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A New Frequency/Time Standard 
with 5 x 10'10/Day Stability 

T N the electronics field the need continues 
strong for more and more precision in gen 

erating and controlling frequency. The ready 
availability of higher precision in frequency 
is, for example, the keystone for higher pre 
cision in such work as navigation, missile 
and satellite guidance and observation, sup- 
pressed-carrier and narrow-band communi 
cations, and in innumerable timing situa 
tions. 

In its capacity of designer of precision 
electronic instruments, the Hewlett-Packard 
Company has been actively concerned with 
the precision frequency problem, having re 
cently made available substantial increases 

in the precision of the 10-megacycle fre 
quency counter*, in secondary frequency 
standards, and in other developments to be 
announced. 

Now, a new frequency /time standard has 
been placed in production to make available 
to those working with precision frequencies 
a standard with a stability rated at Â±5 parts 
in 1010 per day. It is a standard in which per 
formance in every area has been optimized. 
Its stability ratings apply over a temperature 
range from 0Â° to 50Â°C with better stability 
generally obtained under less severe envi- 
Â«LaThare N. Bodily and Leonard S. Cutler, "5 x ItHVWeek Time 
Base Accuracy in the 10 MC Frequency Counter," Hewlett-Packard 
Journal, Volume 10, No. 3-4, Nov.-Dec., 1958. 
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Fig. 2. Typical long-term stability performance of -hp- 
103 AR frequency Standard after several-week aging 
period and under laboratory conditions. Solid 5 x IQ-'0/ 
day lines indicate rated performance of standard over 

0-50Â° C temperature range. 

Fig. 1. (At left) New -fip- Model 103AR Frequency 
Standard (third unit from top) achieves very high sta 
bility of 5 parts in 10'Â° per day, can be combined with 
other -hp- instruments as shown here to form primary 
frequency standard or time standard having 10-micro- 

second resolution. 

P R I N T E D  I N  U . S . A .  C O P Y R I G H T  I 9 6 0  H E W L E T T - P A C K A R D  C O .  
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Fig .  3 .  Bas ic  c i rcu i t  arrangement  o f  -hp-  103  AR Fre  
quency Standard. Instrument is fully transistorized. Oscil 

lator section is located inside double oven. 

ronment. It is virtually unaffected by 
supply voltage changes, has good short- 
time stability, and is insensitive to load. 
It is fully transistorized to achieve ad 
vantages  regarding long l i fe ,  smal l  
power consumption, and light weight. 
Finally, the new standard has available 
for it  companion -hp- instruments to 
enable it to form a primary frequency 
s tandard,  or  a  t ime s tandard wi th  a  
resolution of 10 microseconds. These 
companion instruments also enable a 
laboratory to readily trace its precision 
in frequency to the United States Fre 
quency Standard (USFS) by means of 
National Bureau of Standards' stations 
WWV, WWVL, etc. 

D E S I G N  C O N S I D E R A T I O N S  

The basic circuit arrangement of the 
new standard is  indicated in Fig.  3.  
The oscillator section is crystal-con 
trolled and operates at 1 megacycle, the 
selection of this frequency being based 
on the optimization of the factors that 
control long-term stability in a crystal 
oscil lator.  The circuit  is  one,  for ex 
ample, in which amplifier phase-shift 
variations have a minimum effect on 
the operat ing frequency.  Further  en 

hancement of long-term stabil i ty is  
achieved by maintaining power dis  
sipation in the crystal at  a very low 
level  of  about  2/10 microwatt .  The 
crystal itself is one with a Q typically 
above 2.5 million and is aged in the 
circuit until its long-term drift is about 
2 parts in 1010 per day. 

Both the crystal and the oscillator 
circuit  are housed in a double oven 
which is shock-mounted in the equip 
ment.  At normal room temperatures 
oven temperature is maintained con 
stant  within a few thousandths of  a 
degree Centigrade. Even over a 0Â°- 

50Â°C range, oven temperature is main 
tained within about 0.01Â°C. The oven 
is controlled by a proportional-control 
type system so that heat-cycling effects 
are avoided. 

