A 100-MHzAnalog Oscilloscopefor
DigitalMeasurements
osc//oscopehas featuressuch
A new general-purpose
as dual-channelmagnificationand third-channel
triggerdisplaythat enhanceifs versatility,particularly
in digitalsystems.
with respectto measurements
by Allan l. Best

TI ESPITE CONTINUING ADVANCES in circuit
l-! speeds,a great amount of digital design work
continues to be carried on at clock rates below
100 MHz.
This is particularly true for digital designs involving TTL and CMOS devices where clock rates
below 50 MHz predominate. Hence, the growing
need in digital test instrumentation is not so much for
the ability to work at the highest possible speed as it is
for means of coping with the complexity of digital
circuit operation, a need that is becoming more and
more acute as the applications of microprocessors
continue to expand.
In assessing the oscilloscope needs of digital
designers, it became clear that the requirements of
a large segment of users could be met by a generalpurpose, dual-channel scope that had a bandwidth
of too MHz, a wide range of vertical deflection factors, a bright CRT capable of finely-drawn traces,
a precision time base, sensitive, stable triggering
and a delaying sweep with low inherent jitter that
would enable timing measurements with less than
1% error.
In particular, for the debugging and field maintenance of digital systems-especially those based on
microprocessors- it was expected that users would
want to team such a scope with a logic state analyzer,l
the logic state analyzer to locate problems in the data
domain and the oscilloscope to work in the time
domain finding the electrical malfunctions that cause
the data-domain problems (see box, page 5).
A Well Fitted Oscilloscope
It was with this background in mind that a new
oscilloscope was developed. The primary goal was to
provide lab-quality performance and versatility in an
easily-maintained instrument at an economical price.
The result is shown in Fig. 1.
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Although this instrument, the HP Model 174oA,
has the compactness,ruggedness,and easeof maintenancerequired of an instrument for the field, it has
aII the attributes of a high-quality, dual-channel,
100-MHz laboratoryoscilloscope.It is well suited for
digital work with its bright CRT display, precision
time bases,stabletriggering, and a third channel that
enablesthe timing of an externalsweeptrigger signal

Cover: Display of waveforms fulfills an important
function in the world of 1's
and 0's Tusfas it always has
in the world of analog signals. The oscilloscopepictured here displays waveforms in the traditional manner but it can alsobe adapted
to display 1's and 0's in a data formaL as explained in the article beginning on this page.
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Fig. 1. Model 1740A Oscilloscope can displaythe sweep trigger waveform as a third trace
simultaneouslywith the waveforms in channels A and B. The
new oscl//oscope has dc-to100-MHz bandwidth, selectable
input impedance (high impedance or a well-matched50q,
precision delayed sweep. a
bright, finely-focussed trace,
and all the other characteristtcs
of a high-quality laboratory
oscilloscope.

to be compared to the signals in both vertical channels. Of particular interest to digital designers is
an option that enables the new scope to serve as the
digital display for a logic state analyzer, with instant
pushbutton restoration of the analog display whenever desired (Fig. 2).
x5 Vertical Magnifier
In earlier high-frequency oscilloscopes, increased
sensitivity at reduced bandwidth in the vertical channel was obtained by cascading the two vertical channels into one channel, thus sacrificing the dualchannel display. In the new Model 174OA Oscilloscope, the x5 magnifier operates on both vertical
channels, increasing the sensitivity from a vertical
deflection factor of smV/cm to 1 mV/cm, at a bandwidth of ao MHz, while retaining dual-channel operation. In this mode the two channels may display signals separately in either the alternate or chopped display mode, or they may be combined (A - B) for singlechannel display of differential signals.
Trigger Display
When two signals are being displayed on the Model
174OA in either the alternate or chopped modes,
pressing the rRIc vmw pushbutton adds a third trace,
giving a three-channel display (Fig. Zb). The third
trace displays the sweep trigger signal, thus enabling
the user to make timing measurements between an
external trigger signal and the signals in channels A

and B. The propagation delay through the triggerview channel matches those of the vertical channels
within 2.5 ns -r 1.ns, thus assuring integrity in timing
comparisons between the external trigger signal
and the signals in channels A and B.
In effect, the trigger-view mode provides a third,
80-MHz channel for viewing a signal applied at the
trigger input. The deflection factor is nominally 100
mV/div, compatible with ECL logic levels, or 1 V/div
with the x10 attenuator, compatible with TTL and
CMOS levels. These are changed to 20 mV/div and
200 mV/div when the x5 magnifier is used.
When the sweep is triggered by the signal in channel A or B, the trigger-view channel displays the
same signal with approximately the same deflection
factor and, as with an external trigger, it may be positioned by the TRIGGER
LEVELcontrol to show the triggering point. The dc levels of the trigger amplifier are
set so the sweep trigger level corresponds to the
center horizontal graticule line on the CRT, thus the
operator can see which point on the waveform initiates the sweep.
The displayed waveform is also processed through
the trigger input filtering (ur RElECr,LF REIECT)so the
operator sees the waveform exactly as the triggerrecognition circuit sees it. The trigger-level control
functions like a positioning control, displacing the
waveform vertically so the operator can choose a trigger level that avoids the likelihood of triggering on
noise or other waveform anomalies

Fig. 2. When equipped with the
logic-state option Model 1740A
can display either the data domain
outputs of a logic state analyzer
(a) or time-domainwaveformsapplied through its own inputs (b).
The upper trace in (b) is the digital
waveform corresponding to the
right-hand column of the table display in (a), delayed one clock
period. The scope ls in the rRrc
wrw mode, displaying the logic
state analyzer's trigger output on
the middle trace.

Design Approach
Although the design of the new oscilloscope
covered ground already traversed by other HP oscilloscopes with respect to performance, it was decided
not to retain elements of earlier designs if advancing
technology made it possible to improve the design
with respect to maintainability, reliability, and manufacturing cost.
One element of earlier designs that was retained,
however, was the cathode-ray tube. This is the same
tube used in the 180-seriesoscilloscopes.2Noted for
its small spot size and bright traces, it has the writing
speed needed for displaying low rep-rate, fast transitions at the S-ns/cm sweep speed. An advanced
design to begin with, it has been improved over the
years and in the course of building 40,000 or so, HP
production engineers have refined the manufacturing process such that a long, trouble-free life can be
expected from these CRT's.
The highly-integrated vertical amplifier, on the
other hand, is entirely new and contributes to the
stable performance and manufacturability of the new
oscilloscope. It is discussed in detail in the article
beginning on page B.
Horizontal System
Another technique retained from earlier designs is
the trigger recognition circuits. For both the main and
delayed sweeps, the new scope uses the same HP
monolithic integrated circuits as the 27l-MHzModel
1.72OAOscilloscope.3 They provide stable triggering
on signals above 100 MHz but require an amplitude
equivalent to only 1 cm of deflection at 100 MHz
to do so.
A variety of trigger modes gives the flexibility
needed for lab applications. The new scope triggers
repetitively or singly on externally supplied or internal signals, Trigger slope and amplitude are selectable. The trigger input coupling can be dc or ac and it
can be filtered to remove noise above 4 kHz (Hr nnJrcr)
or remove powerline and other intgrference below
4 kHz (Lp nnJscr).
The mhin sweep circuit has controllable trigger

holdoff time, as used for the past eight years on HP
high-performance scopes. This inhibits triggering for
a selected time interval after a sweep terminates and
is useful when examining complicated waveforms
that have more than one trigger point.
The sweep circuits use the familiar Miller integrator. The well-regulated supply voltages and highgain amplifiers for the integrators assure sweep accuracy well within 2o/oon the fast sweeps (3% with
the horizontal x10 magnifier). A full complement of
sweep modes is provided, including main sweep,
main intensified, calibrated delayed sweep, and
calibrated mixed sweep.
The comparator that selects the point on the main
sweep where the delayed sweep is to start has a stable
trigger level such that delay jitter is less than O.OO2o/o
of the maximum delay on each range. This plus the
precision 1O-turn delay control and the sweep accuracy enables time intervals to be measured by the differential time measurement technique* over most of
the range with an accuracy of -r (0.5% * O.7o/oof full
scale).
The new scope also has an A versus B mode for
high-speed X-Y plotting. In this mode, the A channel
signal drives the CRT in the vertical direction and the
signal in the B channel drives it in the horizontal
direction, The bandwidth of the horizontal channel
in this case is 5 MHz. The A versus B capability is replaced by the logic-state option, however, when that
option is installed.
The Logic-State Option
When equipped with the logic-state option, the
Model 174oA can work with the Model 1607A Logic
State Analyzer1 to provide a measurement tool of singular usefulness for the digital designer and troubleshooter (Fig. 3). This option equips the 1740A with
internal switching and rear-panel inputs for the logic
state analyzer outputs. A front-panel pushbutton enables the user to switch back and forth between the
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Working in the Data Domain-Logic State
Analvzers and Oscilloscopes
The on-goingdiffusionof digitaltechniquesintJ"tt Ur"n"n".
of electronicdesign has radically changed the nature of
many-if not most-design, productiontest, and field maintenance tasks. Electronicengineers,who have all learnedto use
the underlyingmathematicsand analyticalinstrumentation
for
designingin the frequencyand time domains,must now become familiarwith the data domain.
A simpleexamplewill illustrate
whatone faceswhendealing
with the data domain. The drawing shows four waveforms.
Whetherwe thinkof theseas being generatedin a seriesof combinatoriallogic gatesor from instructions
in a microprocessor
or a computeris irrelevant-simultaneouswavefcrmslikethese
occur on a one-shotbasis throughoutall digitalequipment,
usuallyon a much granderscale,from 16 to 128simultaneous
srgnals.

