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Fig.  1.  Recording shous zero stabi l i ty
achieued by dc stabilizer in neu Program-
mable Oscilloscope. Signal for record.er
was deriued, at CRT deflection plates with
scope set on 5 rnV/cm deflection factor
range and shows less than /2 mV zero
Ieuel shift utith extreme change ot' temper-
ature. (Trace uariations which appear as
noise actual ly  are stabi l izer  sut i tching
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transients, normally blanhed on CRT.) In-
struntent at room temperature was first
turned. on at left, and it stabilized in less
than 3 minutes. At time'Ai recorder was
stopped while instrument was cooled to
0"C bet'ore record,er utas started, again. At
time 'B', recorder was stopped once trlore
while instrument uas warmed to 55" C
and then restarted.

6  m i n .  A

AN ADVANCED NEW DC-25 MHz OSCIILOSCOPE
FOR PROGRAMMED PRODUCTION TESTING

A new osc i l loscope hos the specio l  cqpobi l i ty  o f  mointo in ing
its dc bqseline without drifr.  This leods to higher dc occurocy
ond the impor tont  chorqcter is t ic  o f  be ing progrommoble.

Arruoucn cATHoDE-RAy oscrr-r-o- less than complcte success primari lv
scoPEs arc  w ic le ly  user l  bccruse o f  the i r  because o [  the  inhe len t  t l r i f i  o l  sens i
versati le measurement capabil i t ies, t ive dc-coupled clef lect ion ampli f iers.
they are yet to f ind wide application in Some means of taking dri f t  into ac-
automatic test systems. Attempts in the count must be incorporated i I  pro-
past to provide an oscilloscope with p;rarnme<l clisplal's oI wavelorms are ro
programmable controls have met with achieve a high r legree of accuracy.

Fie. 2. Model 155A Oscillo has dc-stabilized uert
amplifier that eLiminates drift. Resulting baseline stabitity
permits use of step-wise Position control to prouide uide-
range calibrated offset. Selected. zero l.cuel i.s shoutn by il-
iuminated numerals in uertical display. Selected sensitiuity
and suteep time ranges are indicated by illumination ol

numerals in appropriate pushbuttons.
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Now, in a major departure from
establishecl concepts, a new oscilloscope
resolves the problem of drifr by auto-
matical ly rezeroing i tself  3 r imes a sec-
oncl to correct for both long- and short-
term drift in the vertical amplifier. In
this osci l loscope, the dc stabi l izat ion
maintains the basel ine at any selected
position, thus enabling accurate meas-
urement of waveform levels without
rcquiring the opcrator to constantly
adjust dc levels. I t  is thus entirely prac-
t i ca l  to  use  [h is  ins t rument  in  p rogram-
rnable systems, gre at ly simpli fying
operatins proceclurcs by making un-
necessary thc need for acljusting instru-
ment controls during the coursc of a
measurement sequence.

The functions of vert ical sensit ivi ty,
pos i t ion ine ,  inpu t  coup l ing ,  sweep
time, trieger source, ancl trigger slope
can a l l  be  programmed remote ly
through a rear input connector, elim-
i n : r t i n g  t l r e  t l a n g e r  o I  m e a s u r e m e n t
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Fig.3. Controls needed for complete rnanual control ot'
oscilloscope are auailable behind flip-doutn couer. OnIy
those controls necp-ssary t'or readout ot' programmerl
ranges and for manual search lor signal, tohen in pro'
grammed operation, remain exposed uhen couer is

closed.

beyond full scale for detailed examina-

tion of any part of the waveform, as

shown in Fig. 4.

WIDE RANGE SCOPE

Apart from its stable dc operation,

the  new osc i l loscope ( -hp-  Mode l

l55A) is capable of high performance

in many other respects. It is basically

a general purpose, wideband, single-

channel oscilloscope with a high-fre-

quency 3-dB point at 25 MHz (Y axis),

a response figure that is referred to an

B-cm display rather than the 6-cm refer-

ence usually used for scopes with band-

widths higher than 10 MHz. Rise time

is less than l5 nanoseconds for 8-cm de-

flection and less than 20 nanoseconds

with pulses that have amplitudes ex-

panded considerably beyond the 8-cm

display area. Minimum deflection fac-

tor (maximum sensitivity) is 5 mV/cm.

Unmagnified sweep times range down

to 0.1 ps/cm and a \5 magnif ier is

includecl for expanded sweeps. The

scope is thus well-suited for critical

laboratory applications as well as pro-
grammed testing, bringing the accu-

racy and convenience of drift-free per-

formance to the lab bench.

PUSHBUTTON OPERATION

O n l y  t h e  m o s t  c o m m o n l y - u s e d

controls of the new oscilloscope are

visible to the user during normal pro-

p;rammed operation, but all other con-

trols that are standard for a general-

ee
a

errors resulting from operator selection

of the wrong range. F{ence, in pro-

grammed systems where repeated se-

quences of tests are made, such as in

production test ing, this osci l loscope

makes it possible for less-skilled person-

nel to use an oscilloscope with uni-

formly accurate results.

The stabilizing technique also per-

mits the instrument to make reliable

measurements of dc levels with analos

voltmeter accuracy. In situations where

severa l  t ypes  o f  measurements  a re

made, the new scope may be used in

place of other instruments to measure

dc levels, as well as waveforms, with

complete confidence. The virtual ly

complete absence of variations in the

dc level of the vertical amplifier, even

in the face of ambient temperature
changes, is shown by the recording of

F ig .  l .
In addition to enabling dc measure-

ments ordinarily not attempted with

an oscilloscope, the stabilized vertical

amplifier allows accurate offset of the

baseline in calibrated increments above

or below the center of the CRT grati-

cule. In view of this capability, the

vert ical deflect ion ampli f ier was de-

signed with a wide dynamic range

which, along with the wide offset range

(-+25 cm), allows expanded scale meas-

urements to be made.With ofiset, small

ac signals riding on a relatively large

dc may be examined in detail even

though dc coupling is retained. Wave-

forms may be expanded several times

Fig.  4.  Osci l lograrns i l lustrate uaue-

foim magnification made possible.by'wi,le 
d.ynamic range and oft'set position-

ing of new Model 1554 OscilloscoPe,
euln for  fast- r ise waueforms. Upper
photo shows squore-uaue Eenerator out-
put  (atcoupled) at  sueep speedot '  400

nsf  cm. Lower photo is  of  same Luaue-

t'orm expanded 10 times to 50 cm wtth

center line off set 25 cm to shott't only top

of waueform. Note in lower photo that

expanded taauet'orrn driues trace to

eo'uiualenl ol -50 cm u;ith negligible
Ioss o[  r ise t ime or f idel i ty .  NeD scope

thus has dynamic range of 5A cm aboue

and belout zero relerence leuel or a total

of 100 cm.
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purpose laboratory oscilloscope are lo-
cated behind a hinged door along the
bottom of the front panel (Fig. 3). Con-
cea l ing  these cont ro ls  reduces  the
danger of misadjustment by the semi-

Fig. 5. Vertical d.eflection fac-
tor and horizontal sweep rate
on neu oscilloscope ere se-
lected manually by pushbut-
tons or remotely by contact
closures to ground. Lamps in-
side pushbuttons indicate se-
lected ranges in either manual
or remote operation.

skilled operator but with the door low-
ered, the controls are readily available

to the trained operator.
In the manual mode of oper-ation,

vert ical sensit ivi ty and sweep t ime are

corrtrolled by rnomentary-contact, il-

luminated pushbuttons for quick se-

lection of ranges. Stepped vertical Posi-
tioning is controlled by a front panel

knob and the zero-voltage level is in-

dicated on an illuminated front Panel
display (Fig. 9), an especially desirable

arrangement for expanded scale meas-

urements when the baseline maY be

posit ioned off the screen. Al l  other

functions are control led by conven-

tional knobs and switches.

PROGRAMMED OPERATION

In the programmed mode, all Pro-
gramming of the instrument is digital

and is accomplished by contact closures

to ground, thereby placing a minimum

ETIMINATING
DC DRIFT

In  the  new osc i l loscope descr ibed in  the

accompanying adicle, the dc level of the am-
plif ier is stabil ized approximately 3 times a

second. During the stabil ization interval, a se-
quence generator disconnects the input signal

and the vertical positioning voltage from the

ampl i f ie r ,  g rounds the  ampl i f ie r  inpu t ,  and

samples any difference of potential that may
be present at the vertical deflection plates.

Normally, the deflection plates should be at
some prescribed potential when the input is
grounded; any other potential difference rep-

resents drift.

Fig. 7. Simplified block diagram ot dc sta-
bilization circuit. DurinE sampling interval,
drift sensed at CRT deflection plates, while
amplifier input is Erounded, charges storage
capacitor. Between sampling intervals,
stoted capacitot voltage is applied to ampli-
fier input to provide oflset that cancels drift-

Induced chanEes in dc level.

Charge representing the potential difference
is stored in a capacitor and held there until the
next sampling interval. Between samples, when
the input  s ignal  is  connected to one input  of
the di f ferent ia l  ampl i f ier ,  the s ignal  at  the
opposite input is the sum of a correction sig-
nal, derived from the stored capacitor voltage,
and the position signal introduced to offset the
trace vertically. The correction voltage pro-
vides an otfset that compensates for any drift.

