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The complete -hp- Model 180A Oscilloscope system includes plug-ins, a new 
scope cart, new probes, viewing hoods, camera adapters and the â€”hpâ€” Model 
197A Oscilloscope Camera. Both the cabinet and rack mount versions of the 

oscilloscope are shown here. 

A  N E W  D C - 5 0 + M H z  T R A N S I S T O R I Z E D  O S C I L L O S C O P E  
O F  B A S I C  I N S T R U M E N T A T I O N  C H A R A C T E R  

A sma l l - s i ze  po r tab le  osc i l l oscope  w i t h  neg l i g i b l e  
t race  d r i f t  and  us ing  p lug - ins  has  been  des igned  as  the  

keys tone  o f  a  comp le te  osc i l l oscope  sys tem.  

WAVEFORMS encountered in 
computer systems, of the type shown 
in Fig. 1, are difficult to see on all but 
the most sophisticated, high-frequency 
oscilloscopes. These instruments have 
been large and usually heavy and awk 
ward to handle. They are not suited 
for work in limited space often found 
in and around computers, especially 
shipboard and aircraft installations. 

While solid-state devices have re 
duced the size and weight of high fre 
quency oscilloscopes, the goal of a com 
pletely solid-state, lightweight, high- 
frequency laboratory oscilloscope has 
not been achieved because of the lack 
of suitable cathode-ray tubes and tran- 

Fig. 1. Pulse trains of the type shown 
here are comparable in complexity to 
those found in computer circuitry. 
These are 100-kHz pulses with 50 MHz 
riding on top. Using the mixed delay 
feature of the -hp- Model 180A Oscil 
loscope, the waveform (right half of 

photo) is expanded 250 limes. 

sistors. Cathode-ray tubes used in cur 
rent high-frequency oscilloscopes pro 
vide adequate electrical performance, 
but are not suitable for compact gen 
eral-purpose oscilloscopes because of 
their length or lack of sensitivity. 

Until recently, solid-state devices 
adequate for use in input stages and as 
CRT drivers in low power drain cir- 
cuits have not been available. Present 
delay line designs are too large or too 
heavy to fit into a small space. 

Now. a new, portable 50-MHz oscil 
loscope has been designed which com 
bines all of the latest technical ad 
vances into a sophisticated, laboratory 
type Â¡nstiunieiu, Fig. 3. The oscillo- 
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Fig. With dc solid- state design results in excellent stability. With the input dc 
coupled, the oscilloscope maintains stability over a 9-hour period of less than 
0.1 cm. (a) After cold turn-on, the oscilloscope stabilizes in about 8 minutes (b). 

scope is all solid state except for the 
CRT Although lightweight and com 
pact, the scope has performance char 
acteristics equal to or surpassing those 
of the larger conventional high-fre 
quency oscilloscopes. A short cathode- 
ray tube with an 8 x 10 cm viewing 
screen, about double the screen area 
of current portable oscilloscopes, is an 
important feature. High writing rate, 
outstanding triggering capability, 
nearly instant turn-on with very low 
drift are among the other noteworthy 
accomplishments. 

The all solid-state circuitry reduces 
power dissipation thus eliminating the 
need for a cooling fan. This not only 
reduces the weight of the instrument 
but also allows operation at power line 
frequencies from 50 to 1000 Hz. 

Maximum flexibility and protection 
against obsolescence is provided by the 
use of dual plug-ins. Only the CRT 
beam controls and the horizontal am 
plifier and power supplies are built 
into the main frame. Performance of 
the oscilloscope is limited only by the 
performance limitations of the CRT 
and horizontal amplifier. These limits 
are well beyond the specified 50-MH/ 
bandwidth of the scope, so that the 
bandwidth of the scope may be ex 
tended as upgraded plug-ins become 
available. 

Among the accessories that make up 
a complete oscilloscope system are a 
IK u scope cart, viewing hoods, new 
probes and a newly designed oscillo 
scope camera. Three plug-ins are pres 
ently available â€” one vertical unit and 
two horizontal sweep plug-ins. 

T R I G G E R I N G  C A P A B I L I T Y  

Exceptional triggering performance 
of the oscilloscope is realized because 
the vertical amplifiers are designed to 
get a faithful, stable vertical signal into 
the horizontal sweep circuit. Fig. 4(a) 
shows a 100-MH/ sine wave locked us 

ing external sync. Internal sync capa 
bility is demonstrated in Fig. 4(b) with 
a 70-MHz signal at about 7-mV input. 
Triggering specifications depend upon 
the combination of output character 
isticÂ» of the sync amplifier of the ver 
tical plug-in, and the trigger sensitivity 
of the horizontal system. 

Fig. 3. The front panel of the oscilloscope, shown here 
*/$ actual size, is slightly shorter than this page height 
and slightly narrower than this page width. Controls 
are clearly marked and arranged so they are not ob 
scured by cables. Plug-ins are in the lower half of this 
cabinet version, with CRT beam controls and horizon 

tal amplifier controls in the upper half. 
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V E R T I C A L  S T A B I L I T Y  

Solid-state components used in the 
vertical system have resulted in a great 
improvement in stability and reliabil 
ity. A reduction in heat generated 
within the instrument and the use of 
low temperature coefficient compo 
nents provide unusual long term sta 
bility, Fig. 2(a). The time required to 
stabilize after cold turn-on is only 
about 8 minutes, as shown in Fig. 2(b). 

V E R T I C A L  P L U G - I N  

Design of the vertical amplifiers was 
aimed at providing excellent stability 
and reliability with nearly instant turn- 
on, while maintaining full bandwidth 
at each attenuator position without 

trace jump. A good internal trigger to 
the horizontal amplifier had to be 
maintained. 

The key to the attenuator design has 
been the careful placing of compo 
nents. Each twelve-step attenuator con 
sists of two sections using a combina 
tion of decades rather than 12 discrete 
steps. Components are saved and con 
struction is simplified. 

Since the attenuator is at the ampli 
fier input, Fig. 5, the amplifier has been 
designed with constant gain. Trace 
jump caused by switching ranges using 
interstage attenuation is eliminated. 
All of the amplifier specifications are 
the same regardless of the sensitivity 
setting. Maximum sensitivity is 0.005 

Fig. 4. Using external sync, a 100- 

MHz sine wave is displayed (a) . With 

internal triggering, a 70-MHz sine 

wave (b) may be locked in, showing 

exceptional triggering capability. 

V/cm. 
Vernier and calibration controls are 

placed in the middle of a cascode am 
plifier. Thus they control signal cur 
rent instead of signal voltage and do 
not affect feedback capacity, thereby 
minimizing changes in vertical ampli 
fier response. 

Field effect transistors at the ampli 
fier inputs give high impedance, good 
bandwidth and provide the quick turn- 
on capability. By replacing nuvistors 
with FET's, a total of about 2i/2 watts 
of power was saved. Differential pairs 
are mounted on the same heat sink to 
keep them in the same thermal envir- â€¢ 
onment. In some places, dual transis 
tors are used to get good tracking. For 

S H O R T ,  L A R G E  S C R E E N ,  H I G H - F R E Q U E N C Y  C R T  
F i t t i n g  a  c a t h o d e  r a y  t u b e  i n t o  a  p o r t  

a b l e  5 0 - M H z  o s c i l l o s c o p e  p r e s e n t s  b o t h  
e l e c t r i c a l  a n d  m e c h a n i c a l  p r o b l e m s .  
Needed  was  a  re la t i ve ly  shor t  tube  w i th  a  
l a rge  sc reen ,  w i th  su f f i c ien t  b r igh tness  a t  
the h igh wr i t ing  ra tes  encountered in  h igh-  
f r equency  scopes ,  a  sma l l  spo t  s i ze ,  w i th  
a  def lec t ion factor  low enough to  be dr iven 
w i th  so l id -s ta te  c i rcu i t ry .  

T h e  s e a r c h  f o r  a  s h o r t  t u b e  w i t h  a l l  
t h e s e  c h a r a c t e r i s t i c s  r e s u l t e d  i n  t h e  d e  
ve l opmen t  o f  a  ve r s i on  o f  t he  r ad i a l - f i e l d  
mesh tube.  In  the  rad ia l - f ie ld  mesh tube,1  
a  s p h e r i c a l ,  h i g h  t r a n s m i s s i o n  m e s h  i s  
p l a c e d  s o  i t s  c e n t e r  o f  c u r v a t u r e  i n  r e l a  
t i o n  t o  t h e  d e f l e c t i o n  p l a t e s  i s  s u c h  t h a t  
t h e r e  i s  a  f o r c e  a c t i n g  o n  t h e  b e a m  t o  
m a g n i f y  o r  e x p a n d  t h e  d i s p l a y .  D i s p l a y  
m a g n i f i c a t i o n s  o f  u p  t o  2 0 %  h o r i z o n t a l l y  
and  10  t o  40% ve r t i ca l l y  a re  t yp i ca l .  How 
e v e r ,  t h e  c o n v e n t i o n a l  r a d i a l - f i e l d  m e s h  
t u b e  m u s t  b e  r e l a t i v e l y  l o n g  f o r  p r o p e r  
per fo rmance.  

T h e  n e w  C R T  i s  a l s o  a  m e s h  t u b e ,  b u t  
'  ' T h e  R a d i a l  F i e l d  C a t h o d e - R a y  T u b e , '  ' 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 .  1 ,  S e p t . ,  1 9 6 3 .  

t h e  h e l i x  i s  e l i m i n a t e d ,  a n d  t h e  m e s h  i s  
n o t  s p h e r i c a l  b u t  m o r e  h i g h l y  c o n t o u r e d  
t o  p r o v i d e  a  h i g h e r  d e g r e e  o f  m a g n i f i c a  
t i o n  o f  t h e  d i s p l a y .  T h e  m e s h  c o n t o u r  i s  
des igned  to  p rov ide  p rope r  l i nea r i t y  cha r  
ac te r i s t i cs  o f  the  d isp lay .  

A l o n g  w i t h  t h e  l a r g e  s c r e e n  d i s p l a y  i n  
t he  sho r t  t ube ,  a  modes t  imp rovemen t  i n  
spot  s ize  and wr i t ing  speed was obta ined.  
V e r t i c a l  d e f l e c t i o n  f a c t o r  i s  a b o u t  e q u a l  
t o  t h a t  o f  t h e  c o n v e n t i o n a l  r a d i a l - f i e l d  

t u b s  a n d  t h e  h o r i z o n t a l  d e f l e c t i o n  f a c t o r  
has  been  improved  by  abou t  25%.  

S c r e e n  s i z e  o f  t h e  C R T  i s  8  x  1 0  c m ,  
w i t h  a  l e n g t h  o f  1 7  i n c h e s ,  a c c e l e r a t i n g  
vo l tage  is  12  kV,  ver t i ca l  de f lec t ion  fac to r  
i s  3  V / c m ,  h o r i z o n t a l  d e f l e c t i o n  f a c t o r  i s  
9  V / c m .  S p o t  s i z e  a t  2 0 0  f o o t - l a m b e r t s  
b r i gh tness  i s  t yp i ca l l y  14  m i l s  a t  t he  cen  
t e r  a n d  e d g e .  H o r i z o n t a l  s e n s i t i v i t y  i s  
ma in ta ined  ove r  a  bandw id th  h ighe r  than  
150 MHz.  