Time

The questionis, if you are tracking down a system malfunction wherethesewaveformsare involved,what do you measure
and how?lf the clock rate is too fast for a chopped oscilloscope
display,you can't capturethe four waveformson a storageoscilloscopefor analysis.Electroniccounterscould tell you how
manylogichighsoccurredon eachchannel,butwouldnotgive
timingrelationships.
You could alsoderivethe numberof logic
highsfrom voltmetermeasurementsof the averagevalueof the
waveformsbut what would this tell you? Oscilloscopes,voltmeters,and countersare familiarto all, but noneof theseclassic instrumentsdoes a very good job on digital problemsbecause none was designed to solve them.
Sucha set of signalscan be examinedmeaningfully
withthe
aid of a logic stateanalyzer.Theseinstrumentssampleall channelson everyclockedge,detectthe logiclevelson allchannels
simultaneously,
and store them for display and study.
The more importantaspect of the problem,however,is what
do we need to know about these signalsonce they have been
captured?Here is where the concept of the data domain
comes in, Thesewaveformscan be controlsignalsor they can
be instructions,memory addresses,or data. Whateverthey

logic state display, as generatedby the analyzer,and
the analog display of signals detectedby the scope's
own probes (Fig. 2). There is no need to reconnect
cables or reset controls when switching displays.
The logic stateanalyzermonitors dataflow clocked
in on up to 16 lines simultaneously. It generatesthe
deflection voltagesnecessaryfor the oscilloscopeso
the clocked-in data can be displayed as a machine-

are,they can havevariedmeanings.lf, for example,they repre-.
sent bit-serialASCIIsymbolswith even parity,as may be found
on an l/O bus, then the 8-bitframeshererepresentthe lettersD,
B, F, and J. lt mightnot be obviousfrom examiningthe waveforms that a parity error occurred with the letter J nor what
caused the error,yet in termsof the data being transmitted,an
errormostcertainlydid occur. Beforeit can be corrected,itsexistencemust be recognized.
These waveformscould also be bit-serial,leasfsignificant
bit and leastsignificantdigit first,hexadecimalcode (essentially the data formatof HP's pocketcalculators).Theywould then
be interpretedas 44,42,46, and 44. Or, if they wereword-serial
hexadecimal,
as in HP's21MX Computers,they would mean
somethingelse.
Obviously,there are a hostof choicesin termsof data format,
data code, and logic conventionsthat must be taken into accountwhen dealingwiththe data domain.Forthe firstgeneration of logic stateanalyzers,the choicewas made to use singlelevelthreshold(hi or lo, up or down, on or off), indexingby
recognizingbinary statements(Booleantriggering),and portrayalof the dataas 1's and O's.Thismachine-language
presentationdoes not restrictthe data formatbut leavesit to the userto
interpretthe displayin termsof the code used.
Whenconsideringwhereand for whattasksa logic stateanalyzermay be used,the questioninvariablyarises,"don'tyou ultimatelyhaveto see the waveformsto fix the problem?"lt is worth
trying to put this into perspective.
What logic stateanalyzerscan do is to aid in the debugging
of complex digital systems,particularlybetweenthe time that
the computersimulation
of thedesigniscompleteand theworking hardwareis operational.Becauseof the long data stream
sequencestypicallyused in mostalgorithmicdesign,particularlywhenloopingor nestedsub-routines
are involved,locating
the problemis more criticalthan analyzingwhy the problemoccurred. lt may simply be a softwareproblem,such as accessing the wronginstruction
in memory.Thiscan be readilyidentified by a logic state analyzer.
However,whenan electricalmalfunction
is the culprit,an oscilloscopeis needed but it can't find which electricalparametersare at fault unlessit gets a triggerf rom the vicinityof the
bad data. This can be located and provided by a logic state
analyzet.
The logic stateanalyzeris not about to displacethe oscilloscope as a troubleshootingtool for digital systems,but it does
add a dimensionto test instrumentation
that until now had not
been adequatelyprovided.The logic state analyzercan capture a segmentof a rapidlyexecutingdigital sequencefor
analysisjust as the oscilloscopecan capture a waveform
for examination.
Charles H. House

language table of 1's and 0's, enabling the user to see
the data flow on the monitored lines. A front-panel
switch register can be set to any digital word up to 16
bits wide and when that word occurs, a pulse is generated that can be used to trigger the scope.
The user can page through an executing program
with the logic state analyzer and once a problem area
has been identified, the trigger word can be reset to a

A "Visible" Mechanical Design
are mountedon one of the power-supply
circuitboardsrather
than the rear oanel. This enabled effectiveisolationof the
powerlineprimarycircuitlrom the rest of the instrument,
and
it furthersimplifiedwiring.
muchof the
designelimtnated
A new approachto attenuator
productiontime formerlyrequiredfor assemblinga complex
attenuator.No electronicsare containedwithin the switch
mechanismitself.Instead,actuatingcams pressspring-iinger
boardto
shortingcontactsdown on pads in the printed-circuit
switchgain and/orselectinputcouplingmodes,as shownby
the wide-anglephotobelowwherethe switchhas been raised
off the board to disclosedetails.All the switchedcircuitscan
board.Thisarrangeon the printed-circuit
thusbe incorporated
ment reducedassemblycosts significantly.

The photo below,showingthe Model 17404 Oscilloscope
with both coversremoved,illustrates
the opennessof the mechanicaldesign.The byword during the design phase was
"visibility"-visibility
in thiscasemeaninga highdegreeof order
in the internallayoutand readyaccessibility
to alltestpolntsand
components.

Besidescontributing
to a morevisiblemechanicallayout,the
plug-together
design also simplifiedsome of the circuits.By
eliminatingthe cable{o-cablevariationsin adjacentlead capacitance,the plug{ogetherconstructionpermitteda reducthat would otherwisebe retion in the numberof ad.lustments
quiredto normalizeperformance.
The plug{ogether-by-funccircuit
tiondesignalsopermitsthoroughtestingof the individual
functionsbeforefinalassembly.
In the interestof reducingassemblycosts,the mechanical
parts,suchas brackets,werestandardized
as far
or eliminated
as possible.For example,the usual practiceof selectingthe
lengthof a screwto be just long enoughto protrude1/32inch
beyondits fastenerwas abandonedjn the interestof reducing
the numberof differentscrews.Thisreductionin the numberof
screwtypeswill be especiallyappreciatedby servicepersonnelwho may havean occasionto disassemble
and reassemble
the instrument.
Circuitswere designednot onlyfor performancebut alsofor
minimumpower consumption.As a result,the oscilloscope's
totalpowerconsumptionis lessthan 100VA.Thus,no fan is requirednor are vent holesrequired,therebyobtainingan extra
degreeof protectionagainstdust and othercontaminants.

The primaryelementin the "visible"designwasthe reduction
in wiringand cabling.The circuitsare groupedfunctionally
on
boards:threefor the powersupply,three
elevenplug-together
for the verticalsection,and five for the horizontal
section.The
threesectionsare interconnected
by the interconnect
board,a
of a cable
twelfthcircuitboardthat satisfiesthe requirements
that would have had perhapssome 26 wires.Thus,52 cable
A further
solderand/orcrimpedconnectionswere eliminated.
benefitof the arrangementis that the verticaland horizontal
sectionscan be disconnectedfrom the power suppliesand
from each otherto aid in troubleshooting.
Front-panel
wiring was reduced substantially
by mounting
controlson the circuitboardswhereverpossibleand usingexIn manycasesthis alsoobtensionshaftsf romthe front-panel.
tainedan electricaladvantageby placingthe controlscloseto
the circuitsthey control.
The powerlineswitch,fuse,and line-voltage-select
swrtches

