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Fig. 7. Oscillograms ot' signals at frequencies neuer before uieuLed with 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 banduLidth is con-
siderably greater than 12.4 GHz. Oscillograms u)ere mad.e using neu sampling plug-ins
discussed in text. (a) Vertical: 100 mV/cm, Horizontal: 20 ps/cm. (b) Verticat: 50 mV/cm,

Horizontal: 20 oslcm.

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 .

S.rlrplrNc t.rsci l loscopes have a cont-
tJ  b ina t io r r  o I  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 rhe 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 12.4 GHz, more
than three t imes the wiclest bandwidth
previously attained.2 The ultra-wide-
band vertical amplifier 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,  f0 r  example ,
R.  Car lson ,  rThe 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 D l a y i n s  e v e r y  c y c l e
0 f  a  repet i t i ve  wave[0rm,  the  sampl ing  os i i l l oscooe fo rms
an apparent ly  cont inu0us  t race  f rom a  ser ies  0 f  do ts ,  o r  sam-
p les ,  taken usua i ly  many cyc les  apar t ,  each represent ing
the  input  v0 l tage a t  a  s l igh t ly  d i f fe ren t  p0 in t  in  i t s  cyc le .
,  The f0ur  new sampl ing  p lug- ins  f i t  the  -hp-  lVode l  140A
Cenera l -purp0se 0sc i l l0sc0pe and the  -hp  lv l0de l  141A Var i
b le -pers is tence 0sc i  I  loscope.

which produced it are described in the
art icle besinning on p. 12.

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 oscil-
loscope, as are many microwave signals
which have never before been observ-
able. The two oscillograms of Fie. I
coukl not have been rnade without the
new samplirrg plug-ins; they are cl is-
plays of an l8-GHz sine wave and a
voltage step havine a r ise t ime of ap-

proximately 20 picoseconcls (20 x I0-tz
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 fastest computers
are now about one nanosecond and are
gett ing faster.

Iiis. 3 shows how the new sarnpline
plug-ins are related to each other, to
the osci l loscope main frames, and to
some auxi l iary equipment, which is

/e ,* ]:r;:r'
f t r r  - - t!,'

t r ig.2.  Modet 1425/ Sonpt ing Time Bctse ond Delay Cen-
erator and Model 1410A l-GHz Sampling Vertical Amplifier
installed in Model 141A Variable Persistence 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 are aII solid-state. Units can be combined
in uarious LDays to form sampling oscilloscopes utith 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 vertical 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 and 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

speerls from 10 ps/cm to 500 ps/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  l iu re

bases ancl two are vertical amplifiers,

and either vertical amplifier may be

usecl with either time base. The main

frames are compact laboratory oscil-

loscopes (9 inches high), one having

variable persistence ancl storage, and

the other clesigned 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 cletail on p. 9, make it pos-

sible to take full advantage of the wide

banclwidth 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, makins it one of the fast-

est now in existence.
Table 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

+ 5OO Inputs  lead to  bu i l t - in  de lay  l ines  fo r  in te rna l  t r igger ing
* ' r 'Sweep ra tes :  10  ps /cm to  500 ps lcm.

.  Sweep ra tes  to  10ps /cm.  D i rec t  readou l

. Automatic Trigger ng to 500 MHz

.  Tr igger  ng  to  18  GHz wt rh  coun idown

.  Tr iCger ing  io  5  GHz w l thout  ex te rna l

I 
counroown

|  .  Sweep ra ies  to  l0  ps /cm
.  2  Sweeps Sw€€p De lay  Capabr l i t y
.  Au tomai ic  Tr igger ing  to  500 lv lHz

|  .  T r ieger ing  to  18  GHz w th  countdown

|  .  T r igger lng  to  1  GHz wthout  ex te rna l

I  
countdown

-hp  Mode l  140A Osc i l lo
scope or  Mode l  l4 lA

Var iab le  P€rs is tence/Storage
Osc i l loscope

.  dc  io  I  GHz.  dua l  channe l ,  I  mV/cm

.  De ay  l lnes  to r  in te rna l  t f igger rng

.  h igh  z  sampl ing  probes  or  50 ! l  inpu ts

.  dc  to  4  GHz.  dua l  channe l

.  50 ! l  f€edthrough samPlers

. i, < 90ps

l8  GHz
Trigger Countdown

Fl 

-  

,  t  t - \  .  d!  to r2.4 cH/ dua chdnre

\-:i@&l :ITJ;ffJ'ouch 
vme'c c

l l

N------ \ f \ - \
I  f *  l - + f  * 1 .  U s a d w r h  l 4 2 4 A o t  I 4 2 5 A
\j i : f  \ - : i :3 dld r4rrA,r4r lA

20 ps Pulser
tor TDR

. Used with 1424A or 14254
a n d  1 4 l l A / 1 4 3 0 A

Ins t rument  Combinat ion Ve rti ca l:
Bandwid th
Rise  T ime
Sensitivity

Horizontal;
Triggering

Horizontal:
Sweeps* {'Vertical

P lug . in /
Sampler

Horizontal
P lug- in

Au x  i l i a  ry
Instru ments

r4lOAl
sOQ lnputs*

or High-Z
Prd6s

14244
dc to I GHz

35O ps
I  mv/cm

Autmatic to 500 MHe'
Intemal+ or External

Level Select to I GHz'
Internal* or External

(Cw to 5 GHz, External)

One

14r04/
5of,) lnputs*

or High-Z
Prob€s

14254
dcto I  GHz

350 ps
1 mv/cm

Automatic to 50O MHz,
Internal* or External

Lavel Selec't to 1 GHz'
lnternal* or External

Main'
Delaying,

Main
Delaycd

I4TLAI
l,t32A 1424l

dc to 4 GHz
90 ps

I mv/m

Automatic to 5OO MHz
Level Selcct to I GHz

(CW to 5 GHz)
0ne

t4rrAl
1432A t4z5A

l8.GHz
Trigger

Csntdown

dc to  4  GHz
90 ps

l mv/cm

Automatic to 5O0 MHz
Level Select to I GHz

(CW to l8 GHz with
countdown)

Main ,
Delaying'

Ma in
Oelated

r4ttA/
I43IA t4244

18-GHz
Trigger

CNntdown

dc to 12.4 GHz
*28 ps

I mv/cm

Automatic to 50O MHz
Level Select to I GHz

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

0ne

l4l lAl
14314 r425A

l84Hz
Trigger

Countdown

dc to 12.4 GHz
*28 ps

1 mv/cm

Automatic to 500 MHz
Level Select to I GHz

{Ca\, to 18 GHz
with cilntdNn)

Main ,
Delaying,

Main
D6layed

t4trA/
r430A r424|i

dc to -12.4 GHz
28 ps

I mv,/cm

Automatic to 500 MHz
Level Select to I GHz

(CW to 5 GHz)
One

r41 tAl
1/+304 r425A

dc to *12,,+ GHz
28 ps

I mv/cm
Automatic to 5O0 MHz
Lsel Select to 1 GHz

Main ,
Delaying,

li|lain
Delaysd

l4ttAl
r4304

1424A
or

t125A

2O.pt
Puls€

Gen€Etor

TDR system with <4O ps rise tim€.
Resolves discmtinuitics spaced ( Yr inch apart.
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Both plug-ins have tr igger circuits
whicl-r permit automatic triggerins on
a wide range of pulsed, CW, or other
sienals having frequencies between 50
Hz anrl more than 500 MHz. 'Auto-

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

ser adjustments that would otherwise
have to be made in the process of set-
t ing up 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-

Fig. 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 14114 Sampling Vertical Amplifier.

complicatecl as triggering a real-time
instrument.

