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I. INTRODUCTION 

Hlgh prccision frequcncy measurements with various integration times r can be madc with 
conventional countcrs by using variable gatc timcs The Hewlctt-Packard (HP) computing 
counter allows such measurements ovcr a very wide range 01' frequencies and measurement 
times. This irlstru~nenl call also convert pcriod measurements into frecluency by means of 
its aritl-lmetic capabilities: Thc program l~brary contains programs to I'acilitate frccluency 
stability mcasurerncn ts [ a y  ( T ) ]  in the most d i r c ~ t  and convenient way. 

An important limitation exists, however, in that measurcment ir~tervals arc restricted to 
T < 100 seconds. 

For long measurement intervals ( r  3 I day), conventional phase diffcrencc recording pro- 
vides a sirnple and economic frequency meas~lretnent capability a t  described frequencies 
(Referencc 1 ). 

At thc USNO this method was used as thc basis for all time scale computations (Refer- 
ence 2), until requirements for h~ghes t  rcsolutioli justified thc development of an auto- 
matic data acquisition system as described by K. Putkovich (Referencc 3) .  The phase 
mcasurernents arc now bcing madc with the lip computing counter (with time interval 
plug-in unit) under prograin control from the 1lP "System Programrncr," which in turn is 
interfaced with an IBM " 1800" system. The " 1800" controls thc coaxial switch system 
tllrougli which the start and stop signals can be clirccted to  the time interval meter. 

Each phase measurement consists of an average of. 256 individual measurements. This 
allows such a precision of measurcment and a flexibility of operation that evaluation of 
frequency standards and clocks can be performed on line for T >  100 seconds, thereby 
closing the gap mentioned above. 

This paper will discuss details of this phase measurement technique and its application in 
the evaluation of precision oscillators. 



I I  . PHASE MEASUREMENTS WITH THE TIME INTERVAL UNIT (HP COMPUTING 
COUNTER, MODEL 5360) 

1. The " Fly-Back" Subroutine 

Successive phase tneasui-ernenls that are to bc averl~gcd must be checked against the prcvious 
rncasurrnient (q-) t o  avoid averaging of widrly divergent val~rcs near the "zcro" or "full- 
pcriod" point. 'I'lie Slow chart of our  "fly-back" subroutine is shown in Figure 1. It occu- 
pies locations 160-200 in the system program~~ier  aacl is called aftcr every timc interv;~l 
ri~casurernent which contributes to :in dvcrage. P is the period used (one second I'or tick-to- 
tick, 2 X st.concls for five-MHL signals) and is cntercd through the "external data" 
(switch) input. 

NO CORRECTION REQUIRED IF ip - p. < PI2 

AND i p - - i p  < PI2 

PHASE INPUT VALUE (SUBROUTINE INPUT) c 
11 YES 

RETURN 

Figure I .  Flyback subroutine. 



2. Trigger Level Instability 

The "start" and "stop" trigger levcls arc set a t  zero for  phase measurements. Even very 
small additive noise will, tiowevcr, contribute t o  nlcasurernent scatter. In  order to mini- 
~ n i z c  this noise contribution, five-MI lz signals for phase ~neasurernents arc used. Figure 2 
compares time interval measurement scattcr as a function of rise time (frcqucncy o f  the 
sine wave input). 

During preliminary performance tests, significant differences between our HP 5360 
counters became evident. Table 1 summarizes our computing counters as far as it is 
pertinent t o  this rcport. 

Sine Waves 1 V,,, 
< A 

100 khz 1 MHz 5 MHz 

Figurc 2. Measure~nctlt scatter of a short time interval At as a function 
of rise time (taken wit11 SER #863) (values in nanoseconds, At = 10). 
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Table 1 
HP 5360 Counters in lJsc at  the USNO. 
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Application 

Uscd in  preliminary tests until April 1972. Low calibration noise. 
Warranty repair of display niodule. 

