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ABSTRACT

This paper specifically addresses the prob-
in making high precision

lems oncounteread
g) time interval meas-

(0.1 microsecond or les
urcments as applied to precise time transtfers.
Included ig a brief overvicow of what measure-
ments are nccessary, what unccertaintlies can be
expected in the meoasurcment, how the measure-—
ment can be applied to time transfer technigues
in use today (portablc clocks, SATCOM, TV,
Loran-C), the piitfalls that can be encountercd,
the errors which result ffO] boelng a victim of
pitfalls, and an indication of the type of hard-
warce available for measurements of this fype.

Tt is demonstratced that cumulative uncertalnties
can be reduced tc less than 100 nanoscconds 1n
cven the morce
ment situations if proper attontion is
measurcment techniguaes.

complex, long distance measure-
paid to

INTRODUCT LON

The purpose of this paper is Lo prasent
analvsis of thoe measurament grrors
cise Time and Tima Ln_(LV;] (PTTT)
advent of frequoncy rds having =2t:
10-72 to 10-it% and dig 1 i th pulse jitter in Ehoe

L+ul clocks w
tens of picoseconds, measurement errors which previously
could be ignored as second order have now become important.
Since the majority of time transfers or synchronizations are
realized by means of timc interval measurements botwoeen

two
clocks, the investigation ls limited to such measurements.

tios 1n parts in

Errors can be classificd as clther residual or systomatic.
those winich remain atler

Resgsidual errors are by definitlon

all known systematic errors have peon oliminated and are
therefore the limiting factors in redgard Lo the accuracy
which can be associated with the guantity measured. They
are supject to reduction cnly by improving the measured %y5~
tem. Systematic errors on the otho ﬂer, are assocliatnd

with the measuring svstem or technigues and arc those which
enphasis of

can be avoided, correctoed or reducced. Thne major
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the investigation was further limited to systematic errors.
Systematic errors can be divided into three catagories:

1. Gross errors - These are mistakes or blunders at-
tributable to the investigator and include misread-
ing instruments, improper adjustment, using the
wrong instrument, recording the wrong number, read-
ing the wrong gquantity, etc.

2. Instrument errors - These are inherent problems in
the measuring system itself such as calibration,
time base error, synchronous averaging, etc.

3. Measurement errors - These are caused by physical
effects on the measured quantity such as distor-
tion of the signal, improper impedance matching,
transmission problems, etc.

Suggestions for reducing the category 1 errors and analyzing
the category 2 and 3 errors are presented. A simple model
of a general time interval measurement system is developed,
A simple mathematical formula which can be used to combine
estimates of error for relative system evaluations is pre-
sented. Examples of commonly used PTTI systems and equip-
ment are examined and discussed.

GENERALIZED MEASURING SYSTEM

Figure 1 presents a diagram of a general PTTI system. Every
PPTI system can be broken down into these segments for anal-
sis. In the general case, the two clocks produce coherent
output signals at repetition rates which have periodic times
of coincidence. In the simplest case they are 1 pulse per
second.
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FIG.1 GENERALIZED SYSTEM
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These signals pass through transmission medium and set into
motion a measurement process which results in a measurement
of the relative position of two events in the time domain.

To establish a basis for comparison of various systems, a
simple means of determining a relative value of uncertainty
is necessary. If we examine Figure 1 and assign an uncer-
tainty Xij to each system component in the start and stop

channel and Xk to the common measuring equipment (as shown

in Figure 2) the entire system relative uncertainty can be
expressed as

Xa3 " Xga|~ = == %N
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CLOCK AND PROPAGATION COUNTER

FIG, 2 GENERALIZED UNCERTAINTIES

It can be shown [1l] that if we combine two or more measure-
ments, using a clock as a transfer standard to determine the
relative position in time of two other clocks, the total re~
lative uncertainty can be expressed as

Before applying this to some typical measurement situations,
we should examine briefly the components of the generalized
measuring system,




Clocks

For the purposes of this paper, we shall define a clock as

a device generating a one pulse per second (IPPS) signal.
Although the purpose of this clock is to maintain a precise
time scale over long periods of time, the clock characteris-
tic of concern in this paper is how the clock behaves over
the short interval of time neccssary tc make time interval
measurements. The behavior of a number of clocks is pre-
sented in Appendix A, Table 2. In summary, this shows that
the best clocks available have an uncertainty (jitter) of

+ 0.05 nanosceconds, while older clocks may have up to + 2
microseconds of jitter. This uncertainty falls into the re-
sidual category since it is inherent to the clock system and
subject to reduction only by improving the clock system. 1In
most cases, one has little control over the circumstances
which dctermine the residual uncertainties of the clocks
being measured and the estimates of uncertainty due to clock
performance must be accepted and dealt with accordingly.