The stabilizing system takes advantage of
the dead time during flyback of the horizontal
sweep. The stabilizer cycle is started by a sig-
nal from an AND gate that senses inputs from
both the sweep gate and a delay multivibrator
(see block diagram, Fig. 1). The conditions for
taking a sample are that it has been longer
than 350 mi l l iseconds s ince the last  sample,
as determined by the delay muttivibrator, and
that  an ensuing sweep has been completed,  as
signaled by the sweep gate. These are shown
as waveforms A, B, and C in Fig. 2.

The switching functions are controlled by
the sequence generator, a monostable multi-
vibrator that is triggered by the signal from
the AND gate. The sequence generator has
three outouts with three distinct 'on' times.
The 2-mi l l isecond output  contro ls the sampler
reed switch which closes the correction feed-
back loop (waveform D). The 3-millisecond
output drives the reed switches that discon-
nect  the input  and posi t ioning s ignals and that
reference the amplifier input to ground (wave-
form E). These switches are held closed 3 mil-
liseconds to insure that the correction loop is
opened again before anything is  done that
might disturb the reference to which the am-
pl i f ier .  is  stabi l ized.  The 5-mi l l isecond output
inhibits the sweep generator, the additional 2
mi l l iseconds al lowing t ime for  the ampl i f ier  to
recover from any switching transients before
the display is again presented on screen (wave-
form F).

The output ol the amplifier that senses drift
is coupled through an emitter-follower to the
storage capacitor in the stretcher or zero order
hold.  The emit ter- fo l lower serves as a low-
impedance driver for charging the capacitor.

- l

T ime -

Fig 2. Waveforms shor,v seguence of events
du r i n g stabi I i zatio n i nterv a l. Sta b i I i zati on
starts during fly-back time of horizontal
sweep and turther operation of sweep Een-
erator is inhibited until stabilization cycle

is completed.

The outDut from the zero order hold is then
fed through a cathode.follower to an atten-
uator  and mix ing c i rcui t  and then into the
normal ly  undr iven input  of  the main vert ical
differential amolifier.

The forward gain of the vertical amplifier
with the correction loop open is about 2000 at
maximum ampl i f  ier  sensi t iv i ty .  Dur ing the t ime
the loop is closed, the gain is reduced to 10 by
the return ratio of 200. The net result is that
the correction reduces any drift by the return
ratio. With correction, the vertical amplifier,
wi th i ts  minimum def lect ion factor  of  5
mv/cm, has a drift characteristic that com-
pares with an uncorrected amplif ier having but
I V/cm deflection factor. The stabilized ampli-
fier maintains a zero offset baseline within
plus or  minus O. l  cent imeter of  center  screen,
after less than a three-minute warmup, and it
is virtually unaffected by environmental tem-
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number of requirements on the pro-
gramming device. The oscilloscope can

be programmed by a wide variety of

digital devices such as computers,

punched cards, and stepping switches.
A total of 35 program lines provide

full programming capability. A max-

imum of 9 contact closures are re-

quired at one time for each prograrn,

depending on the functions to be pro-

grammed. Vert ical deflect ion factor

and sweep time require two each. Ver-

tical offset requires two closures, with

one determining the amount of offset

and the other determining polarity,

and vertical input coupling (ac or dc)

requires a single closure. Ti igger

source signal selection requires a single

perature changes. The strip chart recording on
page 2 shows the very low level of variations
caused by temperature changes.

The stabilizer system responds to and cor-
rects for any drift or low frequency noise oc-
curring at a frequency lower than 3 Hz. The
response of the system in correcting for drift
that might have occurred since the last sample
is readily measured by disabling the sequence
generator, holding the feedback loop closed,
and teeding a low-frequency step into the ver-
t ical  ampl i f ier  s ignal  in p lace of  referencing
it to ground. The resulting CRT display shows
the response character is t ic  and correct ion
time. Fig. 3 is such a display showing the cor-
rect ion for  two amol i tudes and for  both
oolarities.

Fig. 3. Oscillograms show response of sta-
bilizer to step change in zero level. Upper
waveform resulted from 2-cm step which
was corrected in 0.1 ms. Lower waveform
resulted from 20-cm step, corrected in 0.6
ms. Both steos were corrected to same
level, even though trace was driven far off
screen in lower photo. Sweep speed /, both
oscillograms is O.2 mslcm and vertical

def lection factor is 5 mV lcm.

Fig.6. Companinn Programmer stores 18 programs for con-
trol of oscilloscope. Each program, selected by one pushbut-
ton or one external contact closure, sets six oscilloscope func-
tions. Progran'Ln'Lers ntay be cascaded to prouide greater

nutnber ot' programs.

closure to select internal, external, or

line. Tiigger slope needs one closure to

select the positive or negative slope of

the signal for initiating triggering.

Each open program line has a -12-V

potential on it and any switching de-

vice capable of sinking at least 20 milli-

amperes to ground can be used for pro-

gramming (power for programming is

supplied by the scope main frame). An

isolated ground line is supplied to the

program input connector so that a

front panel switch may be used to dis-

able all program inputs should this

requirement arise.

PROGRAMMER

A companion instrument, the Jp-

Model 1550.4 Programmer, provides
the means for storage and selection of

programs for the oscilloscope controls.
The Programmer (Fig. 6) allows each

preset program to be selected in any

order either manually by one of the
pushbuttons on the Programmcr, or
remotely by a single contact closure.
The Programmer thus may serve as a

storage buffer for system programmers.
Switching to a new program requires

about l0 milliseconds. The selected

program is indicated by a light in the
appropriate pushbutton on the Pro-

grammer and lights in the oscilloscope

pushbuttons indicate the ranges being

programmed.
Programs are established by diode

pins that plug into a matrix on a cir-

cuit board in the Programmer (Fig. 7).
Up to 18 complete preselected pro-
grams may be stored and selected by

one Programmer and Programmers

may be cascaded to increase the num-
ber of programs by multiples of 18.

The Programmer has one auxiliary

programming line that normally is not
used for any of the scope functions.
This line, useful for additional pro-
gramming instructions, may be pro-
grammed 'off' or 'on' by appropriate

insertion of a diode pin connector.
As shown by the circuit diagram of

Fig. 8 the Programmer uses external

power and it may be used as a con-
troller for other equipment that is com-

patible with the Programmer's logic
level and power requirements.

TRANSFER OF CONTROL

While the insrument is being oper-
ated from programmed instructions,
any of the pushbuttons may be oper-
ated manually to override the program
when the need arises to search for a
signal or otherwise deviate from a
standard program sequence. This is im-
portant in production testing or system
checkout if a manual search for the sig-
nal is required at times when the wave-
form to be measured does not appear
on the scope display because of a mal-

function or misalignment of the equip-
m e n t  u n d e r  t e s t .  T o  r e s t o r e  p r o -
grammed operation, resetting the pre-

vious program or switching to a new

one is all that is required.
'fb 

facilitate transfer of control be-

tween programmed and manual opera-

tion, the vertical deflection factor and

sweep time control inputs, either man-
ual or programmed, are stored in a

memory in the oscilloscope. The mem-

ories consist of multistable multivibra-

. 5 .
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Fig,. 7 - Oscilloscope functions are
quichly set up in Programmer by in-
sertion of diode pin conneclors in
appropriate holes. Each column rep-
resents one program. Legends at let't
and right indicate functions selected
by corresponding leuels in column.

tors which control reed relays. The
sweep tiine memory, for example, con-
sists of a six-stable multivibrator and a
three-stable multivibrator. fwo bits of
information are used simultaneously to
es tab l i sh  a  p r r t i cu la r  sweep t ime,  one
bit representing the sweep decade an(l
the other representing the l-2-5 se-
quence. The memory output provides
the  se lec t ion  o [  the  proper  in tegraror
resistor and capacitor to set the slope
of the horizontal time base ramp and
it also provides the proper outputs to
turn on the neon that indicates the
range.

Depressr 'ng  a  pushbut ton  in  the
sweep time array on the front panel
overrides a program input by supply-
ing a dc input to set the mult istable
mult ivibrators. This manually- intro-
duced signal overrides any previous
input and holds the memory in the
new state unti l  ei ther another manual
or a programmecl input is received.

The memory for the vertical sensi-
t ivi ty is basical ly the same as the sweep
time except that i t  has seven bits of
storage arranged in a four-stable and
three-stable mult ivibrator configura-
t ion to provicle outputs for the l2 sen-
sruvlty ranges.

Adequate protection from externally

generated noise pulses is necessarysince
any noise that might be coupled into
programming lines could cause erro-
neous ranges to be set up. Instead of
using the input from the program-
ming device to senerate the program-
rning signal direct ly, each input is
bufferecl by a reed relay. The Prosram
input then energizes the reed relay
which in turn generates the switching

signal. Noise impulses of sufficient en-
ergy to close a relay are not usually

encountered.

For appl icat ions not requir ing pro-
gfammability, the oscilloscope can be
operated without the circuit cards re-

quired by external inputs. These cards
an(l associatecl cabling may be added at
any  la te r  t ime shou l t l  a  requ i rement
for proerammability arise.

VERTICAL OFFSET

The new oscilloscope allows either
discrete-step or continuous control of
vert ical posit ioning. Calibrated step
control,  couplecl with dc stabi l izat ion,
is necessary for programmed operation
to insure accurate and repeatable meas-
urements of waveforms. The step con-
trol permits ollset of the baseline in
I 'centimeter steps up to plus or minus
5 centimeters, and then in 5-centimeter
steps up to plus or minus 25 centime-
ters. The dividers in which these volt-
ages are clerived have resistors of t/ro/"

accuracy to insure that the offset signal
is accurate to better than 2o/o. The
steps may be selectecl manually by the
Iront panel control as well as remotely
in the programmed mode of operation.

