phase measurements. Con-
sider one of the clock boxes. The six 5 Mhz signals from the clock box
(three Cesium clocks, three Rubidium clocks) are brought to the first
six inputs of a electronically controlled ten-to-onme R.F. switch (Trum-
petor mercury wetted relay switch type CSFZ). The remaining four posi-
tions are used for any other clocks in the ensemble in question. Hence
each of as many as ten signals from each clock box may be sampled in se-
quence. Following the ten-to-one switch is a similar one-to-one switch
which determines to which computer the signals will go. Both of these
R.F. switches are mounted on the front of the clock box.

At the computer location is a two-to-one switch which determines
which clock box the computer is receiving signals from. A second two-to-
one switch follows this one and is related to the laser time transfer
technique that is not being considered in this thesis. After leaving
this switch, the 5 Mhz signal in question goes to a discriminator (Ortec
436) which provides a NIM pulse to the event timer. The event timer ob-
tains its reference signal from one of the clocks in the ensemble associ-
ated with it.

Each computer samples clock phases every 204 seconds. The computer

controls the various RF switches so that it may sequence through all the



5 Mhz signals at 4 rate of approximately five per second. During this
time, it actually makes not one but sixteen consecutive measurements of
each phase. The Mean of these sixteen measurements is taken to be the
measurement and ig stored. Thisg technique helps to eliminate system
phase noise fronp the measurements.

In the air computer System, the phase information is stored in the
computer's memory core. Tt is also stored on magnetic tape (LINC Tape
I1) as a safety precaution. The computer can sample at the above rate
for about twenty-four hours before its memory is full. The contents of
the memory may be transferred by cable to the ground computer for stor-
age.

In the ground computer system, the data, whether resulting from its
OwWn measurements or from a transfer of data from the other computer, is
stored on a magnetic disk. The disk can hold all data from an entire
flight as well as the programs and operating system it normally must
maintain. Data may be transferred from the disk to magnetic tape for

permanent storage. This was normally done every few days.

D. The Analog Data

The analog data consists of dc signals between -5 and +5 volts dc
that come from the analog phase boards and also from the environmental
measuring circuits (the pressures and temperatures). These signals
leave the clock box along a cable that goes both to the computer for
storage and also to a "translation box". At the computer, the signals
go through an analog-to-digital converter and are sampled every 204
seconds immediately following the digital phase sampling. The "transla-
tion box" sends the signals to chart recorders and contains circuitry to
isolate the computer from the recorders and also to calibrate the re-

corder scale for each channel. The chart recorders used are six channel
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Honeywell recorders on loan from the U.S. Naval Observatory. These re-
corders sequence through the six input signals over a 90 second period,
plotting a point every 15 seconds. The chart speed used was 6 inches per
day. Two such recorders were in the gournd trailer and one in the air-
craft. It was therefore possible to visually monitor phases, tempera-

tures, and pressures in real time.
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CHAPTER IV

SOFTWARE CAPABILITY AND DATA MANIPULATION

A. The Raw Data Files

The data as originally taken exists as a series of "records" in a
data "file". These are called "raw" data files because most of the
other programs do not work on these raw files, but on "translated" files
generated from them.

The records which comprise the raw data file each consist of a five
word (computer word) header f0119WEd by a number of words of actual data.
Each record is assigned a "record type" which is a number depending on
the type of data stored in the record. Type 1 is analog data and types
6 and 7 are digital phase data from clock boxes one and two respectively.
Other record types are related to the laser time-transfer operation
which is not being considered in this thesis. The record header consists
of the following five words:

1. The record number

2. The record type
3. The second of the half-Julian day + 22336

4. The half-Julian day
5. The number of words of data that follow the header

The format of the header is dictated by the format of the Nova 2
minicomputer and the Event Timer intimately associated with it. For
example the additional constant added to the second of the half-Julian

day in the third word causes that computer location to overflow at the

last second of the half-Julian day. Many other features were dictated

by the original use of the Event Timer for lunar laser ranging, for

32



example the use of Julian days for time keeping. The programs used to

obtain this raw data are written in the machine language of the Nova 2
and are closely related to the characteristics of the Event Timer. This
Programming was the work of John Rayner of the Quantum Electronics Group

of the Department of Physics and Astronomy,.University of Maryland.

B, The Translated Data Files

The "translated" data files are created from the original "raw"
files and it is these new files that most of the analysis and manipu-
lation programs work on. These new files contain only one kind of data.
One such kind is the digital phase data. The program that creates this
translated file consisting of digital phase data is named TRANSD.

TRANSD accomplishes the following tasks:

1. Removes '"cross overs" in the phase data. Recall that the phase
data existing in the raw files is modulo 100 ns. TRANSD adds
or subtracts quantities of 100 so that the phase record extends
continuously. For example the sequence ...98,99,0,1,2,... in
a raw file would become ...98,99,100,101,102,... in the trans-
lated file.

2. Puts the time in a convenient form. The time of a reading as
i£ exists in the raw file consists of the half-Julian day and
the second of that half-Julian day (plus a constant). TRANSD
converts this into a fractional Julian day (FJD) such as
4539.765482 and immediately subtracts an arbitrary but fixed
constant to produce a number smaller than 100, eg. 39.765482.

This proceedures assures better readability and adequate
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accuracy upon storage in the single precision computer word.
For data extending over several days, having the time in
fractional days is of obvious convenience.,

3. Creates "paper'" clocks. The mean of the three phase readings
of the Cesium clocks in clock box 1 is stored as a separate
reading, and similarly for clock box 2. These created mean

clocks are often called "paper clocks".

The format of the translated data file consists of one header for
the entire file followed by a number of "records" of data. Each record
contains a list of phase measurements for every clock, including the two
paper clocks. It also contains the time at which these readings were
made. This time is modified slightly for accurate storage by the following
proceedure. The integer portion of the very first time in the file is
subtracted from that and each succeeding time. For example, if the
time of the first record is 39.765482, then .765482 is stored in the
first word of the record. This same offset (39) is subtracted from each
subsequent time before storage in the first word of the appropriate
record. The offset (39 in this example) is stored in the file header.
This proceedure helps to assure adequate accuracy considering the size
of the computer word. The format of the translated file header is as
follows:

1. NC (the number of clocks in the original "raw" record)

2. NC+2 (the total number of clocks in the translated record)

3. N (the number of records in the entire file)

4. S (the offset of the fractional Julian day; 39 in the above
example)

5. BFJD (the time of the first record: Beginning Fractional
Julian Day)
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6. EFJD (the time of the end record)

7. (?gre follow NC+2 pairs of numbers, each pair consisting of the
-1rst and last phase reading of that clock)

As me i

8 mentioned above, the first word of each record contains the time of

the .
measurement. Then follow the phase readings in a specific order.

This order is independent of what the order was in the raw files. This

ordering in the translated file is as follows:

L The Cesium clock 10. tdi

2. clocks 11 The Rubidium clocks

3 in box 1 : in box 2

o 12.

4. 13. Mean of clocks 1, 2, and 3

& The gubidium clocks (paper clock)

6. in box 1 14. Mean of clocks 7, 8, and 9

. (paper clock)
g' The C =
. e Cesium cl

9, in bBox ; e ig' Other clocks, with ground clocks
18. before flying clocks
19.
20.

Bob Reisse has written a program (TPTRANS) that translates the
environmental data (temperatures and pressures) contained in the raw

files into a translated file of the same general format as that abovezo.

C. Data Plots and the Graphics Terminal

A Tektronics 4013 graphics terminal and hard-copy unit were avail-
able for data plots. The usefulness of this facility can not be over-
stated. All plotting programs access the translated files. Several
of the main plotting programs are described below.

2 PHASEPLOT.
PHASEPLOT is a program that plots the phase of one clock with

respect to another (reference) clock. Any clock may be plotted against
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any reference, including of course the two pPaper clocks. The Scalesg
of the plot may be Specifically selected or the Program will self-
Scale to render the entire plot on the screen. Figure 12 ig ap example
of such 3 Plot. Thig and other plots are programmed so that the

numbers COmPrising the scales are "clean" (34.2 rather thap 34.1897).

2. SRESIDUALS

mask featureg of interest in the phase data. Hence PHASEPLOT itself is
rarely used in this experiment. Rather, the slope of the data is removed
resulting in 5 Plot of the difference of each data point from this
slope. There are two types of slopes that may be plotted against. One
is a least Squares regression line fit to the data. The second is a
slope line defined by the first and last point in the data file. 1In the
latter case the Option exists for using a small number of points at each
end. SRESIDUALS is the program that produces the plot, called a
"residual" Plot. In order to run SRESIDUALS another type of file must
be created Ccontaining information about the slope to be removed. The
Program SLOPES Creates such a file for the least squares case while the
pProgram PSLOPES does this task for the "first point, last point" slope.
In either case any clock or group of clocks may be specified as the
reference. An example of a residuals plot appears in figure 13. The

scales may be selected by the user or the program will self-scale.

3. RESIDUALS
RESIDUALS is a Program that creates a pPage consisting of residual
plots of every clock in the file. Such a plot is of enormous value in

reviewing quickly several hours, days, or weeks of data from many clocks.
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An example of such a plot appears as figure 14.
4. SIGMATAU

SIGMATAU is a program that computes and displays o(2;71) for any
clock of a translated file with respect to any other clock or group of
cclocks. (Those unfamiliar with the meaning of a "sigma-tau" plot are
refered to chapter VI.) An example appears as figure 15.

Copies of the FORTRAN listing of each of these programs appear in

Appendix E.

D. Manipulation and Analysis Programs

Numerous other programs have been written to truncate translated
files, append them, edit them, display their contents, etc. Other
programs relating directly to the data analysis will be considered

in chapter VII.
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CHAPTER V

THEORY AND THE PREDICTION OF THE EFFECT

A. The General Relativistic Effect

We will not repeat here what is covered in virtually every text

book on general relativity. Suffice it to say that for the metric
2
ds® = Hax”
s guvdx dx

(with the "zero" index being the time index) and for nearly Newtonian

systems in Newtonian coordinates-the metric may be approximated by

2
ds” = -1 + 20/cP)cat? + (1 - 207¢2ye (dx? + ay? + dzd) (1)

where ¢ is the Newtonian potential (¢ ~ -GM/r) and c is the speed of

light. Hence the metric coefficients are approximately

g = (] + 2¢/c2) and By = a- 2¢/c2) i

00

Since the proper time dt is given by c2d'r2 = - dsz, and since dx2=V}2(dt2

we have

2.2
cdt” = (1 + 2¢/c2 - V2/c2)c2dt2 .

2 .
Noting that ¢/c” for this experiment is ~ -7 x 10 T ¢/c2 << 1,

the above equation may be approximated as
edt = (1 + ¢/c2 - V2/2c2)cdt . (2)

Consider an inertial frame of reference in which time intervals,
dt, are measured by clocks synchronized to a master clock at infinity,

or by clocks whose rates have been adjusted to compensate for gravitational
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potentials. That is, time intervals measured in this frame and using

its clocks are operationally independent of the distribution of matter.

This time is sometimes called "world time". Consider two observers with

standard clocks and in motion in this frame. If each measures the time

" i s
interval between the same two events, they measure the proper time interval

dt, and de respectively, Each of these times is related to the world

time by equation 2. Hence if the two observers initially synchronize

their clocks and then move apart, the accumulated time difference between

their clocks will be

2 2
o, ¢ v, =V
2 i 2 i 3)
(dt, - dt,) = —_ - == dt . (
2 1 C2 2C2

Considering the accuracy of this experiment it does not matter which

time is used for the variable of integration.

B. Prediction of the Effect

To compute the accumulated time difference between a clock that
remains on the surface of the earth and one which flies in an aircraft
we will use equation 3, The inertial frame selecte& is a cartesian
frame with origin at the center of the earth and non-rotating with
respect to distant matter., The Z axis will be coincident with the axis
of rotation of the earth. The coordinates of interest in this system
will be the distance of a point from the origin (r) and the latitude, 6,
of such a point, See figure 16,

Since the earth is not exactly a homogeneous sphere its gravitational
potential is not exactly -GM/r, Data obtained from measurements of the

orbits of artificial satellites has allowed a more exact determination
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of the earth's potential. An expansion given by Allen36 18¢
<5 (a) @)
= (( - — 1 4
$(r,0) (GM/r)[l ﬁ&:an (r) Pn(sme)J
a = equatorial radius of the earth
6 = latitude
Pn= Legendre polynomial of degree n
J = constants
n

Allen gives values for the constants J2 to J21. The value of J2 is
1.08264 x 10—3 with the other constants being smaller by about three
orders of magnitude more. It therefore seems that at the level of
precision of this experiment none of these terms are important. But
since the J2 term is large enough to make a minor difference it will

be included in the calculation.

The V2 term in equation 3 is calculated in an inertial frame. Hence
the ground clock and the plane clock will have part of their velocity
due to earth rotation. It is therefore necessary to consider the
reference frame in which the velocity and position of the plane are
measured. This is a Cartesian frame with origin at the radar antenna
tracking the aircraft. The z direction is the local verical with
positive z being upward. The x-y plane is.tangent'to the earth's
surface with positive x and y being east and north respectively. The
lower case letters x,y,z and LA will be the position and velocity
components measured in this "range'" frame. The origin of this frame
is located at (ro,So) as measured in the earth-centered inertial frame.
Then if w is the angular rotation rate of the earth with respect to

distant matter, the velocity, V, of an object in the earth-centered

frame is related to measurements in the range frame by the relation

V2 2 2 2
(v,xr,0) = (vx + wr cosf)” + vy + v, . (5)
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(It might be noted as a point of interest that an alternative
approach is to first transform into a reference frame corotating with

the earth:

El

=
xr

= 3 . -
Vou B = 5 & 29 (@ x ) + @ xB)(@ x7T)

= P,
V=v+

which for the range coordinate system becomes

V2 = v2 + 2vxm cosf + wzrzcosze
Hence the same result is obtained. This method of first transforming
to a rotating system causes the V2 quantity to explicitly appear in
three parts: V2 as measured in the rotating frame, the velocity dotted
into a velocity due to earth rotation, and a centrifugal term.)

Since the gravitational potential is expressed in T and 6 and we
measure in x,y,z it remains to transform between these systems. As
may be seen in figure 16 the quantity z differs from the quantity r-T
because of earth curvature. Study of figure 16 will reveal the
relations
r2 = (ro + z)2 + x2 + 22

tan(6 - 60) = y/(r0 + z) .
The value used for r, is calculated from an expression given by Allen
(ref. 34, p. 114) giving the distance from the earth's center to sea
level as a function of latitude. We also allow for the height of the
radar antenna above sea level. In any event, it should be noted that
the result of the calculation is not sensitive to the value of r,

A further point of interest is the affect of the gravitational
potentials of sun and moon on our results. Since the earth is free fall
with respect to these bodies the effect of such potentials across the

earth diameter cancels to first order37. In any event the effects are
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too small to affect the accuracy of this experiment.
Using the subscripts g and p for ground and plane the previous

discussion may be summarized as follows:

We calculate R V2 o V2
(_, P g _ _P__._&) dt
2 2
c 2c
g 2
where ¢(r,8) = -(GM/r) [1 - J2<§) Pz(sine)
2 2 2 2
B, = (ro + zi) + X + x;
e o= i = or
tan(ei 60) yi/(ro+zi) 1 =g P
V2 = (vx +or cose)2 + v; + vi , where vx=vy=vz=0 for

the ground clock.