IJsed by Hcfele and Keating in their global clock experiments. 
Avcrage noise. (Resolution 1 @I5 in 1 / 2  day.) Presently on line. 

Uscd as "system unit" May to October 1972. Hlgh calibration 
noise (1@14 in 112 day). 

Warranty repair (high rioisc Icvcl). 

0.7 

0.2 
- 

0.1 



3. Quantization and Interpolator Noise (Q&l) 

'The resolution of a s iml~lc time interval me;isurcn-lent with thc HP 5360 is 0.1 t~anoseconcl. 
Sincc two interpolators provide i i i p ~ ~ t  t o  thc time intcrv;~l routixic, a naive expect* LI t '  ~ o n  
would be that Q&I noise could contribute as rntrcll as four n:~iioseconds peak to  peak, if the 
interpolators arc fully st;tbilizcd. Tablc 2 was dcrivcd with countcr #312. A conipi~rison o f  
the cornputed cr (avcrage) with the actixally ~-neas~lrcd u (by rneasirring a nur-nbcr of-groups 
o l  n m e a s u r c ~ ~ ~ c n l s  each) indicates tlic prc,scncc ol'long-terrn instability which cannot bu 
improved i ~ p o n  with our  256 mcasure~l~ent  avt:raging routinu. 

The operational progr,ini which wc use allows the co l l cc t~o~ i  of both calibrator readings 
(nominal valuc 1000 + 1 )  during each inrasurcnlcnt cycle ,IS 3 routine check of the counter. 
1;igures 3 and 4 give samples ol' c,ilibralor readings of 'countcr  #863. I t  is evident that 
particularly "N2" is affccted by add~t lonr~l  riolst. F~gurcs  5 and 6 give the corrcspond~ng 
probability density functions alicl the power qpcctruin. The nolse is whitc and nearly 
Gaussian (notc  the s111all s ~ d c  p e ~ k  of N I ). 'I Ilc power spcctrum is given in relattvc values 
over a tltnc pcriod in ddys. 

I t  s h o ~ ~ l t l  bc e ~ ~ l p l ~ a s l r c d  that thls adtl~tional 11oise encout~ t r red  is the worst case we saw. 

Counter #3 12 (Table 2) pcri'orrncd abou t  ten ti~ne.; hctter.  Figurc 7 gives an updated vcr- 
sion of F~gurt.  0 of Rcfcrence 2 and is based on the nleasurcd o ol' an avcrage of 256 
measurcn~ents as ljstccl in Tablc 3. The prcscntly ~ ~ s c d  Counter #h03 is only slightly 
inferior in thc actual performance ( 10-l5 in 113 day, Fig~irc 8). 

4. Cycle Resolution 

The choice for five-MH7 signals f'or tliu phssc measurements was dictated by the desire to 
minimize triggcr level noise contribution. A price to  bc paid for this bcnefit is the rather 
short period of only 200 nanosecor~tls. '1 he 0bscrv;ltory has adopted the  posittvc cycle 
crossover as the t~rrle rcfcrence ruark, onc-pulse-per-sccond ticks are used to identify a 
particular cyclc. C a u t ~ o n  n ~ u s t  br c x c r u ~ ~ e d ,  however, In the use and adjustment of all 

'Table 2 

Measured Til-ne Delays of a Four-Foot RG58 Cable 
Witli a One-Mllz S~gnal  Froin an IIP Kubid~u~-n Oscillator 

Number of 
Mcasurcments 

. . 

(picoscc) A t  a ( , A v ) C " ~ P  (, A V ) M " ~  

4 0  (5810 h5 I Cj 4 7 
400 6809 75 3.5 7 

4 K  6805 76 1 .OO 3.5 
40K 681 1 7 7 0.33 4.2 

400K 6813 77 0.1 2.3 



-30.00 . -- 4 -+.. .+- . . +- . . . +-- 
0.00 1.88 3.75 5.63 . 7.50 9.36 11.25 

DAYS 

Figure 3 .  N1 calibration. 