John W. Campbell

the start of pilot production when he transferred to
another project. In addition to those mentioned elsewhere in these articles, the design team included f im
Carner, mechanical design including the vertical
attenuator switch, Eldon Cornish, who designed the
horizontal section, and Van Harrison who designed
the CRT circuits, power supplies, and gate amplifier. Special thanks are due John Riggen and fohn

word near the problem area. Then by switching the
scope to the analog display, bus and control lines can
be monitored to locate glitches, race problems, insufficient amplitude and other electrical problems that
may be the cause of the digital problems.
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Fig.3. Model 17404 Oscilloscopeequipped with the logicstate option (opt 101)is availablewith Model 16074 Logic
State Analyzer (lower unit) in a p a c k a g e k n o w n a s
Model 17405.
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^s"jllillt!ffi.JJ!:j",ffi1,1?*ou"*n""
General
REAF PANELOUTPUE: main anddelay€dgales.0.8vto > + 2 5Vcapable of
supplyingappror 5 mA
(0'C
AilPLITUDE CALIBFATOR
lo +55'C)
oUTPUT VOLTAGE 1 V p-p 11 % inro >1 MO, 0.1 V p,p -1ol" inro 501)
F | S E T I M E :< 0 1 p s
FFEQUENCY:approxlmalery1 4 kHz
POWEF: 100. 120, 220, 240 Vac. I 10o/",48 to 440 Hz, 100 VA hax
WEIGHT: 13 kg (28.6 lb)
OPEFANNG ENVIFONMENT
TEMPEFATURE:CC lo +5YC
HUMIOITY:to 95% relalivehumidly at +4CC
ALTITUOE:to 4600 m (15,000fr)
VIBRATION:vibdtod In lhree planeslor 15 min 66ch w[h 0 254 mm (0 010 in)
excorsion,10 lo 55 Hz.
DIMEXSIONS:335 mm W x 197 mm H : 492 mm D (13.19x 7.75 x 19 38 in)
ACCESSORIESFURNISHED:bllo lghl f[6r, iioil pane] cov6r, powe. @rd.
vinyla€€ssory sioragepouch,Ae.atorsguide and seoice manoal.two Model
l@06D l0:l dividerprobes.
OPTIONS
001: lixed power ord in li6u d delachabb Fwe. cord.
101: LOGIC STATEOISPLAYsinglepushbullon(Gold Bdlon) intedaceOplion
lo. @rallon wilh HP Mdel 16074 Logic Slate Analyzer.
PFTCEStN U.S.A.:
MODEL 17404 1m MHz Oscilloscrye,$1995.
OPTION001: Add $15.
O P T I O N1 0 1 :A d d $ 1 0 5 .
MODEL 17405 indudes 1740A wilh Oprion 101, Mod6l 16074 Logic State
Analy2or,tour intorconneding€bles, and bEcket and stap tor conbining
inlo a sirule package,$4935.
MANUFACTUFINGOlVlSld: COLOFADOSPFINGS DIVISION
1S0 Gardenol lhe Gods Foad
Cdorado Spings. Colo.ado80907 U.S.A.

An OscilloscopeVertical-Channel
Amplifierthat GombinesMonolithic,ThickFilm Hybrid,and DiscreteTechnologies
To minimizemaintenanceand calibrationtimesby
minimizingthe numberof partsand the numberof
adjustments,a high degreeof integrationwas
incorporatedin the verticalamplifiersystemof the
Model1740AOsc//oscope.
by Joe K. Millard

If

using HPvnruO THICK-FILMTECHNOLOGY

II.manufactured
monolithic chips enables the
vertical channel of the Model 174oA Oscilloscope
to meet its bandwidth specifications without timeconsuming adjustment of many trimmers. Furthermore, the specifiedbandwidth is maintainedthroughout an operating temperaturerange of 0 to 55'C.
Signal conditioning is accomplished primarily by
two hybrid thick-film integrated circuits, shown as
U1 and U2 in the block diagram of Fig. t. The only
other active componentsare the discreteFET impedance convertersat the input, and the circuits involving transistorsQ1-Q4.

Discretecomponentsare used for attenuation only
in the x100 section preceding the FET impedance
converter in each channel. The preamplifier IC (U1),
besidescarrying out the necessarycontrol functions,
performs six dc-actuated attenuation ranges per
channel. With the x 100 attenuator, this realizes
twelve calibrateddeflection-factorranges,from 5 mV/
cm to 20 V/cm.
Rangeselection is accomplishedby the switch assembly described on page 6 of the preceding article. The spring-finger contacts of this switch complete circuit paths through appropriate pads on the
circuit board. OnIy the first five contacts,controlling
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Fig. 1. Block diagram of the verticalchannel in the Model 1740A Oscilloscope.Most of the
signat conditioning occurs within the two hybrid thicktiln circuits, U1 and U2

Designing a High-Density ThickFilm Hybrid Integrated Circuit
Placing three monolithicchips, thirty-oneresistors,four
c a p a c a t o r sa
, n d s e v e n t y - s i xw i r e b o n d s o n a s t a n d a r d
.1
2 5 x 3 5 - m m s u b s t r a t ef o r t h e M o d e l 7 4 0 4 O s c i l l o s c o p e
preamp challengedthe limitsol thickjilm technology(thickfilms are used ratherthan thin films to minimizecosts).The
componentdensitydictatedthe use of 0.15-mmconductors,
w h i c h i s d e f i n i t e l yf i n e - l i n eg e o m e t r y b y t h i c k - f i l ms t a n datds. In addition,the resistorsand capacitorswould have
to be smallerthan thoseused in presentpractice.The design
would also have to eliminatemany of the proposedprobing
pads neededfor resistortrimming.Theseare space hogsthat
are better done without.
How were all these reouirements
met with a 21o-nanoacre
substrate?
Thefine-linegeometrywas achievedby pre{reating
the substratesurfacewith a chemicalagent that lowersthe
surfaceenergy,preventingthe screenedpaste from running
in much the same way that the freshly-waxedsurface of an
automobiledoesn'tallowwater beads to soreadout,

precisionresistorswere realizedby refining
The small-sized
laSertrimmingtechniquesto work with smallergeometries.
The numberof probingpads was reducedby connectingselected resistorsto common nodes with shorting tabs and
openingthe tabs with the laserafterthe resistorshave been
trimmed.The needfor discretechip capacitorswas eliminated
by usingthickJilmcapacitorsconstructed
withan interdigitated
structurecoated with a glass frit that has a high dielectric
conslant,
A four-dayburn-inof each completedhybrid,plus several
quality-assurance
gatesalongthe way,assureshigh reliability.
Finishedcircuitsare thoroughlytestedin only twentyseconds
usingan automatictest systemdesignedfor that purpose,
Richard D. Tabbuft

the coupling modes and the x100 attenuator, carry
signal currents while the other five simply switch dc
control voltages to integrated circuit U1. This arrangement, besides minimizing the number of components
and simplifying assembly, also improves performance by shortening the signal paths.
The preamp circuit U1 performs the conventional
control functions of signal polarity selection, gain
vernier control, channel switching and sync extraction, in addition to the six ranges of signal attenuation.
The trigger-view amplifier routes the trigger signal
into the vertical channel at the output of U r , as shown
in Fig. 1. It is electronically switchable, so it can be
sequenced with channels A and B to derive a threechannel display showing the time relationship
between the sweep trigger and the signals in channels A and B.
The output of U1 drives the delay line. ResistorsR1
and R2 terminate the delay line to prevent reflections.
Transistors Q1 and Q2 are impedance converters
that also function as dc level shifters,
Deflection factors to 1 mV/cm for both channels are
provided by the x 5 magnifier controlled by transistors Q3 and Q+. These transistors are normally saturated, shorting out R3 and R4 to provide a low RC time
constant at the input to U2, When transistors Q3 and
Q4 are switched off, the system gain is increased by a
factor of five with a bandwidth of +O MHz. At the
same time, the positioning voltages are reduced by
the same factor to maintain constant positioning.
Hybrid integrated circuit U2 provides a voltage
gain of 50 for driving the CRT,
PreamplifierlC
Further simplification of the overall vertical assembly was achieved by placing most of the preamplifier circuits for both channels on a single hybrid
integrated circuit (U1). The 25.4 x 34.9-mm ceramic
substrate (see box at left) has 31 thick-film resistors, 4 capacitors, and 3 monolithic chips. The two
large chips are the channels A and B preamp circuits,
each consisting of 27 transistors, 23 diodes, and 34
monolithic resistors. The third chip is a four-transistor differential shunt-feedback amplifier that drives
the balanced delay line.
An abridged schematic of one of the preamp chips
is shown in Fig. 2. Following the signal path starting
at the input to the chip, transistors Q1-Q3 along
with diodes D1-D4 form a dc-controlled x tO attenuator in conjunction with laser-trimmed resistors RT1
and RT2 on the hybrid substrate. The attenuator is actuated by biasing the lower end of resistor R1 to the
appropriate negative voltage and allowing the lower
end of R2 to float.
The xtO attenuator is followed by triple-emitter
transistors Q4 and Q5 and thick-film resistors RT3-

