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THE USE OF NATIONAL BUREAU OF STANDARDS HIGH FREQUENCY 
BROADCASTS FOR TIME AND FREQUENCY CALIBRATIONS 

by 

N .  Hironaka and C .  Trembath 

ABSTRACT 

Methods t o  determine time or  frequency by reception of NBS high frequency 
radio broadcasts a re  discussed. Results a re  shown f o r  cal ibrat ion of time 
signals  t o  w i t h i n  
resolution of be t te r  than 1 par t  i n  10 . 
systematic approach and refined measurement technique. 

Key Words: Dissemination; frequency; high frequency broadcasts; 

100 microseconds and cal ibrat ion of frequency o f f s e t  w i t h  a 
These results a re  achieved by using a 9 

standard; time 

1 .  INTRODUCTION 

The purpose of t h i s  report  i s  t o  present methods t o  make time and frequency cal ibrat ions 
by reception of h i g h  frequency (HF)  radio broadcasts from the National Bureau of Standards 
(NBS) radio s ta t ions  WWV [ l ]  and WWVH [2 ,  31. While general measurement methods have appeared 
i n  the l i t e r a t u r e  [4, 5, 6,  71, specif ic  techniques a re  described here. 

resolutions of 2 100 microseconds and t o  ca l ibra te  frequency t o  parts in lo1'. 
are  be t te r  than previously reported [8] since a more systematic approach is  used w i t h  resu l t s  
averaged over more than one measurement. 

Special emphasis i s  placed on procedures f o r  f i e l d  use t o  measure or s e t  clocks w i t h  
These values 

The importance of HF methods has been overshadowed by advances i n  very low frequency 
( V L F )  techniques [9] and TV time and frequency comparison. 
and economy of using HF broadcasts, along w i t h  the f a c t  t h a t  date/time t ransfer  t o  1 mi l l i -  
second resolution can be made in a few minutes measurement time, i l l u s t r a t e s  the importance 
and popularity o f  HF broadcasts. 
distance from the transmitting s ta t ion ,  and time of day, s ta ted measurement resolution i s  
obtainable when path delay i s  known. 

Nevertheless, the ease, s implici ty ,  

Although resu l t s  depend heavily on reception conditions, 

2. NBS HIGH FREQUENCY BROADCASTS 

2.1 General 

High frequency radio signals such as  those from radio s ta t ions  WWV/WWVH re ly  primarily on 
ref lect ion from the ionosphere t o  a r r ive  a t  a d i s tan t  point. 
height of the ionosphere (or  , .eflecting region) cause corresponding variations i n  the  path 
length of a received signal.  
i n  delay time of a received pulse o r  "t ick." The arr ival  time of a t i m i n g  pulse may vary from 
day t o  day, even for  measurements made a t  the same time of day. Variations can be averaged by 
measurements taken each day and recorded over several days. 

Variations i n  the density and 

This can be observed as  fading of a received signal and changes 



Good reception o f  signals ;  i . e . ,  a good signal-to-noise (SjN) r a t i o  from W W V / W W V H  i s  
Received f i e ld  strength and essent ia l  fo r  high resolution frequency or  time measurement. 

geographical location will determine the necessary receiver and antenna requirements. For 
example, a directional antenna may be necessary so t h a t  i t  can be oriented to  favor the 
transmission mode which consistently provides the strongest received s ignal .  

2.2 Broadcast Format 

S tanda rd  time and frequency s ta t ions  WWV and W W V H  derive the i r  signals from a cesium beam 
frequency standard. 
tones, and ca r r i e r  frequencies as broadcast. 
s ta t ions  a re  controlled t o  be w i t h i n  t 1 x 
Boulder, Colorado. 
UTC (NBS) time scale .  

They each use three "atomic clocks" to  provide the time of day, audio 
The frequencies o f  the cesium standards a t  the 

of the NBS frequency standard located in 
Time a t  the s ta t ions  i s  controlled t o  within 5 5 microseconds of the 

The cesium standards drive time code generators th rough  various dividers ,  mu1 t i p 1  i e r s ,  
and d is t r ibu t ion  amplifiers.  
time t icks .  
appropriate amplitude modulation. 

The time code generators generate the familiar audio tones and 
Frequency synthesizers provide the c lear  channel radio frequencies with 

The seconds pulses or " t icks"  transmitted by W W V  and W W V H  are derived from the same 
They are  produced by a double frequency standard tha t  controls the ca r r i e r  frequencies. 

sideband, 100 percent modulated signal on each RF ca r r i e r  and consist  of a 5 millisecond pulse 
of 1000 Hz (5  cycles) a t  WWV and 1200 Hz (6  cycles) a t  W W V H  commencing a t  the beginning of 
each second as shown in f igure 1 .  
1200 Hz for  W W V H )  begins each minute instead o f  the t ick.  
seconds of s i lence and followed by 25 milliseconds o f  si lence.  
interrupted each second for  a duration o f  40 milliseconds with only small degradation in 
i n t e l l i g i b i l i t y .  

A tone burst o f  0.8 second duration (1000 Hz f o r  WWV and 
Each t ick i s  preceded by 10 mi l l i -  

Voice announcements are  thus 

1.0 

a 0.5 

E 
S 
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-0.3 
0 1000 I500 2000 

VVV AND VWH SEColloS PVLSES 

ME SPECTRA ARE COYPOSED OF DISCRETE FREWENCY COMPONENTS 
AT INERVILS ff I.OCPS. THE COMPONENTS AT THE SPECTRAL 
MAXIMA HAVE AMPLITUDES ff 0.005 VOLT FOR A PULSE ANPUTWE 
OF 1.0 WXT. THE WWV PUSE CWSISTS ff F M  CYCLES OF 
loo0 CPS. THE WWVH WLSE CONSISTS ff SIX CYCLES OF IZWCPS. 

0.025 
SEC. 

FREPUENCY, CPS E!!!!! 

Figure 1 .  WWV and W W V H  seconds pulses. 
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Transmitting equipment a t  each s ta t ion  consists of high-power l inear  amplifiers which a r e  
The WWVH antennas a r e  directional arrays except f o r  connected t o  appropriate antenna systems. 

a 2.5 MHz monopole while the antennas a t  WWV a re  omni-directional. 
of the WWVH antennas i s  intended t o  minimize "interference" between the two s ta t ions  and t o  
enhance radiation t o  the f a r  Western Pacific.  

The directional property 

3. W W V / W W V H  TIME INTERVAL BROADCASTS 

3.1 General 

This section describes three methods t o  determine time of day or  time interval w i t h  
resolutions be t te r  than 1 millisecond (1000 microseconds). 
t ions,  i t  i s  possible to  es tabl ish time synchronization t o  be t te r  than 100 microseconds (see 
Section 5 ) .  The methods are:  (1)  d i rec t  t r igger ,  ( 2 )  delayed t r igger ,  and (3)  photographic 
averaging. Techniques used i n  the d i r e c t  t r igger  method are  fundamental t o  the other two. In 
each case, path and equipment time delay measurements are  necessary f o r  accurate resu l t s .  

Under favorable propagation condi- 

In order t o  achieve optimum resu l t s  i n  any of these measurement methods, the following 
guidelines a re  recommended: 

1 .  
2 .  
3. 
4. 

Carry out measurements a t  exactly the same time every day 
Avoid twil ight  hours when the ionosphere is  the l e a s t  s tab le .  
Choose the highest frequency which provides consistently good reception. 
Observe the received s ignals  on the oscilloscope f o r  a few minutes t o  judge the 
s t a b i l i t y  of propagation conditions and se lec t  tha t  portion of the timing waveform 
t h a t  i s  most consistent.  

Since time delay i s  so important, an Appendix i s  included t o  aid i n  the determination of 
equipment and propagation time delay. 

3.2 Direct Trigger Method of Time Synchronization 

The d i r e c t  t r igger  method i s  the simplest and requires only the following equipment: (1)  
an oscilloscope w i t h  external sweep t r igger  and accurately calibrated time base, and ( 2 )  
W W V / W W V H  receiver w i t h  audio output. Equipment connection i s  shown i n  f igure 2 .  

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

V E R T 1  C A L  TRIGGER R E C E I V E R  
TICK 

Figure 2. Block diagram of equipment connection for  d i rec t  t r igger  method 
of time synchronization. 
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A l o c a l  c lock  pu lse  a t  a once per  second r a t e  i s  used t o  t r i g g e r  the  osc i l l oscope  sweep. 
A t  some t ime i n t e r v a l  l a t e r  du r ing  the  sweep, the  WWV/WWVH seconds pu lse  appears on the  d i s p l a y  
as shown i n  f i g u r e  3. 

WWV/WWVH t i c k  appears i s  t he  t o t a l  t ime d i f f e r e n c e  between the  l o c a l  c lock  and WWV/WWVH. By 
sub t rac t i ng  the  propagat ion t ime delay and the  r e c e i v e r  t ime delay from the  measured value, t h e  

. l o c a l  c lock  t ime e r r o r  from WWV/WWVH can be determined. 
a t  a r e c e i v i n g  l o c a t i o n  i s :  

The t ime inte:val from the  s t a r t  o f  the  sweep t o  the  p o i n t  where the  

The equat ion t o  determine t ime e r r o r  

Time E r r o r  = tr - tt = TD - (TDp + TDr), 

Where: tr = t ime o f  r e c e i v i n g  s t a t i o n  

t, = t ime o f  t r a n s m i t t i n g  s t a t i o n  (WWV/WWVH) 
TD = t o t a l  t ime d i f f e r e n c e  

TD = propagat ion pa th  t ime 
TDr = r e c e i v e r  t ime delay 

P 

To synchronize a l o c a l  c lock  w i t h  the  WWV/WWVH 
ad jus tab le  so i t s  t i c k  can be advanced o r  retarded. 
osc i l l oscope  sweep r a t e  s e t  a t  0.1 s / d i v i s i o n .  The 

(measured) 

delay 

t ime s igna l ,  t he  l o c a l  c lock  r a t e  must be 

WWV/WWVH t i c k  w i  11 t y p i c a l  l y  appear as 

The r e c e i v e r  i s  tuned t o  WWV/WWVH and the  

shown i n  f i g u r e  4. I f  the  t i c k  i s  one d i v i s i o n  o r  more from t h e  l e f t  s i d e  o f  t h e  scope d i sp lay ,  
the  t ime o f  t he  l o c a l  c lock  i s  co r rec ted  u n t i l  t he  WWV/WWVH t i c k  f a l l s  w i t h i n  the  f i r s t  d i v i s i o n  
from the  l e f t  s ide .  I f  the  l o c a l  t ime t i c k  i s  l a t e ,  the  WWV/WWVH t i c k  w i l l  be heard be fore  the  
sweep s t a r t s .  I f  t h i s  i s  t he  case, t he  l o c a l  c lock  should be advanced u n t i l  t he  t i c k  appears. 
A f t e r  the  l o c a l  seconds pu lse  has been p r o p e r l y  ad jus ted  and appears w i t h i n  the  f i r s t  d i v i s i o n  
(0.1 second i n  t ime) ,  t he  sweep r a t e  i s  increased to,  say, 5 ms/d iv is ion .  
r e s o l u t i o n ,  t he  l o c a l  c lock  i s  ad jus ted  u n t i l  t he  l ead ing  edge o f  t he  WWV/WWVH pu lse  s t a r t s  a t  
a t ime equal t o  the  propagat ion delay t ime p lus  the  r e c e i v e r  delay t ime a f t e r  t he  t r i g g e r  as 
shown i n  f i g u r e  5 .  

Using t h i s  g rea te r  

The sweep r a t e  should be expanded t o  the  h ighes t  r a t e  poss ib le  w i t h o u t  a l l o w i n g  the  t o t a l  
sweep t ime t o  become l e s s  than the  combined propagat ion and r e c e i v e r  de lay  t ime l e s s  the  

5 m i l l i seconds  t o  compensate f o r  l eng th  o f  the  rece ived seconds pulse.  

With a sweep r a t e  o f  1 ms/d iv is ion ,  f o r  example, g rea te r  r e s o l u t i o n  can be r e a l i z e d  by 
measuring the  second zero crossover  p o i n t  o f  t he  5 ins rece ived t i c k .  
of t he  seconds pu lse  as broadcast  f rom these s t a t i o n s  i s  "on time," co inc iden t  w i t h  UTC(NBS), 
i t  i s  d i f f i c u l t  t o  measure because o f  the  slow r i s e  t ime a t  the  beginning o f  t he  b u r s t  and 
undu la t ions  due t o  propagat ion anomalies. For t h i s  reason, the  second zero crossover  ( f i r s t  
pos i t i ve -go ing  crossover)  should be used. The second zero crossover  o f  t he  WWV pu lse  i s  
delayed e x a c t l y  1000 microseconds and the  WWVH seconds pu lse  i s  delayed 833 microseconds as 
shown i n  f i g u r e  6. 

Although the  l ead ing  edge 

This i s  c a l l e d  the  c y c l e  co r rec t i on .  