An aux i l ia ry  tungs ten f i lament  ca thode,  
cal led a f lood gun, is  used to provide a low 
l e v e l  o f  b a c k g r o u n d  i l l u m i n a t i o n  s o  t h a t  
g ra t i cu le  l i nes  a re  v i s i b le  i n  pho tog raphs  
a n d  i n  l o w  a m b i e n t  l i g h t  s i t u a t i o n s .  A  
p o s i t i v e  v o l t a g e  i s  a p p l i e d  t o  t h e  m e s h  
c a u s i n g  e l e c t r o n s  t o  b e  d r a w n  t o  i t  f r o m  
the  f lood gun.  Some o f  the  e lec t rons  pass  
t h rough  t he  mesh  and  a re  acce le ra ted  t o  
t h e  p h o s p h o r  s c r e e n  p r o v i d i n g  u n i f o r m  
b a c k g r o u n d  l i g h t i n g .  T h i s  e l i m i n a t e s  t h e  
need  f o r  mu l t i p l e  exposu res  when  t ak i ng  
pho tog raphs .  In tens i t y  o f  the  background  
l i g h t  i s  c o n t r o l l e d  b y  a d j u s t i n g  t h e  t e m  
pe ra tu re  o f  t he  f l ood  gun  f i l amen t .  
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Fig. use field amplifiers in the dual-channel vertical plug-in use field 
effect ampli and inputs are balanced. Attenuators are at the ampli 
fier inputs to eliminate trace jump when switching ranges. Vertical 

amplifiier controls are shown in this block diagram. 

the highest reliability, the design uses 
all silicon devices except for one ger 
manium diode needed for saturation 
protection. All of the passive compo 
nents are premium quality with low 
temperature coefficient. 

D C  S W I T C H I N G  
Long shafts to switches and long 

leads were eliminated by going to dc 
switching of signals in the vertical am 

plifier. Signals are brought directly to 
the point where they are needed, then 
switching is performed by turning di 
odes on and off. An example is shown 
in the simplified schematic of polarity 
switching, Fig. 6. Every front panel 
function except sensitivity and calibra 
tion is accomplished in this way, there 
by reducing interference and making 
the plug-in more accessible for service. 

-7 .3V  

-7 .3V 

Fig. 6.  by of the input to the vertical amplifiers is switched by 
switching diode gates. In the 'up' or + position, diodes D,, D,, D7 and 
D, are signal on while D,, D,, D, and D, are reversed biased. The signal 
path is across D,, D;, and D,, D,. Reversing polarity reverses the bias. 

20 40  60  80100  

F R E Q U E N C Y  ( M H z )  

Fig. 7. Typical bandwidth plot of the 
-hp- Model 1801 Dual Channel Ver 
tical Amplifier. Deflection factor is 5 
mV/cm over the specified bandwidth. 

Fig. 8. A pulse with less than 7 ns rise 
time illustrates the bandwidth capa 

bilities of the scope. 

One factor in assuring good sync is 
a type of balun amplifier circuit at the 
output of the sync amplifier which con 
verts the differential output to a single- 
ended  ou tpu t .  P rev ious  methods  o f  
making this conversion resulted in cut 
ting amplifier gain about in half. The 
method used here  makes  the  conver  
s ion  wi thout  loss  of  ga in ,  and  wi th  
s table  dc  opera t ion a t  the  fu l l  band 
width of the amplifier. 

Bandwidth of the vertical amplifiers, 
Fig. 7, is dc to above 50 MHz, direct- 
coupled and 2 Hz to above 50 MHz ac 
coupled. Rise t ime is less than 7 ns,  
Fig. 8. 

HORIZONTAL SWEEP PLUG-IN 
Two horizontal plug-ins have been 

designed for the new oscilloscope ini 
tially. One is a sweep delay unit cover 
ing a main sweep range from 0.1 ^s/cm 
to 1 s/cm, shown at the right in Fig. 9. 
The other unit is a simplified version 
containing only one sweep generator, 
but covering a wider range from 0.05 
Â¿us/cm to 2 s/cm. 

In the sweep delay plug-in, the main 
sweep is also the delaying sweep. The 
delayed time base sweeps after the de 
lay is set by the main sweep and delay 
controls. In a delayed sweep system, it 

© Copr. 1949-1998 Hewlett-Packard Co.
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Fig. 9. Controls on the plug-ins are grouped of cording to function. 
Vertical amplifiers are in the plug-in at the left and channel con 
trols center. arranged vertically with the display control in the center. 
The horizontal sweep plug-in at the right includes sweep delay. 

is  not consistent to have the delayed 
sweep run  s lower  than  the  de laying 
sweep, since the purpose of the system 
is to magnify a waveform. Therefore, 
a mechanical  interlock on the sweep 
switch is provided so that this situation 
cannot  exis t .  Delayed sweep ranges  
from 0.1 Â¿(.s/cm to 50 ms/cm in a 1,2, 
5 sequence. With the vernier, the slow 
est delayed sweep may be extended to 
a b o u t  1 2 5  m s / c m .  A n  e x a m p l e  o f  
mixed delaying and delayed sweep is 
shown in Fig. 10. 

AUTOMATIC SWEEP 
A n  a u t o m a t i c  s w e e p  m o d e  i s  i n  

cluded in the horizontal sweep plug-in 
which displays a  base l ine in  the ab 
sence of an input signal. With no input 
signal, a free-running trace occurs and 
the base line position is always known. 
An  inpu t  s igna l  t r igge r s  the  sweep  
automatical ly,  and tr iggering can be 
chosen to occur at any level on a wave 
form. 

V A R I A B L E  H O L D - O F F  
Generally, pulse trains not related in 

time to any particular sweep rate ap 
pear on most oscilloscopes as double 
triggering. This is because a conven 
tional sweep circuit will synchronize 
on the first signal that occurs after the 
hold-off period. The first signal, how 
ever, is not necessarily the first pulse of 
a train. 

A new feature called a variable trig 
ger hold-off has been incorporated into 
the simplified version of the horizontal 
plug-in. The sweep repetition rate is 
variable, allowing positive sync on the 
first pulse of any train. Hold-off be 
tween sweeps can be increased to a 
longer period than the normal free- 

Fig. 10. Using the mixed delay feature 
of the horizontal plug-in enables the 
viewing of details of 100-kHz pulses. 
In (a), the delayed sweep is set to 
give a 1000 to 1 expansion of the wave 
form. Two waveforms may be dis 
played using the alternate mode. In 
(b), the lower signal is 12 MHz and 
in (c) the lower signal is 425 kHz. In 
both oscillograms, the trace at the 

right is expanded 20 times. 

running  per iod ,  thus  making  i t  pos  
sible to trigger on periodic waveforms 
that may be complex and with periods 
different than the scope period. 

HORIZONTAL AMPLIFIER 

Although the CRT sensitivity is such 
that it  can be driven by a single-tran 
sistor Class A output stage, the method 
requires a great deal of power. A stand 
ard Class A circuit in this application 
would need resistors rated about 5 to 7 
watts, and a high voltage power supply. 

With the  avai labi l i ty  of  fas t  NPN 
and PNP complementary t ransis tors  
capable of collector-to-emitter voltages 
of 100 volts, it was possible to design 
an essentially Class B circuit  that is  
faster and of much higher efficiency. 
Al though the  c i rcu i t  requi res  more  
components  and is  more complex,  a  
savings in weight and size is achieved 
by eliminating the high-voltage power 
supply and the large resistors, and re 
ducing overall power consumption of 
the scope. 

The use of a complementary transis 
tor output stage in the horizontal am 
p l i f ie r  permi ts  i t  to  opera te  f rom a  
relatively low supply voltage and give 
l inear operation.  The load is  a com- 

nun 
(b) 

â€¢ 6 â€¢ © Copr. 1949-1998 Hewlett-Packard Co.



C O M P A C T ,  W I D E B A N D ,  S T R I P L I N E  D E L A Y  L I N E  

I n  o s c i l l o s c o p e s  w i t h  a b o u t  1 0  M H z  
c a p a b i l i t y  a n d  a b o v e ,  i t  i s  n e c e s s a r y  t o  
de lay  the  s igna l  be ing  obse rved  be fo re  i t  
i s  f e d  t o  t h e  C R T  v e r t i c a l  p l a t e s .  T h i s  i s  
so  tha t  the  par t  o f  the  s igna l  tha t  t r iggers  
t h e  s w e e p  w i l l  b e  s e e n  o n  t h e  d i s p l a y .  
D e l a y  v a l u e s  a r e  g e n e r a l l y  a b o u t  1 5 0  t o  
200 ns .  

I n  t h i s  s c o p e ,  t h e  d e l a y  l i n e  m u s t  f i t  
i n to  a  re la t i ve l y  sma l l  p l ug - i n .  Sma l l  he l i  
ca l l y -wound  de lay  l i nes  a re  poss ib le ,  bu t  
t h e i r  b a n d w i d t h  i s  l i m i t e d .  C a b l e  d e l a y  
l i n e s  a r e  d i f f i c u l t  t o  m a k e  i n  s m a l l  p a c k  
ages .  The  so lu t i on  t o  t h i s  p rob lem was  a  
d i f f e r e n t i a l  s t r i p l i n e ,  l a i d  d o w n  o n  b o t h  
s i d e s  o f  a  c o p p e r - c l a d  T e f l o n - g l a s s  s u b  
s t ra te  as  shown in  the  ske tch .  The  l i ne  i s  
2  i nches  w ide  and  36 .85  i nches  l ong  and  
i s  r o l l e d  u p .  D e l a y  i s  1 6 0  n s ,  b a n d w i d t h  
i s  abou t  140  MHz ,  r i se t ime  i s  2 .5  ns  and  
t he  l i ne ' s  cha rac te r i s t i c  impedance  i s  90  
ohms  and  i s  he ld  cons tan t  a l ong  t he  l i ne  
f o r  c l e a n  p u l s e  r e s p o n s e .  W e i g h i n g  o n l y  
1 6  o u n c e s ,  t h e  f i n i s h e d  l i n e  f i t s  i n t o  a  
space 6% x  IV*  x  1% inches .  

O p e r a t i o n  o f  t h e  d e l a y  l i n e  c a n  b e  e x  
p la ined  by  the  manner  in  wh ich  the  f i e lds  
in teract  because of  a l ternat ing crossovers 
o f  o p p o s i n g  c o n d u c t o r s  a s  s h o w n  i n  t h e  
s k e t c h .  C u r r e n t s  i n  t h e  t w o  c o n d u c t o r s  
f l o w  i n  t h e  s a m e  d i r e c t i o n  e x c e p t  f o r  a  

STRIPLINE 
C O N D U C T O R S   A  

v e r y  s h o r t  d i s t a n c e  w h e r e  t h e  c o n d u c t o r  
t u r n s  a r o u n d .  T h e  e l e c t r i c  f i e l d s  c a n c e l  
because  each  conduc to r  doub les  back  on  
i t se l f .  The  magne t i c  f i e lds  add .  When the  
conductors  are  very  c lose,  the  to ta l  e f fec t  
i s  the  same as  inc reas ing  the  induc tance  
o f  t h e  l i n e  b y  a  f a c t o r  o f  f o u r .  C h a r a c t e r  
i s t i c  i m p e d a n c e  i s  d e t e r m i n e d  b y  t h e  d i  
mens ions  o f  the  conduc to rs ,  the  d is tance  
be tween them and the  th ickness  and char  
ac te r  o f  t he  d ie lec t r i c .  Cons tan ts  chosen  
here  resu l ted  in  a  Z0  o f  90  ohms,  a  va lue  
fo r  wh ich  cur ren t  and power  requ i rements  
a r e  m i n i m i z e d ,  y e t  i m p e d a n c e  i s  n o t  s o  
h igh  tha t  unwanted  capac i tance  damages  
the  l i ne ' s  pe r fo rmance .  

For  a s ingle-ended st r ip  delay l ine,  t ime 
d e l a y  T D  i s  c a l c u l a t e d  f r o m  t h e  f o r m u l a  

To  =  s  VT ,  ns / f t  
w h e r e  s  i s  t h e  d i s t a n c e  a n  e l e c t r o m a g  

n e t i c  w a v e  t r a v e l s  i n  1  n a n o s e c o n d  i n  a  
me ta l l i c  conduc to r  w i t h  pe rmeab i l i t y  and  
d i e l e c t r i c  c o n s t a n t  e q u a l  t o  1  ( a b o u t  1  
f o o t ) ,  a n d  r ,  i s  t h e  d i e l e c t r i c  c o n s t a n t  o f  
the  subs t ra te  mater ia l .  