Transmission Path

When the signal leaves the clock, degeneration immediately
sets in. All classes of systematic uncertainties begin to
accumulate along with the residuals. In the simplest case,
the transmission path is a short piece of coaxial cable; in
its most complex form, the path may include long cable runs,
microwave links, radio transmitters, satellites, and receiv-
ers. Here the possibility of a gross uncertainty appears
and the possibility of other systematic errors increases in
proportion to the complexity of the path. Uncertainties in-
troduced by short coaxial lines are usually insignificant.
They become significant when they exceed a few mcters in
length and the delay caused by their introduction is neg-
lected. Uncertainties introduced by complex transmission
paths can amount to hundreds of nanoseconds in fixed propa-
gaticon path configurations and microseconds in variable path
configurations. In all cases, the total uncertainty is the
accumulation of uncertainties in each segment cf the propa-
gation or transmission path. The majority of the measure-
ment uncertainties develop in this arca and it is also a
likely location for gross uncertainties to appear. Table 3
of Appendix A gives estimates of systematic uncertainties
due to transmission path for typical transmission media.
Many of these uncertainties can be reduced and propagation
delays determined with detailed investigation into the
transmission processes involved, but initial or one time
measurements are subject to thesce errors and the uncertain-
ties must be accounted for in any systems measurement.
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Measuring Instrument

The point is finally reached where the cicck pulse is to be
measurcd. It may be the same pulse virtually undistorted,

it may be the same pulse distorted or it may be & now pulse
reconstituted from the transmitted information., The pro-

blem becomes one of making a weli dclincd, repeatable meas-
urement with a minimum of mcasurement anc instrument 2rrors
and ho gross crrors. The measurcuent error js raduced by
attention to proper termination of the transmission Jine
vrevent reflections and distortion due to aiscontinuiiles
and impedance mismatch. Instrument error iz reduced by op-
+imizing mecasuremcnt conditions and giving tention to the

£

%

details of operation and idiosyncrasies of the instrument
ni
i

o

being used. Gross errcrs are eliminated v by expcricnce
and careful attention to cach measuremonl situatlion.

In general, uncortainties in the measuring system fall into
four areas: the = 1 count error, the internal trigger
crror, time base error, and error due to minimum measuvablic
intervals. Since thesc subijects are covered in dctaill guite
well clsowhere [2, 2! onlv the basic general
their contribution to the uncertainty wilil be

The + 1 ¢ount error is nnherenit in all

ing on direct counting of the ocutput cyciez of 4

tgital systems rToly-

ime bago

1
gated by the measurcd signals. Thug a counter with a 10 mliz

time base can have an error of = O.1

I

Trigger error is due O Hoth the internaw noise devecleoped in
1 tho precisich attainabic in
i ’Gntral% Internal
mut that dus o

be gquite large and

the start and stop chang
repeated setting oi tne
Lrigger error is generally
+he scttability of the | Tols
contribute significant amounts o ih
tainty.
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measurement uncer-

Time base errors are generally since the in-
ternal oscillators of hich gualiity are stable In
the range from 1 x 10~7 to 1 x 10-%, measuremcont times are
general less than one second, and & nhighly stable oxternal
time base is usually available.

Error due to the smallost measurab
a problem when tho instrument
Ut cannot digtinguish botween
For example, il an instrument

ced
LT on
rement whoen input

[

sccond, but cannot mako a LeLlarm'




pulses are spaced closer than 0.1 microsecond, the error can
be as large as the measured value when measuring short in-
tervals. This generally is not a problem in newer counters
utilizing highspeed digital logic and improved counting
techniques.

PTTI MEASUREMENT TECHNIQUES

Every effort must be made to reduce the likelihood of gross
errors in PTTI measurements. Operator errors are much more
likely if measurements are made by personnel with minimal
training and understanding of what is being measured and
what the measurement process actually is. Fatigue after
long, involved itinararies and the attendant lack of atten-
tion to necessary details in procedures also contribute to
gross errors when measurements are made in the field. For
this reason, standard measurement and reporting procedures
must be established and followed. Personnel must under-
stand the measurement if gross errors are to be minimized.

