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A  V O L T A G E - P R O G R A M M A B L E  L O W - F R E Q U E N C Y  F U N C T I O N  
G E N E R A T O R  W I T H  P L U G - I N  V E R S A T I L I T Y  

A  n e w  g e n e r a t o r  p r o d u c e s  s i n e ,  s q u a r e ,  a n d  
t r i angu la r  s i gna l s  as  l ow  as  0 .01  he r t z  e i t he r  

u n m o d u l a t e d  o r  w i t h  v a r i o u s  m o d u l a t i o n s .  

s, I OME fifteen years ago, engineers at 
Hewlett-Packard designed a Low Fre 
quency Function Generator which 
overcame bothersome characteristics 
that had troubled previous low-fre 
quency generators, i.e., frequency drift, 
and long-term amplitude instability 
following a change in frequency. By 
means of a circuit approach that dif 
fered considerably from established 
oscillator designs, this generator (-fip- 
Model 2.02A) was able to have a fre 
quency range that extended to as low 
as 0.008 Hz (c/s), and it had excellent 
stability and was capable of rapid 
changes in frequency.1 This instrument 
has found wide use as a real-time stim 
ulus for process control systems, in the 
simulation of mechanical phenomena, 
and in medical, geophysical, and servo 
instrumentation testing. 

Over the years, however, there have 
been njany requests for special versions 
of this instrument. These requests in 
cluded provisions for programmability, 
automatic frequency sweep, output gat- 

1  R .  H .  B r u n n e r ,  " A  N e w  G e n e r a t o r  o f  F r e q u e n c i e s  D o w n  t o  
0 . 0 1  C P S , "  H e w l e t t - P a c k a r d  J o u r n a l ,  V o l .  2 ,  N o .  1 0 ,  J u l y ,  1 9 5 1 .  

Fig. 2. Response of frequency-control cir 
cuits to changes in control voltage is shown 
by oscillogram displaying output of Func 
tion Generator on 'X10K' range changing 
frequency over more than 10-to-l range 
(upper trace) as Frequency Control input 
is driven by 10-volt square wave having 
0.2 fts risetime (lower trace). At each tran 
sition in square wave, Function Generator 
changes frequency without requiring set 

tling-down period. 

Fig. 1. New -hp- Model 3300A Function Generator has two 
independent outputs, each of which supplies any of three wave 
forms, sine, square, or triangular, throughout 0.01 Hz to 100 
kHz frequency range. Plug-in capability enables Generator to 
be adapted for a wide variety of special applications (see text). 
Generator serves here as low-frequency trigger generator for 

breadboarded sawtooth generator. 

ing, and ability to be phase-locked with 
another source of low frequency wave 
forms. In addition, there were requests 
for modifications that would permit 
the instrument to supply but one cycle 
of a waveform, starting from an arbi 
trarily selected part of the cycle and 
finishing at the same point. 

T H E  P L U G - I N  F U N C T I O N  G E N E R A T O R  

Now, a new Function Generator has 
been designed in the -hp- Loveland 
Laboratories with plug-in capability 
that enables it to be adapted for special 
applications. The basic instrument 
supplies sine, square, and triangular 
waves throughout a frequency range of 
0.01 H/ to 100 kHz in seven decade 
ranges. With the Trigger/Phase-Lock 
plug-in, described on pages 6 through 9, 
the new Function Generator (-rip- 
Model 3300A) can also function as a 
tone-burst generator, as a low-fre 
quency pulse generator with or without 
pulse-width modulation, as a frequency 
multiplier, and as a phase-locked oscil 

lator with variable phase control, as 
well as having many other special capa 
bilities. 

Additional flexibility of operation is 
made possible by the provision for elec 
tronic frequency control in the new 
generator. The frequency may be con 
trolled throughout any of the decade 
frequency ranges by an externally-sup 
plied voltage applied through a rear- 
panel connector. The output frequency 
may thus be programmed, when used 
in automatic systems, or it may be 
swept or frequency-modulated by re 
mote control. The voltage-to-frequency 
transfer function is linear within 1% 
and the transient response of the fre 
quency control circuits is exceptionally 
good (see Fig. 2). 

Among other useful features, the in 
strument has two output stages supply 
ing two separate \vaveforms for use in 
analog computers or other multiple 
waveform systems. Either output sup 
plies any one of the three waveforms 
(sine, square, or triangular) independ- 

â€¢ 2 â€¢ 

© Copr. 1949-1998 Hewlett-Packard Co.



ently of the other output and with 
amplitudes up to 35 volts peak-to-peak 
into an open circuit or 15 volts into 
600 ohms. Both outputs are short-cir 
cuit proof and may be terminated in 
any impedance with very little deteri 
oration in the output signal (nominal 
output impedance is 600 ohms). 

Each output is de-coupled and has a 
separate, individually adjustable, 40- 
dB attenuator. In addition, one output 
may be switched to supply an inverted 
version of the waveform appearing at 
the other output, enabling the instru 
ment to supply push-pull signals bal 
anced to ground on any of the wave 
forms at any frequency. Loading of one 
output has no effect on the other. 

B A S I C  O P E R A T I O N  
A block diagram of the new Func 

tion Generator is shown in Fig. 4. The 
heart of the generator is the Triangle 
Integrator which generates a triangular 
waveform as the Integrator capacitance 
is alternately charged and discharged 
through constant current sources. 

In tracing the sequence of events 
that sustain oscillations, assume that 
the Integrator output has just passed 
the peak of the triangular waveform. 
The Integrator output is then a nega 
tive-going voltage ramp, a result of the 
charging current i supplied to capaci 
tor C by the Upper Current Source. At 
the same time, however, the Upper 
Current Source also supplies an equal 
curient to the Lower Current Source. 

The ramp continues linearly until it 
arrives at a fixed voltage level that trig- 

Fig. 3. New â€”hpâ€” Model 3300A Low Frequency Function Generator, 
shown here with Trigger/Phase-Lock Plug-in, is voltage-program 
mable any rear panel connector. Separate outputs supply any 
two of used waveforms (sine, square, triangle) or may be used 

together in balanced push-pull configuration. 

gers the Voltage Comparator Multi 
vibrator, which in turn shuts off the 
Upper Current Source. The Lower 
Current Source continues to draw a 
current i, but this current is now sup 
plied by the discharge of capacitor C. 
The Integrator output thus becomes a 
positive-going ramp, which continues 
until reaching a voltage level that re 
sets the Voltage Comparator. The Up 
per Current Source thus is turned on 
once more. Oscillations are therefore 
self-sustaining at a frequency deter 
mined by the ramp slope and by the 
voltage difference between the two trig 
gering levels. 

The upper and lower triggering lev 
els remain fixed so that a change in 
frequency, by a change of ramp slope, 
does not affect waveform amplitude. 
The ramp slope is determined by the 
size of capacitance C and by the 
amount of current flow. The voltage 
at the input to the Current Control, 

supplied either by a potentiometer at 
tached to the FREQUENCY dial or by an 
external source, determines the current 
flow and hence the frequency of oscilla 
tion within a decade range. Range- 
changing is accomplished by switching 
the value of capacitor C. 

The Current Control circuit estab 
lishes the current flow through both 
the Upper and Lower Current Sources 
such that the current through the Up 
per Source is always twice that through 
the Lower Source. The current flow 
into the Integrator during one half of 
the waveform cycle is thus equal to the 
current flow out of the Integrator dur 
ing the other half of the cycle, assuring 
waveform symmetry. Switching only 
one current control device requires less 
circuitry and also avoids the transients 
that would result if both were switched 
simultaneously. 

The frequency is controlled through 
out a decade frequency range by a volt- 

SYNC OUT 
Frequency  

con t ro l  
F R E Q U E N C Y  i n p u t  

â „ ¢  

- 2 0 V  

OUTPUT 
AMPLIFIERS 

Fig. 4. Basic circuitry of Model 3300A Function 
Generator. Shorting bar on rear panel is re 

moved to disconnect FREQUENCY dial and 
allow use of external frequency control voltage. 
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Fig. 5. Long-term frequency stability is shown by 20-hour recording 
of Function Generator operating at 1 kHz at low end of 'X1K' range. 

age ranging from 0 to â€” 10 volts. The 
voltage-to-frequency transfer function 
is linear within 1%, enabling program 
ming accuracy, lower FM envelope dis 
tortion, and linear frequency sweeps. 
When the  output  f requency is  under  
control of the front-panel FREQUENCY 
dial, the accuracy of setting is within 
Â±1% (of maximum dial setting) to 10 
kHz (2% to 100 kHz). 