A separate UHF countclown trigger
circuit in the single-sweep plug-in per-
mits this plug-in to tri€iger on CW sig-
n a l s  h a v i n s  f r e q u e n c i e s  u p  t o  m o r e
than 5 GHz. The clual-sweep plug-in
has no countdown, but n'ill trigger re-
l iably up to I  GHz or more.

l-GHz VERTIGAL 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<liorle sampling gates located in
two h igh- impedance ( |00  ko ,  2pF)
probes. Delay lines ancl trieger ampli

fiers built into the plug-in permit the
oscilloscope to be triggered by either of
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-gain 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 making the 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 amplifier

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

Fig.  5.  Model  1425A Sampl ing
Time Base and Delay Generator
and Model 1411A Sampling Ver-
tical Amplifier utith Model 14304
28-ps Sampler installed in Model
1414 Variable Persistence Oscil-
loscope. Remote samplers are

feedthrough uni ts,  useful  for
TDR and for obseruing signals

uithout terminating them.

. 4 .



for the input stage of the preamplifier

(Fig. a) because of its low-noise charac-

teri  s t ics.

Five display mocles are possible for

the vert ical ampli frer: channel A only,

channel B only, channel A ancl channel

B (alternate samples), channel A and

channel B aclclecl algebraically :rncl, for

phase measurements  o r  X-Y p lo ts ,

i:hannel A versus clurnnel B. M'then

both channel A arrcl channel B are dis-

pla,ved, a switching rnult ivibrator (Fig.

4) controls two groups of dio<lcs which

su'itch befivcen channels in s1'nchro-

nism with the sampling process. Dur-

inq one sampline interval the latest

sample in cl-rannel ' \  is displayed antl

durins the next interval the 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

tlual-char.rnei displays.

Recorder 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 gain ancl clc level o[ the

recorcler output can be at l justecl inde-

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

arnpl i f ier. Sensit ivi t ies, displal '  modes,

r-ecorcler outputs, anrl  intelnal opera-

t ion are the same for both. The wicle-

banrl unit ,  hor'r ,ever-, has no bui l t- in

delay l ines and, instead of probes, uses

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.3

Depencling upon which o[ the three

wideband samplers is userl, the bantl-

widtl-r of the wicleband vertical 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 optinlum pulse

response (overshoot q 5/o) but a VSWR

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
p l i n g  d e v i c e s  u s e d  i n  t h e s e  s a m p l e r s .

Fis.6. Bloch diagram of du.al-

channel renlote sornplers used

uith Model. 14114 Sam,pling

Vertical A mpIifi er. U I t ra-wide-

ba.nd f eedthrough samplers are

described. beginning on p. 12.

t l rarr 1.8  ̂ L 12.4 GHz, but has 5fo to

l0f i ,  more overshoot in the pulse re-

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

{)0-ps unit for appl icat ions u'hcre the

niclest bantlwir l t l ts are not treeclet l  artcl

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

cable (IO-foot cable optional) connects

the plug-in and the sampler so that

measurements c:tn be macle at remote

l o t l 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 feetl throueh samplels, so

timc domain ref lectometry ancl sigrtal

monitol ing are straisht[orlvarcl.

Osci l losrams ol 8-GHz antl  1B-GHz

sine waves, taken using the Ior'-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 rc  l r i s l res t  I re r i r re t tc ies .

Stelr response of the pulse-optirnized

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

two diilcrent time scales. T'he flat top

and absence of excessive overshoot are

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

f lect ion frorn the pulse-optimizetl  sttm-

pler {or an incident step having a l ise

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

calibrlrtetl to re:r(l reflection 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,ee1r

t ime baser antl  the r lual-su'eep t imc

buse ancl clelay ecnerator5 can be either

:nrtotnatic or manuallv adjustable ancl,

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

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

Iixcept for an extr:r UHF counttlotvn

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

cuits :rre identical circuits basecl on a

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

a  S e e  F i g .  1 0 .  s  S e e  F , g s .  2  a n d  5 .

Fig. 7. W ideband sampling oscilloscope

display of S-GHz sine waue. See Fig.
1(a) for display ol 18-GHz sine waue.
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 Fie. 1 (b).

STEP,RECOVERY
DIODE
PULSI

GENERATOR

WIDEBAND
FEEOTHROUGH

SAMPLER
B

^ 
|  

w tdeband sampl rne
n€mole  I  .  Ver t  ca t  Amp r f r€ r
5amprer  P t !8  m

Sampl rng  Tngger

To Channe l  B

Channe l  B
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Fig,.9. Reflection lrom wideband sam-
pl.er 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 pror:-
ess when tl.re incoming trigger signal
crosses the level set by the L,EvEr. con-
trol. A sr.opE switdr determines u'hether
trig'qering will occur on the positive or
negative slope of the trieger sisnal.

T l re  t l r reshok l  t le tcc ror  o l )e ra les  in
one of three mocles, t lependine upon
the setting of the lroon control which
varies the supply current to the cletec-
tor. Turning' the control clockwise
increases the supply current. Iior lor.r'
supply currents the cletector is bistablc,
that is, the incoming signal must both
trigser ancl reset the rletector. As the
current. is increased the trisser circuit
becomes monostablc; that is, i t  is tr ig-
gered by the incomine signal, but i 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 trailing 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 the
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-
magnifi.ed sueep rates. An.other neLu
horizontal plug-in is dual-sweep time
base and delay generator, shoutn in

F igs -  2  and  5 .

p
Kr

n,&
s

. f f i

* , @

f f i t r

tr iggcr on short pulses and on sine
w a v e s  u p  t o  a b o u r  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  pu lses
shorter than about 30 ns. In the astable
mode the derector osci l lates at l0 to
40 NIHz, depencl ine ul)on the MoDE
control sett ins, ancl any incoming sine
wave alters this frequency so tl.rat it is
a sub-harmonic of the incoming fre-
quency. This type of circuit  is cal led
a 'countdownl 

lrccanse for tr ieeering to
occur t lre incomine frequency must bc
sreater than the osci l lat ion frcquencv.
,, \ t  about 100 MHz the astable rnode is
as sensit ive as the monostable mocle,
but at 1000 MHz the asrable rnode is
: rh ( )u l  l \ vC l l [ 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  n ' l ' r i ch  can bc  used to
increase the minimunl t ime between
srrnples.

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
before been possible for a sampline
osci l loscope, but which is now avai l-
a b l e  i n  o n e  o f  t h e  n e w  h o r i z r i n t a l
p lug- ins .  The va lue  o f  sweep de 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 ime.

The two sweeps of the ner,r, sarnpline
time base and delay senerator operate
in t l ' rree sweep t l isplay mocles: the t l is-
played sweep can be a main swcel),  a
dclayine swecp, or the main swccp r le-
laycd by an inren'al r leterminecl by thc
sett inss of the clelay controls. Sweep
delay is normallv used to select any
portion oI a complex lt,ar.'eform for clis-
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, althousl 'r  this nee<l not be true.

\A l i thout  sweep de lay ,  swee l )  mag-
n i f i ca t ion  'n 'as  the  on l1 ,  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 masni-
ficrs. Flowever, swcep magr-rifiers are
usua l lv  l im i ted  to  expans ions  o f  I00 : l

Fig. 11 (a). Pulse train displayed u;ith
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 of 10,000:I
or more are possible with sweep delay.

Another l imitat ion of masnif icat ion
alone becomes evir lent 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 varies rancloml1,. \\rhen
the waveform is magnif iet l ,  this 'rate

j i t ter '  wi l l  also be magnif ied ancl the
signal ma1, be tlifficult to observe. Fis.
I  I  (a) is :rn osci l loeram of a pulsc-train
display usins the main srvcep of thc
ner,r,' clelay-gener:r tor plug-i n ;l s t he time
base.  The br igh t  t lo t  on  rhc  I? th  pu lse
indicates thc point nbout lvhich mag-
nif icat ior-r wr' l l  occur rrhen thc \rAGNr-
rrrtr  control is turned to one of i ts six
masnif icat ion sett in€is (;2 to Xl00).
Ratc j i t ter in the l2th pulse of Fig.
I  I  (a) is evit lent in the rnasnif icd dis-
play of Fig. I  I  (b).