For  a  d i f fe ren t ia l  de lay  l i ne  o f  the  type  
des igned  fo r  th i s  app l i ca t ion ,  the  fo rmu la  
i s  m u l t i p l i e d  b y  a  f a c t o r  k ,  a  f u n c t i o n  o f  
the  coup l ing  between the  conductors ,  and 
f ,  is  the d ie lec t r ic  constant  o f  the mater ia l  
separa t ing  the  conductors .  Then 

T o  =  k s V 1 7  n s / f t  
I f  k  c a n  b e  m a d e  g r e a t e r  t h a n  u n i t y ,  t h e  
l e n g t h  o f  t h e  l i n e  c a n  b e  r e d u c e d .  T h e  
c o u p l i n g  c o e f f i c i e n t  k  a c t u a l l y  a c h i e v e d  
in  th i s  de lay  l i ne  i s  abou t  1 .95 .  To ta l  con  
d u c t o r  l e n g t h  f o r  1 6 0  n s  d e l a y  i s  a b o u t  
51.2 feet .  

T i m e  d o m a i n  r e f l e c t o m e t r y  w a s  u s e d  
ex tens ive ly  du r ing  des ign ,  and  i s  used  to  
d e t e r m i n e  p e r f o r m a n c e  o f  f i n i s h e d  u n i t s  
a n d  t o  d e t e c t  f a u l t s .  T h e  e x a c t  l o c a t i o n  
a n d  n a t u r e  o f  f a u l t s  w i t h i n  t h e  r o l l e d - u p  
d i f f e r e n t i a l  d e l a y  l i n e s  c a n  b e  r e v e a l e d  
w i t h  T D R .  R e f l e c t i o n s  a r e  h e l d  t o  l e s s  
than  1%.  

B e s i d e s  r e s u l t i n g  i n  a  c o m p a c t  d e l a y  
l i n e ,  t h i s  d e s i g n  a c h i e v e s  a  h i g h e r  r i s e  
t i m e  i n  c o m p a r i s o n  w i t h  c o n v e n t i o n a l  
un i t s  a long  w i th  a  h igh  degree  o f  un i fo rm 
i ty  in  product ion.  

plementary transistor, Fig. 11, biased 
at a low dc current to supply current to 
the feedback loop around the opera 
tional amplifier and provide low fre 
quency operation. A clamp circuit 
working in conjunction with the feed 
back loop keeps the output amplifier 
operating in its linear region. 

Another feedback connection, Z'tb, 
between the CRT deflection plates 
helps maintain the average voltage on 
the plates. Changes in the voltage rela 
tionship between plates will change 
sensitivity and affect accuracy. 

In the block diagram, each differen 
tial amplifier feeds the input of an op 
erational amplifier. For slow sweeps 
(low frequency signals), the operational 
amplifiers act normally and drive the 
CRT deflection plates. As the input 
dV/dt increases, C, and C2 couple in 
creasing signals to the complementary 
load transistors Qj and Q4. While Q. 
is driven harder to provide more cur 

rent to discharge the plate capacity, Q4 
is driven harder to provide more cur 
rent to the plates. During flyback, the 
process is reversed with Q., and Q! 
driven harder while current through 
Q, and Q4 decreases. 

During the X 1 0 expansion, the duty 

Fig. 11. Complementary PNP 

and NPN transistors in the 

horizontal amplifier circuit 

are fast with a high breakdown 

voltage. The circuit has high 

linearity, low power consump 

tion and provides a high im 

pedance source for driving the 

deflection plates. 

cycle is very low, thus average power 
consumption from the power supply is 
low. Also at the XlO expansion, the 
circuit readily delivers a linear sweep 
speed of 5 ns/cm. This sweep speed is 
twice that previously attained. Its 
value, of course, lies in the resolution 
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+ 100V 

Ext  Z-Axis  

Fig. 12. Various inputs to the gate amplifier are con 
verted to currents and added in a common-base amplifier. 

with which nanosecond risetime pulses 
may be analyzed. 

G A T E  A M P L I F I E R  

For easier handling of the various 
input signals applied to the z-axis cir 
cuits of the oscilloscope, the designers 
chose to convert voltage signals, in 
cluding intensity, chopped blanking 
and external inputs, into currents. 
These input currents are then added, 
Fig. 12, in a common-base amplifier. 
Two advantages of this method are im 
mediately obvious: first, there are no 
large voltage swings on the cabling 
within the scope, and second, the sig 
nal cables operate at lower impedance 

levels â€” about 50 to 100 ohms. 

Since the input must accept signals 
of a greater dynamic range than the 
output can handle, there is a danger 
of overdriving. An amplitude limiting 
or 'clipper' circuit follows the input 
summer which maintains the same in 
put pulse waveform in the region of 
interest. Gate pulse width and the same 
general shape are thus maintained to 
avoid saturation and possible time dis 
tortion. 

Output circuit configuration is simi 
lar to that of the horizontal amplifier. 
Power consumption was reduced from 
about 10 watts for a conventional Class 

A circuit to about 3 watts in this com 
plementary configuration. 

Pulse rise time bandwidth of the 
gate amplifier is about 9 MHz. This 
matches the internal scope require 
ments, and the same bandwidth is 
obtained through the external z-axis 
input. 

F R O N T  P A N E L  

The new oscilloscope has a clean, 
uncluttered appearance. Controls are 
grouped according to function, Fig. 3. 
Grouped around the CRT screen on 
the upper half of the cabinet are the 
CRT beam controls, power switch, cal 
ibrator outputs and horizontal con 
trols. The lower module contains the 
plug-ins, with the vertical amplifier 
at the left and the horizontal sweep 
plug-in at the right. The plug-in re 
lease latch is between the two plug-ins. 
Input jacks are arranged so that cables 
do not obscure any controls. 

By positioning the knob pointers up 
and centering the lever switches, the 
scope will be set to a calibrated, nor 
mal and automatic state. In other 
words, a trace will appear which may 
be adjusted for optimum display of 
any particular signal. 

C O N S T R U C T I O N  
When a large volume must be left 

open for plug-ins, main frame rigidity 
becomes a problem. In the new scope, 
the vertical and horizontal plug-ins, 
whatever their variety, are connected 
electrically and mechanically before in 
sertion into the main frame. Thus they 

Fig. 13. Plug-ins are connected me 
chanically and electrically before in 

sertion into the cabinet. 

Fig. 14. Latch pulls down making it 
easy to remove the plug-ins. 
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( a )  ( b )  

Fig. construction, All covers easily snap off for servicing, (a). Open frame construction, (b) allows easy servicing 

form a single large plug-in which com 
bines with the frame to form a light 
weight, rigid structure, Fig. 13. The 
plug-in sheet metal is the between- 
drcuit shielding. Total weight of the 
scope with plug-ins is about 30 pounds. 

Formerly interconnections between 
vertical and horizontal plug-ins were 
made from each plug-in through con- 
nee tors on the main frame and back to 
the other plug-in. Direct connection 
between the plug-ins now reduces dis 
tributed capacity and lead inductances. 
The high frequency triggering prob 
lem is minimized because of less capaci- 
tive loading on the amplifier output. 
In this particular case, lead length was 
reduced by a factor of three. 

Vertical CRT deflection is controlled 
entirely by the left half of the plug-in 
unit which connects directly to the 
CRT through i ts  own connector .  
Therefore, since the interface occurs at 
the deflection plates, future vertical 
systems will be limited by the capabil 
ity of the CRT and not by a main 
frame amplifier. Sensitivity of the CRT 
in this oscilloscope is maintained over 
a bandwidth of higher than 150 MHz. 

The two-piece latch between the two 
plug-in halves unlocks the plug-ins and 
is used as a handle to remove them. 
Sliding the upper portion in the direc 
tion of the arrow, Fig. 14, releases the 
lower part which can be pulled down 
and used to remove the plug-ins. 

Power supplies in the main frame 
supply +100, +15, -12.6 and -100 
volts. These voltages are compatible 

with transistors and the CRT circuits. 
The CRT supply is -3000 and +9000 
volts. 

S E R V I C E  
Open frame construction makes cir 

cuits and calibration adjustments eas 
ily available for service, Fig. 15. Since 

no fan is used, there are no fan filters 
to change. Natural convection is suffi 
cient to insure stable, accurate opera 
tion from -28C to +65C. 

The scope will operate in any posi 
tion. Anti-slip feet are on the bottom, 
and plastic feet are on the back. Anti- 

Fig. 16. New, lightweight scope cart 
is patterned after a camera tripod and 
has adjustments for tilt and height. 
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E L E C T R O N I C A L L Y - C O N T R O L L E D  O S C I L L O S C O P E  C A M E R A  

A  c a m e r a  f o r  u s e  w i t h  t h e  n e w  â € ”  h p -  
M o d e l  1 8 0 A  O s c i l l o s c o p e  i s  d e s i g n e d  t o  
e n a b l e  a n  o p e r a t o r  w i t h  l i t t l e  o r  n o  e x p e  
r i e n c e  i n  o s c i l l o s c o p e  p h o t o g r a p h y  t o  o b  
t a i n  g o o d  o s c i l l o s c o p e  p h o t o g r a p h s  
w i t h o u t  g u e s s w o r k  o r  t r i a l  a n d  e r r o r .  A n  
a l l - e l e c t r o n i c  s h u t t e r  a n d  a  c e n t r a l i z e d  
c o n t r o l  p a n e l  w i t h  c o l o r - c o d e d  c o n t r o l s  
a r e  d e s i g n e d  t o  e l i m i n a t e  t h e  c o m p l e x i t y  
i nvo lved  in  p rev ious  camera  sys tems.  

S o l i d  s t a t e  c i r c u i t r y  a n d  R C  t i m i n g  c i r  
cu i ts  rep lace the mechanica l  dev ices used 
fo r  shu t te r  t im ing  i n  conven t i ona l  camera  
shu t te r s .  Th i s  assu res  be t t e r  accu racy  a t  
s low shut ter  speeds which are  requ i red for  
osc i l l oscope  pho tography .  Shu t te r  speeds  
o f  t h i s  a l l - e l e c t r o n i c  c a m e r a  r a n g e  f r o m  
J /ao th  t o  4  seconds .  A  spec ia l  h i gh - t rans  
m iss i on  l ens  was  des igned  espec ia l l y  f o r  
th i s  camera .  

The  cen t ra l i zed  con t ro l  pane l  con ta i ns  
a l l  o f  t h e  n e c e s s a r y  c o n t r o l s ,  a n d  i s  c o n  
v e n i e n t l y  p l a c e d  o n  t h e  o u t s i d e  o f  t h e  
camera .  There  a re  no  ad jus tments  ins ide .  
The cont ro ls  inc lude shut ter  speed,  f -s top,  
a n d  g r a t i c u l e  i l l u m i n a t i o n .  T e r m i n a l s  f o r  
r e m o t e  o p e r a t i o n  o f  t h e  s h u t t e r  a r e  p r o  

v i d e d  a s  w e l l  a s  o u t p u t  t e r m i n a l s  f r o m  
t h e  s h u t t e r ,  w h i c h  m a y  b e  u s e d  t o  s y n c  
o ther  equ ipment  w i th  the  camera .  

C o l o r  c o d i n g  o f  t h e  s h u t t e r  s p e e d ,  
f - s t op  and  g ra t i cu l e  i l l um ina t i on  con t ro l s  
g i v e  o p t i m u m  s e t t i n g s  f o r  m o s t  c o n d i  
t i o n s .  S e t t i n g  t h e  c o n t r o l s  t o  t h e  b l u e  
a rea  w i l l  resu l t  i n  a  good  p ic tu re  fo r  mos t  
w a v e f o r m s ,  o r  a t  l e a s t  w i l l  g i v e  a  g o o d  
s t a r t i n g  p o i n t  f o r  f u r t h e r  a d j u s t m e n t s .  

