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A VLF Comparator for Relating 
Local Frequency to U. S. Standards 

C o m p a r i n g  p h a s e  c h a n g e s  b e t w e e n  a  l o c a l  s t a n d a r d  
a n d  s t a n d a r d  V L F  b r o a d c a s t s  p e r m i t s  f a s t ,  p r e c i s e  

f r e q u e n c y  c a l i b r a t i o n  t r a c e a b l e  t o  N B S  

-L HE REMARKABLE improvements made in fre 
quency control during the last decade have neces 
sitated commensurate improvements in the art of 
frequency calibration. Such improvements have 
been made possible by the transmission of phase- 
stable low-frequency radio waves by the National 
Bureau of Standards on stations WWVB (60 kc) 
and WWVL (20 kc). These transmissions are 
capable of yielding comparison precisions as high 
as a few parts in 10'- within the continental U.S. 

Establishment of the NBS low-frequency 
standard broadcasts suggested the possibility of a 
simplified comparator system for relating local fre 
quency standards to the U.S. Frequency Stand 
ard. Such a system has recently been designed 
in the form of a VLF Comparator for use with 
WWVB. This is a simplified system intended for 
calibrating high quality frequency standards or 
for monitoring atomic frequency standards with 
respect to the United States Frequency Standard. 

The essential function of the VLF Comparator 
is to make accurate measurements of the phase 
difference between the 60 kc WWVB carrier and 
a stable local frequency. The phase difference 
measured in microseconds is automatically plotted 

Fig. 1. VLF Phase Comparator calibrates local frequency 
standard with respect to national standards by making 
time plot of phase difference between WWVB standard 
broadcast carrier and locally-generated signal. Project 
Leader Dexter Hartke (left) and. -hp- Standards Engi 
neer James A. Marshall examine phase/ time plot pro 

duced by Comparator. 

S E E  A L S O :  
T u n a b l e  V L F  C o m p a r a t o r ,  p .  8  

Fig.  2.  Typical  recording made by VLF Comparator 
showing comparison between electronic counter time base 
oscillator and WWVB. Horizontal scale is 1 hr. per major 
division, vertical scale is '/Â¡ psec per minor division. Slope 
of trace shows phase change of 1 usec between 9:00 A.M. 
and 12:00 N., equivalent to frequency offset of 1 part in 
10'". Change in slope after 12:00 N. represents oscillator 
drift. Periodic "pulses" result from once-an-hour 45~ 
phase shift provided in WWVB carrier for identification. 

P R I N T E D  I N  U S A .  Â © H  
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Fig. 3. Hewlett-Packard Model 117 A VLF Phase Comparator. 

on a built-in strip-chart recorder, pro 
viding a record of the frequency offset 
of the local standard oscillator as 
shown by the typical record of Fig. 2. 
The trace is easily evaluated with 
transparent templates, supplied with 
the instrument, that relate the slope 
of the recorder trace to the frequency 
offset (see Fig. 6). Comparison accura 
cies of better than 1 part in 10" have 
been achieved with the system. 

The VLF Comparator is a complete 
system (exclusive of local standard) 
which consists in one package of a 
receiver, an electronic servo-controlled 
oscillator which functions as a narrow 
band tracking filter, a linear phase 
comparator, and a strip chart recorder, 
all shown in the simplified block dia 
gram of Fig. 4. A loop antenna and 
100 feet of lead-in cable are included 
with the system. 

S Y S T E M  D E T A I L S  

A more detailed block diagram of 
the Comparator is shown in Fig. 5. The 

phase comparison actually is made be 
tween the local standard and a servo- 
controlled crystal oscillator, which 
serves as a tracking filter for the re 
ceived WWVB 60-kc carrier. The re 
corder plots the results of the phase 
comparison with a resolution of better 
than 1 jusec phase difference to show 

the frequency offset of the local fre 
quency standard. 

As a tracking filter, the servo-con 
trolled oscillator averages and smooths 
any short-term variations in the re 
ceived WWVB signal. The oscillator 
frequency is. locked to the received 
signal by a phase detector which con 
trols a voltage-variable capacitor in the 
oscillator tuning circuit. The oscillator 
output is compared in phase to the re 
ceived 60-kc signal after transforma 
tion from 100 kc to 60 kc by a 5-to-l 
divider and a X 3 multiplier. 

The output of the servo-controlled 
oscillator itself may be used as a fre 
quency standard, although there are 
occasional ionospheric effects that af 
fect the phase stability of the received 
LF radio signal and may reduce the 
stability of the servo-controlled oscil 
lator to a few parts in 109. 

* O 1 0 0 K C  
Phase-Locked  

Outpu t  

LOCAL 
FREQUENCY 

^ S T A N D A R D  j  

Fig. 4. Simplified diagram of -hp- Model 117 A VLF Comparator 
System. Recorder makes time plot of phase difference between 
local carrier. standard and received standard broadcast carrier. 

F R E Q U E N C Y  C A L I B R A T I O N  
U S I N G  L F  S T A N D A R D  B R O A D C A S T S  

L o w  f r e q u e n c y  s t a n d a r d  b r o a d c a s t s  
n o w  p r o v i d e d  b y  t h e  N a t i o n a l  B u r e a u  
o f  S t a n d a r d s  p e r m i t  p r e c i s e  c a l i b r a t i o n  
o f  l o c a l  f r e q u e n c y  s t a n d a r d s  i n  a  r e l a  
t i v e l y  s h o r t  t i m e .  H i g h  a c c u r a c y  i s  p o s  
s i b l e  w i t h  t hese  b roadcas t s  because  LF  
w a v e s  p r o p a g a t e  p r i n c i p a l l y  a s  g r o u n d  
waves and thus have h igh phase s tab i l i ty  
a t  the  rece ive r .  