A t  a sweep r a t e  o f  1 ms/d iv is ion ,  t he  v a r i a t i o n  i n  a r r i v a l  t ime ( j i t t e r )  i s  r e a d i l y  appar- 
en t .  A f te r  observing t h e  pulses f o r  a p e r i o d  o f  a minute o r  two, s e l e c t  the  c y c l e  t h a t  i s  
und is to r ted  and r e l a t i v e l y  l a r g e r  i n  ampli tude. I n  determin ing the  t ime a t  a r e c e i v i n g  loca-  
t i o n  t o  i nc lude  the  delay o f  the  chosen zero crossover  p o i n t ,  add the  c y c l e  c o r r e c t i o n  t o  the  

propagat ion and equipment delay us ing  the  f o l  1 owing re1  a t i o n s h i  p: 
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Figure 3. Oscilloscope display o f  WWV tick at 
a sweep rate of 0.2 s/division 

Figure 4. Oscilloscope display o f  WWV tick at 
a sweep rate of 0.1 s/division 

I 19.7 mz I 
I I 

Figure 5. Oscilloscope display showing leading 
edge o f  WWV tick at a sweep rate o f  
5 ms/division 

Total time delay = 19.7 ms 

WWV time tick: 
Trigger time delay: 19,000 microseconds 
Total time delay: 20,740 microseconds 

Figure 6. Oscilloscope display showing second 
zero crossover o f  seconds pulse at 

SECOND ZERO CROSSOVER \ 
/ 

a sweep rate o f  1 ms/division 

WWVH tick received 2 miles away: 
Receiver delay: 320 microseconds 
Total time delay: 1.160 milliseconds 

0 . 8 3 3  ms 
S E C O N D  Z E R O  C R O S S O V E R  1 5 



time error = tr - tt = TD - (TDp + TDr + cycle correction) 

Where cycle correction time = 1000 microseconds per cycle (WWV) 
= 833 microseconds per cycle (WWVH) 

As an example, assume an operator at a distant receiver location is interested in compar- 
ing his time to that of WWVH. 
milliseconds and 300 microseconds respectively. 
(11.7 ms + 0.3 ms), set the oscilloscope sweep rate at 2 ms/division for a total sweep time of 
20 ms--slightly greater than the propagation delay + receiver delay + 5 ms total. The second 
zero crossover of the tick was observed and measured 12.5 ms after the sweep was triggered by 
the station clock. 

The propagation and receiver delay time was measured as 11.7 
Since the total delay is 12.0 milliseconds 

From these data, the time at the receiver site is calculated and is equal to -0.333 ms 
(late) with respect to the WWVH (UTC) time as broadcast, or: 

time error = tr - tt = 12.5 - (11.7 '0.3 + 0.833) = -0.333 ms, or -333 ps. 

Where: TD = 12.5 ms 
TD = 11.7 ms P 
TDr = 0.3 ms 

The one cycle correction for WWVH = 0.833 ms. 

It will be noted that if a receiving station is located at a distance greater than 3,000 
km (1863 miles) from the transmitter, the propagation time will exceed 10 ms. 
user to use a scope sweep time of 2 ms/division and lowers the measurement resolution. 
next section describes a method of measurement to overcome this difficulty. 

This forces the 
The 

(The radio path delay works out to be about 5 ys per mile. 
be at least 9.315 ms. 
bounce off the ionosphere.) 

At 1863 miles, the delay would 
It is greater than this due to the fact that HF radio signals 

3.3 Delayed Trigger Method of Time Synchronization 

To improve the resolution of measurement, the oscilloscope sweep must be operated as fast 
as possible. The user does have an option. 
the scope, he can generate a trigger pulse independent of his clock. 
pulse for maximum sweep speed and makes his measurement. 
ference between his clock and the delayed trigger pulse. 
using an oscilloscope with a delayed sweep circuit built in or with an outboard trigger genera- 
tor. 
to the instrument manual will aid in using that technique. 

Instead of depending on the calibrated sweep in 
He then positions the 

But then he must measure the dif- 
Note: This can be accomplished by 

The latter method is discussed here, but the delayed sweep scope could be used. Reference 

The design for a controlled delay generator is presented in the Appendix. On this unit, a 
delay dial indicates the delay between the input local clock tick and the output trigger pulse. 
If the user already has a variable rate divider to produce delayed pulses, a time interval 
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counter could be used instead of the delay generator. In either case, the amount of trigger 
delay must be accounted for in measuring the total time delay (TD) o f  the received tick with 
respect to the local master clock. 

The time o f  day the measurement is to be conducted should be established and adhered to 
for consistent results. Measurements should be made each day within 10 minutes o f  the desig- 
nated time. 
path is near midday and, for night measurements, a time should be chosen when the midpoint of 
the path is near midnight. 

A time o f  day should be selected when the midpoint of the transmitter-receiver 

Measurements should not be made near twilight. 

The equipment should be connected as shown in figure 7. A commercially available frequency 
divider and clock can be used in place of the controlled delay generator. 
counter is then used to measure the output o f  the delayed clock to the master clock. 
output of the delayed clock is used to trigger the oscilloscope. 

A time interval 
The 

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

I N P U T  - / 
T I C K  

D E L A Y E D  1 pps f 4 / l o o  k H z  

L m I J  pps 

* S F E  T E X . T  

Figure 7. Equipment setup for delayed trigger method of time synchronization. 

The initial procedures described in the direct trigger method also apply to this method 
and, therefore, should be referred to in setting time with WWV/WWVH. 

With the oscilloscope sweep adjusted to 1 ms/division, the trigger pulse should be delayed 
from the delay generator or the delayed clock by an amount equal to the propagation delay in 
milliseconds. For the time being, any fractional milliseconds in the delay can be neglected. 
The sweep should be adjusted so that it begins exactly at the left end of the horizontal 
graticule and is vertically centered. 

The second zero crossover point o f  the tick (figures 8, 9 )  should be observed and care- 
With the sweep at 1 ms/ division, the delay of the second zero crossover on fully measured. 

the oscilloscope is measured to the nearest one tenth of a millisecond and added to the trigger 
delay resulting in a approximate total time delay. 
exactly coincident with the UTC(NBS) seconds pulse, the total measured time delay will be 

If the local master clock 1 pps time is 
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approx imate ly  equal t o  the  sum o f  the  propagat ion delay t ime, the  r e c e i v e r  delay t ime (approx i -  
mate ly  200 - 500 us), and the  c y c l e  c o r r e c t i o n  (1000 ps f o r  WWV, 833 us f o r  WWVH). 

To f u r t h e r  increase the  r e s o l u t i o n  o f  delay measurement, the  osc i l l oscope  sweep r a t e  can 

be increased t o  0.1 ms /d i v i s ion  (100 p s / d i v i s i o n )  and the  t r i g g e r  pu lse  from the  generator  
t o  be approx imate ly  500 microseconds l e s s  than the  t o t a l  delay t ime p rev ious l y  measured. 
se t t i ngs ,  the  second zero crossover  o f  t he  t i c k  w i l l  be somewhere near the  midscale o f  

ad jus ted  
A t  these 
the  osc i  loscope face. 

SECOND ZERO CROSSOVER 

F igu re  8. Osc i l loscope d i s p l a y  showing second 
zero crossover o f  WWV t i c k  a t  a 
sweep r a t e  o f  1 ms /d i v i s ion  

T r i g g e r  delay t ime: 19,000 us 
To ta l  t ime delay:  20,740 us 

1 540 us 1 SECOND ZERO CROSSOVER 
F igu re  9. Osc i l loscope d i s p l a y  showing second 

zero crossover  o f  WWV t i c k  a t  a 
sweep r a t e  o f  100 p s / d i v i s i o n  . 
( f o u r  sweeps) 
T r igge r  delay t ime: 20,200 us 
To ta l  t ime delay:  20,740 us 

The v e r t i c a l  cen te r ing  of the  sweep should be rechecked and centered if necessary. The 
t i c k  i s  measured t o  the  neares t  10 microseconds ( f i g u r e  9 ) .  
microseconds o f  t he  r e s u l t  obtained a t  t he  1 ms /d i v i s ion  sweep r a t e .  
measurement f a l l s  ou ts ide  t h i s  to lerance, then the  procedure should be repeated by 
measuring the  t o t a l  t ime delay a t  a sweep r a t e  o f  1 ms/d iv is ion .  

The r e s u l t  should be w i t h i n  5 100 

I f  the  r e s u l t  o f  t h i s  

To o b t a i n  the  t ime w i t h  respec t  t o  WWV/WWVH o r  UTC(i(BS), the  equat ion  g iven i n  the  d i r e c t  
t r i g g e r  method, descr ibed e a r l i e r ,  should be used. 

If the average propagat ion delay t ime i s  n o t  accu ra te l y  known, i t  can be determined by 
i n i t i a l l y  s e t t i n g  the  t ime accu ra te l y  t o  the  UTC(NBS) t ime w i t h  a po r tab le  c lock  measurement. 

However, by ma in ta in ing  the  t ime accu ra te l y  f o r  a month, the  average propagat ion delay t ime can 
be es tab l i shed  and, i f  t ime should be " l o s t "  o r  d is rup ted ,  i t  can.be r e s e t  again w i t h  WWV/WWVH 

us ing  the  average propagat ion delay value. I f  t ime i s  t o  be rese t ,  t he  propagat ion delay on 
t h a t  day may be d i f f e r e n t  from the  average delay t ime and con t inu ing  d a i l y  measurements w i l l  
r e s u l t  i n  a new average delay.  

i s  again equal t o  the  o l d  average de lay  t ime. 
Thus, t he  t ime w i l l  be s low ly  co r rec ted  so t h a t  the  new average 
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3.4 Photographic Tick Averaging Method of Time Synchronization 

By film recording five or more overlapping exposures of the WWV/WWVH tick, an average of 
the tick arrival time can be estimated with more accuracy. 
sistently strong and undistorted ticks appear on the oscilloscope. 
usual average of the second zero crossover point of the tick is measured using the same procedure 
dxplained on the direct trigger and delayed trigger methods. 

The exposures are made when con- 
To determine the time, the 

In making measurements using this technique, an oscilloscope camera using self-developing 
film is desirable. 
and closed manually. 
scale illumination must be determined by experiment. 

The camera shutter is placed in the "B" position so that it can be opened 
The lens opening of the camera, the oscilloscope trace intensity, and the 

The procedure described with the delayed trigger method is followed to obtain the WWV/WWVH 

This is repeated each second until five overlapping exposures are 
tick. At a sweep rate of 1 ms/division, the shutter is opened before the sweep starts and 
closed after the sweep ends. 
completed (figure 10). 
least distortion and maximum amplitude. 

The pictures should be taken when the ticks begin to arrive with the 

This procedure can also be used at a faster sweep rate of 100 s/division with the second 
zero crossover point appearing approximately at midpoint of the trace. (One complete cycle of 
the tick should be visible--figure 11.) Five overlapping exposures of the ticks are taken and 
an average reading is obtained from the photograph. 

!SECOND Z E R O  C R O S S O V E R  S E C O N D  Z E R O  C R O S S O V E R  

Figure 10. Oscilloscope display showing Figure 11. Oscilloscope display of WWV 
WWV tick at a sweep rate of 
1 ms/division 100 microseconds/division 

tick at a sweep rate of 

4. USE OF WWV/WWVH BROADCASTS FOR FREQUENCY C A L I B R A T I O N S  

4.1 General Consiuerations for Frequency Calibrations 

In addition to the widely used time service of the two NBS H F  radio stations, standard 
frequencies are also available to the broadcast listener. With a general purpose HF receiver 
capable of tuning these stations, a calibrating frequency is readily available for comoarison 
and measurement. 

At lower frequencies, say from 10 to 100 kHz, it is possible to record the phase difference 
between two frequencies. 
the Loran-C navigation signals. 

Two important broadcasts in this.range are the NBS station WWVB and 
Phase recording is possible if the local standard is good 
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enough because the radio path a t  these low frequencies i s  very s tab le .  
phase would be less  than 100 microseccnds a day. For a signal a t  100 kHz, t h i s  represents 10 
cycles. 

Typically, the accumulated 

Thus, a beat note technique, e t c . ,  would be unsuitable, so phase measurement i s  employed. 

A t  higher radio frequencies, t h i s  i s  not the case. The propagation variations of HF 
signals and the re la t ive ly  short  wavelength prohibit  phase comparison on a long-term basis.  
a high frequency ground wave signal could be received, long-term phase comparison would be 
possible. 
because of high path attenuation and sky wave interference.  

I f  

However, ground waves are  limited t o  an area a t  short distances from the transmitter 

Direct frequency comparison o r  measurement with WWV can be accomplished to  about one par t  
6 in one million (1 part  in 10 ) .  

of clocks operated from a frequency source rather  t h a n  d i r ec t  frequency or phase comparison. 
Four methods of cal ibrat ing frequency sources using the broadcasts of WWV/WWVH will be discussed: 
(1)  beat frequency method; 
pattern method; and ( 4 )  frequency cal ibrat ions by time comparisons. 

This resolution can be improved by long-term time comparison 

( 2 )  oscilloscope Lissajous pattern method; ( 3 )  oscilloscope d r i f t  

4.2 Beat Frequency Method Of Frequency Calibration 

Beat frequency or  heterodyne methods of frequency comparison with standard radio frequen- 
c ies  i s  a simple technique commonly used by radio operators to  ca l ibra te  transmitters and tune 
receivers.  Frequency o f f se t  of less  than 1 par t  in 10 can be accurately determined. Thus, a 
1 MHz signal tha t  i s  calibrated in th i s  way can have an expected e r ror  of 1 Hz. 

6 

Figure 1 2  shows an arrangement for  cal ibrat ing a 100 kHz osc i l la tor .  A 100 kHz signal. 
containing harmonics i s  coupled t o  the receiver input along with the signal from the antenna. 