G r a t i c u l e  i l l u m i n a t i o n  i s  c o n t r o l l e d  b y  
a  va r iab le - in tens i t y  u l t rav io le t  l amp.  Th is  
var iab le - in tens i ty  source  exc i tes  the  phos 
phor  on  the  face  o f  t he  CRT caus ing  i t  t o  
g l ow ,  mak ing  t he  g ra t i cu l e  l i nes  show  up  
b l ack .  The  resu l t  i s  a  p i c t u re  w i t h  a  g rey  
b a c k g r o u n d ,  b l a c k  g r a t i c u l e  l i n e s  a n d  
wh i te  t races  whose  c ross ings  o f  t he  g ra t i  
cu le  l ines  can be eas i ly  seen.  

The u l t rav io le t  lamp can be opera ted in  
a  ' f l a s h '  m o d e  s e l e c t e d  b y  a  s w i t c h  o n  
t he  pane l .  When  t he  shu t t e r  i s  ope ra ted ,  
t h e  l a m p  w i l l  t u r n  o n  f o r  1  s e c o n d .  T h i s  
f e a t u r e  i s  u s e f u l  f o r  r e c o r d i n g  v e r y  s l o w  
t r a c e s ,  o r  f o r  s i n g l e - s w e e p  t r a c e s  w h e r e  
the  shu t te r  mus t  be  open  fo r  a  l ong  t ime .  

F o c u s  a n d  r e d u c t i o n  r a t i o  o f  t h e  c a m  

era are cont inuously  ad justable,  permi t t ing 
op t imum use  o f  t he  camera  w i th  d i f f e ren t  
camera backs and wi th  any s ize  gra t icu le .  
The  camera  back  can  be  ro ta ted  f r om i t s  
normal  hor izonta l  to  a  ver t i ca l  pos i t ion  so  
that  two smal ler  photos can be taken on a  
s i n g l e  f i l m .  T h e  b a c k  a l s o  s l i d e s  u p  a n d  
down  th rough  e leven  de ten ted  pos i t i ons .  

slip feet were not placed on the back so 
that, when the scope is being used face 
up, it will slide if bumped rather than 
tip. These rear feet are high enough so 
that cables run free underneath. 

A C C E S S O R I E S  
Adapted from a standard commer 

cial camera tripod, the new scope cart 
is light and collapsible, Fig. 16. 

Viewing hoods are new because of 
the rectangular CRT design. The oscil 

loscope is designed with an aluminum 
casting that holds the CRT in from 
the front. A short, black, molded plas 
tic be/el, or a long, black, molded 
plastic light shield may be snapped 
onto the aluminum casting. A rubber 
viewing hood can be fitted into the 
long light shield. With the short bezel 
mounted on the scope, the combina 
tion becomes the mounting for the 
-hp- Model 197A Camera. Adapters 

are available for other cameras. 
A rack mounting kit is available to 

convert the -hp- Model 180AR to rack 
mounting. Height of the rack mounted 
unit is only 614 inches. The plug-ins 
are to the right of the main frame, Fig. 
17, and all controls remain accessible 
from the front. 

P R O B E S  
Two new probes were designed for 

use with the new scope. Standard 10:1 

OBC 
Â° '  â€¢ "o   ̂̂ Ã<)T 

O  â € ¢  â € ¢  3  ' O  J  J  

Fig. 17. Rack mounted version of the 
â€”hpâ€” Model 180A requires only 5'/4 

inches of rack height. 

1 0  
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passive divider probes are smaller and 
l ighter  than present  probes.  Various 
probe tips are available. Another new 
probe contains t ransis tors  to couple 
the signal from the tip into the scope. 
This is a unity gain active probe that 
improves sensitivity. 
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Bi l l  Gre in  is  group leader  on the 180A 
Osc i l l oscope  sys tem and  i s  respons ib le  
f o r  much  o f  t he  e l ec t r i ca l  des i gn  o f  t he  
t ime  base  and  t r i gge r i ng  c i r cu i t r y .  P r i o r  
t o  t h i s  p r o j e c t  h e  w o r k e d  o n  t h e  b a s i c  
d e s i g n  o f  t h e  h o r i z o n t a l  a m p l i f i e r ,  t i m e  
b a s e  a n d  t r i g g e r  c i r c u i t s  f o r  t h e  - h p -  
M o d e l  1 7 5 A  O s c i l l o s c o p e .  I n  a d d i t i o n ,  
he  des igned  the  1782A D isp lay  Scanner  
P lug- in  fo r  the  175A and  the  1471AT ime 
Base and Delay Generator for  the â€” hp- 
Mode l  140A  Osc i l l oscope .  B i l l  r ece i ved  
a  B S E E  d e g r e e  f r o m  t h e  U n i v e r s i t y  o f  
C o l o r a d o  i n  1 9 6 0  a n d  j o i n e d  H e w l e t t -  
Packard  shor t l y  a f te r .  He  has  con t inued  
g r a d u a t e  w o r k  t h r o u g h  t h e  U n i v e r s i t y .  

As h igh f requency engineer ing sect ion 
manager,  F loyd Siegel  has been involved 

i n  t h e  d e v e l o p m e n t  o f  t h e  1 4 0 A ,  1 4 1 A ,  
191A,  and  180A Osc i l l oscopes .  P r io r  t o  
h i s  a p p o i n t m e n t  a s  s e c t i o n  m a n a g e r  i n  
1963,  he was des ign leader  for  the 166D 
Sweep  De lay  Genera to r  P lug - in  and  the  
175A Osc i l loscope.  Whi le  a  p ro jec t  eng i  
n e e r  o n  t h e  1 6 0 B  a n d  1 7 0 A  O s c i l l o  
s c o p e s  h e  w a s  g r a n t e d  p a t e n t s  f o r  a n  
o f f -sc reen  beam loca to r  and  a  de lay ing /  
de layed mixed sweep c i rcu i t .  F loyd grad 
u a t e d  f r o m  t h e  U n i v e r s i t y  o f  U t a h  w i t h  
a BSEE degree in June, 1957 and started 
w i t h  H e w l e t t - P a c k a r d  i n  J u l y ,  1 9 5 7 .  H e  
received h is  MSEE degree f rom Stanford 
o n  t h e  - h p -  H o n o r s  C o o p e r a t i v e  P r o  
gram. 

J i m  W i l l i a m s  j o i n e d  H e w l e t t - P a c k a r d  

a t  P a l o  A l t o  i n  J u n e ,  1 9 5 6  a n d  w o r k e d  
par t - t ime in  the product ion test  area and 
o s c i l l o s c o p e  d e v e l o p m e n t  l a b  w h i l e  a t  
tend ing  schoo l .  Subsequent  to  rece iv ing  
a  BSEE degree f rom San Jose Sta te  Co l  
l e g e  h e  w o r k e d  o n  t h e  p r o d u c t  d e s i g n  
f o r - h p -  M o d e l s  1 6 0 B ,  1 7 0 A ,  a n d  1 7 5 A  
Osc i l l oscopes  and  the  1781B Sweep De  
l ay  Gene ra to r  and  1754A  Fou r -Channe l  
Ve r t i ca l  P lug - ins .  J im  t rans fe r red  to  the  
Colorado Spr ings Div is ion in  1963 where 
h e  w a s  r e s p o n s i b l e  f o r  t h e  p r o d u c t  d e  
s ign  o f  t he  1421A T ime  Base  and  De lay  
G e n e r a t o r  P l u g - i n  f o r  t h e  1 4 0 A  O s c i l l o  
scope.  Current ly  he is  mechanical  design 
leader  for  the 180A Osc i l loscope system 
a n d  p r o d u c t  d e s i g n  c o o r d i n a t o r  f o r  t h e  
h igh f requency osci l loscope sect ion.  
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S P E C I F I C A T I O N S  

- h p -  
O S C I L L O S C O P E  

M O D E L  1 8 0 A  

180A OSCILLOSCOPE 
H O R I Z O N T A L  A M P L I F I E R :  

E X T E R N A L  I N P U T :  B a n d w i d t h :  D C  c o u p l e d ,  d c  
to  5  MHz;  AC coupled,  5  Hz to  5  MHz.  
S e n s i t i v i t y :  1  v / c m ,  X I ;  0 . 2  v / c m ,  X 5 ;  0 . 1  
v / c m ,  X 1 0 :  v e r n i e r  p r o v i d e s  c o n t i n u o u s  a d  
j u s t m e n t  b e t w e e n  r a n g e s .  D y n a m i c  r a n g e  
- 5  v .  
I n p u t  R C :  1  m e g o h m  s h u n t e d  b y  a p p r o x i  
mate ly  30  p f .  

S W E E P  M A G N I F I E R :  X I ,  X 5 ,  X 1 0 ;  m a g n i f i e d  
sweep accuracy  Â±5%. 

C A L I B R A T O R :  

TYPE: Approx imate ly  1  kHz square wave,  3  / /sec 
r ise t ime.  

V O L T A G E :  2  o u t p u t s ,  2 5 0  m v  a n d  1 0  v  p - p ,  
Â±1%. 

C A T H O D E - R A Y  T U B E  A N D  C O N T R O L S :  

TYPE:  Post -acce lera tor  tube,  12  kv  acce lera t ing  
po ten t i a l ;  a l um in i zed  P31  phospho r  (P2 ,  P7 ,  
and  P l l  ava i l ab le  a t  no  ex t ra  cha rge .  Spec i f y  
by  phosphor  number) .  

W R I T I N G  R A T E :  ( U s i n g  H P  1 9 7 A  C a m e r a  w i t h  
f 1.9 lens and PolaroidÂ® 3000 speed f i lm): P31 
phosphor ,  approx imate ly  700 cm/ jusec .  

G R A T I C U L E :  8 x 1 0  c m  p a r a l l a x - f r e e  i n t e r n a l  
g r a t i c u l e  m a r k e d  i n  c m  s q u a r e s .  2  m m  s u b  
d iv is ions on major  axes.  Front  panel  recessed 
T R A C E  A L I G N  a l i g n s  t r a c e  w i t h  g r a t i c u l e ;  
i n t e r n a l  Y - a l i g n  a l i g n s  Y - t r a c e  w i t h  X - t r a c e .  
SCALE  con t ro l  i l l um ina tes  CRT  phospho r  f o r  
v iew ing  w i th  hood o r  tak ing  pho tographs .  

B E A M  F I N D E R :  P r e s s i n g  B e a m  F i n d e r  c o n t r o l  
b r i n g s  t r a c e  o n  C R T  s c r e e n  r e g a r d l e s s  o f  
s e t t i n g  o f  h o r i z o n t a l ,  v e r t i c a l  o r  i n t e n s i t y  
controls. 

INTENSITY  MODULATION:  App rox ima te l y  +2  v ,  
d c  t o  1 5  M H z ,  w i l l  b l a n k  t r a c e  o f  n o r m a l  i n  
tens i t y .  Inpu t  R ,  5 .1  kohms.  

A C T I V E  C O M P O N E N T S :  A l l  s o l i d  s t a t e  ( e x c e p t  
CRT). 

ENVIRONMENT:  180A Scope  w i th  p lug - ins  ope r  
a t e s  w i t h i n  s p e c s  o v e r  t h e  f o l l o w i n g  r a n g e s .  
T e m p e r a t u r e :  â € ” 2 8  t o  ( 6 5 Â ° C .  H u m i d i t y :  t o  
9 5 %  r e l a t i v e  h u m i d i t y  t o  4 0 Â ° C .  A l t i t u d e :  t o  
1 5 . 0 0 0  f e e t .  V i b r a t i o n :  V i b r a t e d  i n  t h r e e  
p lanes fo r  15  min .  each wi th  0 .010"  excurs ion  
f rom 10 to  55  Hz.  

POWER:  115  o r  230  v ,  Â±10%,  50 -1000  Hz ,  95  
wat ts  a t  norma l  l i ne ,  convec t ion  coo led .  

D IMENSIONS:  Cab ine t  (overa l l  d imens ions  w i th  
f e e t ,  h a n d l e ) :  8 "  x  1 1 "  x  2 2 ' / 2  "  d e e p .  R a c k  
moun t :  51 / , "  x  19 "  x  19V4"  deep  beh ind  f ron t  
pane l ,  2 i y2"  deep  overa l l .  

