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SignalProcessingUsingSurface
AcousticWaves
lf electricalsignalsare convertedinto minuteacoustic
waveson the surtaceof a piezoelectriccrystal,the signals
can be processedin novelwaysfor variouselectronic
Suchdevicesare small,rugged,and can be
applications.
techniques.
fabricatedusingmicroelectronic
by William R. Shreve

URFACE-ACOUSTIC-WAVE(SAW) devicescan be
used for analog signal processingother than basic
filtering and frequency control.l By tailoring the
characteristics of a device to a particular application's
requirement, one can design systems to do pulse compression, variable-bandwidth filtering, matched filtering, variable time delay, adaptive filtering, correlation, convolution or Fourier hansformation. The major advantages of
SAW components are real-time processing, small size and
simplicity. The disadvantage is a limited dynamic range.
Digital systems performing the same operations are capable of greater flexibility and accuracy at the expense of
increased processing time and the high precision of analog-to-digital (Ato-D) conversion required at the input.
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Dispersive Delay Lines
A number of signal processing functions can be performed with dispersivedelay lines. A dispersivedelay line
is a filter whose delay is a function of the input frequency.
Fig. 1 shows the characteristicsof a linearly dispersive
delay line or chirp filter, The different frequency components of a short-duration,broadbandinput pulse are spread
out in time as they passthrough the filter. This spreading
causesa reduction in peak power. Conversely,an appropriately matched chirp (spread-frequency)input signal is
compressedin time by the filter. This compression improvesthe signal-to-noiseratio and simultaneouslyreduces
the duration of the signal.
The first application of thesedeviceswas pulse compression for radar systemslike that shown in Fig. 2.2An initial
pulse is expandedin time, usually in a filter with a linear
dispersion characteristic, amplified, and transmitted with
all frequency components at the same power level to
maximize the transmitted power. The received signal is
compressed in another dispersive filter to enhance the
signal-to-noiseratio. This system makes efficient use of
transmitterpower, increasesthe system'sresolvingcapability in both range and velocity and reduces interference from
other signals.
Chirp filters have also been used for variable-bandpass
filters.3A pulse compressorand expanderlike thoseused in
the radar system can be combined with a mixer as shown
in Fig. 3. The passband of the system is determined
by the overlap of the passbands of the two chirp filters
and the relative offset is determined by the mixing frequency f".
Chirp filters can also be used to perform analog Fourier
transform operations.aAs shown in Fig. 4, the input signal
is mixed with a chirp signal, passedthrough a matched
chirp filter and postmultiplied by another chirp signal.
Mathematically this can be expressed as follows:
F ( 0 : { [ s ( t ) ' c , 1 t 1 ] xc 3 ( t ) ] ' c 2 ( t )
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(1)

If S(t) is a bandlimited signal and C1(t)and C2(t)are identical constant-amplitudechirp signals matched to the uniform filter impulse responseC3(t),then F(t) becomes

(b)

Fig. 1. (a) Delay characteristic of linearly dispersive (downchirp) filter. (b) lmpulse response of same filter.

F(t) : exp (iv,frgl_oa"
S(t) exp(-jzzrfr) dz

(2)
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Fig.2, SAWdeyicescan be usedin chirpradar systemsby
expandinga pulsebeforeit is transmittedand compressing
thereceivedsignalbackintoa narrowpulseso thatdistance
Expandinga pulsereducesthepeak
accuracyis maintained.
powerrequiredand pulsecompressrbn
improves
transmifter
the signal-to-noise
rctio in the receiver.
where f : (Af/At)t, At is the length of the mixing chirp signal
C1(t), and f1 is the center frequency of that signal. This
expressionis the Fourier transform of the signal S(t) over
the time interval At. For signals longeq than At, the filter
output from one At interval will interfere with the output
from the next interval. Therefore. two channels would be
required in parallel with appropriate switching for continuous transformation. The signal bandwidth must be
limited to the difference between the filter bandwidth and
the mixing chirp sigftralbandwidth. The circuit shown in
Fig. 4 is significant becauseit can be used as a real-time
equivalent of the digital Fourier transform to do spectrum
analysis,convolution, or correlation. SAW devices can be
used for the chirp filter and to generate the mixing chirp
signals. Signal processingsystem capabilities depend on
filters with large dispersion time and large bandwidth because these two parameters determine the maximum data
rate and dynamic range of a system.
The accessibility of surface waves and their nondispersive propagation characteristicsmake chirp-filter design
straightforward. Controlled variation of delay as a function
of frequency is accomplishedby choosing the appropriate
hansducer electrodepattern.
In SAW devices,the delay is proportional to the length of
the propagation path, which in turn is determined by the
distance between the input and output transducers.The
frequency of the wave launched by a transducer is determined by the electrode spacing. Hence, frequency and
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delay can be changedand controlled by the size and spacing of the transducers. Three transducer designs (Fig. s)
have been used for dispersive delay lines.s One uses a
single, long dispersivetransducerwith a short, nondispersive, broadband transducer as the other port (Fig. 5a). This
technique requires weighting* of only one transducer and
is therefore the most straightforward and most easily
analyzed. It has the disadvantagethat it is difficult to match
the nondispersive tansducer over a broad frequency range
*Here weightingis the variationof the lengthsof the electrodefingersin a transducerto
achievea desiredimDUlseresoonse.
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Fig.3. SAW chirp filters can be used for variable bandwidth
filters as shown in the simple block diagram above. As the
mixing frequency f cincreasesthe output bandwidth narrows.
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Fig. 5. Ihree SAW transducer configurations used to make
dispersive(chirp) filters.(a) Broadband, nondispersive transducer on the right, disperslve transducer on the left. (b) Both
transducers are dispersive and shorter than the long one in
(a). (c) Slantedarrangement of trcnsducers used in (b). This
minimizes distortioncaused by propagation under transducer
electrodes.