All measurements in any series of measurements should be
made using the same equipment, particularly the time inter-
val counter. For example, if for any reason a long cable
must be used to measure a clock at a remote site, then the
same cable should be used in making all the other measure-
ments. Prior to making a measurement, the following must
be accomplished:

1. The measurement criteria must be defined. At what
polarity, level and slope is the measurement to be
taken? What is the proper termination impedance?

2. The measured quantity should be examined and com-
pared to prior data, if available, to ascertain
that the measurement criteria and the measured
quantity are consistent. A record (photo or
sketch) of the measured pulse should be made and
annotated with pertinent data such as amplitude,
width, rise time, etc. Any distortion should be
noted and a determination made of how this might
affect the measurement.

The time interval counter is then prepared for the measure-
ment:

1. The best available source of frequency is selected
for a time base.

2. The counter is tested or calibrated using internal
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and/or external signals to test for proper opera-
tion and counting.

3. Input levels, slopes and slope polarities are set.
4., Input lines are checked for proper termination.

Once this has been done, the measurement can be made in the
following manner:

The two clocks are connected to the time interval
counter such that the smaller of the two possible num-
bers is displayed. The result is recorded as

Start Clock - Stop Clock = Reading.

This procedure has several advantages. The result is always
the smaller of two possible answers, it is recorded as a
positive number, it has less digits to record, the start-
stop convention is logical and easily remembered, arithmetic
is involved and the shorter interval results in reduced time
base error. Having taken these steps to reduced gross un-
certainties, we can proceed with the analysis of other sys-
tematic errors,

TYPICAL SYSTEMS

Using the analysis and measurement techniques so far pre-
sented we can look at several typical measurement situations
encountered in PTTI.

Portable Clocks

The most straightforward and often encountered high preci-
sion time transfer is that involving portable clock opera-
tions. A portable clock is measured against a reference,
taken to a remote clock against which another measurement
is made, and returned to the refercnce clock for a final
measurement to close the loop (closure). A straight line
fit is assumed between the initial and final measurements
so that any difference between the two is apportioned line-
arly over the time elapsed between the two measurements.
The validity of this technigque may be open to question;
however, one 1is free to assign his own estimate of this
closure error using any criteria desired. Since for the
purposes of this paper this uncertainty is residual, we
need only examine the sources of systematic uncertainties,
Assuming we are synchronizing (measuring) a portable, high
performance cesium clock to the USNO Master Clock, using
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short coaxial cables and a high resolution time interval
counter driven from the portable clock, an estimate of the
contribution of each component in the system can be deter-
mined from the tables in the appendix.

X,, -~ HP 5061a CS OPT 004 = 5 x 107'?
X,, — TSI Nanoclock = 0.05 nsec
X132 — Coax Cable = 0

X,, - HP 5061A CS OPT 004 = 5 x 107'? = 0.005 nsec
X,, — HP 5061A Clock = 1.0 nsec

.005 nsec

X,4 - Coax Cable = 0

X, =— HP 5345L Counter
Time Base = .005 nsec
Trigger Error = .02 nsec
Count Error = 2 nsec

(In each case X represents the uncertainty contributed by
each segment of the measuring system in Figures 1 and 2.)

oy = JIX[ P INTT = 2.2 x 107° sec

If we now perform a typical portable clock operation (See
Figure 3.)

MASTER
CK
MEASUREMENTS cLo
1 AND 3
PORTABLE
COUNTER
MEASUREMENT CLOCK
2 {
REMOTE
CLOCK

FIG.3 PORTABLE CLOCK TIME TRANSFER
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using the portable clock as a transfer standard and measur-
ing another clock having the samc specifications as the
portable clock, we determine that the second measurement un-
certainty 1is

g, = 2.5 % 1079 =zec,

Returning and making @ measurement against the Master Clock
(assuming zero closure), we find a third uncertainty of

¢, = 2.2 x 107° sec.

Combining these using

we find a total uncertainty for a portable clock (pc) meas-
urement of

Tpe = 4 X 1077 sec,
For a 1965 vintage system (HP 5060 ce=sium with 115 BR clocks
and a 5245L counter) we find

Loran-C

High precision time transfers utilizing Loran-C (Figure 4)
can be examined by considering the simple case, for examplce,
of determing the diffecrence between the USNO Master Clock
and another clock within groundwave range of the East Coast
Chain Master Station at Cape Fear, North Carolina. This
case is analogous tg a two measurcmoent portable clock situa-
tion with the addition of uncertainties in the fransmission

path, X,s3, which includes the transmitier, antennas, recoiv-
ers, and complex oversca and overland propagaticon paths.




