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The complete -hp- Model 18OA Oscilloscope system includes plug-ins, a new
scope cart, new probes, uiewing hoods, camera ad.apters and the -hp- Model
1974 Oscilloscope Camera. Both the cabinet and rach mount uersions of the

oscilloscope are shown here.

A NEW DC-SO* MHz TRANSISTORIZED OSCIIIOSCOPE

OF BASIC INSTRUMENTATION CHARACTER

A smoll-size portqble oscil loscope with negligible
troce drift ond using plug-ins hqs been designed os lhe

Qo*r"r* wAvEFoRMs encountered in

computer systems, of the type shown
in Fig. l, are difficult to see on all but
the most sophisticated, high-frequency
oscilloscopes. These instruments have
been Iarge 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-

keystone of o complete oscilloscope system.

Fig. l. Pulse trains of the type shown
here .are comparable in complexity to
those lound in computer c i rcui t ry.
These are 100-kHz pulses utith 50 MHz
riding on top. Using the mixed deLay

feature of the -hp- Model 180A Oscil-
Ioscope, the utaueform (right haif of

photo) is expanded 250 titnes.

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 sensit ivi ty.

Unti l  recently, sol id-state devices
adequate for use in input stages and as

CRT drivers in low power drain cir-

cuits have not been available. Present

clelay 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 instrument, Fig. 3. The oscillo
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Fig.2. All-solid-state design results in excellent stability. With the input dc
coupled, the oscilloscope maintains stability ouer a 9-hour period of less than
0.1 cm. (a) At'ter 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,

ou ts tand ing  t r igger ing  capab i l i t y ,

nearly instant turn-on with very low

clrift 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 beyoncl the specifiecl 50-MHz
banclwidth 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

new scope cart, viewing hoods, new

probes and a newly designed oscillo-

scope camera. Three plug-ins are pres-

ently available - one vertical unit ancl

two horizontal sweep plug-ins.

TRIGGERING CAPABILITY

Exceptional triggering performance

of the oscilloscope is realized because

the vertical amplifiers are clesigned to

get a faithful,  stable vert ical signal into

the horizontal sweep circuit. Fig. a(a)

shows a 100-MHz sine wave locked us-

ing external sync. Internal sync capa-
bi l i ty 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-
istics 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

Ts actual size, is slightly shorter than this page height
and slightly narrouer than this page uidth. Controls
are clearly marked and arranged so they are not ob-
scured by cables. Plug-ins are in the lower half of this
cabinet uersion, with CRT beam controls and horizon-

tal amplifier controls in the upper half.
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VERTICAL STABILITY

Solid-state components used in the
vertical system have resulted in a great
improvement in stabi l i ty and rel iabi l-
i ty. A reduction in heat generated
within the instrument and the use of
low temperature coeff icient compo-
nents provide unusual long term sta-
bility, Fig. 2(a). The time requirecl to
stabi l ize after cold turn-on is only
about 8 minutes, as shown in Fig.2(b).

VERTICAL PLUG-IN

Design of the vertical amplifiers was
aimed at providing excellent stability
and rel iabi l i ty with nearly instant turn-
on, while maintaining full bandwidth
at each attenuator posit ion without

trace jump. A good internal trigger to
the horizontal ampli f ier had to be
maintained.

The key to the attenuator clesign has
been the careful placing of compo-
nents. Each twelve-step attenuator con-
sists of two sections using a combina-
tion of decacles rather than l2 cliscrete
steps. Components are savecl and con-
struct ion is simpli f iecl.

Since the attenuator is at the ampli-
fier input, Fis. 5, the amplifier has been
designecl with constant gain. Trace
jump causet l  by  swi tch ing  ranges  us ing
interstase at.tenuation is eliminatecl.
All of the amplifier specifications are
the same regarclless of the sensitivity
serr ing. Maximum sensit ivi ty is 0.005

Fig. 4. Using external sync, a 100-
MHz sine waue is displayed (a).With

internal triggering, a 7O-MHz sine
waue (b) may be locked in, showing

e xc e ptional trig ge rin g 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 vert ical ampli-
fier response.

Fielcl effect transistors at the ampli-
Iier inputs give high impedance, good
bandwidth and provide the quick turn-
on capability. By replacing nuvistors
with FET's, a rotal of about 2r/2 watts
of power was savecl. Differential pairs
are mountecl on the same heat sink to
keep thern in the same thermal envir-
onment. In some places, dual transis-
tors are used to get good trackine. For

SHORT, IARGE SCREEN, HIGH.FREQUENCY CRT

Fitting a cathode ray tube into a port-
able 50-MHz osci l loscope presents both
e lec t r i ca l  and mechan ica l  p rob lems.
Needed was a relatively short tube with a
large screen, with sufficient brightness at
the high writ ing rates encountered in high-
frequency scopes, a small  spot size, with
a deflect ion factor low enough to be driven
with sol id-state circuitry.

The search for a short tube with al l
these characterist ics resulted in the de-
velopment of a version of the radial-f ield
mesh tube. In the radial-f ield mesh tube, '
a .spherical,  high transmission mesh is
placed so i ts center of curvature in rela-
t ion to the deflect ion plates is such that
there is a force acting on the beam to
magnify or expand the display. Display
magnifications of up to 2O%o horizontally
and lO to 40% vedical ly are typical.  How-
ever, the conventional radial-f ield mesh
tube must be relat ively long for proper
oerformance.

The new CRT is also a mesh tube, but
| 'The.Radial Field Cathode-Ray Tube,' ,Hewlett-packard
Journa l , '  Vo l .  15 ,  No.  1 ,  Sept . ,  1963.

the hel ix is el iminated, and the mesh is
not spherical but more highly contoured
to provide a higher degree of magnif ica-
t ion of the display. The mesh contour is
designed to provide proper l inearity char-
acterist ics of the display.

Along with the large screen display in
the short tube, a modest improvement in
spot size and writ ing speed was obtained.
Vert ical deflect ion factor is about equal
to that of the conventional radial-f ield

tube and the horizontal deflect ion factor
has been improved by abouL25o/o.

Screen size of the CRT is 8 x LO cm,
with a length of 17 inches, accelerat ing
voltage is 12 kV, vert ical deflect ion factor
is 3 V/cm, horizontal deflect ion factor is
9 V/cm. Spot size at 200 foot-lamberts
brJghtness is typical ly 14 mils at the cen-
ter and edge. Horizontal sensit ivi ty is
maintained over a bandwidth higher than
150 MHz.

An auxi l iary tungsten f i lament cathode,
cal led a f lood gun, is used to provide a low
level of background i l lumination so that
graticule l ines are visible in photographs
and in low ambient l ight si tuations. A
pesit ive voltage is appl ied to the mesh
causing electrons to be drawn to i t  from
the f lood gun. Some of the electrons pass
through the mesh and are accelerated to
the phosphor screen providing uniform
background l ighting. This el iminates the
need for mult iple exposures when taking
photographs. Intensity of the background
light is control led by adjusting the tem-
perature of the f lood gun f i lament.

(a)

I
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Fig. 5. Input arnplifiers in the dual-channel uertical plug-in use field
effect transistors and inputs are balnnced. Attenuators are at the ampli-
fi.er inputs to eliminate trace jump when sutitching ranges. Vertical

amplifiier controls are shown in this block diagram-

REFERENCE>
8cm AT lMHz

10  20  40  60  80  100

FREQUENCY (MHz)

Fie.7. Typical bandwidth plot of the
-hp- Model 1801 DuaI Channel Ver-
tical Amplifler. Deflection factor is 5
rnV /cm ouer the specified bandutidth.

Fig. 8. A pulse utith less than 7 ns rise
tirne illustrates the banduidth capa-

bilities ot' the scope.

