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the investigation was further limited to systematic errors. 
Systematic errors can be divided into three cataqories: 

1. Gross errors - These are mistakes or blunders at- 
tributable to the investigator and include misread- 
inq instruments, improper adjustment, using the 
wrong instrument, recording the wrong number, read- 
ing the wrong quantity, 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 w h i c h  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 f o r a n a l -  
sis. I n  the general case, the t w o  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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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 
simwle means of determinins a relative value of uncertaintv 

in Figure 2) the entire system relative unccrtain,ty can be 

I 

C L O C K  A N D  PROPAGATION 1 COUNTER 

FIG. 2 G E N E R A L I Z E D  UNCERTAINTIES 

It can be shown [ll 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 yeneralized 
measurinq system. 



Clocks 

For the purposes of this paper, we shall dcfine a clock a s  
a device generatinq a one pulse per second ( I P P S )  siqnal. 
Although the purpose of this clock is to maintain a precise 
time scalc over long pcriods of time, the clock characteris- 
tic of concern in this paper is how the clock behaves over 
the short interval of time necessary tc make time interval 
measurements. The behavior of a number of clocks is pre- 
sented in Appendi.~ A, Table 2. In sumrrlary, this shows that 
the best clocks available have an uncertainty (jitter) of 
+ 0.05 nanoseco~ds, whilc older clocks may have up to i 2 
microseconds of jitter. This uncertainty falls into the re- 
sidual category since it is inherent to the clock systcm and 
subject to reduction only by improving the clock system. Tn 
most cases, one has little control over the circumstances 
which determine the residual uncertainties of the clocks 
being measured aqd the estimates of uncertainty duc to clock 
performance must be accepted and dealt with accordinqly. 

Transmission Path 

When the siqnal leaves the clock, dcyeneration immediately 
sets in. All classes of systematic uncertainties begin to 
accumulate along w i t h  the residuals. In the sirrlplest case, 
the transmission path is a short piece of coaxial cable; in 
its most complex form, tlle path may include long cable runs, 
microwave links, radio transmitters, satellites, and rcccitr- 
ers. Here thc possibility of a gross uncertainty appears 
and the possihility of other systematic errors increases in 
proportion to the complexity of the path. Uncertainties in- 
k r o d u c e d  by shorL coaxial lines are usually insjynificant. 
They become s i g n j  ficant when they excccd a few mctcrs 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 prop- 
qaticn path configurations alld r;~icroscconds in variable path 
configurations. In ail cases, the total uncertainty is the 
accumulation of uncertainties in each segment of the propa- 
gation or transmission path. Thc majority of the measure- 
ment uncertainties develop in this area and it is also a 
likely location for yross uncertainties to appear. Table 3 
of Appen6i.x A gives estimates of systematic unceztainties 
due to transmission path for typical transmission media. 
Many of these uncertainties can be reduced and propagation 
delays determined with detailed investigation into the> 
transmissi.on processes involved, but initial or one time 
measurements are subject to these errors and the uncertain- 
t i e s  must bc accounted for in any systems measurement. 



The p o i n t  i s  f i n a l l y  reached whcre thc c;ock p u 1 . s ~  is to he 
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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? 

The measured quantity should be examined and com- 
pared to prior data, if available, to ascertain 
that the measurement criteria and the measured 
quantity arc 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 



and/or external signals to test for proper opera- 

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: I 

bcrs is displayed. The result is recorded as I 

This procedure has several advantages. The result is always 
the smaller of two possibl-e answers, it is recorded as a I 
stop convention is logical and easily remembered, arithmetic 
is involved and the shorter interval results in reduced time 
base error. Havinq taken these s t c p s  to reduced gross un- 
certainties, we can proceed with the analvsis of other svs- 

TYPICAL SYSTEMS 

Using the analysis and measuremcnt techniques so far pre- 
sented we can look at several typical mcasucement situations 

Portable Clocks I 

sion time transfer is that involvinq 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 reference 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. 

however, one is free to assign his own estimate of this 
closure error usiny any criteria desired. Since for the 
purposes of this paper this uncertainty is residual, we 
need only cxamine the sources of systematic uncertainties. 
Assuming we are synchronizing (measuring) a portable, high 
performance cesium clock to the U S N O  Master Clock, usiny 



short coaxial cables and a high rcsolution time interval 
raunter driven from t h c  portable cloc:k, an estimate of the 
contribution of each component in the system can be deter- 
mined from t h e  tables in the appendix. 