To Delay-Line Drivel
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Fig.2. Abridged schematic of one of the two preamplifier monolithic integrated circuits.
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Fig.4, Hybridoutputstageusesdlscretechipsfor drivers.
Fig.3. Preampchip hastwenty-seven
2-GHztransistors.
RTS which constitute an attenuator with a1.-2-4attenuation sequence.Range selection in this section is accomplished by grounding the lower end of resistor
R3, R4, or R5 to actuate the appropriate set of currentsource transistors tQ6-Q1 1).
During range selection, this section cycles four
times while the x10 section cycles twice and the
external x100 section once to give twelve attenuation ranges.
Sync Extraction
The sync signal is extracted at the outputs of transistors Q4 and Q5. As with other recent HP oscilloscopes, sync extraction precedes the polarity and
gain vernier controls to prevent loss of triggering
when these controls are adjusted. Transistors Q17
and Qf 8 invert the sync signal when they are turned
on (and transistors Q15 and Q16 are turned off) by
transistors Q13 and Q14. To switch the sync signal
channel completely off, +SV is applied to resistor R6.
Proceeding towards the output through buffer amplifier Q19-Q20, the next control functions are the
gain vernier control and channel polarity. These two
functions are accomplished by a four-quadrant multiplier configuration (Q22-Q25) that provides continuously adjustable gain over a 2.5:1, range while
maintaining a constant dc bias current.
Channel switching is accomplished by doubleemitter transistor Q21. When the base potential on
this device exceeds the base voltages on transistors
Q22-Q25, it extracts and sums the currents that would
flo'w to transistors Q22-Q25. The collector current of
Q21 divides equally into the lower emitters of Q26
and Q27 so the channel bias cunent remains constant, maintaining the dc output level constant, but
all signal information is lost.
Position modulation is accomplished by differentially varying the bias currents injected into the upper

emitters of QZ0 and QZZ.
The collectors of QZO and QZz are connected to the
corresponding collectors of the other preamp chip
and to the input of a four-transistor delay-line driver.
This stage provides a current gain of 8 when driving
the 180O differential delav line.
Output lC
The output amplifier (U2 in Fig. 1) consists of a
25-mm square ceramic substrate with nine thick-film
resistors, one high-frequency monolithic chip containing six transistors, and two discrete transistor
chips for the final drive. The short signal paths afforded by the thick-film hybrid technology plus the
performance of the HP transistors enabled these eight
transistors to achieve a differential voltage gain in
excess of b0 at a bandwidth of rso MHz and with
differential drive capability of 70 mA.
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A Real-TimeOperatingSystemwith
Multi-Terminaland Batch/Spool
Gapabilities
RTE-Il.
executive
an advancedversionof HP'sreal-time
has severalnew
sysfemfor 2100SeriesComputers,
and control
featuresthataid bothreaLtimemeasurement
and concurrentbackgroundactivitiessuch as program
development.
by GeorgeA. Anzingerand AdeleM. Gadol
ment. Each terminal must be able to send data to the
program or programs controlling it without locking
any program into main memory so that it cannot be
moved to the disc; this occurs,of course,if the area
of memory we wish to move to the disc is being
used in part as an input buffer. It is also desirableto
have the input in the program's memory, so that it
can be protected from other usersand may be moved
to the disc when input is not going on. RTE has always used buffered output. The output buffer and
control information for it are moved to a block of system memory reservedfor buffering; the actual output
then takes place from this system memory, freeing
the requestingprogram'sbuffer for further processing
without waiting for the I/O device.In RTE-IIwe have
provided for input buffering as well, by doing I/O
from a reentrant subroutine. that is. a subroutine that
can be sharedby many programs.In the RTE system,
reentrant subroutines contain a work space that the
system moves to system availablememory prior to
reentering the subroutine (giving control of the subroutine to another program or process).The system
restoresthis work space before it returns control to
the interrupted process(seeFig. 1). Thus a program
that has an active I/O request in progress may be
moved to the disc in favor of a higher-priority program,which may alsousethe sameI/O routine.When
such an I/O requestis completed,the I/O buffer is in
system memory and is moved back to the user program's memory (asa side effect of restoring the work
space)before it continues. By keeping the I/O buffer
outsidethe user programwhile I/O is in progressbut
inside at other times the systemminimizes its need
for buffer memory and'simplifies the protection of the
systemwhile allowing the program to be swapped.
(Swapping,as defined in the HP RTE systems,consists of saving an executing program in its current
state on the disc and replacing it in main memory

OF THE FIRST REAL-TIME operating sysnNE
\-f tems to run on a 16-bit computer was HewlettPackard's disc-based, multiprogramming Real-Time
Executive (RTE) system, introduced in 1968, Key features of this system were a priority scheme for concurrent execution of multiple programs and a foreground/background partition separating real-time
tasks from non-real-time tasks. A powerful file management package was added later.
Experience gained in hundreds of RTE applications has now led to the development of RTE-II, an advanced version of this operating system. Major new
capabilities are multi-terminal access to system resources and an optional batch-spool monitor that
supplements the file manager. Multi-terminal operation is aided by buffering of input as well as output,
background swapping, resource locking, and class
inpuUoutput, a system of buffering and queuing I/O
requests according to class numbers. The batch-spool
monitor supervises program development and other
background jobs, using spooling, or buffering of input
and output job streams, to maximize throughput.
The principal hardware environment for RTE-II is
the HP 9600 Series of real-time measurement and
control systems.l RTE-II is also the operating system
for central stations in HP 9700 Series Distributed Systems.2 Central processors in these systems are HP
2100 or 21MX Computers.3'a
Multi-TerminalOperation
One of the requirements for RTE-II was that the system be able to handle multiple users at terminals, engaged either in program development or in use of the
system for its real-time function, which might be anything from controlling a test to entering star charts in
an observatory system. The central problems that
were solved are common to many such uses.
The first of these problems was buffer manage-

12

t

1

0

{

Fig. 1. RTE-ll provides for input
buffering as well as output buffering by doing llO from a reentrant subroutine. Here program A
ls processrngin the reentrantsubroutine when it is interrupted and
control is given to program B. At
point'a' programB callsthe same
reentrantsubroutine, causing program A's work space in memory to
be moved to system memory.
Program B makesrepeated calls
'a
at'h'
nnrl'r"l'
, -l l-l t,l ,m,a,r ' n o r y t s
moved only once. WhenB is suspended, program A's work space
is moved back and it continuesin
the subroutine from the point
ol suspension.

ActiYe
Program A
State

Memory

Program B
State

Memory

Suspended
l/O Suspended

Main Memory
System Memory

Active
Suspended
UO Suspended

Main Memory
System Memory

with a program that was previously saved in the same
manner or with a new program that is to be run from
its primary entry point.)
A second problem was the need for background
swapping. The background in an RTE system is an
area of memory usually dedicated to running nonreal-time tasks such as languages, editors, Ioaders,
and other support programs. In HP RTE systems before RTE-II, background programs could not be swapped. This was consistent with the primary function of
the system being real-time activities, which usually
run in the foreground, and not terminal activity. For
RTE-II, we wanted to add terminal activity and batch
processing capability, which implies multiple editors, a batch monitor, and other non-real-time tasks
that should not interfere with the foreground realtime activity. Therefore, we have provided the ability to swap out a terminal program or the batch monitor while waiting for an event to occur, such as
completion of I/O or a subordinate program.
Third, provision had to be made for resource control. To allow several users at different terminals to
access resources without interfering with each other,
we have provided a locking mechanism. It is controlled by the system, so if a program is aborted the
lock will be removed. There are two types of locks.
In resource number (RN) locking, two or more cooperating users assign a number to a resource, such as a
section of code, that is to be used by their programs, but
by only one at a time (Fig. 2). The operating system is
restricted to allowing only one program to lock a given
resource at a time and to queueing other requesting
programs on the RN unlock. In logical unit (LU) locking, a program can lock an I/O device. (A logical unit
in the RTE system is a number assigned to some I/O
device.) The program has exclusive control of the
device until it either unlocks the device or terminates. This type of locking is very useful if the
I/O device is a line printer while it is not very useful
for discs.

To access the multi-terminal capabilities of the system, the user needs to be able to initiate a dialogue
from any one of the terminals. This is accomplished
by the multi-terminal monitor (MTM). MTM consists of two very short programs which, when any
key is struck on the terminal:
r Identify the terminal and send a prompt to the terminal, which identifies to the user the system address of that terminal
r Accept and execute any system command from the
terminal
r If the command is a program invocation, supply to
the program the address of the terminal
r Send any message resulting from the execution of
the command back to the terminal.
To allow one program to handle more than one terminal or device, it is necessary that it continue processing while waiting for inpuUoutput. This was
made possible by the Class I/O system (Fig. 3). In

Program A

Program B

Fig. 2. Resourcenumber (RN) locking allows two or more
cooperating programs lo access sensitiye areas of their
code on a one-at-a-time-only
basis.lf program A gets to the
lock first,B willbe suspendeduntilA unlocksthatBN, at which
time B is reactivated.B may then lock the RN, causing A to
be suspendedif it requestsa lock on the same RN.