One factor in assuring good sync is
a type of balun amplifier circuit at rhe
output of the sync amplifier which con-
verts the differential output to a single-
ended output. Previous methods of
making this conversion resulted in cut-
ting amplifier gain about in half. The
method used here makes the conver-
sion without loss of gain, and with
stable dc operation at the full 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 time is less than 7 ns,
Fig. 8.

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

clesigned for the new oscilloscope ini-
tially. One is a sweep delay unit cover-
ing a main sweep range from 0.1 ps/cm
to I s/cm, shown at the righr in Fig.9.
The other unit is a simplified version
containing only one sweep generator,
but covering a wider range from 0.05
p.s/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, i t
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the highest reliability, the clesign uses
all silicon devices excepr for one ger-
manium diode needed for saturation
protection. AII of the passive compo-
nents are premium quality with low
temperature coefficient.

DC SWITCHING
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.

Fig. 6. Polarity of the input to the uertical amplifiers is su)itched by
switching diode gates. In the'up' or ] position, diodes D,, D,, D, and
D' are turned on uhile D,, Dr, D" and Du are reuersed biased. The signal
path is across D,, D", and D,, D,. Reuersing polarity reuerses the bias.

?Vern ier
I  gPolar i ty

gv/cM i  ;  gPosi t ion

Al t  Tr igger
Chopped  B lank ing

? Vern ier
I  I  Polar i ty

?v/cM i  ;  ?Posi t ion

Inpu t  B

G N D

f.-

l n te rna l  Tr igger
To Hor izon ta l

P l u g - i n

L _ _ _ _  L _ o D i s p l a y
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Fig.9. Controls on the plug-ins are grouped. according to function.
Vertical amplifiers are in the plug-in at the left and channel con-
trols are arranged uertically with the display control in the center.
The horizontal sweep plug-in at the right includes sweep delay.

running period, thus making it 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 availability of fast NPN
and PNP complementary transistors
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.
A l though the  c i rcu i t  requ i 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 stap;e in the horizontal am-
plifier permits it to operate from a
relatively low supply voltage and give
linear operation. The load is a com-

is not consistent to have the delayed

sweep run slower than the delaying
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 exist.  Delayed sweep ranges
f rom 0 .1  Fs /cm to  50  ms/cm in  a  1 ,2 ,

5 sequence. With the vernier, the slow-
est delayed sweep may be extended to
about 125 ms/cm. An example of
mixed delaying and delayed sweep is

shown in Fig. 10.

AUTOMATIC SWEEP

An automatic sweep mode is in-
cluded in the horizontal sweep plug-in

which displays a base line 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 input signal triggers the sweep

automatically, and triggering can be

chosen to occur at any level on a wave-
form.

VARIABLE HOLD-OFF

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-ofi has been incorporated into
the simplified version of the horizontal

plug-in. The sweep repeti t ion rate is
variable, allowing positive sync on the
first pulse of any train. Hold-oft be-
tween sweeps can be increased to a
Ionger period than the normal free-

Fig. 10. Using the mixed delay feature
of the horizontal plug-in enables the
uiewing ot' details of 100-hHz pulses.
In (a), the delayed sweep is set to
giue a 1O00 to 1 expansion of the waue-

form. Tuto waueforms may be dis-
played using the alternate mode. In
(b), the lower signal is 1.2 MHz and
in (c) the lower signal is 425 hHz. In
both oscillograms, the trace at the

right is expanded 20 times.
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COMPACT, WIDEBAND,STRIPIINE DETAY LINE

In osci l loscopes with about l0 MHz
capability and above, it is necessary to
delay the signal being observed before it
is fed to the CRT vert ical plates. This is
so that the part of the signal that triggers
the sweep wil l  be seen on the display.
Delay values are general ly about 150 to
200 ns.

In this scope, the delay l ine must f i t
into a relat ively small  plug-in. Small  hel i-
cal ly-wound delay l ines are possible, but
their bandwidth is l imited. Cable delay
l ines are dif f icult  to make in small  pack-
ages. The solut ion to this problem was a
differential str ipl ine, laid down on both
sides of a copper-clad Teflon-glass sub-
strate as shown in the sketch. The line is
2 inches wide and 36.85 inches long and
is rol led up. Delay is 160 ns, bandwidth
is about 140 MHz, r iset ime is 2.5 ns and
the l ine's characterist ic impedance is 90
ohms and is held constant along the l ine
for clean pulse response. Weighing only
16 ounces, the f inished l ine f i ts into a
space 63/4 x 1Yc x l7e inches.

Operation of the delay l ine can be ex-
plained by the manner in which the f ields
interact because of alternating crossovers
of opposing conductors as shown in the
sketch. Currents in the two conductors
flow in the same direction except for a

STRIPLINE
CONDUCTORS

H H

r H  H r
sEcTroN A-A ? f

very short distance where the conductor
turns around. The electr ic f ields cancel
because each conductor doubles back on
itself .  The magnetic f ields add. When the
conductors are very close, the total effect
is the same as increasing the inductance
of the line by a factor of four. Character-
ist ic impedance is determined by the di-
mensions of the conductors, the distance
between them and the thickness and char-
acter of the dielectric. Constants chosen
here resulted in a Z. oI 9O ohms, a value
for which current and power requirements
are minimized, yet impedance is not so
high that unwanted capacitance damages
the l ine's performance.

For a single-ended str ip delay l ine, t ime
delay To is calculated from the formula

To: s\-e. ns/ft
where s is the distance an electromag-

netic wave travels in 1 nanosecond in a
metal l ic conductor with permeabil i ty and
dielectr ic constant equal to 1 (about 1
foot), and e. is the dielectric constant of
the substrate material.

For a differential delay line of the type
designed for this appl icat ion, the formula
is mult ipl ied by a factor k, a function of
the coupling between the conductors, and
e" is the dielectr ic constant of the material
separating the conductors. Then

To : ksVE ns/ft
l f  k can be made greater than unity, the
length of the l ine can be reduced. The
coupling coeff icient k actual ly achieved
in this delay l ine is about 1.95. Total con-
ductor length for 160 ns delay is about
51.2 feet.

Time domain reflectometry was used
extensively during design, and is used to
determine performance of finished units
and to detect faults. The exact location
and nature of faults within the rol led-up
differential delay lines can be revealed
with TDR. Reflections are held to less
than 1%.

Besides resulting in a compact delay
l ine, this design achieves a higher r ise
t ime in  compar ison w i th  convent iona l
units along with a high degree of uniform-
ity in production.

plementary transistor, Fig. ll, 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 i ts l inear region.

Another feedback connection, Z/rb,
between the CRT deflect ion 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, C1 and C2 couple in-
creasing signals to the complementary
load ransistors Q, and Qu. While Q,
is driven harder to Drovide more cur-

rent to discharge the plate capacity, Q*
is driven harder to provide more cur-
rent to fhe plates. During flyback, the
process is reversed'with Q, and Q,
driven harder while current through

Q" and Qo decreases.
During the X l0 expansion, the duty

Fig. 11. Complementary PNP

and NPN transistors in the

hor izontal  ampl i f ier  c i rcui t

are fast with a high breahdown

uoltage. The circuit has high

linearity, low pouter consunxp-

tion and prouides a high im-
pedance source for driuing 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  prev iously  at ta ined.  I ts
value, of course, lies in the resolution

. 7 .
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with which nanosecond
may be analyzed.

GATE AMPLIFIER

For easier handling of the various
input signals applied to the z-axis cir-

cuits of the oscilloscope, the clesigners
chose to convert voltage signals, in-

cluding intensity, chopped blanking

a n d  e x t e r n a l  i n p u t s ,  i n t o  c u r r e n t s .
These input currents are then added,

Fig. 12, in a common-base amplifier.