C. Range Data Accuracy

It is seen that a record of x,y,z and Vx’vy’vz is required for
calculation of a predicted effect. This data is acquired by the tracking
facility of the Naval Air Test Center, the Chesapeake Test Range. Both
an X and C band radar were available to track the aircraft which was
equiped with transponders to facilitate tracking. Five theodolites
were also available for calibration of the radar (see figure 8 at the
end of chapter I showing the radar and theodolite positions with respect
to the flight path). The range parameters were recorded each second of
flight. A twenty-one point smoothing technique is applied to the original
data. These proceedures are standard practice at the Test Range. Their

estimate of error is that altitude, z, will be + 100 feet and that

velocity, v, will be + 2 knots. As an independent check on this estimate
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we compared calibrated radar data with theodolite data for a seven hour
period using approximately one hundred points of comparison, The mean

and standard deviation of these differences were as follows:

40,6 feet

§(altitude) -15.5 feet a

1.6 knots

§(velocity) = -.087 knots o
We therefore accept 100 feet and 2 knots as being realistic tolerances
on these parameters. For nominal values of the flight parameters

(z = 30,000 ft and v = 250 knots) the following errors are obtained:

dz/z = 100/30000 1/3 %

d(vz)/v2 = 2dv/v

2-2/250 = 1.6%
For a flight in which the velocity contribution is ten percent of the
potential contribution an error (simple sum) is expected of:

<9(1/3) + .1(1.6) = .46%

The range data was obtained from the tracking center on magnetic
tape. Several mistakes in this data required correction. For example,
there were five to ten cases each flight of repeated data which had to be
eliminated. Experience using the range data has revealed a few instances
in the record where the radar apparently strayed. For instance, over a
twenty second period the record may show the plane suddenly climb a
thousand feet at rates of over 100 ft/sec and immediately drop back down.
These are periods in which the aircraft should have been in level flight.
No such changes were remembered by the people on the aircraft who surely
would have felt air pockets of such a nature, In any event, removal of
such spurious .records from the integration results in changes of only
hundredths of nanoseconds out of a total of approximately 45 ns. Con-
sidering all these factors we place an uncertainty of + 0.5% on the

prediction calculated using the range data. This corresponds to about



.2 to .25 nanoseconds and, as will be seen later, does not seriously

affect the overall accuracy obtained from the entire experiment.
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Figure 16, The relation of range coordinates

to inertial system coordinates



CHAPTER VI

STATISTICS

A. Prelimenary Concepts and Definitions

The subject of the statistics of atomic frequency standards has

g 38-41 : :
received much attention . The general trend of notation used in
these and other such articles is adopted for use here. The remainder

of this section is a brief summary of concepts and definitions.

For a frequency standard with voltage
V(t) = (Vo + e(t)) sin(wot + ¢(t))

the nominal amplitude and angular frequency are Vo and W,

It will always be assumed that e(t) and é(t) are sufficiently small that
the definitions to follow are meaningful. The instantaneous fractional
frequency deviation is

y(t) = i— ci(t)
o

and the fractional phase deviation is

EIH

x(t) = ¢ (t) .

o
Note that y(t) = x(t) and that x has dimensions of time (x is the phase

measured in the time domain). The average frequency deviation for a

period (t t, +1) is
k? "k BT
v, = i y(t) dt = -l—[x(t +1) - x(t )]
k T T k k
= 37
One measure of frequency stability is the "Allan Variance"

defined by
2 R b R = 2>
e <2 Fler1™ V) (1)
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where <> denotes an infinite time average and tk+l = tk T

Lacking data records of infinite length, the expression used in actual

practice for the Allan variance is

c’z(r)
(2)
Reference 39 discusses the accuracy expected in using (2) instead of (1).

We will also make use of Sy(f), the one-sided (power) spectral

density of y(t). For white frequency noise Sy is a constant,

Sy(f) = ho
There is the relation
- -
Sx(w) = Sk(w) == Sy(w) .
w w

If RX(T) is the autocorrelation function
T

RX(T):thfx(t)‘x(t+T)dt = <x(t)°x(t+1)>
T>oo

Loy

then RX(T) and Sx(w) are Fourier transforms of each other:

o0

RX(T) Lo J Sx(m) e-iMwa (Sx@n) two~sided here)

1]

2w
-0

B. Computation of Variances

Since x(t) is the phase in the time domain we are often interested
in the variance of quantities that are essentially phase differences;

quantities of the form

1 =
Xy = X or Xy - E{xz + xl) , where x; = x(ti)
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A useful theorem for calculating such variances is the following:

If D is a linear combination of phases

N
D ==§i(1_x,

22 %4%y s Where ai are coefficients
and 7 @, =0 and <D> =0
then for pure white frequency noise (ho defined on previous page)

-

N
2 h
“@ =-T0S - § =
(D) 2o i>Jaiaj(ti tj) , where i>j ti>tj

This result is proved in Appendix C. The condition that the sum of the

coefficients be zero assures that only phase differences are being

considered. As an example of this result consider the difference

between the phase values

of two standards at time t1 and tz and

assume a mean slope has been removed so that the condition that
<x2—xl} = 0 is satisfied. Application of the above theorem reveals that

the variance of the quantity xz—xl is

0% (x,- >—E9( = 5.3
g Rgd ® 5otky = By

This theorem may also be used to relate the Allan variance to the

constant ho. The result is

2t @)
indicating that if only white frequency noise exists a plot of the
-1/2
Allan variance, o(t), against the time interval,t, will decrease as T L .

This is one way of experimentally determining the value of ho for actual

atomic clocks. Such a determination has been made for the principal

Cesium standards used in this experiment (the six standards in clock

boxes). Of course, care must be taken that an unfortunate choice of
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reference clock does not bias the determination. Experience with
data taken both during the actual flight and also during a ten day
run, and often using the paper clocks, has shown that a typical value

for the clocks used in this experiment is

h/2 = 7x 1 ik

This is for a single clock versus a single clock. The constant is given
in this form since this form appears often in calculating the standard
deviation of quantities.

Figure 17 is a plot of such "sigma-tau'" data for the ten day run.
It is presented as being typical of clock performance. The dashed line
labeled system resolution results from 4 measurement of the reference
clock against itself. The top plot (the worst one) is of Cesium clock
#752 which did not have the high beam current option. The "confidence"”
appearing at the top of the figure is a theoretical expectation based on
the number of measurements (see reference 39). Its meaning is as follows:
let oi and Gi be the Allan variances for an infinite and finite (n points)
sequence of data (equations 1 and 2). Then define § to be

g -0

. S
o

(o]

Then the "confidence" is o(8) expressed as a percent (100 x o(8) ).
Figure 18 is a similar plot for the Rubidium clocks using a Cesium
as reference. The wide lines appearing on this figure are the same as
those on figure 17 to facilitate comparison. A plot for the hydrogen
maser is also on figure 18. However since the masers are roughly the
same quality as the cesium standards for these time periods, such a

measurement of maser against Cesium standard is not very meaningful.
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€. Projection of Phase

Tf the phase difference, x(t), between two frequency standards is
known for the period (tl’t2) a plot of such data would appear as in
figure 19. The question arises as to the best method of estimating the
phase at a later time, t3. The criteria for this choice is that the
chosen method shall have the least variance of the quantity x3 —’QS,
where X, is the phase the clock actually produces at t3 and §3 is the
estimated value. Dr. Leonard Cutler has considered three methods of
phase projection and calculated the associated variances zn The three
methods are as follows:

1. Two point Projection - pfojects along a line defined by the

first and last points, X and Xyt
X, = X

3=x2+t2—t1 (ty - t,)

N\
X
2. Linear regression slope projected from last point - projects

along a line extending from the last point, X,, and having the

same slope as the linear regression line fit to the data:

‘25 = x, + A(t3 - tz) ,» where the regression line is
X = At + B
3. Pure linear regression - projects along the linear regression

line fit to the data:

X, = At. + B

3 3
If N is the number of samples used in the linear regression line and
) ‘ R
=_3 2 _ _prediction time
S tz = tl calibration time
N
and § = Xy =X,
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then the results of Dr. Cutler's calculations are as follows:

Method s 02(6)
h0
1 x3—x2-a(x2—xl) E—-(1+a)(t3_t2)
h 2 =,
2 -x,-A(t - 2 6(N+1) | . _
X3~X, (t3 t2) 5 [} + QEETEIIT (t3 tZ)
B [ -1 (-2) . 6wP+1)
< e e 7 i (I+a) | (t4-t,)
| 15N(N+1)a 5 (N“+N)

Note that the two point projection is the best (has the least variance)
and that the least squares method is the worst. In fact the variance in
the latter case can be large even when o<<1! It is plausible that the
two point method is best since it gives the average frequency over the

interval, ie.

T, T,
— B | 1 , X2 - Xl
¥ =Ty FlE)at = g | RN = e ‘
2 1 2 "1 - B |
g z,

Thus we will use the two point method in projecting phase. In actual

practice we use the average of a small number of points (v5) at the
beginning and end of the phase record to aid in the suppression of

phase noise.

The phase data that results from a flight will have the form of

figure 20. That is, a clock that is flown is compared to a ground

clock before flight (the period t, to t2) and after flight (t3 to tA)'
Upon returning from flight the clock is expected to have gained time
(with respect to the ground clock) because of the potential effect and
The preflight

therefore will show a step as indicated in figure 20.

record may be projected forward to a time, t, and the postflight record



projected backward to the same time, t. The difference between these

two projected phases, Ax(t) is the time gained by the clock. We call

this number the "shift". 1In the graphs to be presented the slope of

the preflight file has often been removed to enhance the readability.
This results in a graph of the form of figure 21. Use of the two

point projection method gives

B XQ—X:‘} ] [ X2-X ~]
Ax(t) = Lx ~——(p =) = 1% (t -t.)
3 t4 t3 3 2 t2

The variance of this quantity may be calculated using the theorem

described earlier. This result, first calculated by Dr. Cutler, is

as follows:

h -
2 -0 - - 2
G(AX)—ZL(t t)+a(t 3)+t3t2} (2)
where g bt
o, = = and a_ = 2 .
b tz--t1 T t4—t3
A minimum of Gz(Ax) exists at the time
S
[o] 2 tl+ t4 t3
resulting in
B(X e
o 3 2 (3)
Ax(to) 1 -8
h t, - t
2 _ o 1 - - 3 2
S e _2—[1 = B:] (k5 - t)) , 8= £, - £ &)
o
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D. Combinations of Measurements

In an actual flight there are several flying clocks and several
ground clocks. The "shift", Ax, between each of these clocks and the
reference clock can be obtained. Let Axfi be the shift of the ith
flying clock with respect to the reference, and Axgj the shift of the
jth gound clock with respect to the same reference. Let the number of

flying and ground clocks be N and M respectively. The mean shift

of the air and ground ensembles are as follows:

N
‘ -
Air: Mxg = 2 %Axfi
1 M (5)
Ground : Ax == > Ax

The quantity Axg will not be exactly zero because of the intrinsic
statistical variations of the clocks. Each of the above two quantities
depends on the choice of reference clock. However their difference does
not. Hence the ensemble shifts may be combined to obtain the overall

shift for the flight of
Ax = Ax_ - Ax (6)
£ g
independent of which clock is being used as reference. Note that this
result may also be interpreted as the mean of N measurements of single
flying clocks versus the ground ensemble:
N M
W 1
xR [Axfi —<M§-_—Axgi)]
I ¢=)
Tf og and 02 are the variances of the Axfi and the Axgj respectively,

then the formal variance of Ax is
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Hh N

2 02
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2|

(7)

and thiS ex § i
Pression is also independent of the choice of reference.
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CHAPTER VII

RESULTS AND INTERPRETATIONS

A. Introduction

The shifts, A x,as described in the previous chapter, are computed

by a computer program named SHIFT. SHIFT will calculate the AXf' of
i

each clock with respect to any designated choice of ground clock ensemble.
Inspection of the ploted data from each flight enabled a determination
as to which clocks behaved well enough to include in the ground set for
the purpose of this calculation.

SHIFT calculates the Ax__ at the time of minimum uncertainty (as
described in the previous chapter) and also at the first and last times
of the flight period. The latter numbers then give some idea of the
amount that a particular Axfi varies depending on the time at which it
is calculated. The program is also capable of using an intermediate
time given to it by the operator. This feature is useful when examination
of the inflight intercomparison phase data reveals that one of the
clocks has clearly changed rates at a particular time. This time is
then a good choice for use in calculating the Axfi.

The rate of a clock with respect to the ground ensemble sometimes
appears to make a small rate change during the preflight or postflight
period. In such cases SHIFT is also run using only the portion of that
file between the flight and the apparent rate change. For the two-point
projection method, this procedure is identical to correcting for the rate
shift and using the full extent of data. It should be noted that apparent

rate changes are not always 'real'. For example a clock modeling program

by L. Cutler resulted in the traces shown in figure 35 (page g2). One
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trace appears to make a distinct rate change, but it is only an artifact
of the statistical process. The above procedures have been used to
generate two sets of Axgi+ The first set is a "selected" set in which
the AX¢; have been calculated at the optium time, or at a time when a
rate change during flight was deduced to have occurred, and/or using a
lesser extent of the pre- or postflight file when rate changes apparently

occurred in them. In short, the selected set of Ax rest on a large

£
amount of subjective, but hopefully fair and unbiased, human judgement.
The second set of Axfi is called the "mean" set. These are generated
by considering all runs of SHIFT made for various lengths of
the pre- and postflight files, extracting the minimum and maximum shift
of these values, and then taking the mean of those two numbers.
It is gratifying to note that the result for the entire experiment

is virtually identical using either of the two sets.

B. The Principal Results

Figures 22-26 (pages 69-73) show the results of the theoretical
prediction based on the range data. The wiggles in the lines are due
both to earth rotation and winds, both of which add and subtract as the
plane travels through a complete orbit. Figures 27-31 (pages 74-78) are
summary sheets for each of the five major flights. They contain informa-
tion about the shifts, Axfi’ of each of the three principal flying Cesium
clocks in the clock box with respect to the chosen ground ensemble. Also
shown are the normalized values (measured value divided by predicted value)
of these shifts. The overall result of the flight, the average of these
three numbers, is also indicated. The indicated standard deviation (SD)
is the straight-forward standard deviation of the three numbers. The
standard deviation of the mean is calculated using equation 7 of chapter VI

and therefore includes the variations of clocks in the ground set as well.
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The two dashed lines in each figure represent the + .5% uncertainty in
the calculated prediction. We summarize here the results of those five
flights, giving a triplet of numbers consisting of the normalized shift,

standard deviation, and standard deviation of the mean:

Flight ~Mean Shifts Selected Shifts

1 (9/29) +999 .,021 .016 L.eiy 013 013
2 (11/11) .977 .044 .026 .986 .063 .037
3 (1/14) .963 .020 .013 .963 .019 .012
4 (11/22) 1.002 .008 .026 .986 .012 .027
5 ( 1/10) «991 .063 .037 .979 .043 .026

Refering again to figures 27-31, the dark points refer to Axfi

from the mean set and the open circles refer to Axfi from the selected
set. The error bars displayed on the flight result (the average of the
three measurements) are a wide bar for the standard deviation (SD) and
a narrow bar for the standard deviation of the mean (SDM) as described
above. The error bars attached to the three individual measurements
are as follows: the right (narrow) error bars indicate the minimum and
maximum shifts as described earlier. The left (wide) error bars show
the standard deviation expected on statistical grounds. This standard
deviation is calculated by first using equation 4 of chapter VI to
calculate O(Axfi),this value being for two individugl clocks. Since

the shift values reported here are being calculated with respect to

the entire ground ensemble of M clocks, one must make the modification:

5 1 1/2
M =]??’E‘*'PJ

It is this value that is plotted as the wide error bars.
Since flight duration and other parameters were reasonably similar

for each of the five flights it is possible to calculate an "average"
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statistically expected standard deviation. Using the average parameters
from the flights results in a value (equation 4, chapter VI) for o(Axfi)
of approximately 2 ns for a single clock versus a single clock. Assuming
three flying clocks and an average of four good ground clocks for a
flight results in an expectation for o(Ax) of (equation 7, chapter VI):
2\1/2
o(Ax) = ( )

w|N
blN

= 1.53 ns

Using 45 ns as an approximation to the Ax for each flight, an uncertainty
of 3.47 is therefore expected for each flight (1.53/45 = .034) on the
basis of knowledge of clock performance.