\ \r i th the delay-generator plug-in,
rate j i t ter c:rn be el iminated from the

I
I
I
I

r u l

,d
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r l ispla,v. Fig. l2(a) slrol 's thc pulsc train
ol lr ig. I  I  cl isplal,erl  using the del lvins
(slol.)  su'cep as t l)c t inrc base. Hcle the
bl ieht clot on thc l2th pulse inrl icatcs
thc t inrc at whir: l i  t l rc fast main str.eclr
rv i l l  s ta l t  u 'hen the  s rv r r r  s l i t ch  i s
Ltrned to rrAIN l)EL,\)LD. ' Ihe 

amount
o f  cu l ib ra ted  de la i , i s  con t inuoLrs l \  \ ' a r
iublc i 'om 50 ns to 5 rns. Fie. l2(b)
shol 's thc sanc pulse train using the
t l e l l L r  e c l  n r a i n  s l ' e c p  t f  i g e c r c ( l  n o r -
n r : r l l r '  ( i .  e . ,  no t  uu ton l : r t i ca l l r ' )  u f te l  t l t c
t le la r ,  in te l r ' : r l .  \ \ ' hcn  t l igq 'e l ' c r i  nor ' -
n r r r i l r ' ,  t l te  n r l in  s lceP is  r r rc lc lv  a l rnc t 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 t l iggererl  unti l  thc selcctcd pulse
o(( 'r .rrs. 

- l-hc 
result ine displav oI Fig.

l2 (b)  i s  en t i le l \  f ree  o f  j i t t c r .  Har l  rhe
rn:r in su'eep been tr igecrct l  automati<-
: r l l r  u t  t l t c  en t l  o f  the  de l : rv  in tc r r ' : r l .
thc  r l i sp lav  nc . ru lc l  h lvc  been i r l c r r t i c l r l
t o  I ' - i s .  l l ( b ) ,  r r . i t h  t h c  l l t e  j i t t e r - s t i l l

l ) l  csc l1 t  .

SYNC PULSE

Svr rc  pu lse  ouL l lu ts  in  bc l th  ho l i zon-
ta 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 attended the University
of Cali fornia, graduating in 1960 with a
BSEE degree. He then joined -hp* as a
development engineer and contr ibuted to
the design of the 1858 Sampling Osci l lo.
scope, later assuming responsibi l i ty for
the l85B after i t  went into production.
After doing further work in sampling os-
ci l loscope design, he transferred to Colo"
rado Springs in 1964 and became design
leader for the new sampling plug.ins for
the 14OA Osci l loscope. Al has one patent
pending on delayed"sweep sampling t ime
bases and another on a fast-ramp l inear-
izer .  Cur ren t ly  he  is  an  eng ineer ing  group
leader in the -hp- Colorado Springs Lab"
oratory, responsible for TDR and certain
aspects of sampling.

Dar Howard joined -hp* in 1958 after
graduating from the University 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 further 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 elec-
tr ical engineering from Stanford Univer-
sity through the -hp- Honors Cooperative
Program.

Dar transferred to the *hp* Osci l lo-
scope Division (now at Colorado Springs)
in 1963. As an engineering group leader,
he organized the design group for the new
sampl ing  p lug- ins  fo r  the  140A and 141A
Oscil loscopes. In 1965 he assumed his
present posit ion of engineering manager,
Co lorado Spr ings  D iv is ion .

Before deciding to become an electr ical
eng ineer ,  Dar  a t tended Br igham Young
University as an accounting major for one
year, and then spent four years in the
U. S. Navy as an electronics technician.

-  A l lun  [ .  Rr ' . s t .

l )a r tL t in  L .  Ho iL , t r r l  r t r r t l

. [n ntc.s ]1. Lr nt p l t  r ty '

JAMES M.  UMPHREY

Jim Umphrey received his BSEE de-
gree in 1961 from Stanford University,
then joined -h5 as a development en-
gineer, working on the 1878 and 187C
Sampl ing  Ver t i ca l  Ampl i f ie rs  and the  2138
Pulse Generator. He transferred to Colo-
rado Springs in 1964 and eventual ly as-
sumed responsibi l i ty for the design of the
1 104Al1  106A f  r igger  Countdown,  the
1105A/1106A Pulse Generator, and the
wideband sampling vert ical ampli f ier plug-
ins for the 140A Osci l loscope. He is now
an engineering group leader in the -hp-

Colorado Springs Laboratory, with respon-
s ib i l i t y  fo r  a  number  o f  sampl ing  and
pu lse-generator projects.

Jim received his MSEE degree from
Stanford in 1961 on the -hp- Honors Co-
operative Program. He is a member of
Tau Beta Pi and IEEE.

(ct )  (b)

Fig. 12(a). Pu.lse train displ.ayed uith delaying sueep of sarnpling tinte
base nnr! del.ay generator. Bright spot on 12th pulse indit:ates sturt of
delal-ed moin stLteep. (b) 12th pul.se displayed u,ith ntain su'eep armed
at end ot' rlelay interuaL and triggered on 12th pulse. Note absenr:e of
rate j i t ter .  Vert icol :  100 mV/cm; Hor izontal :  (a)  100 ns/cm, (b)  5 ns/

cnt ,  (c)  5 nsfcm.

' l - hcse  
p t r l ses  a re  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 ,

[o ( l r ivc a pulsc g^enelator  or ' r rs rh ' i l ins thcl  can |e used as a cal ibr- l r te i l -c le l l r
pulses fo l  a c i lcui t  being tcstcd.  Thet ,  

' l lse sourc.e s i r lp lv by set t ing t l ie  rn l r i '
i t r cexccP t i ona l lYc l ean l r r r c l f l l r t - t oP1 ;ec l ,  s r veeP  t l e l av  con t ro l s  t o  t hc  t l es i r c r l
anr l  rnake excel lc l l t  tcs l  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
p rr lses rr re sYnchron izct l ' l ' r , ' i  t  h the slr,ecp.
In the delar generator plue-in, thel 'are
s r r r t l r r r r r r i z e r l  r r i t l r  t l r e  r n t r i n  s u c c l r  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 I O N  S

SAMPLING PLUG-INS FOR
-hp- MODEL 140A

OSCILLOSCOPE AND
-hp MODEL 141A

VARIABLE-PERSISTENCE
osctLLoscoPE

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 os

BANDWIDTH:  dc  to  1  GHz.

OVERSHOOT: Less than 5olo.

SENSITIVITY:  Ca l ib ra ted  ranges  t rom 1  mv/cm
to  200 mV/cm.

ISOLATION BETWEEN CHANNELS; Greater than
40 dB to  1  GHz.

INPUT IMPEDANCE:
Probes :  100 kO shunted  by  2  pF,  nomina l .
cR Type 874 lnputs :  5Ol .  +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 mvlhr after warmup.

TRIGGERING:  In te rna l  o r  ex te rna l  when us ing
53!,) inputs. Internal triggering selectable from
Channe l  A  or  B .  Ex terna l  t r igger ing  necessary
when us ing  probes .

TIME DIFFERENCE BETWEEN CHANNELS:
(  100 ps .

RECORDER OUTPUTS: Front panel outputs pro-
v ide  0 .1  V /cm f rom a  500Q source .  Ga in
ad ius tab le  f rom approx imate ly  0 -05  V/cm to
O.2  V/cm.  dc  leve l  ad jus tab le  f rom approx i '
mate ly  -1 .5  V  to  +O.5  V.

PRICET $1600.

MODEL I411A
SAMPLING VERTICAL AMPLIFIER

(Used with 14304, 1431A, ot 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-
erator and 9094 5OO load.)

BANDWf DTH: dc to approximately 12-4 GHz.

OVERSHOOT:  Less  than A5o lu .

DYNAMIC RANGET 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 :50 [ ]  feedthrough,  dc  coup led .  Re-
f lec t ion  f  rom sampler  i s  approx imate ly  1Oolo ,
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 ft. (10 ft.
op t i  on  a  l ) .

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

MODEL 1431A
SAMPLER

(used w i th  14114)

BANDWIDTHT dc to greater lhan 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  I  GHz <1.4 ; l
8  t o  1 O  G H z  < 1 . 6 : 1
1O to  12 .4  GHz {2 .0 :1

DYNAMIC RANGE:  t1  V .

