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Fig. 7. Oscillograms of signals at frequencies neuer before uieured uith oscilloscopes. (a).
l9-gigahertz (18 x 10' cps) sine waue. (b). Step with 2}-picosecond (20 x 10 "s) rise tinte.
Rise time of step response is about 30 ps, indicating that oscilloscope banduidth is con-
sid.erably g1eater than 12.4 GHz. Oscillograms u)ere made using new sampling plug-ins
discussed in text. (a) Vertical: 100 mV/cm, Horizontal: 20 ps/cm. (b) Vertical: 50 mV/cm,

Horizontal: 20 ps/cm.

AN U LTRA-\,VIDEBAN D OSCILLOSCOPE
BASED ON AN ADVANCED SAMPLING DEVICE

The stote of  the osc i l loscope or t  hos token o
s igni f icont  forword s tep wi th  the development  of  o  new osc i l loscope

thot operotes from DC to 12.4 GHz
ond d isp loys s ignols  os smol l  os I  mi l l ivo l t .

AN{pLrNG oscilloscopes have a com-
b ina t io r r  o f  w ide  bandwidrh  anr l

high sensit ivi ty that has never been
matched by any real-t ime osci l loscope.
This is because, up to now at least, i t
has  been much eas ie r  to  acqu i re ,  am-
pl i fy, and display a narrow sample of
a high-frequency repetitive waveform
than to ampli fy and cl isplay the enrire
waveform. l  Th is  s i tua t ion  shows no
signs of being reversed; in fact, the op-
posite is true. Four new sampling plug-
ins for -hp- general-purpose and varia-
ble-persistence oscilloscopes have been
developed, ancl among them is a ver-
t ical ampli f ier with a sensit ivi ty of I
mil l ivolt  per centimeter and a band-
wiclth greater than 72.4 GHz, more
than three t imes the wiclest bandwidth
previously attained.2 The ultra-wide-
band vert ical ampli f ier is based upon a
remarkable new sampling device de-
veloped by hp ossociotes. This device
and the 'integratecl' design approach

I  Pr inc ip les  0 f  sampl ing  0sc i l l0sc0pe 0pera t i0n  have been
presented  severa l  t imes in  these pages,  See,  fo r  example ,
R.  Car ls0n , 'The K i l0megacyc le  Sampl ing  0sc i l losc0pe, '  l l ew-
le t t -PackaId  J0urna l ,  V0 l .  13 ,  N0.  7 ,  l \ ra r . ,  1962,  and 'C0-
herent  and Inc0herent  Sampl ing , '  Hewle t t -Packard  J0urna l ,
V 0 l .  1 7 ,  N 0 .  l l ,  J u l y , 1 9 6 6 .  I n s t e a d  0 f  d i s p l a y i n g  e v e r y  c y c t e
0 f  a  repet i t i ve  wave[0rm,  the  sampl ing  osc i l l0sc00e fo rms

2 e  f0ur  new sampl ing  p lug- ins  f i t  the  -hp-  lVode l  140A
C era l -purpose 0sc i l l0sc0pe and the  -hp  lv lode l  141A Var i
b  pers is tence 0scr l loscooe.

which produced it are described in the
art icle besinning on p. lZ.

Shor t ,  sharp  pu lses  in  h igh-speec l
computers and high-frequency pulsecl
radars, both present and future, are
well  within the range of the new osci l-
loscope, as are many microwave signals
which have never before been observ-
able. The two oscillograms of Fie. I
could not have been rnade without the
new samplirrg plug-ins; they are cl is-
plays of an lS-GHz sine wave and a
voltage step havine a r ise t ime of ap-

proximately 20 picoseconcls (20 x I0-rz
second). Overal l  r ise t ime of the step
display is about 30 ps, incl icat ing that
the plug-in's r ise t ime is less than 28 ps,
equivalent to a banclwidth of more
than 12 .4  CHt .  By  compar ison.  r i se
t imes of pulses in the lastest computers
are now about one nanosecond and are
gett ins faster.

Iiis. 3 shows how the new sarnpline
plug-ins are related to each other, to
the osci l loscope main framcs, and to
some auxi l iary equipment, which is
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Fig. 2 Model 14254 Sanpling Time Base and Delay Gen-
erator and Model 1410A l-GHz Sampling Vertical Amplifier
installed in Model 141A Variable Petsistence Oscilloscope.
Sampling gates in l-GHz uertical amplifier are in probes.
GR874 50{l inputs lead to internal delay lines and. trigger

am plifie r s f or inte r nal trig g er ing.
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Fig. 3. Neru sampling plug-ins, remote samplers, pulse gen-

erator and trigger countdown unit t'or -hp- Model 140A and
141A Oscilloscopes dre all solid-state. Units can be combined
in uarious ua)/s to form sampling oscilloscopes with band,
widths as high as 12.4 GHz, more than three times widest

bandwidth o reuiously attained.

plug-ins and auxiliary equipment. Be-

sides wider bandwiclth and faster rise

time, other capabilities of one or more

combinations of instruments are auto-

matic triggering, sweep delay, trigger-

ing on CW signals up to 5 GHz with-

ou t  an  ex te l 'na l  countdown,  and a

choice of high-impedance sampling

probes  or  50O inputs  w i th  in te rna l

clelay lines in a single vertical amplifier

plug-in. All of these capabilities will

be cliscussed at greater length later in

this article.
Of the two ver-tical amplifier plug-

ins, one is a dc-to-l-GHz unit,  and the

other is a general-purPose unit which

operates in combination with one of

three wicleband remote samplers. Both

vert ical ampli f iers are dual-channel

units an(l both have maximum cali-

brated sensit ivi t ies of I  mV/cm, much

better than any wiclebancl real-time os-

cilloscope.
Of the two horizontal plug-ins, one

is a single-time-base unit with sweep

speeds from 10 ps/cm to 500 g.s/cm.

The other horizontal plug-in is a clual-

sweep time base and clelay generator

with a similar range of sweeP rates.

also new. All of the plug-ins ancl other

new instruments contain only sol icl-
state active devices.

Two o f  t l re  four  p l r rg - ins  a re  t in re

bases ancl two are vertical amplifiers,

and either vertical amplifier may be

usecl with either t ime base. The main

frames are compact laboratory oscil-

loscopes (9 inches high), one having

variable persistence ancl storage, and

the other designed for general-purpose
serv ice  where  var iab le  pers is tence is

not required.

The aux i l ia ry  ins t ruments ,  de-

scribed in cletai l  on p. 9, make i t  pos-

sible to take full advantage of the wide

bandwidth ancl fast rise time of the

new sampling oscilloscopes. These in-

struments are a tunnel-diocle pulse gen-

erator for time domain reflectometry

and other uses requir ing fast pulses,
and an l8-GHz trigger countdown for

triggering on high-frequency CW sig-
nals. Rise time of the pulser is approxi-

mately 20 ps, making it one of the fast-

est now in existence.
Thble I lists the major capabilities of

each of the possible combinations of

TABLE I .  CAPABILITIES OF NEW SAMPLING PLUG-INS FOR
-hp- MODEL 14OA AND 141A OSCILLOSCOPES

5OQ Inputs  lead to  bu i l t . in  de lay  l ines  fo r  in te rna l  t . igger ing
r' Sweep rates: 10 ps/cm to 500 pslcm.

.  Sweep ra tes  to  10ps /cm Di rec t  readout

. Automatic Tfleger ng to 5O0 MHz

.  Tr igger  ng  to  18  GHz wr th  coun idown

.  Tngger ing  io  5  GHz w thout  ex te rna l

I  .  Sweep ra tes  to  10  ps /cm
.  2  Sweeos Swe€p De lay  Capab i l i t y

|  
.  Au tomai ic  Tr igcerLng to  500 N4Hz

I  .  T i leaer ing  to  18  GHz w th  countdown

|  .  T f lgger  ne  to  1  GHz w thout  ex te rna l

I  
counloown

.  d c i o  I  G H ,  d u a l  c h a n n e l ,  I  m V / c m

.  De ay  I  nes  to r  In te rna l  t f igger rng

.  h rgh  z  sampl rng  probes  or  5o ! l  inpu ts

.  dc  to  4  GHz dua l  channe l

.  50 ! l  feedthrough samPlers

. i, < 90os

' Used w Ih 74244 ot 14254
a n d  1 4 1 I A / l 4 3 l A

Nl-----.1
I T- '-, ,;; 

--- ' d! to I oua cnanrc

\l yiin'rii* | 
. 5or re h samprc c

20 ps Pulser
tor TDR

- l\--------\
I  I* ; l -+l  *  l .  L"ao w,rh 14244 ot 14254
\L:::3 \-::::J drd r4rrA r43oA

.  i  <  28ps  dua l  channe l

.  50 ! l  feedthrough samplers

l ns t rument  Combinat ion Ve rti ca l:
B  a  ndwid th
Rise  T ime
Sens i t i v i t y

H or izo  n ta  l :
T r igger ingVer t i ca l

P lug- in  /
S a m p l e r

H or izon ta  I
Plug-if l

Aux i l  i  a ry
lnstru ments

Sweeps"*

r4roAl
50{l I nputs*

or High-Z
Probes

14244
dc to I GHz

35O ps
1 m v / c m

Automatic to 50O MHz,
ln te rna l *  o r  Ex terna l

Level Select to 1 GHz,
lnternal* or External

(CW to 5 GHz, External)

One

14tOA/
5OQ I nputs*

or High-Z
Probes

t4254
dc to I GHz

35O ps
I  mV/cm

Automatic to 500 MHz,
lnternal* ot External

Level Select to I GHz,
ln te rna l *  o r  Ex terna l

Main ,
Delaying,

M a i n
Delayed

l4rlA/
t4324 7424A

dc to  4  GHz
90 ps

I mv,/cm

Automatic to 5OO MHz
Level Select to I  GHz

(CW to 5 GHz)
O n e

t4trA/
7432A t425A

18-GHz
Trigger

Countdown

dc to  4  GHz
90 ps

l  mV/cm

Automatic to 500 MHz
Level Select to I GHz

(CW to 18 GHz with
countdown)

Main ,
Delaying,

Main
Delayed

r4r7A/
1431A t4244

l8.GHz
Trig8er

Countdown

dc to  12 .4  GHz
-28 ps

L mV/cm

Automatic to 50O MHz
Level Select to I GHz

(CW to 5 GHz, or
18 GHz with countdown)

One

I4r IA/
14314 t425A

18-GHz
Trigger

Countdown

dc to 12.4 GHz
-28 ps

I mv,/cm

Automatic to 5O0 MHz
Level Select to 1 GHz

(CW to  18  GHz
with countdown)

Main ,
Delaying,

Main
Delayed

r4rrA/
14304 t424A

dc to  -12 .4  GHz
28 ps

1mv, /cm

Automatic to 500 MHz
Level Select to I GHz

(CW to 5 GHz)
O n e

1411A/
1430A t4254

Jc to -12.4 GHz
28 ps

I mv/cm
Automatic to 500 MHz
Level Select to 1 GHz

Main ,
Delaying,

Main
Delayed

74rtA/
14304

1424A
or

t425A

2O-ps
Pu lse

Generator

TDR system with <40 ps rise time.
Resofves discmtinuities spaced <11/a inch apart.
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Both plug-ins have tr igger circuits
w h i t h  1 ; e r r r r i t  a u l o l n a L i c  r r i g g e r i r r u  o l r
a wide range of pulsed, CW, or other
sienals having frequencies between 50
Hz anrl more than 500 MHz. 'Auto-

matic'  tr iggering means that a basel ine
is clisplayed when the trigger signal is
absent; then when a trieger signal is
applied to the lime base, the sweep is
automatical ly synchronized to i t .  Re-
liable automatic triggerinp; on a wide
lange o l  s igna ls  e l im ina tes  many t r ig -

ser a(l justments that would otherwise
have to be made in t .he process of set-
t ing ul) a trace. These two plue-ins
mark the f irst t ime that a sarnpl ine os-
ci l loscope l .ras hacl this capabil i ty, and

therefore the first time that triggering

a sarnpling oscilloscope has been as un-

Fie. 4. Bloch diagram ot' Model 1410A l-GHz Sampling VerticaL
Amplifier. Right side of diagram is identical in 1-GHz plug-in and

in Model 1411A Sampling Vertical Amplifier.

complicatecl as triggering a real-time
rnstl  umell t .