Because of the susceptibility of tran 
sistor performance to changes in tem 
perature, the current control circuitry 
is mounted in an oven maintained at a 
constant  temperature.  Long-term fre 
quency stability of better than 0.1% is 
thus obtained (see Fig. 5). 

SINE-WAVE GENERATION 
T h e  b a s i c  c i r c u i t  p r o v i d e s  b o t h  

s q u a r e  a n d  t r i a n g u l a r  w a v e s .  S i n e  
waves are synthesized from the triangu 
lar  waves by the shaping network,  a  
non-l inear  diode-resis tance network 
that changes impedance as the wave- 

Fig. 6. Multiple exposure oscillogram 
shows high quality of waueforms produced 
by new Function Generator. Sine wave 
distortion is less than 1% from 0.01 Hz to 
10 kHz and no more than 3% up to 100 
kHz. Square wave rise and fall times are 
better than 0.25 /is with less than 5% over 
shoot and 1% sag. Triangular waveform is 
linear within 1% from 0.01 Hz to 50 kHz 
and within 2% to 100 kHz. Any two wave 
forms are available simultaneously. Sync 
pulse, coincident with triangular and sine 
wave crests, is available from rear-panel 

connector. 

form voltage level changes (see Fig. 7). 
The non-linear network progressively 
reduces  the  s lope  o f  the  t r i angu la r  
waveform, achieving a sine wave with 
less than 1% distortion. 

The heavy use of feedback in the am 
plifiers and in the power supplies in 
sures a constancy of waveform ampli 
tude, the sine wave frequency response 
be ing  wi th in  1% up  to  10  kH/ ,  and  
within Â±2% up to 100 kHz. The dc 
component in the output waveform is 
less  than  0 .5% of  the  peak- to-peak  
waveform voltage and dc drift is con 
siderably less than 0.5% per day. 

GROUNDING SYSTEM 
The new instrument has a f lexible 

grounding system which allows it to be 
used with dc voltage offsets while the 
cabinet remains at  ground potential .  
An isolated connection is also provided 
for internal shielding that allows the 
generator to be used with guarded and 
f l o a t i n g  s y s t e m s .  T o  p e r m i t  t h e s e  
grounding arrangements, the new Low 
Frequency  Func t ion  Genera to r  has  
four independent electrical grounds. 

These are: 
1. Circuit ground. 
2. Output ground, connected to the 

ground terminal of all  output connec 
tors, which are insulated from both the 
cabinet and circuit grounds. 

3. Shield ground, which is connected 
to an isolated internal enclosure that 
contains the circuitry. 

4. Power line ground, connected to 
the outer  cabinet  and the grounding 
lead in the power cord. 

Normally,  al l  the grounds are con 
nected together  on a  rear  panel  con 
nector strip. A dc offset voltage is ap 
plied to the output waveform, without 
floating the cabinet or output connec 
tors, by connecting a power supply be 
tween  c i rcu i t  g round  and  the  o ther  
grounds. The generator may be used in 
a  guarded system by connect ing the 
shield ground alone to the guard cir  
cui t .  Other  grounding arrangements  
may be used as required. 

P L U G - I N S  

Connections to the Current Control, 
to both the Upper and Lower Current 

Fig. 7. Sine-wave shaping network uses diodes to switch in addi 
tional resistors in shunt with resistor R as triangular waveform 
swings towards peak value. Waveform is progressively flattened 
towards peaks, achieving very good approximation to sine wave. 

Actual circuit uses 12 diodes for minimum distortion. 
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Fig. 8. Typical short term frequency stability of new 
Function Generator operating at 100 kHz. 

Sources, and to the Integrator capaci 
tor are completed through the plug-in. 
Any of these functions may therefore 
be controlled by circuits in the plug-ins 
to achieve special operating character 
istics. 

The -hp- Model 3301 A Auxiliary 
plug-in simply completes these circuits 
to permit operation of the basic Func 
tion Generator in the manner just de 
scribed. The -hp- Model 3302A Trig 
ger/Phase-Lock plug-in broadens the 
capabilities of the Function Generator 

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

- h p -  M O D E L  3 3 0 0 A  
F U N C T I O N  G E N E R A T O R  

( w i t h  M o d e l  3 3 0 1  A  A u x i l i a r y  P l u g - i n )  
O U T P U T  W A V E F O R M S :  S i n u s o i d a l ,  s q u a r e ,  a n d  

t r i a n g u l a r  s e l e c t e d  b y  p a n e l  s w i t c h .  ( A n y  
t w o  o u t p u t s  a v a i l a b l e  s i m u l t a n e o u s l y . )  

F R E Q U E N C Y  R A N G E :  0 . 0 1  H z  t o  1 0 0  k H z  i n  
s e v e n  d e c a d e  r a n g e s .  

F R E Q U E N C Y  R E S P O N S E :  Â ± 1 % ,  0 . 0 1  H z  t o  
1 0  k H z ;  Â ± 3 % ,  1 0  k H z  t o  1 0 0  k H z .  

D I A L  A C C U R A C Y :  Â ± 1 %  o f  m a x i m u m  d i a l  s e t  
t i n g  ( 1  m i n o r  d i a l  d i v i s i o n ) ,  0 . 0 1  H z  t o  1 0  
k H z ;  Â ± 2 %  o f  m a x i m u m  d i a l  s e t t i n g  ( 2  
m i n o r  d i v i s i o n s ) ,  1 0  k H z  t o  1 0 0  k H z .  T . C . :  
0 . 1 % / Â ° C .  

M A X I M U M  O U T P U T  P E R  C H A N N E L :  > 3 5  v o l t s  
p - p  o p e n  c i r c u i t ;  > 1 5  v o l t s  p - p  i n t o  6 0 0  
o h m s ;  > 2  v o l t s  p - p  i n t o  5 0  o h m s .  

O U T P U T  A T T E N U A T O R :  C o n t i n u o u s l y  v a r i a b l e ,  
> 4 0  d B  r a n g e .  

O U T P U T  I M P E D A N C E :  6 0 0  o h m s  n o m i n a l  ( b o t h  
c h a n n e l s ) .  

S I N E  W A V E  D I S T O R T I O N :  < 1 % ,  0 . 0 1  H z  t o  
1 0  k H z ;  < 3 % ,  1 0  k H z  t o  1 0 0  k H z .  

S Q U A R E  W A V E  R E S P O N S E :  < 2 5 0  n s  r i s e  a n d  
f a l l  t i m e  o n  a l l  r a n g e s ;  < 1 %  s a g ,  < 5 %  
o v e r s h o o t ,  < 1 %  s y m m e t r y  e r r o r .  

T R I A N G L E  L I N E A R I T Y :  < 1 % ,  0 . 0 1  H z  t o  5 0  
k H z ;  2 % ,  5 0  k H z  t o  1 0 0  k H z ;  < 1 %  s y m  
m e t r y  e r r o r .  

S Y N C  P U L S E  O U T P U T :  >  â € ” 1 0  v o l t s  p e a k ,  
o p e n  c i r c u i t ,  < 5  / i s  d u r a t i o n .  S y n c  p u l s e  
o c c u r s  a t  c r e s t  o f  s i n e  a n d  t r i a n g u l a r  w a v e  
o u t p u t .  

D C  S T A B I L I T Y :  D r i f t  <  Â ± 0 . 5 %  o f  p e a k - t o  p e a k  
a m p l i t u d e .  

R E M O T E  F R E Q U E N C Y  C O N T R O L :  0  t o  1 0  
v o l t s  c h a n g e s  f r e q u e n c y  l i n e a r l y  g r e a t e r  
t h a n  1  d e c a d e  w i t h i n  a  s i n g l e  r a n g e .  F r e  
q u e n c y  r e s e t a b i l i t y  w i t h  r e s p e c t  t o  v o l t a g e :  
Â ± 1 %  o f  m a x i m u m  f r e q u e n c y  o n  r a n g e  s e  
lec ted .  

P O W E R :  1 1 5  o r  2 3 0  v o l t s ,  Â ± 1 0 % ,  5 0  t o  1 0 0 0  
H z .  A p p r o x i m a t e l y  5 0  w a t t s .  