P rec is ion  f requency  compar i sons  can  
b e  m a d e  b y  m e a s u r i n g  c h a n g e s  i n  
p h a s e  o v e r  a  p e r i o d  o f  t i m e  b e t w e e n  
the cyc les o f  a  loca l ly -der ived s ignal  and 
t h o s e  o f  a  l o w - f r e q u e n c y  s t a n d a r d  
b r o a d c a s t  c a r r i e r .  T h e  f r e q u e n c y  o f f s e t  
o f  t h e  l o c a l l y - g e n e r a t e d  s i g n a l  w i t h  r e  

s p e c t  t o  t h e  t r a n s m i t t e d  c a r r i e r  t h e n  i s  
e q u i v a l e n t  t o  t h e  r a t e  o f  c h a n g e  i n  t h e  
p h a s e  d i f f e r e n c e  ( m e a s u r e d  a s  a  t i m e  
in terva l ) ;  i .e . ,  

A t / T  =  A f / f .  

The VLF Comparator  descr ibed in  th is  
a r t i c l e  m a k e s  p r e c i s e  p h a s e  c o m p a r i  
s o n s  b e t w e e n  a  6 0 - k c  s i g n a l  d e r i v e d  
f r o m  a  l o c a l  f r e q u e n c y  s t a n d a r d  a n d  
t h e  6 0 - k c  c a r r i e r  o f  t h e  N B S  s t a n d a r d  
f r e q u e n c y  s t a t i o n  W W V B .  T h e  i n s t r u  
men t  reco rds  the  phase  d i f f e rence  as  a  
f u n c t i o n  o f  t i m e  o n  a  s e l f - c o n t a i n e d  
s t r i p - c h a r t  r e c o r d e r  a n d  u n d e r  l a b o r a  
t o r y  c o n d i t i o n s  t h e  r e s o l u t i o n  o f  t h e  

record ing  is  be t te r  than 1  usec  o f  phase 
d i f fe rence .  The  record ing  i s  eas i l y  i n te r  
p r e t e d  t o  s h o w  t h e  o f f s e t  o f  t h e  l o c a l  
f r e q u e n c y  s t a n d a r d  w i t h  r e s p e c t  t o  t h e  
t r ansm i t t ed  s t anda rd  f r equency .  

C o m p a r i s o n s  m a d e  w i t h  t h i s  i n s t r u  
men t  ove r  t en -day  pe r i ods  can  y i e l d  ac  
c u r a c i e s  o f  p a r t s  i n  1 0  '  p r o v i d e d ,  o f  
c o u r s e ,  t h a t  t h e  l o c a l  s t a n d a r d  i s  o f  
c o m m e n s u r a t e  q u a l i t y .  C o m p a r i s o n  a c  
cu rac ies  o f  pa r t s  i n  10  can  be  ach ieved  
e a s i l y  i n  a  c o m p a r i s o n  p e r i o d  o f  a b o u t  
an  hour  du r ing  t imes  o f  l ow ionospher i c  
ac t i v i t y ,  as  common ly  f ound  du r i ng  day  
l i gh t  hours .  (See  a l so  a  d i scuss ion  o f  a  
t unab le  VLF  Compara to r  on  page  8 . )  

2 â€¢ 
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Fig. 5. Block diagram of VLF Comparator System. 

The local  s tandard 100-k.c fre  
quency is compared to the crystal 
oscillator signal in the linear phase 
comparator after division by 5 and 
multiplication by 3 to 60 kc. The phase 
comparison thus can be made at 60 kc, 
for a full scale 360Â° phase difference of 
16% /usec, or it can be made at 20 kc 
to provide a full scale phase difference 

*  A  1 0 - t o - l  d i v i d e r  t h a t  p e r m i t s  u s e  o f  t h e  C o m  
p a r a t o r  w i t h  a  1 - M c  s t a n d a r d  h a s  b e e n  d e s i g n e d  
a s  a  p l u g - i n  o p t i o n .  

of 50 jusec. A front panel switch selects 
the desired scale. 

L I N E A R  P H A S E  C O M P A R A T O R  
The linear phase comparator is a 

Hip-Hop that is turned on once a cycle 
by the local standard signal and turned 
off again by the phase-locked oscillator 
signal, as shown in Fig. 9. This action 
generates a constant-amplitude rec 
tangular pulse train that has a repe 
tition rate equal to the comparison 

I  
Fig. trace. Transparent template simplifies reading of recorder trace. 
Template relates slope of trace to frequency offset between local 
and WWVB signals. Template shown here is for use with Â¡6% usec 
scale (phase difference in microseconds across width of record 

ing). Similar templates are used with 50 usec scale. 

frequency and a pulse width that is 
determined by the relative phase diller- 
ence between the local standard and 
\\"U'VB. This type of comparator has 
an output current that varies linearly 
with respect to phase difference. 

The output of the linear comparator 
is applied to the recorder and also to 
two rear panel connectors, one for use 
with galvanometric recorders and one 
for potentiometric recorders. The com 
parator output is also applied to the 
front panel meter when the Function 

switch is in the Phase Comparison 

position. 