A manually-operated vernier behind
the  h inger l  cover  e l lows cont in r rous
c o n t r o l  o [  p o s i t i o n i n g  t o  a p p r o x i -
mately 3 centimeters above ancl below
any digital sett ing.

A digital circuit  associated with the
posit ion control establ ishes either pro-
grammecl or manual operation. A pro-
srammed input automatical ly sets the
circuit  to accept this type o[ control.
To switch to the manual mode of oper-
at ion, the operator neecl only change
the posit ion switch sett ine'and manual
operation is automatical ly establ ished.
Control of the of lset then remains in
the manual mo<le unti l  ei ther the pre-
vrous ]lroglam ls reset or a new pro-
gram is selected.

VERTICAL AMPLIFIER

The vertical amplifier, exclusive of
the dc stabilization circuits, is differen-
tial throughout. The circuitry is solid-

state except for Nuvistors in the input

stage, which provide the high imped-
ance and low-leakage characterist ics
required for a l-megohm input resis-
tance. The input attenuator uses spe-
cially shielded reed relays and tight
tolerance resistors to provide good high
frequency response and an accuracy of
+2To. Input capacitance is held con-
stant at approximately 50 pE

The low-level stages of the amplifier
are desisned for linear operation with

signal amplitudes that would cause de-
f lect ion of greater than -+50 centime-

ters. The output stage and driver have

fast diode clamping circuits that pre-
vent large signals from saturating the
transistors, thus enabling expanded
scale clisplays without creating distor-
tion in the visible part of the display.

Fig.  8.  Each pushbutton in Pro-
grammer controls relay that grounds
all program lines for relays on cor-
responding program lines in oscil-
Ioscope (diodes decouple lines from
progranls other than that being ac-
tiuated). Single external closure to
ground also actiuates all program

Iines in corresponding program.

. 6 .



Delay lines in the amplifier retard

the signal 200 ns to permit display of

the leading edge o[ fast r ising wave-

forms while the same waveform is used

to trigger the sweep.

TRIGGERING

The trigger signal is derived at a

point between the vertical input atten-

Fig.9. Position ol zero leuel baseline
selected by Posi t ioning contro l  is
ind.icated by illuminated numerals,
enabling nxeasurement of dc leuels
with analog uoltnxeter accuracy euen
utithzero leuel displaced. up to +25

cm from center screen.

uator and the amplifier input and it is
applied to a separate, high-perform-

ance ac-coupled differential amplifier.

No trigger amplification takes place in

the vertical deflection amplifier itself

because of the switching transients gen-

erated during the stabilization cycle,

which would affect synchronization
adversely.

In the absence of an input signal, the

time base trigger system automatically

generates triggers at about 30 Hz thus

assuring a continuous clisplay of the

base line. This is especially convenient
when the oscilloscope is used as a volt-

meter to measure dc levels. When the

triggering control is switched to 'Autoi

the trigger level is preset for optimum

triggering on most waveforms. flow-

ever, trigger level may be adjusted

manually by a front panel contol lo-

cated on the front panel outside and
just above the enclosed panel where it

i s  read i l y  ava i lab le  to  the  user  i f

needed.

CRT AND Z-AXIS

The CRT used in the new oscillo-

scope provides a bright display on an
8 x 10 centimeter area and i t  has an

internal grat icule which el iminates

DESIGN LEADERS

parallax error in the reading of wave-
form amplitudes. The tube is a post-
accelerator type using a mesh electrode
ancl an overall accelerating potential of

7.5 kV The vertical deflection factor of

the tube is 8.5 volts/cm, and the hori-

zontal deflection factor is 12.5 volts/cm

making the tube compatible with solid-

state ampli f iers. The longer persist-ence

provided by P2 phosphor is used to

suppress stabilization flicker.
The Z-axis or intensity modulat ion

ampli f ier is a direct-coupled opera-

tional amplifier. Z-axis input signals
from dc to rise times faster than 60 ns

may be displayed on the CRT.
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S P E C I F I C A T I O N S
-hp

M O D E L  1 5 5 A
o s c l  L L o s c o P E

VERTICAL DEFLECTION SYSTEM

DEFLECTION FACTOR (SENSITIVITY): 12 cali '

brated ranges from 5 mV/cm to 20 V/cm in

7 ,  2 ,5 ,  lO sequence.  Vern ie r  a l lows cont inu '

ous adiustment between calibrated ranges

and extends deflection factor to at least 50

Y /cm-

ATTENUATOR ACCURACY : -r zYo.

BANDWIDTH (referred to 8'cm signal at 1 MHz

from 25O source):
DC coupled: DC to greater than 25 MHz at 3

dB down.
AC coupled. 2 Hz to greater than 25 MHz at

3 dB down.

RISE TIME:
Less than 15 ns at 8 cm reference signal.
Less than 20 ns at 25 cm reference signal.
(With 25Q source having rise time <3 ns.)

POSfTfON:  Base l ine  can be  o f fse t  !25  cm
from center screen of CRT in calibrated 1-cm

steps from 0 to 5 cm and s'cm steps from

5 to 25 cm. Accuracy of steps is ):2yo when

ampl i f ie r  ga in  i s  ca l ib ra ted .  Vern ie r  a l lows
cont inuous  t3  cm ad ius tment  about  se t t ing
of step offset.

DC STABIL ITY:  Zero 'se t t ing  dc  s tab i l i za t ion
main ta ins  zero  o f fse t  base l ine  w i th in  t01
cm of center screen on CRT over entire sensi'
t ivity range after 3-minute warm-up. Zero set-
t ing  occurs  approx imate ly  3  t imes per  second

SIGNAL DEUTY: Signal is delayed so that leading
edge of fast rise signal is visible at start of
sweep.

INPUT IMPEDANCET t megohm shunted bv

=5O pF.

MAXIMUM INPUT VOLTAGE: 400 volts (dc +
peak ac) .

REAR INPUT:  Reat  pane l  BNC input  connector
is selectable by lront panel switch Input im'
pedance is  1  megohm shunted  by  approx i -
mately 80 pF. Bandwidth is greater than 20
MHz, rise time less than 18 ns for I cm step

REAR OUTPUT: Rear-panel BNC connector pro'

vides low-impedance dc,coupled vertical sig'
nal output correspondinE to on-screen display
Wi th  s tab i l i zer  opera t ing ,  ou tpu t  s igna l  i s  dc '
s tab i l i zed  and conta ins  s -ms s tab i l i zer  sw i tch-
ing transient at = 3 Hz.
DC level -l 7 V at center screen.
Output  ampl i tude =  l7O mV/cm.
Dynamic  range grea ter  than CRT gra t icu le

display.
Bandwidth = 25 MHZ
(Above with output terminated into 50O.)

HORIZONTAL DEFLECTION SYSTEM
INTERNAL SWEEP: 18 calibrated ranges from

0.1  /s /cm to  50  ms/cm in  1 ,  2 ,  5 ,  10  se '
quence.  Accuracy  is  typ ica l l y  w i th in  1o lo ,  a l -
ways within 3 o/o. Vernier allows continuous
ad ius tment  be tween ca l ib ra ted  ranges  and ex-
tends slowest sweep to at least 0.125 s,/cm.
MAGNIFICATION:  X5 expans ion  on  a l l  ran€es

extends fastest sweep to 20 ns/cm Accu'
racy  is  typ ica l l y  w i th in  3o lo ,  a lways  w i th in
5 % .

SLOW SWEEPS:  -  10  s lows 10 ,  20  and 50

ms/cm sweeps to  0 .1 ,0 .2 ,  and 0 .5  s /cm'

respectively. Accuracy is typically within

3o/o, always within 5'lo.

TRIGGERING:
AUTOMATIC:  Base l ine  d isp layed in  absence

of  inpu t  s igna l .
INTERNAL:  40  Hz to  g rea ter  than 25  MHz

f rom s igna ls  caus ing  0 .5  cm def lec t ion
or  more  f  rom 50 mv, /cm to  20  V/cm and

from signals causing 2 0 cm deflection

or more from 5 mV/cm to 20 mv,/cm

deflection factor; also from line voltage'

EXTERNAL:  40  Hz to  g rea ter  than 25  MHz

from signals 0.5 volt to 10 volts peak'to-

peak .  lnpu t  impedance:  100 k  shunted  by

approximately 20 PF.
TRIGGER SLOPE: Positive or negative.

AMPLITUDE SELECTION:
INTERNAL:  Same as  Automat ic  In te rna l  ex-

cept lower cutoff frequency extends to 10

Hz,
EXTERNAL: Same as Automatic External ex'

cept lower cutoff frequency extends to 10

Hz.
TRIGGER POINT AND SLOPE:  In te rna l l v  f rom

any point on displayed waveform; exter-

na l l y  f rom any  po in t  be tween t5  vo l ts ,

positive or negative slope'

SINGLE SWEEP: Front panel switch selects sin'
gle sweep operation

REMOTE PROGRAMMING
Programming is  accompl ished by  contac t

closutes to isolated common line Control l ines

arc at -12 volts and closure current ls approxl'

mately 20 mA- Programmable functions are

listed below:

VERTICAL:
D E F L E C T I O N  F A C T O R  ( S E N S I T I V I T Y ) ;  1 2

ranges f rom 5  mv/cm to  20  v /cm in  7 ,2 ,

5, 10 sequence. Seven control l ines, two

used per Program
INPUT COUPLING:  ac  or  dc ,  one cont ro l  l ine .