S I Z E :  N o m i n a l l y  5  i n .  h i g h ,  1 6  i n .  w i d e ,  1 1  i n .  
d e e p  ( 1 2 7  X  4 0 6  X  2 7 9  m m . ) .  

W E I G H T :  N e t  2 0  I b s .  ( 9  k g ) .  S h i p p i n g :  2 4  I b s .  
( 1 0 , 8  k g ) .  

P R I C E :  - h p -  3 3 0 0 A  F u n c t i o n  G e n e r a t o r :  
$ 5 7 0 . 0 0  

- h p -  3 3 0 1 A  A u x i l i a r y  P l u g - I n :  $ 2 0 . 0 0  

P r i c e s  f . o . b .  f a c t o r y .  
D a t a  s u b j e c t  t o  c h a n g e  w i t h o u t  n o t i c e .  

to a significant degree, as described on 
pages 6 through 9. 
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and  ea rned  an  MSEE f rom S tan fo rd  Un i  
v e r s i t y  i n  t h e  - h p -  H o n o r s  C o o p e r a t i v e  
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*  Robert  L.  Dudley,  "A New Ser ies of  Microwave Sweep 
O s c i l l a t o r s  w i t h  F l e x i b l e  M o d u l a t i o n  a n d  L e v e l i n g , "  
Hewlett-Packard Journal, Vol. 15, No. 4, Dec., 1963. 

Fig. 9. Oscillogram shows that output 
waveform (upper trace)  responds to 
change in frequency control voltage (lower 
trace) within 0.5 /as. Sweep speed here is 
1 cm/0.5 Â¡isec. Upper waveform is sine 

wave output of Function Generator, 
changing from 10 kHz to 100 kHz. 

ideas and suggestions of John Boat- 
wright and Marco Negrete are most 
appreciated. 

â€”Robert L. Dudley 

' H E R T Z '  A D O P T E D  B Y  I E E E  
O n  O c t o b e r  1 4 ,  t h e  I E E E  S t a n d a r d s  C o  

o rd ina t ing  Commi t tee  14  on  Quan t i t i es  and  
Un i t s  adop ted  the  name 'he r t z '  f o r  t he  un i t  
o f  f r e q u e n c y .  T h i s  n a m e  h a d  e a r l i e r  b e e n  
a d o p t e d  b y  t h e  N a t i o n a l  B u r e a u  o f  S t a n d  
a r d s  a n d  b e f o r e  t h a t  b y  t h e  I n t e r n a t i o n a l  
C o m m i t t e e  o n  W e i g h t s  a n d  M e a s u r e s  a n d  
b y  t h e  I n t e r n a t i o n a l  E l e c t r o t e c h n i c a l  C o m  
m i s s i o n .  I E E E  C o m m i t t e e  a d o p t i o n  o f  
' h e r t z '  a p p l i e s  t o  t h e  p u b l i c a t i o n  o f  t e c h  
n ica l  and  sc ien t i f i c  da ta .  

I n  a d o p t i n g  ' h e r t z '  t h e  I E E E  C o m m i t t e e  
o b s e r v e d  t h a t  ' h e r t z '  i s  p r e f e r r e d  b e c a u s e  
o f  the  w idespread  use  o f  ' cyc le '  a lone  as  a  
un i t  o f  f r equency .  'Cyc le  pe r  second '  i s ,  o f  
c o u r s e ,  t e c h n i c a l l y  c o r r e c t ,  b u t  t h e  u s e  o f  
' c yc l e '  i n  p l ace  o f  ' c yc l e  pe r  second '  i s  de  
c lared incor rect .  

I E E E  a d o p t i o n  o f  ' h e r t z '  c a m e  a b o u t  a s  
p a r t  o f  t h e  C o m m i t t e e  1 4  a d o p t i o n  o f  t h e  
I n t e r n a t i o n a l  S y s t e m  ( S I )  o f  u n i t s  f o r  t h e  
IEEE.  These  un i t s  we re  ea r l i e r  adop ted  by  
t h e  I n t e r n a t i o n a l  C o m m i t t e e  o n  W e i g h t s  
a n d  M e a s u r e s  a n d  w e r e  p r i n t e d  i n  t h e  
March ,  1964,  i ssue o f  the  'Hewle t t -Packard  
Journal.'1 

A n o t h e r  a s p e c t  o f  t h e  r e c o m m e n d e d  
p r a c t i c e  a d o p t e d  b y  t h e  I E E E  C o m m i t t e e  
i s  t h a t  t h e  u s e  o f  B r i t i s h - A m e r i c a n  u n i t s  
i s  dep reca ted .  The  recommenda t ion  s ta tes  
t h a t  t h e  ' n u m b e r  o f  B r i t i s h - A m e r i c a n  u n i t s  
in  use  shou ld  be  reduced  as  rap id ly  as  pos  
s i b l e . '  T h e  S I  S y s t e m  i n c o r p o r a t e s  t h e  
met r ic  sys tem.  

I n  t h e  J u n e ,  1 9 6 5 ,  i s s u e ,  t h e  ' H e w l e t t -  
P a c k a r d  J o u r n a l '  i n d i c a t e d  t h a t  i t  w o u l d  
i n c r e a s i n g l y  a d o p t  ' h e r t z . '  T h a t  t e r m  i s  
used in th is issue and wi l l  be general ly  used 
in  the  fu tu re .  

R e a d e r s  m a y  b e  i n t e r e s t e d  i n  r e f e r r i n g  
t o  t h e  l i s t  o f  S I  u n i t s '  a n d  o f  S I  m u l t i p l e s  
and submÃºlt iplos2 printed previously herein. 
'  " I n t e r n a t i o n a l  S y s t e m  o f  U n i t s , "  H e w l e t t - P a c k a r d  J o u r n a l ,  
V o l .  1 5 ,  N o .  6 ,  M a r . ,  1 9 6 4 .  
'  " M e w  S u b m u l t i p l e  P r e f i x e s , "  H e w l e t t - P a c k a r d  J o u r n a l ,  V o l .  
1 4 ,  N o .  7 - 8 ,  M a r . - A p r . ,  1 9 6 3 .  
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T H E  T R I G G E R / P H A S E - L O C K  P L U G - I N  

A p lug - i n  f o r  t he  l ow- f requency  func t i on  gene ra to r  resu l t s  
i n  a  va r i e t y  o f  s i gna l s  i n  t he  0 .01  to  100 ,000  he r t z  range .  

1 HK -hp- Model 3302A Trigger/Phase 
Lock Plug-in enables the Model 3300A 
Function Generator to produce either 
a single cycle or a burst of cycles of any 
ol the output waveforms in response to 
an input trigger. In conjunction with 
electronic frequency control, the wave 
form bursts may also be frequency 
modulated. In addition, the plug-in 
can phase-lock the output frequency to 
an external signal or to a harmonic of 
an external signal. 

The plug-in employs two basic oper 
ating principles. In the 'Trigger' mode, 
it suppresses waveform generation in 
the main frame circuits, thus restrict 
ing the generator output to a single 
waveform cycle or burst of cycles. In 
the 'Phase Lock' mode, it contributes 
a correction voltage to the Function 
Generator frequency control circuits, 
phase-locking the output frequency to 
an external frequency source. 

When the MODE switch is set to 'Free 
Run' the plug-in circuits are disabled 
and the Function Generator operates 
in its basic manner. With the MODI 
switch set to either 'Single' or 'Multi 
ple' (see Fig. 1), the plug-in circuits 
stop the generation of waveforms by 
clamping the output of the Triangle 
Integrator to its input. The waveform 
generating circuits are released by 
pressing the MANUAL TRIGGER button on 

>. 
( t i ;  3 3 0 2 *  T R I G G E R / P H A S E  L O  

S T A R T / S T O P  P H A S E  

M A N U A L  T R I G G E R  I N P U T  

Fig. 1. Trigger /Phase- Lock Plug-in increases range of 
capabilities of -hp- Model 3300A Function Generator. 
Plug-in enables generation of single cycles of output 
waveform or bursts of cycles, or it phase-locks Function 

Generator to external signal. 

the plug-in or by applying a trigger 
pulse to the plug-in input (either posi 
tive or negative inputs may be used). 