Us€r Proglam
(a)

(b)

User Progiam
- . -.
- -.
-

UO Data Flow
Physical Memory
Move of Class Data
Logical Links

--*-

-

Class Number Pointer
User Device Pointer
Class Request Flow
(Logical Move)

Fig. 3. Ihe C/ass//O system makeslt posslbiefor a program
to continueprocesslng while waitrngfor rnputloutput.When
a C/assllO requestis made (a), the requestinguser program
specllles a c/ass number and an llO device. The system
moves this rnformatronto its memory and queues it on the
specified llO device (b) The llO device driver then moves
informationtolfrom the buffer fromlto the device. Whenthe llO
is complete the driver signals the system which, by altering
queue pointers, logically moves the completed request to
theproperclassqueue(c).Auserprogram,whichmay bethe
requestingprogramor anotherprogram,may now requestinformattonfrom this class queue (d) The systemthen moves
the control and buffer information to the program's memory.
A program requestrng class information that has not yet
reached the c/ass oueue is suspended untrlthe rnformatron
is avatlable.
the Class I/O system we have:
r Separated the I/O initiation and completion
tions that a program makes and receives.

indica-

r Fully buffered I/O requestsso the user need not
worry about memory managementor swappability.
r Allowed a user other than the initiator to receive

I/O completion information, provided he knows
the security code for the request.
r Provided a built-in dummy I/O device for programto-program communication so that a program can
control several I/O devices while also receiving
data from another program.
The class I/O system has been used in HP distributed system software,2in the spool system, and in
the multi-terminal monitor. It has proved flexible
enough to handle tasks not even remotely related to
its originally intended functions.
The maximum number of classes is established
at system generation time. Once the class numbers are
established the system keeps track of them and assigns them fif availableJ to any program making a
Class I/O call with the class number parameter set to
zero. Once the number has been allocated, the user
can keep it as long as desired and use it to make multiple Class I/O calls. When the user is finished with
the number it can be returned to the system for use
by some other class user.
When the class user issues a Class I/O call the system allocates a buffer from system available memory
and puts the call pilameters in the header of this buffer.
If the request is a wRItE or wRITE/READ*the rest of the
buffer is filled with the caller's data. If the request is a
REAnthe buffer will be filled when the I/O takes place.
The buffer is then queued on the specified logical
unit. Since the system forms a direct relationship
between logical unit numbers and I/O devices, the
buffer is actually queued on an I/O device. If this
is the only call pending on that device the device
driver is called immediately. Otherwise the system
calls the driver according to program priority. In any
case the program continues immediately without
waiting for I/O completion.
After the driver completes its task the system
queues the buffer in the completed class queue. If
the request was a wRITEonly the header is queued.
The system then waits for a GETcall to that class
number. The header (and data, if any) are then returned
to the program that issued the cnr call. Notice that it
may or may not be the same program that issued the
original Class I/O request. The cnr issuer has the
option of leaving the buffer in the completed class
queue so as not to lose the data, or dequeuing it and
releasing the class number. Completed requests for a
given class number are queued on a first-in/first-out
basis.
An example of the use of Class I/O for program-toprogram communication is as follows:
r User program PRocA issues a Class WRITE/READ
call
with the class number parameter set to zero and the
logical unit number set to zero. This causes the
*A classWRITE/READ
callis treated
bythesystem
asa classWRITE
inthatthebufferspacein system
available
memoryis allocated
andfiliedbefore
thel/0 driveris called,andasa classREAoin thatthe
entirebuffer(andnotlusttheheader
asfor a WRITE
call)is queued
afterthedriverc0mpletes
itstask.

Introduction to Real-Time Operating Systems
An operatingsystemis an organizedcollectionof programs
thatincreasesthe productivity
of a computerby providingcommon functionsfor user programs.Examplesof operatingsystems for specificpurposesare:
(HP 2000)
1 Timesharing
r Disc OperatingSystems(HP DOS-Ill)
r Beal-TimeExecutiveSystems(HP RTE-Il/lll)
A real-timecomputersystemmay be defined as one that
"controlsthe environmentby reviewingdata, processing(it),
and taking action or returningresultssufficientlyquickly to
affect the functioningof the environmentat that time."1The
first applicationsof real{ime measurementand control by
computeroccurredin the late '1950'sand early1960's,These
pioneerapplicationswere in the chemicaland power industries and in commandand controlin the military.Their basic
functionsare still the basic functionsof today's industrial
computersystems,such as monitoringof sensors(analogand
d i g i t a l ) ,p e r i o d i cl o g g i n g ,s c i e n t i f i cc a l c u l a t i o ng, e n e r a t i o n
of managementreports,and process control.The softwareof
these early systemswas tailoredto each application;there
was no distinctionbetweenwhat is today called the operating system softwareand the specific applicationsoftware.
All softwaredevelopmentat that time was done in assembly
languageor machinelanguage,and becauseof the high price
of the computerhardware,a systemcould be justifiedeconomicallyonly by havingit performmany differentfunctions,
The resultwas very high systemdevelopmentcoststhat were
not spread over many systems, but were repeated for every
new application.Only in the middle 1960'sdid the real{ime
operatingsystemappear as a separateentitythat could be
used as a buildingblock for everyapplication,with considerable savingsin developmentcost.
The operating system software is part of the system software suppliedwith a computersystem.Systemsoftwareincludes assemblers,
compilers,operatingsystems,loaders,libraries,and utilities(such as editors,debuggers,simulators,
and diagnostics).These are the softwaretools needed for the
developmentof applicationsprogramsrequiredin a particular system.The operatrngsystemis in fact an extensionof the
programcomputersystemhardware;it helpsthe applications
merusethecomputersystemresources
withoutdetailedknowledge of the internaloperationof l/O drivers,schedulers,file
managers,and so on.
Someof the importantfunctionsof real-timeoperatingsystems are task management(programscheduling,resource
a l l o c a t i o n )m
, e m o r y m a n a g e m e n t ,i n p u t / o u t p u ts e r v i c e s ,
data management(file management,batch processing,l/O
spooling,languageprocessors,loaders,editors,debugging
tools), and system integrity(power fail protection,memory
protection,
file security,errordetection,etc.).
Many of the characteristics
of real{imeoperatingsystems
that boostspeed and throughput,such as multiprogramming,
concurrentl/O operations,
systemintegrityfeatures,and so on,
are of a very general natureand are part of most commercial
operatingsystemstoday. Earlyobjectionsto such a generalized approach in non-real-time
applications,such as larger
core requirements,
have mostlydisappearedbecauseof the
dramaticloweringof memoryprices.
HP RTE Operating System Family
The operatingsystemof HP'sfirstcomputer,the 21164, was
the Basic ControlSystem(BCS),which was essentiallyan l/O
monitor.Programming
was done in HP assemblylanguageor
HP FORTRANin a memory-basedenvironmentcalled System

InpuVOutput(SlO). Since then the operatingsystem software
offeredwith 2100 SeriesComputershas evolvedalong several
lines:
r DOS (DiscOperatingSystem)for singleuser programming
applications
r TODS (Test-OrientedDisc System)for automatictest applicatrons
r T i m e s h a r e dB A S I C f o r m u l t i p l eu s e r s p r o g r a m m i n gi n
BASIC
r BTE (Real-TimeExecutive)for real-timemultiprogramming.
RTE was initiallydeveloped for data acquisition,measurement, and control. lt providestwo environmentsfor the user,
physicallyseparated in memory.Background is for program
development
taskssuch as runninga compileror an editor.As
the term suggests,a programrunningin the backgroundis allowed to run when nothing more importantneeds to be run.
Foreground is for time-criticalor real{ime applications.Foreground is protectedfrom backgroundby a hardwarememoryprotect fence, which preventsbackground programsfrom modifying the contentsof any foregroundmemory location,transferringcontrolto the foreground,or performingl/O.Any such attempts are interceptedby the systemand examinedfor legitimacy, providinga high levelof integrityfor the foregroundarea.
Programsnot currentlyrunningmay be swapped to disc. Time
or event schedulingof programs is provided.A prioritystructure is providedand the systemis optimizedfor responseto the
needs of realtime tasks.To furtherimproveinterruptresponse
wherenecessary,a privilegedinterruptcapabilitywas added.
With this capabilitythe user can bypass the systementirelyto
service interruptsfrom devices chosen to be privileged.
RTE-C,a core-based version("core" is what we called memory in the old days) is a latermemberof the RTEfamily,intended for aoolicationswhere the environmentwill not toleratea
As in
disc, or wherethe added cost of the disc is prohibitive.
RTE,backgroundand foregroundareas are provided.Primary
differencesfrom RTEare that there is no disc for mass storage,
and program preparationcannot be performed concurrently
with real{ime tasks.
Stilllater,to providea simpler,moreinteractive
facilityfor programmingreal{imetasks, RTE-Bwas created,offeringrealtime BASICas a programminglanguagein a very simplememory-basedoperatingsystem.
To satisfyusers' data handlingrequirementsand to provide an improvedinterfaceto the system,a general-purpose
file managerwas added to the RTEsystem.2A powerfuldistributedsystemscapabilitywas added to permitthe user to
create networksof systemswith an BTE systemfunctioningas
the centralstation,2
The RTE-llsystem(article,page 12) was developedto improve RTE'sperformancein its primaryapplicationsof measurementand controlas well as enhancingits usefulness
as a
general-purpose
computational
systemby additionof a batch
capability,inputand outputspooling,a multi{erminal
monitor,
and a new editor.RTE-Ill(extendedmemory)and multi-user
real{imeBASICrepresentthe latestadditionsto the RTEfamily. RTE-Illis describedin the articleon page 21. Multi-user
real{imeBASICwillbe describedin a laterissueof the HewlettPackardJournal.
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system to allocate a class number, if available,
and the request to complete immediately. Logical
unit zero is a dummy I/O device.
r When the wRITE/Rsancall completes, PROGA's
data will have been placed in the buffer and this
fact recordedin the completed classqueuefor this
class.
r PROGA
then schedulesPROGB,
the program receiving the data and passesto PROGB,
as a parameter,
the class number it obtained,
r When pRocBexecutesit picks up the classnumber
and issuesa ClassUO csr call to the class.pRocA's
data is then passed from the system buffer to
PRocB'sbuffer.
Another application of ClassI/O is in the operation
of the sPour program (seebelow).
ProgramDevelopment
Before a newly delivered system can become useful (unlessits intended use is program development)
programsmust be developedto solvethe users'problems, The development of programs will, in most
cases,continue for the life of the systemasthe user expands or changeshis processes.
Program development proceeds as shown in Fig.
4. The program is written and translated into a machine-readableformat. It entersthe languageprocessor (compiler or interpreterJ;if errors are found the
sourcecode is edited, The code from the language
processoris combined with library subroutines and