VERTTCAL POSITIONING:  - l  -  5 ,  - f  10 '  r15 '

+2O,  r -25  cm and zero ,  12  cont ro l  l ines '

two used Per Program.

HORIZONTAL:
SWEEP TIME;  18  ranges  f rom 0 '1  ps lcm to  50

m s / c m  i n  1 , 2 , 5 ,  7 0  s e q u e n c e .  N i n e  c o n t r o l

l ines ,  two used Per  Program
TRIGGER SOURCE:  In te rna l ,  ex te rna l ,  o r  l ine

f requency  Three cont ro l  l ines ,  one used
per program.

TRIGGER SLOPE:  P lus  or  minus .  Two cont ro l

l ines, one used Per Program

PROGRAM INPUTS: Control l ines available at

rear panel connector with power to operate

Model 15504 Programmer.

MANUAL OPERATION: When oscil loscope is re-

mote ly  p rogrammed,  manua l  func t ion  se lec '

t ion  is  accompl ished by  swi tch ing  to  des i red
range. Programming is restored by switching
to new program or resetting previous program.

GENERAL
CALIBRATOR: 1-volt peak'to'peak l ine frequency

square  wave ava i lab le  a t  f ron t  pane l .  Accu '

ra te  to  tL%o,  +15 to  +35 'C,  and to  3y" '  o

to  55"C.  R ise  t ime is  0  5  ps  or  less

INTENSITY MODULATION: Approximatelv +20
vof ts  requ i red  to  b lank  t race  o t  normal  jn '

tens i ty  DC coup led  input  i s  loca ted  on  rear
panel. fnput resistance approximalely 22k'

R ise  t ime less  than 60  ns .

CATHODE RAY TUBE: 7 s'kv post'accelerator

tube w i th  a lumin ized P2 phosphor .  P7 '  P l f '

P31 phosphor  ava i lab le ,  no  charge

ACCESSORIES FURNISHED;  Mode l  10001A 10:1

d iv ider  p robe,  p lug- in  p r in ted  c i rcu i t  ex tender

board ,  mat ing  connector  fo r  p rogramming

conn ector.

POWER: 115 or 230 volts, 50 to 60 Hz' approxl'

mately 200 watts

Df  MENSfONS:  l6y4  in .  w ide ,9  in '  h igh ,  l8% in .

deep over-all (426 x 229 x 466 mm)'

WEIGHTT Net ,  45  lbs .

PRIGE: $2,450.00
Opt ion  O1:  w i thout  p rogramming capab i l i t y '

$2 .150 00 .
Prices f.o.b. factory

Data subiect to change without notice.

S P E C I F I C A T I O N S
-h5

M O D E L  1 5 5 0 A
P R O G R A M M E R

Programmer provides means for programming

vertical sensitivity, vertical positioning, vedical

input  coup l ing ,  gweep t ime,  t r igger  source '  and

trigger slope in Model 155A Programmable os-

c i l loscope,  p lus  an  aux i l ia ry  s ing le  l ine  func t ion ,

and inc ludes  means fo r  se lec t ing  any  o f  the

preset programs.

PRoGRAM STORAGE: Up to 18 different pro-

grams may be  s to red .  Add i t iona l  ou tpu t  con-

nector for control l ines is provided on rear
pane l  to  permi t  cascad ing  o f  p rogrammers

for additional program storage if desired.

PROGRAM SELECTION: Front panel switch per-

mits selection of three operating modes: man'

ual, remote, and off.

MANUAL PROGRAMMING: Preset programs are

selected in any order by momentary'contact'
i l l umina ted  pushbut tons  on  Programmer  f ron t

pane l

REMOTE PROGRAMMING: Programs may be se-

lected externally by making a single contact

closure to isolated ground (external switching

must provide 1o'ms break'before-make con-

tact closures and contacts must switch maxi"

mum of 3OO mA). Program control l ines are

available at rear panel connector. Externally

selected programs are identif ied by i l lumi'

nated readout on front Panel.

OFFI  Programmer  can be  d isab led  when manua l '

only operation of oscil loscope is desired re-
gardless of Programmer switching.

PROGRAMMING PINS: Programs are preselected

by  inser t ing  d iode p ins  in  15  in .  x  10  in .  p in

board .  Ex t ra  d iode p ins  inc luded fo r  one

aux i l ia ry  func t ion  Per  Program.

POWER REQUIREMENTS: Power required by

Mode l  15504 is  supp l ied  by  Mode l  155A Osc i l -

loscooe.  Minus  12  vo l ts  fo r  aux i l ia ry  func t ion
is  supp l ied  a t  rear  pane l ;  cur len t  fo r  aux i l ia ry

func t ion  is  l im i ted  to  50  mA.

Df MENSf ONS: 753/+ in. wide,3r5Az in- high, 78yB

in .  deep.

WEIGHT: Net, 12 lbs.

ACCESSORIES FURNISHED:  Mode l  10129A In -

te rconnect ing  Cab le  to  Mode l  155A Osc i l lo -

scooe, 3 ft, lodg Mating connector for remote
programming connector.

ACCESSORIES AVAILABLE: Model 101304 Inter-

connecting cable to Model 155A Oscil loscope,
1O ft long. Special length interconnecting

cab les  ava i lab le  upon request .

PRICE: $600 00

Prices f.o b. factory
Data subject to change without notice.
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TIME DOMAIN REFTECTOMETRY IN 75-OHM SYSTEMS

Tun -hp- TDR svsrrntl has a charac-

teristic impedance of 50 ohms because

this is the most common impedance for

cables and microwave systems. There

are, however, other common imPecl-

ances ,  and in  the  communica t ion  in -

dustr ies, in television broadcasting,

and in community-antenna television

systems, 75 ohms is widely used.

Calibration and interpretation of

the TDR display are simplest when

the characteristic impeclance of the

TDR system is the same as the charac-

teristic impedance of the system being

tested. The reason for this is that, when

these impedances are matched, energy

reflected from the system being tested

is terminated in the proper impedance,

and no  re - re f lec t ions  occur  a t  the

source.
The -hp- TDR system can now be

converted easily for testing 75-ohm sys-

tems by means of new 50-to-75-ohm

adapters recently developecl by the -hp-

Colorado Springs Division (Fig. t) '

The adapters are 25-ohm resistors

with connectors which are compatible

with the -hp- TDR system and with

common 75-ohm systems. Fig. 2 is a

schematic diagram of a typical TDR

setup for testing a 75-ohm cable. En-

ergy  re tu rn ing  to  the  TDR sys tem

from the cable is properly terminated

in 75 ohms by the series combination

of the 25-ohm adapter and the 50-ohm

TDR system. There is no source mis-

match to cause re-ref lecl ions.

Fig. 3 is a photograph of the TDR

display for the setup of Fig. 2 with an

t -hp-  Mode l  1415A TDR P lug- in  fo r  the  -hp-  l v lode l  1404
0sci I loscope

Fig. 1. Nerll -hp- Models 10457A'84
50-to-7 S-ohm adapters simplif y te sting
of 75-ohm systems uith -hp- Model
14154 ' I ' ime  Doma in  Re f  l ec tome te r .
Adapters are 25-ohm resistors uith one
GR874 connector and one type'N' or

'F' connector-

Fie.2. Bloch diagram of setup
for TDR testing of 75-ohm
system using new 50-to-75-ohm
adapter. E ner gy reflect ed f r om
75-ohm system is proper ly
terminaLed by series combina-
tion of 25-ohm resistor (adapt-
er) and 50-ohm TDR system,

thereby eliminating source
re-reflections.

open circuit at the end of the 75-ohm

cable (Zr, : co).The display shows an

init ial  misrnatch at point 'Ai which is

the result of the 50-ohm TDR system's

being terminated in the 100-ohm series

combination of the adapter ancl the

75-ohm cable. This mismatch does not

hinder operation, however. Level 
'B' is

now the 75-ohm reference level (reflec-

tion coefficient o : 0) and level 'C' is

now the open-circuit level (p - 1). The

system can be calibrated to reacl reflec-

tion coelficient directly for 75-ohm op-

eration by adjusting the srEP cAL con-

trol of the TDR plug-in (screwdriver

a(ljustment) so that the difference be-

trveen levels 'B' and 'C' is ten celrti-

meters on the displav when the REI'LEC-

TION COEFFICIENT CONITOI  iS  iN  thc
'plcm - 0.1' position. The rurrrcuoN
COEFFICIENT control is then calibrated

for 75-ohm systems instead of for 50-

ohm systems.

When the -hp- TDR system is oP-

erated with a 50-to-75-ohm adapter, the

system rise t ime increases to about 170

picoseconds ( instead of 150 ps) and the

internal noise level is increasecl by a

factor of 1.5. Other specif icat ions of the

TDR sys tem are  unchanget [ .  A  se t  o f

75-ohm impedance overlays is inclucled

with each aclapter.

The 50-ro-75-ohm atlapters may also

be used w i th  any  s igna l  genera tor

which has a 50-ohm source impedance.