A separate UHF countclown trigger
circuit in the single-sweep plug-in per-
mits this plug-in to trigger on CW sig-
na ls  hav ins  f requenc ies  up  to  more
than 5 GHz. The clual-sweep plug-in
has no countdown, but u'ill trigger re-
l iably up to I  GHz or more.

l-GHz VERTICAL AMPLIFIER
Fig. 2 is a photograph of the l-GHz

t lua l -channe l  ver t i ca l  ampl i f ie r  in -
s ta l le< l  in  t l re  var iab le - l re rs is tence mr in
frame along with the sampline t ime
base and delay generator. Input signals
to this plug-in are samplecl by hot-car-
rier-diorle sampling gates located in
two h igh- impedance ( |00  ko ,  2pF)
probes. Delay lines ancl trieger ampli

Fig. 5. Model 14254 Sampling
Time Base and, Delay Generator
and Model 1411A Sampling Ver-

fiers built into the plug-in permit the
oscilloscope to be triggered by either oI
its input signals (internal triggering)
and still clisplay the leading edge of the

triggering signal. When the delay lines
are used, the input signals are fed into

two front-panel 50O inputs ancl the

sampling probes are plugged into re-

ceptacles on the front panel. Fig.4 is

a block diagram of the l-GHz plug-in,
showing a delay line and trigger am-

l r l i f i e r  : r t  the  lower  le f t .
-Although the plug-in's response ex-

tends to rlc, there are no hieh-eain dc
ampli f iers in the signal path; the feed-
back loop shown in Fig. 4 makes them

unnecessary. This means that the sta-
bi l i ty of the instrument can be and is
high, because i t  is determined by pas-

sive components and a low-gain rlc irm-

plifier. Observed' drift is less than 3
mV/hr.

. , \  cr i t ical factor in makinp; rhe plug-
in al l  sol id-state was the avai labi l i ty of

low-leakage f ield-effect transistors for
the stretcher gate and the clc ampiifier

shown in Fig. 4. Leakage in these tran-

sistors is so low that the sampling rate

can be as low as one sample per second
without resulting in excessive clroop in

the voltage on the stretcher capacitor.

A field-effect transistor was also chosen

tical Amplifier utith Model 14304
28-ps Sampler installed in Model
1414 Variable Persistence Oscil-
loscope. Remote samplers are

t 'eedthrough uni ts,  useful  lor
TDR and for obseruing signals

uithout. terminati.ng them.



for the input stage of the preampli f ier

(Fig. a) because of i ts low-noise charac-

terrstrcs.

Five display mocles are possible for

the vert ical ampli frer: channel A only,

channel B only, channel A ancl channcl

B (alternate samples), channel A and

channel B aclclecl algebraically uncl, for

phase measurements  o r  X-Y p lo ts ,

i :hannel A versus channel B. M'then

both channel A ancl channel B are dis-

pla,ved, a switching rnult ivibrator (Fig.

4) controls two groups of rlio<lcs which

su' i tch bei lvcen channels irr s1'nchro-

nism with the sampling process. Dur-

inq one sampling interval the latest

sample in cl-rannel , . \  is displayed antl

durins the next interval [he latest sam-

ple in channel B is clisplayetl. \,\rith

this arransement there is no clropper

noise l ikc that often founrl in rcal-t ime

tl  ual-char.rnei displays.

Recorcler outputs on the front l)anel
of the I-GHz vert ical arnpl i f ier supplv

a1;proximately 0. 1 V/crn lrom a 500Q

source for driving str ip-chart or- X-Y

recorclers. The eain ancl tlc level o[ the

recorcler output can be at l justecl int le-

pendently.

WIDEBAND VERTICAL AMPLIFIER
AND SAMPLERS

Everything to the r ight of the col-

oretl line in the block rliasram of Fig.
, l  is ir lentical in both the l-GHz vert ical

arnpl i f ier anrl  the n' idebancl vert ical

ampli f ier. Sensit ivi t ies, displal '  modes,

lecorcler outputs, anrl  intelnal opera-

t ion are the same for both. The wicle-

banrl unit ,  hou,ever-, has no bui l t- in

delav l ines and, instead of probes, uscs

one of the three clual-channel feetl-

througl-r samplers. Fie. 5 is a photo-

graph of the wideband unit instal led

in the main frame, ancl Fig. 6 is a block

rl iagram of the samplers.t

Depencling upon which o[ the three

widebancl samplers is use<l, the bantl-

widt l-r of the wicleband vert ical ampli-

f ier plug-in can be either 12.4 GHz or

4 GHz. Tlr'o of the samplers are ultra-

rv i t lebant l  un i ts .  One l ras  a  r i sc  t ime

of less than 28 ps and optinum pulse

response (overshoot 4 5/o) but aVSWR

that increases with frequency (3 at 12.4

GHz); the other has a bandwiclth of

12.1 GHz ancl a VSWR typical ly less

r  See ar t i c le ,  p  72 ,  lo r  a  descr ip t ion  o f  the  w ideband sam
pl ing  dev ices  used in  these samplers

Fig.6- Bloch diagram of du.al-

channel  t  entote sornplers used

uith Model. 14114 Sant,pling

Vertical AmpIifier U I t ra-wide-

ba.nd f eedthrough samplers are

descr ibed.  beginning on p.  12

t l rarr 1.8 rrt  12.4 ( iHz, but has 5fo to

l0f i ,  more overshoot in the pulse re-

sl)onse. Thc t l t inl  sarnpler is a '1-GHz,

90-ps unit fot appl icat ions u'hcre the

niclest bantlwir l ths are not treeclet l  ar lcl

lower  cos t  i s  a t t rac t i ve .  A  f i ve- foo t

cable (10-foot cable optional) connects

the plug-in antl  the sarlpler so that

measurements c:rn be macle at remote

l o t r r l i o n s .  l n l r t r t  s i g n r l s  r t t e  n o t  t e r m i -

naterl  by thc feerl throueh samplels, so

timc r lomain ref lectometry ancl signal

monitorine are straisht[orlvarcl.

Osci l losrams ol '  8-(]Hz antl  1B-GHz

sine rn''aves, taken trsing the Iolt'-VS\'\rR

(C\\I-optirnized) sampler, are shou'n in

Fies. 7 anrl  I  (a) rcspectively. Notc that

t ime j i t te r  i s  less  t l tan  I0  ps ,  even a t

t l re  l r ie l res t  I re r i r renc ies .

Stelr response of the pulse-ol)t imized

sarnpler is shor,r,n in Figs I (b) ancl 8 for

two di i lcrent t ime scales. T'he f lat tolr

and absence of excessive overshoot ale

evident in Fig. 8. Fig. 9 shows the re-

f lect ion frorn the pulse-optimizetl .  s:tm-

pler for an incident step having a l isc

t ime o f  20  ps .  The ver t i ca l  sca le  i s

calibnrtetl to re:r<l reflec.tion coefficient

rvith a scale factor of 0.1/cm, ancl the

samplcr ref lcct ion is only 6f i , .

TRIGGERING
-friggering 

of both the single-slr,eep

time baser anrl  the r lual-su'eep t imc

buse ancl clelay ecnerator5 can be either

autornatic or manuallv adjustable ancl,

whcn usec l  r , l ' i th  the  l -GHz ver t i ca l

p lug- in ,  e i ther  in te rna l  o r  ex te rna l .

Iixcept for an extrzr UHF counttlotvn

in the singlc-sweep unit,  al l  tr igger cit--

cuits :rrc identical circuits based on a

nc' lvl ,v designed tunnel-cl iode thrcsh-

4  S e e  F i g  l 0  s  S e e  F i g s ,  2  a n d  5 .

Fie. 7. W ideband sampling oscilloscope
display of S-GHz sine waue. See Fig
1(a) for display ot' 18-GHz sine woue
Vert ical :  20 mV/cm. Hor izontal :  50

ps/cm.

Fig.  8.  .Response of  pul .se-opt int ized

Model 1430A Sampler to step utith 20'
ps rise time has 30-ps rise time, smal.I
ouershoot, flat top- Vertical: 50 mV /cm;
Horizontal: 100 ps/cm. See Fig 1 (b)

STEP RECOVERY
DIODE
PULSE

GENERATOR

- 
|  

nd  samol rne
n€mole  |  >  Ampr f ;e r

Sampl ig Tflgger

To Channe l  B

Channe l  B

. 5 .



Fig.9. Reflect ion lrom wideband sam-
pler in 40-ps TDR system is only 6/o.
Vertical: reflection coefficient - 0.1/

cm; Horizontal: 100 ps/cm.

olcl cletector. The detector produces
an output to start the sampling proc-
ess when tl.re incoming trigger signal
cl-osses the level sct by the L,EvEr. con-
trol. A sr.()pE switch cletermines'r,r'hether
tr iggering wil l  occur on the posit i \re or
negati\re slope of the trieger sisnal.

T l re  t l r reshok l  t le tcc ror  o l )e ra tes  in
one of three mocles, t lependine upon
the setting of the l,roon control which
varies the supply current to the cletec-
to r .  Turn ing^  the  cont ro l  c lockwise
increases the supply current. Iior lor.r'
supply currents the cletector is bistablc,
that is, the incoming signal must both
trigger ancl reset the rletector. As the
currenl is increased the tr isser circuit
beromes monostablc; that is, i t  is tr ig-
gered by the incomine sienal, but j t  re-
sets i tsclf .  I ior st i l l  higher currents the
circuit  becomes astable and osci l lates

The bistable mode is used to tr ieger
on the trai l ing edges of pulses or on
pulses that are so lonp; that the tr igger
c i rcu i t  wou lc l  normal ly  re -arm anr l
tr igger again before the enrl of rhe
pulse. The monostable mocle is used to

F iS .  10 .  S ing le - sueep  Mode l  14244
Sampling Time Base Plug-in has cali-
brated marker position control and d.i-
rect readout ot' both magnified and un-
magnified sueep rates. Another neLu
horizontal plug-in is dual-sweep time
base and delay generator, shoutn in

F igs -  2  and  5 .

.\

t r iggcr  on  shor t  pu lses  and on  s ine
w a v e s  u p  t o  a b o u t  1 0 0  M H z .  T h i s
mode is  more  sens i t i ve  than the
b is tab le  mode,  espec ia l l y  on  1 ;u lses
shorter than about 30 ns. In thc astable
motle the detector osci l lates at l0 to
40 NIHz, depencl ine ul)on rhe MoDE
control sett ins, ancl any incoming sine
wave alters this frequency so tl.rar it is
a sub-harmonic of the incoming fre-
quency. This type of circuit  is cal led
a 'countdownl 

lrccanse for tr igeering to
occur t lre incomine frequency must bc
sreater than thc osci l lat ion frcquencv.
,, \ t  about 100 MHz the astable rnode is
as sensit ivc as the monostable mocle,
but at 1000 MHz the asrable rnode is
: rb ( )u l  t \ vC l l t y  t imes rnore  sens i t i r -e .

T o  P r c v e n t  t l o r r b l e  r r i e g e r i n g  o n
complex wavcforms in which the cle-
sired tr isser level ancl slope appear
more than once each cvcle, both hori-
zontal plue-ins ha'r 'e a variable hol<l-
o l f  con t ro l  u ' l ' r i ch  can bc  used to
increase the minimunl t ime between
s:rrnples.

SWEEP DELAY
AND SWEEP EXPANSION

L i k e  r u t o m a t i c  t r i g e e r i n g .  s r 4 ' e c l )
clelay is a capabil i ty rvhich has never
bcfore been possible for a sampline
osci l loscope, but which is now avai l-
ab le  in  one o f  the  l tew hor iz r in ta l
p lug- ins .  The va lue  o f  sweep r le lay
for examinine complex r,r, 'avelorms has
lone been recognizecl,  of course, ancl
real-t ime osci l loscopes have harl delav
generators for some t i l le.

The two sweeps of the ner,r, sarnpline
time base and delay senerator operate
in three sweep t l isplay mocles: the t l is-

l r la le t l  swce l )  (  rn  be  : r  mr r in  swcep.  : r
dclavins srvecp, or the main swccp r le-
laycd by an inren'al determinecl by thc
sett inss of the clelay controls. Sweep
delay is normallv used to select any
port ion oI a complex waveform for cl is-
play on an expanclerl ,  faster t i rne basc.
Thcre lo rc  the  mr in  sn 'ee l r  ra te  i s  r r , , r ' -
mallv laster than the delavine su'eep
rate, althorrsl ' r  this nec<l not be true.

\A I i thout  sweep de lay ,  swee l )  mag-
n i f i ca t ion  u , 'as  t l te  on l l '  means fo r
exPancl ine r letai ls of a samPlinq-osci l lo-
scope d isp lav ,  and bo th  o f  the  nerv
horizontal plug-ins st i l l  have nasni-
f icrs. However, swcep magnif iers are
usua l lv  l im i ted  to  expans ions  o f  I00 : l

Fig. 11 (a). Pulse train. displayed with
main suteep of sampling time base and
del.ay generator. Bright spot on 12th
pulse indicates center ot' area to be.
ntagnifi.ed. (b) 12th pulse magnified y
20. Note rate jitter, uhich is olso mag-
nified (see Fig. 12). Vertical: 100 mV/

cm; Horizontal: (a) 100 ns/cm, (b)
5 ns/cm.

or less, r.r 'hereas expansions oI 10,000:l
or more are possible with sweep delay.