-30.00 I-+- .---,.--.+--A ---- 
0.00 1.88 3.75 5.63 7.50 9.36 11.25 

DAYS 

Figure 4. N 2  calibration. 



AMPLITUDE 

Figure 6.  N 2  calibration. 
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Figure 7. Schematic of expected lirnit of resolution in comparison with clock performances. 

SAMPLING TIME IN DAYS 

DATA SAMPLE FROM 15.0. U. T. ON MJO 41617 TO 8.8. U.T. ON MJO 41626 

Figure 8. Overall system noise with counter #603. 



distribution arriplificrs in the system. Figure 9 givcs an example of variations in thc tick-to- 
phasc rclationsl~ip oi 'our  forrr~cr reference systcni #? (it  has sincc been replacccl with 311 lrn- 
provcd version similar t o  s y s t c ~ l ~  # 1 ). These t~ck-tu-phase measurements arc s i~nplc (not  
avcragcd) clutd points. T t ~ c  interpolator rioisc, ~f prescnt, clitcrs in I'ull magnituclc. in this 
casc. 

I I I .  EXAMPLES OF SIGMA-TAU MEASUREMENTS 

Thc prcsent ci;lla collection a t  thc USNO i q  progrnlnmed for a t i l l 1  measurement cycle of' ;ill 
clock ciiffctcnc~us ;lnd criviron~-nt.ntal psrsliictcrs evcry hour on the  hour. l h i s  mcssirrc~- 
~ n e n t  takes about four lninutcs. bath avcrugt. o f  356 ~)Ii;1st'-tv-j>hasc n le ;~s~~re~ncr l t s  t;~kes 
about 112 second. 'I'hc lnort. time-consuming nitasuremct~ts arc the tick mcasurements, 
wherc o ~ l l y  16 art. bclxig made for cach avcr;rgr ( 17 seco~lds each). Thc tick-tophasc Incas- 
urc~ncnts  are presc~ltly single. 

1PPS ( M C  #1) V S .  PHASE (5 MHz) 

1PPS ( M C  #2) V S .  PHASE (5 MHz) 

i .1O.M1 -- t -  a+- a - k -  -- +-- t-- +-- -+ 
41573 41575 41577 41579 41581 41583 41585 41587 41589 41591 41593 

MODIFIED JULIAN DATE 

Figurc 0. Exarr~ples oU variations in the tick-to-phasc relationship. 



1. Experimental Scan 

In  addition to  thc above, a fast scan ol' 1 X 10 measurements is bcing done every 720 
seconds (five timcs pcr hour). Thc NP4 hydrogen maser, on  loiin from the Goddard Spacc: 
Flight Center (H.  Pctcrs dcsign), was i~scd as thc "start" input against itself through a 
cablc loop (for noise-lcvcl checks of tlic ovcrall system) and against about ten other  "stop" 
signals. This is a fast rncusurcrncnt (six seconds), and it allows stability mcasure~nents of 

clocks cntircly indcpencicnt of  thc USNO time scalc. 'l'hc rcfcrence signal has recently 
been replaced wi tli the 11- 1 0 USNO mascr. 

As explained in Refcrence 2, the U S N O  clock timc scale "MEAN (USNO)" is computcd in 
five-day intervals. Its purpose is the provision of a clock time scale of supcrior reliability 
and long-term stability. Within the five-day intcrvuls, howcvcr, the low frequency filtcrirlg 
inherent in thc iterative procedure (Reference 2, Appendix) loses its effectivcncss as  we 
go to sliortcr averaging timcs 7. 

For stability measurements o (7) where a hydrogcn rriascr cart bc considered superior, direct 
comparisons of the clock with a hydrogen maser will produce reliable estimates of this 
clock's frequency stability. In cases where we deal wit11 clocks o f  cornparable performance, 
we can cvaluatc them in groups of three. By me:~suring ratc variations of pairs o f  clocks 

( I  and 2, 2 and 3, 3 and I )  and by allowing for thc contribution of thc system noise 
(exprcsscd as variance uN2) ,  one can solve the equations as listed in Figurc 10. 