A result for the entire experiment may be obtained by taking the
fifteen principal measurements (three measurements of a flying box Cesium
clock against the ground ensemble, for each of five flights) and
averaging them after they have been normalized by dividing by the
predicted value for each flight. Those results are as follows (normalized
shift, standard deviation, standard deviation of the mean):

Mean result: .987, .035, .011
Selected result: .986, .035, .010
Again, the statistically expected standard deviation of the mean may
be calculated by using the above value of 2 ns as the expected uncertainty
for single clock against single clock. In this case there are essentially
fifteen flying clocks (three per flight for five flights). The
corresponding "number" of ground clocks is twenty-one. Hence by

22 22 1/2
o(Ax) = (13- + 1 = ,68 ns

calculating

and .68ns/45ns = .015
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it is seen that an uncertainty of approximately 1.5% is to be expected
for the entire experiment. This compares to the experimentally obtained
result of 1.1%. The fifteen normalized results appear in figure 32.

A histogram of flying clock and ground clock normalized shifts
(Axfi and Axgj), with respect to the ground ensemble appears in figure 33.

The errors (standard deviation of the mean) discussed above involve
only clock performance. Other errors are yet to be considered. One of
these is the + 0.5% uncertainty attached to the calculated prediction.
Since this uncertainty is clearly independent of the clock uncertainties,
the two may be added in quadrature. This increases the above mentioned
experimental and statistically expected standard deviations of the mean
by .001 (normalized value) in each case. Hence the experimental SDM and
statistically expected SDM are increased to .012 and .016 respectively.
Considering all of the above, and the envirommental protection afforded

the clocks, a final result is given as

Measured value_ _
Predicted value -987 + .016

C. The Other Clocks

The previous results were obtained using only the Cesium clocks
inside of clock boxes, the masers, and Cesium clock #761 in the ground
ensemble. This is because all other clocks were not of sufficient
quality to include in an accurate measurement. We will consider these
other clocks in this section. Data plots of all clocks in the experiment
for each flight are available for inspection in appendix D.

Examination of these plots reveal that the flying Rubidium clocks

distinctly changed rates both at the beginning and at the end of flight.
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This occurred for each flying Rubidium clock for each flight. It is
strongly suspected that this was caused by the "banging" of the clock
box against its retaining ring on take-off and landing, and also by
the larger-than-normal vibration occurring when the aircraft is moving
at high speed on the ground. It may also be noted that in many cases
the inflight Rubidium phase record is rather erratic. This may be due
to vibration as the Rubidium clocks are known to be more vibration
sensitive than the Cesium clocks. In general, rate changes are not
necessarily fatal to a measurement because the inter-comparison data
allows such rate changes to be identified and corrected for. However,
when such rate changes take place both at the very beginning and end
of flight, as they do here, then such a procedure is guarranteed to
result in a value near that of the Cesium clocks used for the identifi-
cation of the rate changes.

Similar remarks also apply to the '"travelling" Cesium clocks also
included on flights. Vibration was a problem with these standards both
because they were not well isolated (being placed on foam cushions on
the aircraft floor) from vibration, and also because they lacked the
second order feed-back loop discussed in chapter II.

A program (SHIFT1) does exist for making corrected shift measurements
involving multiple rate changes. The preflight data is projected to the
time of the first rate change and the postflight data is projected back
to the time of the last rate change. A set of ''good" flying clocks is
then used to determine the rates between these two times. The rate of
this "good' ensemble can be determined from the pre_ and postflight
data. This information is then used by the program to compute g corrected

Axe, for the clock in question. The results for the Rubidium and



travelling Cesium clocks are presented in figure 34. It is stressed

that for the above reasons these results are in no way independent.
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Figure 22. Graph of the theoretical prediction for flight 1 (9/29).



Fig

60—
e~51 .97 Potential effect
- -46.08 Total effect
40 —
20—
=
0— . :
- 5.89 '\,72 effect
B D THOL TN LA T o Rt e e e e
i6 18 =4%) ce 24 ={2) e8 39 ) 34

HOTIRS
Figure 23. Graph of the theoretical prediction for flight 2 (11/11).

1t t“‘



mn

NMANOSECONDS

80 —
—-50.18 ’ L
1 Potential effect
if 43.52 Total effect
<40 —
|
i
|
y
|
!
20 —
]
0__ SN
-~ 6.65 J2 effect
0 A i A s T i e B i e e
i6 i8 ={%} ee c4 26 es 30 o b=

HOURS

Figure 24. Graph of the theoretical prediction for flight 3 (11/14).

1L

f l’w‘



FT4

NANOSECONDS

60
Potential effect
- 47,13 Total effect
i
40
i
7
20—
o
0—1
- 5,72 v? effect
i S T UL LA . S [ R N S

16 18 =1 ec 24 (= c8 39

HOTIRS

)
(V)

Figure 25. Graph of the theoretical prediction for flight 4 (11/22).



)
n

NANOSECOMDS

60—

< 54.99

Potential effect

Total effect

i2 14 16 18 =1%) ae

I I I ' 1 [ T l f l I ' 1 l | l I

24 ={3) 28
NOTTRG
Figure 26. Graph of the theoretical prediction for flight 5 (1/10).



48 —

47 —

46 —

45 —

43 —

Absolute scale (ns)

42 —

41 —

FLIGHT #1
9/29

SHIFT VALUES:

Mean method
Absolute
Normalized

Selected method
Absolute
Normalized

Figure 27.

Summary sheet for flight 1.
the + 0.5% uncertainty in the predicted value.

Flight
average

=1.054
== 1502
- o
RS R - e Tt
|
i —.98
— .96
e
— — 94
PREDICTION = 49.849 - 5.977 = 43.87 ns
Cs 1 Cs 2 Cs 3 Mean, SD, SpM
43.86 44.71 42.88 43.82, .916
1.000 1.019 .977 .999, .021, .016
44,64 44,89 43: 77 44.43, .588
1.018 1.023 .998 1.013; 013, .013

Normalized scale

The dashed lines represent
The solid dots show

the "mean" values, the open circles show the "selected'" values.

Right (narrow) error bars
Left (wide) error bars = Statistically expected variation

Error bars on the flight average:

See text for details.

the mean

standard deviation
standard deviation of

1%

Max and min of possible interpretation



50 = F‘ Flight
average
49
s — 1.06
48
= — 1.04
1S s
i O e ~— = 1.02 o
- ~
- U R S Feess 3
o 46 — e P s SIS o — L.op @
10 ) = o
e | ) O]
5 45 — 5 . — .98 XN
o) e —
n Sl p (4]
B - 6 E
= 44 — - ] .96 &
B =
43 — LR ; N .94
— .92
42 = N
41 —
FLIGHT #2 PREDICTION = 51.969 - 5.890 = 46.08 ns
11/11
SHIFT VALUES: Cs 7 Cs 8 Cs 9 Mean, SD, SDM
Mean method
Absolute 47.27 44.56 43.30 45.04, 2.03
Normalized 1.026 .967 . 940 .977, .044, .026
Selected method
Absolute 48.61 44.89 42.85 45.45, 2.92
Normalized 1.055 .974 .930 .986, .063, .037

Figure 28. Summary sheet for flight 2. The dashed lines represent
the + 0.57% uncertainty in the predicted value. The solid dots
show the "mean'" values, the open circles show the "selected" values.

Right (narrow) error bars = Max and min of possible interpretation

Left (wide) error bars = Statistially expected variation

Error bars on the flight average: Wide = standard deviation
Narrow = standard deviation of

See text for details. the mean



Flight
45 — average
544*; — —1.02
i SN R e
@43 - = 5 g
« g — %}
(c;’) — &% _°98'U
o 42 — b l 4
o 1 — .96 o
= — - g g
841—— ° el Ag
2 _l —09 é
40— - .92
po—
39 — &
FLIGHT #3 PREDICTION = 50.176 - 6.653 = 43.52 ns
11/14
SHIFT VALUES: Cs 7 Cs 8 Cs 9 Mean, SD, SDM
Mean method
Absolute 42.74 42.06 40.99 41.93, .882
Normalized .982 .966 . 942 .963, .020, .013
Selected method
Absolute 42.74 41.88 41.13 41.92, .806
Normalized .982 . 962 . 945 .963, .019, .012

Figure 29. Summary sheet for flight 3. The dashed lines represent
the + 0.5% uncertainty in the predicted value. The solid dots
show the ''mean' values, the open circles show the "selected'" values.

Right (narrow) error bars = Max and min of possible intervpretation.

Left (wide) error bars = Statistically expected variation.

Error bars on the flight average: Wide = standard deviation
Narrow = standard deviation of

See text for details. the mean



50 =" Flight
— average
E49 — o 1.04
— | L e
S
g £ o —~ 1.02 9
:u ALk ok Th— e e e e A el b = |
SAT —_ _ e _ lo e . — 00 =
= e L e a LR e e - - — -
2 . o e
2 46 — : e - .98 E
o N g
r | — B
FLIGHT #4 PREDICTION = 52.846 - 5.719 = 47.13 ns
11/22
SHIFT VALUES: Cs 1 Cs 2 Cs 3 Mean, SD, SDM
Mean method
Absolu?e 46.99 47.65 47.01 : 47.22, .375
Normalized .997 1.011 .998 1.002, .008, .026

Selected method
Absolute 45.95 47.12 46.41 46.49, .589
Normalized .975 1.000 .985 .986, .012, .027

Figure 30. Summary sheet for flight 4. The dashed lines represent
the + 0.5% uncertainty in the predicted value. The solid d?ts
show the "mean" values, the open circles show the "selected" values.

Right (narrow) error bars = Max and min of possible interpretation.

Left (wide) error bars = Statistically expected variation.

Error bars on the flight average: Wide = standard deviation

Narrow = standard deviation of

See text for details. the mean



54 —
= Flight
53 — ‘ average
52 — | —
_ _ —1.06
S = B
— ! — 1.04
2 |
~ 3 — ’ ° i )
" == 1.02 -
L)
g 49 s T Saml =t e e N = ”
. Foyas =l e A et BT BT S = L. o
@ = Al S
5 48 — o
= o o — .98 ~
% g
L G 5
< il — .96 2
46 — 5 _J — .94
45 — b o= 82
44 . - — .90
=
43
FLIGHT #5 PREDICTION = 54.996 - 6.053 = 48.94 ns
1/10
SHIFT VALUES: Cs 1 Cs 2 Cs 3 Mean, SD, SpDM
Mean method
Absolute 50.00 50.58 44.95 48.51, 3.10
Normalized 1:022 1.033 .918 .991, .063, .037
Selected method
Absolute 47.81 50.07 45.90 47.93, 2.09
Normalized .977 1.023 .938 « 979, 043, 026
Figure 31. Summary sheet for flight 5. The dashed lines represent

the + 0.57% uncertainty in the predicted value. The solid dots
show the "'mean" values, the open circles show the "selected" values.

Right (narrow) error bars = Max and min of possible interpretation.

Left (wide) error bars = Statistically expected variation.

Error bars on the flight average: Wide = standard deviation
Narrow = standard deviation of

See text for details. the mean



1.10 —
1.08;—
1.06 —
1.04;—

1.02 —

1. 00—=27"1

.98 —
.96 —
.94
.92 —

.90 —

Figure 32.

(s}

The fifteen principal measurements. The solid dots are the "mean" values
and the open circles are the "selected" values. The error bars are the
maximum and minimum as described in the text. Each value is a single flying
Cesium clock with respect to a ground ensemble of clocks. The lines across
the middle of the figure represent the * 0.5% confidence of the prediction.

6/



80

T

W
m .

MEAN

XXX KK XX

XXX
XXX
XXX
XXX
e
X

XX
G
X
X

/06 -
1,04 -
1,02 4
/.00 —
98 -
16
74
72
+ 90
08 1
06
04
02
O —_
...02<

CSELECTED SET

WRRRLL XX

XK AKX XA
X
X

X XA X

X
XX

<
A X

\'o ;_ :\) | o~ T T T al r T T T T T T T 1
E2.e. 8 58 8 Xt 3 g 8 3
- ) ! i o
FLYING GROUNE
1 ~ N =
CLOC\L CLOCKS

Figure 33. A histogram of flying clock and ground clock shifts.
Represented are the normalized values (measured shift
divided by predicted shift); hence flying clocks will
have shifts near one, and ground clocks near zero.



81

e | . i Ch g :
_ — €66 =3 <8 5 I P 00 55 G 0% % DN ST I |
" R b ] ; (i | : . .
s ) e NUERAN W —f - = Ll g
= - = — - /6" R e e U WL T G D
. e , e R EER RN g _ A
aeh & 4 E e o . g 1 068 ° m e P oo | W} 1996
] : ! ! ! Cy Y =ty o s R i T o= fw o
— = = : il EE o e T S W T S Tt A B |
LIES O N RO S ! i . ] i i : i ' Uy
f — - TS6 1 S I ! Lol b g <
AR i e e
; e B s o = Eralaa m,.Mrw =
: NN S b T sy 1 5000
N P e B AR S
CBERENTE (E°90 Bt C E sl e |M0..\L, el
! LSS o

LR E R R S [
|

Losi i el o L .
P T L i LLo
| RO S N Nt e e i o A o B §

ne

b=

s S

Tt

i
9]
[}
o
—~
T
>

g

Results using the Rubidium clocks and the travellin

Figure 34.

Cesium clocks.
the princip

These measurements were obtained by using

al Cesium clocks to correct for r

ate changes at

ght; hence they are in no way inde-

the first and last of fli

pendent.



e esersee o tran res
‘e L]
o . .
e
°
T oe o 0
. . oo
o sen Venvee .
- .
.
.
.
. 2. 29 8 &
I TR LT S P S e
.o

Figure 35.

0
o', 0,
L R .
DL N °
# R S S i 11t TO . LI O T . e fhle tey
. .
o) OB U A ,,“.-,-".. ® X 0 e cae,v’ b
. .
0se’ 20959
. dse
.
= L
o ae ¢« eop
° ve 0o " .
e we sen t 0 e8e v o
SOl ot o . ST I ' X Taryas
*Pencine @ o e e . Bee o as, »
‘e et t to  npee LYY .
v
" vees
s
i NS
. -
‘esr 0 "9 3 o~
Szeadn 558 . ®ecee of .o
oe . e
o o cee v e i
- o o [ LETEN ‘e Lo~
. tes . s e ve s sa es S
. ve cve on e -
eos o . T
de veren
LR}
ooy
e 2. —
e o te e sase g
O e C ae_ ster o .
Oi,a oo _-A%s se—""Tqg .
voe [N — .
e .«
2 dee- v
‘e o ga_—www °
= P .
Ll SO LI —==e oo
. .
& ey LT vea, "
— gy B e toee
e ete 3

DATA LENGTH = 15 LOURS

Phase plot of "synthetic clocks" generated by a computer program.
The lines in the lower two plots indicate what could be construed
as a rate change. No such rate change occurs in the generating

program. The point is therefore illustrated that the normal
statistical process can mimic rate changes.