X,, - HP S061.A CS OPT 004 = 5 x 10-l2 = . 0 0 5  nsec 

X,, - TSI Nanoclock = 0.05 nsec 

X I ?  - Coax Cablc  = 0 

X,, - HP 5 0 6 1 A  CS OPT 004 = 5 x 10-l' = 0.005 nsec 

X,, - H P  5OGlA Clock = 1 . 0  nsec 

X2 - Coax Cab1.e = 0 

X, - IIP 5 3 4 5 L  Counter 

T i m e  B a s e  = .005 nsec 

Trigger Error = .02 nsec 

Count Error = 2 nsec 

(In each case X represents the uncertainty rontributed by 
each seqmcnt of the measurinq system in Fiyures 1 and 2 . )  

If we now perform a typical portabl-e clock operation (See 
Figure 3.) 

M A S T E R  

MEASUREMENTS ( 
1 A N D  3 

PORTABLE 1 > COUNTER 

M E A S U R E M E N T  

FIG. 3 PORTABLE CLOCK T I M E  T R A N S F E R  



u s i n g  t h e  p o r t a b l e  clock as a t r n n s f c i  s t - a n d a r d  and  m e a s u r -  
i n g  a n o t h e r  clock h a v i n g  t h e  s a m e  s p c c i 1 i c a t i o n s  a s  the 
portable clock, w e  d e t e r m s n e  t h a t  t h e  s e c o n d  rncasurement un- 
c e r t a i n t y  i s  

R e t u r n i n g  a,nd makinq a rncasu re rnen t  a q ~ i i n s t  thc M a s t e r  Clock 
( a s s u m i n g  z e r o  c l o s u r e ) ,  w e  f i n d  a t h i r d  u n c e r t a i n t y  of 

Combin iny  t h e s e  u s i n y  

we f i n d  a - t o t a l  uncer t . ; l i r l ty  Eor ;1 p o r t a b l e  cl(lcl< (61~) meas- 
urerrien t of 

!'PC 
= 4 x sec .  

F o r  a 1.965 v i n t a g e  s y s t e m  (HP 5060 c ~ s i u r n  w; t l l  1.15 HR clocks 
and a 5245L counkcr) wa find 

Lligh precision t i m e  t r t l n s f i r s  u t i 1  i. zinc;{ Loran-C ( l ' iqure 41 
c a n  be exanl ined by considcrinq t h e  s i n ~ p l e  E a s e ,  fcr cxamplc,  
of d e t c r m i n q  the d i F f c r e n c c  b e t w e e n  t h e  U S N U  M a s t c r  C l o c k  
and a n o t h e r  c l o c k  withj.11 g r o u n d w a v e  range c)f the E a s t  C o a s t  
C h a i n  Mas-ter S t a t i o n  a-t C c i j j e  Fear, iu'or th C a r o l i n t 2 .  T h  s 
c a s e  i s  a n a l o g o u s  t.; s two irleasur-crn(::nt p c j r i ; a b l e  clock s i t ~ l a -  

t i . o n  wi. th t h e  addi. t i o n  of  i l r i c e r t ~ ~ i r l ,  t i  cs i n  the -1 : ransnlss ion 
p a t h ,  X 2  , w h i c h  i nc : iudes  t h c  t r i n s m i  t.Ler, n r i t e n n a s  , reccia- 
ers , and complex oversea ar,d o~.i.cr-l?ncl ijrnpci,:~~at.i .on paths . 