With the MODE switch set to 'Single,' 
the circuits complete one full cycle of 
the waveform before being clamped 
again. The point in the waveform at 
which waveform generation starts and 
stops is determined by the START/STOP 
PHASE control, which can be adjusted 
over a range of -90Â° to +90Â° of the 
waveform. Use of the inverted wave 
form extends the range from +90Â° to 
+270Â°. 

With the MODE switch set to 'Multi 
ple,' waveform generation continues as 

long as the MANUAL TRIGGER button is 
held down or as long as the input gat 
ing waveform lasts. On release of the 
MANUAL TRIGGER button, or termina 
tion of the gating pulse, waveform gen 
eration continues until arriving at the 
phase at which it started. An integral 
number of waveform cycles therefore 
always results from use of the 'Multi 
ple' mode. 

When the MODE switch is set to 
'Phase Lock; the plug-in circuits supply 
a correction voltage to the main frame 
frequency control circuits to adjust the 
output frequency such that phase-lock 
is maintained with respect to the input 

M U L T I P L E  C Y C L E  B U R S T S  

T h e  o s c i l l o g r a m  h e r e  s h o w s  o n e  o f  
t h e  m a n y  o u t p u t s  o b t a i n a b l e  w i t h  t h e  
p l u g - i n  M O D E  s w i t c h  s e t  t o  ' M u l t i p l e . '  
Among  o the r  app l i ca t ions ,  the  'Mu l t i p le '  
mode is  usefu l  fo r  tone-burs t  genera t ion  
i n  p e a k - p o w e r  f r e q u e n c y  r e s p o n s e  a n d  
d i s t o r t i o n  m e a s u r e m e n t s  o r  i n  a c o u s t i c  
measurements  where i t  may be des i rab le  
t o  s e p a r a t e  t h e  t e s t  t o n e  f r o m  t h e  e f  
f ec t s  o f  echoes .  Un l i ke  me thods  o f  gen  
e r a t i n g  p u l s e  b u r s t s  b y  g a t i n g  t h e  o u t  
put ,  the method used here actua l ly  s tops 
osc i l l a t ions  be tween burs ts ,  ob ta in ing  a  
theo re t i ca l l y  i n f i n i t e  ' on -o f f  ra t i o .  

O n e  f e a t u r e  o f  b o t h  t h e  ' S i n g l e '  a n d  
'Mu l t i p l e '  modes  o f  ope ra t i on  wo r t hy  o f  
s p e c i a l  m e n t i o n  i s  t h a t  t h e  d c  l e v e l  o f  
t he  Func t i on  Gene ra to r  ou tpu t  be tween  
burs ts  rema ins  a t  the  wave fo rm leve l  a t  
wh ich osc i l la t ions s top.  The dc leve l  can 
be  var ied  over  the  peak- to -peak  vo l tage  
range  o f  the  wave fo rm by  ad jus tmen t  o f  
t he  START/STOP PHASE con t ro l ,  a  use  
f u l  t e c h n i q u e  f o r  m e a s u r i n g  t h e  d c  r e  
s p o n s e  o f  a  s y s t e m  o v e r  t h e  s a m e  a m  
p l i t u d e  r a n g e  t h a t  t h e  a c  r e s p o n s e  i s  
measured.  
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S I N G L E  C Y C L E  B U R S T S  

T h e  p h o t o g r a p h s  h e r e  s h o w  s o m e  o f  
the  var ia t ions  poss ib le  w i th  the  T r igger /  
Phase Lock P lug- in  operat ing in  the 'S in  
g le '  mode.  In  A,  the waveform at  top is  a  
s i n g l e  c y c l e  t r i a n g l e  w i t h  t h e  S T A R T /  
STOP PHASE con t ro l  se t  t o  +90Â° .  The  
m i d d l e  t r a c e  s h o w s  t h e  o u t p u t  w i t h  t h e  
PHASE control  set  to 0Â° and the bot tom 
trace is with the PHASE control at â€” 90Â° . 

P h o t o  B  i s  a  d u a l - t r a c e  o s c i l l o g r a m  
o f  bo th  ou tpu t s  o f  t he  Func t i on  Gene ra  
t o r  w i t h  c h a n n e l  A  s e t  t o  " S i n e "  a n d  
channe l  B  se t  t o  "â€ ”A , "  show ing  tha t  a  
ba lanced ou tpu t  can  be  p rov ided .  Photo  
C  w a s  m a d e  w i t h  o u t p u t  c h a n n e l  A  s e t  
f o r  squa re  waves  and  channe l  B  se t  f o r  
t r i a n g l e s  w h i l e  t h e  P H A S E  c o n t r o l  w a s  
set at  â€”90Â°. This shows howthe3300A/ 
3 3 0 2 A  c o m b i n a t i o n  c a n  b e  u s e d  a s  a  
l ow- f requency  pu lse  genera to r ,  w i th  the  

pu l se  repe t i t i on  ra te  de te rm ined  by  t he  
external ly-suppl ied t r igger  rate and pulse 
w i d t h  d e t e r m i n e d  b y  t h e  F u n c t i o n  G e n  
erator  f requency cont ro ls .  

signal. A front panel meter indicates 
when phase lock is achieved. The phase 
relationship between the input and 
output signals can be adjusted by the 
front panel PHASE control over a range 
of 0 to 180Â° (180Â° to 360Â° by using the 
inverted output or by reversing the 
input polarity switch). 

The 'Phase Lock' mode functions 
with input waveforms of any shape at 
frequencies throughout a range of 10 
Hz to 100 kH/. The phase control cir 
cuits can track variations in the input 
frequency over a range of 10% of the 
maximum dial frequency of the se 
lected range. The Function Generator 

can be programmed under remote con 
trol, of course, to follow and remain 
phase-locked to a signal that varies over 
a decade range of frequencies. 

The plug-in circuits will also lock 
the output frequency to a harmonic of 
the input signal. Furthermore, phase- 
lock can be achieved between a har- 

O s c i l l o g r a m  A  s h o w s  t h e  s i n e w a v e  
ou tpu t  o f  t he  Func t ion  Genera to r  ( l ower  
t race )  l ocked  to  a  5 -kHz  ex te rna l  s igna l  
(upper  t race) .  The PHASE d ia l  here  was 
se t  t o  +90Â° ,  l ock i ng  t he  Func t i on  Gen  
e r a t o r  o u t p u t  9 0 Â °  a h e a d  o f  t h e  i n p u t  
w a v e f o r m .  O s c i l l o g r a m  B  s h o w s  t h e  
Funct ion Generator  (upper  t race)  phase-  
l o cked  t o  t he  3 rd  ha rmon i c  o f  t he  i npu t  
s i g n a l  ( m i d d l e  t r a c e ) .  H a r m o n i c  p h a s e -  
l o c k i n g  h a s  b e e n  f o u n d  u s e f u l  f o r  s y n  
t h e s i z i n g  c o m p l e x  w a v e s  b y  a d d i n g  t h e  
i n p u t  a n d  o u t p u t  w a v e f o r m s  t o g e t h e r  
( l owe r  t r ace ) .  Phase  l ock i ng  t o  ha rmon  
i c s  i s  a l so  use fu l  f o r  f r equency  mu l t i p l i  
cat ion.  Phase- lock ing to  greater  than the 
1200 th  ha rmon ic  o f  l ow  f requency  wave  
f o r m s  h a s  b e e n  a c h i e v e d  w i t h  t h i s  i n  
s t rumen t .  

P H A S E  L O C K  
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F M  P U L S E S  

T r i a n g l e !  [ S q u a r e  

Outpu ts  

I n  t h e  d i a g r a m  h e r e ,  t h e  l o w e r  F u n c  
t i o n  G e n e r a t o r  i s  g a t e d  b y  t h e  s q u a r e -  
w a v e  o u t p u t  o f  t h e  u p p e r  F u n c t i o n  G e n  
e r a t o r  a n d  i t s  f r e q u e n c y  i s  s i m u l t a n e  
o u s l y  m o d u l a t e d  b y  t h e  t r i a n g l e  o u t p u t  
o f  the  upper  Genera to r .  The  resu l t  i s  an  
FM burst ,  much l ike a low-f requency ver-  

nionic of the input signal and a har 
monic of the output. The Function 
Generator may thus be usetl to supply 
a variety of stable frequencies while 
locked on to a single stable frequency 
standard. Conversely, one can phase 
lock to a relatively unstable signal and 
translate the input frequency charac 
teristics to a variety of other frequen 
cies. 