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

\lh, S I G N A L  S T R E N G T H  f “ O A D C A i )  M E T E R  

S Q U A R E  100  k H z  

G E N E  R A T O R  O S C I L L A T O R  
C R Y S T A L  

S Q U A R E  W A V E /  
1 O O k H z  

Figure 12 .  Equipment setup fo r  beat frequency method of cal ibrat ion.  
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This method consists of heterodyning o r  mixing a known and accurate frequency ( W W V / W W V H  RF  
s ignal)  with the o u t p u t  of an o sc i l l a to r .  The mixing i s  accomplished by the converter c i r cu i t  
in any superheterodyne receiver. The difference frequency of the two RF signals can be ampli- 
f ied and detected. 
note. 

The resu l t  i s  an audio o u t p u t  signal called the beat frequency or beat 

The frequency of t h i s  beat note i s  the difference of the two input RF frequencies. When 
the two frequencies are  made equal, the i r  difference decreases to  zero and i s  called zero beat. 
Therefore, an osc i l l a to r  can be s e t  nearly equal t o  WWV in frequency. 

To ca l ibra te  a frequency standard or crystal  o sc i l l a to r  with an o u t p u t  frequency lower 
than t h a t  broadcast by W W V ,  the correct harmonic equal to  the WWV signal i s  required. For 
example, i f  a 100 kHz signal i s  t o  be calibrated with the WWV 5 MHz ca r r i e r  frequency, then i t  
must a lso contain a harmonic f i f t y  times i t s e l f .  Thus, a signal to  be calibrated must be a 
submultiple o f  the WWV c a r r i e r  frequency. 

Theoretically,  a s ine wave does n o t  contain any harmonics. In pract ice ,  t h o u g h ,  a l l  s ine 
wave signals contain some harmonics. 
duce a beat note. 
and i s  ideal fo r  generating harmonics t o  ca l ibra te  receivers,  t ransmit ters ,  e t c .  , in the HF and 
VHF band. 

Suff ic ient  harmonic content i s  normally present to  pro- 
A square wave s ignal ,  on the other hand,  i s  very rich i n  harmonic content 

A simple method of generating a square wave from a s ine wave i s  by clipping the signal 
with a diode clipping c i r cu i t  shown in figure 13. 
notes, i t  requires a large amplitude signal to  produce heavy clipping. 
d ig i t a l ly  divide the 100 kHz signal t o  produce square waves having closely spaced harmonics. 

To obtain a strong harmonic signal for  beat 
A bet ter  method is’ t o  

C R 1 ,  C R 2  = I N 2 7 0 ,  1 N 3 4  

Figure 13. Diode clipping c i r cu i t  to  produce harmonics 
from a pure sine wave s ignal .  

I f  the receiver input impedance i s  nearly 50 - 100 ohms, a 10 to 20 pf capacitor can be 
used t o  couple the high frequency harmonic t o  the receiver input and t o  attenuate the lower 
fundamental frequency. 
from the antenna, the harmonic signal can be loosely coupled t o  the receiver input by wrapping 
a few turns of an insulated wire around the antenna lead-in and connecting i t  d i rec t ly  t o  the 
o u t p u t  of the osc i l la tor .  

I f  the receiver has a high input impedante with unshielded lead-in wire 
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Using harmonics o f  t h e  o s c i l l a t o r  be ing c a l i b r a t e d  makes i t  necessary t o  l e a r n  t h e  r e l a t i o n -  

s h i p  between t h e  o s c i l l a t o r  e r r o r  and the  beat  note t h a t  i s  measured du r ing  c a l i b r a t i o n .  L e t  
t h e  o s c i l l a t o r  ou tpu t  be designated as fF. This  i s  made up o f  two components, t h e  fundamental 
frequency p lus  an e r r o r  which we can des ignate as fo and f. So: 

fF = f + A f  
0 

Th is  i s  m u l t i p l i e d  N times and beat  aga ins t  t h e  c a r r i e r ,  fC. 
t h e  d i f f e r e n c e  between t h e  two, w r i t t e n  as: 

The r e s u l t i n g  beat  note fB i s  

fg = I fC - N f F l .  

The bars mean t h a t  a nega t i ve  answer i s  ignored. 

Now s u b s t i t u t e  equat ion ( 1 )  i n t o  equat ion ( 2 ) :  

f B = IfC - N f o  - N A f F l .  

But N f o  equals fC. Tha t ' s  why we m u l t i p l i e d  by N. So, 

fB = NAfF ,  

o r  
A f F  = f /N B 

( 3 )  

( 4 )  

(5) 

For example, i f  a beat  frequency o f  100 Hz was measured between t h e  WWV 5 MHz s i g n a l  and t h e  
50th harmonic o f  a 100 kHz o s c i l l a t o r  s igna l ,  t h e  frequency e r r o r  o f  t h e  100 kHz s igna l  would 

be : 

The o s c i l l a t o r  f requency i s  i n  e r r o r  by 2 Hz. To determine whether the  o s c i l l a t o r  i s  h igh  

o r  low i n  frequency, the  o s c i l l a t o r  frequency has t o  be changed t o  note which way the  beat  
frequency decreases. 
i n d i c a t e s  t h a t  t h e  o s c i l l a t o r  f requency i s  lower  than t h e  WWV/WWVH frequency. 

I f  inc reas ing  t h e  o s c i l l a t o r  frequency decreases t h e  beat note, i t  

CAUTION: I n  a r e c e i v e r  w i t h  no tuned RF a m p l i f i e r  between the  mixer  stage and the  antenna 
inpu t ,  a low frequency s ine  wave s i g n a l  can en te r  the  mixer  stage and generate unwanted har-  
monics and confusing beat  notes due t o  the  non- l i nea r  c h a r a c t e r i s t i c s  o f  a mixer  c i r c u i t .  
However, a good communication r e c e i v e r  o r  a WWV r e c e i v e r  genera l l y  has tuned RF a m p l i f i e r  
stages o r  p rese lec to rs  be fo re  i t s  f i r s t  mixer  stage. 

s i g n a l  s i s produced. 

Only t h e  des i red  beat  note f rom two i n p u t  

I f  t h e  beat  note i s  above 50 Hz, headphones, speaker, o r  a counter can be used. Below 
t h a t  frequency, a dc o s c i l l o s c o p e  can be connected t o  t h e  r e c e i v e r  de tec to r .  
meter can be used and the  beats counted v i s u a l l y .  

A s i g n a l  s t r e n g t h  
The AGC (automat ic ga in  c o n t r o l )  should be 
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disabled, i f  possible,  fo r  the meter fluctuations t o  behore  noticeable. The manual RF gain 
can be adjusted to  compensate for  loss of AGC. 

To correct the osc i l l a to r  frequency, the frequency adjustment i s  turned in the direction 
Between 50 Hz and about 1 Hz, the beat note which lowers the frequency of the beat note. 

cannot be heard and the s i g n a l  strength meter will begin to  respond to  the beat note as i t  
approaches 1 Hz. As i t  approaches near zero beat,  a very slow r i s e  and f a l l  of the background 
noise o r  the WWV audio tone can also be heard on the speaker. The meter e f fec t  i s  much eas ie r  
t o  follow. As i t  approaches zero beat frequency, the very slow r i s e  and f a l l  of the signal 
strength may sometimes become d i f f i c u l t  t o  dist inguish from signal fading due t o  propagation. 

To overcome fading ef fec ts ,  the osc i l l a to r  adjustment can be interpolated.  F i r s t ,  ad jus t  
the osc i l l a to r  t o  m i n i m u m  beat frequency tha t  can be measured w i t h o u t  interference.  
count the number of deflections o f  the meter in 10 seconds. 
adjustment i s  then marked. The adjustment i s  then made t o  pass zero beat until the beat i s  
again v is ib le  on the meter. By obtaining the same number o f  meter deflections as the previous 
beat note, the frequency can be s e t  midway between the two adjustments. 

For accuracy, 
The setting of the frequency 

Crystals d r i f t  in frequency with age. This i s  commonly referred t o  as aging or d r i f t  
ra te .  Therefore, a l l  crystal  osc i l la tors  must be recalibrated periodically.  

4.3 Oscilloscope Lissajous Pattern Method o f  Frequency Calibration 

Audio osc i l la tors  can be calibrated by using WWV/WWVH signals t o  produce phase patterns on 
an oscilloscope. The’WWV audio 
signal i s  applied to  the ver t ical  input o f  the scope and the osc i l l a to r  signal t o  be calibrated 
i s  used t o  drive the horizontal amplifier.  
( 1 )  the frequency r a t io  between his o sc i l l a to r  se t t ing  and the received tone, and ( 2 )  movement 
in phase of the osc i l l a to r  re la t ive  t o  WWV. 

These patterns are  called Lissajous ( a f t e r  t he i r  or iginator) .  

The resul tant  pattern t e l l s  the user two things: 

I n  a typical application, the user will be able to  check the accuracy of the dial se t t ings  
on his audio osc i l l a to r  in a two-step operation. 
frequency r a t io  t o  a WWV tone t h a t  i s  an integer.  Then he turns the dial slowly unt i l  the 
pattern i s  s ta t ionary.  By reading the dial se t t ing ,  a cal ibrat ion can be made and the dial 
reset  t o  another frequency tha t  i s  an integer r a t io ,  e tc .  
t o  fixed frequency sources i f  they are  in correct r a t io  t o  the tones on WWV and WWVH. The 
r a t io  of the two frequencies i s  equal t o  the r a t io  of the number o f  loops along two adjacent 
edges. I f  the ver t ical  input frequency i s  known, the horizontal input frequency can be expressed 
by the equation: 

F i r s t ,  he picks a dial se t t ing  giving a 

The same technique could be applied 

N V  f h = - f  N h  v ’  

Where: f h  = horizontal input frequency 
f v  = vert ical  input frequency 
N,, = number of loops on the ver t ical  edge 
N h  = number of loops on the horizontal edge 
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The pattern shown in f igure 14 has f ive  loops on the horizontal edge and s ix  loops on the 
e 

vert ical  edge. The ver t ical  input frequency i s  the WWVH 500 Hz tone. To,determine the hori- 
zontal input frequency, the known values a re  subst i tuted i n  the above equation and the resu l t  
i s :  

6 f h  = 5 x 500 = 600 H z .  

Therefore, the horizontal input frequency i s  600 Hz. 

I t  i s  possible t o  ca l ibra te  over a ten t o  one range in frequency b o t h  upwards and down- 
wards from the 500 and 600 Hz audio tones transmitted by WWV and WWVH; t ha t  i s  from 50 Hz t o  6 
kHz.  However, n o t  a l l  frequencies between them can be cal ibrated with the 500 and 600 Hz tones 
because not a l l  frequencies have a r a t i o  of integers w i t h  l ess  than the number ten i n  the 
numerator and denominator. 
would give a r a t i o  of  50:13. I t  would be impossible t o  count 50 loops on the horizontal edge. 
B u t  a frequency r a t io  of 500 Hz t o  125 Hz i s  possible because there will  be four loops on the 
horizontal edge and only one loop on the ver t ical  edge or a r a t i o  of 4 : l .  
produces a less  complex pattern o f  a t i l t e d  l i ne ,  c i r c l e  or  e l l i p se .  

For example, a frequency o f  130 Hz compared with the 500 Hz tone 

A r a t i o  of 1: l  

I f  the frequencies are  exactly equal, the figure will remain s ta t ionary.  I f  one frequency 
i s  of fse t  from the other ,  the figure will not remain s ta t ionary and will " ro ta te . "  Because one 
complete "rotat ion" of  the figure i s  equal t o  one cycle,  the number of cycles per unit  of time 
i s  the of fse t  frequency. 

For example: I f  a Lissajous f igure takes ten seconds t o  "rotate"  through one cycle and 
the frequency being compared i s  600 Hz, the frequency er ror  i s :  

A f - 0 1 -  -4 Offset = - - - 1.7 x 10 . f 600 

Since the o f f se t  i s  inversely proportional t o  the time i t  takes to  complete one cycle,  i t  i s  
obvious t h a t  the longer i t  takes t o  complete a cycle,  the smaller the o f f se t  will be. 
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The accuracy of measurement of a Lissajous pattern by the comparison method described 
above i s  inversely proportional t o  the frequency. For example, i f  the time required f o r  a 
Lissajous f igure t o  "rotate"  th rough  one cycle i s  ten seconds a t  a frequency of 1 MHz, the 
o f f se t  between the two frequencies would be: 

frequency of fse t  = = HZ = 1 x 
1 x lo6 Hz 

However, a t  1 kHz, i f  the two signals have the identical  frequency of fse t  of 1 x the time 
i t  would take fo r  the Lissajous figure to  complete one cycle would be: 

T = - = - -  - 10,000 seconds. 
hf 10- 

Thus, i t  would take too long t o  measure signals with of fse t s  less  than 1 x 
more accurate method which measures the phase s h i f t  on an oscilloscope will be discussed next. 

a t  1 kHz. A 

4.4 Oscilloscope Pattern Drif t  Method of Frequency Calibration 

The oscilloscope pattern d r i f t  method i s  a good method of comparing two frequencies using 
an oscilloscope with dxternal tr iggering. 
Lissajous pattern a t  audio frequencies. 

I t  can detect  smaller frequency of fse t s  than the 

The method consists of an oscilloscope with an accurately calibrated sweep time base. 
External tr iggering i s  obtained from the audio signal to  be cal ibrated.  This signal can be any 
integer submultiple of the tone being received from W W V / H .  Obviously, for  low frequency sources 
the sweep ra te  will decrease proportionately. The receiver (tuned t o  W W V )  has i t s  audio o u t p u t  
connected t o  the ver t ical  input of the oscilloscope. With the sweep ra te  s e t  a t  1 millisecond/ 
divis ion,  the t r igger  level i s  adjusted so tha t  a zero crossover of the corresponding 600 Hz or  
500 Hz signal i s  near midscale on the scope. 