INPUT CHARACTERISTICS:
Mechan ica l :  Same as  14304.
E lec 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 system.

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 LENGTHT
5 f t .  (1O f t .  op t iona l ) .

PRICE: $3000 ($3035 with 1o-tt- cable).

MODEL 1432A
SAMPLER

(used w i th  1411A)

RIS€ T IME:  L€ss  than 90  ps .

BANDWIDTH: dc to 4 GHz.

oVERSHOOT: Less than t5olo.

DYNAMIC RANGE:  t1  V .

INPUT CHARACTERISTICS:
Mechanical: GR Type 874 connectors used on
input  and ou tpu t -
Electrical: 509 feedthrough, dc coupled. Re-
f lec t ion  f rom sampler  i s  approx imate ly  15o lo
us ing  a  90-ps  TDR sys tem.

TIME DIFFERENCE BETWEEN CHANNELST Less
than 25  Ds-

CONNECTING CABLE LENGTH:
5  f t .  (1O f t .  op t iona l ) .

PRICE:  $10O0 ($1035 w i th  1o- t t .  cab le ) .

MODEL I424A
SAMPLING TIME BASE

SWEEP RANGE: 24 ranges, 10 ps/cm to 50O
ps lcm.  Sweeps f rom 1  ns /cm to  50O ts 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  1410A) :

Automat ic :
Pu lses :  75  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:  25  mV amol i tude f rom 60 Hz to  500
MHz fo r  j i t te r  less  than 10o lo  o f  inpu t
s igna l  per iod .  (Usab le  to  1  GHz w i th  in -
creased iitter,)

Level Select:
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 .

cw:  25  mV ampl i tude f rom dc  to  300
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 :

Pulses; At least 100 mV amplitude for
pu lses  2  ns  or  w ider  fo r  i i t te r  less  than
20 ps.
CW: 50 mV from 60 Hz to 500 MHz for
j i t te r  less  than lgyo  o f  inpu t  s igna l
per iod .  (Usab le  io  1  GHz w i th  inc reased

iitter.)
Level Select:

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 from dc to I GHz for i i tter
less  than 17 .  o f  inpu t  s igna l  per iod  +
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: Positive or negative-

External Trigger Input:
50Q, ac or dc coupled.

Jitter: Less than 10 ps on 1 ns/cm range,
and less  than 20  ps  (o r  0 .005% of  unex-
panded sweep speed,  wh ichever  i s  la rger )
a t  2  ns /cm and s lower ,  w i th  s igna ls  hav ing
rise times of 1 ns or fasrer.

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:
ln 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.
Ex terna l ;  0  to  +15 V requ i red  fo r  scan;  inpu t
i m p e d a n c e , 1 0  k O .
S ing 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  5OQ.
Rise  T ime:  Approx imate ly  1  ns .
Overshoot :  Less  than 57o.
Width: Approximately I &s.
Re la t i ve  J i t te r :  Less  than l0  ps .
Repet i t ion  Rate :  One pu lse  per  sample-

PRICE:  $120O.

MODEL 1425A
SAMPLING TIME BASE

AND DELAY GENERATOR

MAIN SWEEP:

Range:  13  ranges ,  I  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 fastest calibrated sweep
speed to  10  ps , /cm.  Pushbut ton  re tu rns  mag-
n i f i e r  t o  X 1 .

Magn i f ied  Pos , t ion ;  1o- tu rn  cont ro l  w i th  in ten-
s i f ied  marker  tha t  ind ica tes  sweep expans ion
poant .

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

I  n te rna l :
Automatic;

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 .
CW: 50 mV amplitude from 2O0 Hz to
50O 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
increased iitter.)
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Level Select:
Pu lses :  70  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 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 .

External; Same as 1424A, except low end of
CW trjggering range is 2O0 Hz in Automatic
and Level.
External Trigger lnput:

50[) ac coupled (2.2 pF).
Slope: Same as 14244,
Jitter: Same as 1424A.

DELAYING SWEEP:
Range:  15  ranges ,  10  ns /cm to  5O0 ps lcm.
De lay  T ime i  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 layeo.

SCANNING: Same as 1424A exceot no external
scan inout ,

SYNC PULSE OUTPUT: Same as 1424A. Pulse
always synchronized to main sweep trigger
c i rcu i i ;  pu lse  de lay  and ra te  a re  var iab le .

PRICE:  $1600.

l8-GHz TRIGGER COUNTDOWN
MODEL 1104A COUNTDOWN SUPPLY

MODEL 1T06A TUNNEL DIODE MOUNT

INPUT:
Frequency  Range:  1  GHz io  18  GHz.
Sens i t i v i t y :  S igna ls  10O mV or  la rger ,  and up
to 12.4 GHz, produce less than 20 ps of j i tter
(200 mV requ i red  to  18  GHz) .
I 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. Reflection from input
connector is less than 10o/o using a 40-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;  r1064,  $550.

20-ps PULSE GENERATOR
MODEL I1O5A PULSE GENERATOR SUPPLY

MODEL TTO6A TUNNEL DIODE MOUNT

OUTPUT:
Rise Tim€: Approximately 20 ps. Less than
35 ps  observed w i th  -hp-  Mode l  1411A/14304
28-ps Sampler and -hp Model 909A 50O
terminat ion .
overshoot: Less than t5t" as observed on
1411A/1430A wi th  909A.
Droop: Less than 3olo in first 100 ns.
Wid th :  Approx imate ly  3  ps .
Amplitude: Greater than +200 mV into 5O{?.
Output Characteristics (1 106A)r

Mechan ica l :  Ampheno l  GPC-7 prec is ion  7
mm connector.
Efectrical: dc resistance - s}. ' l  +zyo.

Source reflection - less than 107o, using
a 4o-ps TDR system. dc offset voltage -

approx imate ly  0 .1  V .

TRIGGERING:
Amplitude: At least 10.5 V peak required.
Rise Time; Less than 20 ns required. Jitter
less  than 15  ps  when t r iggered by  1  ns  r i se
t ime sync  pu lse  f rom !424A or  14254 Sam-
pling Time Base, Jitt€r increases with slower
t r igger  r i se  t imes.
Width; Greater than 2 ns.
fnput  lmpedance i  2OOQ,  ac  coup led  th rough
20 pF.
Repetit ion Rate: O to 100 kHz; free runs at
1OO kHz.

PRICE: 11054, $2O0; 1106A, $550.

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

Fig. l. Tunnel diode mount, -hp- Model 1106A, c., anrl pulse generotor

supply, -hp- Model 11054, 1., t'orm pulse generator with ri,se tirne ot' ap
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 11044, r., to allout 
""* 

t::f:t[lrplug-ins to display sine u:uL'cs ttp

ULTRA-FAST TRIGGERING
AND ULTRA-RESOLUTION TDR

' l b  
take  I r r l l  advant l rS^e  o f  the

12.1-GHt bantlrvitlths of the 'rvitle-

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

l ) r e c e ( l i n s  a r t i c l e ,  i t  i s  n a t u 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 thcr  s rmpl ing  t ime base to  l r igger

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
( o  r c s o l \ 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 rise time avail-

ab le  today  -  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 rise time, however, its overshoot

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

28-ps  sampl ins  osc i l loscope,  the

l)ulsc generntor forms a t ime ( lo-

rnain ref lectometer with a r ise t ime

of less than 40 ps, whicl-r is about the

time i t  takes for l ight to travel /e
in. in air.  Fie. 2 is a TDR osci l lo-
gram showing reflections from a spe-
cial section of air I ine in which t lrc

cl iameter of the center concluctot '

has been recluced in three sections

for demonstrat ion purl)oses. Cetrters

of the three sections are iy's in. apart

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

an<I l/t in. All three sections sholv ttp

clearly ancl are reaclily resol\'able.