Two advantages of this method are im-

mecliately obvious: first, there are no
large voltage swings on the cabling
within the scope, and second, the sig-
nal cables operate at lower impedance

risetime pulses levels - about 50 to 100 ohms.

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

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  in te rna l  scope requ i re -
ments, and the same bandwidth is
obtained through the external z-axis
input.

FRONT PANEL

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 ancl automatic state. In other
worcls, a trace will appear which may
be adjusted for optimum clisplay of
any particular signal.

CONSTRUCTION

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

Since the input must accept signals
of a sreater clynamic range than the
output can handle, there is a danger
of overdriving. An amplitude Iimiting
or 'clipper' circuit follows the input

summer which maintains the same in-
put pulse waveform in the region of
interest. Gate pulse wiclth and the same
general shape are thus maintainecl to
avoid saturation and possible time dis-
tort ion.

C)utput circuit configuration is simi-
lar to that of the horizontal amplifier.
Power consumption was reduced from
about l0 watts for a conventional Class

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

sertion into the cabinet.

Fig. 14. Latch pulls down mahing it
easy to remoue the plug-ins.

. 8 .



(a) (b)

Fig- 15. AII couers easily snap off t'or seruicing, (a). Open frame construction, (b ) allouts easy seruicing

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-
circuit shielding. Total weight of the
scope with plug-ins is about 30 pounds.

Formerly interconnections between
vertical ancl horizontal plug-ins were
made from each plug-in through con-
nectors 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 th rough i t s  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
ancl used to remove the plug-ins.

Power supplies in the main frame

supp ly  +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.

SERVICE
Open frame construction makes cir-

cuits ancl cal ibrat ion adjustments eas-
i ly avai lable 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-
t ion from -28C to +65C.

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

Fig. 16. Netu, lightueight scope cart
is patterned after a camera tripod and
has adjustments lor tilt and height.

. 9 .



ETECTRONICALTY.CONTROLTED OSCITTOSCOPE CAMERA

A camera for use with the new -hp-

Model 1804 Osci l loscope is designed to
enable an operator with l i t t le or no expe"
rience in osci l loscope photography to ob-
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
without guesswork or tr ial  and error. An
all-electronic shutter and a central ized
control panel with color-coded controls
are designed to el iminate the complexity
involved in previous camera systems.

Solid state circuitry and RC t iming cir-
cuits replace the mechanical devices used
for shutter t iming in conventional camera
shutters. This assures better accuracy at
slow shutter speedswhich are required for
osci l loscope photography. Shutter speeds
of this al l-electronic camera range from
]r'3sth to 4 seconds. A special high-trans-
mission lens was designed especial ly for
this camera.

The central ized control panel contains
al l  of the necessary controls, and is con-
veniently placed on the outside of the
camera. There are no adjustments inside.
The controls include shutter speed, f-stop,
and graticule i l lumination. Terminals for
remote operation of the shutter are pro-

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.

ACCESSORIES

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-

vided as well  as output terminals from
the shutter, which may be used to sync
other equipment with the camera.

Co lor  cod ing  o f  the  shut te r  speed,
f-stop and graticule i l lumination controls
give optimum sett ings for most condi-
t ions. Sett ing the controls to the blue
area wil l  result in a good picture for most
waveforms, or at least will give a good
start ing point for further adjustments.

Graticule i l lumination is control led by
a variable-intensity ultraviolet lamp. This
variable-intensity source excites the phos-
phor on the face of the CRT causing i t  to
glow, making the graticule l ines show up
black. The result is a picture with a grey
background,  b lack  gra t icu le  l ines  and
white traces whose crossings of the grati-
cule l ines can be easi ly seen.

The ultraviolet lamp can be operated in
a 'flash' mode selected by a switch on
the panel. When the shutter is operated,
the lamp wil l  turn on for 1 second. This
feature is useful for recording very slow
traces, or for single-sweep traces where
the shutter must be open for a long t ime.

Focus and reduction rat io of the cam"

loscope is designed with an aluminum
casting that holds the CRT in from

the front. A short, black, molded plas-

tic bezel, 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 l97A Camera. Adapters

era are continuously adjustable, permitt ing
optimum use of the camera with dif ferent
camera backs and with any size graticule.
The camera back can be rotated from its
normal horizontal to a vert ical posit ion so
that two smaller photos can be taken on a
single f i lm. The back also sl ides up and
down through eleven detented posit ions.

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

convert the -hp- Model l80AR to rack

mounting. Height of the rack mounted

unit is only \t/a inches. The plug-ins
are to the right of the main frame, Fig.
17, and all controls remain accessible

from the front.

PROBES

Two new probes were designed for
use with the new scope. Standard l0: l

I

I

Fig. 17. Rach mounted uersion of the
-hp- Model 1804 requires only 5/a

inches ot' rach height.
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passive divider probes are smaller and
lighter than present probes. Various
probe tips are available. Another new
probe contains transistors to couple
the signal from the tip into the scope.
This is a unity gain active probe that
improves sensitivity.
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Suerdrup, and Michael D. Johnson. Bach rota, Ieft to riEht
are William J. Mordan, Robert E. Hobson, Wayne A. Kohl,
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S P E C I  F I  C A T I O N S

- h  p -
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M O D E L  I S O A

1804 OSCTLLOSCOPE
HORIZONTAL AMPLIFIER;

EXTERNAL INPUT: Bandwidth: DC coupled, dc
to  5  MHz;  AC coup led ,  5  Hz  to  5  MHz.
Sens i t i v i t y :  L  v /cm,  X1;  0 .2  v , /cm,  X5;  0 .1
v /cm,  X l0 ;  vern ie r  p rov ides  cont inuous  ad-
Justment between ranges, Dynamic range
t 5  v .
I n p u t  R C : 1  m e g o h m  s h u n t e d
mately 30 pf.

SWEEP MAGNIFIER:  X1,  X5,  X10;
sweep accuracy  t5o lo .

CALIBRATOR:

by approxi.

magn i f ied

TYPE: Approximately 1 kHz square wave, 3 psec
r ise  t ime.

VOLTAGE: 2 outputs, 250 mv and 10 v p-p,
-r 10/o.

CATHODE-RAY TUBE AND CONTROLS:

TYPE: Post-accelerator tube, 12 kv accelerating
poten t ia l ;  a lumin ized P31 phosphor  (P2,  P7,
and P11 ava i lab le  a t  no  ex t ra  charge.  Spec i fy
by  phosphor  number ) .

WRITING RATE:  (Us ing  HP 197A Camera  w i th
f l .9  lens  and Po laro id@ 3000 speed f i lm) :  P31
phosphor ,  approx imate ly  7OO cm/  psec .

GRATICULE:  8  x  10  cm Dara l lax - f ree  in te rna l
g ra t i cu le  marked in  cm squares .2  mm sub-
d iv is ions  on  maior  axes .  Fron t  pane l  recessed
TRACE ALIGN a l igns  t race  w i th  g ra t i cu le ;
in te rna l  Y-a l ign  a l igns  Y- t race  w i th  X- t race .
SCALE cont ro l  i l l umina tes  CRT phosphor  fo r
v iewing  w i th  hood or  tak ing  photographs .

BEAM FINDER;  Press ing  Beam F inder  cont ro l
brings trace on CRT screen regardless of
se t t ing  o f  hor izon ta l ,  ver t i ca l  o r  in tens i tv
cont ro ls .

INTENSITY MODULATION: Approximatety +2 v,
dc  to  15  MHz,  w i l l  b lank  t race  o f  normal  in -
tens i ty .  lnpu t  R,5 .1  kohms.

ACTIVE COMPONENTS: All solid state (exceot
cRT).