The oscillator circuit is followed by 
a multi-stage amplifier that isolates the 
oscillator to the degree that changes in 
the load at  the amplifier output pro 
duce no detectable effect on the oscil 
lator. The amplifier is provided with an 
AGC circuit which reacts on the oscil 
lator to maintain the crystal amplitude 
essentially constant. To assist in achiev 
ing this constancy, the amplifier from 
which  the  AGC vol tage  i s  taken  i s  
itself highly stabilized with feedback. 

FAIL-SAFE 
DIV IDERS 
As indicated in the circuit block dia 

gram, the equipment provides an out 
put at 100 kc as well as at 1 megacycle. 
Both outputs are well isolated from one 
another so that  one terminal can be 
shorted without affecting the other. 

The 100 kc output is  obtained by 
dividing the 1 megacycle output in a 
regenerative-type divider which has the 
property that loss of an input causes 
the divider to cease operation. In other 
words, the presence of a 100 kc output 
assures the user that the instrument 
has  been operat ing without  hia tus .  
Where the standard is used with a clock 
system, this fail-safe divider will assure 
that the clock will either be correct or 
stopped. Such behavior is essential in 
systems where small undetected time 
errors would be intolerable. In the event 

Q 
r t  

Fig.  4 .  Panel  v iew of  new Frequency  S tandard.  Panel  

height is 5i". Output terminals are also provided on rear 
panel. m 
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that the divider loses its input signal, 
i t  can  be  re - s t a r t ed  by  means  o f  a  
manually-operated switch provided at 
the back of the unit. 

The divider and isolating amplifier 
are further followed by selective output 
amplifiers to provide the necessary out 
put level together with low extraneous 
components. Harmonic components, 
for example, are each at least 40 db be 
low the main signal, while any non- 
harmonic components are each at least 
80 db down. 

STABILITY 

The electrical measure of quality of 
a frequency standard is, of course, its 
stabil i ty.  The principal  stabil i ty im 
plied by this statement is long-term 

stability, since it is the long-term sta 
bility that determines the ultimate ac 
curacy of which the standard is capable. 
Also included in the statement is short- 
te rm s tabi l i ty ,  however ,  s ince  i t  i s  
short-term stabili ty that determines 
t h e  a c c u r a c y  w i t h  w h i c h  a n y  o n e  
comparison or measurement with the 
standard can be made. 

The stability achieved through the 
careful refinement of the factors men 
tioned earlier has given the new stand 
ard the long- and short-term stabilities 
typified by the data in the accompany 
ing illustrations. The long-term stabil 
ity representative of the standard after 
having been in use for several weeks is 
shown in Fig. 2. This curve covers a 
50-day interval and shows the standard 

to exceed its ratings by a substantial 
amount. This curve represents the fre 
quency of  the  osci l la tor  versus  the  
USFS. 

It is also interesting to consider the 
long-term stability data presented in 
Fig. 5. Fig. 5 shows sections of a con 
tinuous phase comparison made daily 
between one of the new standards and 
Bureau of Standards' Station WWVL. 
Since NBS in turn compares the aver 
age daily frequency of WWVL with 
the United States Frequency Standard, 
these data can be used to compare the 
103AR to the USFS. WWVL transmits 
in the vlf region at 20 kc so that during 
daylight i ts  signals as received at  a 
point distant from the transmitter are 
essentially free from propagation varia 
tions and have virtually the full preci 
s ion of  the signals  as  broadcast .  In 

FIRST DAY 

SECOND DAY 

-r-K- 

THIRD DAY 

1HOUR 

Fig. 5. changes taken over ten-day period from stability constant frequency and changes in slope indicate changes 
record curves aged -hp- 103AR Frequency Standard in frequency. In the (smoothed) curves a slope of 1 small 
with hours, station WWVL. This comparison is a phase division per 3 hours, that is, I microsecond in 10,800 
comparison, so constant slope in these records indicates seconds (the minimum interval over which a measure- 

(Curves continued on next page) 
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examining Fig. 5 i t  should be noted 
that, since the measurement is a phase 
measurement, the slope of the smooth 
curve indicates the frequency difference 

Fig. 6. Average daily 
f r e q u e n c y  o f  - h p -  
1 0 3 A R  F r e q u e n c y  
S tandard  ob ta ined  
front record shown in 
Fig. 5 plotted with re 
spect to United States 
Frequency Standard 
by comparison with 
received WWVL sig 
nal. 103 AR curve cor 
rected for published 
WWVL drift (dashed 

curve). 

between the -hp- standard and the ref 
erence frequency (WWVL). It should 
also be noted that a constant slope in 
d ica tes  a  cons tant  f requency;  only  

changes in slope indicate a change in 

frequency. 
While the curves as presented in Fig. 