W E I G H T  ( w i t h o u t  p l u g - i n s ) :  M o d e l  1 8 0 A ,  N e t .  
22  I bs .  ( 9 ,9  kg ) .  Sh ipp ing ,  30  I bs .  ( 13 ,5  kg ) .  
M o d e l  1 8 0 A R  ( r a c k ) ;  N e t ,  2 5  I b s .  ( 1 1 , 3  k g ) .  
Shipping, 33 Ibs. (14,9 kg).  

O U T P U T S :  F o u r  e m i t t e r  f o l l o w e r  o u t p u t s  f o r  
m a i n  a n d  d e l a y e d  g a t e s ,  m a i n  a n d  d e l a y e d  
sweeps .  Max imum cur ren t  ava i lab le ,  Â±3 ma.  
O u t p u t s  w i l l  d r i v e  i m p e d a n c e s  d o w n  t o  1  
k i l ohm w i thou t  d i s to r t i on .  

ACCESSORIES FURNISHED: Two Model  10004A 
1 0 : 1  v o l t a g e  d i v i d e r  p r o b e s ,  m e s h  c o n t r a s t  
f i l t e r ,  d e t a c h a b l e  p o w e r  c o r d ,  r a c k  m o u n t i n g  
hardware ( rack  on ly ) .  

PRICE (w i thout  p lug- ins) :  Mode l  180A,  $825.00;  
Model  180AR (rack),  $900.00.  

1 8 0 1 A  D U A L  C H A N N E L  A M P L I F I E R  
MODES OF OPERATION: Chan. A alone; Chan. B 

a l one ;  Chan .  A  and  B  d i sp layed  on  a l t e rna te  
sweeps;  Chan.  A and B d isp layed by swi tch ing 
a t  a p p r o x i m a t e l y  a  4 0 0  k H z  r a t e ,  w i t h  b l a n k  
i n g  d u r i n g  s w i t c h i n g ;  C h a n .  A  p l u s  C h a n .  B  
(algebraic addi t ion).  

E A C H  C H A N N E L :  

DEFLECTION FACTOR (Sens i t i v i ty ) :  0 .005 v /cm 
t o  2 0  v / c m ;  v e r n i e r  e x t e n d s  m i n i m u m  s e n s i  
t i v i t y  t o  5 0  v / c m ;  a  s e n s i t i v i t y  c a l i b r a t i o n  a d  
j us tmen t  f o r  each  channe l  i s  p rov ided  on  the  
f ront  pane l .  

A T T E N U A T O R  A C C U R A C Y :  Â ± 3 % .  

BANDWIDTH (D i rec t  o r  w i th  p robes .  3  db  down 
f r o m  8  c m  5 0  k H z  r e f e r e n c e  s i g n a l ) :  D C  c o u  
p l e d ,  d c  t o  5 0  M H z ;  A C  c o u p l e d ,  2  H z  t o  5 0  
MHz. 

R I S E  T I M E  ( D i r e c t  o r  w i t h  p r o b e s ) :  L e s s  t h a n  
7  n s e c .  w i t h  8  c m  i n p u t  s t e p .  

INPUT RC:  1  megohm shunted by approx imate ly  
25 pf .  

M A X I M U M  I N P U T  S I G N A L :  A C  c o u p l e d ,  6 0 0  
v o l t s  p e a k ;  D C  c o u p l e d ,  1 5 0  v  a t  5  m v / c m  
i n c r e a s i n g  t o  3 5 0  v  a t  2 0  v / c m .  

P O L A R I T Y  P R E S E N T A T I O N :  - 4 -  o r  -  U p ,  s e l e c t  
a b l e .  

A  +  B  I N P U T :  

A M P L I F I E R :  B a n d w i d t h  a n d  s e n s i t i v i t y  r e m a i n  
u n c h a n g e d .  E i t h e r  C h a n n e l  A  o r  B  m a y  b e  
inverted to give A â€” B operation. 

D I F F E R E N T I A L  I N P U T  ( A  -  B ) :  C o m m o n  m o d e  
re jec t ion  a t  leas t  40  db  a t  5  mv/cm,  20  db  on  
o t h e r  r a n g e s  f o r  f r e q u e n c i e s  u p  t o  1  M H z .  
C o m m o n  m o d e  s i g n a l  s h o u l d  n o t  e x c e e d  a n  
amp l i tude  equ iva len t  to  50  cm.  

T R I G G E R I N G :  

M O D E :  C h a n .  A  o r  C h a n .  B  a l o n e ,  o r  C h a n .  A  
p lus  Chan .  B ,  on  the  s igna l  d i sp layed ;  Chan .  
A  a n d  C h a n .  B  d i s p l a y e d  b y  s w i t c h i n g  a t  
a p p r o x i m a t e l y  a  4 0 0  k H z  r a t e ,  o n  C h a n .  B  
a l one ;  Chan .  A  and  B  d i sp layed  on  a l t e rna te  
sweeps,  on the s ignal  d isp layed on each chan 
ne l  o r  Chan .  B  a lone .  

FREQUENCY:  P rov i des  su f f i c i en t  s i gna l  t o  t he  
t ime  base  fo r  t r i gge r i ng  ove r  t he  range  o f  dc  
to  50  MHz w i th  0 .5  cm p -p  s igna l  o r  more  d i s  
p layed on the CRT. 

G E N E R A L :  

WEIGHT:  Net ,  4  Ibs .  (1 ,8  kg) .  Sh ipp ing,  6 ' /2  Ibs .  
(3 kg). 

PRICE: Model 1801A, $650.00. 

1 8 2 0 A  T I M E  B A S E  
S W E E P  R A N G E :  2 4  r a n g e s ,  0 . 0 5  ^ s e c / c m  t o  2  

sec /cm in  a  1 .2 ,5  sequence;  accuracy ,  Â±3%; 
v e r n i e r  p r o v i d e s  c o n t i n u o u s  a d j u s t m e n t  b e  
tween ranges and extends s lowest  sweep to at  
l eas t  5  sec /cm;  ho r i zon ta l  magn i f i e r  expands  
fastest  sweep to  5  nsec/cm.  

T R I G G E R I N G :  
INTERNAL:  See ver t ica l  ampl i f ie r  p lug- in .  
EXTERNAL:  dc to  50 MHz f rom s igna ls  0 .5  v  p-p 

o r  more  i nc reas ing  to  1  v  a t  90  MHz .  
A U T O M A T I C :  B r i g h t  b a s e  l i n e  d i s p l a y e d  i n  a b  

s e n c e  o f  i n p u t  s i g n a l .  I n t e r n a l ,  f r o m  4 0  H z ,  
see  ve r t i ca l  amp l i f i e r  spec i f i ca t i on .  Ex te rna l  
f r o m  4 0  H z  o n  s i g n a l s  0 . 5  v  p - p  o r  m o r e  t o  
g rea te r  t han  50  MHz ,  i nc reas ing  t o  1  v  a t  90  
MHz. 

T R I G G E R  P O I N T  A N D  S L O P E :  C o n t r o l s  a l l o w  
s e l e c t i o n  o f  l e v e l  a n d  p o s i t i v e  o r  n e g a t i v e  
s l o p e ;  t r i g g e r  l e v e l  o n  e x t e r n a l  s y n c  s i g n a l  
adjustable over range of  Â±5 v,  Â±50 v in ^ 10 
posit ion. 

COUPLING: AC, DC, ACF:  AC at tenuates s ignals  
b e l o w  a p p r o x i m a t e l y  2 0  H z ;  A C F  a t t e n u a t e s  
s igna ls  be low approx imate ly  15  kHz.  

S I N G L E  S W E E P :  F r o n t  p a n e l  s w i t c h  p r o v i d e s  
s ing le  sweep operat ion .  

VARIABLE HOLDOFF:  Permi ts  va r ia t i on  o f  t ime  
be tween  sweeps  to  a l l ow  t r i gge r i ng  on  asym 
metr ica l  pu lse t ra ins .  

WEIGHT:  Ne t ,  2% Ibs .  (1 ,3  kg ) .  Sh ipp ing ,  5> /4  
Ibs. (2,4 kg). 

PRICE: Model 1820A, $475.00. 

1 8 2 1 A  T I M E  B A S E  A N D  
D E L A Y  G E N E R A T O R  
M A I N  S W E E P :  

RANGE:  22  ranges ,  0 .1  Â¿ isec /cm to  1  sec /cm 
i n  1 , 2 , 5  s e q u e n c e ;  a c c u r a c y ,  Â ± 3 % ;  v e r n i e r  
p r o v i d e s  c o n t i n u o u s  a d j u s t m e n t  b e t w e e n  
ranges and ex tends s lowest  sweep to  a t  leas t  
2 . 5  s e c / c m ;  h o r i z o n t a l  m a g n i f i e r  e x p a n d s  
fastest  sweep to  10 nsec/cm. 

T R I G G E R I N G :  
In te rna l :  See ver t i ca l  ampl i f ie r  p lug- in .  
Ex terna l :  dc  to  50  MHz f rom s igna ls  0 .5  v  p-p  
o r  more  inc reas ing  to  1  v  a t  90  MHz.  
A u t o m a t i c :  B r i g h t  b a s e  l i n e  d i s p l a y e d  i n  a b  
sence of  an input  s ignal .  In ternal ,  f rom 40 Hz.  
see  ver t i ca l  amp l i f i e r  spec i f i ca t ion .  Ex te rna l ,  
f r o m  4 0  H z  o n  s i g n a l s  0 . 5  v  p - p  o r  m o r e  t o  
g r e a t e r  t h a n  5 0  M H z  i n c r e a s i n g  t o  1  v  a t  9 0  
MHz. 
T r igger  po in t  and  s lope :  Con t ro ls  a l l ow se lec  
t ion  o f  leve l  and  pos i t i ve  and  negat ive  s lope ;  
t r i g g e r  l e v e l  o n  e x t e r n a l  s y n c  s i g n a l  a d j u s t  
ab le  ove r  range  o f  Â±5  vo l t s ,  Â±50  v  i n  ~  10  
posit ion. 
Coupl ing:  AC, DC, ACF; AC at tenuates s ignals  
b e l o w  a p p r o x i m a t e l y  2 0  H z ;  A C F  a t t e n u a t e s  
s igna ls  be low approx imate ly  15  kHz.  

TRACE INTENSIF ICATION:  Used  fo r  se t t i ng  up  
de layed  o r  m ixed  sweep .  I nc reases  i n  b r i gh t  
ness  tha t  par t  o f  ma in  sweep to  be  expanded 
f u l l  s c reen  i n  de layed  sweep  o r  made  magn i  
f i ed  pa r t  o f  d i sp lay  in  m ixed  sweep .  Ro ta t ing  
Delayed Sweep t ime swi tch f rom OFF posi t ion 
act ivates in tens i f ied mode.  

D E L A Y E D  S W E E P :  D e l a y e d  t i m e  b a s e  s w e e p s  
a f t e r  a  t i m e  d e l a y  s e t  b y  m a i n  s w e e p  a n d  
delay controls.  

RANGE:  18  ranges ,  0 .1  ^sec /cm to  50  msec /cm 
i n  1 , 2 , 5  s e q u e n c e ;  a c c u r a c y ,  Â ± 3 % ;  v e r n i e r  
p r o v i d e s  c o n t i n u o u s  a d j u s t m e n t  b e t w e e n  
ranges and ex tends s lowest  sweep to  a t  least  
125  msec /cm.  

TR IGGERING:  App l i ed  t o  i n t ens i f i ed  Ma in ,  De  
layed,  and Mixed Sweep modes.  
A u t o m a t i c :  D e l a y e d  s w e e p  s t a r t s  a t  e n d  o f  
delayed per iod. 
Internal ,  External ,  Slope,  Level ,  and Coupl ing:  
Same as  Ma in  Sweep t r igger ing .  