The adapter converts the generator

into a 75-ohm source so that i t  can be

usecl in 75-ohm systems without reflec-

tions from the source ancl without any

loss of pulse amplitude. If the genera-

tor has a cal ibrated pulse ampli tude

control, this control retains its calibra-

tion when the aclapter is used.
- Charles A. Donaldson

-hp-  1404 'hp '  1415A
OSCILLOSCOPE TDR SYS'IEM 5 0 - o h m  l i n e

- h p ' 1 0 4 5 7 A
50-75 ohm

/ 3  o n m
SYSTEI\4

UNDER TEST,  ADAPTER
Samprer  Inpur

A

TDR
sre p

Fis.3. Oscillogram ot' TDR display lor
test setup of Fig. 2. with cable open'
circuited. (Zr = e). Initial reflection at
'A' is due to im.pedance mismatch be'
tween 50-ohm TDR system and 100
ohms of  adapter p lus cable.  Leuel 'B ' is
new reference leuel t'or 75-ohm meas-
urements (reflection coefficient p = 0).
Leuel 'C'  is  open-ci rcui t  leuel  (p -  1) .

CHARLES A. DONALDSON

Chuck Dona ldson graduated  f rom
the University of Colorado in 1962
with a BS degree in electr ical engineer-
ing and business. After graduation, he
spent three years in the evaluation and
design of pulse generators and osci l-
loscope circuitry. Chuck joined 'hp' in
1965 as  an  app l ica t ions  eng ineer ,  and
since then he has been working with
the sampling and pulse-generator de-
sign groups of the -hp- Osci l loscope
Division in Colorado SPrings.
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RISE TIME CONVERTERS FOR
SIMPTER TDR TESTING OF BAND.TIMITED SYSTEMS

T r l r r  o o u e r N  R E F L E c T o M E T R Y

(TDR) is a simple and accurate way to

locate and analyze discontinuities in

coaxial cables and microwave trans-

mission systems.l The time domain re-

flectometer applies a fast voltage step

to the cable or system under test; some

of this energy is reflected by disconti-

nuities or changes in the characteristic

impedance of the system; then both in-

cident and ref lectecl waves are dis-

played on an oscilloscope. Because of

the finite velocity of electromagnetic
waves, discontinuities at clifferent clis-

tances from the steP generator aPPear

as individual responses on the clisplay,
and their locations can be determined

easi ly. The shape and magnitude of

each reflection tell what kind of clis-

continuity is present: resistive, induc-

tive, or capacitive, series or shunt.

The rise time of the incident voltage

step in a TDR system is made as short

as possible to permit the system to re-

solve closely spaced echoes and to meas-

ure accurately very small reactive dis-

continuities. In the Hewlett-Packarcl

Time Domain Reflectometer, which

consists of the -hp- Model l4I 5A Plug-

in with the -hp- Model 140A Oscillo-

'  B .  M.  0 l i ver , 'T ime Domain  Ref lec tomet ry , "Hewle t t -Packard
Journa l , 'Vo l .  15 ,  No.  6 ,  Feb. ,  1964.

Fig. 2. Rise time conuerter is placed bettaeen STEP OUTPUT and
SIGNAL IN connectors of -hp- TDR system, uthich consists ot' Model

1415A TDR Plug-in for Model 1404 Oscilloscope.

scope,r the rise time of the incident step

is less than 120 picoseconds ancl the

overal l  r ise t ime of the system is less

than 150 picoseconds, equivalent to an

upper frequency l imit of more than 2.3

GHz.
In some cases, horvever, such as in

testing systems which will be operated

only in a limitecl frequency range, a

slower rise time can be useful because

it provides test conditions which are

closer to the actual operating condi

tions. A common example is a pulse-

transmission system forwhich the pulse

rise t ime is never faster than a siven

valLre, say 5 nanoseconcls. I f  the cable is

teste(I using the fast TDR steps (t .  -

? Lee R.  l v l0 f f i t t ,  'The T ime D0main  Ref lec to rne ter , '  'Hewle t t -

Packard  Journa l , '  V01.  15 ,  N0.  1 ,  Sept .  1963.

0.15 ns), ref lect ions from many reactive

discontinuit ies can appear which would

not be of concern in a system designed

{or a 5 ns rise time. This extra inlorma-
tion then makes it more difficult than

necessary to clean up the system. If the

rise time of the TDR step is slowecl to

5 ns, the cable responds in the same
way as in actual use, and only cliscon-

t inuit ies which affect the operation of

the systcm appear on the TDR t l isplay.

RISE TIME CONVERTERS

With a new series of Rise Time Con-

verters (Fig. l), the fast rise time of

the normal TDR voltage step can be

slowed to any of five values between 0.5

nanoseconds and l0 nanoseconds.
The converters are low-pass filters

which have been designed for mini-

mum departure of the output step

from a Gaussian leading edge and for

minimum deviation from a 50-ohm

output impedance. The Gaussian lead-

ing edge makes the TDR test signal a

good compromise in shape and fre-

quency components for the range of

signals found in actual operating sys-

tems. The 50-ohm output impedance

is the same as the output impedance of

the reflectometer, which means that

unwanted re-reflections are eliminated.

Stripline mounting has been used to

reduce parasit ic ef lects.

Fig. 1. Nenr rise time conuerters, -hp- Mod.els 104524 to 10456A, slow
the rise time ot' the uoltage step in the -hp- TDR sy$tenx to O.5, 1.O,2.0,
5.0, or 10.0 nanosecond.s to simplify testing ot' band-limited systems.
Rise time ol -hp- system uithout conuerters is 0.15 ns. Shown is 5 ns

conu erter. M odel 104554.
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A new application note, 'Selected

Articles on Time Domain Reflectom-
etry Applicationsi has just been pub-
l ished. This note contains reprints of
five articles on uses of TDR which
originally appearecl as technical re-
ports, papers, and magazine articles.
Titles of the articles are

l.  Time Domain Reflectometry - Theory
and App l ica t ions

2. Transmission Line Pulse Reflectometry

3 .  Mechan ica l  Sca l ing  Enhances  T ime Do-
main Reflectometry Use

The converters are inserted between
the srEp ourpur and srcxar rN connec-
tors of the -hp- reflectometer (fig. 2).
Fig. 3a shows a TDR display for a typi-
cal cable with the 5-ns converter in

DESIGN LEADER

LEE R. MOFFITT

Lee Moff i t t  graduated f rom North-
wes te rn  Un i ve rs i t y  i n  1961  w i t h  a
BSEE degree.  He then jo ined -hp- as a
c i r c u i t  d e s i g n  e n g i n e e r ,  a n d  p a r t i c -

i pa ted  i n  t he  des ign  o f  t he  Mode l
1415A  TDR P lug - i n .  He  i s  now  a  p ro j -

ect  leader in the sampl ing-osci l loscope
group of  the -hp- Colorado Spr ings Di-
v t s t on .

Lee obtained his MSEE degree f rom
Stanford Univers i ty  in 1964 on the
Honors Cooperat ive Program. He is a
member  o f  IEEE ,  E ta  Kappa  Nu ,  and
Tau Beta Pi .

Fig. 3. Oscillograrns ot' TDR
displays for typical cable. (a)
Since cable u,till neuer be used
t 'or  t ransmit t ing pulses wi th
r ise t imes t 'aster  than 5 ns,
cable is tested tuith S-ns rtse
tiftLe conuerter so that only po-
t  ent ia l ly  t roub le so me r  e t '  lec-
t ions appear.  (b)  Cable re-
sponse utith normal TDR step
(t, = 0.15 ns). Note additionaL
reflections due to faster rtse

time.

4.  Some Uses of  Time Domain Ref lectom-
etry in the Design of  Broadband UHF
Components

5.  Thermocouple Faul t  Locat ion by Time
Domain Ref lectometry.

Copies of  the note may be obtained

by requesting Application Note No.
75 from the nearest -hp- Field OIfrce
or by writing

Heulett-Pachard
C ol orn d o Sprrngs D iuisio n
1900 Garden of the Gods Road
Colorado Springs, Colorado 80907

place. The discontinuit ies that appear'
are only those that might affect the
actual operation of the cable. Once
these have been identified, the con-
vcrter can be rernoved to makc the Iul l
lesolut ion of the ref lectometer avai l-
able for accuratcly locating the trouble-
somc discontinuit ies (Fig. 3b).

For testing low-pass or bantl-pass sys-
tcms, thc con\.crtcrs can bc used as low-

Pass filters to attenuate thc frequency
comporlents of the TDR step which are
above the highest frequency of interest.
'l'he 

converters are not clesignecl as lil-
ters, so their lrequency responses are
not specif ied. Flowever, their band-
wiclths R are related to their nominal
r ise t imcs t,  approximately by the rela-
t ionship t,B - 0.35.

The new rise time converters can
a lso  be  used w i th  any  fas t - r i se- t ime

pulse generator r,r,'ith a 50-ohm output
impedance in order to increase the rise
and fall tirncs of the outl-rut pulse with-
out changing i ts ampli tude or imped-
ance level. The output r ise t ime wil l
be p'iven approximately by

RISE TIME ACCURACY:  t5o lo  o r  be t te r

OVERSHOOT:  Less  than t3o

OUTPUT IMPEDANCE (dc) :  50  ohms when used
wi th  50-ohm genera tor

OUTPUT MISMATCH:  Less  than 5o lo  re f lec t ion
of  s tep  vo l tage w i th  r i se  t ime equa l  to  nomi -
na l  r i se  t ime o f  conver te r .

ALLOWABLE INPUT VOLTAGE: Up to 50 volts,
oDen c i rcu i t .  f rom 50-ohm source .