TRANSMI T l E R  

R E C E I V E R  

COUNTER 

R E M O T E  CLOCK 

F I G + 4  L O R A N - C  O R  TV TIME TRANSFER 

An analysis of uncertainties, includinq estimates of those 
of interest has been published by Pakos 1 4 1 .  This combined 
with uncertainties from Appendix A for loran receivers 
yields an estimate for X,, of 

- 
x,, = EPi' + XPfi + Xlcl + X, 

7 

where 

Xpa = propagat ion anomaly = 0 . 2  psec 

Xpe = propagation path prediction = 0.1 psec 

X L c  = transmitted signal uncertainty = 0.02 l~ sec  

X, = receiving system delay uncertainty = 
0 . 0 1  llsec 

Substitutinq this value in the previous  calculation and as- 
suming the same instrumentation at both sites yields 



and 

0-, = (1, = . 2 3  x sec 

-- 
2 2 

" l c  
= 4 o1 + i;r2 = - 3 3  x lo-" 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 slnyle 
measurement using conservative values for propagation uncer- 
tainties. In most cases these c a n  be rcduccd an  order of 
magnitude by portable clock synchronization to verify pro- 
jected propagation delays, by observlny 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 xp, 
and Xpe are reduced by a factor of t e n  then 

X 2  ,? = 0.03 x 10-L scc 

Television 

The concept of high precision time transfers employinq 'CV is 
exactly analogous to Loran-C. The Loran clock is replaced 
by a TV clock in Fiyurc 4. Tf we consider a simple case in- 
volving, for example, the U S N O  and WTTG Channel 5 in Wash- 
ington, we c a n  determine the measurement vncertainties very 
easily. Thc transmission path uncertainties arc 

X - -055 x lo-' s ec  

[.r . = o = .055 x 10-" sec 
I 2 

and 



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 simultaneoustwa 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 
require 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 thc system to an uncertainty of 

Improvement in this case is dependent on improvement of the 
neasuring equipment. Increasing the resolution to 0 . 0 1  
~nicrosecond in future systems should result in the uncer- 
tainty being reduced to less than 

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 thc Central Pacific Loran-C Chain (4990). 
What uncertainty exists in this value that can bc 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) - Sat.ellite 

SATCOM ( 1 - I a w a i i )  to Reference Station - TV 

Reference Station to Loran-C Transmitter - L o r a n - C .  

Combining the values previous1"y determined for these links 
(as they presently exist) we find, under ideal conditions, 



CONCLUSION 

This paper has presentcd a discussion of high precision.time 
transfer techniques and the unccrtaintics one can cxpcct in 
making relative measurements between clocks using t h e s c  
techniques. It must be emphasized that thcse r e s u l - t s  arc 
what can be e x p e c t e d  from a competent investlyatcr using 
state-of-the-art equipment under rel-ativcly yood operating 
conditions. Generally, total ui1certai.nti.e~ arc greater d u c  
to operation undcr less than ideal. ci.rcumstances and the 
existcnce of residual crrors not amenablc to casy analysis 
and reduction. 
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CJLrEST ION AND ANSWER P E R I O D  

SGT, OSTROWSKI : 

S g t  . Ostrowski, Newark A i r  For 'ce S t a t i o n .  

Ken,  i n  y o u r  r emarks  t o  g e t  t c  t h e  ~ ~ C ~ O S P C ~ E ~  a n d  t h e  nano- 
s e c o n d ,  I u n d e r s t a n d  i t  i s  unavoidable, but m e  f o r g o t  the 
h o u r - m i n u t e  and s e c o n d  a n d  i f  t h e  c l o c k s  a r e  n o t  ~ \ l i t h i r ~  a 
h a l f - - s e c o n d  of o n e  a n c t h e r ,  t h e  m i c r o s e c c n d  i s  u n r e l a t a b l e .  

IvlR . PUTROV I CII : 

T r u e .  

I h a v e  had t h a t  happen  t o  m c  a number o f  t l n ~ e ~ .  

bfF. LUCK: 

J o h n  L u c k ,  N a t i o n a l  Mapping .  