These results are from
Dr. L. Cutler.

Z8



83

APPENDIX A.

CIRCUIT DIAGRAMS

This Appendix contains circuit diagrams of some components of the
experimental System. Other circuits may be found in the thesis of
. 20 . . ’ ’ : . i
Robert Reisse“ . Also included in this section is a reproduction o
the notes made by Dr. Leonard Cutler concerning the circuit change he

made in the servo loop in the Cesium clocks.
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The Translation Box

The translation box is inserted between the clock box and the computer
where it may divert analog signals to chart recorders. The input is
buffered so that the electrical loading of the computer is not affected.

The circuitry also contains adjustments to calibrate the chart recorder.

—

—. Translation -~y
e = >
18 signals f Box ! Analog signals to
from clock box e o —— computer for storage
Y

Analog signals to chart
recorders for display

Circuit diagram of one channel of the translation box.
The incoming -5 to +5 volt signal is converted to a 0 to 1 ma current

to drive the Honeywell six channel chart recorders.



Thermistor

Fe

Thermistor

Bridge

—
!

Power

N,
-~
f
!

; LI

0 - 29 Volts

j
Controller j

This is the scheme used to control the box heaters and the

variable speed fans.

Circuit diagrams of the thermistor

bridge and power controller are on the next two pages.
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kl represents the gain from the cesium tube comparison to the

synchronous detector output in volts per unit of fractional error.
k2 represents the control gain of the oscillator in fractional frequency
change per volt.

H(s) is the transfer function of the filter following synchronous detection.

Uref(s) is the cesium reference frequency

vosc(s) is the oscillator free running frequency.

vout(s) is the output frequency.

In the clocks we have k] = 3,2 x 108 volts
k, = 5x 10 °/volt
s 28

H(S)‘”I—g—fi (to a good approximation for our
.60 g
second order loop)

the closed loop output frequency is

] o vosc(s) vref(s) klkzu(¢)
IR e v : -
out 1+ klkzﬂ(sj 1+ klkzﬂ(s)
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Putting in the actual values we have
2
sT v s 2s ) S
v (8) = — Osc( ) B (G L) xref(S)
out p Je NS e
(s+l)‘Z .

Ihe time domain response of vy £ is
ou

to a unit step in v
ref

vout(t) 1= (l‘t)e_t

)

uni [ in v
( SRS ref

This is plotted in the figure following the next page.

The response of v Lo a unit step in v is
out F osc

v () =

W 1
out (l—L)e

) s
(unit step in osc)

This is plotted in the figure following the figure mentioned above.

The response of v is

to a uni i
out N1t ramp in vosc

V (t) = te_t

SONE

This 1s plotted

(unit ramp in v )
0sc

in the figure following those above.

Note th

at the response to the unit ramp vanishes as t ®

This means that linear drift in the oscillator causes no frequency

error or accumulated time error. The same thing is true for the
response to a unit step. Therefore, if the oscillator moves
around in an arbitrary way diring some time interval, there will

be no time error contributed provided

L. The oscillator has at worst linear drift before
and after the interval, and
2.  The servo loop is not overloaded by the

oscillator excursions.

This is the important benefit gained by the second order loop.



A simplified schematic of the circuitry to realize H(s) for

the second order loop is shown below:

w 200K our
o A + e e
200 IK H—
P
280 K el
HG) =& Mur 2SS+ .

.
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APPENDIX B.

ENVIRONMENTAL COEFFICIENTS OF THE CLOCKS

Summarized in theis Appendix are the results of various environmental

tests on the Cesium and Rubidium clocks.

MAGNETIC TESTS:

A rotation of one clock box 90° and 180° in the earth's magnetic
field showed no effect on clock rates. Of course, this was with the
clocks inside their magnetic shield cans and so is not a measurement
on the clocks themselves. The limit of this measurement was approximately

three or four parts in 1014 for a variation of about 1/3 gauss.

PRESSURE TESTS:

These tests were performed by changing the pressure in the clock
box by several lbs/inz. No effect was detected on the Cesium clocks
to the level of several parts in 1014. Tests on the Rubidium clocks

13 ol ~1.0 % 10713 /um Hg.

showed pressure coefficients between -0.8 x 10
This is a rather large coefficient and the effects on the clock rates

are dramatic--see the graph on the next pages.

TEMPERATURE TESTS:

Temperature tests were performed by changing the set points
of the clock temperature controllers. This allowed changes in temperature
of five or more degrees. The temperature coeffecients of the Rubidium

clocks varied between -2.7 x 10“12 and -3.0 x 10—12/ .

94
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The temperature coefficients of the Cesium clocks are known to vary

depending on clock position and other factors. The coefficients that

we have measured with the clocks in their normal positions in the clock

boxes are as follows:

Clock Coefficient ( /°F)
1 (#1033) 3.5 % 30
2 (#1028) Bk 10
3 (#1025) 3.3 x 1074
7 (F 752) ~2.0 x 1073
8 (#1026) 1.7 x 10714
9 (#1035) ERTY L

The coefficients of #752 and #1035 were also measured by Hewlett-

Packard under other conditions. Those results were as follows:

Upright, panels on On side, panels off

#752 -5 x 10~ 1%/°F 4.1 x 10 Y4/°F
#1035 ~1.9 x 10" 4/%F 0.8 x 10 1*/°F
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APPENDIX C

A THEOREM FOR CALCULATING VARIANCES

tn this appendix we prove the theorem mentioned in chapter VI.

That is, if D is a linear combination of phases measured in the time

domain
()
e
n = ZL_aixi Xy = x(ti) =
Yo
a. = a constant
i
i>i = ti>tj
-
and = =
an 7 ai 0 and <D> 0/
hen
ho et
o2(@) = - 5 Zi~ aiaJ(ti- tj)

where ho is the spectral distribution function as defined in chapter
VI. The condition that the sum of the constants be zero assures that

the quantity considered is essentially a phase difference.

PROOF :

02 (D)

I

6 - OF - (Zep)

sl e
= (S a2 R () + 2> R =

{

where RX(T) is the autocorrelation function
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T

T->o0

R (t) = Lim S x(t)x(t+1)dt = fk(t)x(t+r)\
x
T

Since Zai = 0, we have

= > 0 b = Y;‘ 2 - g

. (2 ai) < e aj) <% & = Syl
1 1

Therefore equation 1 may be written

2 == 9 = = 2
52 (D) = X ‘:RX(O) R (t, tj)jl (

Recall from the summary in chapter VI that there are the relations

(=]

o | —lur
RX(T) - Sx(w)e dw
and S () = S.(w) = w?s_(w) .,
y X x
Hence we have g ()
S ~iut
Rx(r) = on ‘jtg—- e dw

s

which for pure white frequency noise, Sy(w) = ho, becomes

ho e—imr
Rx(r) - - dw

the extra factor of 2 appearing because Sy(w) is the one-sided spectral

distribution function. Thus
= h
h -iwT h -
e o (m1) = 5 T

[Rx(o) = Rx(r)] = e P

where the principal value of the integral has been evaluated. Insert-

ing this result in equation 2 gives the required expression:

h
o2M) = - == > a.a,(t, - t,)
2 3;3 s i [ ¢ [



APPENDIX D

DATA PLOTS FOR THE FIVE FLIGHTS

ins data plots and environmental plots concerning

This appendix conta
The clocks are referre

jor flights.

quence of this n

d to by number

all clocks for all ma
umbering system being

) &
n these plots, the general se

We list here a2 summary of the numbering scheme:

discussed in chapter II-

For all flights:
1 = Cesium #1033 7 = Cesium # 752 13 = Mean of
2 = Cesium #1028 g = Cesium #1026 clocks 1,2,3
3 = Cesium #1025 g = Cesium #1035 14 = Mean of
clocks 7,8,9
4 = Rubidium 10 = Rubidium
5 = Rubidium 11 = Rubidium
12 = Rubidium®

6 = Rubidium
which flew ot f1ights 1,4, and 5.

Clocks 1 through

C
locks 7 through 12 were i

~

Other cl
Jther clocks:
d from flight to flight. The

The identity of other clocks varie

rized here:

identification is summd
Clock # prighe 1 ELEEES L

15 NP2 b2 . " o

1% NP3 cs 761 cs 761 S N

. = oa Uik Cs 4bb Cs 761 Cs 761
18 =T o 862 cs 862 s 052  Cs 871
" oo 871 cs 871 cs 871  Cs 862
o Cs 862
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The units NP2 and NP3 are the two hydrogen masers.

The plots in this appendix are arranged in the following order:

PLOT SAGE
One graph from each flight of the flying ensemble g~
(the three Cesium clocks) versus the ground ensemble....... 102~
One environmental summary sheet from each flight............. 107~111
One summary sheet from each flight showing the phase
record of the ground Cesium and H-maser clocks I T

versus the ground ensemble.....eeeeeees o1 611 o el arte s aa e B ms l Sn 85 Shial 68
Three pages per flight, each page showing the phase
record of one flying Cesium clock as measured by

the ground ensemble and as measured by the air ensemble....117-131

Similar plots to the above, but for the flying

"travelling" Cesium CLOCKS..eeseesoscsososcenssesansssssnns 132-140

Similar plots to the above, but for the flying

Rubidium CloCKS. e eseneeereeeeeneenees LI R il N e et Sk 141-155

Depending on the type of phase plot (air or ground), there may or
may not be phase data for the inflight period. If there is data, the
inflight period is indicated by a vertical line at the beginning and
end of the inflight period. If there is not data, a solid bar appears
on the axis for the inflight period. In both cases this '"inflight period”
is really the period between the times that the cables carrying signals
from the plane to the ground are removed or reconnected. Hence the
"inflight period" appearing on the plots includes engine warmup, taxi,
etc.

The arrows appearing on the Cesium clock plots indicate the end
points used by various runs of the program SHIFT (see chapter VII).
Since the program works on all clocks from a given flight at the same

time, arrows dictated by a possible rate change in one clock appear on

all clocks.
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FLIGHT 2: Ground data: ground clocks vs clocks 1,2,3,16.
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FLIGHT 3. Ground data: Ground clocks vs clocks 14243;15,16
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FLIGHT 4. Ground data: Ground clocks vs clocks 7,8,9,17
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VERT SCALE=NANOSEC

FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1114 SLOPE FILESt PSAB1114
CLOCK & B8 US PAPER REF 7, 8, 9,
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8.
S 40. - <
e e ———————
N
29. -

-20. -
—40.
L _ -62. T T T T T T T ) T
: 28.5 29.9 29.5 30.¢ 3.5 31.0 31.5 32.0 32.5
. VERT SCALE=NANOSEC FRACTIONAL DAYS
' . RESIDUALS, FILE: DFTOTG1114 SLOPE FILE: GPSGB1114 '
. » CLOCK 8 9 US PAPER REF 1, 2, 3,15,18, e F-

} A Cesium clock 9 - - ! Eo
P Flight 3 | - ‘

1S.

20. -

S. -

k

i -, - e, TV
. (S ]
-10. — -
-1S. -
-20. T T T 7 T T T T =T
28.5 29.8 29.5 3.0 30.5 31.0 31.5 32.0 32.5
VERT SCALE =NANOSEC FRACTIONAL DAvYS

g RESIDUALS, FILE: DFTOTA1114 SLOPE FILE: PSAB1114
CLOCK 8 9 US PAPER REZF 7, 2, 3,




69
WS L o o sy
30, - " '
Z20. —
0. 4 ~ T P {reereneeneen e froomeeeeens
IP
-ee. o
-4Q.
-60. T T T = T
38.0 38.5 33.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1122 SLOPE FILE: GPSGB1122
CLOCK ¢ 1 US PAPER REF 7, 8, 9,17,
Cesium clock 1
Flight 4
20. —
15. -
1¢. =

-10. —
-1S5. -
-290. T T ] T T
38.0 38.5 39.0 39.5 490.0
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUARLS, FILE: DFTOTA1122 SLOPE FILEs PSRB112E
CLOCK & 1 US FPHPER FEF 1, 2, 3,



60.
Q. — m\:"\'ﬁ“.ﬁ'\"‘—’\-
c0. -1
W FOANEK: £ SRR ! S
-4Q, —
3 ~60. 0 : : , :
38.0 38.5 39.0 39.5 40.0

VERT SCALE=NANOSEC

RESIDUALS, FILE: DFTOTG1122 SLOPE FILE: GPSGB1122
CLOCK # 2 US PAPER REF s 85 8,17,

FRACTIONAL DAYS

Cesium clock 2
Flight 4

15. —

10, -

-10. — .

-15. -

-20. » ! T ] T
38.0 38.5 39.0 39.5 40.0

VERT SCALE=NANOSEC FRACTIONAL DAVYS

RESICUALS, FILE: DFTOTA1122 SLOPE FILE: PSAB1122
CLOCK & 2 US PaPER REF 1, 2, 3,

327



T ———————— N — e
40, — U )
Z0. -
. ¥ - e T O L 6555 s g !
'
-ae. -
0. -
-6o. T I T ] T
38.0 38.5 39.9 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1122 SLOPE FILE: GPSGB1122
CLOCK ¢ 3 US PAFER REF 7, 8, 9,17,
Cesium clock 3
Flight 4
20. -
tS.
10. -
5- e
o MWM .......
| |
~5.
-10. -
-3S. -
-=R. T ] T T T
38.9 38.5 39.0 39.5 40.90
VERT SCALE=NANOSES FRACTICNAL DAYS

RESICUALS, FILE' CFTOTA1122 SLOPE FILE:® PSAB1122

CLOCX & 3 US PRPER REF

e S0 3
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T VAU RS SIS S ——
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€0.
49, — \—N‘——\v
)
20. =
e.«—-—-r’frtr?fﬁxna-__—~4.qs::::::::; ............. e S
-20. -
-4Q.
-6@. = T I T T T e |
86.0 86.5 87.0 87.5 88.0 88.5 89.0
VERT SCALE<NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG110 SLOPE FILE: GPSGB110@
CLOCK & 1 US PAPER REF 7, 38, 9,15,17,
-—— — - 5 = —.4_"'-(
3 i
Cesium clock 1 {“
1S5.
10. = -~
S. -
Q. -
-s.
-1Q. —
-15. -
-20. —7 T T T T T T
86.9 86.5 87.9 87.5 88.9 88.5 89.9
vutm' SCALE *NANOSEC FRACTIONAL DAYS

RESIDUALS, FILEt DFTOTA110 SLOPE FILEt GPSAB110Q
CLOCK 8 1 US PAPER REF 1, 2, 3,

s - -




<& o

609.

-60.

VERT SCALE=MNANOSEC

-10.

-15.

-20.