I New Code

Fig,4. A model of the program development cycle, showing
the utility programs that play roles in it. For RTE-ll, major
improvementshave been made in the editorand loader, and a
new batchlspoolmonitor has been developed.

Iinked to the system. The resultant program is tested
for correct function. In the rare case where it passes
all tests, the program is "developed" and activity on
it stops here until a failure is discovered by unsatisfied users or a logic error appears. Fixes are made to
the source program to correct logic or design errors
or to add features. The development loop now closes
by going back through the language processor.
While traversing this loop we invoked a language
processor, a loader, the user's program, and an editor.
To ease the path around the loop in RTE-II we provide a high-level set of control programs, the batch/
spool monitor. In the RTE-II development project
considerable effort went into enhancing the editor,
the loader, and the batch control capability.
'
The RTE-II system has a new progrom editor, designed to make it easy to edit programs (it comes in
second best on text). The editor is inherently string
and line oriented. It can find, replace, and delete
strings. It can easily insert, replace, or delete characters in a line. It talks to the file system and it isfost.
The loader was enhanced in control capability, but
the primary effort was aimed at improving its speed,
To this end the system generator now provides a dictionary for all library entry points, and a study of
where the loader spent its time led to faster symbol table search routines.
System enhancements for batch/spool consist of an
LU switch capability, a batch clock and a break request. LU switch is a mechanism that allows programs running under control of the batch monitor to
talk to a given logical unit while the actual LU is
some other device. The batch monitor sets up the
switches in a table that is accessable by the I/O system. Only programs running under the batch monitor are switched. This allows the batch monitor to
switch output for the printer, for example, to a spool
file from which it will be printed at a later time. The
batch clock is an execution-time clock that is advanced every time the system clock is advanced
(each to milliseconds), but only if a batch program is
running. If the batch clock goes to zero it indicates a
run-time limit has been exceeded and the offending
program is aborted by the system. Batch elapsed time
is not kept, since it is meaningless in a multiprogramming system. The break request is a system request
which sets a flag for the specified program. The program may examine this flag and-take any action it
deems appropriate. When the batch monitor sees this
flag it will abort any job it is running, or, if not in a
job, will stop whatever it is doing and go back to the
terminal for commands.
Batch/Spool Capability
The RTE-II batch and spooling capability is an extension of the file management package of RTE. The
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User

Program Call

Program

Fig. 5. BTE-ll batch and spooling capabilitiesare an extensionof the RTEfile managementpackage, an optionalset
of programs and utility subroutlnes. ruan is the intertace bemanages the file
tween the user and the file system.D.RTR
directory. The batch library handles program calls to the
file system.

file management package consists of a set of programs and utility subroutinesthat are physically optional and independent from the RTE operating system fsee Fig. 5). The utilities are callable from user
programs. The background program FMGRprovides
the interactive and/or batch interface between the
manages
user and the file system.The program D.RTR
the file directory.
To add more extensive batch capability and a
spooling function the interactive capability of nvcn
was extendedto provide such featuresas global parameters, which give the user the ability to write command procedures. Second, the pvcn command set
was enlarged to provide commands for specific control of spooled operation. Finally, programming was
added to effect input and output spooling for increasedthroughput.
Global parametersmay be substituted for parameters in any of the FMGRcommands. When the system encountersa global parameterit goesto a lookup
table to get the current value of that parameter.Some
global parametersmay be set by the user and others
are used by the system.
A typical transfer file, or command procedure,using global parametersmight look like this:
: S T , 1 G : : 21GG, : : 3 G
:PU,1G::2G
:TR
This set of commands could be placed in a file named
MOVE.Then the command :TR.MOVE.TEST,2, ro will
cause the file named TEST to be moved from cartridge number 2 to cartridge number 10. The user has
supplied the values TEST,2 and ro for global parameters 1c, 2c, and ac, and these values are put in the
lookup table upon execution of the TR command.
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Commands added to FMGRallow the user to set
global parametersand do arithmetic and logical operations on them, to do conditional branching, and to
print messageson various devices.
Spooling, or buffering of input and output job
streams on the disc, was developed to increase
throughput of the system while running tasks in
batchmode.The spoolingpackageis an option to the
file managementpackage,which itself is an option
to RTE.
Input spooling in the RTE systemis the reading of
jobs from low-speed I/O devices to the disc, from
which they are executed.Output spooling is the writing of job output to the disc and from there to the I/O
devices.Spoolingallows jobsto run at disc I/O speed
insteadof slower card readeror line printer speeds.
Tracing the progressof a batch job through the system makes clearer the interaction between the various pieces.Batchoperationwithout spoolingis quite
simple and can be representedas shown in Fig. 6a.
Note that job commands are read by rvGn directly
from the input device and output is done directly
to the output devices.This ties up the devicesduring
processingand limits the job to the I/O speedsof
thesedevices.
The addition of spoolingto batchoperationcomplicatesthe picture. Fig. 6b representsbatch operation
with the addition of spooling.
The important feature represented by Fig. 6b is
that the operationsof inspooling, batch processing,
and outspooling take place in parallel. Note that input is now read directly by the inspooler;os and written to spool files, one job per file. The operator runs
;on rather than FMGR.First ;oB calls svp to assign a
spool accessinformation table and associatedunit
number to the file and open it for I/O. Thereafter,1on
writes to this assignedunit as if it were a standardI/O
device, and the writes are translatedto the spool destination. When a job is completely read in, JoBputs a
notation of this job on the job queue (in Jonrn) and
stores its location information in 1onnr. yonschedules
F M G Rt o s t a r t p r o c e s s i n g ( u n l e s s i t i s a l r e a d y
executing) and then continues to inspool other jobs.
When FMGRis ready to processa job, it searchesJoBFILfor the highest-priority job and preparesit for processing.It setsup spool files for standardinput and
output units and puts the spool unit numbers into
the batch LU switch table, which equatestwo units
for the duration ofthe batch job. Thereafter,requests
to thesestandardunits will be translatedto spool units and ultimately spool files. The program sMpmonitors the createdfiles, maintaining an outspool queue
of files (in slr,coN) to be dumped for each device. It
sends instructions to spour, which runs continuously, by means of ClassI/O telling it when to start files
or try to lock a device in preparationfor outspooling.
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Fig,6, lnputloutput
withand withoutspooling.
fo usespoof
ing, the user runs JoBinsteadof rucn. Loawritesinput to
spoolfileson the discandstorestheirlocationsandpriorities
in Loant.FMGR
thenprocesses
the jobsaccordingto priority.
sMpmonitorsthe spoolfrles,maintainsan outspoolqueue
(in setcoN)
for eachdevice,and sendsinstructions
lo spour,
theoutputprogram.
The spooling capability may be tapped from outside the batch stream, although not automatically. A
program may spool its output by following very
much the same procedure that FMGRmust follow to
prepare a job to run under spooling.
Several of the new system features of RTE-II have
been instrumental in the implementation of spooling. The resource number capability is used to control accessto the spool control files. The LU locking
capability allows the outspooler (srour) to lock the
devices it is dumping to for the duration of time it
takes to output a single file. When spooling is used,
the output from each job is guaranteed to be dumped
in one piece.
Class I/O enables a particular implementation of
SPouT,which handles simultaneous outspooling to
several devices and keeps several I/O requests pending for each device. Output to devices is written using class write and control requests; completion of
these requests is indicated by a successful class Gsr.