Another l imitat ion of masnif icat ion
alone becomes evident i f  the port ion
o[ thc lvaveform to be masnificcl cloes
not always occur at precisely the same
time aftcr the beginning of the swcep,
as r,voultl be the case, Ior example, in
a  pu lse  t r i r in  in  wh ich  the  per ioc l
bctlveen Pulses I'aries rancloml1,. \,\rhen
tlre waveform is magnif iet l ,  this 'rate

j i t ter '  wi l l  also be magnif ied ancl rhe
signal ma1, be dif f icult  to observe. Fie.
I  I  (a) is :rn osci l losram of a pulsc-train
display usins the main srvcep of t l ' rc
ner,r,' rlelay-gener:r tor plug-i n ;r s t he time
base The br igh t  t lo t  on  rhc  lZ th  pu lsc
indicates thc point nbout lvhich mag-
nif icat ior-r w.i l l  occur rrhen the \rAGNr-
FIir{ control is lurnerl  to one of i ts six
masn i f i ca t ion  se t t in€ is  ( ;2  to  X100) .
Ratc j i t ter in the l2th pulse of Fig.
l l (a) is evit lent in the rnagnif icd dis-
p lay  o f  F ig .  I  1 (b ) .

\ \ r i th  the  de lay-generaror  p lug- in ,
rate j i t ter c:rn be el iminated from rhe

lw
i i

' " *
K
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r l ispla,v. Fig. l2(a) slrou's thc pulsc trair-r
ol Ir ig I  I  cl isplaverl using the del lvins
(slol.)  su'cep as t l)c t inrc base Hcle the
br ish t  c lo t  o l  thc  l2 th  pu lse  in r l i ca tcs
t l r r .  t i r r t ,  l t  w h i ,  I r  t l r c  l : r s t  n r : r i r r  s r r ' c t . 1 r
rv i l l  s ta l t  u 'hen the  s ry r r r  s l i t ch  i s
Ltu'ned to rrAIN r)EL,\\LD. ' Ihe 

lrrnount
o [  c l l ib ra te r l  de la i ,  i s  con t i l ]uoLrs l \  \ ' a r
i lb lc  ion  50  ns  to  5  r t rs .  F ie .  l2 (b )
shol 's thc sanc pulse trzr in using the
t l e l l L r  e c l  r n a i n  s l ' e c P  t f  i g e c l c ( l  n o r -
n r : r l l r '  ( i .  e . ,  no t  lu ton l : r t i cu l l r ' )  u f te l  t l r c
c lc lu r ,  in te r  r ' : r l .  \ \ ' hcn  t l igq 'e lc r l  nor ' -
n r l i l r ' ,  t l te  n r r in  s r r ,ceP is  r r rc lc lv  a r  rncr l
r t  t l l c  en( l  o f  the  t le lav  in te fve l  : l l l ( l  i s
not tr iggererl  unti l  thc selcctcrl  pulse
o( ( ' lus .  

- l -hc  
resu l t ine  d isp lav  o I  | ig

l2 (b)  i s  en t i re l \  f ree  o f  j i t te r  H:Lr l  rhe
nr:r in su'eep been tr igect 'ct l  automati<-
: r l l r  u t  t l t c  en t l  o f  the  de l :n '  in tc r r ' : r l .
thc  d isp l : rv  nou lc l  havc  been i r l c r r t i ca l
t o  l i i s .  l l ( b ) ,  r r . i t l r  t h c  l l t e  j i t t e r - s t i l l

l ) l  csc 11 t .

SYNC PULSE

Srnc  pu lse  ouL l lu ts  in  bc l th  hor izon-
t l l  p lug- ins  p ror , i< le  p r r l ses  o f  : rbout
1 .5  V  arnp l i tuc le  and I  ns  r i se  t ime.

ALLAN I .  BEST

After  spending three years in the U. S.
Army, Al  Best  at tended the Univers i ty
of  Cal i fornia,  graduat ing in 1960 wi th a
BSEE degree.  He then jo ined -hp- as a
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the  des ign  o f  t he  1858  Samp l i ng  Osc i l l o -
scope, later  assuming responsibi l i ty  for
the l85B af ter  i t  went into product ion
After  doing fur ther work in sampl ing os-
c i l loscope design,  he t ransferred to Colo-
rado Spr ings in 1964 and became design
leade r  f o r  t he  new  samp l i ng  p l ug . i ns  f o r
the 14OA Osci l loscope. Al  has one patent
pend ing  on  de layed -sweep  samp l i ng  t ime
bases  and  ano the r  on  a  f as t - r amo  l i nea r .
izer .  Current ly  he is  an engineer ing group
leader in the -hp- Colorado Spr ings Lab.
oratory,  responsible for  TDR and certa in
aspec t s  o f  samp l i ng .

Dar Howard jo ined -hp- in 1958 af ter
graduat ing f rom the Univers i ty  of  Utah
with a BSEE degree.  As a development

DARWIN  L  HOWARD

engineer in the -hp- Microwave Labora-
tory,  he contr ibuted to the design of  the
3444 Noise Figure Meter and the 415C
SWR Meter,  and did fur ther work on a
p h a s e - l o c k e d  R F  s i g n a l  g e n e r a t o r .  I n
1962, he received his MS degree in e lec-
t r ical  engineer ing f rom Stanford Univer.
s i ty  through the -hp- Honors Cooperat ive
Program.

Dar t ransferred to the -hp- Osci l lo-
scope Div is ion (now at  Colorado Spr ings)
i n  1963 .  As  an  eng inee r i ng  g roup  l eade r ,
he organized the design group for  the new
samp l i ng  p l ug - i ns  f o r  t he  140A  and  141A
Osc i l l o scopes .  I n  1965  he  assumed  h i s
present posi t ion of  engineer ing manager,
Co lo rado  Sp r i ngs  D i v i s i on .

Before decid ing to become an electr ical
e n g i n e e r ,  D a r  a t t e n d e d  B r i g h a m  Y o u n g
Un i ve rs i t y  as  an  accoun t i ng  ma jo r  f o r  one
year,  and then spent four years in the
U. S.  Navy as an electronics technic ian.

-  A l l t t t t  l .  B ,  . s l  .

l ) a t t L t i t t  L .  H o i L , t t r l  u t t t l

I nn t cs  ] 1 .  L rn tp l t t t y '

JAMES M.  UMPHREY

J im  Umphrey  rece i ved  h i s  BSEE de -
gree in 1961 f rom Stanford Univers i ty ,

t hen  j o i ned  -hp -  as  a  deve lopmen t  en -
g i nee r ,  wo rk i ng  on  t he  1878  and  187C

Samp l i ng  Ve r t i ca l  Amp l i f i e r s  and  t he  2138
Pulse Generator .  He t ransferred to Colo-
rado Spr ings in 7964 and eventual ly  as.

sumed responsibi l i ty  for  the design of  the

1104A /1 i064  T r i gge r  Coun tdown ,  t he

1105A /11064  Pu l se  Gene ra to r ,  and  t he

w ideband  samp l i ng  ve r t i ca l  amp l i f i e r  p l ug -

ins for  the 140A Osci l loscope. He is now

an  eng inee r i ng  g roup  l eade r  i n  t he  -hp -

Colorado Spr ings Laboratory,  wi th respon-

s i b i l i t y  f o r  a  number  o f  samp l i ng  and
pu lse-generator  projects.

J i rn received his MSEE degree f rom

Stanford in 1961 on the -hp- Honors Co-

operat ive Program. He is a member of

Tau Beta Pi  and IEEE.

(ct)  (h)

Fig 12(a) Pu.lse train displ.ayed uith delaying sweep of sarnpling tinte
base nnr!  del .ay generator  Br ight  spot  on 12th pulse indi t :ates stur t  of
delaycd tnoitt sueep (b) 12th pul.se displayed u'itlt nru.in su,eep urrned
at end ol  r le lay interuaL and t r iggered on 12th pulse.  Note absenr:e of
rate j i t ter  Vert icol :  100 mV/cm: Hor izontal :  (a)  100 ns/ tm, (b)  5 ns/

cnt ,  (c)  5 nsfcm.

' l - hcse  
p t r l ses  a t ' e  usc f l t l  a s  p re t r i egc r s  t ha t  i n  ac l r l i t i on  t o  t he  abo r . c  uscs ,

lo ( l r ivc u ptr lsc B^enelator  ot ' rLs rh ' i r inq thcl  can |e used as a cal ibr- : r te i l - r le l l r
pu l ses  f o l  a  c i l cu i t  be i ne  t cs t cd .  The t ,  

' u l se  sou rce  s i r l p l v  by  se t t i ng  t l i e  r n l r i '
i u ' c  exccP t i ona l lY  c l ean  l r r r c [  f l t r t - t oP l )ec l ,  s r veey r  t l e l av  con t ro l s  t o  t hc  t l es i r c r l
lnr l  rnake excel lc l l t  tcst  pulses for  t imc r le lav inte^.a l .
r l o r r r : r i n  l e f l e t  t o r r r e t  r  r .

In thc sinp;le-s\,vecp plug-in, the svnc
prrlse s rrre sYnchroni/c( l  r ' r , ' i th the slr,e cp.
In the delar generator plue-in, thel 'are
. r r r t l r r , r r r i z e r l  r r i t l r  t l r e  r n i l i n  s \ \ c c l )  s o

DESIGN LEADERS
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C O N  D E N S E D
S P E C I F I C A T l O N S

SAMPLING PLUG-INS FOR
-hp- MODEL 140A

OSCILLOSCOPE AND
-hp MODEL l41A

VARIABLE-PERSISTENCE
osclLLoscoPE

MODEL 1410A
SAMPLING VERTICAL AMPLIFIER

MODE OF OPERATION:  Channe l  A  on ly ;  B  on ly ;
A  and B;  A  and B added a lgebra ica l l y ;  A  vs  B

POLARITY:  E i ther  channe l  may be  d isp layed
e i ther  pos i t i ve  o r  negat ive  up  in  any  mode

RISE TIME:  Less  than 350 Ds

BANDWIDTH:  dc  to  I  GHz

OVERSHOOT: Less than 5o/o

sENSlT lv lTY:  Ca l ib ra ted  ranges  f rom I  mV/cm
to  200 mV/cm

ISOLATION BETWEEN CHANNELST Greater  than
40 dB to  1  GHz.

INPUT IMPEDANCE:
Probes :  100 kQ shunted  by  2  pF,  nomina l .
cR Type 874 Inputs :  sOQ +2yo w i th  58 'ns
in te rna l  de lay  l ines  fo r  v iewing  lead ing  edge
of  fas t  r i se  s igna ls .

DYNAMIC RANGE;  t2  V

DRIFT:  Less  than 3  mv lhr  a f te r  warmup.

TRIGGERING:  In te rna l  o r  ex te rna l  when us ing
5C! ,1  inputs  In te rna l  t r igger ing  se lec tab le  f rom
Channe l  A  or  B .  Ex terna l  t r igger ing  necessary
when us ing  probes .

T IME DIFFERENCE BETWEEN CHANNELS:
< 100 Ds

RECORDER OUTPUTS: Front panel outputs pro-
v ide  0  I  V /cm f rom a  500Q source .  Ga in
ad jus tab le  f rom approx imate ly  0 -05  V/cm to
O2 Y/cm dc  leve l  ad jus tab le  f rom approx i '
mate ly  -1 .5  V  to  +O 5  V

PRICE:  $1600

MODEL I4 I lA
SAMPLING VERTICAL AMPLIFIER

(Used w i th  1430A,  1431A,  o t  1432A Sampler )

MODE OF OPERATION, POLARITY, SENSITIVITY,
RECORDER OUTPUTS:  Same as  1410A

ISOLATION BETWEEN CHANNELS:  40  dB over
bandwid th  o f  sampler .

PRICE:  $700

MODEL 1430A
SAMPLER

(used w i th  1411A)

RISE TIME:  Approx imate ly  28  ps  (Less  than
35 ps  observed w i th  1105A/11064 pu lse  gen,
era tor  and 9094 50O load )

BANDWfDTH: dc to approximately 12-4 GHz

OVERSHOOT:  Less  than 15oZ

DYNAMIC RANGE:  t1  V .