The instrument can be synchroni/ed 
with frequencies below 10 Hz by using 
the plug-in in the 'Single' mode. The 
pliase of the output with respect to the 
input is then determined by the setting 
of the START/STOP PHASE control. 

s i o n  o f  t h e  F M  p u l s e s  o f  ' c h i r p '  r a d a r .  
Th i s  p rov ides  a  swep t - f r equency  s i gna l  
wi th  re t race b lank ing.  Th is  type of  s ignal  
m a y  a l s o  b e  u s e d  a s  a  t e s t  s i g n a l  f o r  
p u l s e  d e c o d i n g  c i r c u i t s ,  w i t h  a  s m a l l  
a m o u n t  o f  F M  i n t r o d u c e d  t o  s i m u l a t e  
noise. 

C I R C U I T  O P E R A T I O N  

A block diagram of the Trigger/ 
Phase-Lock Plug-in operating in the 
'Trigger' mode is shown in Fig. 2. In 
the absence of an input trigger, the 
Gating Amplifier suppresses oscilla 
tions in the Function Generator main 
frame circuits by closing a negative 
feedback path around the Triangle In 
tegrator. 

The main frame circuits are per 
mitted to oscillate in response to a 
trigger pulse derived from either the 
front panel push-button or from an 
external source. The trigger pulse 'sets' 
the Phase Multivibrator and the re 

sulting positive voltage step is coupled 
through diode CR1 and the Gating 
Amplifier to diode CR2, back-biasing 
diode CR2. This opens the negative 
feedback loop allowing the main frame 
circuits to oscillate. 

When the plug-in is in the 'Single' 
mode, the Phase Multivibrator is reset 
by the positive transition of the square 
wave from the main frame, as shown on 
the diagram. In the multiple mode, the 
main frame square wave is gated off by 
a gating signal from the input circuits 
(not shown in diagram) ami the Phase 
Multivibrator is not reset until the 
next-occurring square-wave positive 
transition following termination of the 
input gating signal. 

The Phase Multivibrator is reset in 
coincidence with the positive peak of 
the triangular waveform, but the wave 
form holds CR2 back-biased until it 
falls to the voltage level at which it 
started. Diode CR2 then becomes for 
ward-biased, the negative feedback 
loop closes, and oscillations stop. The 
point in the triangular waveform at 
which oscillations start and stop can be 
selected by adjustment of the Gating 
Amplifier dc level with the START/STOP 
PHASE control. 

The phase-lock circuits are dia 
grammed in Fig. 3. Here, the Phase 
Multivibrator functions as a phase de 
tector that is set by the input signal 
and reset by the main frame square 

From Upper 
l"rom Current Source 

Frequency 

I n v e r t e d  s q u a r e  w a v e  
f r o m  M a i n  F r a m e  

Fig. or Block diagram of Trigger/Phase-Lock Plug-in in 'Single' or 'Multiple' 
modes of operation. (Note: triangular waveform shown here is inverted by 

output amplifiers before arriving at output terminals.) 
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M O D U L A T E D  P U L S E S  

The pho to  here  shows one  o f  the  va r i  
a t ions  poss ib le  w i th  s imul taneous s ing le  
cyc le  t r igger ing and e lect ron ic  f requency 
c o n t r o l .  T h e  p l u g - i n  i s  t r i g g e r e d  r e p e t i  
t i ve l y  f rom an  ex te rna l  sou rce  wh i le  the  
f r e q u e n c y  o f  t h e  F u n c t i o n  G e n e r a t o r  i s  
m o d u l a t e d  b y  a n o t h e r  s o u r c e .  T h u s ,  a  
pu lse -w id th  modu la ted  s igna l  can  be  ob  
ta ined  fo r  check ing  ou t  a  l ow- f requency  
PWM system. 

wave. The width of the resulting pulses 
ill  us corresponds to the phase differ 
e n c e  b e t w e e n  t h e  i n p u t  a n d  m a i n  
frame signals. 

The pulses are filtered to derive a dc 
control voltage, proportional to pulse 
width, that is added to the frequency 
control voltage supplied to the Current 
Control circuit in the main frame. Any 
tendency on the part of the main frame 
and input signals to drift in frequency 
with respect to each other results in a 
change in control level that adjusts the 
m a i n  f r a m e  f r e q u e n c y  t o  m a i n t a i n  
phase lock with the input. 

The meter monitors the control volt 
age at the output of the phase detector 
filter. When the Function Generator is 
tuned exactly with respect to the input 
signal, the meter pointer is centered. 
The pulse duty cycle,  and hence the 
signal phase difference that brings the 
pointer to the center position can be 
adjusted by the PHASE control. This 
control may thus be used to establish 
the phase difference between the input 
and output  s ignals  and is  cal ibrated 

S I G N A L  M U L T I P L I C A T I O N  
e l  *  E x t .  f r e q .  c o n t r o l  

throughout a range of 0 to 180Â° phase 
difference. 

The Phase Multivibrator is set only 
by the input signal and, following re 
set,  is unaffected by additional reset 
triggers until it is set once more. Thus, 
a useful phase lock control voltage is 
deriveil  when the main frame square 
wave oscillates at some frequency mul 
tiple of the input. A front panel switch 
(CAL.-UNCAL) increases the range of the 
PHASE control, when in the UNCAI. posi 
tion, to compensate for the reduction 
in pulse duty cycle during harmonic 
phase-lock operation. 

I f  t h e  m a i n  f r a m e  a n d  i n p u t  f r e  
quencies are related by an integral fre 
quency ratio (e.g. %, â€¢%, etc.) then the 
output of the phase multivibrator con 
s is ts  of  a  t ra in  of  pulses  of  unequal  
widths, but with a regularly-recurring 
pattern of pulse widths. Such a train 
likewise develops a dc voltage that can 
lock the main frame frequency to the 
input ,  even  though the  two f requen 
cies may not be in a direct harmonic 
r e l a t i onsh ip .  I t  i s  t hus  pos s ib l e  t o  

F r e q u e n c y  c o n t r o l  v o l t a g e  
f r o m  M a m  F r a m e  

I n p u t  t r i g g e r s _  

Square wavey1 
f r o m  

M a i n  F r a m e  

F requency  con t ro l  vo l t age  
t o  M a i n  F r a m e  

A comb ina t i on  o f  pu l se -w id th  modu la  
t i o n  a n d  p u l s e - r e p e t i t i o n - r a t e  m o d u l a  
t i on  c rea tes  an  e lec t ron i c  mu l t i p l i e r .  As  
s h o w n  i n  t h e  d i a g r a m ,  o n e  s i g n a l  ( e , )  
m o d u l a t e s  t h e  f r e q u e n c y  o f  t h e  f i r s t  
F u n c t i o n  G e n e r a t o r  w h i c h  i n  t u r n  t r i g  
ge rs  the  p lug - i n  o f  t he  second  Func t i on  
G e n e r a t o r  o p e r a t i n g  i n  t h e  ' S i n g l e '  
mode. The other s ignal  (eÂ¡)  controls the 
f r e q u e n c y ,  a n d  h e n c e  t h e  p u l s e  w i d t h ,  
o f  t h e  s e c o n d  F u n c t i o n  G e n e r a t o r .  T h e  
resu l t  i s  a  pu lse  t ra in  modu la ted  bo th  in  
p u l s e  w i d t h  a n d  i n  r e p e t i t i o n  r a t e .  T h e  
p u l s e  t r a i n  i s  f i l t e r e d  i n  a n  a c t i v e  l o w -  
p a s s  f i l t e r  t o  o b t a i n  a  d c  v o l t a g e  ( e i )  
t h a t  i s  p r o p o r t i o n a l  t o  t h e  p r o d u c t  &  
X e,. 

phase-lock the Function Generator to 
a frequency that  does not have an in 
tegral relationship to the output. 

-Robert L. Dudley 

Fig. 3. Block diagram of Trigger/Phase 
Lock Plug-in in 'Phase Lock' mode. 