Identification of the file spour is dumping and of the
destination device is carried in the extra parameters
of the class request. Stored in the access table of the
file being dumped is the number of I/O requests pending. When spour starts dumping a file, it reads and
writes (using Class I/O) four records, increasing the
pending count each time a record is written. Thereafter, the count is decreased each time a successful
completion is indicated and increased (up to 4) each
time a record is written. The count determines the
program flow between the cET requests and the read/
write loop.
Passageof blocks of information is also carried out
through use of class write/read requests to LU#O
(dummy). SPoUT,in addition to detecting completion of writes, receives all its operating information
through the same GET request. sMp write/reads the
sPOUT control information on the same class that
SPOUTuses to control the I/O devices. Svp also receives spool file information for spool setup using
a class write/read on a different class.
The batch timer allows FMGRto keep track of the
amount of time a job or program takes by sampling
the timer contents at the beginning and end of a job.
The user may also set time limits on jobs and programs running under the jobs so that these will be terminated if still running at the end of their limit.
Background swapping is necessaryfor batch operation, since FMGRmust run user programs which are
most likely background disc resident. This implies
that FMGRmust be swapped out.
It is batch LU switching that attends to translating
I/O requests generated by batch processing from the
"normal" LU to the spool LU corresponding to the appropriate spool file. This feature allows transparency
of spooled operation to the programs running under
batch.
General Enhancements
Besides its multi-terminal and batch/spool capabilities, RTE-II embodies a number of general and performance enhancements. General enhancements
were made in the areas of memory management,
swap control, power-fail/auto-restart, and microcode
subroutine replacement.
When doing output to a buffered device the previous RTE system would allow all of memory to be
used by that one device. This meant for example, that
if a file was being punched all free memory would be
filled with punch data. Furthermore, each time memory became available all contending users would
be reactivated regardless of whether there was
enough memory to satisfy any of the users. This allowed a low-priority program to lock out a higherpriority program requiring a larger block of memory.
The low-priority program would use all the short
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ory, is larger than the largest known block. If so, the
block is the new largest block. We don't change this
value when memory is allocated, however. This
means the system may have less memory than it
thinks it has and therefore it will attempt to find memory for a request it cannot satisfy. But it can update
the current largest-block information at the end of an
unsuccessful allocation attempt and thus prevent
any further fruitless searches. This turns out to be
more efficient than searching for a new maximum
block after each allocation.
When background swapping was implemented it
became clear that some programs would not run if
they were swapped, usually because of timing considerations. To solve this problem a memory lock request was added. This allows a program to request of
the system that it not be swapped out of memory. In
some installations this could prove undesirable, so a
switch must be set at generation time to allow the system to service the memory lock request. We also
found that most background programs used undeclared memory (memory between the last word used
by program code and the last word in the program's
area) for such things as symbol tables. For this reason
a swap option has been included to swap all of the
area or only the declared memory. This option is defaulted to all of memory for background programs
and to only declared memory for foreground programs, but a system request is provided to alter the
option.
Power-fail/auto-restart routines were developed
which, while independent of specific I/O devices, yet
restart all restartable devices. Also, a program is run
at power-up which sends a power-failed message to
all the terminals. This program is written in FoRTRAN
and its source code is provided with the system so
the user may modify it to do special things for his
installation.
The proliferation of microcode subroutine replacements had gotten to the point where a fair amount of
time and memory was spent just calling and executing dummy subroutines to replace the invocation
with an op-code. For example, when a multiply subroutine was replaced by microcode, the multiply
software would be replaced by a dummy subroutine
consisting principally of the op-code corresponding
to the new microcode. The RTE-II system solved this
problem by having the generators and the on-line
Ioader replace the invocations at generation or load
time. The user need only type in the entry point and
its microcode replacement op-code and the system
takes care of the rest.

blocks of memory and thus not allow any larger
block to accumulate. To solve this problem the system now keeps track of the amount of memory each
waiting program needs and reactivates all programs
waiting for memory only when it has enough memory
to satisfy the highest-priority waiting program. This allows high-priority programs to bid successfully for
large blocks of memory. The system also enforces upper and lower buffer limits on memory queued on
any I/O device. When a program makes an I/O request
to a device which already has more than the upperlimit number of words of buffer memory queued on
it the program is put in a buffer limit suspension.
When an I/O device completes a request and causes
memory to be returned, a check is made to see if the
number of words of buffer memory in the device's
queue is less than the lower limit. If it is, all programs
in buffer limit suspension on this device are reactivated. This results in a kind of hysteresis that allows
lower-priority programs enough time to do useful
work before they are swapped out, while still keeping the I/O device busy (see Fig.7).
We have also optimized the memory management
routine to cut down system overhead. This was done
by minimizing code within loops (usually at the expense of extra code outside the loops), and by keeping track of the largest block of memory available to
allow rejection of requests for unavailable memory
without an exhaustive search. Because constantly
keeping track of the largest block could become timeconsuming, a modified algorithm is used. Whenever
memory is returned a check is made to see if the resulting block, after mergers with any contiguous mem-

Fig,7, lmprovedmemorymanagementis a featureof RTE-ll.
The systemenforces upper and lower buffer limitson memory
queued on any llO device.A programmaking an llO request
will be suspended if the buffer memory queued on the reguested device exceeds the upper limit. Suspended programs are not reactivated until the queued memory drops
below the lower limit. This helps give low-priority programs
time to do useful work before being swapped out.

Performance Enhancements
Several changes were made to the system to improve performance and reduce system overhead.
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A more efTicient time-keeping routine keeps the
time of day in tens of milliseconds. Time is kept in
double-word integer format, cutting the memory required from four words to two words. More importantly, it puts time in one base (hours was kept in
base 24, minutes and seconds in base 60, and tens of
milliseconds in base 100). This makes it twice as fast
to test programs in the time list and makes updating
their next run-time considerably easier and faster.
The dispatching algorithm was modified to correct false starts. The system may be loading a program when a higher-priority program is scheduled.
In this case the previous system would finish the
load and then swap the program without running it.
RTE-II will either abort the load or, if the program is
already in core, simply overlay it-it wasn't run, so
the copy on the disc is still intact.
The dispatching algorithm was also modified in
several areas to eliminate redundant processing. The
system no longer checks for a possible content
switch (i.e., changing the executing program) unless
a change in some program's status occurs. Also, once
a decision has been made that a given program is not
swappable, no further swap checks are made for that
area on the current pass through the dispatcher. Previously all programs contending for an area would
force a swap check.

shaped the final product; Shane Dickey and Earl
Stutes for their help defining and using Class I/O;
Tom Sapones and Dick Cook for work on the editor;
Larry Pomatto for his help and support in providing
hardware; Mike Chambreau, Ken Fox, and Gary
Smith for their management; loe Bailey, |ohn Trudeau, Doug Baskins, and the rest of the support
group for their ideas and prerelease control and testing efforts.rE
References
1.. "Modular Systems for Sensor-BasedData Acquisition
and Control," Hewlett-PackardJournal, August L972,
p a g e1 5 .
2. S. Dickey, "Distributed Computer Systems," HewlettPackard ]ournal, November 1974.
3. Hewlett-Packardfournal, October 1971.
4. Hewlett-Packardfournal, October 1974.

Adele M. Gadol
Adele Gadolwas responsiblefor
the batch/spoolportionof RTE-Il
Born in New York City,she attendedthe University
of Massachusettsand the University
of
Michigan,graduatingfrom the
latterrn 1969with a BS degree in mathematics.
During
the nextthreeyearsshe worked
as a programmerand continued
her studiesat the University
of
Michigan,receivingher MS
degreein computer,information,
and controlengineeringin 1972.
She joinedHP the sameyear.
Adeleand her husband,an HP sottwaredesigner,live in San
Jose,California.
She'san activememberol the localchapterof
tennis,and swimming.
ACM,and enjoysmusic(sheplaysflute),

The dispatching algorithm was also modified to detect when a program being swapped has priority over
the contender and, even though not currently executing, is scheduled to run within a short (userselectable) time. In this case the swap is not done
since to do so would likely result in a reswap to get
the program back into memory before the contender
has any cpu time.
Having done all these things we were worried
about the amount of memory used in the system. To
address this problem we optimized the operating system code so that, in most cases,it uses less memory
than the previous system. We also shortened some
of the memory-resident tables, thus freeing considerable memory. The result is that the system is only a little larger than the previous system and does more
things faster and better than before.

George A. Anzinger
GeorgeAnzingerhas been improvingand expandingthe HP
RTEsystemsince 197 1. He developedthe moving-headsystem
softwareand thefilemanagement
packagefor RTE,and did mostol
for RTE-ll.
the systemmodifications
Georgespentfour yearsin the
U S. Navy beforeenrollingat the
wherehe
University
of Wisconsin,
earnedhis BSEEdegreein 1968.
He receivedhis MSEEfromStanford University
in 1969and joined
HPthe sameyear.TheAnzingers);z)..;ffiZ
Georgeand his wife and their two
smalldaughters-maketheirhome in the SantaCruz Mountains,a few milesf romGeorge'sofficeat the HP DataSystems
Divisionin Cuoertino.California.