By measuring the phase s h i f t  during a given time in te rva l ,  the frequency o f f se t  i s  deter-  
mined. I f  the zero crossover moves t o  the r igh t ,  the audio signal frequency i s  higher t h a n  the 
WWV s ignal ,  and i f  i t  moves t o  the l e f t ,  the signal i s  lower in frequency (f igure 15). 

For example, i f  during a count of 10 seconds a t  500 Hz, the zero crossover advanced from 
l e f t  t o  r igh t  by 0.1 millisecond, the of fse t  i s :  

hase s h i f t  - t O . 1  x = t1 10-5 
10 of fse t  = tyme interval - 

Af = f x 1 x = 500 x '= +0.005 Hz. 

Therefore, the 500 Hz signal has an e r ror  of t0.005 Hz. Under ideal conditions, an o f f se t  o f  

1 p a r t  in 10 can be determined by increasing the observation time. 6 
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F i g u r e  15. Osc i l l oscope  d i s p l a y  us ing  p a t t e r n  
d r i f t  method 

V e r t i c a l  s i g n a l :  WWVH 600 Hz 
T r i g g e r :  audio o s c i l l a t o r  600 Hz 
Sweep r a t e :  100 m ic roseconds /d i v i s ion  
I n i t i a l  zero crossover :  530 microseconds 
F i n a l  zero crossover:  680 microseconds 
Per iod  o f  measurement: 10 seconds 
T o t a l  phase s h i f t :  +150 microseconds 

+150 x = +1.5 5 O f f s e t  = 

A f  = 600 x 1.5 x = 900 x = tO.009 Hz. 

4.5 Frequency C a l i b r a t i o n s  by Time Comparison o f  Clocks 

The r e s u l t s  o f  d a i l y  t ime  checks w i t h  WWV and WWVH can be used t o  c a l i b r a t e  a f requency 

Frequency o f f s e t  g r e a t e r  than 1 p a r t  i n  10 can be determined w i t h  a r e s o l u t i o n  o f  9 standard.  
1 p a r t  i n  l o l o .  The r e s o l u t i o n  and accuracy a re  dependent on s i g n a l  c o n d i t i o n s  and t h e  and 
d r i f t  r a t e  o f  t h e  f requency standard.  

By averaging t ime  comparison r e s u l t s ,  e r r o r s  caused by t h e  i onospher i c  c o n d i t i o n s  can be 
reduced. 
r a t e .  

r e q u i r e d  t o  average t h e  r e s u l t s  o f  t ime  comparisons. 
l a t o r  has a known d r i f t  r a t e  o f  +5 p a r t s  i n  1 0 l 1  pe r  day, then the  frequency o f f s e t  would 

i nc rease  by 1 p a r t  i n  l o l o  every two days. 

The technique depends on hav ing a s t a b l e  f requency s tandard w i t h  n e g l i g i b l e  d r i f t  
I n  o t h e r  words, t h e  f requency o f f s e t  must be kep t  n e a r l y  cons tan t  d u r i n g  t h e  l ong  p e r i o d  

For example, i f  a quar t z  c r y s t a l  o s c i l -  

To o f f s e t  t h i s  increase,  t h e  o s c i l l a t o r  i s  ad jus ted  by 1 p a r t  i n  l o l o  every two days so 
i t s  average frequency o f f s e t  can be mainta ined n e a r l y  constant .  The o s c i l l a t o r  must have a 

f requency d i a l  c a l i b r a t e d  i n  d i v i s i o n s  o f  1 p a r t  i n  l o l o  o r  sma l le r  so t h a t  a known amount o f  
ad justment  can be made a t  r e g u l a r  i n t e r v a l s  t o  o f f s e t  t h e  d r i f t  r a t e .  

The t ime  comparison method measures f requency i n d i r e c t l y .  I f  a c l o c k  c o n t r o l l e d  by a 

p r e c i s i o n  o s c i l l a t o r  ga ins i n  t ime  w i t h  respec t  t o  WWV, then t h e  o s c i l l a t o r  f requency i s  h i g h e r  

than t h e  frequency t h a t  c o n t r o l s  the  c locks  a t  WWV and WWVH. 

The average frequency o f  an o s c i l l a t o r  d u r i n g  t h e  p e r i o d  between two measurements can be 
c a l c u l a t e d .  An adjustment can then be made t o  keep t h e  average frequency n e a r l y  constant .  

The average f r a c t i o n a l  f requency o f f s e t  o f  an o s c i l l a t o r  i s  equal t o  t h e  f r a c t i o n a l  t ime  
e r r o r  o f  a c l o c k  d r i v e n  by t h a t  o s c i l l a t o r  and i s  g i ven  

Where: 5 = average frequency 

by : 

o f f s e t  
tl = i n i t i a l  t ime comparison read ing  

t2 = f i n a l  t ime comparison read ing  
T = e lapse t ime  between readings.  
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The average frequency of the osc i l l a to r  during the measurement interval i s  given by: 

Where: fa, = average frequency 
= nominal o sc i l l a to r  frequency nom 5 = average frequency of fse t  

EXAMPLE: An o sc i l l a to r  w f t h  an o u t p u t  frequency of 100 kHz i s  t o  be measured w i t h  respect 
t o  WWV by the time comparison method. 
d r i f t  ra te  of the osc i l l a to r .  A 1 pps  time signal i s  generated from the 100 kHz signal and 
compared t o  WWV. 

The frequency i s  regularly adjusted t o  compensate fo r  

I t  i s  then determined tha t  the time increased by one millisecond in ten days. 

The average frequency of fse t  i s  calculated as follows: 

--1= Af t2 - 1ms 1 da 
l o  days 8.64 x Y O 4  s f T 

9 
= t1.2 x 10- - Af - lo-’ 

f - 10 x 8.64 

9 The osc i l l a to r  frequency i s  higher than WWV by 1 . 2  parts in 10 . Th 
of 1 b i l l ion  cycles of i t s  100 kHz s ignal ,  the osc i l l a to r  will gain 

The average frequency of the 100 kHz osc i l la tor  signal i s  calcu 

Af f a v  = fnom(l  + f )  

f av  = IOO,OOO (1 t 1 . 2  

fa, = 100,000 + 0.00012 

f av  = 100,000.00012 Hz. 

s means t h a t  for  a count 
1 . 2  cycles. 

ated as follows: 

5. RESULTS OF TIME COMPARISONS 

This section gives some resu l t s  of time comparisons between the s ta t ion  clock a t  WWVH in 
Hawaii and the received 15 MHz signal from WWV in For t  Collins,  Colorado. 
WWVH has an accuracy of t 5 microseconds with respect t o  the time transmitted from WWV. 
estimated resolution of each timing measurement was 2 50 microseconds. 
method was used t o  measure the propagation delay. 

The time kept a t  

The delayed t r igger  
The 
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Measured da ta  f o r  a one month p e r i o d  a r e  l i s t e d  i n  Table 1 and show t h a t  f o r  t o n e  s tandard  

I f  a "moving average"** method i s  used t o  smooth t h e  data,  t h e  r e s u l t s  can be improved 
d e v i a t i o n *  (68% o f  a l l  da ta  p o i n t s ) ,  measurement accuracy i s  f. 142 microseconds (t 50 p l u s  
- + 92). 

t o  2 77 microseconds (+ 50 p l u s  
p ropagat ion  t ime  de lay  (TD ) f o r  f i v e  consecut ive  days (column 5 i n  Tab le  l), then  d i v i d e s  by P 
f i v e  t o  g i v e  an average (column 6) .  
"moving average." 

27). The "moving average" method s imp ly  takes  t h e  sum o f  

Th is  process i s  repeated  f o r  each succeeding day f o r  a 
Column 7 shows t h e  d e v i a t i o n  from t h e  moving average mean va lue .  

F i g u r e  16 shows t h e  values i n  Tab le  1 p l o t t e d  a long w i t h  r e s u l t s  o f  severa l  months' data.  
V a r i a t i o n s  o f  severa l  hundred microseconds do occur,  b u t  t h e  moving average does "smooth o u t "  
t h e  da ta  and a r e s u l t a n t  t ime  base w i t h i n  100 microseconds can be achieved. 

200- 
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M E A N :  1 9 3 7 2  M E A N  : 1 9 3 5 9  M E A N :  1 9 5 7 3  M E A N  : 1 9 5 6 9  

F igu re  16. Data p l o t s ,  p ropagat ion  t ime  de lay  (TD ) between WWV and WWVH. 
P 

* T y p i c a l l y  a "2 sigma" (f. 1 s tandard  d e v i a t i o n  o r  95% o f  a l l  da ta  p o i n t s )  l i m i t  i s  used i n  
o r d e r  t o  have a h i g h  l e v e l  o f  con f idence in a s i n g l e  da ta  p o i n t  o r  measurement. 

**See "Elementary S t a t i s t i c a l  Methods," by W. G. Neiswanger, 1946, page 501. 
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TABLE 1. WWV TO WWVH PROPAGATION DELAY 

Propagat ion  Moving 
Time Delay C TDp Average D e v i a t i o n  1974 Time T o t a l  Time 

Jan. UTC Delay TD TDP ( 5  va lues)  TDp from Mean 

US !Js US US US 

2 

3 
4 
7 
8 

9 
10 
11 
14 
15 
16 
17 
18 
21 
22 
23 

24 
25 
28 
30 
31 

1916 
1916 
1920 
1916 
1920 

1916 
1917 
1916 
1917 
1915 
1918 

1916 
1916 
1920 

1910 
1915 

1916 
1916 
1917 
1917 
1920 

20640 
20720 
20650 

20500 
20850 

20750 
20700 
20700 
20670 

20700 
20650 

20640 
20690 
20600 

20690 
20690 
20600 
20500 
20720 
20900 
20700 

19320 

19400 
19330 
191 80 
19530 
19430 
19380 

19380 
19350 

19380 
19330 
19320 
19370 
19280 
19370 
19370 
19280 
19180 
19400 

19580 
19380 

----- 
----- 
96760 
96870 
96850 

96900 
97070 
96920 
96820 

96760 
96750 

96680 
96670 
9671 0 
96670 
96480 
96600 
9681 0 

96820 
----- 
----- 

----- 
----- 
19352 
19374 
19370 

19380 
1941 4 
19384 
19364 

19352 
19350 

19336 
19334 
19342 

19334 
19296 
19320 
19362 
19364 
----- 
----- 

--- 
--- 
- 3  

19 
15 

25 
59 
29 
9 

- 3  
- 5  

-19 
-21 
-1 3 

-21 
-59 
-35 

7 
9 

--- 
--- 

MEAN VALUE: 19359 19355 

STANDARD DEVIATION: 92 27 

Great C i r c l e  Distance: 
Time S igna l :  WWV, 15 MHz 

Receiver Delay: 320 US 
Cyc le  Cor rec t i on :  1,000 US 

5,500 km (3,417 s t a t u t e  m i l e s )  

TD = TD - 1,320 US 
P 

19 



Having shown t h a t  t ime measurements t o  about 100 microseconds can be made us ing  WWV/WWVH 

( o r  o t h e r )  HF standard broadcasts, we cau t ion  t h a t  care must be taken i n  making the  measure- 

ments. Averaging methods over several  days prov ide  a bas i s  f o r  accurate t imekeeping. 

0 SIGNAL S T R E N G T H  
AGC fh M E T E R  

AF I F  

11-=. 1 I J-+? 
- R F  - 1ST - I F  I 2ND 

6. APPENDIX 

A M P L  AMP L DET - M I X E R  AMPL M I X E R  - AMPL - 
1 

I I 

I 
I 
I 

O U T P U T  

I 
I 
I S P E A K E R  

ti 
P R E S E L E C T O R  M A I N  T U N I N G  

F igu re  17. Block diagram o f  t y p i c a l  h igh  performance HF rece ive r .  

The f i r s t  requi rement  o f  a good r e c e i v e r  i s  s e n s i t i v i t y ;  t he re fo re ,  a tuned RF a m p l i f i e r  
i s  des i rab le  because i t  increases s e n s i t i v i t y .  
( i n  which case i t  i s  c a l l e d  a p rese lec to r )  o r  ganged t o  the  main tun ing  c o n t r o l  which a l s o  
tunes the  v a r i a b l e  frequency o s c i l l a t o r  (VFO). 

The a m p l i f i e r  can e i t h e r  be tuned separa te ly  

The nex t  e q u a l l y  impor tan t  requi rement  i s  s e l e c t i v i t y .  Th is  i s  the  a b i l i t y  o f  a r e c e i v e r  
t o  r e j e c t  ne ighbor ing  s igna ls  t h a t  i n t e r f e r e  w i t h  the  des i red  s i g n a l .  
heterodyning the  incoming s igna l  t o  a much lower f i x e d  frequency (usua l l y  455 kHz) c a l l e d  t h e  
i n te rmed ia te  frequency ( I F ) .  
r e l a t i v e l y  narrow frequency pass band. Often, e i t h e r  c r y s t a l  f i l t e r s  o r  mechanical f i l t e r s  a re  

used i n  the  I F  stages t a  p rov ide  even narrower pass band o f  f requencies t o  r e j e c t  i n te r fe rence .  