CONNECTORS:  GR Type 874

WEf  GHT:  Net ,8  oz  (227 g)

D I M E N S I O N S : 4 5  i n  l o n g , 2  i n  w i d e ,  1 5  i n .
h igh  (114,3  x  50 ,8  x  38 ,1  mm);  10  in  (254
mm) cab le  a t tached

PRICE:  -ho-  10452A-104564 R ise  T ime Con-
ver te rs :  $ / f ,  uu  eacn

Pr ices  fo  b .  fac to ry
Data  sub jec t  to  change w i thout  no t ice

NEW TDR APPTICATION NOTE
. / l  , - l f  . -  l l l l' r , n r r r -  y ' r ' ! n  I  " r , g

r'rrhere t,.. ,,,,1 is output rise time (nano-
seconcls)

t , . , , ,  i s  n o m i n : r l  o u t p u t  r i r c  t i m e

of converter (ns)
t, . .  * is r iset irne of generator step

(ns).

ACKNOWLEDGMENTS

Design of thc Risc Time Clonverters

was carried out at the -hp- Coloracl<r

Sp l i r rgs  D iv is io r r  by  i r  te rm cor ts is t ing
o[ Gene A. \,Vare, who clicl much of the
clectrical desie'n, George H. Blinn, .fr.
and Danicl A. Paxton, Jr.,  who cle-

signecl the packaging, ancl the un<ler-

signed.
* Lee R. Moff i t t

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

MODELS 10452A - 104564
RISE TIME CONVERTERS

OPERATION:
These Conver te rs  Droduce a  known r ise  t ime

step  when dr iven  by  a  fas t  r i se  t ime 50 'ohm
source  The lead ing  edge o f  the  ou tpu t  wave
is  approx imate ly  Gauss ian

RISE TIMES:  (10-90% po in ts  as  measured in
150 ps  r i se  t ime sys tem)  104544:  2  0  ns
10452A:  0  5  ns
104534:  1  0  ns

10455A:  5  0  ns
10456A:  10  0  ns

Ref lec t ion  f rom induc t ive  d iscont inur ty

- 5 0 - o h m  
T D R  s t e p

r e t e r e n c e
l _  =  u . t 5 n s

I C V C I

Ref lec t ions

.  l l  .



A CALIBRATED SUSCEPTANCE
OF SMAtt REACTIVE

FOR TDR MEASUREMENTS
DISCO NTIN U ITIES

Tr l t e  po rv re rN  REFLEcToMETRY

(TDR), which is described briefly in

another  a r t i c le  in  th is  i ssue,  uses  a

pulse-echo technique to locate and

characterize impedance discontinuities

in cables and microwave devices. TDR

offers many advantages over single-

frequency or swept-frequency tech-

niques, including its ability to locate

reflections accurately ancl its ability to

make accurate measurements of char-

acteristic impedance Z" (provided that

a known reference is available for com-

parison).
One important class of discontinui-

ties consists of those which act like

small reactances, either series induc-

tances  or  shunt  capac i tances ,  on  a

transmission system of otherwise con-

stant characteristic impedance. Fig. I

is a photograph of a typical TDR dis-

play, showing the test step and a reflec-

tion from a capacitive discontinuity of

about 1.5 pF.
Many common reactive discontinu-

ities have capacitances of less than a

picofarad or inductances of less than a

nanohenry. In such cases the reflection

produced by the basic TDR systeml is

I The basic -hD- re meter is the N4odel 1415A TDR
Plug- in  l0 r  the  -hp-  1404 osc i l loscope.

Fig,.2. -hp- Model 874A Calibrated Susceptance simplifies TDR meas-
uriments of small reactiue discontinuities. Susceptance prouides basis for
comparison measurementE ol capacitiue discontinuities from 0 to 1 pF

and. inductiue discontinuities from 0 to 2.5 nH.

non-ideal, because these small  reac-

tances respond only slightly to the non-

zero rise time of the test steP (tr. for the

basic -hp- TDR system is 0.15 ns). In-

ductance, capacitance, reflection coeffi-

cient, and standing wave ratio for these

small  reactive discontinuit ies have in

the past been measured either by means

of approximate TDR techniques or by

means of conventional frequency-do-

main devices like the slotted line. Both

of these methods are somewhat tedious

and inaccurate.

It is now no longer necessary to re-

sort either to frequency-domain tech-

niques or to aPProximations when

small reactive discontinuities are en-

countered. The accuracy of TDR meas-

urements of reactive discontinuit ies
can be greatly enhanced by using a cali-

b r a t e t l  r e a c t a n c e  a s  a  c o m p a r i s o n

standard, and a new cal ibrated suscep-
tance (Fig. 2) has rcccntly bccn dcvel-

oped for this purpose. A standard

reactive reflection is realized by placing

a cal ibrated variable shunt capacitance
in a section of precision air-dielectric

coaxial line. The capacitance between

center conductor and probe is indi-

cated by a hairline on a dual scale,

which is calibrated by a high-resolu-

tion bridge technique to read either

capacitance or inductance. The cali-

brated susceptance has a capacitance
range of 0 to I picofarad, and an in-

ductance range of 0 to 2.5 nanohenries;

most reactive discontinuit ies are in

these ranges.

CAPACITANCE AND INDUCTANCE
MEASUREMENTS

A measurement of an unknown re-

actance is made by placing the cali

brated susceptance and the unknown

in tandem in a conventional TDR

setup (Fig. 3). If the unknown reflec-

tion is capacitive, the calibrated sus-

ceptance is adjusted until it causes an

equal negative-going deflection on the

display (Fig. a). The unknown capaci-

tance is then read directly on the ca-

pacitance scale of the calibrated sus-

ceptance. lf the unknown reflection is

TDR step
' r  "  ^ " " "

Ref l ec t i on  f r om

l . 5 p F  s h u n t  c a p a c i t a n c e

Fig. L Oscillogram of typical TDR display shouting test step (t, - 0.15
ns) and reflection lrom capocitiue discqntinuity ol about 1.5 pE

. 1 2 .



-hp- 140A
OSCILLOSCOPE

CALIBRATED
SUSCEPTANCE

- h p - 1 4 1 5 A
TDR PLUG. IN

FiS. 3. Bloch diagram shouting Calibrated Susceptance in typical TDR setup.

inductive, the calibrated susceptance is

adjusted to give an equal but opposite

deflection, and the unknown induc-

tance is read on the inductance scale.

Since the measurement is comparative,

the inductance or capacitance of the

discontinuity can be measured accu-

rately even if the TDR system has a

relatively slow rise time, and even if

the rise time changes because of losses

in connection lines and cables.

REFLECTION COEFFICIENT
CALCULATIONS

Reactive discontinuit ies general ly
act l ike lumped inductances or capaci-
tances which do not vary with fre-

quency. In such cases, the reflection

coefficient p and the standing wave

ratio SWR can be calculated over a

wide range of frequencies on the basis
of a single measurement of L or C
made with the calibrated susceptance.
The complex reflection coefficient as a

function of the complex frequency s is,
for a shunt capacitance on a transmis-
sion line of characteristic impedance

zo,

-s
p(s ) :

2
r f .

ZoC

and for a series inductance,

p(s) :
2 Z o '

r * ;

where s - jzrf. for real frequencies f.

The standing wave ratio is

I -f lo(s)l
SWR _

t  - lp( ') l  '

The value of the characteristic im-
pedance Zo tobe used in these formulas
can also be determined by a compari-
son measurement with the calibrated
susceptance, which has a characteristic
impedance of 50 ohms -+0.1 ohm. Thus
all of the importanr information about
reactive discontinuit ies can be ob-
tained, with an accuracy previously im-
possible, by adding to the TDR system
a single inexpensive device.

ACCURACY

Capac i tance measurements  made
with the cal ibrated susceptance are
accurate within -+0.005 picofarads or
5/o C, whichever is greater, for values
of C between 0 and 0.5 pE Useful range
is 0 to I pF but the scale is roughly log-
arithmic, becoming more compressed
at the high end. Thus for values of C
above 0.5 pF, the width of the hairline
limits the accuracywithwhich the scale
can be read. However, nearly all of the

Fig. 4. Oscillogratn of portion of
TDR display (step not shown)
utith expanded horizontal and
uertical scales, showing reflection
from Calibrated Susceptance (I)
and reflection from capacitioe dis-
continuity of 0.1O pF (r). Discon-
tinuity was diode across cooxial

Iine. Setup was as in Fig.3.

capacitive discontinuities usually en-
countered lie between 0.01 and 0.15 pE

Inductance measurements are accu-

rate within -+0.013 nanohenries or 5/o
L, whichever is greater, for values of L

between 0 and 1.3 nH. Useful range is
0 to 2.5 nH.

- Richard W Anderson

Dick Anderson joined -hp- in 1959
as a development engineer in the -hp-
Microwave Division. His first project
was the 851A/8551A Spectrum An-
alyzer and accessories. Since then, he
has worked on a variety of microwave
devices ranging from sol id-state osci l-
lators to wide-band high-precision di-
rect ional couplers. He was project en"
gineer for development of the 8744
Cal ib ra ted  Susceptance.  H is  p resent
posit ion is engineering section man-
ager, -hp- Microwave Laboratory.

Dick received his BSEE degree from
Utah State University in 1959, and his
MSEE degree from Stanford University
in 1963. He is the author of several
technical papers and has several pat-
ents pending. He is act ive in the IEEE
Microwave Theory  and Techn iques
Group.