ENVIRONMENT;  180A Scope w i th  p lug- ins  oper -
ates within specs over the following ranges.
Tempera ture :  -28  to  +65 'C.  Humid i ty ;  to
957o re la t i ve  humid i ty  to  40 'C.  A l t i tude :  to
15,000 fee t .  V ib ra t ion :  V ib ra ted  in  th ree
p lanes  fo r  L5  min .  each w i th  0 .010"  excurs ion
f rom 10 to  55  Hz.

POWER:  115 or  230 v ,  t10%,  50-1000 Hz,  95
wat ts  a t  normal  l ine ,  convec t ion  coo led .

DIMENSIONS:  Cab ine t  (overa l l  d ;mens ions  w i th
fee t ,  hand le) :  8 "  x  11"  x  22y2"  deep.  Rack
mount :  5ya"  x19"  x79/2"  deep beh ind  f ron t
pane l ,  2112"  deep overa l l .

WEIGHT (w i thout  p lug- ins) :  Mode l  180A,  Net ,
22 lbs. (9,9 kg). Shipping, 30 tbs. (13,5 kg).
Mode l  18OAR ( rack) ;  Net ,  25  tbs .  (11 ,3  kg) .
Sh ipp ing ,  33  lbs .  (14 ,9  kg) .

OUTPUTST Four emitter follower outouts for
main  and de layed ga tes ,  ma in  and de layed
sweeps.  Max imum cur ren t  ava i lab le ,  t3  ma.
Outputs  w i l l  d r i ve  impedances  down to  1
k i lohm wi thout  d is to r t ion .

ACCESSORIES FURNISHED: Two Modet 10OO4A
l0 :1  vo l tage d iv ider  p robes ,  mesh cont ras t
f i l te r ,  de tachab le  power  cord ,  rack  mount ing
hardware  ( rack  on ly ) .

PRICE (without plug-ins): Model 180A, $825.00;
Model 180AR (rack), $900.00.

I8O1A DUAL CHANNEL AMPLIFIER
MODES OF OPERATION:  Chan.  A  a lone;  Chan.  B

a lone;  Chan.  A  and B d isp layed on  a l te rna te
sweeps;  Chan.  A  and B d isp layed by  swi tch ing
at approximately a 40O kHz rate, with blank-
ing  dur ing  swi tch ing ;  Chan.  A  p lus  Chan.  B
(a lgebra ic  add i t ion) .

EACH CHANNEL:

DEFLECTION FACTOR (Sensitivity): 0.005 v/cm
to  20  v  /  cm;  vern ie r  ex iends  min imum sens i -
t i v i t y  to  50  v /cm;  a  sens i t i v i t y  ca l ib ra t ion  ad-
ius tment  fo r  each channe l  i s  p rov ided on  the
f ron t  pane l .

ATTENUATOR ACCURACY: t3%.

BANDWIDTH (Direct or with probes. 3 db down
from I cm 50 kHz reference signal): DC cou"
p led ,  dc  to  50  MHz;  AC coup led ,  2  Hz  to  50
MHz-

RISE TIME (D i rec t  o r  w i th  p robes) :  Less  than
7 nsec .  w i th  I  cm input  s tep .

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

MAXIMUM INPUT SIGNAL:  AC coup led ,  600
vo l ts  peak ;  DC coup led ,  15O v  a t  5  mv lcm
increas ing  to  350 v  a t  20  v /cm.

POLARITY PRESENTATION: + or - Up, select.
ab le .

A + B INPUT:

AMPLIFIER:  Bandwid th  and sens i t i v i t y  remain
unchanged.  E i ther  Channe l  A  or  B  may be
inverted to give A - B operation.

DIFFERENTIAL INPUT (A -  B) ;  Common mode
re jec t ion  a t  leas t  40  db  a t  5  mv lcm,20 db  on
other  ranges  fo r  f requenc ies  up  to  1  MHz.
Common mode s igna l  shou ld  no t  exceed an
ampl i tude equ iva len t  to  50  cm.

TRIGGERING:

MODE:  Chan.  A  or  Chan.  B  a lone,  o r  Chan.  A
p lus  Chan.  B ,  on  the  s igna l  d isp layed;  Chan.
A and Chan.  B  d isp layed by  swi tch ing  a t
approx imate ly  a  40O kHz ra te ,  on  Chan.  B
a lone;  Chan.  A  and B d isp layed on  a l te rna te
sweeps,  on  the  s igna l  d isp layed on  each chan-
ne l  o r  Chan.  B  a lone.

FREQUENCY: Provides sufficient signal to the
time base for triggering over the range of dc
to  50  MHz w i th  0 .5  cm p-p  s igna l  o r  more  d is -
p layed on  the  CRT.

GENERAL;

WEIGHT:  Net ,  4  lbs .  (1 ,8  kg) .  Sh ipp ing ,  6y2  lbs .
(3 kc).

PRICE:  Mode l  1801A,  $650.00 .

1820A TIME BASE
SWEEP RANGE: 24 ranges,0.05 psec/cm to 2

sec /cm in  a  1 ,2 ,5  sequence i  accuracy ,  t3yo ;
vern ie r  p rov ides  cont inuous  ad jus tment  be-
tween ranges and extends slowest sweep to at
leas t  5  sec /cm;  hor izon ta l  magn i f ie r  expands
fastest sweep to 5 nsec/cm.

TRIGGERING;
INTERNAL:  See ver t i ca l  ampl i f ie r  p lug- in .

EXTERNAL:  dc  to  50  MHz f rom s igna ls  0 .5  v  p -p
or  more  inc reas ing  to  I  v  a t  90  MHz.

AUTOMATIC:  Br igh t  base l ine  d isp layed in  ab-
sence o f  inpu t  s igna l .  In te rna l ,  t rom 40 Hz,
see ver t i ca l  ampl i f ie r  spec i f i ca t ion .  Ex terna l
from 40 Hz on signals 0.5 v p-p or more to
grea ter  than 50  MHz,  inc reas ing  to  I  v  a t  90
MHz.

TRIGGER POINT AND SLOPE: Controls attow
selection of level and positive or negative
slope; trigger level on external sync signal
ad jus tab le  over  range o f  t5  v ,  a50 v  in  -  10
pos i t ion .

COUPLING: AC, DC, ACF: AC attenuates signals
below approximately 20 Hz; ACF attenuates
s igna ls  be low approx imate ly  15  kHz.

SINGLE SWEEP: Front panel switch provides
s ing le  sweep opera t ion .

VARIABLE HOLDOFF: Permits vafiation of t ime
between sweeps to allow triggering on asym-
met r ica l  Du lse  t ra ins .

WEfGHT: NeI, 23/t lbs. (1,3 kg). Shipping, 5%
lbs .  (2 ,4  kg) .

PRICE:  Mode l  1820A,  $475.00 .

1821A TIME BASE AND
DELAY GENERATOR
MAIN SWEEP;

RANGE:  22  ranges,  0 .1  psec /cm to  1  sec /cm
in  1 ,2 ,5  sequence;  accuracy ,  t3yo :  vern ie r
p r o v i d e s  c o n t i n u o u s  a d i u s t m e n t  b e t w e e n
ranges and extends slowest sweep to at least
2 .5  sec /  cm;  hor izon ta l  magn i f ie r  expands
fastest sweeD to 10 nsec/cm.

TRIGGERING:
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
or  more  inc reas ing  to  1  v  a t  90  MHz.

Automat ic :  Br igh t  base l ine  d isp layed in  ab-
sence o f  an  input  s igna l .  ln te rna l ,  f rom 40 Hz,
see ver t i ca l  ampl i f ie r  spec i f i ca t ion .  Ex terna t ,
trom 40 Hz on signals 0.5 v p-p or more to
grea ter  than 50  MHz increas ing  to  1  v  a t  90
M H z .