S P E C I F I C A T I O N S  
- h p -  M O D E L  3 3 0 2 A  

T R I G G E R / P H A S E - L O C K  P L U G - I N  
M O D E S  O F  O P E R A T I O N :  

S i n g l e  c y c l e  
M u l t i p l e  c y c l e  
P h a s e  l o c k  
F r e e  r u n  

T R I G G E R  R E Q U I R E M E N T S :  
S I N G L E  C Y C L E :  M a n u a l  o r  e x t e r n a l .  D C  
c o u p l e d .  R e q u i r e s  a t  l e a s t  0 . 5  v o l t  t o  t r i g g e r  
e x t e r n a l l y .  M a y  b e  t r i g g e r e d  w i t h  p o s i t i v e  o r  
n e g a t i v e  i n p u t  v o l t a g e  (  ^  2 0  V  p - p  m a x . ) .  
M U L T I P L E  C Y C L E :  M a n u a l  o r  e x t e r n a l  s t a r t /  
s t o p .  D C  c o u p l e d .  R e q u i r e s  a t  l e a s t  0 . 5  v o l t  
t o  s t a r t ,  0  v o l t s  t o  s t o p .  M a y  b e  t r i g g e r e d  
w i t h  e i t h e r  p o s i t i v e  o r  n e g a t i v e  i n p u t  v o l t  
a g e .  ( Â ± 2 0  V  p - p  m a x . ) .  
P H A S E  L O C K  ( 1 0  H z  t o  1 0 0  k H z ) :  D C  
c o u p l e d .  R e q u i r e s  a t  l e a s t  0 . 5  v o l t  p e a k - t o -  
p e a k  t o  l o c k ,  1 0  v o l t s  p e a k - t o - p e a k  f o r  s p e c i  
f i e d  a c c u r a c y  w i t h  s i n e  w a v e  i n p u t .  L o c k s  o n  
f u n d a m e n t a l  o r  h a r m o n i c  o f  i n p u t  s i g n a l .  

P H A S E  A C C U R A C Y :  Â ± 1 0 Â °  f r o m  1 0  H z  t o  1 0  
k H z .  Â ± 2 0 Â °  f r o m  1 0  k H z  t o  1 0 0  k H z .  ( F u n  
d a m e n t a l  o n l y . )  
I N T R O D U C E D  D I S T O R T I O N :  < 1 %  1 0  H z  t o  
1 0  k H z .  < 3 %  1 0  k H z  t o  1 0 0  k H z .  ( F u n d a  
m e n t a l  o n l y . )  

W E I G H T :  N e t :  3  I b s .  ( 1 , 4  k g ) .  S h i p p i n g :  5  I b s .  
( 2 , 5  k g ) .  

D I M E N S I O N S :  4 %  i n .  h i g h ,  6 ! / i 6  i n .  w i d e ,  1 0 V Ã  
i n .  d e e p  ( 1 2 0 , 7  x  1 5 3 , 9  x  2 6 0 , 4  m m ) .  

P R I C E :  - h p -  3 3 0 2 A  T r i g g e r / P h a s e  L o c k  P l u g -  
I n :  $ 1 9 0 . 0 0  

P r i c e s  f . o . b .  f a c t o r y .  
D a t a  s u b j e c t  t o  c h a n g e  w i t h o u t  n o t i c e .  

© Copr. 1949-1998 Hewlett-Packard Co.



N B S  S T A N D A R D  F R E Q U E N C Y  A N D  T I M E  B R O A D C A S T  S C H E D U L E S  
T h e  d i a g r a m s  p r e s e n t e d  h e r e ,  w i t h  e x p l a n a t o r y  n o t e s ,  s u m m a r i z e  t h e  
s t a n d a r d  f r e q u e n c y  a n d  t i m e  s e r v i c e s  p r o v i d e d  b y  t h e  N a t i o n a l  B u  
r e a u  o f  S t a n d a r d s  r a d i o  s t a t i o n s  W W V ,  W W V H ,  W W V B ,  a n d  W W V L .  

H O U R L Y  S C H E D U L E S  O F  
W W V B  A N D  W W V L  

H O U R L Y  B R O A D C A S T  S C H E D U L E S  O F  W W V  A N D  W W V H  

WWVL s ta t ion  announcement  
and  f r equency  o f f se t  

W W V B  ( C a r r i e r :  6 0  k H z ) :  S t a t i o n  i s  i d e n t i  
f i ed  by  45Â°  advance  in  ca r r ie r  phase  s ta r t  
i n g  a t  1 0  m i n u t e s  a f t e r  e a c h  h o u r  a n d  
r e t u r n i n g  t o  n o r m a l  a t  1 5  m i n u t e s  a f t e r  
e a c h  h o u r .  T i m e  i s  d i s s e m i n a t e d  c o n t i n u  
o u s l y  b y  a m p l i t u d e  m o d u l a t i o n  o f  c a r r i e r  
l eve l  w i th  once -pe r -second  pu l ses .  Modu la  
t i on  cons i s t s  o f  10 -dB  d rop  i n  ca r r i e r  l eve l  
dur ing  a  pu lse .  Wid th  o f  pu lses  car r ies  t ime 
i n f o r m a t i o n  i n  s p e c i a l  " W W V B "  f o r m a t .  
E a c h  t i m e  f r a m e ,  w h i c h  i n c l u d e s  U T 2  c o r  
r e c t i o n s ,  l a s t s  1  m i n u t e .  N o t e :  W W V B  c a r  
r i e r  f r e q u e n c y  i s  n o w  m a i n t a i n e d  w i t h o u t  
o f f s e t  w i t h  r e s p e c t  t o  U n i t e d  S t a t e s  F r e  
quency  S tandard .  

WWVL (Car r ie r :  20  kHz) :  P rogram i s  exper i  
m e n t a l  a n d  s u b j e c t  t o  c h a n g e .  A t  p r e s e n t ,  
WWVL b roadcas ts  con t inuous ly  and  i s  i den  
t i f i ed  i n  Mo rse  code  on  1s t ,  21s t ,  and  41s t  
m inu te  o f  each  hou r  by  s ta t i on  ca l l  l e t t e rs ,  
r e p e a t e d  3  t i m e s ,  f o l l o w e d  b y  f r e q u e n c y  
o f f se t .  Code  i s  p roduced  by  "on -o f f  ca r r i e r  
k e y i n g .  W W V L  c a r r i e r  h a s  â € ” 1 5 0  p a r t s  i n  
1 0 ' Â °  o f f s e t  w i t h  r e s p e c t  t o  U n i t e d  S t a t e s  
Frequency  Standard .  

T I M E  P U L S E  A D J U S T M E N T S  
T h e  N a t i o n a l  B u r e a u  o f  S t a n d a r d s  h a s  a n  

nounced  t ha t  t he  c l ock  wh i ch  con t ro l s  t he  1 - sec -  
o n d  t i m e  p u l s e s  f r o m  s t a n d a r d  b r o a d c a s t  s t a t i o n  
W W V B  ( 6 0  k H z )  w a s  r e t a r d e d  b y  2 0 0  m i l l i s e c  o n  
O c t .  1 ,  1 9 6 5 .  T h i s  c h a n g e  i s  i n  k e e p i n g  w i t h  t h e  
p r e v i o u s l y - a n n o u n c e d  p o l i c y  o f  m a i n t a i n i n g  t h e  
WWVB t ime  pu lses  w i th in  100  ms  o f  the  UT2  t ime  
sca le  ( t he  pe r iod  be tween  the  WWVB t ime  pu l ses  
i s  1 5 0  p a r t s  i n  1 0 ' Â °  s h o r t e r  t h a n  t h e  p e r i o d  b e  
t w e e n  U T 2  s e c o n d s ,  a  d i f f e r e n c e  o f  0 . 0 0 1 3  s e c  
o n d / d a y ) .  T h e  W W V B  t i m e  p u l s e s  h a v e  a l r e a d y  
b e e n  r e t a r d e d  2 0 0  m s e c  o n  e a c h  o f  t h r e e  o c c a  
s ions  du r i ng  1965 ,  on  Jan .  1 ,  Ap r i l  1 ,  and  Ju l y  1 .  

T h e r e  w e r e  n o  c h a n g e s  i n  t h e  p h a s e s  o f  t i m e  
pu l ses  o f  NBS  h igh - f r equency  s t a t i ons  WWV and  
W W V H  o n  O c t .  1 ,  1 9 6 5 .  R e t a r d a t i o n s  o f  1 0 0  m s  
e a c h  w e r e  m a d e  o n  J a n .  1 ,  M a r .  1 ,  J u l .  1 ,  a n d  
Sept .  1 ,  1965.  