INPUT CHARACTERISTICS:
Mechan ica l :  Ampheno l  GPC-7 prec is ion  7  mm
connectors  on  input  and ou tpu t .
E lec t r i ca l :  509 feedthrough,  dc  coup led  Re-
f lec t ion  f  rom sampler  l s  approx imate ly  10o lo ,
us ing  a  40-ps  TDR sys tem VSWR <3:1  a t
12 4 GHz

TIME DIFFERENCE BETWEEN CHANNELS:  Less
than 5  os

CONNECTING CABLE LENGTH:  5  f t  (10  f t
op t i  on  a  l ) .

PRICE:  $3000 ($3035 w i th  1o- f t  cab le ) .

MODEL 14314
SAMPLER

(used w i th  1411A)

BANDWIDTH: dc to greater Ihan 72 4 GHz (less

than 3  dB down f rom a  10-cm dc  re fe rence)

RISE TIME:  Approx imate ly  28  ps .

VSWR:  dc  to  8  GHz <) , -4 ;L
8  t o  1 0  G H z  <  1 . 6 : 1
10 to  12  4  GHz (2 .O:1

DYNAMIC RANGE:  t1  V .

I NPUT CHARACTERISTICS:
Mechan ica l :  Same as  14304
Elec t r i ca l :  Same as  14304 except  re f lec t ion
f rom sampler  i s  approx imate ly  57o,  us ing  a
40-ps  TDR sys tem

PHASE SHIFT BETWEEN CHANNELS:  Less  than
10 '  a t  5  GHz,  typ ica l l y  less  than 2 '  a t  I  GHz

CONNECTING CABLE LENGTH:
5  f t .  (10  f t  op t iona l ) .

PRICE:  $3000 ($3035 w i th  1o- f t -  cab le ) .

MODEL 14324
SAMPLER

(used w i th  1411A)

RISE TIME:  Less  than 90  ps

BANDWIDTH:  dc  to  4  GHz.

OVERSHOOT:  Less  than a5o lo .

DYNAMIC RANGE:  t1  V-

INPUT CHARACTERISTICS:
Mechan ica l :  GR Type 874 connectors  used on
input  and ou tpu t -
E lec t r i ca l :  50Q feedthrough,  dc  coup led  Re-
f lec t ,on  f rom sampler  i s  approx imate ly  15o/o
us ing  a  90-ps  TDR sys tem

TIME DIFFERENCE BETWEEN GHANNELST Less
than 25  ps .

CONNECTING CABLE LENGTH:
5  f t  (10  f t .  op t iona l )

PRICE:  $1000 ($1035 w i th  10- f t  cab le ) .

MODEL I424A
SAMPLING TIME BASE

SWEEP RANGE:  24  ranges,  10  ps /cm to  500
ps lcm.  Sweeps f rom 1  ns /cm to  500 ls lcm
may be expanded up  to  100 t imes and read
out  d i rec t l y .

MARKER POSITION:  In tens i f ied  marker  ind ica tes
po in t  about  wh ich  sweep is  expanded;  1o- tu rn ,
ca l ib ra ted  cont ro l

TRIGGERING:  (Less  than 1  GHz, )
In te rna l  (w i th  14 I0A) :

Auto  m a t i  c :
P u l s e s : 7 5  m V  a m p l i t u d e  f o r  p u l s e s  2  n s
or  w ider  fo r  j i t te r  less  than 20  ps .
CW:25 mV amol i tude f rom 60 Hz to  500
MHz fo r  j i t te r  less  than 10o l .  o f  inpu t
s igna l  per iod  (Usab le  to  1  GHz w i th  in -
c reased j i t te r , )

Leve l  Se lec t :
Pu lses :  35  mV ampl i tude fo r  pu lses  2  ns
or  w ider  fo r  j i t te r  less  than 20  ps
C W : 2 5  m V  a m p l i t u d e  f r o m  d c  t o  3 0 0
MHz ( inc reas ing  to  200 mV a t  1  GHz)  fo r
j i t te r  less  than 106 o f  inpu t  s igna l  per iod

*  10  Ps .

Ex terna l :
Automat ic :

Pu lses :  A t  leas t  100 mV ampl i tude fo r
pu lses  2  ns  or  w ider  fo r  i i t te r  less  than
20 ps .
CW:  50  mV f rom 60 Hz to  5O0 MHz fo r
j i t te r  less  than !OT"  o f  inpu t  s igna l
per iod .  (Usab le  to  1  GHz w i th  inc reased
jitter.)

Leve l  Se lec t :
Pu lses :  A t  leas t  50  mV amPl i tude re -
qu i red  o f  pu lses  2  ns  or  w ider  fo r  j i t te r

less  than 20  ps .
CW:  50  mV f rom dc  to  l  GHz fo r  i i t te r
less  than 17 .  o f  inpu t  s igna l  per iod  f
10  ps  J i t te r  i s  less  than 30  ps  fo r  s igna ls
o f  10  mV a t  1  GHz

Slope:  Pos i t i ve  o r  negat ive-

Ex terna l  Tr igger  Input :
500,  ac  o r  dc  coup led .

J i t te r :  Less  than 10  ps  on  1  ns /cm range,
and less  than 20  ps  (o r  0005% of  unex '
panded sweep speed,  wh ichever  i s  la rger )
a l  2  ns /cm and s lower ,  w i th  s igna ls  hav ing
r ise  t imes o f  1  ns  or  fas te r .

TRIGGERING;  (Greater  than 1  GHz. )
J i t te r  less  than 20  ps  fo r  25  mV input ,  500
MHz to  5  GHz.

SCANNING:
In te rna l :  X  ax is  d r iven  f rom in te rna l  source
Scan dens i ty  cont inuous ly  var iab le
Manua l :  X  ax is  d r iven  by  manua l  scan cont ro l
knob
Reco ld :  X  ax is  d r iven  by  in te rna l  s low ramp;
approx imate ly  60  seconds fo r  one scan
Externa l :  0  to  +15 V requ i red  fo r  scan;  inpu t
impedance,  10  kO
Sing le  Scan:  One scan per  ac tua t ion ;  scan
dens i ty  cont inuous ly  var iab le .

SYNC PULSE OUTPUT:
Ampl i tude:  Greater  than 1 .5  V  in to  500.
R ise  T ime:  Approx imate ly  1  ns .
Overshoot :  Less  than 5%.
Wid th :  Approx imate ly  I  &s
Rela t ive  J i t te r :  Less  than l0  ps .
Repet i t ion  Rate :  One pu lse  per  sample-

PRICE:  $1200

MODEL 14254

SAMPLING TIME BASE

AND DELAY GENERATOR

MAIN SWEEP:

Range:  13  ranges ,  1  ns /cm to  10  ps lcm
Magn i f ie r :7  ca l ib ra ted  expans ion  ranges,  X l
to  X100 Increases  fas tes t  ca l ib ra ted  sweep
speed to  10  ps , /cm Pushbut ton  re tu rns  mag-
n i f ie r  to  X1

Magn i f ied  Pos i t ion :  lo - tu rn  cont ro l  w i th  in ten-
s i f ied  marker  tha t  ind ica tes  sweep expans ion
po in t

TRIGGERING:  (For  bo th  Main  and De lay ing
SweeD )

I  n te rna l :
Autom a t ic ;

Pu lses :  150 mV ampl i tude fo r  pu lses  2  ns
or  w ider  fo r ' j i t te r  less  than 20  ps
C W : 5 0  m V  a m D l i t u d e  f r o m  2 0 O  H z  t o
500 MHz fo r  j i t te r  less  than 10 ' l .  o f  inpu t
s igna l  per iod .  (Usab le  to  l  GHz w i th
increased jitter.)
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Level Select:
Pu lses :  70  mV ampl i tude fo r  pu lses  2  ns
or  w ider  fo r  j i t te r  less  than 20  ps .
CW:  50  mV amol i tude f rom 200 Hz to
300 MHz ( inc reas ing  to  400 mV a t  1
GHz) for j i tter less than 7yo of input
s igna l  per iod  +  10  ps .

Ex terna l ;  Same as  14244,  except  low end o f
CW trjggering range is 2O0 Hz in Automatic
and Leve l .
Ex terna l  Tr igger  Input :

50 [ )  ac  coup led  (2  2  pF) .
S looe:  Same as  14244,
Jitter: Same as 1424A

DELAYING SWEEP:
Range:  15  ranges ,  10  ns /cm to  500 ps lcm
Delay  T ime:  Cont inuous ly  var iab le  f rom 50 ns
to 5 ms.

S W E E P  F U N C T I O N S :  M a i n  s w e e p ,  d e l a y i n g
sweep,  ma in  sweep de layec

SCANNING: Same as 1424A exceol no external
scan inout

SYNC PULSE OUTPUT;  Same as  14244 Pu lse
a lways  synchron ized to  ma in  sweep t r igger
c i rcu i t ;  pu lse  de lay  and ra te  a re  var iab le .

PRICE:  $1600

18-GHz TRIGGER COUNTDOWN
MODEL 1104A COUNTDOWN SUPPLY

MOOEL 1106A TUNNEL DIODE MOUNT

INPUT:
Frequency  Range:  1  GHz to  18  GHz
Sens i t i v i t y :  S igna ls  100 mV or  la rger ,  and up
to  12  4  GHz,  p roduce less  than 20  ps  o f  j i t te r
(200 mV requ i red  to  18  GHz) .
l n p u t  l m p e d a n c e  ( 1 1 0 6 A ) :  5 O O  A m p h e n o l
GPC-7 input  connector  Ref lec t ion  f rom input
connector  i s  less  than 10" /o  us ing  a  4o-ps
TDR sys tem

OUTPUT:
Center  Frequency :  Approx imate ly  100 MHz.
Ampl i tude:  Typ ica l l y  150 mV.

PRICE:1104A,  $200;  l l064 ,  $550

20-ps PULSE GENERATOR
MODEL I lO5A PULSE GENERATOR SUPPLY

MODEL I IO6A TUNNEL DIODE MOUNT

OUTPUT:
Rise  T ime:  Approx imate ly  20  ps .  Less  than
35 ps  observed w i th  -h t r -  Mode l  1411A/14304
28-ps  Sampler  and -hp-  Mode l  909A 50Q
terminat ion
Overshoot: Less than t5y" as observed on
I4 l lA /1430A wi th  909A.
Droop:  Less  than 3o lo  in  f i rs t  100 ns
Wid th :  Approx imate ly  3  ps .
Ampl i tude:  Greater  than +200 mV in to  5OQ.
OutDut  Charac ter is t i cs  (1  106A) r

Mechan ica l :  Ampheno l  GPC-7 prec is ion  7
mm connector
E lec t r i ca l :  dc  res is tance -  SOdl  +zyo.

Source  re f lec t ion  -  less  than 1Oo/o ,  us ing
a 40'ps TDR system. dc offset voltage *

approx imate ly  0 .1  V .

TRIGGERING:
Ampl i tude:  A t  leas t  t0  5  V  peak  requ i red .
R ise  T ime:  Less  than 20  ns  requ i red .  J i t te r
less  than 15  ps  when t r iggered by  1  ns  r i se
t ime sync  pu lse  f rom L424A or  14254 Sam-
p l ing  T ime Base J i t t€ r  inc reases  w i th  s lower
trigEer rise times.
Wid th ;  Greater  than 2  ns .
Input  lmpedance:200Q,  ac  coup led  th rough
20 DF.
Repetit ion Rate: 0 to 100 kHz; free runs at
100 kHz.

PRICET 11054, $2O0; 1106A, $550.

Pr ices  fob .  fac to ry
Data subject to change without notice

supply, -hp- Model 11054, 1., t'ornt pulse Senerator ruith rise tirne ot' np
proximately 20 ps, one of fostest in existence, uset'ul Ior high-resolution

TDR utorh. Same tunnel diode mount is used u,ith countdou)n supply, -hp-

Model 1104A, r., to allout 
""* "::f:r[lrplug 

ins to display sine u:uL,cs ttp

ULTRA.FAST TRIGGERING
AND ULTRA-RESOLUTION TDR

' l b  
t a k e  I u l l  a d v a n t a e e  o f  t h e

12.1-GHt bantlruitlths of the 'rvitle-

band osci l loscol)cs ( lcscribe(l  in the

p r e r e r l i n e  a r t i c l e ,  i t  i s  n a t r r r u l l y

necessary to synchronize the osci l-

loscope t ime bases to signals having

lrequencies of 12.4 GHz ancl above.