5 indicate a high order of performance 
that is well within ratings, the curves 
also contain the frequency drift of the 
reference signal (WWVL) itself.  By 
subtracting the published data for the 
frequency of WWVL over this same 
period, shown as the dotted curve in 
Fig. 6, the actual frequency difference 
between the -hp- 103AR and the USFS 
is obtained. This is the solid curve of 
F ig .  6 .  The  nomina l  f r equency  o f  
WWVL is offset â€”150 parts in 1010 
with respect to the USFS. Note that 
ove r  t he  pe r iod  shown  the  103AR 
varied only about Â± 1 parts in 1010 
with respect to the USFS around an off 
set of â€”151 parts in 1010. 

W t * & * y & ^ ^  

SEVENTH DAY 

EIGHTH DAY 

Ã*Â«*Â»Â«*WWp̂ Â»*Â«s< 

N I N T H  D A Y  

TENTH DAY 

1 HOUR 
(Fig. 5. Continued) 

ment is normally made) represents a frequency difference 
of 1 part in 1010. This difference will also include change 
in frequency of WWVL, which is subtracted from these 
data in Fig. 6. Large excursions at 20-minute intervals in 

records are station identification signals. Width of curves 
is essentially a measure of noise in received signal. During 
fourth through seventh day, WWVL did not broadcast. 
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4  M I N U T E 1  

1  M I N U T E  

Fig. 7. Record of short-term stability of three typical 
-hp- 103 AR Frequency Standards made by comparing unit 
A against unit B (upper curve), then unit B against unit C 
(lower curve). Each curve composed of 1 -second averages. 

New -hp -  h i gh -s tab i l i t y  103AR F requency  
S t a n d a r d  c a n  b e  o b t a i n e d  w i t h  c o m p a n i o n  
- h p -  i n s t r u m e n t s  a s  s h o w n  h e r e  t o  f o r m  a  
p r i m a r y  F r e q u e n c y  S t a n d a r d  a s  w e l l  a s  a  
t i m e  s t a n d a r d  w i t h  a  r e s o l u t i o n  o f  a p p r o x i  
mate ly  10  mic roseconds .  Sys tem can be  ca l i  
b r a t e d  a g a i n s t  s t a n d a r d  h i g h -  o r  l o w - f r e  
quency  s ta t ions  by  use  o f  su i tab le  rece iv ing  
system. 

115 VAC 

1  M I N U T E  

Fig. 8. Short-term stability record of two Frequency 
Standards, as in Fig. 7, except using 10-second averaging 
to indicate more fully the random nature of short-term 

instabilities. 

- 1 3 0  V A C -  -100 VAC- - A C  O F F -  -115 VAC- 

Fig. 9. Record showing 103AR output frequency as a 
function of large line voltage excursions when typical 
103 AR is operated from -hp- 724 Standby Power Supply. 
Vertical scale is 10~" per small division, time scale is 

20 minutes per large division. 

S H O R T - T E R M  S T A B I L I T Y  

To illustrate the short-term stability 

o f  t h e  n e w  s t a n d a r d ,  t h e  o u t p u t  

s ignal  f rom a group of  three of  the 

standards were compared in two groups 

of two each. Each resulting measure 

ment thus includes the sum of the in 

stabilities of two of the new standards. 

The curves that  resulted from these 

comparisons are shown in Figs. 7 and 8. 

It is readily seen in these curves that, 

although short-term stability for the 

standard is rated at Â±5 parts in 10~10, 
this rating applies over a severe envi 
ronment and that considerably higher 
short-term stabilities are usually ob 
tained under less severe environment. 

In making the short-term stability 
comparisons shown in  Fig.  7 ,  a  f re  
quency counter was used to average the 

© Copr. 1949-1998 Hewlett-Packard Co.