The t h i r d  impor tan t  f e a t u r e  o f  a good r e c e i v e r  i s  t he  a b i l i t y  t o  r e j e c t  i n t e r f e r e n c e  from 
an undesired s igna l  c a l l e d  the  image frequency. Since the  I F  s igna l  i s  t he  d i f f e r e n c e  between 

the  l o c a l  o s c i l l a t o r  frequency and the  incoming s igna l  , the re  are  always two d i f f e r e n t  incoming 

It i s  accomplished by 

The I F  a m p l i f i e r s  can be f i xed- tuned f o r  maximum ga in  w i t h  a 
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signals  t h a t  could produce an IF s ignal .  
frequency. 
10.0 MHz would have an o s c i l l a t o r  frequency of 10.455 MHz (10.455 - 10.0 = 455). 
another signal w i t h  a frequency of approximately 10.910 MHz i s  present,  another "difference" 
signal of 455 kHz i s  produced (10.91 - 10.455 = 455). T h u s ,  i f  two s ignals  a re  separated by 
twice the intermediate frequency and the osc i l la tor  frequency f a l l s  between the two s igna ls ,  an 
unwanted image signal resu l t s .  

One i s  above and the other below the o s c i l l a t o r  
For example, a receiver w i t h  an intermediate frequency of 455 kHz tuned t o  WWV a t  

However, i f  

This s i tua t ion  occurs because the IF signal i s  low i n  frequency ( i . e . ,  455 kHz) t o  the 
high frequency of the incoming signal ( i . e . ,  10 MHz). 
se lec t iv i ty  t o  re jec t  the interfer ing signal which i s  re la t ive ly  close t o  the desired s ignal .  
In the above example, the unwanted signal i s  only 0.910 MHz away from 10 MHz and a strong 
interfer ing signal can eas i ly  pass through the RF stage into the mixer and produce an image IF 
signal.  

T h u s ,  the RF amplifier has insuf f ic ien t  

To a l lev ia te  this s i tua t ion ,  a high qual i ty  receiver usually employs double conversion or  
two mixer stages.  
stage converts the incoming signal t o  a h i g h  intermediate frequency (usually greater  than 
1 MHz). 
example, i f  a receiver has a f i r s t  mixer IF signal of 1.5 MHz, the image signal will  be twice 
the IF signal or  3.0 MHz above the desired s ignal .  
pared t o  the incoming s ignal ,  the RF stage pass band i s  usually select ive enough t o  r e j e c t  the 
undesired images. 
produce a lower second IF frequency, thus al leviat ing the image problem. 

I t  heterodynes i n  two s teps  t o  make image rejection eas ie r .  The f i r s t  mixer 

Any images produced must be separated by more than 2 MHz from the desired s ignal .  For 

Since 3 MHz i s  now re la t ive ly  large com- 

For the required additional s e l e c t i v i t y ,  a second mixer stage i s  added t o  

A crystal  local osc i l la tor  can be used in these conversion processes t o  provide frequency 
A separate f i r s t  osc i l la tor  cryi ta l  i s  required f o r  each frequency t o  be received. s t a b i l i t y .  

Other information regarding well-designed receivers can be found i n  such reference materials as 
the Radio Amateur's Handbook [lo].  

b .  WWV/WWVH Receiving Antennas 

Except f o r  those locations near s ta t ions  such as WWV or WWVH, the signal power as received 
a t  great distances may be re la t ive ly  weak. As the distance i s  increased, the signal decreases 
i n  strength and an antenna w i t h  maximum efficiency i s  often required f o r  best  resu l t s .  
waves a r r ive  a t  d i f fe ren t  ver t ical  angles, cal led the wave angle or  radiation angle. The wave 
angle of an arriving signal depends on the distance between the transmitt ing and receiving 
s ta t ion  and also on the height o f  the ionosphere. 
higher the ionosphere, the larger  the wave angle. 
oriented tha t  favors the wave angle (elevation) as well as the direct ion (azimuth). 

Radio 

The closer  the receiving s ta t ion  and the 
Therefore, an antenna must be selected and 

Although radio s ta t ions  WWV and WWVH transmit on severpl d i f fe ren t  frequencies, i n  most 
cases, a t  l e a s t  one of the frequencies will  be received best  a t  a par t icular  location and time 
of day. 
conditions . 

In some cases,  different  frequencies may have.to be t r i e d  due t o  varying propagation 
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An all-band, log-periodic antenna capable of covering the en t i r e  HF band i s  commercially 

However, such an antenna i s  very large and cumber- 

Also, i f  reception of 

available.  
must be u t i l i zed  for  maximum r e l i a b i l i t y .  
some as well as expensive fo r  receiving purposes only. 
receiver capable of receiving two or more frequencies may be required. 
WWV and WWVH i s  t o  be conducted both during night and daylight conditions, an additional antenna 
may be required. 
depending upon distance,  time of day, month, season, and sunspot  cycle. 
discussed with the type of antenna most su i tab le  fo r  i t s  reception. 

These are  used fo r  around-the-clock communication purposes where the en t i r e  HF band 

Depending on location, an antenna and a 

Each of the d i f fe ren t  frequencies transmitted by WWV and WWVH may be received 
Each frequency will be 

( 1 )  2.5 MHz. Signals a t  t h i s  frequency have a very short  range during the day because of 

I t  becomes useful a t  night, however, especially during the 
ground wave propagation l imitat ions.  
hundred miles from the transmitter.  
winter season in the higher la t i tudes  where longer nights prevail .  
distances of several thousand miles. 

Use would be limited t o  locations within one to  two 

Reception i s  possible over 

The ver t ical  quarter-wavelength monopole antenna has a radiation pattern tha t  favors 
reception a t  low wave angles and i s  very e f fec t ive  in receiving long distance sky wave s ignals  
normally arr iving a t  angles of 20 degrees or less .  
of short-range sky wave signals w i t h  large wave angles, b u t  i t  i s  useful fo r  receiving weak 
ground wave s ignals .  

This antenna i s  n o t  e f fec t ive  for  reception 

For nighttime reception on paths u p  t o  several thousand miles, the sky wave i s  predominant 
The antenna should be located a and a horizontal half-wavelength antenna i s  recommended. 

quarter-wavelength or higher above ground and separated from possible interfer ing ref lect ing 
obstacles.  The quarter-wavelength ver t ical  antenna and the half-wavelength horizontal dipole 
antenna are  i l l u s t r a t ed  in f igure 18. 

( 2 )  5.0 MHz. The 5 MHz frequency can be received a t  greater  distances t h a n  the 2.5 MHz 
frequency throughout the day or  night,  especially during m i n i m u m  sunspot cycle. Reception i s  
possible u p  t o  1000 miles under ideal conditions, b u t  under normal conditions, daytime propa- 
gation conditions l imi t  i t s  useful range. 
1000 miles during the day with s ignals  arriving a t  a wave angle of greater  than 20 degrees. 
During the night,  5 MHz i s  a very useful frequency fo r  long-range reception except during 
maximum sunspot cycle. 
months when the signal i s  following the darkness path. 

Therefore, reception i s  usually limited t o  less  t h a n  

I t  i s  excel lent  d u r i n g  ear ly  dawn and ear ly  evenings during the winter 

( 3 )  
night. 
sunspot cycle. 
when the higher frequencies cannot be received. 
the best frequency to  use during the night when the lower frequencies cannot be heard. 
maximum sunspot  cycle, reception a t  10 MHz i s  limited t o  short  distances during the day w i t h  
limi,tations comparable t o  those noted a t  5.0 MHz. 
t ion a t  f a i r l y  close range, 200 miles or  so, and can effect ively be used when 5 MHz reception 
i s  poor. 
s ta t ions .  

10.0 MHz. A t  10 MHz, reception over great distances i s  possible during the day and 
I t  can be c lass i f ied  as an intermediate frequency which again i s  dependent upon the 

During minimum sunspot cycle,  great distances can be covered during the day 
Dur ing  maximum sunspot cycle, i t  i s  probably 

During 

This frequency a l so  provides daytime recep- 

Therefore, the half-wavelength horizontal antenna should be selected for  close range 
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Figure 18. Quarter-wavelength vertical 
antenna & horizontal half- 
wavelength antenna. 
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(4) 15.0 MHz. The 15.3 NHz frequency i s  t h e  most f a v o r a b l e  frequency f o r  l o n g  range, 
daytime recept ion .  

maximum. However, f o r  l o n g  range recept ion ,  i t  i s  t h e  most favored frequency d u r i n g  b o t h  

sunspot c y c l e  cond i t ions .  

degrees o r  l e s s  depending on t h e  d e n s i t y  o f  t h e  i o n i z e d  l a y e r .  
r e c e p t i o n  may even be p o s s i b l e  d u r i n g  t h e  n i g h t  i n  some l o c a t i o n s .  
cyc le ,  i t  i s  u s e f u l  o n l y  d u r i n g  t h e  d a y l i g h t  hours and dawn and dusk per iods.  

It i s  n o t  usable f o r  shor t - range r e c e p t i o n  except  d u r i n g  per iods  o f  sunspot 

Under average cond i t ions ,  t h e  maximum wave angle i s  l i m i t e d  t o  30 
Dur ing maximum sunspot cyc le ,  

Dur ing m i n i m m  sunspot 

The v e r t i c a l  antenna which i s  f a v o r a b l e  t o  low wave angle r e c e p t i o n  i s  p r e f e r a b l e  t o  t h e  

The h o r i z o n t a l  ha l f -wavelength antenna and can r e a d i l y  be cons t ruc ted  as shown i n  f i g u r e  19. 
dimension o f  t h e  ground r a d i a l s  and o r i e n t a t i o n  as shown should be used t o  y i e l d  approx imate ly  
a 50 ohm antenna impedance. 

v e r t i c a l l y  w i l l  y i e l d  approx imate ly  t h e  c o r r e c t  impedance. 
between t h e  feed l i n e  and t h e  lower  h a l f  o f  t h e  d i p o l e ,  which d i s t u r b s  t h e  r a d i a t i o n  p a t t e r n ,  

extend t h e  feed l i n e  h o r i z o n t a l l y  outward severa l  f e e t  from t h e  antenna be fore  dropping i t  
v e r t i c a l l y  t o  t h e  ground. 

For  a 70 - 90 ohm antenna, t h e  hal f -wavelength d i p o l e  mounted 
I n  o rder  t o  p revent  i n t e r a c t i o n  

(5 )  
w i l l  be optimum a t  e i t h e r  noon o r  a few hours p a s t  noon. S igna ls  a t  t h i s  frequency a r r i v e  a t  
very  low wave angles and a r e  u s e f u l  o n l y  f o r  l o n g  d i s t a n c e  recept ion .  Dur ing minimum sunspot 
cyc les,  r e c e p t i o n  i s  poor b u t  improves d u r i n g  t h e  w i n t e r .  Dur ing maximum sunspot cyc les ,  t h e  

r e c e p t i o n  i s  e x c e l l e n t  a t  n i g h t  and d u r i n g  t h e  day. 
angle r a d i a t i o n  has been used a t  t h i s  frequency w i t h  f a v o r a b l e  r e s u l t s .  Const ruc t ion  d e t a i l s  
f o r  a 20 MHz antenna a r e  shown i n  f i g u r e  19. 

20.0 MHz. The 20 MHz frequency i s  normal ly  t h e  b e s t  t o  use f o r  daytime r e c e p t i o n  and 

The v e r t i c a l  d i p o l e  which favors  low wave 

(6 )  
summer season. 
minimum sunspot cyc le .  
angle r e q u i r e d  f o r  t h e  s i g n a l  t o  be r e t u r n e d  back t o  t h e  e a r t h  from t h e  ionosphere. 
d e t a i l s  o f  a d i f f e r e n t  v e r t i c a l  antenna f o r  use a t  t h i s  frequency a r e  a l s o  shown i n  f i g u r e  19. 

The v e r t i c a l  q u a r t e r  and hal fwave antennas a r e  o m n i d i r e c t i o n a l  

For  g r e a t e r  d i r e c t i v i t y  and increased gain,  which l i m i t s  

25.0 MHz. The 25 MHz frequency i s  b e s t  d u r i n g  d a y l i g h t  hours except  d u r i n g  t h e  
Reception i s  e s p e c i a l l y  good d u r i n g  maximum sunspot c y c l e  and very  poor  d u r i n g  

It i s  used o n l y  f o r  l o n g  d i s t a n c e  r e c e p t i o n  due t o  t h e  low r a d i a t i o n  
Design 

( 7 )  D i r e c t i o n a l  Antenna. 
i n  t h a t  they  r e c e i v e  s i g n a l s  over  360 degrees i n  azimuth. 
t h e  o t h e r  hand, i s  b i d i r e c t i o n a l .  
no ise  and i n t e r f e r e n c e  from unwanted s i g n a l s  i n  o t h e r  than t h e  d e s i r e d  d i r e c t i o n ,  i t  i s  recom- 
mended t h a t  t h e  Yagi o r  beam antenna be used. 

The h o r i z o n t a l  ha l fwave d i p o l e ,  on 

A t y p i c a l  Yagi antenna des ign i s  shown i n  f i g u r e  20. 

A t  15 MHz and below, t h e  l e n g t h  o f  t h e  Yagi antenna elements become ext remely long.  A 
m o d i f i e d  Yagi r e s u l t s  when c o i l s  o r  i n d u c t o r s  a r e  i n s e r t e d  i n  t h e  elements t o  increase t h e  

e f f e c t i v e  e l e c t r i c a l  leng th .  

phys ica l  leng th .  
m o d i f i e d  Yagi antenna has a g r e a t e r  d i r e c t i v i t y  then t h e  hal f -wavelength d i p o l e  antenna. 
However, i t  does n o t  compare i n  g a i n  w i t h  a f u l l - s i z e d  Yagi. 
has a power g a i n  o f  9.2 db over  a ha l f -wavelength d i p o l e  a t  t h e  same h e i g h t  above ground. 