Similarly, to take a(lvantage of the

28-ps rise times of tl.re samplers for

high-resolut ion t ime-(lomain ref lec-

tometry (TDR), i t  is necessary to

have a step generator which has an

ultra-fast r ise t ime less than 28 ps.
A single tunnel t l iocle mount has

been c leve loped to  meet  bo th  o f

these neecls. Usecl with a countdown

supp ly ,  the  tunne l  d iode permi ts

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

on signals up to I8 GHz. Usetl I'r'ith

a pulse generator suPPly, the same

tunnel diode procluces a 3-/r.s Pulse
with a r ise t ime of 20 ps, fast enough

t o  r c s o l r e  c a b l e  d i s c o n t i n u i t i e s

spaced as  c lose ly  as  a  few mi l l i -

meters. Fig. I  is a photograph of the

tunnel cl iode mount and the two

supplies.
The pulse generirtor has what is

probably the fastest r ise t ime avai l-

ab le  toc lay-so  fas t ,  in  fac t ,  tha t

there are no instruments to lneasure

it  exactly. Twenty picoseconcls is a

conservative estimate. In spite of i ts

fast r ise t ime, however, i ts overshoot

is less than 5o/u, a remarkabll '  srnrr l l
value for such a fast pulse. \ 'Vith the

28-ps  sampl ins  osc i l loscope,  the

pulsc generator forms a t imc ( lo-

rna in  re f lec to rne ter  w i t l r  a  l i se  t in rc

of less than 40 ps, which is about the

time i t  takes for l ight to travel /n
in. in air.  Fie. 2 is a TDR osci l lo-

eram showing reflections lrom a spe-
cial section of air I ine in which t lrc

c l iameter  o f  the  center  conc luc [o t '

l ras  been re r lucc t l  in  th ree  sec t ions

for demonstrat ion purposes. Centel-s

of the three sections are iy's in apart

and their lengths are t/s in., \ in.,

and t/t in. All three sections sholv ttp

clearly ancl are reaclily resol\'able.

Fie. 2. Oscillogram taken uith 40-ps

TDR system shouting reflections front
short length of line uith three discon'

tinuities. TDR system can resolt,e dis'

continuities spaced as closely as /a in.
apart.
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-hp- 1404 or 14lA OSCILLOSCOPE

Sync Pulse
Output

Fig. 3 is a block cliagram of the
40-ps TDR system. Notice rhat rhe
time base of the osci l losconc is al-
lowcr l  to  l ree  r r rn .  l rn< l  r l re  l r i , l re  eer r -
erator is trigeered by the sync pulse
output o[ the t ime base. Fig. .1 shor,vs
a typical step resl)onse for this TDR
s)'stem. Rise t ime is about 35 ps.

A typical tunnel-cl iocle character-
ist ic is shown in lr ig. 5. In the 20-ps

pulse eenerator, the cliocle is orig-
ina l l y  b iasec l  a t  po in t  A  on  th is
curve. The tr igger causes the dio(le
current to r isc above point B, rnor
i r rg  r l re  t l io t le  in to  i t s  neg: r t i re  rcs . i s t -
l r n c c  r c g i o n  B - D .  T h e  o l ) c l ' l l t i n s

1 ;o in t  then jumqls  very  rap ic l l y  to
point C, prorlucing the 20-ps pulse.
Fig. 6 shou's the output waveforn.

The I8-GHz countdown unit cle-

Fig. 3. 40-ps TDR systent, using -hp- Model 11054/ 11064
20-ps Pul.se Generator. Copabilities ot' system are shown by

F ie .2 .

Fig. 4. Response of sampler to incident
step in TDR System of Fig. 3. Typical
rise tine is less than 35 ps. Vertical:
reflection coefficient = 0.2/cm; Hori-

zontal :20psfcm.

l ivers a subharmonic of the input

sisnal to the t ime base. Center fre-

quenc)  o I  t l re  c t - ru r r t t lown ou t l ru t  i s
100 MHz.

For the l8 GHz countclown unit,

the tunnel diorle is biasecl at a point

s l i g h t l y  a b o v e  p o i n t  B  i n  F i g .  5 ,
whcre i t  is astable. I ts free-run rate
varies, becoming a subharmonic of

any high-frequency input signal.

Fig. 5. Typical tunnel d.iode character-
i  s l  ic ,  showi n g ne Eal  i  ue- resistancp re g ion

BD. To Eenerate pulse with 20-ps rise
time, diode is biased at A. Trigger in-
put raises diode current to unstable
point B. Operating point then shit'ts
rapidly to C, giuing fast pulse as shown

in  F ip .6 .

TIM E

Fig 6. Wauet'orm corresponding to op-
erating point sequence of Fig.5.

SAMPLING UNITS DESIGN TEAM

Contributors to deuelopment of new sampling uertical amplifier
and time base plug-ins and new pulse generator and countdown
are, f ront row, l. to r., Nonnan L. O'Neal, Allan I. Best, James N.
Painter ,  Eduard J.  Pr i jate l ,W. A.  Farnbach,James M.(Jmphrey;
bach rout,l. to r., Robert B. Montoya, Gordon A. Greenley, Jeffrey
H. Snith, Houard L. Layher, Jay A- Cedarleof, alt of the -hp-

Colorado Springs Diui.sion. Not shown: Donald L. Gardner.
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SECOND SYMPOSIUM ON TEST INSTRUMENTATION

Over 150 managers of  stand-

ards and cal ibrat ion laborator ies

and  i ns t r umen t  ma in tenance  f a -

c i l i t i e s  a t t ended  t he  Hew le t t -

Packard Second Symposium on

Test  lnstrumentat ion in Science

and  I ndus t r y .  The  manage rs ,

r e p r e s e n t i n g  l a r g e  a n d  s m a l l

c o m p a n i e s  a n d  g o v e r n m e n t

agencies throughout the Uni ted

States and Canada, met at  the

-hp- Palo Al to p lant  September

19 through 21,  1966- Purpose

of the symposium was to d is-

cuss  i deas  and  p rob lems  o f  mu -

tua l  i n t e res t  i n  t he  me t ro l ogy

and instrument f ields.

A  ser ies  o f  seminars ,  pane l  and

round table discussions covered

topics such as cal ibrat ion t race-

abi l i ty ,  technical  educat ion and

da ta  p rocess ing .  Some  t yp i ca l

sessions included in the three-

day meeting were: 'Let 's Define

Accuracy, '  treating the serious-

ness of cert i f icat ion and trace-

ab i l i t y ;  'Cent ra l i za t ion  o f  Tes t

Equipment, '  a discussion of the

pros and cons of the instrument

pool; 'Automatic Data Process-

ing, '  that is, how to make your

c o m p a n y  c o m p u t e r  w o r k  f o r

you; and 'What Wil l  Instruments

Be Like Five Years From Now,'

d iscuss ing  in tegra ted  c i rcu i ts ;

programmable instruments and

data acquisit ion systems.

Effects of increased demands lor improved performance,
reliability and maintainability as well as ways to meet
government reliability needs were discussed at this Sym-
posium panel session by Marco Negrete, -hp- Loveland
Division, J, P McKnight, Litton Industries, W. L. Cris-
pen, General Electric and Robert Rupkey, TRW Systems.

NEW NBS LABORATORIES

The National Bureau of Standards wil l  dedi-

cate i ts new laboratory complex at Gaithers-

burg, Md. on November 15. This 565-acre

site, 20 miles from the old NBS location in

the Distr ict of Columbia presently contains

seven genera l -purpose labora tor ies  con-

nec ted  by  a l l 'weather  passageways.  F ive

more laboratories are to be constructed in

the future for special ized uses. The labo.

ratory bui ldings are dominated by an 1l-

story administrat ion bui lding which houses

the Director and his staff.  Included on the

s i t e  a r e  a  7 5 0 - s e a t  a u d i t o r i u m  a n d  a

126,000'volume l ibrary. By the end of 1966

all  but about 300 of the Bureau's 2700 em-

ployees wil l  be at the new site. The Weather

Bureau's Environmental Sciences Services

Administrat ion (ESSA) wil l  occupy the va-

cated NBS faci l i t ies.
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A DC TO 12.4 GHz FEEDTHROUGH SAMPLER
FOR OSCILLOSCOPES AND OTHER RF SYSTEMS

An impor tont  c i rcu i t  development  in  the form of  on

ul i ro-widebond sompl ing device is  leoding to  molor  new

copobi l i t ies in  e lect ronic  inst rumentot ion.

nsln'r i ts relat ively recent appe:u:

ance,  the  r l i r l i nu t i ve  ob jec t  on

tl t is month's cover has alreurly l tad con-
s i t le r -ab lc  impact  on  h igh- f rc t lL lcncy

elcct lonic instrurnentation, anrl  is l ike-
11 to have iLn incre:rsiug el lcr: t  in the
l 'uture. 

' l 'he 
objcct is an ultra-rvir le-

band sarnir l ing del i<re developetl  bv
hp ossocioles ancl now usetl  in surh r l i -
vcrsc br-oarlbantl  svstcrns rs sarnpl ine
osci l loscopes (scc p. 2), phlse' lockerl au-
tornatic transfcr osri l lators, :rrrcl  vcctor
rneasu lenrcn t  sYs ten ls . r  Bunc lw i t l th  o [
t l re  c lev icc  i s  spe t i f iec l  as  g re : r te r  rh : r r r
12.J. GHt., morc tharr threc t inres t lre
banr l rv id th  o f  a r r r '  p re r ious  sampl ine
rlcvice.

High-frcquency sampline te( Iuriq ues
rnake poss ib lc  many broar lbanc l  svs-
tenrs, inclurl ine those just rnentionerl,
that lvoulcl not be feasible otherwisc.

IThe lmpact  0 f  U l t ra -Wideband Sampl ing  and Ass0c ia ted
Deve l0pments  0n  E lec t r0n ic  Ins t rumenta t i0n , '  Sessr0n  23 ,
Western  E lec t r0n ic  Show and C0nvent i0n ,  August  26 ,  1966

Sampl ing  ga te

Fig. L. Idealized sampling circuit. Sys-
tem to be sampled is represented by
uoltage e,, and impedance 2,, Sctmple is
taken by closing gate for short period,
al lowing sampl ing capaci tor  C" to
churge to t ' ract ion ot '  e, , , .  Sampl.e is

stored on C, when gate is opened

Fis 2 In tu,o-diode feedthrough

sun tp l i ng  c i r cu i t  used  i n  u t i de -

hand sa.mpl ing deuice,  norntal ly

back-biased diodes are gated on

hy santpl ing pulx 's  lor  shor l  per i -

ods.  a l Iou ' ing satnpl ing t  opat i Iors

C, to act lu i re uol . toges Dropor-

t i c t no l .  t o  s i gno l  o  ppea r i ng  on

transrni .ss ion I ine

' l 'hc 
systems which use sampline tet:h-

n i r l u e s  a r e  c l u i t e  v a r i e ( 1 ,  b u t  i t  i s
signif icant that t l re rc<luirernents for
broaclban<l sampling clcvices are nearlv
the same regardless of the appli tat ion.
Consequentlv, the use o[ the new sam-

l r l i r r g  t l e r  i r  c  i n  R F  i r r s t t  r r n t e n t a t i o r r  i s
not l imite(l  to any speci:r l ized class of
instruments, ancl wi l l  in al l  l ikel ihood
spre:rcl to systems which are not now

thousht of as sarnPlins systems ancl to
other RF systems u,l-rich have vet to be
conceivecl.

Del 'elopment of the wir lebantl  sam-

pl ing device requirecl a large invest-
ment in t ime, funtls, ancl cngineerine

ingenuity. So that nothins woulcl be
overlooked which might aicl-or lrus-

trate-the t leveloprnent elt-ort,  a t lesign

approach n'as takcrt which t:an be bcst
descr ibed as ' func t iona l l v  i t r tegra ted ' . '

2 The w0rds  ' func t i0na l l y  in tegra ted '  sh0u ld  n0 t  be  c0nfused
wi th  m0n0 l i th ic  in tegra ted  c i rcu i t  techn0 l0gy  There  are  n0
in tegra ted  c i rcu i ts  in  the  sampl ing  dev ice

Sampl ing  Pu lse

This me:rns that t.he effects o{ ever\
e l e m e n r  o I  t h e  s a m p l i n e  c l e v i c e  o n
evcfy other elemenc were consit leret l
in the t lesisn, including the effects of

paras i t i i :  e lements  anc l  the  prac t ica l
ronsiclerat ions o[ cost, manufacturabi l-
i t y ,  anr l  rcpa i rab i l i t y .  F rom th is  ap-

proach has come a clevice which em-
botl ies sophist icatecl rnicrowave sysl-em
<lesien arxl at lvanced cl iode desien an(l

packaeing.

SAMPLER OPERATION
'l-he 

basic elemen[s of a sampling cir-
cuit  are shown in the ideal ized circuit
of Fi5;.  L In this diagram, the svstem to
be sampled is representerl  by ir  voltaee
generator e;n a[( l  an imPerlance Zo, antl

the sampler consists of a surnpl ine'eate

and a sanrpl ing capacitor C,. \ \rhen a
sarnple is to be taken, the su.i [ch or

gate is closed for a short periocl, allorv-

ing the sampling capacitor C, to charee

c 1 2 .