- 3 0  V O L T S -  -22 VOLTS- â€¢30 VOLTS- 

Fig. changes Typical effect on 103AR output frequency of very large changes in power supply voltage. Such large 
changes are considerably in excess of ratings but are useful in establishing coefficients of performance. 

Vertical scale is I0~n per small division, time scale is 20 minutes per large division. 

stability measurement over an interval 
of 1 second. While this counting period 
provides an indication of the stability 
to a high degree of accuracy, it is also 
interesting to see the stability averaged 
over a 10-second interval, as in Fig. 8. 
The random nature of the short-term 
excursions result in a large amount of 
self-cancellation in this type of meas 
urement. 

L I N E  V O L T A G E  
COEFFICIENT 

Since many installations that employ 
frequency/time standards follow the 
desirable  pract ice  of  us ing s tandby 
power  equipment  fo r  a  s tandard  to  
guard against power-line failure, the 
new standard has not been provided 
with an internal power supply. Instead, 
as indicated in Fig. 3, the new standard 
is provided with a voltage regulator cir 
cuit but is otherwise arranged to oper 
ate from an external 26-volt Â±4-volt 
dc source. A companion power supply 
that provides this voltage and contains 
an internal standby battery as well is 
available for the standard as the Model 
724 Standby Power Supply. 

When the standard is operated from 
the Model 724, the oscillator frequency 
is virtually isolated from normal power 
line voltage variations, including com 
plete power line failure if the internal 
s tandby  ba t te r ies  a re  used .  This  i s  
clearly illustrated in the record of Fig. 
9, which shows typical oscillator sta 
bility as a function both of wide excur 
sions of power line voltage as well as 
failure and re-start of the power line. 

In cases where it is desirable to oper 
ate the standard from existing power 
equipment, the curve in Fig. 10 can be 

used to determine the desired degree of 
regulation of the power source. This 
curve shows typical oscillator stability 
as a function of full-tolerance excur 
sions of supply voltage. In this regard 
it is interesting to note that the voltage 
coefficient of frequency of the instru 
ment is only about 1 part in 1010 per 
4-volt dc supply change. 

O T H E R  C O N V E N I E N C E S  
Several physical features of the new 

standard contribute to its operational 
convenience.  I t  i s  suppl ied in  rack 
moun t  fo rm wi th  an  ove ra l l  pane l  
height of only 5/4". The oscillator cir 
cuit is provided with a Coarse and a 
Fine frequency adjustment control, the 
Fine control being further provided 
with an indicator calibrated in parts per 
1010. The range of the indicator is ap 
proximately Â±300 parts in 1010, while 
the range of the Coarse control is ap 
proximately 1.5 parts in 106. 

The instrument is also provided with 
a panel meter and switching arrange 
ment that enables monitoring of six 
circuits in the instrument, including 
the 1 -megacycle and 100 kc outputs. If 
desired, a log of these circuit readings 
can be maintained as a guide to long 
time performance trends in the instru 
ment. Additionally, the meter can be 
used to obtain a quick check on per 
formance at key circuit points. 

D E S I G N  G R O U P  
The electrical design group for the 

new s tandard included LaThare  N.  
Bodily, while the mechanical design was 
carried out by Glenn Elsea and Rex 
Brush. 

â€”Leonard S. Cutler 

â€¢6- 

S P E C I F I C A T I O N S  

â€¢hp- 
M O D E L  1 0 3 A R  

F R E Q U E N C Y  S T A N D A R D  

S t a b i l i t y :  S h o r t  t e r m :  B e t t e r  t h a n  5  p a r t s  i n  
1 0 ' Â °  a v e r a g e d  o v e r  1  s e c .  i n t e r v a l s .  L o n g  
t e r m :  5  p a r t s  i n  1 0 1 D  p e r  d a y .  

O u f p u f  F r e q u e n c i e s :  1 ) 1  m e  s i n e  w a v e s ,  1  v o l t  
rms  in to  50  ohms 2 )  100  kc  s ine  waves ,  1  vo l t  
r m s  i n t o  5 0  o h m s  3 )  1 0 0  k c  o u t p u t  f o r  d r i v  
i n g  - h p -  1 1 3 A R  F r e q u e n c y  D i v i d e r  a n d  C l o c k ,  
0 . 5  v o l t  r m s .  