When you r e t u r n e d  from y o u r  r o u n d  t h e  w o r l d  c l o c k  t r i p s ,  
wha t  i n t e r p o l a t i o n  t e c h n i q u e  do you  a c t ~ a l l y  u s e  mhen you 
p u b l i s h  y o u r  f i n a l  r e s u l t s  and  wha t  time p e r i o d  clo you u s e  
to g e t  y o u r  i n t e r p o l a t i o n s ?  

MR. PUTKOVICH : 

We u s e  s t r i c t l y  a s t r a i g h t  l i n e  i n t c r p o l a t i o n  u n l e s s  w e  
have  some i n d i c a t i o n  t h a t  we h a v e  h a d  a p h a s ~  jump a n d  c a n  
p i n  i t  down q u i t e  w e l l .  I t  i s  u s u a l l y  j u s t  a s t r a i g h t  
l i n e  i n t e r p o l a t i o n  f r o m  t h e  b e g i n n i n g  o f  t h e  t r i p  t o  t h e  
e n d  o f  t h e  t r i p  a n d  a p o r t i o n  t h e  d i f f e r e n c e  o v e r  t h e  t r i p ,  
i n  a s t r a i g h t  l i n c  i n t e r p o l a t i o n  b e t w e e n  t h e  two  p o i n t s ,  
b e g i n n i n g  of t h y  t r i p  a n d  t h c  end  o f  t h e  t r i p .  

h4R. LUCK: 

I n  c)t,her w o r d s ,  you d o n ' t  u s e  t h e  h i s t o r y ,  s a y  [or  20 d a y s  
before you set o u t  a n d  f o r  20 d a y s  a f t e r  you r e t u r n ?  

MR. PUTKOVICH : 

We t r y  t o  t a k e  t h e  clocks o u t ,  t h e  p o r t a b l c  c l o c k s  p a r t i c u -  
l a r l y ,  w e  t r y  a n d  h a v e  them se t  w i t h  e s s e n t i a l l y  a z e r o  o f f -  
set t o  t h e  n i a s t e r  c1oc:k. T h i s  h e l p s .  
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I Dan B a b i t c h ,  H e w l c t t  Packard. I 
Early i.n t,hc talk yo11 gavc  an u n w i t t  irlg, bu 
d e m o n s t r a t  i.on o f c j nc  o lller- e.r.r.or sc.)urce svhe t l  you 
7 from 1 4  m i c r o s e c o n d s  a n d  g o t  8 .  

MR . PUTKOV I CII : 

?'hat r u  i n e u  rr!gI  hole a.rnnzi ng' dcn-1011s trnt j . o n  , 

I 7: didn't know what to tlo ~ c h c n  t h a t  bapljened. I I 
I MR. NeSMITH: 

I 
I B i l l  NeSrni t h ,  liatvni i f; t adn . I 
I 
I 

I n o t  ice you  h a d  ;I 121-ob 1 ern oil Lhc 5 m icrc?sc.cor~tE 
a n t e n n a  r e v e r s a l .  . \Ye had :I, si r r , i l : t rn  c ; i t u : ~ t  i.c;n in 
V,::'e r e c e i v e d  t w c  ;tnt.enna:; ;il)(:)~.tt t m c :  y i e ; l r s  : i l l a r t .  7'1le first. 
a n t c n n u ,  w e  had thcj snme ~ y p c  o f  p robl .~rr l  yau h a v e .  Re 
cC:nt a c t e d  t l l c  x:jsnuf ac:t,ur'er. and r o u n r l  out Lke arrow was 

Thzt-L i s  what the? errcil: us l . i a . l ly  -i::. Yr:u Lakc tht+m t i t  face 
v a 1 . u ~  u s  l lavinp' been chrtc.-kc.c! r j l : l ;  a n d  t he !  :ire.; n c ~ t .  