Sampl ing  pu lses

F

o

a

m

o

o

Drode bar r ie r
voltage drop

1_
0

Normal diode
back bias

Fig. 3. Gate titne t,, is time for uthich
impedance of diodes is low in circuit of
Fig. 2. Gate time is inuersely propor-
tional to bandwidth of sampling circuit.
Note that gate time can be less than
rise time of sampling pulse. In wide-
band sampling deuice, tu is less than 28
ps, equiualent to bandwidth of more

than 12.4 GHz.

to some fraction of the input voltage

e;n. The switch is then opened, leaving

the sample of the input stored on Cs.

If the voltage on Cs is assumed to be

reset t0 zero before each new samDle.

a useful measure of the efficiency of t-he

circuit is the sampling efficiency ?, de-

fined as the ratio of the voltage on C,

after each sample, e,",01", to the input

voltage, ein:
6ssamole

'  e tn

Bandwidth of the sampler is defined
as the frequency at which ri is 1 l1p
times its dc or low-frequency value.

The new wideband sampling device
is a realization of the basic two-diode
feedthrough sampling circuit of Fig. 2.
Signals to be sampled appear between
the center and outer conductors of the
feedthrough transmission line.

The diodes. which act as the sam-
pling gates, are normally back biased.
When a sample is to be taken, the
diodes are gated on by balanced sam-
pling pulses, thereby providing a low
impedance path through the diocles
and the  sampl ing  capac i to rs  C,  to
ground. Bandwidth of this circuit is
inversely proportional to the time for
which the diode impedance is low.
Th is  t ime in te rva l ,  ca l led  the  ga te
wiclth tn, is related to the banclwidth
BW approx imate ly  by  the  fo rmula

BW(GHz) - ?lo ._ 
rq(ps)

A bandwidth of 12.4 GHz corresponds
to a te of approximately 28 picoseconds.
When the sampler is used in a sam-
p l ing  osc i l loscope l i ke  the  one de-
scribed in the article begining on p. 2,
the rise time of the oscilloscope is also
approximately equal to the gate width.

Fig. 3 shows the relationships of the
gate wiclth to the sampling pulse, the
diode bias, and the diode voltage drop.

WIDEBAND SAMPLING DEVIGE

As a result of the 'functionally inte-

srated' desien approach which pro-
clucecl it, no part of the wideband sam-
pling device has only a single function;
all parts work tosether in such a way

that the clevice must be considered as
a whole in order to be understood. All

e lements ,  inc lud ing  paras i t i cs ,  have
been accountecl for and, where possi-
ble, macle inteeral parts of the sam-

pling circuit. A number of normally

separate parts have been combinecl to

form unified parts, and two of the sig-

nals present - the input signal and the

sampl ing  pu lses-occupy  the  same
transmission line without interfering
with each other.

Fig. 4 is a drawing of the wideband

feedthrough sampling device. The de-

vice consists of a two-diode sampler
located at the center of a biconical cav-

ity which forms a part of the RF trans-
mission line. To make room for the

diodes, the two cone-sh-ped faces of

the cavity are truncated. The RF line

is perpendicular to the :.xis of the

cones, and the sides of the cavity act

as the RF ground conductor. The RF

center conductor passes through the

center of the cavity, and the two diodes

are placed in contact with it. The char-

acteristic impedance of the RF line is

main ta ined a t  50o th roughout  the

sampling structure, the only discon-

tinuity being a portion of the diocle

capacitance at the sampling nocle.

The diodes are special ly designed

low-storage hot-carrier diodes in low-

Fig. 4. Cutaway drawing of wideband sampling deuice. (a) dielec'
tric-fiIled biconical cauity, (b) cone-shaped. face of cauity, (c) top
of truncated cone, (d) RF center conductor, (e) hot-carrier diode
and, sampling capacitor in three-terminal pachage, (f) sampling

pulse input line, (d plug (non-functional).
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capacitance, iow-inrluc[ance, 1lrree-tcl -

rniual p:rckages. 
' I 'he 

r l iocles ancl their

prtcklges emborlv a nurnbcr ol note-
$'o}.t l tY fc:rtures.

l .  A n  a d a a r t c c t l  d i o d c  f  a b r i c a l i o t t

I c r . l n t  i  q t t r :  t t s i . t t  g  a t t  c x l  r r  m  c l y
.s r t ta l l  sc rn icond r t  r - t  o t  c l t  ip .  One
benefi t  is a chip 'rvi th a rcrrark-
ably small  r  apacitancc of lcss thalr
0 .08  pF.

2. A diodr: fucluLgr: tui l l t  rr  tcr 'r ' .s rt-
duc lnnce o f  l css  t l tan  200 pH a t td
an ?rnustrnl.l)t lozu paclngt: cnltnc-
i tnncc  o l  up l t t  ox i r t tn tc ly  0 .0E p l ,  .
f - h e  i n s u i a t i n e  p o r t i o n  o f  t h e
cl ioclc package is tnarle o[ a rnatc-
r ia l  rvh ich  has  a  lo r r '  d ie lec t r i c
conslant; t l r is lon'ers the pe<rkuee
cupac i tance and he lps  l ) rcvcn t  th is

c:rp:rcit :rnt:c lrom rerlucing band-
wic l t l r ,  us  c lescr ibec l  nex t .

3 .  A  t l t tec  te r rn inn l  d iodc  pnrkagr

iu i t l t  a  bu i l t - in  snrn  p l ing  capuc-
rlor. Havine the sampling c:rpacr-
i tor an intesral part of the dio<le

packapJc  no t  on l \  re r luces  lea t l

incluctanccs, but also relocates the
r l io t le  pa tkage cu l rac i tv  so  th : r t  iL
a l ) l )eu fs  : r ( foss  thc  RF l ine  ins te : rc l
o f  in  pera l l c l  rv i th  the  r l io r l c  t  h i l r

Th is  n rcans  th l t  thc  pack : rec  ca-

l r a r i t v  c u n  b c  p r r l t i a l l r  n n s k c d

(i.c ,  rrr icle an integral parL oI the
RF l ine) br '  f i l l ing thc cavitv n i th
a  < l ie lec t r i t ;  u 'h ich  has  a l ) l ) rox-

i r r r r r tc ly  thc  s : rme c l ie lec t r i c  con-
stxnt :rs the Packagc lraterial.

Dcsign ol the r:avitv l ' ls complir l tet l

b r  t l r t  r e t l r r i r t r r r t r r t  o l  r n i t t i r n t u n  i t t -

cluct:rrrce betr,een the groulrcl ol the

RF l ine  a t  t l r c  sern l ) l ing  ar is  ln t l  the
grounc l  po in ts  o f  the  sampl iue  c l rp : tc -

i to rs .  Th is  in r luc ta r r rc  u 'us  e l i r l i n : t te t l

bv  s l i l i t t ine  the  s rounc l  con t luc to l  o l

the  RF l i t rc  : rn t l  rnak ins  the  R l "  and

s l r n p l i n g - c l l i a t : i t o r  g r o u t r d  p o i n t s

plx'sical lv the sarne point (AA'in Fig

5)  
' I ' h is  

techn ique is  b r ts ic  to  the  o l rc t : r -

t ion of the derice lncl Pl:r1s a kev rolc

in  the  reduc t io r t  o l  samul ing  c i rc r r i t  i r r -
( luctance lvhiclt  uorrkl otherrvisc l inr i t

thc banclr 'r , icl th.

Fig ti. SanrT-r1rng signal input is uol.toge
step Lrhich tLtrns diot les on,then Irnuels
o t t lu ,o rds  f  ton t  ten ter  o f  b icon i t 'n l  ta t , i t y
Io t lut t  circuit  ot outer edges ot '  cat i l t , .
^'irr,p i.s refl.ectcd at outer edges and
aquol rLnrl opposite step trauels bucJz to
center of cati ty and out sart lpl ing sig-
nal l ine, turning t l iodes o[[ RouncL tr ip

tnne is 50 ps.

The spl i t  grounrl confistrrat ion also

provicles an ir leal cntr\  point lor thc

samplir-rg signal. since i t  is possible to

rlcvelop a rolt i lse (for a slrort t in 're)

across the inPeclanr:e between the tr,vo

sides of the RF srounrl contluctot. The

san-rpl ing sisnal enters the cal i tv at a

point next to one of the cl iot les (upper

t l ioclc in I i ig. 4) through a section o[

50-ohnr mici 'oroax tr:rnsmission l ine.

Thc centcl conduclor of the sarnpl ing

l ine continues across the cavity, con-

tact ing the opposite trLrncate(1 conc

face nczrr its center. Flence, r'vhen a sam-

ple is to be t lken, the sarnpl ine 'r 'ol tage

is introcluccrl  betlvccn the ccntcrs (ap-

proximatclv) of the Luro t:one faces.

This nrcans that the sampling signal

apPcafs as l I  l )orential cl i f ference be-

t\veen two Points on the RF ground

concluctor, ;rs shorrn schctrat ic 'al lv in

F ig .  5 .

A biconicul cavitv driven from its

( e n t c l  l l i r s  r r  ( o i l s t i t i l t  r ' l t a r : r t  t e t  i s l i <  i t n -

pcclance. 
- l i r  

the sampling sisnal, the

cavitv appears ro be a shor[ccl section

o[ 50-olrm l inc, clr iven fronr thc center '

of the cavitv ancl shortcrl  at the outer

cdges. I 'his shortecl 'stub' is part of the

nent 'o rk  w l r i ch  fo r rns  the  samPl ing

pulse.

--] !-uoo,

Sampl ing  Pu lse
I  nput  L ine

R F  L i n e I
I

T -
I

-I

Axis

I

p l ing

t-
z o l

Opposite sides of
outer (ground) conductor

o f  RF l ine

Fig. 5 Banduidth-l.imiting inductance between sampling-copacitor
ground points and RF ground at sampl.ing axis is eliminated in
wideband sampl ing deL: ice by maktng these ground points (AA')

coincide physicaLly Santpl.ing step uol.tage is introduced bet*^cen
centers of opposite faces ot' biconical cauity, i.e , betLueen opposite

sides of RF' ground conductor.
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Fig. 7 Frequency response ot' the, tuto
types ot '  uideband samplinE deuices.

Banduidths of 16 GHz are typical.

Tb begin the samplins i)rocess, a
voltage step is intro(luccd into thc bi-
conical cavitv through thc saml)l inq
pulse l ine. Coupline through rhe sarn-

Pline capacitors and turning the r l ioclcs
on as  i t  en ters  the  cav i tv ,  the  s tc l )
travels out towarcls the short cir<.uit  :r t
the outer edgcs. , \  ref lect ion occul 's
when the step reaches the short,  ancl an
equal ancl opposite stcp travels back to
the center of the cavity and out the
sampline l ine, turnins t l-re diodes ol l
as i t  passes thcir location (see Fig'.  6).
The t ime taken bv t l te step to travel
from the center oI thc car,ity to the
outer cdee and back to the center is
about  50  p icoseconc ls .  Howel 'e r ,  as
shor'r'n in lrig. 3, the gate u'idtl'r tn can
be less than 50 picoseconcls because the
sampline pulse cloes not have zero r ise
anc l  fa l l  t imes.  In  the  124-GHz sam-
pler. tn is about 28 ps.

Care has been taken to introi luce the
sampline signal into the cavity in such
:r \A.ay that the RF center concluctor al-

1 2 5 1 0 2 0

F R E Q U E N C Y  ( c H 7 )

Fig.8. VSWR of the two types of wide-

band sampl ing  deu icps .

ways l ies on an equipotential plane
with respect to the sampling signal.
This rneans that the voltase on thc RF
linc is not affecte(l  by the presence ol
the sampline signal, and that t l rc sam-
pl ine sienal is not affectet l  by thc pres-
ence o[ the RIr center concluctor. AI-
though there are tlvo nlo(les o[ trans-
mission on the RF l ine - the input sie-
na l  anr l  the  sarnp l ing  s igna l  -  these
t ' lvo mocles are ele ctr ical l ,v isolu ted
from each other. Typical isolat ion is
sreater th:rn 40 dB.