R E C O R D E R  

The strip chart recorder is a sam 
pling device thai makes a dol on pres 
sure-sensitive paper once every sixty 
seconds. The (hart speed is 1 inch/ 
hour so that the trace resembles a con 
tinuous line when the trace is of mod 
erate slope. 

L O O P  A N T E N N A  

The standard antenna included with 
the system is a 43-inch diameter loop 
housed in heavy aluminum tubing at- 
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tached to a cast-aluminum box (Fig.  
10 ) .  The  an tenna  loop  wi res  a re  se  
cured by foamed-in-place polyurethane 
inside the tubing, and a pre-amplifier 
i s  m o u n t e d  o n  t h e  w a t e r p r o o f  b o x  
cover. 

The effective electrical height of the 
an tenna  i s  approx ima te ly  1 .6  cen t i  
meters  which,  when mult ipl ied by a  
field strength of only 60 microvolts per 
meter ,  del ivers  about  1  microvol t  of  
signal to the 117A, a signal level ade 
quate for  sat isfactory operat ion ( the 
field strength at receiver sites within 
the continental United States usually 
amounts to hundreds of microvolts per 
meter).  Although no attempt is made 
to keep the null  in the f igure-8 f ield 
pattern free of quadrature contamina 
tion, there may be cases where orient 
ing the antenna can reduce the effect 
of man-made interference without seri 
ously affecting the level of the desired 
signal. 

A  p u s h - p u l l  a m p l i f i e r  u s i n g  t w o  
Nuvis tor  t r iodes  serves  as  an act ive  
coupler between the high impedance 
resonant loop and a magnetostrictive 
f i l te r  which  dr ives  the  output  te rmi  
nals. The Nuvistors, operated at greatly 
reduced voltages for  long l i fe  expec 
tancy, have extremely linear character 
istics in the range of voltages encoun 
tered. 

The magnetostr ict ive f i l ter ,  which 
has a bandwidth of only 30 cps, mini 
mizes the possibility of blocking of the 
input amplifiers by powerful transmit 
ters on nearby channels (extensive field 
testing at -hpâ€” showed that this does 
happen with a wideband system). The 
smal l  t empera ture -dependent  phase  
shift introduced by the filter has been 

Fig. 8. Performance of VLF Comparator is shown by phase compari 
son made between "atomic" frequency standard (-hp- Model 5060A 
Cesium Beam Frequency Standard) and WWVB at Palo Alto, Calif. 
(900-mile path). Recorder scale is 50 iisec edge to edge. Steady trace 

Phase -Locked  
O s c i l l a t o r  

-Â»-To 
Recorder  

" L o c a l  S t a n d a r d  

Fig. at Linear phase comparator generates rectangular pulses at 
60 kc of are integrated to provide dc signal for operation of 
recorder. Pulse width, and thus dc output, is proportional to 
phase difference between local standard and internal phase-locked 

oscillator. 

found to be negligible during usually- 
encountered temperature variations. 

The lead-in carries the signal to the 
i n s t r u m e n t  a n d  t h e  o p e r a t i n g  D C  
power  to  the  an tenna ,  typ ica l ly  60  
milliamps at 35 v DC. A 50-ohm cable 
of any length from fifty to more than 
a  t h o u s a n d  f e e t  m a y  b e  u s e d  a s  a  
lead-in. A balanced 300-ohm input is 
available for those who may wish to 
use other types of antennas for experi 
ments. 

R E C E I V E R  C I R C U I T S  

The carr ier  ampli f ier  a t  the  input  
to the Comparator uses three Nuvistor 
te t rode s tages  synchronously  tuned 
with a bandwidth of 2 kc and a gain 
of more than 120 db. Here again, volt 
ages are kept low for long life expect- 

Fig. 7. Link between house frequency standards and 
national standards is provided by VLF Comparator 
( t o p )  s h o w n  h e r e  w i t h  - h p -  M o d e l  1 0 7 B R  Q u a r t z  

Oscillator. 

ancy.  Nei ther  a  manual  nor  an  auto  
matic gain control was found necessary 
or  even useful  s ince the circui t ry  is  
phase-stable for signal level changes 
much greater than those experienced 
in practice. 

A simple signal-level detector pro 
vides an uncalibrated indication of the 
presence of the carrier and also shows 
if fading occurs. The signal level can 
be monitored by the front panel meter 
or by an external recorder through a 
te lephone jack provided on the rear  
panel. 

THE TRACKING FILTER 
W h e n  N B S  a n n o u n c e d  p l a n s  f o r  

h i g h e r  p o w e r  t r a n s m i s s i o n  f r o m  
WWVB (and WWVL), it was proposed 
that a servo-controlled oscillator hav 
ing an integration t ime of 1 to 2 sec 
onds and a bandwidth of about 1 cps 
would be adequate as a tracking filter 
for  cont inental  U.  S.  recept ion,  pro 
vided that the LF or VLF carriers were 
continuously transmitted. The use of 
such a tracking filter makes the system 
an automatically-tuned receiver with 
a passband of less than 1 cps, a highly 
desirable feature for  discr iminat ing 
against  the high noise levels encoun 
tered at LF and VLF frequencies. Re 
liable operation of this system has been 
verified by an extensive field-testing 
program. 

4 â€¢ 
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between 5:30 A.M. and 8:00 P.M. while entire propagation path is in 
daylight shows high stability of daylight signal. Comparisons are not 
usually made at night because of ionosphere changes which affect 
phase and received signal, as shown by 20-nsec shifts at sunrise and 
sunset. 