The antenna can then be made t o  resonate us ing  elements o f  s h o r t e r  

Desp i te  t h e  r e s u l t i n g  decrease i n  e f f e c t i v e  p a r a s i t i c  element length ,  t h e  

A f u l l - s i z e d  f i ve-e lement  Yagi 
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Figure 19. Modified half-wavelength vertical antenna for use at 15, 20, and 25 MHz. 
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R E F L E C T O R  L E N G T H  = . 4 9 0 A  
D R I V E N  E L E M E N T  L E N G T H  = . 4 6 5 h  
D I R E C T O R  1 = . 4 5 2 X  
D I R E C T O R  2 = . 4 4 9 X  
D I R E C T O R  3 = . 4 5 2 X  
B O O M  D I A M E T E R  2" 
E L E M E N T  D I A M E T E R  1 "  

Figure 20. Typical Yagi antenna design 
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6.2. Receiver Time Delay Measurements 

To measure the receiver time delay, the following equipment i s  required: (1)  oscilloscope 
with accurately cal ibrated,  external ly-triggered, sweep time scale ,  ( 2 )  HF signal generator, 
and (3)  audio signal generator. The equipment i s  connected as shown in f igure 21. 

O S C I L L O S C O P E  A F  G E N  R E  C E  I V E  R 

O U T  -.) I N  

H F  S I G N A L  
G E N E R A T O R  

M O D  R F  

The main tuning dial of the receiver should be s e t  a t  the exact position fo r  receiving 
W W V / W W V H  signals .  This i s  because the receiver delay time varies appreciably with s l i gh t ly  
d i f fe ren t  receiver dial posit ions.  Therefore, the receiver tuning should be s e t  and marked 
where the maximum W W V / W W V H  signal i s  received. The frequency of the HF signal generator i s  
then adjusted fo r  peak output of the receiver.  

The audio signal generator i s  s e t  t o  a 1 kHz o u t p u t  frequency. High accuracy i s  not 
required of the 1 kHz s ignal .  
The oscilloscope sweep r a t e  i s  s e t  t o  100 microseconds/division with posit ive external tr iggering 
from the undelayed 1 kHz s ignal .  
t ion .  The ver t ical  position control i s  adjusted for  zero baseline with no ver t ical  input 
s ignal .  

The HF generator i s  externally modulated by the 1 kHz s ignal .  

The ver t ical  amplifier gain i s  s e t  for  large ver t ical  deflec- 

I n i t i a l l y ,  the undelayed 1 kHz signal i s  connected t o  the ver t ical  input of the osci l lo-  
scope. 
horizontal center l i ne  a t  the l e f t .  The horizontal position control can be adjusted so tha t  
the signal crosses over the f i r s t  division on the l e f t  as shown in f igure 23. The crossover 
point of the undelayed signal will s e r v e a s  the zero delay reference point. 

The t r igger  level control i s  adjusted so tha t  the t race crosses over or  touches the 

I 
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Figure 22. Oscillogram o f  delayed and 
undelayed 1 kHz s ignal .  

D E L A Y  
T I M E  
- 

D E L A Y E D  Z E R O  C R O S S O V E R  

U N D E L A Y E D  Z E R O  C R O S S O V E R  

Without touching any of the oscilloscope controls,  the 1 kHz undelayed signal is discon- 
nected from the ver t ical  i n p u t  and replaced with the delayed 1 kHz signal from the receiver 
output. 
s igna l ) ,  there i s  l i t t l e  chance of ambiguity on w,hich cycle t o  measure. 
the sweep time from the reference undelayed crossover t o  the f i r s t  delayed crossover point. 

I f  the delayed signal i s  found t o  be inverted and of opposite phase t o  the reference 1 kHz 

Since a receiver delay i s  almost always less than 1 millisecond (1 cycle of a 1 kHz 
The delay i s  equal t o  

s ignal ,  the receiver has an inverted output s ignal .  However, the receiver delay time remains 
unchanged and the only difference will  be t h a t  the output seconds pulse will  be inverted w i t h  a 
negative leading edge. For receiver delay of less  than 500 microseconds, the sweep r a t e  can be 
s e t  a t  50 microseconds/division. 

This technique i s  a way of local ly  producing a signal t h a t  approximates the timing signal.  
I t  i s  a t  the same frequency on the d i a l ,  uses the same tone frequency, e tc .  A two-channel 
scope i s  very useful since you can then display the tone before i t  enters  the signal generator 
and a f t e r  i t  comes out of the receiver.  
other variations on t h i s  technique t o  the user. 

A study of the block diagram will no doubt suggest 

6 .3  Great Circle Distancd Calculations 

Using f igure 24 as a reference: 

A and B a re  two points on the ear th .  
P i s  one of the two poles, North o r  South. 

LA = Latitude a t  point A .  
L B  = Latitude a t  point B .  

LOA = Longitude a t  point A .  

LOB = Longitude a t  point 8. 

L O B *  P = LOA - 

PROBLEM: Using the b ve information, f ind the great  c i r c l e  distan 
miles between the two points A and B .  

For points A and B on the same s ide of the equator: 

B dg = 60 cos-’ (cos LA cos L B  cos P + sin LA s in  L 
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G R E A T  C I R C L E  D I S T A N C E  
P 

F igu re  23. Diagram f o r  g r e a t  c i r c l e  d i s t a n c e  c a l c u l a t i o n s .  

For p o i n t s  A and B on oppos i te  s ides  o f  t h e  equator:  

dg = 60 cos-' (cos LA cos LB cos P - s i n  LA s i n  LB) .  

CONVERSION TO STATUTE MILES AND KILOMETERS: 

dg. = 1.151 x n a u t i c a l  m i l es  = s t a t u t e  m i l e s .  

dg = 1.8522 x n a u t i c a l  m i l e s  = k i l omete rs .  

EXAMPLE: F ind  t h e  g r e a t  c i r c l e  d i s t a n c e  f rom r a d i o  s t a t i o n  WWVH, Kauai ( p o i n t  A )  
t o  WWV, F o r t  C o l l i n s  ( p o i n t  B)  i n  s t a t u t e  m i l e s  and k i l omete rs .  

COORDINATES OF THE TWO STATIONS: 

L a t i  tude Lonqi tude 

LA = 21'59'26"N LOA = 159'46'00"W 
LB = 40'40'49"N LOB = 105'02'27"W 

P = 159'46'00" - 105'02'27" = 54'43'33" 

SOLUTION: Taking t h e  s i n e  and cosine: 

s i n  LA = 0.37445 COS LA = 0.92725 
s i n  LB = 0.65184 cos LB = 0.75836 

cos P = 0.57749 
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dg = 60 cos-’ C(0.92725 x 0.75836 x 0.57749) + (0.37445 x 0.6518411 

= 63 COS-’ C(0.40608) -+ (0.24408)] 

= 60 cos-’ 0.65017 = 60 x 49.44586 

= 2966.75 nautical miles 
= 3414.73 s t a t u t e  miles 
= 5495.0 k i  1 ometers 

6.4 Propagation Delay Computations 

The delay of HF radio waves over a par t icular  radio p a t h  depends upon the height of the 
ionosphere and the distance between the receiver and transmitter (see f igure 24 ) .  
heights of the d i f fe ren t  layers such as the E layer (approximately 110 k m ) ,  the  F1 layer 
(approximately 200 t o  300 k m ) ,  and the F2  layer (approximately 250 t o  450 km) can be predicted,  
they vary in  height throughout the day as  well as seasonally. 

Although 

F 2  

E 

250-450 

200-300 

KM 

KM 

( 

Figure 24. Reflection of radio waves a t  d i f fe ren t  ionized layer heights. 

T h e  F, layer does not e x i s t  d u r i n g  the winter months i n  the northern la t i tudes .  The F2 
layer i s  most commonly used during the daytime. 
the summer and a minimum o f  250 km during the winter. 
about 300 km i n  h e i y h t  and remain re la t ive ly  s tab le  u n t i l  sunrise.  

I t  reaches a maximum height of 450 km during 
The F1 and F2 layers merge a t  n i g h t  t o  

The E layer,  on the other hand,  exists d u r i n g  the daytime only and can provide HF propa- 
gation t o  distances of a thousand miles or  so. 
E-layer path can be readily d i s t i n g u i s h e d  from t h a t  measured when another layer predomiqates 
because the E layer i s  considerably lower i n  h e i g h t .  

Propagation delay time measured over a par t icu lar  

29 



Errors in determining propagation delay over a par t icular  path a re  due t o  the varying 
heights of the d i f fe ren t  layers.  
the e f fec t ive  ref lect ing ionosphere height becomes proportionately lower. 
then, the signal traversed over the sky wave mode approximates the ground path length between 
the two s ta t ions .  

As the distance between the transmitter and receiver increases,  
A t  large distances,  

EXAMPLE: Assume a transmitter and receiver are  spaced one mile (1.61 km) apar t ,  and 
assume an E layer ref lect ing height of 110 km. 
ponding variation of almost 40 km would occur in the e f fec t ive  path length. 
propagation time delay change over t h i s  path would measure 3.3 microseconds/kilometer x 40 km, 
o r  132 microseconds. 

For a change of 20 km in  layer height,  a corres- 
As a r e su l t ,  the 

SECOND EXAMPLE: Assume the same layer geometry, b u t  increase the distance between the two 
points t o  one thousand miles (1610 k m ) .  
from the 110 km and the 130 km layer heights i s  reduced t o  only 19.8 microseconds. 
This assumes a f l a t  earth and f l a t  ionosphere and applies only t o  single-hop transmissions.) 

Since the earth i s  round,  there i s  a maximum ground distance a s ingle  hop can span. 

The propagation time delay change between ref lect ions 

(m: 

For 
greater  distances,  the radio waves must obviously be ref lected a number of times. 
the wave path computation for  one hop must be multiplied by the to ta l  number of hops. 

The e r ror  in 

For m i n i m u m  e r ro r ,  the frequency used f o r  reception should be selected for  a m i n i m u m  
number o f  hops. 
number of hops, f igure 25 shows tha t  lower ver t ical  take-off angles (cal led angles of radiation 
or  wave angles) increase the span tha t  a s ingle  hop takes.  

This a l so  resu l t s  in a stronger signal due t o  smaller losses.  For a reduced 

A t  any par t icu lar  distance,  the user m u s t  se lec t  the proper WWV/WWVH frequency so the 

Other frequencies will  skip over the user. 
signal can be received. A t  cer ta in  frequencies, the signal from the transmitter will penetrate 
the ionosphere and not r e f l ec t .  He i s  then said t o  
be located i n  the skip distance for  tha t  frequency. 
( f igure 26) .  

A lower frequency must be selected 

MAX 1 HOP DIST 

= WAVE ANGLE 
,$I = ANGLE OF I N C I D E N C E  

Figure 25. Single-hop ref lect ions from F2 layer a t  d i f fe ren t  wave angles. 
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C R I T I C A L  <la#:: 
WAVE A N G L E  x Z O N E  /e ;ROUND 

WAVE 
\ 

= T A N G E N T  

Figure 26. Single-hop transmission a t  different  wave angles. 

Use of the maximum frequency tha t  i s  receivable assures the l e a s t  number of hops. 
For any higher frequency, the signal will skip 

This 
maximum usable frequency i s  called the MUF. 
over the receiving s ta t ion .  
reception. 

A frequency approximately 10% below the MUF will provide the best  

Another appreciable e r ror  in propagation time delay computations i s  in estimating the 
number of hops a signal takes. A t  distances over one thousand miles, the signal takes several 
hops depending on the distance. 
e r ror  of one hop, the time delay computation can be i n  error  from 500 microseconds t o  1 mi l l i -  
second. Again, by using a frequency near the MUF, a minimum number of hops i s  assured. Hops 
with angles of radiation o f  a few degrees should be neglected in the computation. 
higher number should be used. Angles of less  t h a n  5 degrees may not be possible due t o  inter-  
ference by mountains or high terrain ( f igure 2 7 ) .  For signal paths over water, low angles are 
possible. Therefore, the estimated point where the signal i s  reflected from the earth and the 
te r ra in  near the receiver and transmitting s i t e s  should be considered t o  see i f  low-angle 
radiation i s  possible. Because ground wave attenuation i s  high a t  HF frequencies, there i s  an 
increase in attenuation for  very low angles of radiation. 

The exact number of hops must be determined because for  an 

The next 

B 

f 

* / ’  
E A R T H  R E F L E C T I O N  P O I N T ’  

Figure 27. Multihop signal t h a t  has a t o o  low angle of radiation. 
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For distances under one thousand miles, the single-hop mode of transmission dominates. 
Errors in propagation time delay will increase as the ground distance decreases fo r  the same 
given er ror  in the estimated height. For short  distances,  then, the height must be estimated 
more careful ly .  
transmission occurs, a much wider range of e r ror  in the height can be tolerated.  

For distances of over one thousand miles where only a single-hop mode of 

By estimating height according t o  time of day, season, la t i tude ,  and sunspot cycle,  errors  

The F2-layer height ranges from 250 km t o  300 km during 
can be reduced. 
"averages" in height t ha t  can be used. 
the winter months. The height increases as summer approaches and reaches a maximum height 
ranging from 350 km t o  400 km. 
months when propagation conditions are  excellent on the upper HF bands (10 MHz and above). 
conditions worsen, the layer height usually increases.  
t o  350 km. 
decreased again. 
reduced considerably. 