1Inyh<$ (-In(? should s ~ . i ! : ~ ~ s t  here, :ts ~i 5t:lnciard routine?, ii' 
you exchange LCII?.A:< eilui.pl~i~<nt . 'LC: r r : s t  -i !, agair;s 1, ynur  p re -  
v i o u s  s e t ~ ~ ? .  If y(:,\~ h x v c  ~ i r ; ~ ; .  -r r : c : c - + i ~ ; ~ . r  , 1 ~ a . v ~  e v e r y t h i - r l ~  
e1.i;~ -tile ssrrle, ,;u:+.t: cl:angt? Lhc ~ x : t t . r ; ~ i a  I(::ac:, ifit(:) t;he r l e W  

?]li:; r;l.u~;i i)e (i(. j l l f t> ycux i nc-;.:l.\:. 1 i.rr:.i i n s e l - l ,  a fllu i 1 if ilt(:~'. 
f o r  i n s t a n c e  , (.Ib 21, n?:;lti.-c:c;uplcx. , i Y u:i.).! aLci de 

1 order of a, mic;r(j+<cc(-;nd c-IT :-;c 2 n d  yc;li.': dotc.!-~:;illu l1::it: i l l  -Lk!.e 

I L, LL (: ~ ~ 1 1 1  t i. - i: i -1 t c: Y .;k,ange the c!el:-,.c r - / t  'A'-, 

E, f f p r, t c; CK, 1) :I Y t:: d Y c: ;; (:, t.i r !:2 I* t.: L j. c-> 11 5; 5 (:, :. t, :. 1-1 q . V\- i t: 11 11 5.; t (1 fit? 

w.c:(:i:-.ivpr. ant! ,:::~fi. ~ i~ : t t~ r : :~ i ;~~ : ,  3;; .r!;c!:tt: ~ i . i i i t : r , t /  c - -h~ .np ,~- r : s  anc? I 



p r o v i d e  con '; i~r,ui t. y i n  rec.c,r.dli.u&;s ::.~;d n:.e:1.:;uren!er1'ts. 

I ' o t t s ,  C o a s t  Gua-rd  

Actually, t h e r e  i s  :.i super*ir:r rneti~od, T 1 ,  I ,  t o  t h e  
5-microsounil. a~r'.i)i;;-uil,y anci t ! ; u t  is to use a vc1lj.p ;~ntennn. 

1 . e ~  Fu;] l e r t o n ,  U. S .  Coast C?unrd. 

Ilo you v : t i l l ze  s t ieii--t ,c::-plln5,~ rneasuretrt::nt l.:?eI:(~r~ a n e  :if-cc:ln 
m:tkinp; c.iocE:  trip^':' 

Mr. P n t  k o v i  ch 

Yes, ~ v e  do. The t i c k - t o - p h a s e  n a s  ;in (:.11i:!g;ro\;l.l; ol' u s i n g  
1 1 5  RE p l c t s  i n  t.he e:ir.l;; c ixys  c;f \;:t-.l>rj.c~~.; cl.oc:li r:~e;i.surt-.-- 
mefits tvhen we h a d  c1u i . t~  n b i t :  cif ~:)c).c:z:i.k;i:l F I ) '  o f  hav ing ;  n 
changc  i n  t h e  L i ck:- Lo -phas  1r,es.~~~~rer1:.~1~ t ! ~~vl ien  n-ha t; y o u  
wanted t o  do was a . s ce r ' t a tn  t h a t  ~ l l c ,  c:l(jck \ v n s  s t i . 1 1  i n  s t ; e p  
w i t h  t h e  o s c i l l a t o r ,  

MTe s t i l l  do i t ,  b u t  I d o n ' t  Icnow whe th[ r s  i t  i s  necessal 'y .  
I t  is j u s t  s c s r r y o \ i c r  f ron? e a . r l p  t , i .n ;~s : .  I l i k c  t o  use it, 
b e c a u s e  it; gives ynu a l i t t l e  111.t n f  a.tIclit:i.nnal informat i o n  
o n  t h e  t r i . p  i n  t:hc evcr;t. t h a t  j70c c!o h:ix,,c some s o r t .  of n 
f a i l u r e .  There is  a sli.gl?t pc:)ssil.ji l . i l .3 t h a t  you a r e  g o i n g  
t o  have  a jump i n  y c u r  c i ix ' idcr  c h a i ~ l  61-iving; the c:lockj 
something l i k e  t h a t .  So, i t  i s  a l i t l , l c :  b i t  01 c s t r a  datn.  