WWVH station announcement1 
and frequency offset ^ 

WWV station announcement1, frequency 
offset2, and propagation forecast3 

H Seconds pulses only 
WWVH station announcement 
WWV station announcement1 
and propagation forecast 3 

UT2 time 
corrections 

Carrier Frequencies (MHz) 

1 .  Ca l l  l e t te rs  and  Un ive rsa l  t ime  in  Morse  code ;  
ca l l  l e t t e r s  and  Eas te rn  S tanda rd  t ime  (WWV)  
o r  H a w a i i a n  S t a n d a r d  t i m e  ( W W V H )  b y  v o i c e .  

2 .  F r e q u e n c y  o f f s e t :  a m o u n t  i n  p a r t s  i n  1 0 "  b y  
w h i c h  t r a n s m i t t e d  f r e q u e n c i e s  a r e  o f f s e t  f r o m  
U .  S .  F r e q u e n c y  S t a n d a r d ;  b r o a d c a s t  i n  f a s t  
M o r s e  c o d e  i m m e d i a t e l y  f o l l o w i n g  v o i c e  a n  
n o u n c e m e n t  o n  t h e  h o u r  o n l y .  S y m b o l s  n o w  
t r a n s m i t t e d  a r e  M 1 5 0 ,  m e a n i n g  m i n u s  1 5 0  
parts in 10'Â°. 

3 .  P ropaga t ion  fo recas t  (WWV on ly ) :  cond i t i on  o f  
i o n o s p h e r e  i n  N o r t h  A t l a n t i c  a r e a ,  a t  t i m e  o f  
l a s t  i s s u e ,  a n d  r a d i o  q u a l i t y  e x p e c t e d  i n  s u b  
s e q u e n t  6 - h o u r  p e r i o d  ( f o r e c a s t s  i s s u e d  a t  
0 5 0 0 ,  1 2 0 0  â € ”  1 1 0 0  i n  s u m m e r  â € ”  1 7 0 0  a n d  
2 3 0 0  U T ) .  L e t t e r  p o r t i o n  i d e n t i f i e s  r a d i o  q u a l  
i t y  a t  t ime  o f  fo recas t  and  numbered  por t ion  i s  
f o r e c a s t  o f  e x p e c t e d  q u a l i t y  o n  t y p i c a l  N o r t h  
A t l a n t i c  p a t h  d u r i n g  6 - h o u r  p e r i o d  f o l l o w i n g  
forecast ,  accord ing to  fo l lowing sca le :  

D i s t u r b e d  U n s e t t l e d  N o r m a l  
g r a d e s  ( W )  g r a d e  ( U )  g r a d e s  ( N )  

1 .  u s e l e s s  5 .  f a i r  6 .  f a i r - t o - g o o d  
2 .  v e r y  p o o r  7 .  g o o d  
3 .  p o o r  8 .  v e r y  g o o d  
4 .  p o o r - t o - f a i r  9 .  e x c e l l e n t  

4 .  S e c o n d s  p u l s e s  a r e  t r a n s m i t t e d  c o n t i n u o u s l y  
e x c e p t  f o r  5 9 t h  s e c o n d  o f  e a c h  m i n u t e  a n d  
du r i ng  s i l en t  pe r i ods .  Each  m inu te  s t a r t s  w i t h  
two pulses spaced by 0.1 second.  

5 .  1 0 0  p p s  t i m i n g  c o d e :  b i n a r y - c o d e d  1 0 0 0 - H z  
t o n e  g i v e s  U n i v e r s a l  T i m e  i n  s e c o n d s ,  m i n u t e s ,  
h o u r s ,  a n d  d a y  o f  y e a r  f o r  u s e  a s  u n a m b i g u o u s  
t i m e  b a s e  d u r i n g  d a t a  r e c o r d i n g  i n  s c i e n t i f i c  
e x p e r i m e n t s .  F o r m a t  u s e d  i s  N A S A  3 6 - b i t  T i m e  
C o d e  w i t h  2 - m s  p u l s e  f o r  " 0 "  a n d  6  m s  p u l s e  
f o r  " 1 . "  E a c h  f r a m e  l a s t s  1  s e c o n d ,  r e p e a t e d  
o n c e  p e r  s e c o n d  d u r i n g  1 - m i n u t e  b r o a d c a s t  
i n t e r v a l .  

6 .  G e o a l e r t s :  s l o w  M o r s e  c o d e  t o  i d e n t i f y  d a y s  o n  
w h i c h  o u t s t a n d i n g  s o l a r  o r  g e o p h y s i c a l  e v e n t s  
a r e  e x p e c t e d  o r  h a v e  o c c u r r e d  d u r i n g  p r e v i o u s  
2 4  h o u r s .  G e o a l e r t  i s  i d e n t i f i e d  b y  l e t t e r s  
" G E O "  f o l l o w e d  b y  o n e  o f  f o l l o w i n g  l e t t e r s  r e  
p e a t e d  f i v e  t i m e s :  

M  â € ”  M a g n e t i c  s t o r m  C  â € ”  C o s m i c  r a y  e v e n t  
N  â € ”  M a g n e t i c  q u i e t  W  â € ”  S t r a t o s p h e r i c  
S  â € ”  S o l a r  a c t i v i t y  
Q  â € ”  S o l a r  q u i e t  

w a r m i n g  
E  â € ”  N o  g e o a l e r t  i s s u e d  

7 .  U T 2  t i m e  c o r r e c t i o n s :  c o r r e c t i o n s  t o  b e  a p p l i e d  
t o  t i m e  s i g n a l s  f o r  o b t a i n i n g  a c t u a l  U T 2  t i m e  
w i t h i n  Â ± 3  m s .  C o r r e c t i o n s ,  i n  M o r s e  c o d e ,  
b e g i n  w i t h  " U T 2 "  f o l l o w e d  b y  e i t h e r  " A D "  ( f o r  
a d d )  o r  " S U "  ( f o r  s u b t r a c t )  i n  t u r n  f o l l o w e d  b y  
n u m b e r  o f  m i l l i s e c o n d s  t o  b e  a d d e d  o r  s u b  
t r a c t e d  f r o m  t i m e  a s  b r o a d c a s t .  

TONE 
(when  b roadcas t ) -  

Seconds 
pulse 

0 - H  0 . 0 0 5  
|  s e c  

TONE 

Format: 

WWV:  5  cyc l es  a t  1000  Hz  
WWVH:  6  cyc les  a t  1200  Hz  

â€¢ 10 â€¢ 
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A  T E C H N I Q U E  F O R  M A K I N G  U L T R A - P R E C I S E  M E A S U R E M E N T S  
O F  M I C R O W A V E  F R E Q U E N C Y  S T A B I L I T Y  

S t a n d a r d  l a b o r a t o r y  i n s t r u m e n t s  a r e  i n t e r c o n n e c t e d  t o  p r o v i d e  
a  s y s t e m  t h a t  m e a s u r e s  t h e  s h o r t - t e r m  f r e q u e n c y  s t a b i l i t y  o f  
m i c r o w a v e  s o u r c e s  t o  a  p r e c i s i o n  o f  b e t t e r  t h a n  1  p a r t  i n  1 0 " .  

S TABILITY measurements of highly 
stable microwave frequency sources 
have been difficult because of the lack 
of suitable microwave frequency stand 
ards. This situation was greatly im 
proved by the development of the -hp- 
Model 5100/51 10A Frequency Synthe 
sizer,1 from which microwave frequen 
cies can be derived by frequency multi 
plication. The 5 billion discrete fre 
quencies available in this instrument, 
from 0 to 50 MHz in 0.01 Hz steps, 
allow the generation of microwave fre 
quencies with the small offset from the 
measured source that is useful for sta 
bility measurements. The Synthesizer 
was designed to provide an output of 
high spectral purity especially for fre 
quency multiplication purposes. 

When stability measurements are to 
be made on sources which themselves 
have a stability comparable to that of 
the Synthesizer, then the small phase 
instabilities introduced by high order 
frequency multiplication become sig 
nificant. To reduce the effects of phase 
noise introduced by high orders of fre 
quency multiplication, a measurement 
technique using frequency reduction 
was developed in the -hp- Measure 
ments Standards Lab. In this tech 
nique, the microwave frequency under 
test is first converted to a lower fre 
quency by use of the phase-locked 
transfer oscillator in the -hp- Model 
2590A Microwave Frequency Convert 
er.- It is then heterodyned with the 
Synthesizer output to obtain a 1-kHz 
beat note for the stability measure 
ment. Translation of the microwave 
frequency to 1-kHz increases the ratio 
of frequency instability to base fre 
quency by a large factor for higher 
precision in the measurement. 