Fie. 2. Oscillogram taken uith 40-ps

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

tinuities. TDR system can resolpe dis'

continuities spaced as closely as /a in.
apart.

uPur resotn nrtrut .it.1

' .  
' l t t '  : .  . "  .

.-::.iii:r,t:;ajt:

,i j:i*iti*:'i:rir****'**l*;*i j*.
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-hp- 1404 or 141A OSCILLOSCOPE

Sync Pulse
Output

Fig. 3 is a block cliagram of the
40-ps TDR system. Notice that the
time base of the osci l loscone is al-
lowcr l  to  f 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 time base. Fig. .1 shor,vs
a typical step resl)onse for this TDR
s)'stem. Rise t ime is about 35 ps.

A t;'pical tunnel-cliocle 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  t 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 jumps very  rap ic l l y  to
point C, prorlucing the 20-ps pulse.
Fig. 6 shou's the output waveforn.

The 18-GHz countdown unit cle-

-hp- 14244 or L4254
TIME BASE Sweep free runs

{or TDR

Fig. 3. 40-ps TDR systent, using -hp- Model 1105A/ 11064
20-ps Pul.se Generator. Copabilities ot' system are shown by

F i e . 2 .

Fig. 4. Response of sampler to incident
step in TDR System of Fig. 3. Typical
rise tirne 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 r r r 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 ,
w l rc le  i t  i s  as tab le .  I t s  I ree- run  ra te

varies, becoming a subharmonic of

any high-frequency input signal.

Fis. 5. Typical tunnel diode character-
istic, showing ne gatiDe-resistance region
BD. To generate pulse with 20-ps rise
time, diode is biased at A. Trigger in-
put raises diode current to unstable
point B. Operating point then shifts
rapidly to C, giuing fast pulse as shown

in  F ip .6 .

TIM E

Fig. 6. Waueform corresponding to op-
erating point sequence of Fig.5.

.- load /ine

; : -

ki*

SAMPLING UNITS DESIGN TEAM

Contributors to deuelopment of new sa.mpling 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, Edward. J. Prijatel, W. A. Farnbach, James M. IJmphrey;
bach rout,l. to r., Robert B. Montoya, Gordon A. Greenley, Jeffrey
H. Smith, Howard L. Layher, Jay A. Cedarleof, all 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 laboratories

and instrument maintenance fa-

c i l i t i es  a t tended the  Hewle t t -

Packard Second Symposium on

Test lnstrumentation in Science

and Indus t ry .  The managers ,

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 United

States and Canada, met at the

*hp- Palo Alto plant September

19 through 21, 1966. Purpose

of the symposium was to dis.

cuss ideas and problems of mu-

tua l  in te res t  in  the  met ro logy

and instrument f ields.

A series of seminars, panel and

round table discussions covered

topics such as cal ibrat ion trace-

abi l i ty, technical education and

data  process ing .  Some typ ica l

sessions included in the three-

day meeting were: 'Let 's Define

Accuracy, '  treating the serious-

ness of certification 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  Instrument$

Be Like Five Years From Now,'

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

programmable instruments and

data acquisit ion systems.

Effects of increased demands {or 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 will dedi-

cate i ts new laboratory complex at Gaithers-

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

site, 2O miles from the old NBS location in

the Distr ict of Columbia presently contains

seven genera l -purpose labora tor ies  con-

nected by al l 'weather passageways. Five

more laboratories are to be constructed in

the future for special ized uses. The labo.

ratory bui ldings are dominated by an 11-

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

126,0o0-volume l ibrary. By the end of 1966

all  but about 300 of the Bureau's 27OO em-

ployees will 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.



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  moior  new

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

Esln'r:  i ts rel:r t ively recent appear:
ance,  the  t l im inu t ive  ob jec t  on

this month's cover has alre;rr ly l tar l  con-

s i r le lab lc  impact  on  h igh- f rcc lucncv

electlonic instrumentation, anrl  is l ike-

11 to have an increasing el lcc:t  in the
Iuture. 

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

band samplinp; device developetl  bv

hp ossocioles ancl now usetl in such rli-
vcrse br-oarlband svstcms as sarnpl ine
osci l loscopes (see p. 2), phase' lockerl atr-

torn:rt ic transfer osci l lators, :rnrl  vcctor
rneasu l 'en lcn t  s ,vs te r t l s .  r  Bundwi t l th  o f
the clevicc is specif iecl as greater th:rrr
12.1 GHt., morc lhurr threc t inres the
bantlrvidth of arrr,  previor.rs sampline

rlcvice.

High-frcquency sampline tecluriq ues
rnake 1 ;oss ib lc  manv broar lbanc l  svs-
ter-ns, inclr-r<l ing those just mentionerl,

that rvoulcl not be feasible other$,ise.

r 'The lmpact  0 f  U l t ra -Wideband Sampl ing  and Ass0c ia ted
Deve l0pments  0n  E lec t ron ic  lns t rumenta t i0n , '  Sess i0n  23 ,
Western  E lec t r0n ic  Show and Convent ion ,  August  26 ,  1966.

Sampling gate

f-***\-T*""",r",
('\, e," f c,

H
Fig. I. Idealized sampling circuit. Sys-
tem to be sampled is represented by
uoltage e,^ and impedance 2,,. Sctmple is
tahen 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 f eedthrough

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

hand sa.mpling deuice, norntally

back-biased diodes are gated on

by santpl ing pulses lor  shor l  per i -

ods.  a l lou ' ing santpl ing t  opat ' i Iors

C, to acquire uol . toges propor-

l i o n o l  t o  s i g t t a l  o p p c c t r i n g  o n

transrnission lin.e.

'l-he 
systems which use saml-rling tet:h-

n i r l u e s  a r e  c l u i t e  v a r i e c l ,  b u t  i t  i s

siqnif icant that the rc<luirernents for
br 'oaclbanrl sampling t levices are nearl l '
the same resardless of the application.
Consequentlv, the use of the new sam-

l r l i r r g  t l e r  i r  r  i n  R F  i r r s t t  r r m e n t a t i o r r  i s

not l imite(l  to any special ized class of

instruments, ancl wi l l  in al l  l ikel ihootl
s1;re:rcl to systems which are not now

thought of as sarnPlins systems and to
other RF systems u.hich have yet to be

conceivecl.
Development of the wir lebantl  sam-

pling device requirecl a large invest-
ment in t ime, funtls, ancl engineerine

ingenuity. So that nothine woulcl be

overlooked which might aicl-or lrus-

tr:r te-the developrnent effort,  a design

irpproach n'as taken which can be bcst

described as'functional ly integ^ratet l ' . '

,  The words  ' func t i0na l l y  in tegra ted '  sh0u ld  n0 t  be  c0nfused
wi th  m0no 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 .

Jt''"'
Sampl ing  Pu lse

This neans that the effects o{ every
e l e m e n t  o I  t h e  s a m p l i n e  d e v i c e  o n

evcry other element were consit leret l
in the desien, including the effects of

paras i t i i :  e lements  anc l  the  prac t ica l
ronsiclerat ions o[ cost, rnanufacturabi l-

i t y ,  and repa i rab i l i t y .  F rom th is  ap-

proach has come a clevice which em-
botlies sophisticatecl rnicrowave system

<lesisn an(l a<lvancecl cliode design anrl

packaging.

SAMPLER OPERATION
'l-he 

basic elements of a sampling cir-

cuit  are shown in the ideal izet l  circuit

of Fig. l .  In this cl iagram, the svstem to

be sampled is representerl by ir voltaee
generator o;n af ld an impedance Zo, antl

the sampler consists of a sarnpl ing gate

and a sanrpling capacitor C,. \\rhen a

sample is to be taken, the slvi tch or

gate is closed for a shnrt periocl, allow-

ing the sampling capacitor C. to charee

o 1 2 c
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Normal diode
back bias

Fig. 3. Gate titne t,, is time for which
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 ot' sampling pulse. In utide-
band sampling deuice, to 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 C, is assumed to be

reset to zero before each new sample.