DELAY (before s tar t  o f  de layed sweep) :  
T ime:  Cont inuous ly  va r iab le  f rom 0 .1  / i sec  to  
10 sec. 
Accuracy:  Â±1%; l inear i ty ,  Â±0.2%; t ime j i t te r  
i s  l e s s  t h a n  0 . 0 0 5 %  o f  m a x i m u m  d e l a y  o f  
each range (1  par t  in  20 ,000) .  
Tr igger  Output  (a t  end o f  de lay  t ime) :  approx i  
mate ly  1 .5  v  w i th  less  than  50  nsec  r i se  t ime  
f rom 1  k i l ohm impedance .  

M I X E D  S W E E P :  D u a l  s w e e p  d i s p l a y  i n  w h i c h  
main sweep dr ives f i rs t  por t ion o f  d isp lay  and 
d e l a y e d  s w e e p  c o m p l e t e s  d i s p l a y  a t  s p e e d s  
up to  1000 t imes fas ter .  

SINGLE SWEEP: Any display may be operated in 
Single Sweep. 

WEIGHT: Net ,  314 Ibs.  (1 ,7 kg) .  Shipping,  61/Â» 
Ibs. (2,8 kg). 

PRICE: Model 1821A, $800.00. 
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W O R L D - W I D E  T I M E  S Y N C H R O N I Z A T I O N ,  1 9 6 6  

T i m e  s c a l e s  m a i n t a i n e d  a t  t h e  w o r l d ' s  t i m e - k e e p i n g  c e n t e r s  
h a v e  b e e n  c o r r e l a t e d  w i t h  n e w  l e v e l s  o f  p r e c i s i o n  

i n  t h e  l a t e s t  a r o u n d - t h e - w o r l d  f l y i n g  c l o c k  e x p e r i m e n t .  

w, 

 ̂

roRLD-WIDE SYNCHRONIZATION ol 
CLOCKS is increasingly important for 
scientific studies requiring coordinated 
action at geographically-separated 
points. For example, precise time syn 
chronization enables better evaluation 
of the propagation time of radio waves 
between distant points, leading to a 
better understanding of ionospheric 
activity and other factors affecting the 
propagation of radio waves. Satellite 
orbital placement and observation of 
certain astronomical phenomena rep 
resent other activities that benefit from 
precise time synchronization at widely- 
separated points. 

In a continuing effort towards in 

creasing the precision of time scale cor 
relation on a world-wide basis, this year 
we again carried cesium-controlled 
clocks to major world time-keeping 
centers for precision time comparisons. 

J wo previous time-comparison ex 
periments' " established the feasibility 
ol i. in A ing i ompart cesium-controlled 
docks under continuous opciaiion on 
common conveyances such as commer- 
( ial aircraft and automobiles. The first 
of these experiments arose in connec 
tion with the 196-1 International Con- 

1  A l a n  S .  B a g l e y  a n d  L e o n a r d  S .  C u t l e r ,  ' A  N e w  P e r f o r m a n c e  
o f  t h e  F l y i n g  C l o c k  E x p e r i m e n t , '  ' 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 .  1 1 ,  J u l y ,  1 9 6 4 .  

*  L a T h a r e  N .  B o d i l y ,  ' C o r r e l a t i n g  T i m e  f r o m  E u r o p e  t o  A s i a  
w i t h  N o .  C l o c k 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 6 ,  N o .  
8 ,  A p r i l ,  1 9 6 5 .  

Flying clock (below counter) is compared to NBS frequency and 
time scales in "clock room" at Boulder Laboratories of National 
Bureau of Standards. Dr. James Barnes (left). Chief of Atomic 
Frequency and Time Standards at NBS, and â€”hpâ€” engineer /,Â»â€¢<â€¢ 

Bodily discuss techniques of time measurement. 

No matter what the mode of trans 
port, flying clocks were kept in con 
tinuous operation throughout entire 
trip. Clocks were powered by internal 
batteries when ac line power or auto 
or airplane electrical power was not 
available, -lip- engineers Lee Bodily 
(right) and Ron Hyatt (left) transfer 

clocks at Geneva airport. 

ference on Chronometry in Lausanne, 
Switzerland. Two portable clock sys 
tems, controlled by the newly-devel 
oped -hp- Model 5060A Cesium Beam 
Frequency Standard, were brought to 
the conference in connection with a 
paper presented by -hp- engineers Alan 
Bagley and Leonard Cutler.3 Arrange 
ments were made to correlate the time 
kept by the clocks with time at the 
I . S. Xaval Observatory. The clocks 
were subsequently compared with the 
official Swiss time standard and results 
were double -( liecked by a second com 
parison at the Naval Observatory, on 
return to the United States, and also 
at the National Bureau of Standards. 

This experiment correlated the Swiss 
and United States time scales to an 
accuracy of about 1 microsecond, cor 
relation between the two countries pre- 
i  A l a n  S .  B a g l e y  a n d  L e o n a r d  S .  C u t l e r  " A  M o d e r n  S o l i d -  
S t a t e  C e s i u m  B e a m  F r e q u e n c y  S t a n d a r d "  I n t e r n a t i o n a l  C o n  
f e r e n c e  o n  C h r o n o m e t r y ,  J u n e  1 9 6 4 .  
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-hp- engineers Lee Bodily, Dexter Hartke, and 
Ron Hyatt calibrate flying clocks with -hp- 
house standard prior to globe-girdling trip. 

Dr. J. Bonanomi (left), Director of the Ob 
servatory, NeuchÃ tel, Switzerland, studies data 

obtained in time comparisons. 

viously being known through high fre 
quency radio signals to a precision of 
only about 1 millisecond. The experi 
ment also determined the radio propa 
gation time between NBS Standard 
broadcast station WWV and Switzer 
land to a tolerance of about 200 micro 
seconds. The measurement was made 
by comparing the time of arrival of 
WWV time ticks in Switzerland, as de 
termined by the flying clocks, to the 
time of transmission as determined by 
the WWV master clock in Greenbelt, 
Maryland, which subsequently was 
compared to the flying clocks. The two 
portable cesium-beam standards also 
provided a means for comparing the 
long-beam cesium standards at the 
Swiss Laboratory for Horological Re 
search at NeuchÃ tel and at the Na 
tional Bureau of Standards at Boulder, 
Colorado. These measurements showed 
an agreement between standards 
within a few parts in 1012. 

The high precision of these measure 
ments, coupled with the relative ease 
with which these clocks can be trans 
ported, stimulated requests for similar 
time and frequency comparisons at sev 
eral other time-keeping laboratories. 
Accordingly, a flying clock experiment 
conducted in 1965 by engineers from 
the -hp- Frequency and Time Division 
included the major time and frequency 
standard facilities of Western Europe, 
Canada, Japan, and the United States, 

bringing microsecond precision in time 
comparisons to all of these facilities. 
Among other results, the experiment 
obtained frequency comparisons be 
tween all four of the long-beam cesium 
resonators that serve as national fre 
quency standards in the western world. 
It also verified the results of a U. S. 

Navy time synchronization experiment 
between California and Japan that 
used the satellite Relay II, and it re 
peated the comparison between the 
U. S. and Swiss time scales. This com 
parison showed an agreement within 
49 microseconds of the previous meas 
urement 273 days earlier. By providing 

T A B L E  I .  F A C I L I T I E S  V I S I T E D  D U R I N G  1 9 6 6  F L Y I N G - C L O C K  
E X P E R I M E N T  

P L A C E  

K o g a n e i ,  J a p a n  
T o k y o ,  J a p a n  
M a u i ,  H a w a i i  
H e r s t m o n c e u x  C a s t l e ,  E n g l a n d  
T e d d i n g t o n ,  E n g l a n d  
B a g n e u x ,  F r a n c e  

P a r i s ,  F r a n c e  
S t o c k h o l m ,  S w e d e n  

K j e l l e r .  N o r w a y  
C o p e n h a g e n ,  D e n m a r k  

H a m b u r g ,  G e r m a n y  
B r a u n s c h w e i g ,  G e r m a n y  

NeuchÃ te l ,  Sw i t ze r l and  
NeuchÃ te l ,  Swi t ze r land  
T u r i n ,  I t a l y  
M i l a n ,  I t a l y  
B r u s s e l s ,  B e l g i u m  
B r u s s e l s ,  B e l g i u m  
O t t a w a ,  C a n a d a  
O t t a w a ,  C a n a d a  
W a s h i n g t o n ,  D .  C .  
G r e e n b e l t ,  M a r y l a n d  
G r e e n b e l t ,  M a r y l a n d  
G r e e n b e l t ,  M a r y l a n d  
B o u l d e r ,  C o l o r a d o  

F A C I L I T Y  

S t a n d a r d  B r o a d c a s t  S t a t i o n  J J Y  
T o k y o  O b s e r v a t o r y  
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 H  
R o y a l  G r e e n w i c h  O b s e r v a t o r y  
N a t i o n a l  P h y s i c a l  L a b s  
N a t i o n a l  C e n t e r  f o r  C o m m u n i c a t i o n  

S t u d i e s  ( C N E T )  
P a r i s  O b s e r v a t o r y  
S w e d i s h  N a t ' l  D e f e n s e  R e s e a r c h  

I n s t i t u t e  
N o r w e g i a n  A i r  F o r c e  M a t e r i e l  C o m m a n d  
R o y a l  D a n i s h  A i r  F o r c e  C a l i b r a t i o n  

C e n t r e  
G e r m a n  H y d r o g r a p h i c  I n s t i t u t e  ( D H I )  
N a t i o n a l  B u r e a u  o f  P h y s i c s  a n d  

T e c h n o l o g y  ( P T B )  
S w i s s  N a t i o n a l  O b s e r v a t o r y  
S w i s s  H o r o l o g i c a l  R e s e a r c h  L a b  
N a t i o n a l  E l e c t r o t e c h n i c a l  I n s t i t u t e  

A s t r o n o m i c a l  O b s e r v a t o r y  
R o y a l  O b s e r v a t o r y  o f  B e l g i u m  
U n i v e r s i t y  o f  B r u s s e l s  
N a t i o n a l  R e s e a r c h  C o u n c i l  
D o m i n i o n  O b s e r v a t o r y  
U .  S .  N a v a l  O b s e r v a t o r y  
U .  S .  C o a s t  a n d  G e o d e t i c  S u r v e y  
W W V  T r a n s m i t t e r  S i t e  
G o d d a r d  S p a c e  F l i g h t  C e n t e r  ( N A S A )  
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  
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T A B L E  I I .  T I M E  D I F F E R E N C E S  B E T W E E N  T I M E - K E E P I N G  
F A C I L I T I E S  A N D  A R B I T R A R I L Y - S E L E C T E D  R E F E R E N C E  

( - h p -  H O U S E  S T A N D A R D )  

R e s u l t s ,  d e t e r m i n e d  b y  f l y i n g  c l o c k s ,  h a v e  b e e n  a d j u s t e d  t o  a c c o u n t  
f o r  o f f s e t  b e t w e e n  f l y i n g  c l o c k s  a n d  â € ”  h p â € ”  H o u s e  S t a n d a r d .  
*  P l u s  s i g n  m e a n s  t h a t  v i s i t e d  f a c i l i t y  i s  e a r l i e r  i n  t i m e  t h a n  ( l e a d s )  

r e f e r e n c e .  
Ã ¯  2 0 0 - m s  a d j u s t m e n t  n o t  m a d e  d u r i n g  p a s t  y e a r .  
t  O p e r a t e s  o n  a t o m i c  t i m e  ( i n t e r n a t i o n a l  s e c o n d ) .  

T A B L E  I I I .  T I M E  S C A L E  C O M P A R I S O N S  
1 9 6 5 - 1 9 6 6  

R E F E R E N C E :  N B S  U A  

( Ã )  F i g u r e s  g i v e n  a r e  a d j u s t e d  t o  a c c o u n t  f o r  5 0 0  Â ¡ j . s  r e t a r d a t i o n  o f  N B S  U A  o n  
1 5  A p r .  6 6 .  