PULSE AND CW SAMPLERS

Whi lc  the  par t ia l  n rask ins  o I  thc
t l iode packaee capacit:rncc n'as a key
factor in achicving t l te wicle batrcl l . idth
o l  t l r c  t l n r r l r l i n e  r l e r  i t  c .  i r  u  l r s  r r o l
uecessarrr to r lask toLal ly, both the pack-
aee capacitance anrl the diorlc chip ca-
yrar. i tance in orcler to lneet t l ' re bancl,
r r id th  s l ;ec i l i ca t ion .  In  thc  bas ic  sam-
pler, thc unmaskecl r l iocle c:rpacitance
at the sarnpl ing norle causes the voltage
standing r,vave r:rt io at the RF input
to increase rvith frecluencv, approach-
ine 3: l  Lrt 12.1 ( iHz. For C\ ' \r  appl ica-
t ions, whirh c.al l  Ior minirnun V.S\ ' \ 'R
r : r t l l e r  l h : r n  g o o r l  t n r n s i e n t  r e s l ) o n s c .  l
coml)ensa tc(1, or Cl\\Loptirnizetl ,  ver-
sion of the sampler has been t lcsisned.
Compensation is accomplishecl bv in-
corPoratins thc unmaskecl diocle capac-
itance in ir  low-pass T-f i l ter network.
The filter takes the form of a rnorlifiecl
RF center conductor in the truncaterl
section of the biconical cavitv. tr Ieas-
ured frcquency responsc, VS\\IR, ancl

stcp rcsponse for both the uncourpen-

sate([ (pulse-optimized) ancl thc r:orn-
pcnsate( l  (C \ \ ' -op t im ize  d)  r 'e rs io r rs  o f
the sarnpler are shown in Figs. 7, U, and
9. Compensation increases the band-
wiclth ancl rerluces the VS\\rR of the
sampler  to  about  1 .8 : l  r r t  12 .4  GHz,  bu t
causes 5 to l0l;  more overshoot in the
step response Noti i :e in Fig 7 that the

3-t lR banclr,vidths o[ both samplers are

considerably sreater than 12.,1 GHt.
Typ ica l  banc l rv i t l ths  a re  no \ , \ '  l 4 -16

GHz, anrl  thcrc is arnple reason to be-
l ieve that thel '  wi l l  cventual lv bc ex-
tenclecl to over l8 ClHz.
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A SUMMARY OF SOME PERFORMANCE

CHARACTERISTICS OF A LARGE SAMPLE OF

CESI UM.BEAM FREQUENCY STANDARDS

Fig.  I  Compact (16- in)  cesium-beam resonator,Vor '
ian Associates BLR-S, being installed in -hp- Model
5060A Portable Cesium-Beam Frequency Standard
Resonator is worl.d's shortest in a commerciall,y rLLtail.-
able standard, wos especiall.y deueloped by Varian

Associates for use in the -hp- standard

Frg 2 Flying Clock No.9, based on the -hp- portttble
aesi.u.m sta.n.d.a.rd., a.rr iues at Osl.o, Noru,ay, d.ut ing 1966
time-synchronization trip. Cl.och wos accornponied by
Ronal.d C. Hyatt (c ) ol -hp- Frequency an.rl Time

Diuis ion

1 A r ' . s r r v - u u A \ r  
s l r l l d : r r ( l s  b e l o n : l  t o

L t  r  c l a s s  o I  l r c < l u c n c y  s t : r r r r [ : r r r l s

which are control le( l  or stabi l ized by

thc precisely knor'vn frequencv o[ :rn
atomic reson:rnce. Currently, the prin-
cipal membcrs of the class of atornir: '

s tandar ( ls  a re  the  hyr l roeen anr l  ru -
b ic l ium r lasers ,  and the  ru l t i r l i u rn ,

tha l l iun ,  anr l  ccs iu r r r  l -csonutor - (on-
trol led osci l lators.

About  two ycars  aso ,  -hp-  in t ro -
t luced a portable frequency stan(lar( l
c o n t l o l l e r l  b y  a  r r e w - g e n e l : r r i o i l .  ( o m -

l ) a c t ,  c e s i u m - b e  a r I  r e  s o n a t ( ) r .  f ' h e
s ln : r l l  s ize  ln t l  low l )o \ \ 'e r  consun l l ) l  ion

of thc stanclarcl were achicvcrl  by tak-
ing at lvantaee of the compactness o[

thc ccsium-beam tube ancl by eml)loy-
ins the latcst sol icl-state techniques an(l

r leviccs.
At prcscnt, cesium-be2rm resonators

are the stabi l izing elements in most of
thc worlcl 's off icial frecluency st:rn<l-
a r t Is ,  T I rese  resonators  r i rngc  in  s i /e
from ' long-beam' tubes ovcr l2 feet

long to the compact resonator use(l in

the -hp- portable stan(lar(I ,  which is

only l(r inthes lons. Because the cc-

siurn-bcarn tr.rbe is so srnal l ,  the com-

pletc poltablc stanrl lrcl  occupies otr ly

8l,  in<hes of a stanrlard l9-inch rack,

rrnt l  is only I6sl inches r leep. I t 'n 'eighs
just 63 pouncls ancl requires onl,v 50
\\r ir t ts of : lct po\\ 'er, or 36 wutts of batte rv

l)o\,ver. Output signals of the portable

cesiurn-bcartr st:rnrlarcl are 5-NIHz, l-

NIHz, :rnt l  100-kHz sinttsoicls antl  a I00

kHz c lor:k-t l l ive sienal.
About 100 of thcsc portable ccsit tm-

b c : r n r  s r : r r r r l l r r r l s  l r r c  n o u  i n  o l l f l : r t i o t t

i r r { ) u n ( l  t l r t ' ' l t , r t  l r l .  S o t t t e  : t t c  s e t v i t t g  : t s

t ime stanrlat ' t ls for rnissi le antl  sutel l i tc

trackins, for prer. ise nappine, lor trar.

ieation, anrl  for t imc sytrchrott izat ion;
others rre userl as frequcnc,v stantlurt ls

Ior basic nrcasuremcll ts, lor propltea-

t ion stut l ies, Ior rrrdio rnonitori trg ancl

transmitt ing, for dopplel space-probc
trackine, ancl for research.

Never bcfore has there beetr such a

large nurnber of one t,vpc o[ cesittm

{requency stanclarcl in use. Proclucins

these units and 'r .vorking r ' t ' i th thern in

thc f ield l-ras given the instrumen['s cle-

signers an unpre(e(lentccl oppoltunity

to q:r lher a stat ist ical l ,v signif i i : lnt bocly

of clata on the pcrformallcc of a cesium

be: tm s tandar< l .  Over  the  pas t  t r ' vo

years ,  r la ta  has  been co l lec te r l  f ro l - t

such sources as laboratorY tests, I iel( l

lyrpl ir :at ions, responses to user ques-

t ionnaires, National Bureiru of Stantl-

a r r l s  r :a l ib ra t ions ,  anc l  th ree  ' f l y ing

c l o c k '  e x p e r i m e n t s . l ' : '  R e s u l t s  s h o w

that the compacl cesium-beam staud-

anl has rnet or exceeded i ts spccif ied

peLforrnance in al l  rcspects.t  In fat: t ,

some o[ the instrument's specif icrt t ions

have been t ightened l 'ccently to rei lect

morc closel l '  the actual performant:e.
I  L  N B0dr ly ,  D  Har tke ,  and R C Hya i t ,  'W0r ld  Wide T ime
Synchr0n iza t i0n ,  1966, '  Hewle t t -Packard  J0urna l ,  V0 l  17 ,  N0
1 2 ,  A u g u s t , 1 9 6 6

,  L  N B0d i ly ,  'Cor re la t ing  T ime f r0m Eur0pe t0  As ia  w i th
F ly ing  C 0cks , '  Hewle t t -Packa ld  J0urna l ,  V0 l  15 ,  N0 8 ,
Apr i  1 ,  1965

I  A  S Bag ley  and L  S Cut le r ,  'A  New Per fo rmance 0 f  the
'F ly ing  C l0ck '  Exper iment , '  Hewle t t -Packard  J0urna l ,  V0 l
15 ,  No 11 ,  .Ju ly ,  1964

4 L  N B0d i ly ,  'Per f0 rmance Charac ter is t i cs  0 f  a  P0r tab le
C e s r u m  B e a m  S t a n d a r d , ' p r e s e n t e d  a t  t h e  1 9 6 6  F r e q u e n c y
C0nt r0 l  Symp0s ium,  A t lan t ic  C i ty ,  N  J ,  Apr i l  20 ,  1966
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Performance data that have been col-

Iectet l  on 100 of the portable standanls

are focusecl on five factors lr4rich are

general ly accepte(l  as important meas-

ures of performance for any frcquency

standard. These factors arc:

l .  accuracy

2. intr insic reproducibi l i ty

3. reproducibi l i ty
4. frequency stabi l i ty

5. rel iabi l i ty

In  t l - r i s  a r t i c le ,  per fo rmat r<e  o f  the

portable ccsium-beam stantlarcl with

respcct to e:rch of t.hese factors will be

c l i scussec l  separa te ly .  Fur thermore ,

since there is no general asreement yet

on precise clefinitions for some of thesc

quanti t ies, the definit ions uscd in this

ar t  i c le  l v i l l  be  g iven t ' l te t 'e  l r l rp ropr i l r te .

These definit ions are basctl  upon those

given b1' McCoubrey. '

ACCURACY
Accuracy of a frcqucncy standard is

l / te desree to wlt ich i ts f  reqtre ncy is t l te

same as thot of an acceptcd primary

.standard, or thc dcgree to zuhich i ts f  re -

t  A  0  l v lcC0ubrey ,  'A  Survey  0 f  A tomic  Frequency  Stand
ards , '  IEEE Pr0ceed ings ,  V0 l  54 ,  No 2 ,  February ,  1966.

qu.ency  cor responds to  the  acccpted

definit ion.
Fig. 3 shows the results of cornpar-i-

sons of scveral inr lepenclently al ignecl

por tab le  ces ium s tandards  w i th  thc

II.  S. Frequency Stantl i rrcl  ( [JSFS) ovcr

a  two-year  span.  The p lacement  o [

each bar inr l icates thc mcnn freqr-renr:1'

antl  the rvidth of each bar incl icl tcs the

l r l e r  i s i o n  o I  t l r e  r n c r r s u l c r n ( ' r ) t .  c s t i -

l n a t e ( l  b 1 ' t h e  N r L t i o n a l  R r t r c a u  o f

Stanclards. In al l  cases, the {requencies

of the portable stanrlarcls are withitr
|  5 Parts in 10" of the USFS. SPecif ied

accur-ir(rv oI the 1-rortable stan(lar( l  is

lro' lrr  t  I  Part in 1011.

INTRINSIC REPRODUCIBIL ITY
Intr insic rcl troducibi l i t l ,  1.t  rO, Ur-

srce to wlt ich nn osci l lator ui l l  rePro-

t luce a. giuen frcqttutcy uit l tout t l tc
nr:cd. Ior cnl ibrat ir tg ad justm.cnts, i .c.,

comparisons wil . l t  a standard, eit l ' ter
during ntanuf actttrr:  or af lcruard.Tbis
rlual i ty is not :r  characterist ic of the
ltomic resonance, whr'ch alwavs has the

same frequencv, but of t l -re design of

the osci l lator whicf i  nrakes use o[ the
resonancc .  A  dev ice  rvh ich  has  th is

quali ty can be bui l t  and al igned with-

out reference to any other stan<lard,

ancl wi l l  procluc-e the nominal output

f rcquency  w i th in  very  c lose  l im i ts .
T-hcrefore, intr insic reproclucibi l i ty is

:r mcasure of the ability oI the oscil-

lator to serve :rs a primary standard.
-f  

l re intr insic reproclucibi l i ty of cesium

st:rndards is quite high, ancl a long-

bcar-n cesium stanclarcl is now serving

as thc t lni te(l  States primarv standirrcl.
Fie. '1 shows the results of compari-

s o n s  b e t w e e n  1 0 0  i n d e p e n c l e n t l y

a l igned ces ium-beam s tan( la rds  and

two -hp- housc stanclzrrds, which are of

the sarne r lesign. The frequency dif-

fcrences rvere obtainecl from a contin-

uous recording of the phase dillerence

between each test standard anrl one of

the house stanrlards. The averap;e test

periocl was 70 hours. Al l  of the inde-

pendently alignecl test stanclards lvere

r,vi thin +6 parts in l0'1 of the house

stanclards.

REPRODUCIBILITY
Reprodt tc ib i l i t y  i . s  the  desree  to

ult . iclr  an osci l lator wi l l  produce th,e

samc f requcncy  f rom t tn i t  to  un i t  and

from one occasion of operation to an-

other. Included uithin this definit ion

a
F o n
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F 1 5
a
z
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Fig. 4. (above) In.trinsic reproducibility ol portable

cesium-beam standard is shoutn by results of compari-
sons ot' 100 independently aligned portable standards
with -ltp- house standards. AII units produced same

frequency Luithin ):6 parts in 70".