The tracking filter is shown in Fig. 
1 1 . It is well known that a very narrow 
band t racking f i l ter  can be real ized 
with this  type of  phase-locked osci l  
lator.  The integrator in the feedback 
loop creates a second-order system that 
has no significant phase error in the 
steady state and has the outstanding 
advantage  tha t  i t  can  be  made  wi th  
s imple resis t ive and capaci t ive com 
ponents .  The  opera t iona l  ampl i f ie r  
function is easily fulfilled by a single 
high-mu Nuvistor, five resistors, and a 
capacitor. Temperature variations ( ;m- 
not  change  the  va lues  of  these  com 
ponents in such a way as to cause the 
center frequency to shift significantly. 

The output of the phase detector is 
zero volts only when the 60-kc voltages 
are exactly the same frequency and 90Â° 
apart  in  phase.  Any phase deviat ion 
causes an output which is integrated 
by the  operat ional  ampl i f ier  and ap 
plied to the voltage-controlled oscil  
lator in the proper direction to restore 
the 90Â° phase relation between the 60- 
kc phase detector inputs. 

The quartz crystal is a room-temper 
ature NT-cut  requir ing no warm-up,  
which allows the Comparator to start 
making  phase  records  in  jus t  a  few 
minutes after turn-on. The degree of 
crystal frequency pulling due to servo 

control can be seen on the panel meter 
when  the  Func t ion  swi tch  i s  in  the  
Phase  Lock  Adjus t  pos i t ion ,  which  
shows the voltage output of the phase 
detector. A reading of 20 on the 0-50 
scale indicates that  the free-running 
crystal frequency is tracking WWVB 
with  l i t t le  or  no  servo pul l ing .  Any 
reading in the "green" area between 
10 and 40,  however,  provides phase 
t r a c k i n g  w i t h  n o  d e t e c t a b l e  p h a s e  
error. 

The transient response of the track 
ing filter is shown in Fig. 12. This is 
a  plot  of  the vol tage at  the vol tage-  
controlled reactance in response to a 
s tep change in  the  osci l la tor  tuning 
capacitance. The overall time constant 
of the response (10% to 90% of final) 
is about 1 second. 

V L F  R E C E P T I O N  

The received phase-stability of VLF 
radio  waves  i s  a f fec ted  by  the  iono 
sphere. When the effective ionosphere 
height and electron density profile re 
main constant,  as is usually the case 
during the time that the entire propa 
gation path is in daylight, the apparent 
received phase-stabil i ty and field in 
tensity are correspondingly constant. 

Occasionally,  daytime ionosphere 
activity does occur and must be rec- 

T A B L E  1 .  I N C R E M E N T A L  P H A S E  J U M P S  ( I N  M I C R O S E C O N D S )  P O S S I B L E  
F O L L O W I N G  A  T E M P O R A R Y  I N T E R R U P T I O N  I N  S I G N A L S  O R  P O W E R .  

ogni/ed for  proper evaluation of  the 
data records. If fading during daylight 
should occur, it is a certain indication 
that ionosphere disturbances are tak 
ing  p lace  and these  are  l ike ly  to  be  
accompan ied  by  appa ren t  r ece ived  
p h a s e - i n s t a b i l i t i e s .  T h e  m a x i m u m  
error  a t t r ibutable  to  ionosphere  d is  
turbances experienced at Palo Alto on 
WWVB has been about 1 X 10 ', which 
occurred during November, 1963. Rec 
ords  made a t  Hewlet t -Packard  Com 
pany in Palo Alto, however, show that 
days  of  uns tab le  ionospher ic  condi  
tions are in the minority and that one 
can expect  to be able to work in the 
range between 1 X 10 '"and 1 X 1Q-" 
most of the time. Where intercontinen 
tal phase comparisons are concerned, 
on the other hand, i t  is  questionable 
whether comparisons accuracies of bet 
ter than 1 part in 10'Â° can be achieved 
since the propagation path seldom is 
totally in daylight. 

Another  he lp fu l  method  o f  de te r  
mining accuracy depends upon a fairly 
good  knowledge  of  the  behavior  of  
one's own local standard. The nature 
of aging quartz standards and of iono 
sphere phase anomalies are sufficiently 
unlike to be distinguishable. Once the 
aging ra te  of  the  local  s tandard has  
been determined,  i t  can be removed 
from the phase records with reasonable 
accuracy. 

D i s c o n t i n u i t i e s  i n  t h e  r e c o r d e d  
phase difference that can result from 
s i g n a l  o r  p o w e r  i n t e r r u p t i o n s  a r e  
shown in Table 1. Usually, there is no 
good reason to make records overnight 

-  A  V L F  C o m p a r a t o r  m o d i f i e d  f o r  u s e  w i t h  W W V L  a t  2 0  k c  i s  a v a i l a b l e ,  
a l t h o u g h  t h e  2 0 - k c  t r a n s m i s s i o n s  a r e  s t i l l  c o n s i d e r e d  t o  b e  o n  a n  
e x p e r i m e n t a l  b a s i s .  

- A  â € ”  
I T  

Fig. 10. Weatherproof antenna used with 
Comparator System. 
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Fig. 11. Tracking filter is formed by phase-lock 
loop with integrator in feedback loop. 

for calibrating local standards since the 
phase stability of WWVB in daylight 
hours is much better than it is between 
dusk and dawn. The exception occurs 
when one wishes to collect continuous 
data over many days in order to achieve 
a precision greater than that obtain 
able in a single working day. In this 
case, the Comparator should not be 
turned off nor should the local stand 
ard be disconnected. 