Fig.6. Reflectivearrcy compressor. Here two broadband transducers are used for the input and
output and dispersionis obtained
frcmthevariationin path lengthfor
different frequencies. The wave is
reflected when the spacing in the
direction of propagation is a
wavelength h(the period for adjacent grooues in the grating is
about N!2).

and still achieve low insertion loss.
In the configuration of Fig. 5b, two transducersare used
to achieve the dispersive characteristic.Each transducer
containsfewer fingersthan the one dispersivetransducerin
the configuration of Fig. 5a and is thereforeeasierto match.
A broadbandnondispersivetransduceris not required.The
resulting filter will have lower loss, but the design and
analysis,if both transducersare weighted, is more complex
becausethe time responseof the filter is the convolution of
the impulse responsesof the two transducers.Both of these
designs require compensation for effective velocity
changesunder the transducerthat areintroduced in fabrication, for propagation lossesand dispersion introduced by
the electrodemetal, and for scatteringlossesas the waves
propagateunder the transducer.Thesescatteringlossesare
particularly severein compression(up-chirp) filters where
the high-frequency components of the signal must propagate under the low-frequency part of the transducer.
Since plate-mode(or bulk-wave) velocities are higher than
surface-wavevelocities, the low-frequency electrodescan
scatterhigher-frequencysurfacewavessynchronously into
plate modes. This scattering increasesinsertion loss and
causesspurious output signals.
These problems are eliminated in the slanted design
shown in Fig. 5c. The propagation direction is the sameas
in the other designs.At high frequencies,surfacewavesare
launched only at the top of the device.At low frequencies,
waves are launched only at the bottom. This configuration
eliminates propagation under large numbers of nonsynchronous electrodesand thereby reduces dispersion, attenuation and scatteringeffects.The impulse responseis a
somewhatcomplicated convolution of portions of the impulse responsesof the two transducers.This complication
makes precise analysis difficult, but the slanted shucture
eliminates the Fresnel ripple that is characteristic of transversal dispersive delay lines.
Another approachto dispersive delay lines is shown in
Fig. 6. The reflective-arraycompressor(RAC) uses reflection of surfacewaves to achievevarying path length.6The
reflection arrays consist of grooves whose reflectivity is
varied by controlling their depth as a function of position
along the array. Wavesat all frequenciesare launched by a
singlebroadbandtransducerand reflectedat right anglesby
the first reflection arrayat the point where the spacingof the
groovesalong the direction of propagationis a wavelength.

As shown in Fig. 6, a secondarray reflectsthe wave back to
the output transducer. The advantagesof this configuration
are large dispersion,since the length of the device is used
twice, and very low distortion, since reflective arraysintroduce minimal distortion as the surface waves propagate
through them. The disadvantageis more complicatedfabrication.
The RAC device has been extensively used in systems
requiring large dispersion times or large bandwidths.
Laboratory devices have been built with a 500-MHz
bandwidth and 10 ps of dispersion.6Other devices have
been built with up to 100 ps of dispersion, but lower
bandwidths.
Fixed Gorrelators
Chirp devicesare examplesof matchedfilters designedto
detect particular frequency modulated signals. They are

lmpulse
Response
(a)