VERT SCALE=NANOSEC

RESIDUALS, FILE: DFTOTG110Q
CLOCK $¢ 2 US PAPER REF 7, 8, S,15,17,

T 11
e R "R s SO Jecssssiessissnseisio
1\
T T T T T Y T
86.0 86.5 87.0 87.5 88.0 88.5 85.0

FRACTIONAL DAYS

SLOPE FILE: GPSGB110©

Cesium clock 2
Flight 5

\
86.0

! U

T

86.5 87.9 87.5

RESIDUALS, FILE: DFTOTA110

CLOCK 8 2 US PAPER REF

1,

a'

FRACTIONAL DAYS

SLORE FILE: GPSAB110Q
3'
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89.
e e et
A an
49. — (AN
20.
Q. _WW m.- } .......
A
=20. -
~40.
=6@. = T I T ] ) : ]
86.0 86.5 87.0 87.5 88.0 88.5 89.0
UERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG11Q SLOPE FILE: GPSGB110Q
- - CLOCK 8 3 US PAPER REF 7, 8, S,15,17,
Cesium clock 3
Flight 5
20. =
15, -
1. -
s. =
Q. P
-5.
-10. -
<15. -
-20. ~ T T 3= T T T T
86.90 86.5 87.9 87.5 88.90 88.5 89.0
UERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTAL11Q SLOPE FILEs GCPSAB11Q
CLOCK & 3 VS PAPER REF 1, 2, 3,
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60.

4.

0. =1

=20, -

~60. 0 .

85.0 85.5 86.0 86.5

1 I

UERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTbTGQEQ SLOPE FILE: GPSGBS29

CLOCK % 18 US PAPER REF

7, 8 9,15,16,17,

"Travelling"Cesium clock
Clock #18 Flight 1

-10. — N\

. I 4/”~““//’
N i

"200 T T

85.0 8%

.5 86.0 86.5

VERT SCALE=NANOSEC FRACTIONAL DAvYS
RESIDUALS, FILE: DFTOTAZ2S SLOPE FILE: 31FSABS29

CLOCK ¥ 18 US PAPER RCF

X, 3
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80. -
GO. —
40,
f
a0, -
G. -—'"‘M' s ""‘:"‘::3 __________ ’_ _________________________________ ‘ ...................
.-E.?O. .
x,der —
=60. -
=80, I T y y ] ; ; ;
27.0 27.5 28.9 28.5 29.0 29.5 30.0 30.5
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1111  SLOPE FILE: GP
CLOCK & 18 US PAPER REF 1, 2, 3,18, s
"Travelling" Cesium clock
Clock #18 Flight 2 "
30. ,
’l 2
20. — i /‘N Vx“"\
| H )
, \”
i | ", i
10. ~ ; " )
| |
2N - : | 5
6. M 3#“Nyﬂﬁﬁhki ---------------------------------------------------------------------------- '
‘ . ]
Y, ;
.
=1Q. \ //:
N
=c0.
~30. T T T T T ) T T
a27.90 27.s5 28.0 28.5 23.9 29.5 30.0 30.5
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1111 CLOPE FILE: PSPB1111A
CLOCK 8 18 US PWFER KEF 8, 9,



-20. —
-40. -
“6Q. -
~80. 0 ) T T T T T T
27.0 27.5 28.0 2e.5 29.0 2s.s 30.9 32.5
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1111 SLOPE FILE: GPSGB1111
CLOCK % 19 US PAPER REF 1, 2, 3,18,
"Travelling" Cesium clock
Clock #19 Flight 2
60. —
P s ~

20, -~ =

c0. —

i .
M i
Q. —f------ ‘-?AM\‘-\-“« ...............................................
/ i
.:.ae- —d
-4Q. —
-6e. [ ] ] T T T T T
27.0 27.s5 23.0 28.5 29.0 29.5 30.0  30.5
UVERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTALL

11 SLCPE FILE: PSAB1111A
CLOCK % 19 Us PRPER REF 8,

S,
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40. -

-2, —1

=-39.
-42.
-So. T T 1 ) ] ) T =T T

28.5 29.0 29.5 30.0 30.5 1.0 31.5  32.¢ 32.5
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1114 SLOPE FILE: GPSGB1114
CLOCK % 18 US PAPER REF 1, 2, 3,15,16,
"Travelling''Cesium clock
Clock #18 Flight 3
40. —
30. —
<

2. —

0] T |

Q.

-10.

-20. ™ i
-30. -1
—49. T T T T T ) ] T T

28.5 29.6 29.5 30.0 32.5 31.0 31.5 32.0 3a.s
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1114 SLOPE FILE: PSAB1114A
CLOCK # 18 US PAPER REF 8,




-22. —
-3e.
~40.
-5e. T T T T T T T T — 7
28.5 29.@ 29.5 30.0 30.5 31.0 31.5 32.0 32.5
. VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1114 SLOPE FILE: GPSGB1:14
CLOCK % 19 US PAPER REF 1, 2, 3,15,16,
"Travelling" Cesium clock
Clock #19 Flight 3
3e.
20. —

_ae.—-
-30. T T T T T T T ] T
28.5 29.0  23.5 30.0 30.5 31.¢ 31.5 32.0 32.5
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTALL114 SLOPE FILE! PSAB1114A
CLOCK 2 19 US PRPER REF 8,
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80. 7 ‘
ca. - g T

4Q.

-20.

~40.

~-69.

-80. T T ) ] T
38.0 38.5 . 39.0 39.5 40.0

VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTG1122 SLOPE FILE: GPSGB1122A
CLOCK & 18 US PAPER REF 7, 8, 9,17,

"Travelling" Cesium clock
Clock #19 Flight 4

20. -

10. -

‘-‘:0).
—10 . =
-EO. -—
_30. -
-49. T T 7 T T
38.0 38.s 39.0 39.5 40.90
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS., FILE: LFTOTA1122 SLOPE FILES GPSAB1l2EA
CLOCK 3 19 US FaP:tR REF L, 2, 3.
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49,

3. -

e P e { ................ L EERTEEREER
B S SR

—19' —
-20.
-30. -
—40. 1 ‘ ) T T T
38.0 38.5 39.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1122 SLOPE FILE: GPSGB1122A
CLOCK ¢ 20 US PAPER REF 7, 8, 9,17,
"Travelling'" Cesium clock
Clock #20 Flight 4
39.
20. -

- B e NP

LT CPRS
i’
|
=30. T T T T T
38.0 38.5 39.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1122 SLOPE FILE: GPSAB1122A
CLOCK ® 2C US PAPER KEF 1, 2, 3,

13
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139

i00. i {/_,-__\_____.—/
S0.
0. P D ——— e e formmmmmsnsnsammpenmras
|
-506. -
~100. — T T T T T T :
86.0 86.5 87.0 87.5 88.0 88.5 89.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG11@ SLOPE FILE: GPSGR110A
CLOCK ¢ 18 US PAPER REF 7, 8, 9,15,17,
"Travelling'" Cesium clock
Clock #18 Flight 5
i
60. - : x

i e S S S

-20. .
-40. -
-60. = T ] T ] T T
86.0 86.5 87.0 87.5 88.0 88.5 89.0
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTCTA110 SLOPE FILES$ GPS&BL1QA
CLOCK & 18 US FePER REF 2, 3,



60. -
40. —
2e.
. T T I T O T e e T T T e froseeecunncannniaes
-20. -
-40. -
=60. =7 I ) T ] ] T
86.0 86.5 87.¢ 87.5 88.0 88.5 89.0
. VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG11@ SLOPE FILE: GPSGB110A
CLOCK % 19 US PAPER REF 7, 8, 9,15,17,
"Travelling" Cesium clock
Clock #19 Flight 5
20.
15.
10.
) I ,a:\'%o‘
S. - ' v\'?lk‘_.‘.. #
A ’M«-f i \V‘M
A ¢ ; A
°o. ETrITTT: s",\‘,"%' ------------------------------------
-S. o
—le. —
~-15. -
-20. = T I T T 1 T
86.0 86.5 87.0 g7.s 88.0 88.5 89.0
VERT SCALE=MNANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: [FTOTA110 SLOPE FILEt GPSRR11QA
CLOCK ® 1S US PaPER REF 2, 3,
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-SQ0. —

=100.

-150.

-209.

| T T T
85.0 85.5

86.0 86.5
VERT SCALE«NANQSEC

FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTGIZS SLOPE FILE: G
CLOCK & 4 US PAPER REF -7, 8, 9,15,16,17, DS?BQEQ

Rubidium clock 4

Flight 1
S0, = ///
49. — > /
’ /
o
30. . {
7
i ; ;
z2. ' /
; 1
10. =51 | ‘//
. il & s | / .
° .wwq;;yx ........... N e LY IR RS X Tt W WO O ol NSl LI
. . A ‘ /r
I \ i /
-10. \ ’ /f
. [ X
! A
, - /
-20. -1 i p : f
v 4
-30. ; 5 /£
13 \ ! /
-4 2 4
. \‘\ /
</
-50. T T T 13
85.0 85.5 86.0 86.5
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILES: DFTOTAG29 SLOPE FILE: 31PSABS29

CLOCK 2 4 US PAPER REF 1, 3,



142

1G5, ’////ﬂ,//’
.
100. o
SO,
A i IR I
«—50’ o
~=3100. —
-1SQ9. -
2. T T T 1
85.0 85.5 86.0 86.5
UERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILEt DFTOTGS29 LOPE FILE: GDSGB929
CLOCK ¢ S US PRPER REF 7, 8, $,15,16,17,
Rubidium clock 5 y
Flight 1
Co. — P
40. — ///”
30. , i o
t' -
2e. ! Ve
| /
i90. - | "J.
I I
o. -—*..,u..l:.,‘: .......................... ."...._..-./ ________ R R R,
P % |
1 X ! Il
~-30. ; . P
T ' R - ‘I/’
~20. : )
~30. |
|
-.40' -
-50. | r ’ y
85.0 85.5 86.0 86.5
VERT SCALE=NANCSEC FRACTIONAL DAVS
RESIDUALS, FILE! [FTOTA323 SLOPE FILE: 31FPSABI29

CLOCK & 5 U3 PAPER REF 1, 3,



143

109.
50. —
TR e TR e Joormsemasusrnanansansssonsssansssasssassnas: It
-50. -
=109, T T T ) :
85.0 85.5 86.0 86.5 ;
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG929 SLOPE FILE: GDSGS929
= CLOCK $ 6 US PAPER REF 7, 8, 9,15,16,17,
Rubidium clock 6 |
Flight 1 }
s0. —
40. — g
. |
!

-20. - |
!
-30. —e
-4Q. —
-5e. T T T T
85.0 85.5 86.0 - 86.5
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE! LFTOTAS29 SLOPE FILE: 31FSABY29

CLOCK 8 6 US PrFER FEF 1, 3,



144

-1RQ.
T T T T T T 7 ]
27.0 27.s5 28.0 28.5 29.0 2s9.5 30.0 30.5
VERT SCALE-NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1111 SLOPE FILE: GDSGB1111
CLOCK & 10 US PAPER REF 1, 2, 3,16,
Rubidium clock 10
i Flight 2
(
800. —
600 . — n_—‘,””///——\\ !
B }
400. ‘
200, |
Q.
-2e92.
~400. —
-600. —
-800. T T T ] T T T T
27.9 27.5 28.0 28.5 23.90 2s.5 39.0 30.5
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1111 SLCPE FILE: PSAB1111
CLOCK ® 190 US PARPER PEF 8, 9,



100.

~50. -
=300, —
T T T T T T T T
27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.5
UERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG1111  SLOPE FILE: GDSGB1111
CLOCK & 11 US PAPER REF 1, 2, 3,16,
T -
| Rubidium clock 11
l Flight 2
300. —

2e0. — -//\

-100.
-‘aee. -
-309. T T T T T = = T
27.0 27.5 28.0 28.5 29.0 29.5 30.0 30.S
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1111 SLOPE FILE:® PSAB1111
CLOCK % 11 US PAaPER REF &, S,
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100. —

-109. — \
|

T T ] T ] T . )
27.e 27.s @28.e =28.5 @29.e 29.5 30.0  30.5

VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTG1111 SLOPE FILE: GDSGB1111
CLOCK ® 12 US PAPER REF 1, 2, 3,16,

Rubidium clock 12
Flight 2

R

-1Q9. |
-20Q. —
~300. T T T T T T 7 T
27.0 27.s 28.90 28.5 23.9 29.5  30.9 30.5
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTA1111 SLOPE FILE: PSAB1111
CLOCK 12 US PAPER REF 8, 9,
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147

LT R D hmepsisosen v B | TR 1 11 | SERERERERR R S i~

—~100.

=159. —

-22Q. T T T T T T T T )] :
3e.8 31.9 31.2 31.4 31.6 31.8 32.0 32.2 32.4

VERT SCALE-NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: RBTOTG1114 SLOPE FILE: RBDSGB1114
CLOCK % 1@ US PAPER REF 1, 2, 3,15,16,

Rubidium clock 10
Flight 3

-50. —

~100.

=1509.

~200. T T =T T T T ] T T
30.8 31.0 31.2 31.4 31.6 31.8 32.0 32.2 32.4

VERT SCALE~NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: RBTOT=1114 SLOPE FILE: RBPSAB1114
CLOCK & 10 US PAPER REF 8,



200. —
iSQ,
100, — /
o e =
Go.
R R el Tint e M ok 1 4 e i~
5@ .
109, -
~150. —
~e0a. T T T T T 7 ) T ]
3.8 31.¢ 31.2 31.4 31.6 31.8 32.0 32.2 32.4
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: RBTOTG1114 SLOPE FILE: RBDSGB1114
CLOCK % 11 US PAPER REF 1, 2, 3,15,16,
Rubidium clock 11
Flight 3
200. - i
$50. ~
100.

~50. -
-100.
~3150. -
~200. T T T T T T T 1 T
3.8 31.2 31.2. 31.4 31.ea 31.8 32.0 32.2 32.
UVERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: RBTOTA1114
CLOCK ® 11 US PAPER REF 8,

SLOPE FILE: RBPSAB1114
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149

200, —
150. -1
iQ0. _/‘
-
%o, -
@. +—{{ T T T T B e Forrr e eencner H-
=50, —
~100.
=150, =
SERDS T T T T T " T T T
30.8 31.0 31.2 31.4 31.6 31.8 32.0 32.2 32.4
UVERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: RBTOTG1114 SLOPE FILE: RBDSGB1114
CLOCK % 12 US PAPER REF 1, 2, 3,15,16,
Rubidium clock 12
Flight 3
299 T
i50.
100. - i
50.
?.
~50Q. —
~100.
=15Q.
209 . T T T T T T T T 1
30.8 31.0 31.2 31.4 31.6 31.8 32.¢ 32.2 32.4
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: RBTOTA1114 SLOPE FILE! RBPSAB1114
CLOCK & 12 US PAPER REF 8,



150

100, -
59. -
e. =Hhsesse S o RN e S s s
' N
\' N
’ ~
-10@. — i
{ T ] g T T
38.0 38.5 39.90 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: RBTOTG1122 SLOPE FILE: RBDSGB1122 ,
CLOCK & 4 US PAPER REF 7, 8, 9,17, s
Rubidium clock &4
Flight 4
109. -
sa. ,

-1ee. JT‘ T T T =
38.0 33.5 39.0 39.5 40.0
VERT SCALE~NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: RBTOTAl122 SLOPE FILE: RBPSABL11=2
CLOCK T 4 US PRFER KEF 1, 24 3,



e """"‘"’“”’"""‘-“"3..*. ........................... + .............
""" T ki cac s STt e

=150. —
209 . T T T T
38.0 38.5 39.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
g RESIDUALS, FILE: RBTOTG1122 SLOPE FILE: RBDSGB1iz22.
CLOCK & S5 US PARPER REF 7, 8, 9.17,
Rubidium clock 5
Flight 4
209. —
iSO,
100. —
S0.