MASTER CLOCK

COUNTER
RECEIVER
LORAN —C OR TV /
TRANSMITTER \\\P\\\\‘
RECEIVER
COUNTER

REMOTE CLOCK

FIG. 4 LORAN—C OR TV TIME TYRANSFER

An analysis of uncertainties, including estimates of those
of interest has been published by Pakos [4]. This combined
with uncertainties from Appendix A for loran receivers
yields an estimate for X,, of

. - Z 4 Z 7
X,, = /7xpa + Xpe * X317+ Xy

where
X = propagation anomaly = 0.2 psec

Xpe = propagation path prediction = 0.1 usec

Xip = transmitted signal uncertainty = 0.02 usec
X, = receiving system delay uncertainty =
0.01 usec
— -6
Xyq = 0.23 x 10 sec.

Substituting this value in the previous calculation and as-
suming the same instrumentation at both sites vyields
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= ¢y @ + C = .33 x 10—*% sec.

The largest contributor to the total uncertainty is that
associated with the transmission path. It should be empha-
sized that this is the uncertainty associated with a single
meagurement using conservative values for propagation uncer-
tainties. In most cases these can be reduced an order of
magnitude by portable clock synchronization to verify pro-
jected propagation delays, by observing the behavior of the
received signal over a period of time and by tuning the sys-
tem to reduced the effect of propagation anomalies. If Xpa

and Xpe are reduced by a factor of ten then

X,, = 0.03 x 107% sec

g, = ¢, = 30 x 1077 sec

-

“lc

42 x 1077 sec.

Television

The concept of high precision time transfers employing TV is
exactly analogous to Loran-C. The loran clock is replaced
by a TV clock in Figure 4. If we consider a simple case in-
volving, for example, the USNO and WTTG Channel 5 in Wash-
ington, we can determine the measurement uncertainties very
easily. The transmission path uncertainties are

0.

005 usec

0.

5ecC

L055 % 107°% sec

80 x 1077 scc.



Satellite

Time transfers between two SATCOM satellite terminals are
somewhat different in comparison to the measurement tech-
niques previously covered. Since this mode of making high
precision transfers involves a simultaneous two way transmis-
sion of the time data at high frequencies through a synchro-
nous satellite, the uncertainties due to propagation anoma-
lies and path predictions are reduced. The nature of the
transmitted information and the high data rates possible
reguire that the transmitters and receivers be highly
stable. The readout of the time transfer data has a + 1
count error at present, which amounts to 0.1 microsecond.
This limits the system to an uncertainty of

g =0.14 x 107°% sec.

Improvement in this case is dependent on improvement of the
measuring equipment. Increasing the resolution to 0.01
microsecond in future systems should result in the uncer-
tainty being reduced to less than

os = 20 x 107° sec.

Composite System
If we examine a typical operational system, we should be
able to arrive at a meaningful estimate of uncertainty in
the the measurement chain, For example, The Naval Observa-
tory has a Precise Time Reference Station in Hawaii which
monitors Loran-C and determines the difference between the
Master Clock and the Central Pacific Loran-C Chain (4990).
What uncertainty exists in this value that can be attri-
buted to the measurement systems? The total system con-
sists of the following links and transfer methods:

USNO to SATCOM (Brandywine, MD) - Portable Clock

SATCOM (Brandywine) to SATCOM (Hawaii) - Satellite

SATCOM {(Hawaii) to Reference Station - TV

Reference Station to Loran-C Transmitter -Loran-C_.

Combining the values previously determined for these links
(as they presently exist) we find, under ideal conditions,
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. T 2 -7 Tz p
ONO=4990 v Ine + O0g" * Opvy + J1c¢

= 2 x 107 sec.
CONCLUSION

This paper has presented a discussion of high precision time
transfer techniques and the uncertainties one can expect in
making relative measurements between clocks using thesc
techniques. It must be emphasized that these results are
what can be expected from a competent investigator using
state-of-the-art equipment under relatively good operating
conditions. Generally, total uncertainties arc greater duc
to operation under less than ideal circumstances and the
existence of residual crrors not amenable to easy analysis
and reduction,

ACKNOWLEDGMENT

The author wishes to thank Ms. Dorothy M. Outlaw and

Ms. Sarah F., Pleasants for their spcedy and efficient
efforts in preparing the manuscript and Mr. Paul Wheeler
and Mr. William Dabney for their help in preparing the
demonstration which accompanied the presentation of the
paper.