For F2-layer ref lect ions (which i s  the principle layer used), there are several 

Selecting an average of 250 km i s  reasonable fo r  the winter 
As 

Thus, an average height can be increased 
As reception again begins t o  improve in the f a l l ,  the estimated height can be 

Using th i s  approximation method, the e r ror  in path length computation can be 

For distances greater  than one thousand miles (1610 km) t o  two thousand miles (3220 km) 
where multiple-hop transmission occurs, the method above produces multiple e r rors .  For good 
r e su l t s ,  the height must be determined with greater  accuracy. 
tude, longitude, and time of day are  available from the World Data Center, NOAA, Department of 
Commerce, Boulder, Colorado 80302. 

Heights fo r  a par t icular  l a t i -  

The layer height has a tendency to  vary even a t  the same time of day. Additional propa- 
gation p a t h  delay i s  caused by the retardation o r  slowing down of the radio wave with par t ia l  
refract ion or bending as i t  passes through the lower F1 and E layers during the day (f igure 28) .  
The correct  layer height and amount of retardation for  any given day i s  impossible t o  calculate  
accurately.  Only the average height over longer periods can be determined with some cer ta inty.  

RETARDATION 

LAYERS 

. -  

Figure 28. Retardation or slow down of radio waves as they pass through d i f fe ren t  ionized layers.  
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By per fo rming  a s i n g l e  t ime comparison w i t h  the  standard s t a t i o n ,  t he  p r o p a b i l i t y  o f  e r r o r  
i n  the  hundreds o f  microseconds becomes very  g r e a t  due t o  the  f l u c t u a t i o n  i n  propagat ion t ime 
delay.  I f  any abnormal cond i t i ons  e x i s t  du r ing  t h a t  p a r t i c u l a r  day, g rea t  f l u c t u a t i o n  i n  the  

t ime delay can occur  and the  e r r o r  can be compounded i n t o  m i l l i seconds .  Because of t he  wide 

f l u c t u a t i o n  from day t o  day, a h igh  degree o f  accuracy f o r  a s i n g l e  measurement i s  remote. By 
conduct ing measurements several  t imes over a pe r iod  of a week and by averaging w i t h  methods 

such as the  moving average method, e r r o r s  can be reduced t o  an u n c e r t a i n t y  of 100 microseconds 
o r  l ess .  By t a k i n g  several  readings, abnormal ionosphere cond i t i ons  t h a t  cause propagat ion 
delay t o  d i f f e r  by g rea t  amounts become r e a d i l y  i d e n t i f i a b l e  and can be e l im ina ted .  

The f o l l o w i n g  equat ions f o r  determin ing wave angle and propagat ion t ime delay have been 
s i m p l i f i e d  and are  approximate. Refer t o  f i g u r e  29. 

I O N I Z E D  L A Y E R  

T A N G E N T  

I O N I Z E D  L A Y E R  

C 
F igu re  29. I l l u s t r a t i o n  showing d e r i v a t i o n  o f  wave angles. 

DEFINITIONS OF SYMBOLS 

A = wave angle o r  angle o f  r a d i a t i o n  i n  degrees. 
4 = angle o f  inc idence i n  degrees. 

0 = 1/2 c e n t r a l  angle subtended by rad ius  R from A t o  B. 
dg = g rea t  c i r c l e  d is tance from t r a n s m i t t e r  t o  r e c e i v e r  

i n k i 1 ome t e r s  . 
N = number o f  hops t o  cover  d is tance dg. 

$ = g rea t  c i r c l e  d is tance per  hop (km/hop). 

h '  = v i r t u a l  h e i g h t  o f  i on i zed  l a y e r  (km). 
R 6.370 km, mean rad ius  o f  ear th .  

d = t o t a l  propagat ion d is tance (km). 
P 
P 

TD = propagat ion t ime delay (m i l l i seconds ) .  
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DERIVATION OF WAVE ANGLE EQUATIONS 

e h' + tan 9) - e A = tan (- R sin e 
-1 

€)(degrees) = % (# ) = 0.0045 % 
FIRST SIMPLIFIED FORM f o r  % < 4000 km or e < 18": 

A = tan-' (= + &) - 0.0045 $! 
dg 

SECOND SIMPLIFIED FORM for  e < 20 degrees: 

A = (7 2Nh' - &)57.3 

PROPAGATION TIME DELAY 

( R  and dg in km) 2R sin e - dg 
p 299.8 sin 299.8 sin 4 TD = 

Where: 
h' e 6 = 900 - tan-' (--- R sin e + tan 7) 

- GIVEN < 4000 km, e < 18": 

1 2Nh' 9 = 900 - tan- (-- + &) (approximately) dg 

SAMPLE CALCULATIONS 

Given: dg = 3220 km 
h i  = 250 km 
N = 2, 

P' Determine wave angle A and propagation time delay TD 

1 2Nh' A = tan- (-- + %) - 0.0045 $ dg 

A = tan-l(0.3106 + 0.0632) - 7.3 

A = tan-'(0.3738) - 7.3 

A = 20.5 - 7.3 = 13.25". 
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Solving A by the approximate method: 

A = (dg 2Nh' - &)57.3 

A = ( - -  2~2x250 3220 )57.3 
3220 4x6370~2 

A e (0.3106 - 0.0632)57.3 

A = (0.2474)57.3 = 14.2' 

-1 2Nh' 4 = 90" - tan (- + dg 4RN 

From the calculated value o f  wave angle A: 

1 2Nh' tan- (- + &) = 20.5" dg 

4 = 90 - 20.5 = 69.5" 

3220 3220 
TDp = 299.8 sin 69.5 - 299.8 x 0.93367 

TD = 11.5 ms P 

Given: dg = 3220 km 
h' = 250 km 
N = l  

A = tan- 1 (- 2Nh' + &) - 0.0045 $ 
dg 

-1 2~1x250 + 3220 3220 A = tan (- 3220 4x6370~1) - 0.0045 1 

A = tan'(0.1553 + 0.1264) - 14.5 

A = tan-l(0.2817) - 14.5 = 15.7 - 14.5 

A = 1.2" 

Propagation time delay, TD 
P' 

d 
TDp = 299.8'sin 4 

But $I = 90 - 15.73 = 74.27" and sin 74.27 = 0.96253. 
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There fore ,  3220 
TDp = 299.8 x 0.96253 

TD = 11.2 ms 
P 

Because o f  t h e  low wave ang le  o f  1.2", a one-hop mode i s  ve ry  u n l i k e l y .  
mode would be p o s s i b l e  w i th  a h ighe r  v i r t u a l  h e i g h t .  

However, a one-hop 

EXAMPLE: Fo r  t h e  prev ious  example, what v i r t u a l  h e i g h t  would be r e q u i r e d  f o r  a wave ang le  
o f  5"? 

SOLUTION: 

h '  = [ tan(A t e )  

A t e = 5 + 14.5 = 

h '  = [ t a r  19.5 - 

- 9-1 !& 
4RN 2N 

9.5" 

A] 5!9 
4RN 2N 

h '  = C0.33381 - 0.12637]1610 

h '  = 334 km 

The propagat ion  t ime  de lay  TD f o r  A = 5": 
P 

dg TD = p 299.8 s i n  0 

where: 

4 = 90 - ( A  + e ) ,  
$ = 90 - 19.5 = 70.5, and 

s i n  70.5 = 0.94264. 

There fore ,  
3220 

TDp = 299.8 x 0.94264 

= 11.4 ms. 

Thus, t h e  t ime  de lay  o f  2 hops a t  250 km v i r t u a l  h e i g h t  and 1 hop a t  334 km v i r t u a l  h e i g h t  w i l l  
d i f f e r  o n l y  by 100 microseconds. 



6.5. Ad jus tab le  Time Delay Generator 

The a d j u s t a b l e  t ime delay generator  i s  a u n i t  t h a t  has an o u t p u t  pu lse  which i s  p r e c i s e l y  

delayed f rom i t s  i n p u t  pu lse  o f  1 pps. 

The maximum delay f o r  t h e  u n i t  i s  99,990 microseconds (99.99 ms). 
a r e  capable o f  s e l e c t i n g  any de lay  f-om zero t o  t h e  maximum de lay  i n  steps o f  10 microseconds. 

A 100 kHz i n p u t  s i g n a l  t o  t h e  u n i t  i s  t h e  t i m i n g  source. 

Four f r o n t  panel swi tches 

B a s i c a l l y ,  t h i s  dev ice i s  a counter  capable o f  count ing up t o  9,999. I t  counts cyc les  

w i t h  a p e r i o d  o f  10 microseconds. Therefore,  t h e  number o f  counts represent  t h e  t o t a l  t ime 

lapse i n  tens of microseconds. 

pps) i n p u t  from t h e  l o c a l  master c lock.  
p o s i t i v e  pu lse  appears a t  t h e  ou tpu t .  

u n t i l  t h e  n e x t  1 pps s i g n a l  again i n i t i a t e s  i count. The o u t p u t  i s  t h e r e f o r e  a l s o  a 1 pps 
s i g n a l  which has a p r e c i s e  delay w i t h  respec t  t o  t h e  1 pps i n p u t  s i g n a l .  
t i o n  can be separated i n t o  f o u r  d i f f e r e n t  f u n c t i o n a l  groups. 

The count  i s  i n i t i a t e d  by a re fe rence one pu lse  p e r  second (1 
A f t e r  a p rese lec ted  number o f  counts ( t i m e  delay) ,  a 

Simultaneously, the  counters  a re  r e s e t  t o  zero and h e l d  

The t h e o r y  o f  opera- 

a. Decade Counters 

The decade counters  c o n s i s t  o f  IC1 through IC4 and decoders IC5 through IC8 ( r e f e r  t o  
f i g u r e  30, Log ic  Diagram). 

tens o f  microseconds o f  t h e  100 kHz i n p u t  s i g n a l .  
f i e r  f o r  t h e  100 kHz i n p u t  s i g n a l .  

l o g i c  "1" t o  a low l o g i c  "0" s t a t e  o n l y .  
goes from a h i g h  t o  a low s t a t e .  
Therefore, f o r  each t e n  counts o f  counter  IC1, counter  IC2 has a count  o f  one. Thus, counter  

IC2 counts i n  t h e  u n i t s  o f  100 microseconds. S i m i l a r l y ,  IC3 counts i n  u n i t s  o f  1000 microseconds 
and IC4 i n  u n i t s  o f  10,000 microseconds. 
besides t h e  D ou tpu t  l a b e l e d  A, B, and C. 

count  o f  0 t o  9 i n  b i n a r y  coded decimal (BCD) w i t h  t h e  A ou tpu t  hav ing a we igh t  o f  1, B a 
weight  o f  2, C a weight  o f  4, and D a weight  o f  8. 

A (1 )  and C ( 4 )  w i t h  a l o g i c  "1 . "  

The f i r s t  counter  IC1 i s  a u n i t  counter  and counts i n  t h e  u n i t  of 

IC12A i s  a b u f f e r  and pulse-shaping ampl i -  
The counter  counts whenever t h e  i n p u t  goes f rom a h i g h  

A f t e r  a count  o f  ten,  t h e  D o u t p u t - o f  t h e  counter  
I t  i s  connected t o  t h e  i n p u t  o f  t h e  n e x t  counter  IC2. 

Each o f  t h e  counters  a l s o  has t h r e e  o t h e r  ou tpu ts  
The combination o f  t h e  f o u r  ou tpu ts  g ives  an o u t p u t  

For  example, a count  o f  5 w i l l  have ou tpu ts  

To s i m p l i f y  t h e  s e l e c t i o n  o f  the  count  des i red,  the  BCD outpu t  i s  decoded by decimal 

decoders IC5 through IC8. 
represent ing  each count  0 t o  9. 
corresponding count  i s  a t t a i n e d .  