Fig. 3 (left). Results ot' f requency comparisons ol
seueral  portable cesium-beam lrequency standards
against the U.S. Frequency Standard. Center of each
bar ind.icates meon frequency and uidth of bar indi-
cates measu.rement precision. Accuracy ot' portable

standard is weII uithi.n specification in al.l cases.
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Fig.5. Stability ol mean lrequency of typical portable
standards hauing heam-tube signal-to-noise ratios ot'
1000:1. Solid curue shows theoretical rms frequency
fluctuations as a lunction of time interual ouer which

frequency was aueraged. Points are measured, data.
Horizontal bars d.boue and belou d.ata points show 95/o
confidence leuels for these points. Closeness ot' meas-
ured points to theoretical curue indicates absence ot'

systematic errors.

Fie. 6. Early production -hp- Model 5060A Cesiurn-
Beam Frequency Standards utere required to operate
uithin specifications uhile subjected to magnetic fields
up to tuo gauss in all orientations. Helmholtz coil was
constructed to produce fields t'or test. Portable stand-
ard has also passed MIL-E-16400F shahe and uibra-
t i on  t es t  (M IL -STD-167 ) ,  and  exceeds  t he  EMC
( RFI ) requirements of M I L-I-6181 D. Production units
are temperature cycled from -5'C to *55"C (oper-

ating) and are operated continuously for 15 days or
more before being released.
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is the degree to which the frequency of
an osci l lator can be set by a cal ibrat iot ' t
p rocedure .  Reproduc ib i l i t y  imp l ies

that i f  an osci l lator is moved to an-
other location or environment and re-
alignerl, it will produce the same fre-
quency as before, within close limits.

One of the principal factors affecting
the reproducibility of the cesium-beam

standard is the precision with which

the dc magnetic field within the reson-
ator can be adjusted. Tests of the port-
able standard's reproducibility have in-
cluded del iberate misadjustment of the
in te rna l  magnet ic  f ie ld  and rea l ign-
ment by eye, moving the instrument to

different locations and reacljusting the
field, and changing the orientation of
the  ins t rument  w i th  respec t  to  the
earth's magnetic field vector ancl again
readjusting the internal fielcl. In all
tests, the output frequency of the test
standard after readjustment agree(l

with that of another standard within

7 parts in 101s. The specif ied reprocluci-
bi l i ty is now +5 parts in 101'?.

FREQUENCY STABILITY
Stabi l i ty is the degree to which, an

osci l lator wi l l  reproduce the same fre-
quency oaer a period of t ime once con-
t inuous  opera t ion  has  been es tab-
I ished. A statement of the t ime interual
used in the measurement is required.

Fig. 5 shows a plot of the magnitudes
of the rms frequency fluctuations o{

typical portable cesium-beam stancl-

ards as a function of the measurement
t ime. The sol id l ine is a theoretical
curve calculated for the measurerl sig-
nal-to-noise rat ios of the quartz osci l-
lators and beam tubes in two procluc-
t ion portable stanclards.6 Also sholvn
are data points based upon actual fre-

quency comparisons of the two port-
able standards. For the shorter meas-

urement inten'als (q t  1l sec.) measure-
ments were macle by a beat frequency

method that rel ies on periocl measure-

ments.t For the longer measurement

t imes, the method used was that of

successive phase differences.8 All of the
clata points are very close to the thco-
ret ical curve, indicating that systematic

errors (e.g., control- loop noise) in the

portable stanclanl are quite small .

Fig. 5 also shows the effect of chang-
ing  the  f requency-cont ro l - loop  t ime
constant 2,, .  In the portable standard,

t ' r ,r ' 'o frequency-control- loop t ime con-

stants are proviclecl, t,, : I second ancl

to : 60 secontls. The short time con-

s tan t  i s  sa t is fac to ry  fo r  t imekeep ing

purposes ancl is clesirable if the instru-

ment is subjected to accelerat ions an<l

motion. In a quiet environment, better

short-term stabi l i ty can be obtained

usins the long t ime constant.

6 7  L  S  Cut le r  and C L  Sear le ,  'Some Aspects  0 l  the
The0ry  and l \4easurement  0 f  F requency  F luc tua t ions  in  Fre
quency  Standards , '  IEEE Pr0ceed ings ,  V0 l  54 ,  N0 2 ,  Feb,
1966.

'S ta t i s t i cs  0 f  A t0mic  Frequency  Standards , '
54, No 2, Feb , 1966.

Both the theoretical curve and the
measured points in Fig. 5 are for beam
tubes which have signal-to-noise rat ios
of 1000: 1. This value is typical of most
of the beam tubes now being procluccd.

LONG-TERM STABILITY
fb test the frequency stability of the

por tab le  ces ium s tandard  over  very
lone periods, two portable stanclanls
(the -hp- house stanclards) n'ere com-
pared over 1B-month periods with sig^-
nals received at Palo Alto, Cali fornia
from NBS standarcl frequency broad-
casts WWVB (60 kHz) ancl W\\IVL
(20 kHz) .  Both  por tab le  s tanr lan ls

were inclependently al igned.
No clr i f t  coulcl be detected in the fre-

quency of either test unit  over either
l8-month period. tr t  is the invariance
o[ the cesium resonance that gives the
ces ium s tandard  th is  long- te rm s ta -
bi l i ty, ancl which makes i t  possible to
specify that the average frequency of
t lre portable standarcl ni l l  not change
by more than -+ I part in 1011 over the
life of the cesium beam tube. Long-

term stabi l i ty is thc qual i ty that matle

possible the ' f l ,ving r: lock' experiments,
in  wh ich  c locks  dr iven  by  por tab le
cesium standarcls were f lorvn arouncl

the worlcl to synchronize the clocks at

s tandar ( ls  labora tor ies  to  w i th in  a
smal l  f rac t ion  o f  a  mic rosecond.  I t
woulcl take these 'flying clocks' thou-

sands oI years to accumulate a t ime
error as large as one second.

3  D  W  A l l e n ,
I E E E  P r o c ,  V o l
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RELIABILITY
A useful measure of reliability is the

mean time between major failures, or
MTBF. (A major fai lure is one which
causes the unit to fail to produce the
correct, stable, output frequency.) The

easiest and most real ist ic way to com-
pute MTBF when suff icient data is
available is to determine the actual
number of operating hours logged by
units in the field and divide this num-
ber by the number of major failures.

For the first time for any atomic fre-

quency standard, enough data now ex-
ist so that the MTBF for the portable
cesium beam standard can be com-
puted by the direct method just de-
scribed. Based upon wananty reports

and a questionnaire sent to users, the
MTBF for 78 instruments was com-

puted to be:
MTBF for electronics
thing except the cesium

MTBF for cesium-beam

MTBF fo r  comple te

standard

only (every-
beam tube)

28,346 hours
tube only

23,588 hours
cesium-beam

I 3,082 hours
An MTBF of 13.082 hours means that
a new instrument can be expecterl  to
opera te  cont inuous ly  fo r  a lmost  18
months, on the average, before a major

failure occurs. Although this represents
a high degree of reliability, consider-

able effort is being directed towards in-
creasrng 1t.
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The output frequency of the port-
able cesium-beam standard is con-
t ro l le t l  by  a  fee t lback  loop conta in -
ing a cesium-beam tube, or resonator

(see block diagram). Output signals
of the stanclarcl are derived from a
precision 5-MHz quartz osci l lator.
The osci l lator is capable of being
operated by i tself  as a frequency

standard, but l ike al l  quartz osci l la-

tors, it has a slight long-term drift,
or aging effect. The cesium-beam

resonator has negligible clrift over
long periods, although i t  has shorr

Lee  Bod i l y  g radua ted  f r om U tah
State Univers i ty  wi th an EE degree in
1956 and immediately jo ined -hp- as
a  d e v e l o p m e n t  e n g i n e e r .  H e  l a t e r
earned an MSEE at  Stanford in the
-hp- Honors Cooperat ive Program and
has done fur ther graduate study to-
wards the degree of  Electr ical  Engineer.

At  -hp- Lee's f i rs t  assignment was
in  t he  g roup  deve lop ing  t he -h5  Mode l

term ((100 sec.) f luctuations in i ts
output signal that are greater in rel-
ative magnitude than those o[ the
quartz osci l lator. The standard is

designecl so that the cesium-beam

tube and the quartz osci l lator com-

p lement  each o ther ,  the  ces ium-
beam tube compensat ing  fo r  the

quartz agine effect, and the quartz
osci l lator act ing as a ' f lywheel '  to

recluce the short-term fluctuations of

the resonator.

continued on p. 20

560A Digital Recorder. Since that t ime
he has been concerned with orecision
osci l lator development, f i rst on the
time bases for the 524C/D 10-MHz
Electronic Counters and then as project
leader for the 100E Frequency Stand-
ard ,  the  lO lA l -MHz Osc i l la to r ,  the
106A and 1074 Precision Quartz Os-
c i l l a t o r s ,  a n d  t h e  t i m e  b a s e  i n  t h e
5245L 50-MHz Counter. He developed
the quartz osci l lator ' f lywheel '  in the
50604 Cesium-Beam Frequency Stand-
ard and also contr ibuted to the 1034
and 104A Quartz Osci l lator develop-
ment .  S ince  mid-1964 he  has  been sec-
t ion leader of the frequency standards
group, now having responsibi l i ty for
both quartz osci l lator and cesium.beam
frequency standard development. Lee's
art icle in this issue is his fourth contr i-
bution to the Hewlett-Packard Journal.

OPERATION OF THE PORTABLE
CESIUM-BEAM FREQU ENCY STAN DARD

Resona lor  ou tpu t  cur ren t

3L77OMHZ

Bloch diagram of portable cesium-beam frequency standard.

CESIUM
BEAM

RESONATOR

LATHARE N, BODILY
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CESIUM.BEAM FREOUEI{CY STAI{ DARD
continued from page 19

Reference for the portable stand-

ard is a t ime-invariant quantum

efiect in the cesium 133 atom. In

the cesium-beam resonator (see

drawing), a beam of cesium atoms

is generated in the cesium oven.

Atoms in a particular energy state

(F - 4, m" - 0)* are selected by the
'A'magnet and allowed to enter the

cavity to interact with the micro-

wave field. The microwave signal is

synthesized in the frequency-control

feedback loop from the 5-MHz

qaaftz oscillator signal. If the micro-

wave f requency  is  9192.631770+

427C'MHz, where C is the average

resonator magnetic f ield in mil l i -

gauss, some of the atoms will 'flip',

or undergo transitions to a different

energy state (F - 3, mr - 0). Atoms

that 
' f l ip '  are directed by the 'B'

magnet  to  the  ho t -w i re  ion izer ,

where they are given a posit ive

charge and sent back through the

mass sPectrometer to the electron

multiplier. Beam tube output is the

output current of the multiplier.

This current is shown as a function

of the microwave frequency in the

small curve in the block diagram.

Width of the central peak is 550 Hz

between half-amplitude points, so

the resonator has a Q of about l8

million.

The frequency-control loop tunes

the quartz osci l lator to keep the

microwave frequency equal to the

resonant  f requency  o f  the  beam

tube. Loop parameters are chosen

so that these frequencies are equal

only when the oscillator output is 5

MHz. The beam-tube resonant fre-
rluency does not change with time,

so the long-term stabi l i ty of the

standard is very high. Moreover,

final alignment of the standard (by

adjusting the average magnetic field

in the resonator) can be carried out

w i thout  re fe rence to  any  o ther

s tandard ,  i .e . ,  the  ces ium-beam

standard carr serve as a primary fre-

quency standard.

* [ and mE are quantum numbers.

Schematic dingram of cesium-beatn resonator.

FREQUENCY STANDARDS
IN THE OMEGA NAVIGATION SYSTEM

Omega is a radio aid to naviga-

tion being developed and tested bY

the U. S. Navy Electronics Labora-

tory and the U.S. Naval Research

Laboratory.* Studies show that a

network of eight stations, each trans-

mitting several frequencies between

l0 kHz and 14 kHz, can provide

good position fixes throughout the

world with rms errors of only I kil-

ometer in the dayrime and 2 kilome-

ters at night. A navigator determines

his position by measuring the phase

differences between the transmis-

sions of three or more stations. Four

Omega stat ions are now operatins.

* J. A. Pierce, '0mega,' I EEE Transactions on Aero-
space and Electronic Systems, V0l. AES-1, No. 3, Dec ,
1965

o 2 0 .

These are located in Norway, Trin-

idad, Hawaii, and New York.

Omega's accuracy depends upon

how well the antenna currents of

all of the stations can be kept in

absolute phase with each other at

al l  t imes. Synchronization of the

antenna cur ren ts  i s  ach ieved bY

equipping each station with a stable

frequency source, from which the

transmitted frequencies are derived.

The primary frequency sources for

the four exist ing Omega stat ions are
-fip- portable cesium-beam frequency

standards. The standards are sYn-

chronized once a day and are so

s tab le  tha t  they  accumula te  less

than one microsecond of phase devi-

at ions between synchronizations.

Mass

I
I

Microwave Input
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