REFERENCES

[11] Ernst, Frank, "Electrical Mcasurement Analysis”
McGraw-Uill, New York, NY, 1959, ch. 7.

[2] Hewlctt-Packard Company, Time Interval Averaging,
Applibati(’)n Note ]-62*-]_.

(3] tilewlett-Packard Company, Application Note 52-3.
[4] Pakos, Paul L., "Usc of the Loran-C System for Time

and Frequency Dissemination”. Freguency Technology,
vel 7, pp. 13-18, 1969.




QUESTION AND ANSWER PERIOD

SGT. OSTROWSKI:

Sgt. Ostrowskil, Newark Air Force Station.

Ken, in your remarks to get tc the microsecond and the nano-
gecond, I understand it is unavoidable, but we forgot the
hour-minute and second and if the clocks are not within a

half-second of one ancther, the microsecond is unrelatable.

MR. PUTKOVICH:

True.

I have had that happen to me a number of times.
ME. LUCK:

John Luck, National Mapping.

When you returned from your round the world clock trips,
what interpolation technique do yvou actually use when you
publish your final results and what time period do you use
to get your interpolationg?

MR. PUTKOVICH:

We use strictly a straight line interpolation unless we
have some indication that we have had a phase jump and can
pin it down quite well. It is usually Jjust a straight
line interpolation from the beginning of the trip to the
end of the trip and aportion the difference over the trip,
in a straight line interpolation between the two points,
beginning of the trip and the end of the trip.

MR. LOCK:

In other words, you don't use the history, say for 20 days
before you set out and for 20 days after you return?

MR. PUTKOVICH:
We try to take the c¢locks out, the portable clocks particu-

larly, we try and have them set with essentially a zero off-
set to the master clock. This helps.




MR. BABITCH:
Dan Babitch, Hewlett Packard.

Farly in the talk you gave an unwitting, but very vivid
demonstration ol one other error source when you subtracted
7 from 14 microseconds and got 8.

MR. PUTKOVICH:

That ruined my whole amazing demonstration, by the way.
I didn't know what to do when thal happened.

MR. NeSMITH:
Bill NeSmith, Hawaii Stadn.

I notice you had a problem on the 5 microsccond due to the
antenna reversal. We had a similar situaticn in Hawaii.
We received two antennas about twe vears apart. The first
antenna, we had the same type of problem you have., We
contacted the manufacturer and [cund out the arrow was
painted on backwards.

MR. PUTKQVICH.

That is what the error usually is.  You take them at face
value as having been checked out and they are not.

DR, WINKILYXE:

Maybe one should suggest here, as o standard routine, 1t
vou exchange LORAN equipment, te test it against vour pre-
vious setup. If vou have a new receiver, leave everything
else the same, Jjust change the arntenna lead into the new
receiver, and establish a differcntial delay and use your
old propagaticn constants as a retference.  One can go very
far in deing that, by using arbiitrarily the first receiver
ag a set of reference because there you have the leongest
histeory with portahie clock calibrations.

This must bhe done routinely. 11 you insert a muliifilter,

for instance, or & multi-ccupler, it will add delays on the
order of a microsecond cor ¢ and you determine Lthat in the
field. If you change the tuning cof the slot filter 1t will
lay of the multi-filier and you determince the
toovour previcus settling. With Just one

- relative changes and

change the de
effect compar
recelver one oan determince all the
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provide continuivy in recordings and measurements.
LCDE, POTTS:

Fotts, Coast Guard.

Actually, tbhere 1is 2 supericr method, I think, Ken, to the
S-microsound ambiguiily and that is to use @ whip antenna.

¥R, FULLTRTON:
Les Fullerton, U. §. Coast Guarad.

Do yvou uvtilize s tick-to-nhage measurerent helore and after
making clock tripsg?

Mr. Putkovich:

Yes, we do. The tick-to-phage was an cutgrowth ol using
115 BE plcts in the early dave of verticel clock measure-
ments when we had quite a bhit of possibility of having a
change in the Lick-to-phasc measurement, when what you
wanted to do was ascertain that the clock was still in step
with the oscillator.

We still do it, but I don't know whethor it 1s necessary.
It is just a carrvover from early times. I 1like to use it
because it gives vou a little bit of additional information
on the trip in the event that you do huve some sori of a
failure. There is a slight possibilits that yvou are going
to have a jump in yeour divider chain driving the c¢lock,
something like that. So, it is a little bit ol extra data.
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