If one attempts to make coherent 
records against WWVB over many days 
time, it is likely that the phenomenon 
of an integral number of advancing or 
retarding full 360 degree phase shifts 
may be recorded. Full cycle phase rota 
tions during diurnal phase shifts have 
been noted by many observers at many 
frequencies. A 360Â° phase shift at 60 
kc moves the recorder trace 162/^ ^sec, 
which would appear as a loss of coher 
ence on the 50-ju.sec scale. The obvious 
way to avoid this is to use the 16%- 
jusec calibration when making measure 
ments for periods of time longer than 
one working day. The fact that such 
phase shifts take place certainly creates 
a problem for any kind of timing or 
accumulating system which attempts 
to use the VLF radio wave itself, in 
stead of a carefully-maintained local 
standard. 

T Y P I C A L  P E R F O R M A N C E  

As an example of what can be ac 
complished in a few days of intermit 
tent broadcasting, Fig. 14 shows the 
phase record of a Hewlett-Packard 
Model 107AR Quartz Oscillator made 
by a VLF Comparator at the IEEE 
Convention in the New York Coliseum 

during March, 1964. The Quartz Oscil 
lator was turned on about noon of 
March 20 and at noon March 21 the 
frequency error was read as -4- 4 X 10~8 
with the frequency offset template. A 
coarse correction was made. At 1:30 
p.m. the frequency offset was again 
measured and corrected by 3 X 10"'- 
A final correction was made at 5:00 
p.m. Similar corrections were made 
during the next four days (WWVB 
was broadcasting six hours a day at 
the time and was off the air completely 
on March 24). The correction made at 
noon of March 25 brought the Quartz 
Oscillator to within 1 X 10~'Â° of the 
USFS after only four days of intermit 
tent broadcasting, a truly remarkable 
performance when one recalls the 
months of effort required to approach 
this precision by means of HF time 
signals. 

The very high comparison accuracy 
possible with this VLF comparison sys- 

Fig. 12. Response of phase-lock loop to 
simulated step change in oscillator fre 
quency. Oscillogram sweep speed is 2 

sec/cm. 

tern was demonstrated by a several-day 
test in which an â€” hpâ€” Model 5060A 
Cesium Beam Frequency Standard was 
compared with WWVB. The test thus 
provided a comparison of two very 
high stability frequency sources to 
show the capability of the VLF com 
parison technique. Corrections from 
NBS were applied and the following 
results obtained: 

5060A 
Offset vs 
WWVB 

8  days  +  4X1012  

5060A 
Offse t  vs  Disagree  -  
W W V I .  m e n t  
+ f>Xl012 + 2X1012 

!2days  +4 .35X10"  +5 .6X10-"  +  1 .25X1012  

The period of measurement was from 
5- 13-64 to 5-25-64. 

R E A D I N G  T H E  C H A R T  

The templates (Fig. 6) supplied with 
each Comparator enable interpreta 
tion of the slope of the recorded trace 
in terms of frequency offset of the local 
standard. When the frequency offset is 
less than that conveniently measured 
with the template, it can easily be cal 
culated using the fact that there are 
close to 10'Â° microseconds in a 3-hour 

5 9  6 0  6 1  

FREQUENCY (KC) 

Fig. 13. Interference rejection of â€”hpâ€” Model 117 A VLF Com 
parator. Ordinate represents power level of interfering signal in 
db above WWVB received signal level. Interference having fre 
quency and amplitude in shaded areas has no effect on operation 

of VLF Comparator. 

6 â€¢ 
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Fig. operation Records made while putting frequency standard into operation (see text). 

period. The error N in parts of 10'Â° 
is then: 

N microseconds   At 
1 0 I O =  3  h o u r s  : ~ T ~  

The fract ional  t ime error  thus deter  
mined is ,  of  course,  the same as the 
fractional frequency error 

At  _  Af  
T '  :  â € ”  

The slope of the phase recording is 
the frequency difference between the 
two input frequeni ic-s. since its dimen 
sions are d^/dt. The derivative of the 
s lope  o f  the  phase  record ing  i s  f r e  
quency drift  and under conditions of 
stable propagation can be at tr ibuted 
to the local standard. 

For larger frequency offsets, in the 
range of  a  few par ts  in  10 '  to  a  few 
pans in 10', the time between recorded 
dots on the microsecond scale is useful 
for accurate fractional frequency error 
calculations. The following example 
illustrates: 

D E S I G N  L E A D E R  

DEXTER HARTKE 
Dexter  Har tke jo ined Hewlet t -Packard 

i n  1 9 5 0  f o l l o w i n g  g r a d u a t i o n  ( B S E E )  
f r o m  t h e  U n i v e r s i t y  o f  C a l i f o r n i a  w h e r e  
h e  w a s  a  m e m b e r  o f  T a u  B e t a  P i  a n d  

Refer r ing  to  the  f i r s t  hour  of  the  
New York  IEEE Convent ion  record  
of March 21, 19<M (Fig. 14), the average 
t ime between dots just  before 12:00 
noon__was determined to be 2.45 Â¿u.sec 
per minute (from xl to x2 is 44 Â¿Â¿sec in 
18 minutes); this very simply yields: 

2.45 / (60 x 106) = 4.1 x 10'8. 
the actual frequency ollset. 