1  V i c t o r  E .  V a n  D u z e r ,  " A  0 - 5 0  M e  F r e q u e n c y  S y n t h e s i z e r  
w i t h  E x c e l l e n t  S t a b i l i t y ,  F a s t  S w i t c h i n g ,  a n d  F i n e  R e s o l u  
t i o n , "  H e w l e t t - P a c k a r d  J o u r n a l ,  V o l .  1 5 ,  M o .  9 ,  M a y ,  1 9 6 4 .  

2  R u d o l p h  F .  P a s o s ,  " A  N e w  I n s t r u m e n t  f o r  M e a s u r i n g  M i c r o  
w a v e  F r e q u e n c i e s  w i t h  C o u n t e r  A c c u r a c y , "  H e w l e t t - P a c K a r d  
J o u r n a l ,  V o l .  1 5 ,  N o .  8 ,  A p r i l ,  1 9 6 4 .  

Fig. on Instrumentation for frequency stability measurements on 
microwave frequency sources. 

The  t echn ique  has  enab led  shor t  
term stability measurements on micro 
w a v e  s o u r c e s  w i t h  a  p r e c i s i o n  a p  
proaching 5 parts in 1012 rms (for 1 
second averages). Although precisions 
one or two orders of magnitude better 
can be achieved with highly-specialized 
equipment, the method described here 
is performed with off-the-shelf equip 
ment that is readily available. 

MEASUREMENT SET-UP 
A block diagram of the measurement 

setup is shown in Fig. l.The Frequency 
Converter changes the microwave in 
put frequency to a related frequency 
near 250 MHz. This frequency is mixed 
with another, derived from the Synthe 
sizer, that is offset from the Frequency 
Conver t e r  ou tpu t  by  1 -kHz  ( the  de  
rived frequency is obtained by multi  

plication of the Synthesizer frequency 
by a factor of only 5).  The period of 
the 1-kHz beat-note generated in the 
mixer is measured and averaged over a 
selected period of time, usually 1 sec 
ond,  by  the  e lec t ronic  counter .  The  
counter reads the average period with 
a precision of 8 decimal places, thus 
obtaining a resolution of 0.0001 ^.s that 
permits the measurement of very small 
instabilities in the source. 

The measurement is repeated many 
times to obtain a statistically signifi  
cant number of samples, usually 100. 
The rms frequency stability of the mi 
crowave source is  then found by the 
following procedure. 

The average of the beat-note periods 
(PÂ¡) is calculated and the deviation 

of each measurement is found. 

11 
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M H z  

Repe l le r  vo l tage  
Corrected 

Pr in ter  
Output  

Fig. 2. Instruments above dotted line comprise highly stable 
microwave source for evaluating stability measurement sys 

tem shown below dotted line. 

The rms deviation (APrms) is: 

,  /A?!2 -f  AP,2 4 .  APn2 Aprms=V- -^TT- 
W h e r e  n  i s  t h e  n u m b e r  o f  s a m p l e s .  

L e t  f  =  f r e q u e n c y  b e i n g  c h e c k e d ,  a n d  

F  i =  b e a t  f r e q u e n c y  

1 
Since F = â€” ,  AF can be approximated 

AP 
by  d i f f e ren t i a t i on :  AF  =  â€”  -= j  

A l s o ,  b y  m i x e r  a c t i o n :  A f  =  A F  

T h u s ,  t h e  r m s  f r a c t i o n a l  f r e q u e n c y  d e  

v i a t i o n  ( A f / f )  o r  p h a s e  n o i s e  i s  e x  

pressed as:  

A f _  A P r m s  

T ~  P - f  

P O S S I B L E  E R R O R S  

In examining the possible sources 
of error in this system, one is naturally 
led to consider first the performance of 
the transfer oscillator in the Micro 
wave Frequency Converter. The solid- 
state push-pull oscillator was designed 
for highest stability, even in the ab 
sence of phase-lock control, and the 

converter phase-locks the oscillator to 
the input signal. Since a phase-lock sys 
tem is inherently a second-order servo 
system, the transfer oscillator exhibits 
essentially no frequency error with re 
spect to the input frequency in the 
steady state (the Frequency Converter 
closely tracks frequency deviations at 
rates up to 50 kHz). There is a fixed 
phase error, however, and the question 
thus concerns how much phase noise 
the transfer oscillator adds to the meas 
urement. 

To investigate this, and also the per 
formance of the entire system, the test 
set-up shown in Fig. 2 was used. The 
signal generator supplying the test mi 
crowave signal was phase-locked with 
a Dymec Model 2654A Synchronizer to 
the same Frequency Standard that 
drives the Synthesizer and Counter. 
Any phase noise in the Frequency 
Standard therefore does not enter into 
the test since it is common to both the 
source and measurement channels. The 
Synchronizer, of course, is also a pos 
sible source of phase noise but it is a 
source independent of the Frequency 
Converter. 

James  A .  Marsha l l  
J im Marshal l  jo ined â€”  hp-  in  1952 on 

a  par t - t ime  bas is  as  an  assemble r  wh i le  
a t tend ing  San  Jose  S ta te  Co l l ege .  A f te r  
ob ta in ing  h is  BSEE degree  in  1954 ,  J im 
t r a n s f e r r e d  t o  t h e  p r o d u c t i o n  t e s t  d e  
p a r t m e n t  o n  a  f u l l - t i m e  b a s i s  b u t  w a s  
ca l l ed  i n to  m i l i t a r y  se rv i ce  a  yea r  l a te r .  
H e  s p e n t  t h e  n e x t  t w o  y e a r s  a s  a n  i n  
s t r u c t o r  i n  m i c r o w a v e  c o m m u n i c a t i o n s  
in the Signal Corps. 

J im rejo ined â€” hpâ€” as a product  de 
ve lopment  eng ineer  in  1957  and  worked  
o n  t h e  d e s i g n  o f  t h e  - h p -  M o d e l  4 3 4 A  
Ca lo r ime t r i c  Power  Me te r .  A  yea r  l a t e r ,  
h e  t r a n s f e r r e d  t o  t h e  - h p -  S t a n d a r d s  
Lab  whe re  he  has  been  conce rned  w i t h  
t h e  d e v e l o p m e n t  o f  i n s t r u m e n t a t i o n  f o r  
p r e c i s i o n  R F  a n d  m i c r o w a v e  m e a s u r e  
m e n t s  i n c l u d i n g ,  a m o n g  o t h e r  d e v i c e s ,  
t h e  - h p -  1 1 0 4 9  s e r i e s  o f  T h e r m a l  C o n  
v e r t e r s .  A t  p r e s e n t ,  h e  i s  h e a d  o f  t h e  
R a d i o  F r e q u e n c y  S e c t i o n  i n  t h e  - r i p -  
S t a n d a r d s  L a b .  H e  i s  a l s o  t r e a s u r e r  o f  
t he  P rec i s ion  Measuremen ts  Soc ie ty .  

J i m  h a s  d o n e  f u r t h e r  g r a d u a t e  w o r k  
bo th  a t  S tan fo rd  and  a t  San  Jose  S ta te .  

The test frequency f was 2.270 X 
10Â°, the beat period P was 0.001 s (1 
kHz) and AP,.n,8 was found to be 0.01 1 8 
^s or 1 1 .8 X 10'9 second. From this, the 
system noise is: 

11.8 X 
(10-3)2 2.27 X 109 

= 5.2 X 10-1- for one-second averaging. 
This is comparable to the rms frac 

tional deviation of the Frequency 
Standard used as the basic reference in 
the set-up of Fig. 1, the -hp- Model 
107AR Quart/ Oscillator, which has a 
specified rms fractional frequency de 
viation of less than 1.5 X 10"11 for one- 
second averaging and which represents 
the state-of-the-art in short-term fre 
quency stability. The test results show 
that the system of Fig. 1 is capable of 
measuring the stabilities of microwave 
systems with a precision comparable to 
the oscillator used as the basic refer- 
ence. 

â€”James A. Marsliall 
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