Tr igger  po in t  and s lope:  Cont ro ls  a l low se lec-
t ion  o f  leve l  and pos i t i ve  and negat ive  s lope;
t r igger  leve l  on  ex terna l  sync  s igna l  ad ius t -
ab le  over  range o f  t5  vo l ts ,  450 v  in  -  L0
pos i t ion .

Coup l ing :  AC,  DC,  ACF;  AC a t tenuates  s igna ls
be low approx imate ly  20  Hz;  ACF a t tenuates
s igna ls  be low approx imate ly  15  kHz.

TRACE INTENSIFICATION: Used for setting up
de layed or  mixed sweep.  Increases  in  b r igh t -
ness  tha t  par t  o f  ma in  sweep to  be  expanded
fu l l  sc reen in  de layed sweep or  made magn i -
f ied  par t  o f  d isp lay  in  mixed sweep.  Rota t ing
Delayed Sweep t ime swi tch  f rom OFF pos i t ion
activates intensified mode.

DELAYED SWEEP: Delayed time base sweeps
af te r  a  t ime de lay  se t  by  main  sweep and
de lay  cont ro ls .

RANGE: 18 ranges, 0.1 psec/cm to 50 msec/cm
in  1 ,2 ,5  sequence;  accuracy ,  !3V" i  ven ie .
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 extends slowest sweep to at least
125 msec/cm.

TRIGGERINGT App l ied  to  in tens i f ied  Main ,  De-
layed,  and Mixed Sweep modes.

Automatic; Delayed sweep starts at end of
de layed per iod .

In te rna l ,  Ex terna l ,  S Iope,  Leve l ,  and Coup l ing :
Same as  Main  Sweep t r igger ing .

DELAY (before start of delayed sweep):
T ime:  Cont inuous ly  var iab le  f rom 0 .1  r rsec  to
10 sec .

Accuracy: t 1 o/o ; l inearily, t 0.2 o/o ; t ime .i i tter
i s  less  than 0 .005% of  max imum de lay  o f
each range (1  par t  in  20 ,000) .

Trigger Output (at end of delay time): approxi-
mate ly  1 .5  v  w i th  less  than 50  nsec  r i se  t ime
f rom 1  k i lohm imDedance.

MIXED SWEEP:  Dua l  sweep d isp lay  in  wh ich
main  sweep dr ives  f i rs t  por t ion  o f  d isp lay  and
delayed sweep completes display at speeds
uo to 100O t;mes faster.

S INGLE SWEEP:  Any  d isp lay  may be  opera ted  in
S ing le  Sweep.

WEIGHT:  Net ,  37a lbs .  (1 ,7  kc) .  Sh ipp ing ,  6%
lbs. (2,8 ks).

PRICE: Model 1821A, $800.00.
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Time

Wo*r,o-*roE sYNcHRoNrzATroN or

cr-ocKs is increasingly important for

scientific studies requiring coordinated

ac t ion  a t  geograph ica l l y -separa ted

points. For example, precise t ime 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-

-WIDE TIME SYNCHRONIZATION, 1966

scoles mointoined ot the world's t ime-keeping centers

hove been correloted with new levels of precision

the lotest oround-the-world f lying clock experiment.t n

creasing the precision of time scale cor-

relation on a worlcl-wide basis, this year

we aga in  car r ied  ces ium-cont ro l led

clocks to major world t ime-keeping

cenlers for precision t ime comparisons.

Two previous t ime-comparison ex-

periments' ' '  establ ished the feasibi l i ty

of carrying compact cesium-controlled

r  Iocks  un t le r  (  on t inuous  opera l  io r t  on

common conveyances such as commer-

cial aircraft and automobiles. The first

o[ these ex1;eriments arose in connec-

t ion with the 1964 International Con-

I  A lan  S.  Eas ley  and Le0nard  S.  Cut le r , 'A  New Per f0 rmance
of  the  F ly ing  c l0ck  Exper iment , '  'Hewle t t -Packard  J0ut la l , '
Vo l .  15 ,  No.  11 ,  Ju ly ,  1964.

2  La lhare  N.  Bod i ly ,  'Cor re la t ing  T ime f rom Europe
with Flying Clocks,' 'Hewlett-Packard Journal, ' Vol.
8 ,  Apr i l ,  1965.

to Asia
16,  No.

Flying cloch (below counter) is compared to NBS t'requency and
tirne scales in "cloch room" at Boulder Laboratories of Natinnal
Bureau of Standards. Dr. James Barnes (Ieft), Chief of Atomic
Frequency and Time Standards at NBS, and -hp- engineer Lee

Bodily discuss techniques of time rneasurernent.

No matter uhat the mode of trans-
port, flying clocks were hept in con-
tinuous operation throughout entire
trip- Clochs were poutered by internal
batteries when ac line power or auto
or airplane electrical power was not
auailable. -hp- engineers Lee Bodily
(right) and Ron Hyatt (left) transfer

clochs at Geneua airport.

ference on Chronometry in Lausanne,

Switzerland. Two portable clock sys-

tems, controlled by the newly-devel-

oped -hp- Model 50604 Cesium Beam

Frequency Standard, were brought to

the conference in connection with a

paper presented by -hp- engineers Alan

Bagley and Leonard Cutler.' Arrange-

ments were made to correlate the time

kept by the clocks with time at the

U. S. Naval Observatory. The clocks

were subsequently compared with the

official Swiss time standard and results

were double-checked 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

ancl United States time scales to an

accuracy of about I microsecond, cor-

relat ion between the two countr ies Pre-
r  A lan  S.  Bag ley  and Le0nard  S.  Cut le r  "A  lV0dern  S0 l id -
Sta te  Ces ium Beam Frequency  Standard"  ln te rn3 t i0na l  C0n-
fe rence on  Chronomet ry ,  lune  1964.
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-hp- engineers Lee Bodily, Dexter Hartke, and
Ron Hyatt calibrate flying clochs uith -hp-

house standard pr ior  to g lobe-gird l ing t r ip.

Dr. J. Bonanomi (left), Director of the Ob-
seruatory, N euchdtel, Switzerland, stud.ies data

obtained in l ime comnar isons.

viously being known through high fre-
quency radio signals to a precision of
only about I  mil l isecond. The experi-
ment also determinecl the radio propa-
gation t ime 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
\,{,'\MV time ticks in Switzerland, as de-
termined by the {lying 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 NeuchAtel and at the Na-
tional Bureau of Standarcls at Boulder,
Colorado. These measurements showed
a n  a g r e e m e n t  b e t w e e n  s t a n d a r d s
within a few parts in 10".

The high precision of these measure-
ments, coupled with the relat ive ease
with which these clocks can be trans-

ported, st imulated requests for similar
t ime anr l  f requency  <  ompar isons  a t  sev-
eral other time-keeping laboratories.
Accorclingly, a flying clock experiment
conducted in 1965 by engineers from
the -hp- Frequency ancl Time Division
included the major time and frequency
stanclard faci l i t ies of Western Europe,
Canada, Japan, and the United States,

bringine microseconrl precision in time
comparisons to al l  of these faci l i t ies.
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.
I t  also veri f ied the results of a U. S.

Navy t ime synchronization experiment
between Ca l i fo rn ia  and Japan tha t
used the satellite Relay II, and it re-

peated the comparison between the
U. S. and Swiss time scales. This com-

parison showecl an agreement within
49 mic roseconds o f  the  prev ious  meas-

urement 273 clays earlier. By providing

TABLE I. FACILITIES VISITED DURING T966 FLYING-CLOCK
EXPERIMENT

PLACE FACIL ITY

Koganei, Japan

Tokyo, Japan

Maui ,  Hawai i

Herstmonceux Castl€, England

Teddington, England

Bagneux, France

Paris, France

Stockholm, Sweden

Kieller, Noruay

Copenhagen, Denmark

Hamburg, Germany

Braunschweig, Germany

Neuchetel, Switzerland

Neuchalel, Switzerland

Turin, ltaly

Mi lan ,  l ta ly

Brussels, Belgium

Brussels, Belgium

Ottawa, Canada

Ottawa, Canada

Washington, D. C.