Unless enough dots are made to posi 
tively define a readable slope, it is bet 
ter to measure the beat frequency by 
coun t ing  cyc l e s  o f  t he  f ron t  pane l  
meter for a measured period of t ime 
while the Meter Â¡-'unction switch is set 
to Phase Ctimparison. 

A C K N O W L E D G M E N T S  

A major part of the design was per 
formed by J. M. Brawn,, Jr., who also 
compiled much of the field test data. 
Manv helpful  suggest ions  were  pro  
vided by Leonard S. Cutler. 

â€”Dexter Hartke 

E t a  K a p p a  N u .  A t  - h p -  h e  h a s  h a d  a  
l o n g  a s s o c i a t i o n  w i t h  f r e q u e n c y  a n d  
t i m e  m e a s u r i n g  i n s t r u m e n t s ,  b e g i n n i n g  
w i t h  t h e  - h p -  M o d e l s  5 1 2 A  a n d  5 1 2 B  
heterodyne f requency conver ters  fo r  the  
524A 10-Mc Counter ,  and  the  la te r  p lug  
i n  ve rs ions  fo r  t he  524B/C /D  and  5245L  
C o u n t e r s .  H e  a l s o  w o r k e d  o n  t h e  5 2 4 B  
Counter  and the  218A Dig i ta l  De lay  Gen 
e r a t o r  a n d  w a s  P r o j e c t  L e a d e r  f o r  t h e  
540A/B Trans fe r  Osc i l l a to rs .  S ince  1958 
he  has  been concerned exc lus ive ly  w i th  
f r e q u e n c y  a n d  t i m e  c a l i b r a t i n g  e q u i p  
m e n t ,  b e i n g  r e s p o n s i b l e  f o r  t h e  1 1 3 A  
a n d  1 1 5 A / B / C  F r e q u e n c y  D i v i d e r  a n d  
C l o c k s ,  t h e  7 2 4 A / B  a n d  7 2 5 B  S t a n d b y  
Power  Supp l i es ,  and  now the  117A  VLF  
Compara to r .  

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

M O D E L  1  1  7 A  

V L F  C O M P A R A T O R  

I N P U T  F R E Q U E N C Y :  6 0  k c  ( W W V B  C a r r i e r ) .  
S E N S I T I V I T Y :  1  , i v  r m s  i n t o  5 0 ! ;  ( a d e q u a t e  

f o r  d a y l i g h t  r e c e p t i o n  a n y w h e r e  i n  c o n t i  
n e n t a l  U .  S . ) .  

L O C A L  S T A N D A R D  I N P U T :  1 0 0  k c ,  1  v  r m s  
i n t o  1  k ! >  ( a d d i t i o n a l  d i v i d e r  t o  a c c e p t  1  M e  
a v a i l a b l e  a t  e x t r a  c o s t ) .  

1 0 0 - k c  P H A S E - L O C K E D  O U T P U T :  5  v o l t  p o s i  
t i v e  r e c t a n g u l a r  p u l s e s  i n t o  5  k ! . ' .  

R E C O R D E R  O U T P U T S :  P h a s e  C o m p a r i s o n  a n d  
R e l a t i v e  S i g n a l  S t r e n g t h :  0 - 1  m a  d c  i n t o  
1 4 0 0 ! . '  a n d  0 - 1 0 0  m v  d c  f r o m  2 0 0 0 ! . ' .  

O V E R - A L L  P H A S E  S T A B I L I T Y :  Â ±  1  ^ s e c  0 - 5 0 ' C .  
CHART WIDTH:  50  / / sec  o r  162 /3  Â¿ isec ,  se lec ted  

b y  f r o n t  p a n e l  s w i t c h .  
C H A R T  S P E E D :  1  i n c h / h o u r  ( 6  a n d  1 2  i n c h e s /  

h o u r  a v a i l a b l e  u p o n  r e q u e s t ) .  
M E T E R  R E A D I N G S :  T h r e e  s w i t c h  p o s i t i o n s :  1 .  

R e l a t i v e  s i g n a l  l e v e l .  2 .  P h a s e  c o m p a r i s o n ;  
c a l i b r a t e d  s c a l e s  0 - 5 0  M S  f u l l  s c a l e  a n d  
0 - 1 6 2 / 3  u s  f u l l  s c a l e .  3 .  P h a s e  l o c k ;  i n d i  
c a t e d  r a n g e  i n s u r e s  n e g l i g i b l e  p h a s e  e r r o r  
i n  p h a s e - l o c k e d  o s c i l l a t o r .  

A D J U S T M E N T S :  F r o n t  p a n e l  s c r e w d r i v e r  c o n  
t r o l  a d j u s t s  f r e e - r u n n i n g  f r e q u e n c y  o f  v o l t  
a g e - c o n t r o l l e d  o s c i l l a t o r  t o  c o m p e n s a t e  f o r  
c r y s t a l  a g i n g  a n d  t o  a c h i e v e  o p t i m u m  
p h a s e  l o c k  o v e r  t e m p e r a t u r e  r a n g e  0 - 5 0 Â ° C .  
T h r e e  a d j u s t m e n t s  o n  r e a r  p a n e l  m a k e  f u l l  
s c a l e  c a l i b r a t i o n  a d j u s t m e n t  o f  i n t e r n a l  r e  
c o r d e r ,  i n t e r n a l  m e t e r ,  a n d  e x t e r n a l  g a l v a  
n o m e t e r  r e c o r d e r  f o r  p h a s e  c o m p a r i s o n .  