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, 8,",01", to the input

voltage, ein:
69samole

'  e tn

Bandwidth of the sampler is defined
as the frequency at which '7 is 1 l1f
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) - ?:o .- 
t .(ps)

A bandwidth of 12.4 GHz correspontls
to a t, 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-
scribecl 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 DEVICE

As a result of the 'functionally inte-

srated' desisn 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
elements, including parasit ics, have
been accountecl for and, where possi-
ble, macle integral 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. 

'Ib 
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 node.

The diodes are special ly designed

low-storage hot-carrier diodes in low-

q)

J

a

u
o

d

Sampling pulses

Diode barrier
voltage drop

1_

Fig. 4. Cutaway drawing of wideband sampling deuice. (a) dielec'

tric-fiIled biconical cauity, (b) cone-shaped. face of cauity, (c) top
ot' 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, low-inrluctance, three-ter-
rninal lrackages. f 'he t l iocles ancl their

packages embotlv a nurnbcr ol note-
$'orthv fcatlrres.

l .  A n  a d u a n c c d ,  d i o d c  f a b r i c a t i o r t
t c c l t n i q r r c  u s i , n g  a n  c x l r c m t : l y

.s r r tn l l  s t :n t i condr t  c to r  c l t ip .  One

benefi t  is a chip ' lv i th a remrrrk-

:rbly small  capacitancc of lcss thalr

0 .08  pF.

2. A diodr: puckugc tuith n scrir :s in-

duc tnnce o f  l css  t l tan  200 pH and
(tn unusunlly low packagc capac-

i tancc  o f  approx in ta l r : l y  0 .08  p I ' .

T h e  i n s u i a t i n e  p o r t i o n  o f  t h e

dioclc package is rnarle of a rnatc-

r ia l  rvh ich  has  a  lo rv  d ie lec t r i t :
constant; this lolvers the packaee

capacitance anrl helps 1)rcvcr)t this

cap:rcitancc lrom reclucing bancl-

luicl th, rrs clescribecl next.

3 .  A  t l t ree  te rminn l  d iodc  pnckagc

u i t l t  a  bu i l t - in  snrn  p l ing  capuc-

ltor ' .  Havine the sampling capac-
itor an intesral part of the diode

p a c k a g c  l l o t  o n l \ ' r e r l u c e s  l e a r l

inclLrctanccs, but also relocates the
diot le packaee capacin' so th:rt  i t
al) l)ears acfoss thc RF l ine inste:rcl
of in paral lcl  rvi th the t l iodc chip.
This nrcans that thc packaec ca-

pa i i t v  can  bc  pa l t ia l l , v  n taskcd

(i.c.,  rrrhde an integ'ral part of the
RF l ine) bl '  f i l l ing the cavitv rvi th

a  < l ie lec t r i c  wh ich  has  a l ) l ) rox-

inurtelt ,  thc sarne cl ielectr ic con-
stant :rs the prrckap;e material.

Dcsign ol the cavitv t ' : rs coml; l icl tecl

bv thc lerl tr i rcmcnt oI minitnum in-

cluct;Lrrce betr,een the grouncl o[ the

RF l ine  r t  t l r c  sa ln l ) i ing  ar is  ln r l  the

erouncl points of the s:rmpling c:rp:rc-

i tors. This int luctarrcc rvus ei i t l inatet l

bv slr l i t t ing the srouncl conclrtctor o[

the RF l inc anrl  making the Rli  ancl

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

phvsical l ,v the same point (AA'in Fig.

5). "Ihis technique is blsic to the opcrir-

t ion of the cler. ice and Plais a kev role

in  the  reduc t ion  o f  sampl ins  c i rcu i t  i r t -
( luctance lvhich lvor.r ld othenvise l iur i t

thc banclr'r,iclth.

t"t,:;t;ZF

Sampl ing  Pu lse
Inpu i  L ine

Opposite sides of
outer (ground) conductor

of  RF l ine

F ig. 5. Bandwidth-Iimiting ind.uctance b etw een sampling- capacitor
ground points and RF ground at sampling axis is eliminated in
widehand sampling deL:ice by making these ground points (AA')

coincide physically. Santpl.ing step uoltage is introduced betueen
centers of opposite faces ot' biconical cauity, i.e., betueen opposite

sides ot' RF- ground con.ductor.

Fig. 6. Sanrpling signal input is uoltage

step u ' l t ich turns diodes on, then t rot :e ls
otr lLL,r t rc ls f rom center  of  U cor icol  saui t !
I t t  s lutr t  c i rcui t  ot  outer  edges ct t '  caui l . l ' .
^5tcp i.s refl.ected at outer edges and
er lual  rLnr l  opposi te step t rauels bnch to
center of caL,ity and out santpling sig-
nal. l.ine, turnin.g diodes off . Round trip

l ime is 50 ps.

The spl i t  ground confisuration also

provicles an i t leal cntr) '  point lor thc

sanplir-rg signal, since i t  is possible to

rlevelop a \.oltage (for a short time)

across the imPeclanr:e between the two

sicles of the RF ground concluctor. The

samPline sign:r l  enters the ci i l i ty at a

point next to one of the cl iocles (upper

diodc in Fig. a) through a sectiorl  o[

50-ohm rr icrocoax tr:rnsmission l ine.

Thc center conductor of the sarnpline

l ir-re continues across the cavity, con-

tact ing the opposite truncated cone

face nczrr its center. Flence, il'hen n sam-

ple is to be taken, the sampling'r 'ol tage

is introclucccl betr'veen the centers (aP-

proximatel,v) of the tu'o cone faces.

Tl 'r is means that the sampling signal

appears as a l)otential dif ference be-

t\{een two points on the RF ground

concluttor, us shortn schcmatical lv in

Fig. 5.

A biconical cavin' clr iven from its

( e i l l c l  l l i r s : r  ( o i l s l i l n t  t h a r l r t  t e t  i s l i c  i m -

pcclance. 
-Ib 

the sampling^ sicnal, the

cavitv appears to be a shorted section

of 50-olrm l inc, clr iven from t l te center

of the cavit ,v and shortccl a[ the outer

cdges. This shortecl 'stub' is part of the

netr,r 'ork which fonns the sampling

pulse.

[ - ,0^



o
=
d o  u
> r
a -  - r

; i  - 4

> i i

o
z

- Pulse Optimized
-- !  Sampler-

t  I  . , . . C w - O p t i m i z e d
Sampler

r 2 5 1 0 2 0
F R E Q U E N C Y  ( G H z )

Fig.7. Frequency response ot' the tuto
types ot '  wideband sampling 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 ine
pulse l ine. Coupling 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 circuit  at
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 the step to travel
from the center oI thc car,ity to the
outer cdse 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 picoseconds because the
sampline pulse cloes not hirve zero rise
ancl fal l  t imes. In the 12.4-GHz sam-
pler. tn is about 28 ps.

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

2 5 l O

ways l ies on an equipotential plane
with respect to the sampling signal.
This rneans that the voltase on t irc RF
linc is not afTecte(l  by the presence o{
the sampling signal, and that t l rc sam-
pl ine signal 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 inpur sie-
na l  anr l  the  sarnp l ing  s igna l  -  these
t ' lvo mocles are electf ical l ,v isoluted
from each other. Typical isolat ion is
sreater than 40 dB.