Greenbelt, Maryland

Greenbelt, Maryland

Greenbelt, Maryland

Boulder, Colorado

Standard Broadcast Station JJY

Tokyo Observatory

Standard Broadcast Station WWVH

Royal Greenwich Obseruatory

National Physical Labs

National Center for Cmmunication
Studies (CNET)

Paris Obseryatory

Sw€dish Nat' l Defense Research
lnstitute

Norwegian Air Force Materiel Command

Royal Danish Air Force Calibration
Centre

German Hydrographic Institute (DHl)

National Bureau of Physics and
Technology (PTB)

Swiss National Observatory

Swiss Horological Research Lab

National Electrotechnical Institute

Astronomical Observatory

Royal Observatory of Belgium

University of Brussels

National Research Council

Dominion Observatory

U. S. Naval Observatory

U. S. Coast and Geodetic Suruey

WWV Transmitter Site

Goddard Space Flight Center (NASA)

National Bureau of Standards
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Date Time (UT) Facil i ty

NBS-8, Boulder, Colorado
WWVH, Maui, Hawaii
Goddard Space Flt. Cn,,

Greenbelt, Md,
Radio Res. Lab, (Japan)
WWV, Greenbelt, Md.
USN Observatory, Wash., D. C.
Nafl Rei Council (Canada)
Dominion Obs. (Canada)
HBN time ticks. Neuchatel Obs.

(Switzerland)
Royal Danish Air Force
Inst. Electro Tech. (ltaly)
Astro. Obseruatory (ltaly)
Norwegian A.F. Materiel C'm'd.
Swedish Nat' l Det. Lab.
Centre Nat' l d'Et, Tele. (France)
Paris Obseruatory (France)
Univ. de Bruxelles (Belgium)
Obs, Royal de Belgique
Deutsche Hydro. Inst, (Germany)
Nat' l Physics Lab. (England)
Phys.-Tech. Bund. (Germany)
Royal Greenwich Obs. (England)
Swiss Standard Broadcast HBG
Neuchatel Obs. (Switzerland)
WWV, Greenbelt, Md.
Goddard Space Flt. Cn.
USN Ob*rvatory, Wash., D. C.
NBS-8, Boulder, Colorado

Comparison
(psr'

-*
+1.03
-29.01

+t472.92
+17.06
+77.34

16 May 1815
16 May l92O
17 May 2241

18 May 0945
18 May t412
l8 May 1828
19 May 2015
zoMay l44l
22May 1553

25 May 0737
25May 0716
25 Mey ,!.2A
26May 0900
26May 2O5O
27 May 0906
3l May O92O

1 June 1025
I June l4l1
2 June 0900
2 June 1040
3 June 0815
3 June 1325
8 June 1329
9 June 1030

13 June 1726
13 June 1837
14 June 1515
15 June 0f55

+2OO 487.21
+o.08
+884.0

-2370.2
-567.3
-335.O
-90 600.8f
-373.2
+353.6
+334.8
+2A49.6
+4O8 480.
-36.26
+496 939.41
+t74.7
+58.5
+o.o2
+848.9
+3.50
-2a.82
+75.67
-4.93

TABLE II.  TIME DIFFERENCES BETWEEN TIME-KEEPING
FACILITIES AND ARBITRARILY.SELECTED REFERENCE

(-hp- HOUSE STANDARD)

Resu l ts ,  de termined by  f l y ing  c locks ,  have been ad jus ted  to  account
fo r  o f fse t  be tween f l y ing  c locks  and -hp-  House Standard .
+  P lus  s ign  means tha t  v is i ted  fac i l ; t y  i s  ear l ie r  in  t ime than ( leads)

rererence.
+  200-ms ad jus tment  no t  made dur ing  pas t  year .
f  Opera tes  on  a tomic  t ime ( in te rna t iona l  second) .

time checks between the Jp- house
standard and the master clock control-
ling NBS standard broadcasts, rhe ex-
periment also confirmed the effective-
ness of using VLF standard broadcasts
as  a  means o [  ma in ta in ing  accura te
time once a time correlation has been
establ ished.

FLYING CLOCKS T966

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 cluring the months of
May and June of this year. Portable
cesium-control led clocks again were
used but with refinements that enabled
a potential measurement resolution of
0.02 ps in t ime comparisons. As a result
of the intercomparisons provided by
the travel ing t ime standards in the
company-funded experiment, many fa-
ci l i t ies now know with greater preci-
sion (about 0.1 ps) how the time of day

TABLE III .  TIME SCALE COMPARISONS
1965-1966

REFERENCE: NBS UA

1965 1966
Time Diff. Time Diff. Change

Facil ity Date (ps)O Date (ls)@ Gs)

Radio Research Labs 17 Feb 1501 18 May 1474 -27
Nafl Research Council 1l Mar 506 19 May 489@ -17
U. S. Naval Obs 13 Mar 158 18 May 79 -79
Neuchatel Obs. (TUA) 5 Mar 22ll@ 22May 2405@ 194

O Figures given are adjusted to account for 500 ps retardation of NBS UA on
15 Apr .  66 .

@ Inc ludes  1 .1  ps  d i f fe rence be tween NBS UA and NBS-8  on  16  May 1966.
@Adjus ted  to  account  fo r  200 ms re ta rda t ion  o f  o ther t ime sca les  dur ing  pe-

riod of comparison.
@Accounts  fo r  t ime d i f fe rence be tween Observa tory  t ime sca le  and HBN

transmitter t icks.

Dominion Obseruatory at OttaLDa, Canada, is one of major time-heep-
ing centers which compared time with flying cloch (below table).

o

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

The 1966 f lying-clock experiment
also provided additional data for long-
term comparisons between time scales.
As shown in Thble III, many of the
time-keeping centers have maintained
time scales, controlled by independent
frequency standarcls, 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 conductecl 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 t ime comparisons made using
time sienals from standarcls broadcast
stat ions.

Another accomplishment of this and
previous f lying clock experiments was
the establ ishment of an init ial  '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 i t  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-
onstrat ion that the portable cesium
standards are capable of stable opera-
tion in less than ideal environment,
being subject to frequent movement
antl 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 worlcl
and the other traveled eastward to Eu-
rope and return. The two clocks were
compared pr io r  to  depar tu re ,  aga in
when they met in Switzerland and
again on their return to Palo Alto.
Over the month-long trip, they accu-
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mulatecl a relative time diflerence of
less than I microsecond with respect to
each other and with respect to the -fip-

house standard. This is believed to be
the first time that a system of clocks,
two mob i le  and one s ta t ionary ,  ma in-
tainerl  t ime in mutual agreement to
within one microsecond of each other
for an entire month of independent
ol)erat ion without resets or frequency
a(l justments.

The experiment demonstrated an-
other point: cesium-beam frequency
standards have an exceptionally high
degree of setabi l i ty. In the 1965 ex-
periment, the cesium-beam standards
in two clocks were adjusted indepen-
clently of one another prior to the
exper iment ,  and they  subsequent ly
showed an average frequcncy differ-
ence of less than 5 parts in 10", con-
firming the accuracy of these instru-
ments as inclependent primary stand-
arrls of frequency (specifie<l maximum
error is 2 parts in 10"). In the 1966

Long-beam cesium resonator
(left rear) at Sutiss Labora-
tory for Horological Research.
Dr.  Peter  Kartaschoft ' ,  re-
search physicist in charge of
t'requency standard deuelop-

ment, is in foreground.

experiment, the 'C' field of each travel-
ing stanclard was adjustecl a calculated
amount before departure to adjust the
frequency of each closely to the -hp-

house s t -anr lan [ .  Subsequent  in te rcom-
parisons between the traveling stand-
ards and the house standard showed
relative frequency cliflerences of less

than 3.6 parts in 10" averaged over 3l-
clay periocl.