D I M E N S I O N S :  N o m i n a l l y  3  ' / i  i n c h e s  h i g h .  
1 6 %  i n c h e s  w i d e ,  1  1  ' / 4  i n c h e s  d e e p  b e h i n d  
f r o n t  p a n e l .  

W E I G H T :  
1 1 7 A :  2 0  I b s .  ( 9 . 1  k g )  n e t .  

2 2  I b s .  ( 1 0  k g )  s h i p p i n g .  
A n t e n n a :  1 2 . 5  I b s .  ( 5 . 7  k g )  n e t .  

2 1  I b s .  ( 9 . 5  k g )  s h i p p i n g .  
P O W E R :  1 1 5  o r  2 3 0  v o l t s  Â ± 1 0 % .  6 0  c y c l e s ,  

4 0  w a t t s  
S T O R A G E  T E M P E R A T U R E :  5 0 Â °  t o  + 7 5 * C .  
O P E R A T I N G  T E M P E R A T U R E :  0 - 5 0 Â ° C .  
A C C E S S O R I E S  ( i n c l u d e d ) :  

C H A R T  R E C O R D E R :  A m p r o b e  M o d e l  D B 8 1  
( m o u n t e d  i n  C o m p a r a t o r ) .  

L O O P  A N T E N N A  ( - h p -  1 0 5 0 9 A ) :  A n t e n n a  i s  
4 3  i n c h e s  ( 1 0 9  c m )  i n  d i a m e t e r  a n d  
m o u n t s  o n  1 - i n c h  p i p e  t h r e a d .  O p e r a t i n g  
tempera ture :  â€”60"  to  ^ -80Â°C.  

C O A X I A L  L E A D - I N  C A B L E  ( - h p -  1 0 5 1 2 A ) :  
5 0  o h m .  B N C  B N C  c o n n e c t o r s ,  1 0 0  f e e t  
( 3 0 , 5  m )  l o n g .  

P R I C E :  - h p -  1 1 7 A  w i t h  1 0 5 0 9 A  a n t e n n a - p r e  
a m p  a n d  1 0 5 1 2 A  l e a d - i n  c a b l e ,  $ 1 . 1 5 0 0 0 .  

P r i c e s  f . o . b .  f a c t o r 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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T U N A B L E  V L F  C O M P A R A T O R  

Trace made by Dymec tunable VLF Comparator while check 
ing quartz oscillator against Navy station NBA (24 kc) in 
Panama (3300-mile path). Chart scale is 100 fisec phase differ 
ence edge to edge. Slope of 2 Â¡isec/hr between 8 A.M. and 

For  f r equency  compar i sons  tha t  mus t  
b e  m a d e  o v e r  d i s t a n c e s  i n  e x c e s s  o f  
2 0 0 0  m i l e s ,  V L F  t r a n s m i s s i o n s  i n  t h e  
1 4 - 3 0  k c  b a n d  a r e  a d v a n t a g e o u s  b e  
c a u s e  o f  t h e i r  r e l i a b l e  r e c e p t i o n  a n d  
p h a s e  s t a b i l i t y  a t  l o n g  r a n g e s .  W h a t  i s  
mo re ,  t h i s  f r equency  range  makes  ava i l  
a b l e  s e v e r a l  d i f f e r e n t  t r a n s m i s s i o n s  o f  
f e r e d  b y  t h e  U .  S .  N a v y ,  t h e  N a t i o n a l  
B u r e a u  o f  S t a n d a r d s ,  a n d  t h e  B r i t i s h  
Pos t  O f f i ce  f o r  compar i son  work ,  p rov id  
i n g  c o v e r a g e  o v e r  m o s t  o f  t h e  e a r t h ' s  
s u r f a c e .  F o r  t h i s  p u r p o s e ,  t h e  D y m e c  
D i v i s i o n  o f  H e w l e t t - P a c k a r d  h a s  d e  
s i g n e d  a  t u n a b l e  V L F  C o m p a r a t o r  t h a t  
tunes  in  100-cps  s teps  f rom 14  to  30  kc .  
The  Compara to r  can  be  qu ick l y  changed  
t o  a n o t h e r  c h a n n e l  i n  c a s e  a  p a r t i c u l a r  
t ransmiss ion  becomes unusab le  because 
o f  p r o p a g a t i o n  c h a n g e s  o r  b e c a u s e  o f  
i n t e r m i t t e n t  s c h e d u l i n g . .  I t  w o r k s  w i t h  
V L F  s t a t i o n s  u p  t o  6 0 0 0  m i l e s  d i s t a n t .  

T h e  D y m e c  t u n a b l e  V L F  C o m p a r a t o r  
p l o t s  t h e  p h a s e  d i f f e r e n c e  b e t w e e n  t h e  
rece ived  s igna l  and  loca l  s tandard  osc i l  
l a t o r  i n  m u c h  t h e  s a m e  m a n n e r  a s  t h e  
â€ ”  hp -  117A  VLF  Phase  Compara to r  de  
sc r ibed  in  th i s  i ssue .  The  techn iques  fo r  
de r i v i ng  the  phase  d i f f e rence ,  howeve r ,  
a r e  e n t i r e l y  d i f f e r e n t  i n  o r d e r  t o  p e r m i t  
tun ing .  