ﬁse. -—
~100. -
~-150. -
-200. — . r .
38.0 38.5 39.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE:s RaTOTA1122
CLOCK 2 5 Us PaFzP REF 1, 2,

SLCPE FILE: RBFSRB1i122

»
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152

19, —J
€9, J
! P
2. »,', . S P pver: T IR
-50' -
]
-1Q9.
{ T T T T
338.0 38.5 39.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS : -
RESIDUALS, FILE: RBTOTG1122 SLOPE FILE: RBDSGB1122 i
CLOCK ¢ 6 US PAPER REF 7, 8, 9,17, i
Rubidium clock 6
Flight 4
100.
l
5Q. — :
! i
|
Q. —r\.]m:‘.—m.. ............................... '-.-- - eoe

TN
-
-122. I =y ] T 2|
38.0 38.5 33.0 39.5 40.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: RBTOTA1122 g

LCPE FILE' RBPERBL122
CLOCK & 6 US PAPER FEF 1, 2, 3,




100, -

-

A A, R eecoscrsannes }...4' ..................
O

=100,
! T T T T T T
86.0 86.5 87.0 .87.5 88.0 88.5 89.0
VERT SCALE=NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG110 SLOPE FILE: GDSGB119
CLOCK ¥ 4 US PAPER REF 7, 8, 9,15,17,
Rubidium clock 4
Flight 5
69. —
40.
20.
o.
-20.
49, —
~68. — T T T T T T
86.0 86.5 87.¢e 87.S €38.0 88.5 89.0
FRACTIONAL DAYS

VERT SCALE=NANOSEC

RESIDUALS, FILEt DFTOTAL11O
CLOCK $ 4 US PAFER RLF &2

SLOPE FILE: PSAB110

. 3.
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1@, - /

@ Sy st DT e e O s S A
-.Se' -
~100.
! ——y T ) T 4 :
86.0 86.5 87.0 87.5 £8.0 88.5 89.0
VERT SCALE«NANOSEC FRACTIONAL DAYS
RESIDUALS, FILE: DFTOTG110 SLOPE FILE: GDSGB11@
CLOCK 8 5 US PAPER REF 7, 8, 9,15,17,
Rubidium clock 5
Flight 5
80, —
Ge. -
40,

-.40' -~
-60.
i
=B = \ T T T T J J
86.0 £6.5 87.0 87.5 8g.e 88.5 €9.0
VERT SCALE=NANOSEC FRACTIONAL DAYS

RESIDUALS, FILE: DFTOTAL110 SLOPE FILE: PSAB110
CLOCK &8 5 US PAFER REF e, 3.
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100, —

-59.

|
|
=100, ‘}
v 7 1
86.0 8

T T K T
o 6.5 87.0 87.5 g8.0 8.5 89.0
SCALE =NANOSEC FRAGTIONAL DAYS

) RESIDUALS, FILE: DFTOTG110 SLOPE FILE! GDSGB11@
CLOCK $ 6 Us PAPER REF 7, 8, 9,15,17,

- Rubidium clock 6 :
Flight 5 e

GO. — & : .

40. — ‘
; ;

-c0. -

=40, =

“60. ™

~8@. = T T T T 1 I .
B6.0 86.5 87.0 87.5 88.0 88.5 89.0

FRACTIONAL DAYS

UVERT SCALE«NANOSEC
RESIDUALS, FILE: DFTOTA11@ SLOPE FILE! PSARB110
CLOCK 8 6 US PAPER REF 2, 3,



APPENDIX E

LISTING OF VARIOUS PROGRAMS

This appendix contains several computer programs written in
¥ORTRAN for the Data General NOVA 2 minicomputer. This version of
FORTRAN is slightly different from the FORTRAN of larger computers.
It should pe noted as well that the programs, like the experiment,
The result is that

were PP )
of ten modified in haste when time was short.

4 bet .
ter set of programs doing the same jobs could be written if one

Were :
starting from scratch. There has not been the time nor the real

need to do this.
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TRANSD - The program TRANSD translates the raw digital clock phase data

into the new file format.

i S ey

Axff;ss:ﬁ ETYPE, IZUF(2, 15333, INDEY (2, 13), FNAME(C?)
TIAL BUFC23),T0(22), SAVEC22) YF(22),YL(Z3),05¢2)
CALL JFDATACOFSET)
CALL asG¢yp)
WRITEC13, 1)
! FOTATC" oUT FILE? *,2)
REATC(11,2) FNAMEC])
2 FOAT(S13)

CALL CFILW(FNAMNE, 1, IERR)
CALL FCPENC(2, mIAIXE)
ACCEPT '# cLock BOXESC1 OR 2): 'LNB
C INITIALIZE CONSTANTS
0Sc1)y=7
0sc2y=15
N=7
DO 4 1=1,0p
YF(1)=-}1.E6
SAVE(1)=53.
4 TecI)y=p.
DO s 1=1,6
INDEX(C1, 1)=1

S INDEX(2,1)=14+6
DO 6 1=7,10
INCEXCl, 1)=0
& INCEN(2, I)=2

NC>=7

IFCiB.Z2.2) NCP=14

TYRPLE 'LiSEST CLOCK BOX ¢4,

IFC(NB.Z2.1) GO 70 12
ACCIPT *'MASE= npo '2Jds K
INDEXCJLKI=15
NCP=NCP+]

13 . D0 11 1=1,5

ACCEPT 'spa>

CHANNEL FOR THE FOLLOWING:®

N (NE)+1 )
Li CP=liCP+] . - =1,NC
I2 'JEI;: ~INA?Y(E)‘UCP;NCP;N;TCCI):T@(Y):TE(]);(TESJ);TE(J):J‘i;fb?
13 2EAD 5?31.:_}7\/(1,5{@::53) NF, FTVFZ, I1SEC, JLAY,Nids CIEUFC1,J)s J= 15NN
IF (¢ RTYPE.EQ. €54 03 (RTYPE.ES. 7)) G TO 15
GC TO 13
15 IF(NZ.Z2.1) cO T2 16
IFCOTYRZ.22.6) GO TO 222
ZC 1535 K=1,10
IZUF (S, )= I3UFC1,K)
150 IS5UF (1. )=0
GO TO 16 SR p.8 1= 1, NN
230 Jorrgn :13\2Y<1,:u5=6z> N, RTYPE, ISE, JLAL NN, (IBUF(2,J)»J=1,NN)
IF(RTYPE.E2.7) GO TO 16
D0 253 x=1,12
252 IZUF (2, ¥)=0
16 IF(NIE.3) GO TO 1S
TYPZ 'FITST POINTe
CALL THIADCIZICZ,JDAY,0FSET)
CALL FJDAY(ISIC, yDAY, FJD. FJDS)
S=FJC-QF3ET
3FJI=rJns
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TRANSD continued

T
18— AL FJEA (T 5oCs JEAY s Fobs FULST
TJUD=(FJC-0FCIT-3)+FJDS
TITE SLTa™’¢ 2y FJI
C conruTz sus
LC 25 J=1,n3
LO 25 #=1,13

IFCINDEY(J,K)eEQ.3) GO TO 25

BF=I3UF(J, k)

IFC¢BF+ ST o0 nal

1ECSS LT Ts)

BF=8F/16.

22 SF=(BF-1222.)/12.
IF(BF.LT.=73.) CF==1.58
BUFCINDENCJs:l))=EF
25 CoNTINUS
D0 33 1=1,nC2

IFCBUFCI)«LTe~+SEEY GO TO 320 —_—

FOCNB.Z0e1)e 8106 (Lo =26 T)) o e

i?czwg.Eﬁ.é;.sz.<<1.£2-13>-3?-<3'53"“”’ G0 T 3%

BUFCI)=BUF(I)+TICI) :

DT=BUF(I)-SAVI(I) -

IFCABS(CTY.LT.55.) GO T2 27
BUF(1)=35UF(1)-SICl(12C+,DT)
TOCId)=TC(I)-SIGNC13C.,CT)

27 SAVEC1)=35UF(1)
’ IFCSUFCI)eGT.-.9E6) YLCI)=BUF(I)

IFCYFCI).LT.-.3E6) YF(I)=3UF(I)

39 CCNTINUE

C DO PaAP==2 cLOCKS
BF=(BUF(1)+BUF(2)+3UF(3))/3.
IF(BF«LT.~:«3E6) BF=-1.E6
IF(NB.EQ.2) GO TO 35

BUF(7)=3F

IFCYF(7).LTe~.9E6) YF(T)=EBUF(T)

IF(BUF(7)«GTe=+9ES) YL(7)=3UF(T)

GO TO 473

35 BUF(13)=EF
IFCYFC13).LTe=.0Z6) YF(13)=BUF(13)
IFCSUF(13).GT.-.526) YL(13)=BUF(13)
BF=(BUF(7)+3UF(3)+3UF(9))/3.
IF(BFeLT.-.356) BF=-1.E6
BUF(14)=3F
IFCYF(14).LT.~.G56) YF(14)=BUF(14)
IF(SUFC14)«3T.=.926) YLC14)=3UF(14)
ag WRITE BINARY(2) (BUF(J)»J=1,NC2)
LEN+]
Qo TC 13
€a TYPE *LAST P0INT:'
CALL THEALC(ISEC,JDAY,OFSET)
WRITEC1C,73) N
73 FOTIATCIX, /> ' TOTAL POINTS=',15.,/)
REVI:D 2 o
WRITE BINARY(2) NCP,NCP,N,SsBFJDs FIDs (VYFCJ)s YL(J)»J=1,NCP)
sSToOP
END
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TLIST - Displays the contents of a translated file. It is very flexible

in that parts of interest may be examined while ignoring other parts

TYPE TLIST
REAL SLOPE(l5);3UF(20):YF(23):YL(2@)

CALL ASGC1)
2EAD BINARY (1) NCsNCP,N,S,»BFJDsEFJDs (YFCJ),YL(J)sJ=1,NCP)

ACCEPT ' EVERY N2 's» K

I=K-1
WRITE(1€,2)

2 FORMAT(® TYPE KHEADER? '»Z)
READ(C11,3) NANSY

3 FORMAT(S!)

IF(NANSW.NE."'Y"') 30 TO 180
WRITZ(12,5) NC,NC2,N,SsBFJC, EFJD, (Lo YF(J)» YL(J)»J=1,NCP)
FORMATC(1X, /s "' # CLOCKS=",13,5%, *TOTAL CLOCKS="',13,5¥,

S
{ *TOTAL POINTS=',15,/,' OFFSET=',F6.1,8¥ 'FIRST FJD=',FG.6,/,
| 22%,°'LAST FJD=',F9.€,//,' CLOCK FIRST POINT LAST POINT',/,
1 20C1¥,14,2F10.2,7/)0/7)
IFC(K.EQ.8) STOP
18 READ 3INARY(1,ZNLC=28) FJD, (BUF(J),J=1.NCP)
FJD=FJD+S
~i=l+]
IFCI.NE.K) GO TO 10
WRITEC13,15) FJD, (3UF(J),J=1,NCP)
1S FORMAT(1X, "FJD="',F12.6,3(/,8F5.2))
1=0
GO TO 10
20 . IFC(1.EA.8) GO TO 25
WRITEC13,15) FJD, (BUF(J),J=1,NCP)
25 WRITEC10,26) N
26 FORMAT(1X,/»' TOTAL POINTS=',15)
STOP - i
END
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SLOPES - Prepares a slope file based on a least squares regression line.

SLOPELIST - Displays the contents of a slope file.

TYPE SLOPES
DOUBLEZ PRECISION SX(20), S¥XC23), SY(20), SYY(28), SXY(28)
DOUBLE PRECISION RN(23),DFJDsY
REAL BUF(23),YF(20),YL(2D)
INTEGER NCLK(23)s FUAMZ(T)
CALL ASG(1)
TYDPZ 'DIF 2APIR CLOCH:'
CALL CLOCIIS(NP,NCLID
WAITZ(18, 3D

K FORMAT(®' SLOPE FILE NAME? '»2)
READ(I1,4) FNAMECD) i
a FORMAT(S13)

CALL FOPEN (2, FIIAME)
READ BINARY(1) NCsNCP>N»SsBFJDs EFJDs (YFCJ)s YLCJ)s J=1,HCP)
DO S K=1,MNCP
SXCK)=0.
SXXCK)=08.
SY(X)=3.
SYY(K)=0.
SXYCK)=0.
3 RNCK)=0e
1ICOUNT=0
la READ BINARY(1,END=15) FJDs (BUF(J)»J=1,NCP)
DFJD=FJD=3FJD
‘ DO 108 K=1,NCP
IFCEUF(})«E2.-1.E6) GO TO 133
CALL PAPCLOCK(BUF,NP,NCLK,PBUF,$108)

Y=BUF (X)~PBUF
CALL SUMCSKCK)» SKYC(K)» SYCK)» SYY(K)s SKYC(K)» RNC(K)» DFJD, Y)

100 CONTINUE
GO TO 19

is TYPE °* TOTAL POINTS=',N
WRITE BINARY(2) NC,NCP,Ns S»NP» (NCLKX(J)»J=1,NP)
TYPE °*CLOCK al AD R*R SX.Y N

DO 233 K=1,NCP
CALL REG(SX(X)» SXX(K)»SYCK)»SYY(K)» SXY(K)» RNC(K)»Als AGs RR, SSXY)
AJ=A0-Al*2FJD
SRN=EFN (K)
WRITE BINARY(2) Al,AQ,RRsSSXY, SN
WRITEC12,27) K»AlsAQsRRs SSXYs 58N

20 FORMATC1X, 13sF13+5,F12:5,F9+4,F10¢3,F6.0)
209 CONTINUE

STOP

END
R

TYPE SLOPELIST

INTEGER NCLK(22)

REAL Al1(23),A3(23),33(23),55XY(23),PN(23)

CALL ASG(1)

i READ BINARY(!l) NC,LNCP,N,S,NP, (NCLK(J)»J=1,NP),
CA1CJ)s AD(J)I, FR(JI S SSXY(J)»AN(J)»J=1,NCP)

§ WRITEC13,5) (NCLK(J),J=1,NP)

FORMAT(SX.'REF PAPER CLOCK: ',7Cl12,°',°'))

5;?5 CLOCK Al AQ R*R SX.Y N
- FODNi;:géio) (JoAl(J),ABCJ)» SP(J)S SSNY(J)ILBNCJ),J=1,NCP)

STaé I1Xs I3,F13¢5,F12e¢5sF9¢4sF10¢3,F6.3,7))

END
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PSLOPES - Prepares a slope file based on a "first-last point" line.