H a r m o n i c  D i s t o r t i o n :  A t  l e a s t  4 0  d b  b e l o w  
r a t e d  o u t p u t .  

N o n - H a r m o n i c a l l y  R e l a t e d  O u t p u t :  A t  l e a s t  8 0  
d b  b e l o w  r a t e d  o u t p u t .  

O u f p u f  T e r m i n a l s :  O u t p u t s  1  a n d  2 :  B N C  c o n  
n e c t o r s  o n  f r o n t  p a n e l  a n d  a t  r e a r .  O u t p u t  3 :  
B N C  c o n n e c t o r  a t  r e a r .  

F r e q u e n c y  A d j u s t m e n t s :  C o a r s e :  S c r e w d r i v e r  
a d j u s t m e n t  w i t h  r a n g e  o f  a p p r o x i m a t e l y  1  
C a r t  i n  1 0 " .  A c c e s s i b l e  t h r o u g h  f r o n t  p a n e l  

y  r e m o v i n g  t h r e a d e d  p l u g .  F i n e :  F r o n t  
p a n e l  c o n t r o l  w i t h  r a n g e  o f  a p p r o x i m a t e l y  
6 0 0  p a r t s  i n  1 0 1 0 .  A c c e s s i b l e  t h r o u g h  f r o n t  
p a n e l  b y  r e m o v i n g  t h r e a d e d  p l u g .  D i g i t a l  
i n d i c a t o r  c a l i b r a t e d  d i r e c t l y  i n  p a r t s  i n  1 0 1 " .  

M o n i t o r  M e t e r :  R u g g e d i z e d  f r o n t - p a n e l  m e t e r  
and  assoc ia ted  se lec tor  swi tch  moni tors :  
1 )  S U P P L Y  v o l t a g e  
2 )  O S C  c u r r e n t  
3 )  I N N E R  O V E N  c u r r e n t  
4 )  O U T E R  O V E N  c u r r e n t  
5 )  1 0 0  K C  o u t p u t  
6 )  1  M C  o u t p u t  

Temperature  Range:  0 -50Â°C.  

S i z e :  R a c k  M o u n t :  5 1 4  i n .  h i g h ,  1 9  i n .  w i d e ,  
1 2  i n .  d e e p  b e h i n d  p a n e l .  

W e i g h t .  N e t  a p p r o x i m a t e l y  1 7  I b s .  

P o w e r  R e q u i r e m e n t :  2 2  t o  3 0  v o l t s  d c ,  a p p r o x i  
m a t e l y  5  w a t t s  a f t e r  w a r m u p  a t  r o o m  t e m  
p e r a t u r e .  A p p r o x i m a t e l y  9 . 5  w a t t s  d u r i n g  
w a r m u p .  - h p -  7 2 4 A R  S t a n d b y  P o w e r  S u p p l y  
w i t h  s t a n d b y  b a t t e r y  r e c o m m e n d e d .  

A c c e s s o r i e s  F u r n i s h e d :  C a b l e  f o r  c o n n e c t i n g  
- h p -  1 0 3 A R  F r e q u e n c y  S t a n d a r d  t o  - h p  
7 2 4 A R  S t a n d b y  P o w e r  S u p p l y .  

P r i c e :  $ 2 5 0 0 . 0 0  f . o . b .  P a l o  A l t o ,  C a l i f .  

C o m p / e m e n f a r y  E q u i p m e n t :  - h p -  M o d e l  7 2 4 A R  
S t a n d b y  P o w e r  S u p p l y .  

- h p -  1 4 2 0 - 0 0 0 7  2 0  a h  S t a n d b y  B a t t e r y  f o r  
M o d e l  7 2 4 A R .  

- h p -  M o d e l  1 1 3 A R  F r e q u e n c y  D i v i d e r  a n d  
Clock. 

- h p -  M o d e l  1 2 0 A R  O s c i l l o s c o p e .  
R e c e i v e r  f o r  S t a n d a r d  T i m e  s i g n a l s  ( n o t  

a v a i l a b l e  f r o m  H e w l e t t - P a c k a r d  C o m  
p a n y ) .  
D a t a  s u b j e c t  t o  c h a n g e  w i t h o u t  n o t i c e .  
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