T h e  t u n a b l e  V L F  C o m p a r a t o r  u s e s  
f requency  syn thes i s  t echn iques  to  t r ans  
l a t e  t he  100 -kc  l oca l  s t anda rd  s i gna l  t o  
t h e  s a m e  f r e q u e n c y  t o  w h i c h  t h e  i n  
s t r u m e n t  i s  t u n e d  a n d  t h e n  p r o c e s s e s  
t h e  s y n t h e s i z e d  a n d  r e c e i v e d  s i g n a l s  
t h r o u g h  i d e n t i c a l  I F  c h a n n e l s  t o  t h e  
p h a s e  c o m p a r a t o r .  T h e  v o l t a g e  o u t p u t  
o f  t h e  p h a s e  c o m p a r a t o r  c o n t r o l s  a  
s e r v o - d r i v e n  p h a s e - s h i f t e r  t h a t  p h a s e -  
s h i f t s  t h e  r e f e r e n c e  1 0 0  k c  s i g n a l  f r o m  
t h e  e x t e r n a l  f r e q u e n c y  s t a n d a r d  t o  
m a i n t a i n  t h e  r e c e i v e d  a n d  s y n t h e s i z e d  

1 P.M. shows oscillator frequency offset of 5.5 parts in 10"'. 
Change occurring at 4:30 P.M., characteristic of all VLF trans 
missions, is diurnal shift caused by night-time ionosphere 
changes. 

s i g n a l s  i n  p h a s e .  T h e  b u i l t - i n  r e c o r d e r  
p l o t s  t h e  p o s i t i o n  o f  t h e  p h a s e - s h i f t e r  
t o  p r o v i d e  t h e  r e c o r d  o f  p h a s e  d i f f e r  
ence.  The accumulated phase d i f fe rence 
i s  a l s o  d i s p l a y e d  o n  a  d i g i t a l  r e a d o u t .  
I n  a d d i t i o n ,  t h e  i n s t r u m e n t  h a s  a n  I F  
o u t p u t  a n d  a  m o n i t o r  l o u d s p e a k e r  f o r  
t e l e g r a p h i c  c o m m u n i c a t i o n s  a n d  f o r  
t ime- t i ck  synchron iza t ion  o f  c locks .  

The tunable  VLF Comparator  has h igh 
sens i t i v i t y  (0 .1  MV)  and  opera tes  in  the  
presence o f  s t rong in ter fe r ing  s igna ls  or  
n o i s y  e n v i r o n m e n t s ,  m a k i n g  i t  w e l l  
su i t ed  f o r  use  w i t h  mob i l e  o r  sh ipbo rne  
f r e q u e n c y  s t a n d a r d s .  T h e  c o m p l e t e l y  
t rans is to r i zed  ins t rumen t  opera tes  f rom 
a c  l i n e  p o w e r  o r  i t  c a n  o p e r a t e  w i t h  
batteries (24â€”30 v) with optional spring- 
d r iven char t  d r ives .  

â € ”  A l b e r t  B e n / o m i n s o n  a n d  
C / e o b o r n  R i g g i n s  

B R I E F  S P E C I F I C A T I O N S  
D Y M E C  

M O D E L  D Y - 2 3 6 S B  

V L F  P H A S E  C O M P A R A T O R  

F R E Q U E N C Y  R A N G E :  1 4 . 0  t o  3 0 . 0  k c  i n  1 0 0  
c p s  s t e p s  

S I G N A L  L E V E L  R A N G E :  1 0 0  d b  w i t h  s w i t c h e d  
a t t e n u a t o r  ( 6 0  d b  i n  1 0 - d b  s t e p s )  a n d  a g e  
( 4 0  d b  a t  i n p u t  c o m p r e s s e d  t o  6  d b  a t  I F ) .  

I F  S E L E C T I V I T Y :  A t  l e a s t  1 5  d b  r e j e c t i o n  o f  
a d j a c e n t  c h a n n e l  ( 1 0 0  c p s  f r o m  s e l e c t e d  
c h a n n e l ) ;  t o l e r a t e s  a d d i t i o n a l  1 5  d b  o f  i n t e r  
f e r e n c e  w i t h o u t  a f f e c t i n g  p h a s e  t r a c k i n g  
( o n  p h a s e  X  1 ) .  

S E R V O  T I M E - C O N S T A N T :  3 0  t o  6 0  s e c o n d s .  
I F  C A R R I E R  O U T P U T :  3 . 1  k c ,  0  t o  1  v  i n t o  

6 0 0  o h m .  B a n d w i d t h  s e l e c t e d  b y  f r o n t  p a n e l  
s w i t c h ,  7 5  o r  2 0 0  c p s .  

P O W E R  R E Q U I R E D :  1 1 5  o r  2 3 0  v  Â ± 1 0 % ,  6 0  
c p s ,  4 0  w a t t s .  
2 4  t o  3 0  v  d c .  0 . 7  a m p  ( s p r i n g - d r i v e n  c h a r t  
d r i v e  n e e d e d  f o r  b a t t e r y  o p e r a t i o n ) .  

P R I C E :  M o d e l  D Y - 2 3 6 5 B  V L F  P h a s e  C o m p a r a  
t o r  ( w i t h o u t  a n t e n n a ) :  $ 4 9 7 5 . 0 0 .  

D Y M E C  D I V I S I O N  
H E W L E T T - P A C K A R D  C O .  

2 7 5  P a g e  M i l l  R o a d ,  P a l o  A l t o ,  C a l i f .  

P r i c e s  f . o . b .  P a l o  A l t o ,  C a l i f .  

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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