In practice, several problems arise. First, one rni~st  usc data which are llomogcneous for 
the whole set;  i.c., thcy rrlust be collected nearly simultaneously. Second, onc should 
expect frequent failurcs (imaginary results) due to  the statistical variancc in thc rncasured 
cstir~iatcs of a (7). One should not include clocks of widely different performance if the 
noise is high. Thirdly, onc must realize that the cnvironrncnt is never perl'ect nor arc thc 
clocks truly stationary in their bellavior. Any comparison of  performance must take into 
account thcsc factors. Nevcrlll.eless, this method can give consistent estimates of  u (7). 

MEASURED: o2 ( = a2 + a2 + a 2 
1 2  11 22 NOISE 

o2 ( 1  = u2 + a2 + o2 
23 22 33 NOISE 

a2 T )  = a 2 + , 2  + a  2 
3,1 33 11 NOISE 

2 + u *  - 0 2  - u  2 
COMPUTED: O 1 1  = 

12 13 23 N - 
2 

ETC. 

Figure 1 0 .  Frcquency stability measurements with clock triplets. 



2. Examples 

tx ,~nip lcs  of o (7) ~-ncasurcmcnts (dcfi~iccl :~ccording lo  Keft-re~~ce 1 ) are given in 1:igul-cs 
1 1 - 1  3 takcn wit11 computing countcr #Xh3, atid in Figusc 14, from computing coutitcr 
IrC6OS. Est~liiatcs of individual stal?ilitics arc listed in Table 3. 

NASA NP-4 VS. CS 222 
NASA NP -4 VS. CS 42611 
NASA NP-4 VS. SYS. i ~ 1  
NOISE I 

10- l5  
0.001 0.01 0.1 1 10 100 1000 

SAMPLING TIME I N  D A Y S  

DATA SAMPLE FROM 20.0 U.T. ON MJD 41576 TO 8.8 U.T. ON MJD 41585 

Figure 1 I Frequet~cy stabibtics mcasarclncnts - set I 



b x NASA NP-4 VS. CS M911 
* NASA NP-4 VS. CS 4311A 

l i  
A NASA N P 4  V L  RB 272 

NOISE 

SAMPLING TIME IN DAYS 

DATA SAMPLE FROM 20.0 U.T. ON MJD 41576 TO 8.8 U. 1. ON MJD 41585 

Figure 12. Frequency stabilities measurements - set 2.  

lo-14 
4 \ d l  

11 NASA NP-4 VS. NASA N P 4  
41 NASA NP-4 VS. USNO MASER E - - NASA N P 4  VS. 431lA - USNO MASER VS. 431/A - 

10-15 
0.001 0.01 0.1 1 10 100 1000 

SAMPLING TlME IN DAYS 

DATA SAMPLE FROM 20.0 U.T. ON MJD 41576 TO 20.6 U.T. ON MJD 41581 

Figure 13. Frequency stabilities measurements - set 3. 



[.]SYSTEM NOISE 

'O-"E 

,-'H-10 VS. CS 54911 
A H-10 VS. CS 571lA 
+ H-10 VS. CS 265 

SAMPLING T IME IN DAYS 

DATA SAMPLE FROM 8.2 U.T OM MJO 41634 TO 21. O U.T ON MJO 41642 

Figure 14. I'rccl~rctlcy stabilitrus n1c;lsurernerlts - cc . )~npul i r~~  cc,u~iter #,03. 