Â ®  I n c l u d e s  1 . 1  ( i s ,  d i f f e r e n c e  b e t w e e n  N B S  U A  a n d  N B S - 8  o n  1 6  M a y  1 9 6 6 .  
( s )  A d j u s t e d  t o  a c c o u n t  f o r  2 0 0  m s  r e t a r d a t i o n  o f  o t h e r  t i m e  s c a l e s  d u r i n g  p e  

r i o d  o f  c o m p a r i s o n .  
' 0  A c c o u n t s  f o r  t i m e  d i f f e r e n c e  b e t w e e n  O b s e r v a t o r y  t i m e  s c a l e  a n d  H B N  

t r a n s m i t t e r  t i c k s .  

Dominion Observatory at Ottawa, Canada, is one of major time-keep 
ing centers which compared time with flying clock (below table). 

time checks between the -hp- house 
standard and the master clock control 
ling NBS standard broadcasts, the ex 
periment also confirmed the effective 
ness of using VLF standard broadcasts 
as a means of maintaining accurate 
time once a time correlation has been 
established. 

F L Y I N G  C L O C K S  1 9 6 6  

Continued interest in precise time 
comparisons provided by the -hp- fly 
ing clocks led to a new and more am 
bitious experiment. This experiment, 
with higher precision even than before, 
was performed during the months of 
May and June of this year. Portable 
cesium-controlled clocks again were 
used but with refinements that enabled 
a potential measurement resolution of 
0.02 /Â¿s in time comparisons. As a result 
of the intercomparisons provided by 
the traveling time standards in the 
company-funded experiment, many fa 
cilities now know with greater preci 
sion (about 0.1 ,us) how the time of Hay 

at their installations compares with 
those of other time-keeping centers (see 
Table II). 

The 1966 flying-clock experiment 
also provided additional data for long- 
term comparisons between time scales. 
As shown in Table III, many of the 
time-keeping centers have maintained 
time scales, controlled by independent 
frequency standards, that show a re 
markably close correlation with each 
other. 

Among the many other achievements 
of this year's trip, the flying clocks pro 
vided data for use in radio propagation 
studies being conducted by Mr. Hum 
phry M. Smith of the Royal Greenwich 
Observatory, England. At his request, 
time comparisons by the flying clocks 
were coordinated at several facilities 
with time comparisons made using 
time signals from standards broadcast 
stations. 

Another accomplishment of this and 
previous flying clock experiments was 
the establishment of an initial 'bench 

mark' time reference for those facilities 
that previously have not had access to 
a precision time reference. As shown by 
the earlier flying clock experiments, 
once a time scale has been established 
in this manner it can be maintained in 
close agreement with others by contin 
uous comparison of the relative phase 
of the controlling frequency with re 
spect to a low-frequency standards 
broadcast. 

The experiment was a further dem 
onstration that the portable cesium 
standards are capable of stable opera 
tion in less than ideal environment, 
being subject to frequent movement 
and temperature changes as well as be 
ing powered from a variety of power 
sources of questionable stability. 

One clock traveled westward from 
Palo Alto completely around the world 
and the other traveled eastward to Eu 
rope and return. The two clocks were 
compared prior to departure, again 
when they met in Switzerland and 
again on their return to Palo Alto. 
Over the month-long trip, they accu- 
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initiated a relative time difference of 
less than 1 microsecond with respect to 
each other and with respect to the -hp- 
house standard. This is believed to be 
the first time that a system of clocks, 
two mobile and one stationary, main 
tained time in mutual agreement to 
within one microsecond of each other 
I'm- an entire month of independent 
operation without resets or frequency 
adjustments. 

The experiment demonstrated an 
other point: cesium-beam frequency 
standards have an exceptionally high 
degree of setability. In the 1965 ex 
periment, the cesium-beam standards 
in two clocks were adjusted indepen 
dently of one another prior to the 
experiment, and they subsequently 
showed an average frequency differ 
ence of less than 5 parts in 10", con 
firming the accuracy of these instru 
ments as independent primary stand 
ards of frequency (specified maximum 
error is 2 parts in 10"). In the 1966 

Long-beam cesium resonator 
(left rear) at Swiss Labora 
tory for Horological Research. 
Dr.  Peter  Kartaschof f ,  re  
search physicist in charge of 
frequency standard develop 

ment, is in foreground. 

experiment, the 'C' field of each travel 
ing standard was adjusted a calculated 
amount before departure to adjust the 
frequency of each closely to the -hp- 
house standard. Subsequent intercom- 
parisons between the traveling stand 
ards and the house standard showed 
relative frequency differences of less 

than 3.6 parts in 10" averaged over 31- 
day period. 

1966 IT INERARY 

The 1966 itinerary included most of 
the time and frequency-standard cen 
ters visited in 1965, as well as several 
that had not been visited on previous 

F I R S T  C E S I U M - B E A M  R E S O N A T O R  

Fi rs t  ces ium-beam resonator  ( le f t ) ,  deve loped a t  Nat iona l  Bureau o f  
S t a n d a r d s  i n  W a s h i n g t o n ,  D .  C .  d u r i n g  1 9 4 9 - 1 9 5 0  b y  D r .  H a r o l d  
Lyons ,  R .  H .  McCracken ,  J .  E .  Sherwood  and  o the rs  s t i l l  se rves  fo r  
expe r imen ta l  wo rk  on  mo lecu la r -beam f requency  s tanda rds  a t  NBS 
Boulder  Laborator ies .  

( A t  r i g h t )  N B S  1  1  1  i s  t h i r d  c e s i u m - b e a m  r e s o n a t o r  b u i l t  a t  N B S  
(1963) .  Beam tube  ( l ong  cy l i nde r  a t  r i gh t )  has  i n te rac t i on  l eng th  o f  
366 cm; ascr ibed accuracy is  Â±6 parts  in  10".  NBS I I I  now serves as 
Un i ted  S ta tes  Frequency  S tandard .  Other  long  beam resonato rs  a re  
now in  serv ice at  the Nat ional  Phys ica l  Laborator ies,  England,  a t  the 
Nat iona l  Research Counc i l ,  Canada,  and a t  the  Swiss  Laboratory  fo r  
Horological  Research,  NeuchÃ te l ,  Swi tzer land.  
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T A B L E  I V .  C O M P A R I S O N S  B E T W E E N  F R E Q U E N C Y  S T A N D A R D S  A N D  F L Y I N G  C L O C K S  

*  ' A '  ( a t o m i c  t o  3 0 0  s c a l e  b a s e d  o n  i n t e r n a t i o n a l  u n i t  o f  t i m e  ( a t o m i c  s e c o n d ) .  F l y i n g  c l o c k s  o p e r a t e d  o n  U T 2  t i m e ,  o f f s e t  f r o m  a t o m i c  s e c o n d  b y  3 0 0  
par ts  in  10 'Â°.  

t  F r e q u e n c y  o f f s e t  =  ( f ,  â € ”  f , ) / f ,  w h e r e  f ,  a n d  f ,  a r e  f r e q u e n c i e s  o f  t r a v e l i n g  a n d  l o c a l  s t a n d a r d s  r e s p e c t i v e l y ,  
Ã ­  A d j u s t m e n t s  w e r e  b e i n g  m a d e  t o  l o n g - b e a m  s t a n d a r d  d u r i n g  t h i s  t i m e .  

M. Lee  f lOUILÃ 

te de 1'expÃ©ri.cnce del horlogc* volante!. 

Letter expresses typical response of im 
portant timekeeping centers to flying- 
clock visits. This one, from M. Guinot, 
Chief of Time Services at Paris Observ 
atory, comments on value of flying-clock 
i IM/.S to him as Director of Bureau In 
ternational de l'Heure in maintaining 
coordinated time signal radio transmis 
sions (Bureau International de l'Heure, 
an international body with headquar 
ters in Paris, annually decides, among 
other functions, offset from interna 
tional [atomic] time to be applied to 
standards radio stations to keep them 

in close agreement with UT2). 

trips. Altogether, 25 facilities in 12 dif 
ferent countries were visited, as listed 
in Table I. As part of the Royal Green 
wich Observatory radio propagation 
studies, an invitation to visit the facili 
ties of standard radio station OMA in 
Prague, Czechoslovakia, had been ex 
tended to the flying-clock sponsors. 
Unfortunately, not enough time was 
available for getting clearance from 
U. S. authorities, so correlating the 
time scales of Eastern and Western Eu 
rope could not be included in the 
experiment. 

The 1966 experiment started with 
calibration of the flying clocks to the 
-hp- house standard in Palo Alto. Two 
of us (Dexter Hartke and Ronald C. 
Hyatt) traveled westward with clock 
no. 8 to \VWVH in Hawaii, then to the 
lokyo Observatory and the Radio Re 

search Laboratory (Station JJY) in 
Japan, and then by air westward to a 
meeting with the third member of our 
(iew (Lee Bodih) and clock no. 9 in 
Neu< hAiel. Swii/ei land. Clock no. 9. ac 
companied by Bodily, had come east- 
ward after stops at NBS in Boulder, 
Colorado, at the Dominion Observa 

tory and the National Research Coun 
cil in Canada, and at the U. S. Naval 
Observatory and other facilities in 
Washington, D. C. 

From NeuchÃ tel, clock no. 8 traveled 
to facilities in Italy, France, Belgium, 
and Germany for measurements and 
then returned to Switzerland. Clock no. 
9 made time and frequency compari 
sons in Switzerland, then went to Den 
mark, Norway, Sweden, England, and 
then back to Switzerland for further 
checks. From there, both clocks re 
turned westward to the United States, 
with return visits made at the U. S. 
Naval Observatory, Goddard Space 
Flight Center,  WWV, and the Na 
tional Bureau of Standards en route to 
Palo Alto, Calif. These return stops 
"dosed the loop" in the time and fre 
quency comparisons with national 
standards. 

Measurements made on return to 
Palo Alto showed that clock no. 8 had 
lost only 0.64 ^s with respect to the 
-hp- house standard, and clock no. 9 
had gained 0.28 ^s. The less-than-1-^s 
phase change of the two clocks with 
respect to each other in 31 days is 

© Copr. 1949-1998 Hewlett-Packard Co.



equivalent to a frequency offset of less 
than 3.6 parts in 10". 

E Q U I P M E N T  M O D I F I C A T I O N S  

Experience gained in previous 'fly 
ing clock' experiments pointed the way 
toward improvements in techniques 
for the 1966 experiment. For example, 
the time-interval plug-in for the elec 
tronic counter used in time comparisons 
was modified to obtain a measurement 
resolution of 0.02 ^s by multiplying 
the basic pulse rate of the counter to 
50-MHz (the measurement consists of 
totali/ing pulses during the interval 
between the one-second "ticks" gener 
ated by one of the flying clocks and 
those of the local clock being com 
pared). This high resolution enabled 
time scale comparisons with precisions 
of about 0.1 /Â¿s. In addition, new digi 
tal clock circuitry, for counting down 
the output of the cesium-beam fre 
quency standard to the 1-seconcl "ticks^' 
was used. The new circuitry reduced 
the small amount of phase drift, caused 
by temperature changes, of the earlier 
clock frequency dividers â€” a drift that 
had not been detectable in the radio 

Mr. M. Takemi and Dr. S. lijima. Acting Director of Time Service, 
Tokyo Observatory, ponder results of comparison prodded by fly 

ing clocks. 

comparisons for which the clock orig 
inally had been designed. 