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

MODEL 8744
CALIERATED SUSCEPTANCE

CAPACITANCE RANGE: 0 to 1 pF
ACCURACY: -r0.005 pf or svo C, whichever

is  g rea ter ,  0<C <0.5  pF

INDUCTANCE RANGE: 0 to 2.5 nH
ACCf.JRACY: -+0.013 nH or syo L, whichever

is  g rea ter ,  0<L <1.3  nH

CHARACTERISTIC IMPEDANCE: 50 ohms 10.1
ohm

CONNEGTORST GR874

LINE LENGTHT 17.4 cm

WEIGHT: Net, 1 lb. (0,45 kg); Shippins, 2 lb.
(0,9 ks)

DIMENSIONS:  (Max imum enve lope) :  7% in .
long,2Ts in. wide, 2lz in- high (191 x 73 x
64 mm)

PRICE:  -hp-  8744 Ca l ib ra ted  Susceptance
$25O.0O

Prices f.o.b. factory
Data subject to change without notice

r -50-ohm
leve l

Reflect ion from Reflect ion from
-hp-874A 0 .10pF capac i t i ve
Ca l ib ra ted  d iscont inu i tv
Susceptance

.  1 3  .
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STABIUZED PIUG.IN UNIT
(continued from back cover)
scale nteasurements. In acldit iorr,  the

piug-in arnplifier u'as clesignctl with a

wicle clynamic range (+50 cm) al low-

ing t letai lecl examination of any part

oI a waveform with high maenifica-

t ion, as shown in the photos oI Fig. 6.

WIDE RANGE OFFSET

A separa te  Of fse t  con t ro l  on  the

plug-in enables input dc lcvels to be

buckecl out. I t  is thus possible to retait t

r l c  coup l ing  wh i le  the  waveforur  i s

nrasnif icd for high sensit ivi ty. For ex-

; rn r1 ; le ,  smal l  mechau ica I  rnovetnents

senscd by strain gages can be exarnine(l

on the oscilloscope, using the oflsct to

buck out any t lc unbalauce cornponell t

of the sisnal, the high sensit ivi ty to

provide detai l  in the waveform, antl

the dc stability to provicle conliclence

in the rcsults. Or, i t  is possiblc to make

such mcasurements as the t letcrtnina-

tion of both the ac ancl clc componcnts

of small  base currents in transistor cir-

Fig.4. Bandwidth filter improues res-
olut ion of  lou- leuel ,  Iow-f  requenc y
utauef orms. Photo ot' 500-Hz sine waue
at top uas made on SO-pVf cm range
uith full band.width (300 hHz at 5O
pV /un) . Louer photo is of same waue-
lorm with bandwidth cut off at 5 hHz.

Fis. 3. Srrip chart record,ing shows insensitiuity of plug-in stabil'
ized clc leuel to uariations in temperature. At start of recording
scope u)as in enuironmental chamber at 55"C. Chamber tempera-
ture uos reduced to -10'C ouer period of t hour and then held at
that temperature f or remaining 1/2 hour of test. Trace deuiates less

than !20 pV during test.

t u i t s  ( u s i r r g  t l t e  s e r i e s  r e s i s l o l ' c u r r e n t -

measuring technique).

The Offset control enables the zero

voltage levcl to be clisplacecl zrs much as
-+-200 screen cl iamcters (-+2000 cm)

from ccnter screen on the most sensi-

t ive rangc an(l by at least -+50 cm on

less sensit ive rangcs. Thc olfset voltase

is stablc within 20 p.Y lht ancl changes

less than -1100 p.V in a tenrperature

chanse of 0 to 55"C.

DIFFERENTIAL INPUT

Other rneasures were taken in the

design of the new plug^-in to enhancc

the usefulness of thc 50-pV/cm sensi

tivity. For example, the input is tlif-

f c ren t ia l .  The p lue- in  thus  can be

driven by balancecl sources and it has

excc l len t  re jec t ion  o f  common-moc le

sisnals, u0 dB from dc to 60 Hz for in-

stance. The common grcluncl at the

irr l)ut rnay be cl isconnected from the

internal circuit  sround so that i t  can

bc clriver-r by a r:ommon-mocle voltage

lrom a low source impeclance to in-

creasc the common-mode inPut impetl-

rncc, thus rct lucing the e {Iects of

unbalance source imltedance A front-

l)anel control enables oPtinization of

lunrplifier sain balance lor bcst cotn-

mon-nrode reiect ion.
( lornmotr-motle signals Lrl)  to -+7.5 V

have no effect on the wit le t lynamic:

range of the plui;-in. Comnton-motle

signals higher than that affect clynamic

ranee by tlriving the arnplifier towar<ls

a non-l inear ol)er:rt ing 1;oint but thc

p lue- i r r  i s  s t i l l  capab le  o f  t l ynanr ic :

ranges grcater- than thc -r 20 cm o[ cott-

ventional osci l loscopes. For ex:trn1-r le, a

rlynamic ransc of typical ly +-34 <rn is

possiblc with a CM voltage of f  l0 V.

Temp ( -10 'C)

l C h a r b F r  t e m p e ' d t u r P  r l a b i r i l e d
a t  10 'C fo r  30  m;nu les)

T r m e - 3 i l 0 p  m  ( S t o p )

To permit the use of a differential

input, the offset ancl clrift correction

voltages are applied to the amplifier

independently of the input. The offset

may thus be used in clifferential meas-

urcf irents. (Transients at the input dur-

ing the stabi l iz:rt ion interval have been

minirnizetl  by thc use oI a high-quali ty

chopper  re lay ,  w i th  eooc l  i so la t ion

from thc tlrive signal, to tlecoupie the

input during stabi l izat ion).

NOISE FILTERING

T'he practical i ty of hieh sensit ivi ty

is further enhanced by a switchable

low-pass filter tl-rat reduces noise in the

OESIGN LEADERS

PETTIT SCHROATH

Jim Pett i t  jo ined -hp- in 1962 fo l low-
ing graduat ion as a BSEE from Utah
State Univers i ty .  Two years later ,  he
earned his MSEE degree f rom Stanford
Univers i ty  in the -hp- Honors Coopera-
t i ve  P rog ram.  A t  - hp - ,  J im  i n i t i a l l y  was
t h e  d e v e l o p m e n t  e n g i n e e r  o n  t h e
1754A Four-Channel  Ampl i f ier  for  the
Model  175A Osci l loscope. Since that
t ime ,  he  has  been  assoc ia ted  w i t h
L4OA/ t47A Osci l loscope program. He
is at  present a project  leader in that
grou p.

Tom Schroath spent four Years in
the U.S. Air  Force and two years as an
a i r - cond i t i on i ng  eng inee r  be fo re  ea rn -
i ng  h i s  BSEE deg ree  f r om B r i gham
Young Univers i ty  in 1963. Fol lowing
graduat ion,  he worked wi th an ai rcraf t
company  and  t hen  j o i ned  -hp -  i n  1965
as a product  designer on the l55A/
155OA Programmable Osci l loscope. At
present,  he is  a product  designer in low
f requency Osci  l loscopes.

-p

r i ,

.  1 4  .



plug-in by limiting the passband to no
more than that required by the signal.
The f i l te r  has  four  pos i t ions ,  cu t l ing
off at 400 kHz (300 kHz on the 50 pV/
cm range), I00, 25, and 5 kHz. Using

the filter to reduce noise in the display

improves the resolution of the meas-

urement (Fig. a).

STABILIZER OPERATION

The dc stabilizer in the new plug-in

is similar in concept to the stabilizer in
the -hp- Model l55A Programmable

Oscilloscope, described on page 4. Nor-

mally, the stabilizer corrects for clrift 3

w

times per second but with slow sweeps
or in the absence oI sweep operation,
the stabi l izer is self-tr iggering at a rate
of U/2 times per second (the trace is
b lanked dur ing  the  s tab i l i za t ion  in -
terval). The plug-in may therefore be
used inclependently of a time base. Sta-
bilized X-Y displays are thus possible
using a pair of these plug-ins to clrive

both the horizontal and vertical chan-
nels of a scope.

Automatic stabi l izat ion in the ab-

sence of a sweep also enables single-
sweep measurements, with full confi-
dence that no errors will creep into the

me:rsurement because of vertical am-

plifier drift during the waiting time
before the sweep is trip;gered (there is
only a l/o probability that the stabil-

izer ancl concurrent sweep holcl-oft will

be cycling at the instant of riggering).

AMPLIFIER OUTPUT

A l ron t -pane l  ou tpu t  connc< to r  i s

provicled so that the plug-in may also

serve as a sensitive stabilizecl pream-

plifier for other equipment. Maximum

sain from the input to the front panel
jack is 20,000. The signal at the output
jack is perioclically interruptecl by the

s tab i l i za t ion  swi tch ing  s igna ls  tha t

ground :rncl rezero the amplifier but

these vary with the amplifier sensitivity

Tempera ture  dr i f t :  Less  than t0  2  cm or  less
than t50  pV,  wh ichever  i s  g rea ter ,  over
tempera ture  range o f  0 'C  to  55"C

Dr i f r  cor rec t ion  occurs  a t  3  Hz  fo r  50  ms lcm
sweeps and fas te r ,  and 1 .5  Hz on  0  1  s /cm
sweeos and s lower .