TvPE

1e

12

13¢

14

1S

17 4

20
209

333

PSLCP=S

SCYBILE PPECLSLON SUCETNLZ7EEC)2STEE2 ) STNC 2TV w SNV E2T)
DEWELT PRESISISIN Tl ¢220 35d Bl

SEAL BEUFC23)., YT CE2)e YRLEER)0 VW 62082033 (2)

INTE223 HCLEC 23 35 FLALGECT)

CALL AZi3(l)

ACCEZPT *'RZF CLOCK (wsLI1ST): ‘s WNPa(NCLECJIsJ=1,ND)

AwL o
wAITEC12,3)

FORXAT¢* SLOPE FILE NANZ?
A2 4) BPAAllEGL)
FOEMAT (S 3)

CALL FCPZIN(Z,FMAME) 3
FEAD BINLAPYC1) [C,KCPslsSs 2FJDs EFJEs (YFCJILYLCJD s J=1, NCD)

‘6.2

ACCEPT '# 201INTS IN AVE: '» NUA
ACCEPT *STAPT,»STOP FJLes ‘s FJDI1s,FUD2
FJEI=FJD1-5-¢237231
IF(FJC2.3T«3.321) FJD2=FJL2-S5-42331
ICT=2 i
NTEST=)=p1ui-1 i
M=1
CO 5 K=1,NCP
S¥(K)=3.
SX¥(¥)=3.
SY(KI)=3.
SYYCK)=Ze
SXY(K)=3.
RN(¥)=0.
1C=2
RPZAD BINARY(1,ZND=322) FJL, (BUF(J),J=1,NCP)
CT=ICT+1
IFCFJDLT.FJLLI) GO TO 12
IFCCFSL2¢LTeCeZC1)e ANLCeCICT«GE.NTESTYY GO TC 12
IFCC(FJC2:.CTeJe221)eALiD(FJD.CE-FJ22)) GC TQ 12
IF(M.Z2.2) 30 TG 12
IFCIC.Z2.0) ¥(1)=FJC
DFJD=FJT
IC=1IC+1
CO 102 EK=1,NCP
IFC3UF(1.)eLTe-T7E6) GC TO 122
CALL PAPCLOCH (u5UF,iv2,NCLK»PBUF,3$128)
CY=BUF(K)=23UF
CALL SUMCSXCE) SN2 SY K2 SYYVICHI»SY (1) ENCKY» CEJLS DY)
CONTINUE
IFCIC.LT.NUM) GC TO 13
XCMI)=(X()+FJD)/2.
DO 14 K=1,NCP
CALL PREG(SX(K),»SYX(K), SY(K);SYY(K)JSXY(I:)JPN(E)JAIJp.ji:’,F:SSYY)
Y, K)=Aa1*Y (1) +A2
IFQi-2%:2) 33 T9 Is
Fi=2
30 TC 8
WRITE BINAPY(2) WUMsSNCPINsS»NP,(NCLK(J)»J=1,NP)
XX1=X(1)+S
7=V (2)+S
TRITECIZL01T) XtlaX¥2
FCRMATC(IXs /513X, 'T1=",F13.5,4X,"TC=",F13.5)
TYPE °* Al A2 X1 x2°'
CC 22¢ #=1,NC?
Al= (Y2, KI=YC1,K))2020¢2)=YC1))
AJ=V(1l,K)-Aal =Y (1)
WRITE BINABRY(Z) Al,AJ,V(1,K)aYV(2,¥)a¥C1)
WRITECIC,22) }, AL AZ,Y(1.K)sY(2, KD
FCRMATC1X,13,2F13.5,2F12.4)

CCUTINVE
YRITE SINARYC2) XC1),X(2)
S7T0®

IND
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PSLOPELIST - Displays the contents of a pslope file.

TYPE PSLCPELIZT

NEAL ACEN),LE(ET)2Y(2220)2 X€23)

INTEZGER NCLil(2E)

CALL ASG(1)

READ ZINARY (D) NUM:NCP;N;S:NP:(NCLK(J):J=I:NP);
(A(u)lS(J)JV(I;J):Y(E;J)JXV(J)Idﬂl:NCP)oTl;T2

T1=T1+S
T2=T2+S
YRITEC13,5) sni, (NCLK(J) s J=1,NP)
FORMAT(1Y, /5" LU POINTS/AVE=",13475" REF CLOCK=',18¢12,"5 "))
HPITECIZ,C) T1.72
g FC?KAT(IX,/,lsx;'Tl=';Flﬂ-5;4x;'i'=',}l?.j)

s Al AJ bd | X2

J);Y(l:J):Y(Z:J)»J’l;NCP)

i
(JsA(J)sBC

JTITECLS,12)
2?]3-5:2}'—12-1&:/):/))

FORMATCLCE (1, 132
STGP
END

utes and displays 0(2;7) using

SIGMATAU - A graphics program that comp

P

a translated file as source.

i X
SIGMATAU o
DCUELE PRECISION AVE, SD
INTEGER NCLK(20)s FNAHECT)
ZEAL EUF(EZ);LSIGHA(lS);YF(Zﬂ);YL(QG)

WRITEC12, 1)
i FORHMAT(" FI
oEAD(]1,2) FNANECD)
2 FORMAT(S13)
caLL FOPIN (1, FIAME)
ACC=PT 'T,LCT? (SECY: ‘'» T.DT
CCCPT 'PHASE TST (TRY 28):°',ITST
ITST=1TST**2
ACCEPT 'CLOCK? " 1 ; =
TvPE 'REF PAPER CLOCK: '
C%Lcwmsmmmum
& LABEL AXIS
CALL INITT(O)
CALL 110VAS(1108,118)
CALL DRYWAB(S542,118)
CALL 1{0VAS(113.118)
caLL DRWAS(118,779)

L=130

DC 3 K=1,9
CAaLL TICX(L,110515)

L=L+50
L=150
DO 4 K=1,5
CALL TICY(110.,Ls22)
L=L+150 =
L=152
DC 5 K=1.4
CALL TICY(IIC;L+45;!9)
caLL TICY(]IS:L*IGS;I@)

L=L+152

~3

<
S
1§

LE? '»2)

C DRaY

(8]



SIGMATAU continued

6

S
1

¢ CccipUuT

10

6]

CALL :i0VAB(110.83)
CALL amnxorp
UTITEC1C, 6)
FCRIATC1Y, "234
CALL MOVAZ(7,135)
LAZY==-15
L=135
DC & K=1,5
ZALL AN!IIOD
WRITEC12,7)
STORIIATCIX, "10")
anL MOVAZ(Z2,L+12)
CALL AnMOD
TITEC12,222) LAY
'Ci“ATCl?;IB)
LASY=LASV+]
L=L+]150
CALL 110vAZ2(E,L)
(2,753)

816

~AvY e .
ch w0vAas

ANIIOD
<C12+9)

”‘T(’"n;'S

JCSECY W

ilACE2T)s FILE:

\)

TAU=T*INTER
TST=DT*INTER

S1GMA  LOG SIG

224" 5 /16X ' T

*»513,77,32%,
SD DEL*)
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(SZCOMNDS))

READ BINAZY(1) NC,MNCP, N, S» BFJIDs EFJD, (YF(J)» YL(J)»o=1,NCP)

N=3

FCOL)aLTe=e7ELD

3“”C‘”” (JU~ '; ”CL';PBUF;&IS)

€C 7§ 1=

-I"“(l) S2, (BUF(J)s»J=1,NCP)

SAL
CALL PAPCLOCH(BUF, P, NCLK, P3UF, §15)
IF(ZUFCI)eLTo=s 7E6) GI TO 15
T2=LUF (1)=P3UF

TSl 30 mEfsixTIRT o SR RS
READ SINATY(1, EID=4S) S1,(SUFCJY,Jd=1,11C2)
Ti==1.36

CALL PAPCLCCK(RUF,NP,NCLK, PRUF, £473)

IFC3UF(I).LT
T1=BUF(1)-78UF
DS=(51=-52)%T640".
DS3=(32-53)%66477.
LA B T T T30 3z
1F(ASS(DSE- ~_w>.u..trr> €0 70
IECARSCDE=TAL) » 3T TSTY GO
SIGHAZ(TI=2.%xT2+T3)*x2
IFCSISNAGT«ITSTY G0
SIZMA=SIGYA/Z(2.%5%DS
AVEsAVE+31G:A
SD=SD+SIGI{A**D
N=N+1
GO TO 41
MC=NT+1
T3=T2
T2=T|
$3=52
S2=31
G0 TO 25

+=+3E6) GO TO 43



SIGMATAU continued

45

S92

C PLOT RESULTS

99

115

116

‘12e

IF(I.LT.1) GO TO 99
SIGHA=AVE/
350=73.
IFCN.GTe1) SSD=(SC-AVEr*2/)/Ci=1)
55D=5722T(55D/8)
§1GMA=1.E-Gx523T(SIGHMA)
SSD=1.E-18%550/ (2 *51GHA)

y=ALOG13(SIGHA)

SST,ND

LSIGMACINLH
TRATECI2,57)
FOF&!AT(32X;F7.Z:IS; £9. 25
IF(N.Z2.1) GO TO S9

2 IND 1

U= INUH+L
INTZIR=INTEZR*2

G0 TO 13

AL

caLL SUll
CALL VJIND(Cles8es-15.
LIM=INg CINUH=1,9)
CALL PHTACl.,LSIGHACI))
pc 113 X=2,LII
PK=K .
cALL DRAYA(RK,LSIGMACKD)
Al=LSIGHAC1)=-2.4C22
A2=LSIGYA(1)-2.4082/2.
caLL MOVEZA(C1+sLSIGHACID))
CcALL DASHA(S.sAls12)
CALL MOVR2E(3,-25)
CALL AMCEO(Z4)
CALL MOVRE(Z,15)
CALL AlNGD
yRITEC1G,113)
FORMATCLIG "=1")
CALL MOVEAC1.,LSIGHACL))
CALL DAGHA(9.sA2412)
CALL MOVRI(E,-E5)
CALL ANCHG(84)
CALL MOV2I(Bs15)
CALL ANM!0D
WRITEC1T> 116D
FORNAT(1Y, *=1/2")
CALL i10VA3(420,30)

caLL ANMOD
ICLK(J)» J=1.N

+ yS REF:

i

WwRITEC12,122) 1, G
FORHATCL *CLOCK'» 13
ALl HEXTCD)

STOP

A &

TAL, N, S1G1A, LSICHAC INUD .
F7+2,E2.2,13)

iDC133,423, 1125 665
275 4.4€)

2)

*;13,7C" 51233

164
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PHASEP -
LOT - A graphics program that plots the phase of any clock with
W

respect to any choice of reference clock.

TYPZ PHASZIPLCT .
) ﬂ:LK(??);FNAHS(7)
22),YL(22)

INTEGER ]
RzZAL BUF(23),VF(
CALL ASGG (1, FNANMED

ACCEPT 'CLOCK? 'y 1

TYPE °'REF PAPEIR CLOCK:

CALL CLOCKS (1P, NCLKD

READ BINAZY(1) NC;NCP:H:S:SFJC:EFJE:(YF(J):Y
ACCZPT eXMIN, XMAX? ", X1,X2

IF(X1eNE

Sk(.0323EL1D)

L(J)»dJd=1,NCP)

Z.8.) GO TO 12

X1=BFJD-2
X2=EFJD¢2-*(o3923611)
GO TO 11
19 ¥1=¥1=S
X2=X2-5
i1 ACCZPT evMIN, YHMAY? ' vi,Y2
JFCY1NE-3-) Go TC 12
(YF;N?;NCLK;YFF:SIZ)

cALL pAPCLOCK
caLL PAPCLOCH (YL
YFF=YF<I)-YFF
YLL=YL<I)-YLL
YlsAMINl(YFF,YLL)
D=ABS<YFF-YLL)
YlSYl--l*D
y2=71+1.2tD

CALL INITT(3)

N?:NCLK:YLL;&I@)

12
C DRAW AXIS
caLL SUIND(13Z1870113216A9)
CALL VUIND(S*X!:X2-YI:Y1;Y2—YI)
l:S*XZ;Yl;YQ)

CALL AXIS(S+X
MOYAS(Ds 73D

CALL
CALL ANMOD
YRITEC10,33) FNAME(I):I:(NCLK(J):J=1;NP)
'VERT SCALE=NANOSEC':15X;' FRACTIONAL DAYS /27,
"CLOCK'»13."° vs PAPER REF 'y

FORMATC(1Xs
'15131/277’.:

36
| ‘PHASE oL0T, FILE:
1 I2a7(';'112))
¢ PLOT
CALL VWIND(XI:XZ-X!;Y!;YZ-YI)
po S92 J=1,N
READ BINARY(1) FJD:(EUF(J):J=!:NCP)
CALL PAPCLOCK(SUF;N?:NCLK;PBUF;SSZ)
IF(EUF(I)-EQ-—lnié) Go TO 5@
Y=BUF(I)-PBUF
CALL oNTA(FJC,Y)
s@ CONTINUE
CALL NEAT(1)
STOP
END
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SRE ALS -
SIDUALS - A graphics program the displays the residuals of phase d
ata

from a slope line.

TYPE SRESIDUALS
22), FNAME( 7)., SNAME(T)

1

13

INTEGER MCLKC272),M¥(23),1Y(C
0F oA ~ ~
c:it :;gé;?:;ﬁéﬁ;?):Aﬁ(?O)p??(2@)‘SSKY(23):?N(ZZ);YF(EZ);YL(?Z)
TvPE 'SLOPE FILE:'
CaLL ASGG(2,SMAME)
ACCEZPT °*CLOCK? .1
ACCE>T 'RANGE(IS)? ‘>R
READ BINARY(2) NC:NCP;H;S;NP:(NCLK(J):J=!;NP);
EN(J):J=!:NC?)

(Al(J);AJ(J))FF(J);SSXY(J);.
’;NCP‘NJS;EFJD;EFJD;(YF(J);YL(J):J=);NCP)

RPEAD BINARV(ID) NG
ACCEPT *START,STOP FJL? ‘', XiIN,XHMAX
[F(XMIN.NE.2.) GO TO 10
XMIN=EFJD=5.#%(+2323611)
¥MAX=EFJD#5.*(+€223€11)
30 TO 12 ,
XM IN=X{IN=S

XﬁAX=XMAX-S

C DRAW AXIS

12

¢ sLOT
30

38
aa@

CALL INITT(2)
CALL SU!HD(IJG:87Z;I7S:S75)
SXMIN=S+Y1IN
CALL VUINEO(SXNIN:YMAF-!H!N:-R;
CALL AXIS(SXﬁIN;S+XMAX;-R:RJ
CALL U?INDO(XHIM:XHAX‘KMIN:*E.Z#R)
caLL MOVEA(XMIN, D)
CALL DASHA(XMAX;Z-;IZ)
READ SINARY(]:END=SZ) FJD;(EUF(J);J=I:NCP)

IF(BUF(I)-EQ--I-Eé) Go TO 38

CALL PAPCLOCK(SUF:NP:NCLK:PEUF;535)

YSBUF(IJ‘?BUF-AX(I)*FJD-AC(I)

CALL SNTA(FJD,Y)

30 TO 47

CALL TIC(FJD,28)

CONTINUZ
GO TO 32

R+R)

C WRITE LEGEND

5@

63
1

CALL MOVAB(J, 189D

CALL anMOD

WRITE(13,60) FNAME(I);SNAME(!):I,
FORMAT(IX;'VERT SCALZ=NANDSEC';15X;
15X, *R=ZSIDUALS, FILE: *,513, 'SLOPE FILE:
13,' VS PAPER REF *, 7¢18s %2 ')
cALL NEATC1)

sTOP

END

(NCLK(J):J=1:NP)
2 /7

*FRACTICNAL pavys"*
',S134/» 15¥, 'CLOCK #'
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SHIFTV - A version of several shift programs that generate the Ax
’ TUfiC

This version allows variable endpoints.