1966 ITINERARY

The 1966 i t inerary included most of
the time and frequency-standard cen-
ters visi tecl in 1965, as well  as several
that had not been visi ted on previous

FIRST CESIUM.BEAM RESONATOR

First cesium-beam resonator ( left),  developed at National Bureau of
Standards in Washington, D. C. during 1949-1950 by Dr. Harold
Lyons, R. H. McCracken, J. E. Sherwood and others st i l l  serves for
experimental work on molecular-beam frequency standards at NBS
Boulder Laboratories.

(At r ight) NBS l l l  is third cesium-beam resonator bui l t  at NBS
(1963). Beam tube ( long cyl inder at r ight) has interaction length of
366 cm; ascribed accuracy is +6 parts in 10' ' .  NBS l l l  now serves as
United States Frequency Standard. Other long beam resonators are
now in service at the National Physical Laboratories, England, at the
National Research Counci l ,  Canada, and at the Swiss Laboratorv for
Horological Research, Neuchdtel,  Switzerland.
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TABLE IV. COMPARISONS BETWEEN FREQUENCY STANDARDS AND FLYING CLOCKS

Date
1966

t6 M"y

17 May
15 June (am)
15 June (pm)
15 June (am)
15 June (pm)
19 May
15 June

Loca l  S tandard

NBS l l l  (Bou lder )

U. S. Naval Observatory

Goddard Space Flight
C€nter (NASA)

Nat' l Res. Council
(Canada)

Dominion Obseruatory
(Canada)

RRL (Japan)
Noruegian Air Force
Centre Nat' l d'Etudes

Tel. (France)
Swedish Nat' l Def.

Res. Lab.
Observatoire de Paris

(France)
PTB (Germany)
Nat' l Phys. Lab.

(England)

Swiss Horological
Research Lab.

Type

366 cm Lab Type

12.4 cm Commercial

Hydrogen Maser

20O cm Lab Type

I2.4 cm Commercial

12.4 cm Commercial
12.4 cm Commercial
25 cm Lab Type

12.4 cm Commercial

25 cm Commercial

Lab Type
12.4 cm Commercial
277 cm Lab Type

4O8 cm Lab Type+

Time
Ref* Comoarison Resultsi Remarks

I
l
I
!

I

( -299.97 x 10- ro, -hpF t high
I

| -299.99 X 10-ro, -hFF t hiSh
< -299.97 X 10-'0, -hPF t high
| -299.97 x l0-ro, -hpF t high
| -299.99 X 10- ro, -hp- 8 high
\-299.98 X 10-ro, -hf 8 high
( 4 X  l 0 - , , , - h r 9 h i g h
{ Less than resolution of meas-
{ urement (-hp- 8 < l0 ir)

/4.98 x 10-rr, -hr 9 low;
I with corrections: -299,960
,, X 10-ro, _hp_ 9 high
\ 3.73 X 10- 'r, -hp- 9 low;
I with correctionst -299.942
I X l0 ro, -hf t high

-3oo'014 1o'oo7 x lo-'o'
-hf 9 low
1.9 x 10-'] '  -hr t high

3,7 X lO n, -6p- 8 high
-299.97 X 10-ro, -hp- t high
I X 10 rr, -hp- low

4.1 X 10-r?, -hp- t high

1.7  x  lo - , , ,  -hp-  a  h igh

1.2 X lO-", -hp- 8 low
-300.00 X l0-ro vs -hp- 9
-300.0  to . l  x  10-10

i -3o0.O26 X 10- ro, -hpF 9 low
I
J -299,974 X 10 'o' -hPF t high

| -zse.szt x to ro, -hpF 9 high

l8 samples,394
seconds each
l2 smples
l0 samples
9 samples
14 samples
8 samples
l4-hr. phase
l8-hr. phase

l4-hr. phase

l6-hr. phase

152 samples ,38
seconds each
5O samples, 1O00
seconds each
24-hr. phase
18-hr. phase
1.hr. phase

69-hr. phase

2-hn phase

1 l-hr. phase
155-min. phase

13 samples, 10
minutes each
16 $mples, 10
minutes each
15 samples, 10
minutes each

18 May

l4 June

19 May

19 May

2l May
26 May
27 May

29 May

3 l  M a y

2 June
2 June

7 June

8 June

9 June

A

uT2

ur2
A

uf2

UT2

ur2

uT2
A
A

)
*  'A '  re fe rs  to  t ime sca le  based on  in te rna t iona l  un i t  o f  t ime (a tomic  second) .  F ly ing  c locks  opera ted  on  UT2 t ime,  o f fse t  f rom a tomic  second by  300

par ts  in  l0 ro .
t  F requency  o f fse t :  ( f i  -  f , ) / f ,  where  f r  and f r  a re  f requenc ies  o f  t rave l ing  and loca l  s tandards  respec t ive ly .

f  Ad jus tments  were  be ing  made to  long-beam s tandard  dur ing  th is  t ime.

F ^ F  s  n  ! .  1 3  l u i l r e r  1 9 6 6

e n l o i  d .  r a s u r ! : L s
1 ' e x p 6 r i e n c c  d c s

c e s  r ; s u r ! 3 r s

a n i s s i o n s  d e  r e n P s -

v e u i l l e z  a 8 r 6 c . ,

b tput

Letter expresses typical response of im-
portant timeheeping centers to flyinE-
cloch uisits- This one, from M. Guinot,
Chief of Time Seruices at Paris Obseru-
atory,contnxents on ualue of flying-cloch
uisits to him as Director ot' Bureau In-
ternational de I'Heure in maintaining
coord.inated time signal radio transmis-
sions (Bureau International de I'Heure,
an international body with headquar-
ters in Paris, annually decides, among
other funct ions,  ot ' t 'set  I rom interna-
tional latomicf time to be applied to
standards radin stations to heep them

in close agreem.ent uith UT2).

tr ips. Altogether,25 faci l i t ies in l2 dif-

ferent countries were visited, as listed

in Thble L As part of the Royal Green-
wich Observatory radio propagation

studies, an invitation to visit the facili-

t ies of standard radio stat ion OMA in

Prague, Czechoslovakia, hacl been ex-

tended to the f lying-clock sponsors.
Unfortunately, not enough time was

available for getting clearance from

U. S. authorit ies, so correlat ing 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 WWVH in Hawaii, then to the
Tokyo Observatory and the Radio Re-

search Laboratory (Stat ion JJY) in

Japan, and then by air westward to a

meeting with the third member of our

crew (Lee Bodily) ancl clock no. 9 in

Neuchli tel,  Switzerland. Clock no. 9, ac-

companiecl by Bodily, had come east-
warcl after stops at NBS in Boulder,

Colorado. at the Dominion Observa-

tory and the National Research Coun-

cil in Canacla, and at the U. S. Naval

Observatory and other faci l i t ies in

Washington, D. C.

From NeuchAtel, clock no. 8 traveled

to facilities in Italy, France, Belgium,

ancl Germany for measurements and

then returne(l to Switzerland. Clock no.

9 matle t ime and frequency compari-

sons in Switzerland, then went to Den-

mark, Norway, Sweden, England, and

then back to Sr.n'itzerlancl for further

checks. From there, both clocks re-

turned westward to the United States,

with return visits made at the U. S.