PULSE AND CW SAMPLERS

Whi le  the  par t ia l  n rask ing  o I  rhe
tl iode packaee capacit:rncc n';rs a key
factor in achicvins thc 'n, icle bancl l . idth
o l  t l t c  t l n t t l . , l i n e  r l e r  i t  c .  i t  u  l r s  r r o l
necessarrr to r lask total l l ,  both the pack-
aee capacitance anrl the diorlc chip ca-
yracitance 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-
ing 3: l  ^t 12.1 ()Hz. For C\ 'V applica-
t ions, which cal l  Ior minirnurl  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 lcsigne(I.
Compensation is accomplishecl bv in-
corporatine thc unmaskecl diocle capac-
itance in ir  low-pass T-f i l ter network.
The filter takes the form of a rnorlified
RF center conductor in the trunr:aterl
section of the biconical cavitv. l leas-
ured frcquency responsc, VS\\IR, ancl

step rcsponse for both the uncourpen-

sate(l  (pulse-optimized) ancl thc r:orn-
pcnsate( l  (C l \ \ ' -op t im ized)  r 'e rs i  o r rs  o f
the sarnpler are shown in Figs. 7, t '1, anrl
9. Compensation increases the bancl-
wiclth ancl reduces the VS\\rR of the
sampler  to  about  1 .8 : l  a t  I2 .4  GHz,  bu t
causes 5 to l0l;  more overshoot in the
step response. Noti i :e in Fig. 7 that the

3-dR banclr,vidths o[ both samplers are

considerably sreater than 12..1 GHz.
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  eventual lv bc ex-
tenclecl to over lB ClHz.
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A SUMMARY OF SOME PERFORMANCE

CHARACTERISTICS OF A LARGE SAMPLE OF

CESI UM.BEAM FREQUENCY STANDARDS

Fig. l. 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 commercially rLLtail.-

able standard, uos especiall.y deueloped by Varian
Associates for use in the -hp- standard.

Fig,.2. Flying Cloch No. 9, based on the -hp- portoble

cesium standard, arriues at Oslo, Noru,ay, during 1966

time-synchronization trip. Cl.och Luas accontpanied by
Ronal.d C. Hyatt (c.) of -hp- Frequency and Time

Diuis ion.

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

\ r t  e  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 ize(l  by

the precisely knor'vn frequencv o[ :rn

atomic resonance. Currently, the prin-
cipal members of the class of 'atolnic'

s tandar ( ls  a re  the  hy t l roeen anr l  ru -

b ic l ium rnasers ,  and the  ru l ) i ( l i um,

tha l l ium,  anr l  ccs iu r r t  rcs ( )n r r to r - (on-

trol led osci l lators.
About  two ycars  aeo,  -hp-  in t ro -

r luced a portable frequency stanrlart l
con t lo l le< l  by  a  r rew-gene l ' r r t io i l .  (om-

pac t ,  ces ium-bearn  re  sonat ( ) r .  
- I ' he

s ln : r l l  s ize  : rn t l  low po\ \ 'e r  consun l l ) r  ion

of the stanclarcl were achievcd by tak-

ing advantage of the compactness o[

the ccsium-beam tube ancl by employ-

ins the latcst sol icl-state techniques an(l

r levices.
At present, cesium-beirm resonators

are the stabi l izing elements in most of

the world's off icial frcquency stancl-

a r t l s .  T I rese  resonators  rance in  s ize

from 'long-beam' tubes over l2 feet

long to the compact resonator use(l in

t l ' re -hp- portable stan(lar(I ,  which is

only 16 inches lonpJ. Because the cc-

sium-bcarn tube is so srnal l ,  the com-

pletc portablc stanthrcl occupies only

8/, inr:hes of a stanrlarcl l9- inch rack,

rrnrl  is only I6ft  inches r leep. I t  \{eighs
just 63 pouncls ancl requires only 50

r{ ir t ts of acr p()\  :er, or 36 watts of battery

l)ower. Outpr-rt  signals of the portable

cesiurn-bcanr stunrl :rrcl  are 5-MHz, 1-

MHz,  an t l  100-kHz s in t rso ic ls  an t l  a  100-

kHz c lock-t l l i r . 'e signal.
About 100 of these portable cesit tm-

b c l n t  s r : r r r , l r r t r l s  l r r e  n o u  i n  o l ) e l i l t i o r t

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

t ime stanrlaxls for nissi le antl  satel l i tc

trackine, for pre<:ise napping, Ior trar.

ieation, and for t imc sytrchrott izat ion;

others aI 'e userl as freque nc,v st lr l ( l : tr( ls

for basic nlcasurements, for propaea-

t ion stut l ies, for rrrdio rnonitorins an(l

transmitt ing, for dopplel space-probc

tracking, and for research.

Never before h;rs there been such a

large number of one typc of cesit tm

frequency stanclarcl in use. Protlucins

these units and lvorking'n' i th them in

thc fielcl has givet'r the instrumetrt's tle-

signers an unprececlentcd oJ)pol ' tunity

to {rather a stat ist ical l ,v signif icant bocly

of clata on the performance of a cesium

beam s tandar r l .  Or ,e r  the  pas t  nvo

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

such sources as laboratorv tests, f ield

:rppl icat ions, r 'esponses to user qtres-

t ionnaires, National Bureau of Stani l-

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

c lock '  exper iments . l  :  r  Resu l ts  show

that the compact cesiurn-beam staucl-

artl has met or exceetletl its specifietl

i relforrnance in al l  resltects.t  In fact,

some o[ the instrument's specif icat ions

have been t ightenecl l 'ccently to ref lect

more closel l '  the actual performant:e.
t  L .  N .  B0d i ly ,  0 .  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 ,  'C0r re la t ing  T ime f r0m Eur0pe t0  As ia  w i th
F ly ing  C l0cks , '  Hewle t t -Packa ld  J0urna l ,  V0 l .  16 ,  N0.  8 ,
Apr i  l ,  1965.

3  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 l t -Packard  J0urna l ,  V0 l .
1 5 ,  N o . 1 1 , . J u l y , 1 9 6 4 .

4  L .  N.  B0d i ly ,  'Per fo rmance Charac ter is t i cs  0 f  a  P0r tab le
ces ium Beam Standard , 'p resented  a t  the  1966 Frequency
Cont r0 l  Symp0s ium,  A t lan t ic  C i ty ,  N .J . ,  Apr i l  20 ,1966.



Performance data that have been col-

Iectet l  on 100 of the portable stanclanls

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 t<e  o f  the

portable cesium-beam stantlarcl with

respect to e:rch of these 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 basetl  uyron those

given b1' McCoubrey.'

ACCURACY
Accuracy of a frequency standard is

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

same es lhat ol an acceptcd primary

.standard, or the dcgree to which i ts fre-

5 A.  0 .  l vcCoubrey ,  'A  Survey  0 f  A tomic  Frequency  Stand
ards , '  IEEE Pr0ceed ings ,  Vo l .  54 ,  N0.  2 ,  February ,  1966.

q l t .ency  cor responds to  the  accapted

definit ion.
Fip;. 3 shows the results of cornpar. i-

sons of scveral inrlel;enclently alignecl

por tab le  ces ium s tandards  w i th  thc

IJ. S. Frequency Stantl i rrcl  ( [JSFS) over

a  two-year  span.  The p lacement  o [

eacl-r bar inr l icates the mcnn freqr-renr:1'

an<l the rvit l th of each bar incl icl tcs the

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

lna te( l  b1 '  the  Nat iona l  Rt t rcau  o f

Stanclarcls. In al l  cases, the {r-equencies

of the portable stanrlarcls are within
+5 Par ts  in  l01r  o f  the  USFS.  SPec i f ied

accur-acjv oI the 1-rortable stan(lar( l  is

no 'h '  t  I  Par t  in  1011.

INTRINSIC REPRODUCIBILITY
Intr insic rcproducibi l i t l ,  1.t  ,r ,  Ur-

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

t lr tcc a giuen frcqttency uit l tout l l rc
nr:cd. Ior cal ibrat ir tg adiustm.cnts, i .c.,
comporisons wit 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
reson:rncc. A device rvhich has this

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

out reference to any other standard,

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

a mcasure of the abi l i ty oI the osci l-

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 primarl '  stand:rrcl.

Fis. '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- house stanclirrds, which are of

the s:rrne tlesign. The frequency dif-

fcrences rvere obtainecl from a contin-

uous recording of the phase dillerence

between each test standard and one of

the house stanrlards. The averap;e test

periocl was 70 hours. All of the inde-

pendently al ignecl test stanclards were

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

stanclards.

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

uh.icl t  an osci l lator wi l l  produce th,e

somc frcqucncy from ttnit  to unit  and

from one occasion of operation to an-

other. Included uithin this definit ion
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Fig. 4. (above). In.trinsic reprotlucibility ot' portable

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

frequency within ):6 parts in 10".