TYPE SHIFTV
RZAL T(QJQZ):TAU(Q‘2:):DTAU(ZS):DSLG?E(ES);SD(EB)
'F(ZJ)‘YFI(2:);YF2(23);YLI(CG);YLE(EB)

REAL EU
INTEGER N(ﬂo22);NCLK(1Z):FNAKE(7);GﬁAHZ(7)
TYPE ¥ °

CALL ASGG(1,FNANE)
CALL ASGG(2,GNAME) B
PEAD 3INARY(1) uc,NCP,ux,SI,EFU::.EFJD:.<YF1(J).VL1<J)»J-1.MCP)
PEAD BINARY(2) nc,ncp,wz,sz,ayJos.EFJse,cvrecdn,YL2<J>,J=1,hcp>
DC 2 I=1,4
DO 3 J=1,NCP

T(1,J)=0.

TAU(CI,J)=0.
2 N(1,J)=0
ACCE®T °'REF CLOCK? (#,LIST)z's NE, (NCLK(J)» J=1sNP)
ACCZPT '# POINTS IN AVEFAGE (UNNDER 10): '»KP :
ACCEPT 'Tl1,725; T3,T4: '» T1,T2, T3, T4
TT2=T2

TT4=T4
IFC(T1.EQ2.) T1=S1+BFJCI

IF(T2.EQ2.) T2=S1+EFJDI
En.0.) T3=SC+BFJL2

IFCT3.EL
IFCT4EDede) T4=S2+EFJD2

T5T1=TI'SI‘-3909
TST2=T2'51'-@939
TST3=T3'52--@339
TST4=T4’52‘-§339
TI=(T2-T1)*24.
THM=(T3=-T2)*Z4-
TF=(T4=-T3)*24.
YRITEC1Z,4) Tlo T3, Tls
) tT1=",FT7.3,4% ©T3="

T2, Tds TMsTF
’F7.3,8%, '(T2-T1)=",F6.2, ' HRS's

/ FORAT(2X
1 /J3Y;'TE=':?7-3;4K;'T4=';F7-34 X:'(T3-TE)='0F6-21' HRS ',
1 /53 K:'(Ta-73)=';F6-2;' ERS*) :
1CT=C
S 2zZAC 3INARY (1, END=12) FJD;(EUF(J);J=I;NCP)
ICT=1CT+I]
1o(FJC.LT. TST1) GO TO 5
o 1o I=1,NCP
{F(NC1s 1) GEIP) GO TO &
IF(SUF(I)oLT---956) GO TO 8
4 T(l;I)=T(1:I)+FJD
TAU(I:I)=TAU(I;I)+EUF(I)
NC1,10=iC1, 1041
5 IF((TTZ-NE-D.)-AHD.(FJD-LT-TSTE)) GO TO 18
IF((TTZ-E?.S.).Aﬁ;-(ICT.LT-(KI+]-KF))) Go TO 1@
IFC(2, 1) G2 KP) g3 'T0 12
I?(EU?(I)-LT--.9E6) Go TO 12
o T(Z:I)=T(2;I)+FJE
TAU(?:I)=TAU(C:I)+3UF(I)
N2, 1)=(2, 10+]
10 CONTINUE
GO TO S
12 oc 15 I=1.2
20 15 J=1,NC?
T(I;J)=T(I;J)/N(I;J)
15 TAU(I:J)=TAU(I;J)/N(I;J)
pe=352-51
1CT=2 d
{ g rZAD SINATY (2, END=28) FJD:(SUF(J):J=I;NC?)
ICT=ICT+!
IF(FJE.LT-TSTS) Go TO 17
Cc zC 1=1,NKC7?
IF(ﬁ(S;I)-GZ-Kﬁ) co 70 18
.Gz¢) GO-TO 18

IFCEUFCIdeLTe"



SHIFTV continued

16

1€

43

S92

sS4

S€

79

72

7S

~(3,1)=T(3, 1)+FJO+DE
TAUC3, 1)=TAUC2, 1)+BUFCD)
:j(3:1)=f;(311)*l
IF C(TT41EZe ) AT (FJ
IF C((TT4sER+ 2 ) ANDe (ICT
IF( (4, 1)-GE.2P) GO TO E°
IF(SUF(I).LT--+9E€) GO TO 20
T(4,1)=T (4, 1)+FJD+LS
TAL (&, 1)=TAU (4s 1)+5UFCD)
NG, 1)=1CLs 1D+
COl TINUE
Go Tu 7
CC 25 I=3,4
DG 25 J=1.,NC?
T(L,J)=T(1,0) /001,38
TAUCI,J)=TAlCI, ) /1. d)
DC 43 I=1,iCP
SL2=(TAU
SL1=(¢TAU(2, 1)-T
DSLOPECI)»=SL2-SL1
ZTAS(T(3,1)=T(2,1))/(TC4 1)
2TAUCII=(T
SD(1)=4.222- 2R
pc 52 I=1,1CP .
CTAUCI)I=CTALCI)=ICC
IFCI.EN.13) DTAUC13)=(LT
IFCI.CCe14) DTAUC14)=(CTAU
CONTINUZ
IF(NP.E2.3)
SL2=37.
TAUl=0.
CO S4 K=1,1P
KK=NCL:(¥)
SLP=S5SLP+DSLOPECIH)
TAU1=TAU 1 +DTAUCKK)
SL2=SLP/NP
TAU1=TAU1 /NP
Do £6 1=1,NCP
nSLOPE(I)=CSLCPECI)-SLP
nTAUCI)=DTAUCI)-TAUl
(J,CTALU(J)» SC(UIE

GO TO 569

YEITZC(12,€D)
FORMAT(1X. /5" CLOCK "2 3%s
H3:MQ';4(6(/114;F13-3;F1

*N1,N2
po 72 1=1.2
TYPE * '

JRITEC12,72) F
FOPMAT(1Y, " PACE
TYPE * DELTA TAU
ACCZPT °‘MAKE w41CK CLOCK ZEFRQ?
ACCEPT 'SASEZ CLOCK SET (4,LIST):
IF(L.EQ2.8) GO TO 100

SX=2.

SXX=Z.

po 75 I=1.L
K=NCLKC(I) .
IF(KeE2.NZ) GO TO 75
SX=5X+DTAU(X)
SXX=SXX+DTAU(H)*DTAU(K)

CONTINUE

o QF SHIFT: '»51
CALCULATIQNS'

(Q:I)-TAU(J:I))/(T(Q:I
AU(];I))/(T(?.I)-T(!;Z))

'(3;1)-TAU(C;I)-ZTA*(TJ
3*5“??((T(3;l)-7(2:I))-?&a:

TSEIFTC

”NAHE(I):GNANE(!);KP

168

c.LTeTST4)) CO, TO 232
LLT. (LNC+1=KP))) GO 0 22

)=T(3,1))

=T(l1,1))

A4, 1)-TAUCL» 1))/ C1e-ETA)
A/ Cls=2TA))

”’-*IFIY(ETAU(I)/l:ﬁ-*?-E)
AU(I)+DT9U(2)+DTAU(3))/3-
(7)+DTAU(3)*DTAU(9))/3~

NEP)

SLD":(J)J (NCl,d2» 1=1,4)sdJd= 1,
SLIPZ "2 8%

(o
S= =
3-311—'.1302:9.‘32(12; v, 5 12,2%3007)

S)'aJT:'S-C-':EX;'C;

31 'l '15131 'l

-
s NZ

v,L, (NCLK(J)»d=1,L)
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SHIFTV continued

85

87
t2a

R

RN=L
]RM=5SX/DPN
RSD=SARTC (S’ N=-SX*xSX/FN)/(R=1.))
RSCX=RED/SART(?N)
WRITEC10,77) FPRHsRSD,NRSCH
FORMAT(S5X, 'DTAU= "5 FT7e3,5X%s'Sele= '5F643,3%s *SeDeMe= ', F6e3,/7)
ACCEPT °*CLOCKSZ (#,L15T)3 ', LsCQICLK(JI»dJd=1,L)
IF(L.EQ.3) GC TO 123
SX=3.
SX¥X=3e.
LO 85 I=1.,L
K=NCLKC(ID)
IF(K.EQ.1JZ) GO TO 85
SX=SX+DTAUCK)
SXX=5SXX+DTAU(K)*DTAU(X)
CONTINUE
PN=1
RM=SX/RN
CSD=SART((SX¥X~ :V*SY/PV)/(PN'I-))
SDM=CSD/SQART(™N)
A=Fl{-R3
B=SART(2SDI1*RSCM+SDM*xSDM)
WRITEC1Z23817) A»B
FORMAT(5X, "DELTA TAU=",F7¢3,3Xs "SeleMe=",F€¢3,/)
GO TO 82
STQP
END

SHIFTM - A version of SHIFT that adjusts for two rate changes during

TYDPE

flight.

SLX@EXL ALC23)31€03), ¥1C2T),V2EET), XX (22)

TEAL _q:czn,s:ma)n.acw LYACZIIaYTIC28), Y TE(2D)

PEAL CYY(2T),TIFTCaI)

*i::gf fw-i]<:J>,mc;z:cf:>,::;:ﬁ<”*>,dv;hr<”W)

~y®E *AlR JIDELET FILE:'

CALL AS3C(D) s

AEAD BINATUC1) BUN1,HNCR1.3 1, S,HP1S (NCLKI €I, d=1.5P1),
1 (AL Cd Y B 0a! Yo ¥l € Y VECI Y ¥ Vs I LaBCO1 V2 TLa T2

ACCTST 'AIT 2LF (#4,L13T): *» KFA, CICLEACJ),J=1,N5A)

CCEPT 'CLICKF? s ICLE

CALL PA™CLOCH(Y1,NTA,1.CLYA, PIUF, $120)

¥1(ICLE)=Y] CICLE)-PITF

CaLL PASCLICH (YE,1~TA,iCLKA, PEUF, $1€2)

Y2(¢ICLI)=Y2¢ICLE)-PEUF

DY=YO(ICLID =YL CICLID

TT1=T1+5

TTO=TZ+S

GRITEC13,5) NWHL, TTI,TTS, LY

FORHATC LYy #2215, * PT AVES Ti="»FBels® TLa'2aF8edass

b

I * PHASE CIFF

TYPE *GND P5g F

CALL ASG(2)

READ SIMATYCZ) NULILLICPL.N1. 81,021, THARK EOPFILE Fiteg DY
I CALCSy s SPCID# YL (d Va2 €D 27X G I s &1 5NER1 35 TR 1 TTE

TYPE *GNC P0ST FILES:®

CALL ASG(3D

READ 3INARY(3) MNUMZ,NCPZ SN0s S2, P2, CICLY2(J)»d=1,1P2),

) (A“(J) 32CJ).Y3(JI VA LG )s MY 0 )e J=1231CP2Y. TT3, TTA

e~

ACCEPT *'GND FEF (#,LIS5T): ‘» N2I, (NCLVG(JIaJd=15NT73)



SHIFTM continued

22

43

592

SS
&3

70
123

R

sC 23 I=1,N1CP1
YT!(I)=ﬂl(I)*(TI+S-SI)+BX(I)
YTE(!)=A2(I)*(72+S'SE)+52(I)

D¢ 25 I=1,L7C

K=NCLKSG(I)
*IFI?((YTE(K)-(YTI(X)*Al(K)*(TQ-TI)))IISZ-#-S)

DELTA=1727T.

YT2(K>=VT2()+CELTA . ,
CcAaLL PA?CLOCX(AI:SFG;NCLKG:SGl;ﬁlQ?)
CcaLL PA?CLOCH(AS;NFS;HCLHE;SGQ;SIJZ)
caLL PA?CLOCK(A!:T’AJHCLRA;SAl;3132)
CaLL ?A?CLCCK(AZ:NFA;NCLHA;SA2;$183)
SLP1=5A1-5G1
srp2=5Aa2-SG2
pSLP=SL22-SL?1
DYP=((SL?I*SL?E)/2-)*(TZ-T[)
CYYT=CY+LY?

=

D0 43 I=1,L7%0

K=0CL:.2C1D)
Fl-ﬁl(ﬂ)*SAE-AE(K))/?-)*(TE—TI)
VT] (ICLKI+YTI(E)

g b EME 1 § 42
DIFF=YTZCICLE)-YTC (D
TSFT(K)=CIFF-CYY ()

TSFT(K)=TEFT(K)-lf:-*IFIX(TSFT(K)/I
IFCTSFT(K).LT.~1E

CONTINUE
(TSFT:N°C:NCLKG;SHIFT:SIZS)

CALL PAPCLOCK

WRITEC12,53) SLP1,DSL?

FORMAT(1X /5"
* (DELTA=',F7-

TYPE °'SHIFTS:'®

Do 63 I=1,N7G
K=NCLKG(I)
wRITEC13,53) ¥.» TSFT(K)
FORMAT(IX,12,F12.3)
CONTINUE

wBRITEC12,75) SHIFT

FORMAT('® MEAN SKIFT="',F8.3)

STOR

END

> BYYT

3)')'}/}'

.{.TSFT(K)=TSFT(K)+!93-

SLCPE OF AIR REF wRT GND FEF:',F8.3,
CORRECTED PHASE DIFF="'5F7:3.72)

170
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The integration program that computes the predicted result is as follows:

N o0

e
X

15

15
18
1?7

29
22

L

RZWL P 3)
IMTSSER 1, T3, [N 30
OCULELE FRICISIUH T . op34057,4 ‘Ced
ColLBELE SRZC IS INN U . 28RSl -5, 3
DO_ELE RSO [e 1o o L. 4076SD1lss RO
DULELE SRz IeInn CLL,FG, G, LG, LG, F
DOLELE STEIy T 3a,T1,.TE, DT
CEFII-E J"lCUxR»xfLDO—JEI.SL@t(BDGlESINTQ)KxE-LDO)X(H/R)Xta)
MLe=-1
“2e-1
LO 4 J=1,3
T(I)=d
CU=-GM/ kX2

RG=DSORT(fRO-12. .¥x2+2353 . x42+935e.xXx2)
QG=R0+TATHN(~9350. 7 'F2~-12.))
UG=JIRG,C5)
WG = (LIKRGXDCOS (CG ) KX 2/ (2. XCxX2)
WRITE(6,6)
FORMAT(* NEXT FILE “)
READ(5,7) N .
FORMATC()
IF(N.EQ.Q) GO TC =0
READ(N, 11,END=5,ERR=12) N1,H,M,SEC,IX, IV
FORMAT(I8, 1X,£12,F6.3,318,27X,316)
TieT2
T2=69% (60XH+M)+SEC
RP-DSORT((R@+IX(3))*12°IX(1)XXE+IX(EJ**E)
QP=0@+DATANCIX(2)/(RO+IX(31))
DU=U(RP,GP)-UG
DUU-((IU(lJ+U*RP!DCCS(QP))XXE#IU(EJIXE*IU(B)xta)/(E.xCx!E)—UUG
SF(T1.LT.Q) GO TO 15
IF(T2+12X60*60.LT.T1) TES=T2+24XE0X6Q

DTeT2-T1

(1 ysTol 1=, SCAY(LU+D_2 1 xT7
=2 aT(EV+ . SLO (LU= LIXET
Ti(31=TLL =T 2
DUL=Dy
DuJleune
TE(ML.EQ.YLY GO TI 10
MLer
D: 16 I=1,C
P :1-1[~gx'.‘r:'»
WRITE(Q,18) -, v, 14, IU,P
FORMLTI X, 212,8%,217,EX,315,27,3F7.3)
WRITZ(5,17) =,7,IX,IV,P
FCRMA~—11x,12,”t’,J2,84,327,2%,316,2X,377.3)
63 T2 12
DO 22 I-1,2
PrI)=iL9%7(I)
WRITE(5,17) ~,M, IX,IVU,P
END

EOF AT LIMNE 5.
x
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