Naval Observatory, Goddarcl Space

Flight Center, WWV, and the Na-

tional Bureau of Stanclards en route to
Palo Alto, Cali f .  These return stops
"closecl the loop" in the time and fre-

quency  compar isons  w i th  na t iona l

stanclarcls.
Measurements made on return to

Palo Alto showed that clock no. 8 had
lost only 0.64 ps with respect to the
-hp- house standard, and clock no. 9
hacl gained 0.28 p.s. The less-than-l-pts

phase change of the two clocks with
respect to each other in 3l days is
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equivalent to a frequency ofiset of less
than 3.6 parts in l0'".

EQUTPMENT MODtF|CATIONS

Experience gained in previous 'fly-

ing clock' experiments pointecl the way
toward improvements in techniques
for the 1966 experiment. For example,
the time-interval plug-in for the elec-
tronic counter used in r ime comparisons
was modified to obtain a measurement
resolution of 0.02 ps by multiplying
the basic pulse rate of the counter to
50-MHz (the measurement consists of
totalizing 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 g.s. In addition, new digi-
tal clock circuitry, for counting down
the output of the cesium-beam fre-
quency stanclard to the l-second "t icksi '

was used. The new circuitry recluced
the small amount of phase drift, caused
by temperature changes, of the earlier
clock frequency diviclers - a drift that
had not been detectable in the radio

Mr. M. Tahemi and Dr. S.Iijima, Acting Director of Time Seruice,
Tokyo Obseruatory, ponder results of comparison prouided by fly-

ing clochs.

comparisons for which the clock orig-
inally hacl been designecl.
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cernerl the cledication of these people
who are chargecl with the responsibil-

LaTHARE N. BODILY

Lee Bodily joined -hp_ as a devel.
opment engineer upon graduation from
Utah State University with an EE De-
gree in 1956. Init ial ly he worked on
the 5604 Digital Printer, but then was
assigned to precision osci l lator devel-
opment, f i rst on the 524 C/ D 10-MHz
Counter t ime bases and then as proj-
ect leader for the 100E, 101A, 1064
and 107 Quartz Osci l lators and on the
5245L 50-MHz Counter t ime base. He
also contr ibuted to the 1O3A and 1O4A
Quartz Osci l lators and developed the
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
506O4 Cesium-Beam Frequency Stand-
ard. He is now section leaderof the Fre-
quency Standards Group with responsi-
b i l i t y  fo r  bo th  quar tz  and a tomic
frequency standard development. Lee
earned his MSEE degree at Stanford in

DEXTER HARTKE

the -hp- Honors Cooperative Program
and has done further graduate study
toward the degree of Electr ical Engi-
neer.

Dexter Hartke joined Hewlett-Pack-
ard in 1950 fol lowing graduation from
the University of Cali fornia (BSEE).
Init ial ly he worked on the 512AlB Fre-
quency Converters for the 5244 IO"
MHz Counter  and then on  the  p lug- in
vorsions for the 524 B/C/D Counters
and for the 5245L 50-MHz Counter. He
also worked on the 5248 Counter and
was project leader on the 540A/B
Transfer Osci l lators. Dex has been re-
spons ib le  fo r  bo th  the  113A and 115-
A/B/C Frequency Divider and Clocks,
the 724A/B and 7258 Standby Power
Supp l ies ,  and the  117A VLF compara-
tors. He continues to work on projects

:l*lill

t

I
RONALD C. HYATT

related to t ime measurement.
Ron Hyatt earned his BSEE degree

at  Texas  Techno log ica l  Co l lege and
from there he went to Stanford Uni-
versity where he worked as a teaching
assistant while earning his Masters de-
gree, which he obtained in 1963. He
has also completed course work to-
wards an EE degree. While attending
col lege, Ron did summer work in cir-
cuit  analysis for an aircraft company.

Ron joined Hewlett-Packard in 1964
and worked on the frequency synthe-
s izer  por t ion  o f  the  5060A Ces ium
Beam Frequency Standard. He also de-
veloped the experimental digital divid-
ers used in this year's f lying clock
experiment and at present he is work-
ing on further cesium-beam frequency
sta nda rd developments.
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Drs. S. Leschiutta and E.
Angelotti of the National
E lectro Technical I nstitute,
Milan, Italy, study meas-
urement of f requency -com-

par ison betuteen f ly ing
cloch 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.
- LaThare N. Bodily,

Dexter Hartke, and

Ronald C. Hyatt

THE
BENCHMARK
Any of several t ime scales

and frequency standards could
have been used for the basic
reference during the 1966 f ly-
ing clock experiment. For con-
v e n i e n c e ,  t h e  - h p -  H o u s e
Standard was chosen but re-
sults have shown this standard
to be among the most accurate
in  the  wor ld  and thus  we l l -
suited as a "benchmark" for
t ime and f requency  compar -
rsons.

The basic reference within
the  -hp-  House Standard  is
the -hp- Model 5060A Cesium
Beam Frequency  Standard
shown here being checked by
James Marsha l l ,  head o f  the
Radio Frequency Section in the
-hp- Measurement Standards
Lab in Palo Alto, who is respon-
s i b l e  f o r  t h e  - h p -  H o u s e
Standard. The outDut of the
Cesium Beam Standard is com-
pared in phase continuously
against NBS Standards Sta-
tions WVWB and WWVL by the
VLFComparators at lower r ight.
Cont inuous  comoar ison s ince
th is  Ces ium Beam Standard
was put into service last Jan-
uary  enab les  i t s  re la t ionsh ip
to the United States Frequency
Standard to be known within
parts in 10r' .  The standard is
also compared to two of the
Navy VLF stat ions by the VLF
receivers, shown to the left of
the main rack.

The clock mechanism imme-
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
Standard output to show any
accumulated phase error.

The house working frequency
s tandard  is  the  -hp-  Mode l
107A Quartz Osci l lator, imme-
diately below the Cesium Beam
Standard. This osci l lator has
the high short-term stabi l i ty de-
sired for a working standard
and since i t  has been in con-
t i n u o u s  o o e r a t i o n  f o r  t h r e e

years, i t  has aged to the point
that its drift rate is only 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
Standards are compared con-
t inuously by the instruments at
r ight upper and corrections are
made dai ly to the Quartz Stand-
ard to maintain i t  within 5 parts
in 10' '? of the Cesium Standard
during working hours. The out-
put of the quartz osci l lator is
d i s t r i b u t e d  t h r o u g h o u t  t h e
-hp_ plant in Palo Alto.

T h e  - h p -  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 -  M o d e l
1064 Quartz Osci l lator and the
Digital Clock above the Cesium
Standard .  Separa t ion  o f  the
work ing  t ime and f requency
standards al lows corrections to
be made to the working fre-
quency  s tandard  w i thout  ac-
c o u n t i n g  f o r  a c c u m u l a t e d
phase error. The working t ime
standard is maintained within
a few ps of the NBS UA t ime
scale by continuous compari-
sons of the Quartz Osci l lator
frequency against WWVB and
WWVL and against the Cesium
Beam Standard. The NBS UA
time scale is a variable t ime
scale offset from NBS A (an
atomic t ime scale based on the
U. S. Frequency Standard) by
the currently accepted value
published by the Bureau Inter-
national de I 'Heure.

A standby quartz osci l lator
and a  s tandby  ces ium-beam
standard (a prototype unit), be-
low the working quartz stand-
ard, prevent loss of either t ime
or phase information should
any of the primary units drop
out of service (al l  units are fai l-
safe in that any transient con-
d i t ion  tha t  cou ld  cause a  jump
in phase or t ime immediately
shuts  down the  un i t  a f fec t -
ed) .  A l l  f requency  s tandards
and osc i l la to rs  a re  opera ted
from standby power supplies
which provide battery power to
assure continuity of operation
in the event that ac l ine power
is interrupted.
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