Acknowledgments
We are indebted to many people who provided guidance and help during the project. In particular, we
wish to acknowledge Prem Kapoor for the work on
the loader; Gene Wong for work on memory management and other loose ends; Ray Brubaker, Linda Averett, Marge Dunckle, Gil Seymour, and Dave Snow,
who all helped translate the results into a useful product; Van Diehl for his capable product management; Steve Stark, Christopher Clare, Pete Lindes,
Joe Schoendorf, and others, who provided ideas that

20

Real-TimeExecutiveSystemManages
LargeMemories
RTE-IlldoeseverythingotherHP real-timeexecutive
(up to
systemsdo, and adds large-memory
management
256Kwords)using HP'sdynamicmappingsystem.
by Linda W. Averett

TE-lIf IS A MULTI-PARTITION, real-time, multip
programming operating system that supports
l\
up to 256K words of main memory. The latest in a series of upward-compatible, field-proven RTE's for
HP 21MX Computers, RTE-III provides the user with
all the features of RTE-II (seearticle, page 12) plus the
following additional features:
r Increased system buffer area
r Increased program area
r More program linkage area
r Greater multiprogramming throughput by allowing up to 64 disc-resident programs to be simultaneously resident in memory
r Greater user protection via the use of a hardware
fence and a memory protect feature.
Uses Dynamic Mapping System
RTE-III uses the dynamic mapping system,l a hardware option for HP 21MX Computers, to perform the
logical-to-physical mapping necessary to use more
than 32K words of physical memory. The dynamic
mapping system has a set of four maps, each of which
consists of 32 hardware registers and describes a 32K
address space in memory. The four maps are the system map, which is automatically enabled on interrupt, the user map, which is enabled by the system before passing control to a user program, and the port A
and port B maps, which are automatically enabled
during a memory transfer involving the dual-channel
port controller (DCPC).
A 15-bit address, sufficient to address 32K words
of memory, is used in HP 21MX Computers, When
the dynamic mapping system is enabled, this f S-bit
address is split into two parts. The lower ten bits of
the address become a relative displacement in a page
in memory. The upper five bits of the address specify
one of the hardware registers in the map that is currently enabled. The address of the physical page in
memory is picked up from the indicated map register,
and the page displacement is appended to it. Thus,
the target address is derived by a mapping from a 32K
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logical memory space to a physical memory as large
as 256K words, This mapping process does not slow
down memory accesses.
Memory Organization
Physical memory is organized into building
blocks (see Fig. 1). The base of the building block
structure, beginning at physical page zero in memory, consists of the system links and communication
area, the operating system, and the resident library.
The first building block is the common area, followed
by the memory-resident program area and the system
available memory area. The remaining memory is
divided into partitions that are used for executing
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Fig. 1. fhe RTE-Ill real-time executive operating system
managesup to 256Kwords of physicalmemory,arrangedinto building b/ocks as shown. S2es of the building blocks are
determined by the user at system generation time within certain minimumand maxrmumlimits.

ory available for the monitor when it is required.

RTE-III Definitions

Memory Management
The memory available for program execution is
divided into two areas, One is the memory-resident
program area, which is established at system generation time and does not change, and the other contains up to 64 partitions for program execution.
Any disc-resident program may be assigned to run
in any partition that is large enough. If a disc-resident program is not assigned to a partition, it will be
dispatched into any partition that is available and is
big enough. If a partition is not available, then the allocated partitions will be examined to determine if
one is swappable.
To give the user more control over which programs compete for memory, RTE-III provides for defining two types of partitions, real-time and background. There is no functional difference between
these partition types, but unless a program is assigned to a specific partition, it will run in a partition
of the same type. In other words, by default, real-time
programs will run in real-time partitions, and background programs will run in background partitions.
Thus the user has the following capabilities for
controlling partitions:
r Up to 64 partitions of varying lengths can be
defined
r Partitions can be separated into two types
r Programs may be assigned to a specific partition
r Programs may be locked into a partition
r Partitions may be reserved for assigned programs.

Map-a set of 32 hardwareregistersin the dynamicmapping
system,Usedto translatea logical32K addressspaceto a
32K segmentof a 256K physicaladdressspace.
Page-1 K (1024decimal)words of memory.
portcontroller
DCPC-Dual-channel
withtwo assignable
channelsfor performingdirectmemoryaccesses.
Partition-a fixed area in memoryconsistingof a user-determinednumberof pages.lt is usedfor executingdisc-resident programs.
Disc-ResidentProgram-a programthat resideson the disc
and must be loaded into memoryto be executed.
Memory-ResidentProgram-a programthat is alwaysresident
In marnmemory.
Swap-the action of writinga disc-residentprogramthat is
executingin memoryontothedisc so anotherdisc-resident
programcan be loadedand executein that same area.

disc-resident programs. The user may determine the
size of all these building blocks at system generation
time within certain minimum and maximum limits.
The building blocks of physical memory can be
arranged into different structures within the logical
address space by use of the dynamic mapping system. At any instant a 32K logical address space is described by the map that is enabled. A key benefit is
that the building blocks do not all have to fit into this
32K space at the same time. Thus, the individual
blocks do not detract from the address space of the
other blocks.
Fig. 2 indicates what the 32K address space may
look like when the system map or the user map is enabled. All execution of code takes place under one of
these two maps. The two DCPC maps are used only
during a high-speed direct memory access.

Dispatching
RTE-III keeps track of the type and size, the allocation status, and the priority and status of the resident
of each partition. When a disc-resident program is
ready to be executed, the system checks first to see if
the program is already resident in a partition. If it is,
the hardware user map registers are loaded with the
addresses of the physical memory pages that make
up that partition, and the program is given control. If
it is not resident, the system checks to see if the program is assigned to a partition. If so, and ifthat partition is free, the program is loaded into it and dispatched. If the partition is not free, the system will
determine if a swap is possible.
If the program is not assigned to a partition the system will find the smallest free partition that is long
enough for the program. If a free partition does not exist, the system looks for the partition that is long
enough and contains the Iowest-priority resident that
qualifies for a swap. If a suitable partition is found,
the user map is loaded with the addressesof the memory pages in that partition, the swap (or load if the
partition was free) is performed, and the program is
given control.

Multi-Partition System
While RTE-III provides larger user areas by means
of the dynamic mapping system, its major benefit is
increased multiprogramming throughput. RTE-III
can have up to 64 partitions. Thus at any instant, 64
disc-resident programs, in addition to the memoryresident programs, can be resident in memory.
Being able to have more than two disc-resident
program execution areas (partitions) decreases the
probability of having to do program swapping. It is
approximately 100 times faster to switch between
two programs that are resident in memory than it is
to swap using a 7900A Disc Drive (50 times faster for a
7905A Disc Drive). Thus in a multiprogramming environment, multiple partitions can greatly decrease
the amount of time necessary to switch between pro8rams.
The multiple partitions also improve the response
of the RTE multi-terminal monitor (see article, page
12), because it is more likelv that there will be mem-

22

Three Possible Conf igurations
Described by User Map

Described by
System Map

System

ilemory
Residenl
Program

Disc Resident
Program and
Common

!
i

!

o

-9
o
C')

=
to

(1)

(21

Fig. 2. RTE-llluses the dynamic
mapping system,a hatdwareoption for HP 21MX Computers, to
configure each program's 32K
logical memory space ustng the
building blocks of physical memory. All executron of code takes
place undereitherthe systemmap
or the usermap. Each map is a set
of hardware registers whose contents tell how to translate logical
memory addresses to physical
memoryaooresses.

(3)

IndicatesPossibleMemoryProtectFenceSettings

Program Protection
RTE-III provides greater program protection than
the other RTE systems. The memory protect fence is
used, as it is in RTE-II, to provide protection on the
lower boundary of the program. This hardware fence
is set each time a program is dispatched; it prevents a
a user program from writing into any memory location below the fence.
In addition to the memory protect fence, RTE-III
protects all pages of memory that a program does not
use in the 32K address space described by the user
map while the program is executing, This prevents a
user program in one partition from destroying a program in another partition.
InpuUOutput System
Before entry into any driver, RTE-III will determine which map, user or system, is necessary to process the I/O. Then the system will load the proper

When a suitable partition cannot be found, the program will remain scheduled and the system will try
to dispatch it the next time it scans the scheduled
list. This is why multiple partitions speed up multiprogramming throughput. The more partitions the
system has, the less the probability that a swap will
be necessary to execute the program, and the less the
probability that the program will have to wait on
memory.
Because memory-resident programs are always in
memory, the system does not have to locate a partition to dispatch these programs. When a memoryresident program is ready to execute, the system loads
the user map and gives control to the program.
Fig. 2 shows three possible configurations of the
32K logical address space that can be described by
the user map for memory-resident and disc-resident
programs.
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map and enable it. If the device requires a DCPC channel, the system will load the proper DCPC map. Thus
the standard I/O drivers are not required to do any
mapping and therefore are compatible across the entire RTE line of systems.
The fact that DCPC transfers occur under their own
map enhances multiprogramming
throughput.
While a program in one partition is I/O suspended
during a DCPC transfer, the user map can be set up to
describe another program executing in another partition. If the DCPC transfer had to take place under the
user map, no other program could execute during the
transfer. Thus having a map for each DCPC channel
in addition to a map for the user program and one for
the system increases the efficiency of computer use.
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