RANGE TO RANGE SHIFT:  dc  s tab i l i za t ion  main '
ta ins  f i xed  base l ine  re fe rence w i th in  t1  cm
on CRT over  en t i re  range o f  sens i t i v i t y  a f te r
3-minu te  warmuD

POSITIONING;  Base l ine  can be  Dos i t ioned t  10
cm by  cont inuous  pos i t ion ing  or  in  ca l ib ra ted
s teps  o f  0 ,  : !  5  cm,  and t  l0  cm.  Ca l ib f  a ted
pos i t ion ing  accuracy  is  t3%

DC OFFSET:  Unca l ib ra ted  dc  o f fse t  i s  o rov ided
in  bo th  s ing le -ended and d i f fe ren t ia l  opera .
t ion  Max imum amount  o f  o f fse t  ob ta inab le ,
re fe renced to  input ,  var ies  w i th  sens i t i v i t y  ap-
prox imate ly  as  fo l lows;  t0  1  V  a t  50  pY /cn ,
inc reas ing  to  10 .5  V  a t  10  mv lcm,  to  t5  V
at 100 mv,/cm, to :i 50 V at 1 V/cm, and to
+600 V a t  20  V lcm Of fse t  dc  d r i f t  i s  less
than t  20  pV lh r  a t  cons tan t  ambien t  temper -
a tu re  o r  less  than t  100 ,aV fo r  ambien t  tem-
pera ture  change o f  O 'C to  +55 'C

DIFFERENTIAL INPUT:  May be  se lec ted  on  a l l
a t tenuat ion  ranges ;  o f fse t  capab i l i t y  i s  ma in-
ta ined in  d i f fe ren t ia l  ooera t ion

COMMON MODE REJECTION (15  V peak  input ,
50  pv lcm to  50  mV, /cm ranges dc-coup led) :

d c t o 6 0 H z - 8 0 d 8
60 Hz to  1O kHz -  60  dB

Fig. 6. Plug-in enables expanded d.is-
pLays uithout distortion. Upper photo
shouts normal presentation ot' 50-hHz
square rDaue at 10 mV/cm. Louer
photo is ot' same wauet'orm, expanded
uertically to 50 cm and oft'set doutn-

u)ara.

sc t t ins .  For  app l i ta t ions  no t  requ i r ing
dc stabi l izat ion, the stabi l izer may be

switched off to eliminate the switchins
transrents.

ACKNOWLEDGMENTS

Product clesign of the -hp- Moclel
It107A Differential Amplilier was by
Thomirs Schroath and circuit tlesign
was by the undersignecl. Basic design

concepts and many valuable sugges-
t ions were contr ibuted by John Strath-

man, Group Leacler for low-Irequency
oscilloscope development in the -hp-

Co lorar lo  Spr ings  D iv is ion .
-James R. Pctt i t

Maximum Common-mode p lus  S igna l  Input
(w i thout  over load) :

50  pV lcm to  20  f iV  /cm -  t  10  V peak
50 mV/cm to  2  V /cm-  :L100 V peak
5  V / c m  t o  2 0 V / c m -  t 6 0 0  V  p e a k

DYNAMIC RANGE;  Dynamic  s igna ls  up  to  :150
cm o f  de f lec t ion  can be  d isp layed w i thout  d is -
to r t ion

INPUT IMPEDANCE:  I  megohm shunted  by  90
pF,  cons tan t  on  a l l  a t tenuator  ran8es .

MAXIMUM INPUT:  600 vo l ts  (dc  +  peak  ac) .

X.Y OPERATION: Two 1407A's can be used to
g i v e  s t a b i l i z e d  X - Y  p r e s e n t a t i o n s  I n t e r n a l
'X-Y NORMAL'swi tch  enab les  p lug- ins  to  syn-
chron ize  s tab i l i z ing  cyc les .

T IME BASE COMPATIBIL ITY:  Mode l  14074 can
be used d i rec t l y  w i th  Mode ls  1422A and
14234 T ime Bases ;  1420A 's  be low ser ia l  441-
01325 and 1421A 's  be low ser ia l  545-0065I
must  be  mod i f ied  fo r  use  w i th  14074 (use  k i t
01420-69502 to r  14204 and k i t  01421-69501
fot 7421l'\.

WEIGHT:  Net ,  5  lbs .  (1 ,8  ks) .  Sh ipp ing ,  7  lbs
(3,2 ks)

PRICE:  $625 00

Price f.o.b. factory

Data  sub jec t  to  change w i thout  no t ice

Fig. 5. Model 1407A Differen-
tial Amplifier plug-in has inde-
pendent Posi t ion and Ol t 'set
controls. Offset, used to buch
out input dc leuels ouer wide
range, can be suitched out t'or
cheching zero reference leuel on
scope utithout disturbing control
set t ing.  Posi t ioning is  e i ther
cont inuous or  by cal ibrated
steps,  Ior  conuenience in ex-
panded scal.e tneasurements.

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

MODEL 1407A
DIFFERENTIAL AMPLIFIER

DEFLECTION FACTOR (SENSITIVITY): 50 pV/cn
to  zOV/cm in  l ,  2 ,  5  sequence,  Vern ie r  p ro-
v ides  cont inuous  ad jus tment  be tween ranges
and ex tends  de f lec t ion  fac to r  to  a t  leas t  50
V/cm At tenuator  accuracy  is  t3%o.

AMPLIFIER OUTPUT:  Approx imate ly  7  V /cm,  dc-
coup led ,  s ing le -ended;  dc  leve l  approx imate ly
0  V,  dynamic  range is  t5  V .  Outpu t  imped-
ance less  than 100 ohms.  Wi th  s tab i l i zer
opera t ing ,  ou tpu t  s igna l  i s  dc-s tab i l i zed  and
conta ins  5 -ms t rans ien ts  a t  s tab i l i zer  reoet i .
t ion rate.

BANDWIDTH;
Max imum Upper  L imi t :

20  V/cm to  100 pV, /cm ranges-400 kHz,
(0.9 rrs risetime)
50 pY lcm range - 300 kHz

Upper  l im i ts  o f  100,  25 ,  and 5  kHz se lec t -
ab le  w i th  f ron t  Dane l  sw i tch  on  a l l  sens i
t i v i t ies .

Lower  L imi t :  dc  w i th  input  dc  coup led ;2  Hz
wi th  input  ac  coup led .

DRIFT:
Long- te rm dr i f t :  Less  than 10 .2  cm or  less

than t20  pV,  wh ichever  i s  g rea ter ,  per  200
nrs
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MeNv rnaponrANT wAvEFoRM MEAs-

UREMENTS, such as transducer measure-

ments, require accurate retention and

display of dc levels. Because of the in-

herent drift of dc-coupled amplifiers,

osci l loscope measurements concerned

with dc levels have often been inac-

curate, or at least difficult. For this

reason, the sensit ivi ty of clc-coupled os-

cilloscopes has been limited, the state-

of-the art permitting a typical cleflect-

ion factor of 100 uVlcm.1
Drift has now been reduced to neg-

ligiblc levels by a dc stabilizer in a new

400-kHz vertical channel plug-in for

two of the -hp- Oscilloscopes (Models

140A and 141A). Because of the reduc-

tion of drift, it was Practical to make

the minimum deflection factor of the

plug-in 50 pVicm, a sensitivity well-

suited for transducer monitorine and

for other low-level measurements that

requ i re  re ten t ion  o f  a  dc  re fe rence

level.
With dri f t  practical ly el iminatecl,  the

trace stays in the desirecl screen posi-

I  J0hn St ra t l 'man,  'Long- te rm Stab i l i t y  0 f  the  -hp-  lVode l
130C Sensr t i ve  DC-500 KC 0sc i l l0sc0pe ' , ' l l ew le t t 'Pac Iard
Journa l ' ,  Vo l  15 ,  No 5 ,  Jan  ,  1964

A DC-STABIHZED OSCIIIOSCOPE PIUG-lN
wlTH 50-prV/CM SENSITIVITY

Freedom from dc drif t  overcomes one of the most

troublesome effects in moking osci l loscope meosurements

of  t ronsducer  output  ond other  smdl l  s ignols .

tion indefinitely. Sensitive oscilloscope

measurements of dc levels therefore

can be made with conficlence with the

new plug-in (-hp- Model 1407 A).

DC STABILITY

Long term stability of the new plug-

in is illustrated by the photos of Fig. 2,

made while the plug-in was operated

with a deflect ion factor of 50 
"V/cm 

in

the  dc-s tab i l i zed  mode.  The photos

were taken 65 hours apart and show no

detectable dri f t  cluring this t ime in-

terval. The new plug-in operated in

t h e  l 4 0 A / 1 4 1 A  O s c i l l o s c o p e s  h a s  a

long-term drift of less than +20 pV or
-+ 0.2 cm, whichever is sreater, per 200

hours of operation. This is equivalent

to only 0.1 pV/hr.
The plug-in has low sensit ivi ty to

temperature variations. The recording

of Fig. 3 was made with a typical in-

s t rument  dur ing  an  ambien t  change

f rom f55 'C to  - l0oC in  a  l t f  hour

t ime interval and indicates a dri f t  of

less than -t-20 pY, once more showing

that measurement uncertaint ies result-

ing from clrift in low-level measure-

I.ie.2. Oscillograms, made uith Dif-
ferential Amplifier plug-in operating
while dc-coupled on most sensitiue
range (50 pV/cm), demonstrate ab-
sence of drift ouer extended periods.
Time elapsed behaeen first and sec-
ond oscillograms was 65 hours but
there is no discernible drilt in dc leuel

of CRT trace.

ments are practical ly el iminated by

this plug-in. Ambient temperature var-

iations throughout a range from 0 to

55oC cause dc dri f t  of less than -+50

pV or -+0.2 cm. whichever is greater.

CALIBRATED POSITIONING

The stabilized dc performance of the

plug-in makes it feasible to use cal-

ibrated vertical positioning. The posi

tioning circuit was designed to permit

either continuous or stepPed control,

stepped control permitting the zero

level to be displaced from center screen

by '  5  o r  c  l0  cm wi th  an  accuracy  o [

3o/o for more convenience in expanded

(continued inside on Page 14)
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