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

The authors wish to thank the many 
scientists and engineers, too numerous 
to mention individually, at the world's 

time-keeping and frequency-standards 
facilities whose eager cooperation made 
this experiment possible. Of the many 
impressions we received during the ex 
periments, one of the strongest con 
cerned the dedication of these people 
who are charged with the responsibil- 

LaTHARE N.  BODILY 
Lee  Bod i l y  j o ined  -hpâ€”  as  a  deve l  

opment  eng ineer  upon graduat ion  f rom 
U t a h  S t a t e  U n i v e r s i t y  w i t h  a n  E E  D e  
g r e e  i n  1 9 5 6 .  I n i t i a l l y  h e  w o r k e d  o n  
t he  560A  D ig i t a l  P r i n te r ,  bu t  t hen  was  
ass igned  t o  p rec i s i on  osc i l l a t o r  deve l  
o p m e n t ,  f i r s t  o n  t h e  5 2 4  C / D  1 0 - M H z  
C o u n t e r  t i m e  b a s e s  a n d  t h e n  a s  p r o j  
e c t  l e a d e r  f o r  t h e  1 0 0 E ,  1 0 1 A ,  1 0 6 A  
and  107  Quar tz  Osc i l l a to rs  and  on  the  
5245L  50 -MHz  Coun te r  t ime  base .  He  
a lso  con t r ibu ted  to  the  103A and  104A 
Q u a r t z  O s c i l l a t o r s  a n d  d e v e l o p e d  t h e  
q u a r t z  o s c i l l a t o r  ' f l y w h e e l '  f o r  t h e  
5060A Ces ium-Beam Frequency  S tand  
ard.  He is  now sect ion leader of  the Fre 
quency  Standards  Group w i th  respons i  
b i l i t y  f o r  b o t h  q u a r t z  a n d  a t o m i c  
f r equency  s t anda rd  deve lopmen t .  Lee  
earned h is  MSEE degree at  Stanford in  

" ^ p ,  

T  
D E X T E R  H A R T K E  

t he  - hp -  Hono rs  Coope ra t i ve  P rog ram 
a n d  h a s  d o n e  f u r t h e r  g r a d u a t e  s t u d y  
t o w a r d  t h e  d e g r e e  o f  E l e c t r i c a l  E n g i  
neer. 

Dexter Hartke joined HewleÃ¯t-Pack- 
a rd  i n  1950  f o l l ow ing  g radua t i on  f r om 
t h e  U n i v e r s i t y  o f  C a l i f o r n i a  ( B S E E ) .  
I n i t i a l l y  he  wo rked  on  t he  512A /B  F re  
q u e n c y  C o n v e r t e r s  f o r  t h e  5 2 4 A  1 0 -  
M H z  C o u n t e r  a n d  t h e n  o n  t h e  p l u g - i n  
v s r s i o n s  f o r  t h e  5 2 4  B / C / D  C o u n t e r s  
and fo r  the  5245L 50-MHz Counter .  He 
a l so  wo rked  on  the  524B  Coun te r  and  
w a s  p r o j e c t  l e a d e r  o n  t h e  5 4 0 A / B  
T rans fe r  Osc i l l a t o r s .  Dex  has  been  re  
s p o n s i b l e  f o r  b o t h  t h e  1 1 3 A  a n d  1 1 5 -  
A / B / C  F r e q u e n c y  D i v i d e r  a n d  C l o c k s ,  
t h e  7 2 4 A / B  a n d  7 2 5 B  S t a n d b y  P o w e r  
S u p p l i e s ,  a n d  t h e  1 1 7 A  V L F  c o m p a r a  
to rs .  He  con t inues  to  work  on  p ro jec ts  

RONALD C.  HYATT 
re la ted  to  t ime  measuremen t .  

Ron  Hya t t  ea rned  h i s  BSEE deg ree  
a t  T e x a s  T e c h n o l o g i c a l  C o l l e g e  a n d  
f r o m  t h e r e  h e  w e n t  t o  S t a n f o r d  U n i  
vers i t y  where  he  worked as  a  teach ing  
ass is tan t  wh i le  earn ing  h is  Masters  de  
g r e e ,  w h i c h  h e  o b t a i n e d  i n  1 9 6 3 .  H e  
h a s  a l s o  c o m p l e t e d  c o u r s e  w o r k  t o  
w a r d s  a n  E E  d e g r e e .  W h i l e  a t t e n d i n g  
c o l l e g e ,  R o n  d i d  s u m m e r  w o r k  i n  c i r  
c u i t  a n a l y s i s  f o r  a n  a i r c r a f t  c o m p a n y .  

Ron jo ined Hewle t t -Packard  in  1964 
a n d  w o r k e d  o n  t h e  f r e q u e n c y  s y n t h e  
s i z e r  p o r t i o n  o f  t h e  5 0 6 0 A  C e s i u m  
Beam Frequency Standard .  He a lso  de 
ve loped  the  expe r imen ta l  d i g i t a l  d i v i d  
e r s  u s e d  i n  t h i s  y e a r ' s  f l y i n g  c l o c k  
e x p e r i m e n t  a n d  a t  p r e s e n t  h e  i s  w o r k  
ing  on  fu r the r  ces ium-beam f requency  
s tandard deve lopments .  
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I  

Drs. S. Leschiu.Ua and E. 
Angelotti of the National 
Electro Technical Institute, 
Milan, Italy, study meas 
urement of frequency-com 
parison between f ly ing 
clock and Italian national 

frequency standard. 

ity for maintaining national time and 
frequency standards. They design and 
construct long-beam cesium standards 
and other esoteric instrumentation of 
high precision in spite of the fact that 
most operate on limited budgets. As 
was true of the two previous -hp- flying 
clock experiments, all facilities visited 
were most anxious to be included in 
the flying-clock itinerary and were most 
helpful in arranging for the measure 
ments. 

â€” LaThare N. Bodily, 

Dexter Hartke, and 

Ronald C. Hyatt 

THE 
B E N C H M A R K  
A n y  o f  s e v e r a l  t i m e  s c a l e s  

and  f requency  s tandards  cou ld  
h a v e  b e e n  u s e d  f o r  t h e  b a s i c  
r e f e r e n c e  d u r i n g  t h e  1 9 6 6  f l y  
i n g  c l o c k  e x p e r i m e n t .  F o r  c o n  
ven ience ,  t he  â€ ”  hpâ€”  House  
S t a n d a r d  w a s  c h o s e n  b u t  r e  
su l t s  have  shown th is  s tandard  
to  be  among the  mos t  accura te  
i n  t h e  w o r l d  a n d  t h u s  w e l l -  
s u i t e d  a s  a  " b e n c h m a r k "  f o r  
t i m e  a n d  f r e q u e n c y  c o m p a r  
isons. 

T h e  b a s i c  r e f e r e n c e  w i t h i n  
the â€” hpâ€” House Standard is 
t h e  - h p -  M o d e l  5 0 6 0 A  C e s i u m  
B e a m  F r e q u e n c y  S t a n d a r d  
s h o w n  h e r e  b e i n g  c h e c k e d  b y  
J a m e s  M a r s h a l l ,  h e a d  o f  t h e  
Radio  Frequency Sect ion in  the 
-hpâ€”  Measurement  S tandards  
Lab in Palo Al to,  who is  respon- 
s i b l e  f o r  t h e  - h p -  H o u s e  
S t a n d a r d .  T h e  o u t p u t  o f  t h e  
Ces ium Beam S tanda rd  i s  com 
p a r e d  i n  p h a s e  c o n t i n u o u s l y  
a g a i n s t  M B S  S t a n d a r d s  S t a  
t i ons  WWVB and  WWVL by  t he  
VLF Comparators at  lower r ight .  
C o n t i n u o u s  c o m p a r i s o n  s i n c e  
t h i s  C e s i u m  B e a m  S t a n d a r d  
w a s  p u t  i n t o  s e r v i c e  l a s t  J a n  
u a r y  e n a b l e s  i t s  r e l a t i o n s h i p  
to  the  Un i ted  S ta tes  Frequency  
S t a n d a r d  t o  b e  k n o w n  w i t h i n  
pa r t s  i n  1012 .  The  s t anda rd  i s  
a l s o  c o m p a r e d  t o  t w o  o f  t h e  
N a v y  V L F  s t a t i o n s  b y  t h e  V L F  
r e c e i v e r s ,  s h o w n  t o  t h e  l e f t  o f  
the  main  rack .  

T h e  c l o c k  m e c h a n i s m  i m m e  
d i a t e l y  a b o v e  t h e  C e s i u m  
Standard integrates the Cesium 
S t a n d a r d  o u t p u t  t o  s h o w  a n y  
accumula ted  phase er ro r .  

The house work ing f requency 
s t a n d a r d  i s  t h e  - h p -  M o d e l  
1 0 7 A  Q u a r t z  O s c i l l a t o r ,  i m m e  
d iate ly  below the Cesium Beam 
S t a n d a r d .  T h i s  o s c i l l a t o r  h a s  
the  h igh  shor t - te rm s tab i l i t y  de  
s i r e d  f o r  a  w o r k i n g  s t a n d a r d  
a n d  s i n c e  i t  h a s  b e e n  i n  c o n  
t i n u o u s  o p e r a t i o n  f o r  t h r e e  

yea rs ,  i t  has  aged  to  t he  po in t  
t h a t  i t s  d r i f t  r a t e  i s  o n l y  1  x  
10 "  per  day.  The phases of  the 
Q u a r t z  a n d  C e s i u m  B e a m  
S t a n d a r d s  a r e  c o m p a r e d  c o n  
t inuous ly  by  the  ins t ruments  a t  
r ight  upper  and cor rec t ions are  
made da i ly  to  the Quar tz  Stand 
ard to  mainta in  i t  w i th in  5  par ts  
in 1012 of  the Cesium Standard 
du r i ng  wo rk i ng  hou rs .  The  ou t  
p u t  o f  t h e  q u a r t z  o s c i l l a t o r  i s  
d i s t r i b u t e d  t h r o u g h o u t  t h e  
- h p -  p l a n t  i n  P a l o  A l t o .  

T h e  - h p â € ”  w o r k i n g  t i m e  
s t a n d a r d  i s  t h e  - h p â € ”  M o d e l  
106A Quar tz  Osc i l la tor  and the 
Dig i ta l  Clock above the Cesium 
S t a n d a r d .  S e p a r a t i o n  o f  t h e  
w o r k i n g  t i m e  a n d  f r e q u e n c y  
s tandards a l lows cor rect ions to  
b e  m a d e  t o  t h e  w o r k i n g  f r e  
q u e n c y  s t a n d a r d  w i t h o u t  a c  
c o u n t i n g  f o r  a c c u m u l a t e d  
phase  e r ro r .  The  wo rk i ng  t ime  
s t a n d a r d  i s  m a i n t a i n e d  w i t h i n  
a  f e w  / i s  o f  t h e  N B S  U A  t i m e  
s c a l e  b y  c o n t i n u o u s  c o m p a r i  
s o n s  o f  t h e  Q u a r t z  O s c i l l a t o r  
f r e q u e n c y  a g a i n s t  W W V B  a n d  
WWVL and  aga ins t  the  Ces ium 
B e a m  S t a n d a r d .  T h e  N B S  U A  
t i m e  s c a l e  i s  a  v a r i a b l e  t i m e  
s c a l e  o f f s e t  f r o m  N B S  A  ( a n  
a tomic  t ime sca le  based on the 
U .  S .  F r e q u e n c y  S t a n d a r d )  b y  
t h e  c u r r e n t l y  a c c e p t e d  v a l u e  
p u b l i s h e d  b y  t h e  B u r e a u  I n t e r  
nat iona l  de l 'Heure.  

A  s t a n d b y  q u a r t z  o s c i l l a t o r  
a n d  a  s t a n d b y  c e s i u m - b e a m  
s tandard  (a  p ro to type  un i t ) ,  be  
l o w  t h e  w o r k i n g  q u a r t z  s t a n d  
ard ,  p revent  loss  o f  e i ther  t ime 
o r  p h a s e  i n f o r m a t i o n  s h o u l d  
a n y  o f  t h e  p r i m a r y  u n i t s  d r o p  
out  o f  serv ice  (a l l  un i ts  are  fa i l  
s a f e  i n  t h a t  a n y  t r a n s i e n t  c o n  
d i t i on  tha t  cou ld  cause  a  j ump  
i n  p h a s e  o r  t i m e  i m m e d i a t e l y  
s h u t s  d o w n  t h e  u n i t  a f f e c t  
e d ) .  A l l  f r e q u e n c y  s t a n d a r d s  
a n d  o s c i l l a t o r s  a r e  o p e r a t e d  
f r o m  s t a n d b y  p o w e r  s u p p l i e s  
wh ich  p rov ide  ba t te ry  power  to  
assu re  con t i nu i t y  o f  ope ra t i on  
in  the  even t  tha t  ac  l i ne  power  
is  in ter rupted.  
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