T h c  r .out incs L I S C ~  i r l  p r t , ~ a r i n g  1111. u ( 7 )  plots ~ ~ i c ~ ~ ~ t i o n e ( l  ;jl>ovc irlso i n c l u d c  :I tabtr lul ion of 
v;rri;rnccs 1'0s t h c  1~;11-,il!l~tcr. N ' 2 in o r i l c r  tc-1 ; ~ l l o w  1'01- L i ~ i o t l ~ ~ ~ -  i r i~ l ic ; i t i c )~~  o f  tllt' noisc. 
typc s u t ~ . ~ ; r l l y  aL'l-c,ctin:! t l ~ r  e.10i.L 1)i.r-toi-rn:inc,i. ah c-)tiyi~l;rlly r i i ~ c ~ ~ ~ s c t l  Ily Davit1 All:itl (Kt,l '-  

tbrencr 4). Almos t  ; I I I  ~ l j c  ~ l r - ; ~ e ~ ~ i c . a l   tili lit)! vl i ~ ~ c \ l i  siiil,ilit) p : t ~ - ; ~ m c l c r s  sc.c51ns t o  rcsidc.  

i~nwcvcr ,  i r ~  Lhi, colt111111 lai~clccl % - 3 ( T a h l c s  4 ; I ~ I L I  3 ) .  

IV. DISCUSSION AND CONCLUSIONS 

l ' l ~ c  priii.tical r c s r ~ l t s  ol' t h ~ l  xt;il)ilit:, I I I L ~ : I S I I ~ ~ ~ I I I L ~ I I ~ ~  (ics~:riIic'~l i,1111 111' S I I I I ~ I I I ; ~ ~ ~ ~ ~ ' [ ~  ( ; ~ t  IC:ISL 
I'or tilt. con1 ~~i~.rc:iaIly :iv:ilI;~blc~ c,~,\ii~r-!r anti I - ~ 1 1 . i c . l  i i l i l-I :I( )i.l\, J iri t ~ v o  ~ x l r a ~ n e t c r s .  i i' wc> rc- 

L .  strict c:)ur inter,-st t o  *'e*lochv :il!jrIii,;rllon5 i ~ c c  igiivl-; ~ , p c i r r : ~ l  p11r-it!" ) i'or T '1;. 100 ic.ionds. 

The fir-st pal.an~c.tcr- h: , clcscr.ii.~~:h ;III o \ ~ , i J l ; i t o r i  j)ibr.t'oi.inar~i,,, i1.i t l ~ ~ .  ( ( i ~ i ~ l s s i a r l  & 1L'l:itc) 1:M 
rt'gion ui:cordln~: t o  t l ~ t .  I I I ~ L . ~ ~ . !  
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The second parameter is valuc T,:, wherc thc o (7) plot lcvels off into a flickcr noisc perfor- 
mance. (We know that for a very large 7, all clocks will show noise behaviors that corrc- 
spond to  111odels of even larger dispcrsion, random walk FM, "drift" noise, etc.) 

In general then, wc found evidencc that aging of atomic standards will increase K , .  Wc also 
found that inclcn~ent environnlental conditions (except vibration, which also incrcascs K , )  

will only reducc r F .  Tablc 0 attempts t o  give reprcscntativc valllos for thcse pararnctcrs. 

Tablc 6 
Thc Parameters K ,  and rl: 

(T~.. r 1  refers to less than ideal cnvironrnents). 

Clock s 7 71: 

R b  HP # I 7 2  5.3 X 10-l2 112 day 112 hour** 

Cs HP # 2 6 5  (5060, 
1967 vintage with 
original bcam tube) 7 X lo-" 20 days Unknown 

Cs HP #549 (506 1, 
vintage 1972) 3 . 2 X  lo-' '  10 days 5 days*** 

Cs IIP #431 (5061, 
with I li-Perf tube, 
1- 112 years old) I x lo-" * I0 days 112 day** 

HP #57 1 (5061 
with option 04) 
new 8 X 10-j2 10 days*** 1 day*** 

*Cs 431 achieved 1.- X for T =  10 days in Spring 1972 
(Ks = 9.3 X 10 12) .  

**The riiain cause of this poor showing is temperature sensitivity. 

***Insufficient data. 
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