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

standard is weII withi.n specification in al.l cases.

I
::l

f:-.1 I

.il

ln T

o l T o



z
o
F

l
F
o
l

z

f,
a

z
9

e

E

1 0 8

I 0 - 1 0

10-12

Fie.5. Stability ol mean frequency ol typical portable

standards hauing beam-tube signal-to-noise ratios of
1000:1. Solid curue shows theoretical rms lrequency
fluctuations as a function of time interual ouer which

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

systematic errors.

Fig. 6. Early production -hp- Model 50604 Cesium-
Beam Frequency Standards were required to operate
within specifications while sub jected to magnetic fields
up to two 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 MI L-I-6181D. Production units
are temperature cycled t'rom -5'C to ]55"C (oper-

ating) and are opera.ted. continuously for 15 days or
more before bein{ released.

I
I Day

is the degree to which the frequency of
an oscillator can be set by a calibratiotz
procedure. Reproducibi l i ty implies

that if an oscillator is moved to an-
other location or environment and re-
aligned, 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 deliberate misadjustment of the
internal magnetic f ield and real ign-
ment by eye, moving the instrument to

different locations and readjusting the
field, and changing the orientation of
the instrument with respect to the
earth's magnetic field vector and again
readjusting the internal field. In all
tests, the output frequency of the test
standard after readjustment agreed

with that of another standard within

7 parts in 1013. The specified reproduci-
bility is now -t- 5 parts in 1012.

FREQUENCY STABTLTTY
Stabi l i ty is the degree to which an

oscillator will reproduce the sanxe fre-
quency ouer a period of t ime once con-
t inuous operation has been estab-

Iished. A statement of the time interaal
used in the measurement is required.

Fig. 5 shows a plot of the magnitudes

of the rms frequency fluctuations of

typical portable cesium-beam stand-

ards as a function of the measurement
time. The solid line is a theoretical
curve calculated for the measurecl sig-
nal-to-noise ratios of the quartz oscil-

lators and beam tubes in two produc-
tion portable standards.G Also shown
are data points based upon actual fre-
quency comparisons of the two port-

able standards. For the shorter meas-

urement intervals (q 111 sec.) measure-

ments were made by a beat frequency

method that relies on period measure-

ments.? For the longer measurement

times, the method used was that of

successive phase differences.s All of the
data points are very close to the theo-
retical curve, indicating that systematic

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

portable standard are quite small.

Fig. 5 also shows the effect of chang-

ing the frequency-control- loop t ime
constant zu. In the portable standard,

two frequency-control- loop t ime con-

stants are provided, zo : I second and

ro : 60 seconds. The short time con-

stant is satisfactory for t imekeeping

purposes and is clesirable if the instru-

ment is subjected to accelerations and

motion. In a quiet environment, better

short-term stability can be obtained

using the long time constant.

6 t  L .  S .  Cut le r  and C.  L .  Sear le ,  'Some Aspects  0 f  the
The0ry and Measurement of Frequency Fluctuations in Fre-
quency  Standards , '  IEEE Proceed ings ,  V0 l .  54 ,  No.  2 ,  Feb. ,
1966.

8  D.  W.  A l len ,  'S ta t i s t i cs  o f  A tomic  Frequency  Standards , '
I E E E  P r o c . ,  V o l . 5 4 ,  N 0 . 2 ,  F e b . , 1 9 6 6 .

Both the theoretical curve and the
measured points in Fig. 5 are for beam
tubes which have signal-to-noise ratios
of I000:1 This value is typical of most
of the beam tubes now being produced.

LONG-TERM STABILITY
fb test the frequency stability of the

portable cesium standald over very
long periods, two portable standards
(the -hp- house standards) were com-
pared over I8-month periods with sig-
nals received at Palo Alto, Cali fornia
from NBS standard frequency broacl-
casts WWVB (60 kHz) and WWVL

(20 kHz). Both portable stanclards
were independently aligned.

No drift could be detected in the fre-
quency of either test unit over either
l8-month period. trt is the invariance
of the cesium resonance that gives the
cesium standard this long-term sta-
bility, ancl which makes it possible to
specify that the average frequency of
the portable standard will not change
by more than -+- I part in l0r1 over the
life of the cesium beam tube. Long-

term stability is the quality that macle

possible the 'flying clock' experiments,
in  wh ich  c locks  dr iven  by  por tab le
cesium standards were flown around

the workl to synchronize the clocks at
standarcls laboratories to within a

smal l  f rac t ion  o f  a  mic rosecond.  I t
woulcl take these 'flying clocks' thou-

sands of years to accumulate a time
error as large as one second.

_ THEORETICAL
O [, lEASUREO POINTS
: 95% CONFIDENCE LII !1ITS

lti

A V E R A G I N G  T I M E  S E C O N D S

. 1 8 .



RELIABILITY
A useful measure of reliability is the

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

easiest and most realistic way to com-
pute MTBF when suff icient data is
available is to determine the actual
number of operating hours logged by
urrits 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 try the direct method just de-
scribed. Based upon warranty reports
and a questionnaire sent to users, the
MTBF for 78 insruments was com-

puted to be:
MTBF for electronics

thing except the cesium

MTBF for cesium-beanr

MTBF for complete

standard

only (every-
beam tube)

28,346 hours
tube only

23,588 hours
cesium-beam
13,082 hours

An MTBF of 13.082 hours means that
a new instrument can be expected to
operate continuously for almost l8
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-
creasing it.
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The output frequency of the port-
able cesium-beam standard is con-

trollecl by a feeclback loop contain-
ing a cesium-beam tube, or resonator

(see block diagram). Output signals
of the standard are derived from a
precision 5-MHz qwartz oscillator.
The oscillator is capable of being

operated by itself as a frequency

standard, but like all quartz oscilla-

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

resonator has negligible drift over
long periods, although it has short-

Lee Bod i ly  g raduated  f rom Utah
State University with an EE degree in
1956 and immediately joined -hp- as
a  deve lopment  eng ineer .  He la te r
earned an MSEE at Stanford in the
-hp- Honors Cooperative Program and
has done further graduate study to-
wards the degree of Electr ical Engineer.

At -hp- Lee'.s first assignment was
in the group developing the-hp- Model

term (q100 sec.) f luctuations in i ts
output signal that are greater in rel-

ative magnitutle than those of the

quartz oscillator. The stanclard is

designecl so that the cesium-beam

tube and the quartz oscillator com-

plement each other, the cesium-
beam tube compensating for the

quartz aging effect, and the quartz
oscillator acting as a 'flywheel' to

reduce the short-term fluctuations of

the resonator.

continued on p. 20
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ard, the 101A 1-MHz Osci l lator, the
106A and 107A Precision Quartz Os-
c i l la to rs ,  and the  t ime base in  the
5245L 50-MHz Counter. He developed
the quartz osci l lator ' f lywheel '  in the
5060A Cesium-Beam Frequency Stand-
ard and also contr ibuted to the 1034
and 1O4A Quartz Osci l lator develop-
ment. Since 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
f requency standard development. Lee's
adicle in this issue is his fourth contr i-
bution to the Hewlett-Packard Journal.

OPERATION OF THE PORTABLE
CESIUM-BEAM FREQU ENCY STAN DARD

Resonator output curent

Block diagram of portable cesiutn-beam frequency standard.

LATHARE N. BODILY
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CESIUM.BEAM TREOUE}ICY STAI{DARD
continued from page 19

Reference for the portable stand-

ard is a t ime-invariant quantum

effect 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

qtattz 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 carl serve as a primary fre-

quency standard.

* [ and mE are quantum numbers.

Microwave Input

Schematic diagram of cesium-beam. 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 operatine.

*J .  A .  P ie rce ,  '0mega, '  IEEE Transac t ions  on  Aero-
space and E lec t ron ic  Sys tems,  V0 l .  AES- I ,  N0.3 ,  Dec . ,
1965.

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.

Spectrometer
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