The ou tpu t  i s  i n  t h e  decimal u n i t  w i t h  t e n  outputs  from each decoder 
Each ou tpu t  switches from a l o g i c  "1" t o  a l o g i c  "0" when t h e  

b. Count S e l e c t i o n  and Log ic  Group 

The count  s e l e c t i o n  and l o g i c  group s e l e c t s  t h e  number o f  counts des i red  and determines 
when t h e  se lec ted  count  has been made. 

gates IC9A and 9B, and p o s i t i v e  NAND gates I C l O A .  Switches SW1 through SW4 s e l e c t  one o f  t h e  

10 o u t p u t  counts o f  0 t o  9 o f  t h e  decoder ou tpu t .  
1 0 - p o s i t i o n  decimal swi tches o r  t h e  r o t a r y  10-pos i t ion ,  s ing le -po le  swi tches.  When t h e  exac t  

count  se lec ted  by a l l  four  switches has been achieved the  outputs  o f  negat ive  NAND gate  IC9A 
and 9B switches t h e  o u t p u t  o f  p o s i t i v e  NAND gate I C l O A  from a l o g i c  "1" t o  a l o g i c  "0." How- 

ever, I C l O A  swi tches t o  a low s t a t e  o n l y  when a l l  t h r e e  i n p u t s  from IC9A, 9B, and 10B a r e  l o g i c  
"1." (The purpose o f  I C l O B  w i l l  be exp la ined l a t e r . )  

It c o n s i s t s  o f  swi tches SW1 throt igh SW4, negat ive  NAND 

The switches can e i t h e r  be t h e  thumbwheel 
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gates or negative NAND gate 
IC11 7400 quad. 2-input positive NAND gates 

or negative NOR gates 
IC12 Hex inverters 7404 

Figure 30. Controlled delay generator logic diagram 



Therefore,  I C l O A  swi tches s t a t e  when t h e  se lec ted  number o f  counts (de lay t ime)  has been 
accomplished. An i n s t a n t  l a t e r ,  I C l O A  rese ts .  

c. S t a r t i n g  and Reset t ing  Group 

T h i s  group c o n s i s t s  o f  IC9C, 9D, l O B ,  11A, 12B, 12C, and 12D. IC9C and 9D a r e  two p o s i t i v e  
NOR gates w i r e d  together  t o  work as a b i - s t a b l e ,  t o g g l e  s w i t c h  t o  s t a r t  and r e s e t  t h e  counters .  
When t h e  ou tpu t  o f  IC9D, which i s  connected t o  t h e  r e s e t  i n p u t s  o f  I C 1  through IC4, i s  i n  t h e  
l o g i c  "1," t h e  counters  a r e  p laced i n  t h e  r e s e t  c o n d i t i o n  w i t h  t h e  counter  ou tpu ts  i n d i c a t i n g  
zero count. Wi th  one 

o f  two i n p u t s  o f  NOR ga te  IC9C connected t o  t h e  r e s e t  l i n e  o f  I C 1  t o  IC4, t h e  o u t p u t  o f  IC9C 
always switches t o  a l o g i c  "0" whenever t h e  r e s e t  l i n e  switches t o  a l o g i c  "1." The o u t p u t  o f  
IC9C i s  connected t o  one o f  t h e  i n p u t s  of IC9D. 

NOR ga te  IC11A. Since I C l l A  i s  normal ly  i n  t h e  quiescent  l o g i c  "0" s ta te ,  bo th  i n p u t s  o f  IC9D 

a r e  l o g i c  "0" and, there fore ,  t h e  o u t p u t  remains i n  l o g i c  "1" t o  keep t h e  counters  i n  t h e  r e s e t  

and h o l d  c o n d i t i o n .  

When IC9D o u t p u t  swi tches t o  a l o g i c  "0," the  counters  beg in  t o  count. 

The o t h e r  i n p u t  of IC9D i s  f rom t h e  negat ive  

I C l l A  i s  a negat ive  NOR ga te  t h a t  always has a l o g i c  "0" o u t p u t  except  when t h e  1 pps 
s i g n a l  switches i t  t o  a l o g i c  "1." Both i n p u t s  o f  I C l l A  a re  normal ly  i n  t h e  l o g i c  "1" due t o  

r e s i s t o r  R2 o f  i n v e r t e r  IC12D which holds t h e  i n p u t  o f  t h e  i n v e r t e r  t o  a l o g i c  "0" and t h e  
c a p a c i t o r  C 4  which holds the  o t h e r  i n p u t  o f  NOR ga te  I C l l A  t o  a l o g i c  "1." 
s i g n a l  i s  connected t o  t h e  p o s i t i v e  i n p u t ,  t h e  p o s i t i v e  i n p u t  pu lse  r a i s e s  t h e  i n p u t  o f  i n v e r t e r  

IC12D t o  a l o g i c  "1" and t h e  o u t p u t  t o  a l o g i c  "0." Negat ive NOR gate I C l l A  thus swi tches t o  a 

l o g i c  "1" which i n  t u r n  swi tches t h e  p o s i t i v e  NOR ga te  IC9D t o  a l o g i c  "0"  t o  s t a r t  t h e  counters .  

Due t o  t h e  feedback a c t i o n  o f  IC9C w i t h  IC9D, once t h e  o u t p u t  o f  IC9D has swi tched t o  t h e  l o g i c  
"0," 

When a p o s i t i v e  1 pps 

i t  remains i n  t h a t  s t a t e  a l though t h e  s h o r t  d u r a t i o n  1 pps pu lse  has terminated.  

Upon complet ion o f  t h e  se lec ted  delay time, I C l O A  switches t o  a l o g i c  "0" which i s  i n v e r t e d  

t o  a l o g i c  "1" by IC12B. The l o g i c  "1" swi tches t h e  NOR ga te  IC9C t o  a l o g i c  "0" which i n  t u r n  

swi tches NOR ga te  IC9D t o  a l o g i c  "1," thus s topping and r e s e t t i n g  a l l  t h e  counters  I C 1  t o  IC4. 
T h i s  i n  t u r n  a l s o  r e s e t s  t h e  o u t p u t  NAND ga te  I C l O A  back t o  a l o g i c  "1." 

There i s  one c o n d i t i o n  i n  which I C l O A  w i l l  always remain i n  l o g i c  "0" i n s t e a d  o f  l o g i c  
"1," i f  I C l O A  d i d  n o t  have an i n p u t  f rom IClOB. Th is  occurs when a zero  t ime de lay  o r  zero 
count  i s  des i red.  To prevent  t h i s  ma l func t ion ,  p o s i t i v e  NAND ga te  IClOB assures t h a t  I C l O A  
always remains i n  a l o g i c  "1" whenever t h e  counters  a r e  i n  t h e  r e s e t  and h o l d i n g  c o n d i t i o n .  
When the  o u t p u t  o f  IC9D i s  a l o g i c  "1," and I C l l A  i s  i n  a qu iescent  l o g i c  "0" s ta te ,  w i t h  b o t h  

i n p u t s  i n  a l o g i c  "1," IClOB has an o u t p u t  o f  l o g i c  (IC12C i n v e r t s  t h e  l o g i c  "0" o f  I C l l A  

t o  a l o g i c  "1.") The l o g i c  "0" outpu t  o f  IClOB thus keeps I C l O A  i n  t h e  l o g i c  "1" regard less  o f  

t h e  o u t p u t  s t a t u s  o f  IC9A and 9B. 
IClOB back t o  a l o g i c  

i n  t h e  l o g i c  "1" a f t e r  t h e  1 pps pu lse  has terminated.  

"0" when IC9A and 9B has a l o g i c  "1" ou tpu t .  

r e s e t s  t o  a l o g i c  "1." 

"0." 

When t h e  1 pps i n p u t  pu lse  a r r i v e s ,  i t  immediately swi tches 

Thus, o u t p u t  I C l O A  swi tches t o  a l o g i c  

"1." The o u t p u t  o f  IC9D which a l s o  swi tches t o  a l o g i c  "0" keeps IClOB 

IClOB i s  r e s e t  back t o  a l o g i c  "0" when IC9D 
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d. Output Pulse Shaping and I n v e r t e r  Group 

The f o u r t h  and f i n a l  group i s  t h e  ou tpu t  pu lse  shaping and i n v e r t e r  c o n s i s t i n g  o f  p o s i t i v e  

NAND ga te  I C l l B  and I C l l C  and i n v e r t e r  IC11D. 

t o r  w i t h  a pu lse w i d t h  equal t o  
"0" 

of 500 ohms f o r  R3 and 0.02 mic ro fa rad  f o r  C3 r e s u l t s  i n  a pu lse  w i d t h  o f  about 10 microseconds. 
I n v e r t e r  I C l l D  i n v e r t s  t h e  negat ive  ou tpu t  pu lse o f  I C l l C  t o  a p o s i t i v e  ou tpu t  pu lse.  

diagram i s  shown i n  f i g u r e  31. 

I C l l B  and I C l l C  i s  a one-shot as tab le  m u l t i v i b r a -  

R3C3.  R e s i s t o r  R 3  a l s o  keeps the  i n p u t  o f  I C l l C  t o  a l o g i c  
i n  t h e  quiescent  s t a t e  and t h e r e f o r e  should be approx imate ly  500 t o  600 ohms. A res is tance 
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DIMENSIONS/NBS (formerly Technical News 1 3 ~ 1 -  
letin)-This monthly magazine is published to  inform 
scientists, engineers, businessmen, industry, teachers,  
students,  and consumers of the latest  advances in 
science and technology with pr imary emphasis on the 
work a t  NRS.  The mag; ine highlight:; a n d  rcviews such  
issues as energy reseai,ch, fire protection. building tech- 
nology, metric conversion. pollution abatement,  health 
and safety,  and consumer product performance. In  addi- 
tion, it reports the results of Bureau programs in 
measurement standards and techniques, properties of 
mat ter  and materials,  engineering standards and serv- 
ices, instrumentation, and automatic data  processing. 

Annual subscription: Domcstic, $!).d5; Foreign, $11.85. 

NONPERIOOICALS 

Monographs-Major cnntrihutions tu the  technical liter- 
a ture  on various subjects related to  the Bureau's scien- 
tific and technical activities. 

Handbook-Recommended codes of engineering and 
industrial practice (including safety codes) developed 
in cooperation with intr,rested industries, professional 
organizations, and regulatory bodies. 

Special Publieations-Include proceedings of confer- 
ences sponsored by KBS,  NHS annual reports, and other 
special puhlications appropriate to this Eroupiny such 
as wall charts,  pocket cards,  and hihliographles. 

Applied Mathematics Series-Mathematical tahles, 
manuals, and studies of special interest  to  physicists, 
engineers, chemists, biologists, mathematicians,  com- 
puter  programmers, anti others engaged in scientific 
and technical work. 

National Standard Keferenee Data Series-Provides 
quantitative da t a  on the physical and chemical proper- 
ties of materials,  compiled from the world's l i terature 
and critically evaluated. Developed under a world-wide 

program coordinated by NBS. Program under authority 
of National Standard Data  Act (Public Law 90-396). 

NOTE: A t  present the principal publication outlet fo r  
these data  is the Journal  of Physical and Chemical 
Reference Data  ( JPCRD)  published quarterly for  NBS 
by the American Chemical Society (ACS)  and the Amer- 
ican Insti tute of Physics ( A I P ) .  Subscriptions, reprints,  
and supplements available f rom ACS, 1155 Sixteenth 
S t .  N. W.. Wash. D. C.  20056. 

Building Science Series-Disseminates technical infor- 
mation developed at  the Bureau on building materials,  
components, systems, and whole structures.  The series 
presents research results, t es t  methods, and perform- 
ance criteria related to the structural  and environmen- 
tal  functions and the durability and safety character-  
istics of building elements and systems. 

Technical Notes-Studies or  reports which a r e  complete 
in theniselves but restrictive in their  t reatment  of a 
suliject. Analogous to  monographs but not so compre- 
hensive in scope or definitive in  t reatment  of the sub- 
jcct a rea .  Often serve as a vehicle fo r  final reports of 
work performed a t  NBS under the sponsorship of other 
government agencies. 

Voluntary Product Standards-Developed under pro- 
cedures published by the Department  of Commerce in 
Part 10. Title 15, of the Code of Federal  Regulations. 
The purpose of the s tandards i s  t o  establish nationally 
recognized requirements fo r  products, and to provide 
a l l  concerned interests with a basis fo r  common under- 
standing of the characteristics of the products. NBS 
administers th i s  program as a supplement to  the activi- 
t ies of t he  private sector standardizing organizations. 

Federal  Information Processing Standards Publications 
(FII'S PUBS)-Publications in th i s  series collectively 
consti tute the Federal Information Processing Stand- 
ards  Register.  Register serves as the official source of 
information in the Federal Government regarding stand- 
ards  issued by N R S  pursuant  t o  t h e  Federal  Property 
and Administrative Services Act of 194!1 as amended, 
Public Law RY-:IOG I79 Stat. 1127),  and as implemented 
by Executive Order 11717 (38 FR 12315, dated May 11, 
1!173) and P a r t  6 of Title 15 CFR (Code of Federal  
Regulations). 
Consumer Information Series-Practical information, 
based on NBS research and experience, covering a reas  
of interest  to  t he  consumer. Easily understandable 
language and illustrations provide useful background 
knowledge for  shopping in today's technological 
marketplace. 
NHS Interagency Reports (NHSIK)-A special series of 
interim or  final reports on work performed by NBS for  
outside sponsors (both government and non-govern- 
men t ) .  I n  general ,  initial distribution is handled by the 
sponsur;  public distribution is by the National Technical 
Information Service (Springfield, Va. 22161) in paper 
copy or microfiche form. 

Order NBS publications (except NBSIR's and Biblio- 
graphic Subscription Services) f rom: Superintendent of 
Documents, Government Printing Office, Washington, 
D.C. 20102. 

BIBLIOGRAPHIC SUBSCRIPTION SERVICES 
The following current-awareness and literature-survey 
bibliographies a r e  issued periodicallj by the Bureau: 
( ' r j  ogenir Data  Center ( h r r e n t  Awareness Service 

A l i terature survey issuctl biweekly. Annual sub- 
scription: Domestic, $20.00; foreign, $26.00. 

terly.  Annual sutiscliptiolr: $20.00. 
Liquefied Natural  (;ah. A l i tcrature hu)'vry issued quar- 

Superconductinx ])e\ ices and Materials. A litt.raturt3 

survey issued quarterly.  Annual subscription: $20.00. 
Send subscription orders and remittances for  t he  pre- 
ceding bibliographic services to  National Technical 
Information Service, Springfield, Va. 22161. 

E:lectromagnetic Metrology Current Awareness Servire 
Issued monthly. Annual Subscription: $100.00 (Spe- 
cial ra tes  for multi-suhscriptions). Send subscription 
order and remittance to E lec t r~magne t i c s  Division, 
National Bureau of Standards,  Boulder, Colo. 80302. 