Signal Matches

Output Waveform

Fig.7. SAWimplementationof a seven-bitbiphase-code correlator.An incoming signal is converted into a surface acoustic wave by the input transducer in (b) and propagates toward
the output transdueer. When the shape of the surface wave
underthe outputtransducer matches the impulse response of
the transducer (a), a correlation pulseoccurs atthattime in the
output waveform (c).
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well suited to radar applications becausethe compressed
pulse output is insensitiveto Doppler shifts at the input and
has low time sidelobes.In other applications where Doppler shift is not a problem, amplitude- and phasemodulated codes are appropriate. These fixed-code correlators can be implemented easily with tapped SAW delay
lines.TThe size of a tap (or set of electrodes)determinesits
amplitude and its position determinesits phase,To match a
known coded input, the impulse responseof the SAW device is the time inverse of the waveform.
Fig. 7 shows the surface-acoustic-wave
implementation
of a seven-bitbiphase-codecorrelator.The elechodeconnections to the summing bars determine the phase of the uniformly spacedtaps. In practical systems,many other codes
besides seven-bit codes are used. As the number of taps
increases, performance is degraded by the attenuation
causedby scattering,and by spurious signals generatedby
reflection. This distortion can be reduced by slanting the
tapped hansducer in a manner similar to that discussed for
the chirp transducer (Fig. 5c). In this case,however, the
energy is launched acrossthe entire width of the device and
the part ofthe beam intersectedby an individual tap (elecbode pair) affects the tap weight.
Multiphase codescan be used to advantagein communication systemsto reduce multipath sensitivity. These systems are called spread-spectrumsystemsbecausethe information is transmitted over a larger bandwidth than that
required for the data itself. Ifr is the data rate and there are n
taps per bit of information, then the code bandwidth is n
times r. This seemsto be an inefficient use of the spectrum,
but since the matched filter discriminates against other
signals,it should be possibleto have multiple signalswith
differing codes share the sameportion of the spectrum. The
major advantageof spread-spectrumsystemsis the reduced
sensitivity to interference from signals reaching the receiver by different paths. In a narrowband hansmission
systemthis can lead to cancellationand loss of the incoming signal. In a broadband system the signal level will be
reduced,but the signal will not be lost.
The advantageof SAW devices as correlators is that they
are passive,inherently synchronized,real-time processors.
Digital correlators have to perform many multiplications
and summationsto determinewhen an input signal is present. To maintain synchronization, a preamble must be
added to each transmission. This effectively reduces the
data rate. With a SAW device this preamble can be very
short ifit is required at all. The radio data link describedin
the box on the next page is an exampleof a systemthat uses
SAW devicesin this manner.

Fig. 8. Baslc configuration for SAW elastic convolver.
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Fig. 9, Configuration of a monolithicdiode storage correlator.

Programmable Correlators and Convolvers
The disadvantageof fixed correlatorsis that the code can
be changed only by making a new device. If nonlinear
devicesare used, it is possibleto make programmablecorrelators where the reference function encoded in the transducer is determined by an auxiliary input signal. The
simplest implementation of this device is the SAW elastic
convolver (Fig. B).8As the referenceand the input signals
pass through each other, nonlinearities in the substrate
generatea signal that is proportional to the product of the
signals.The sum-frequencycomponentof this product has
no spatial variation and can therefore be summed by a
simple solid plane electrode.This summation corresponds
to an integration of the product over the length of the electrode. Mathematicallythis is a convolution. If the reference
signal is the time inverse of a signal to be matched, the
output is the autocorrelation function of that signal. Therefore, if the referenceis a chirp signal,the devicecanbe used
as a pulse compressor.If the referenceis a codedwaveform,
it behaveslike a fixed correlator.The advantageof a device
with this flexibility is obvious-one device can now perform a variety of functions. The disadvantages are the requirement of generating a referencesignal at each convolution interval and the inefficiency that results from relying
on the weak nonlinearities in the substrate to obtain the
product, The fact that the reference is also a moving wave
makes signal acquisition and synchronization more difficult.
The weak nonlinearity problem can be solved by introducing a semiconductingmedium to do the mixing.e This
was first done by placing a semiconducting slab in close
proximity to the piezoelectric substrate.The electric fields
associated with the acoustic waves extend above the
piezoelectricsurfaceand modulate carriersin the semiconductor. The voltage generatedacrossthe thickness of the
semiconductoris proportional to the squareof the driving
electric fields, so one component of this voltage corresponds to the product of the modulation of the two input
waves. The interaction in this caseis much stronger than
the interaction in the piezoelectric substrate. It is highly
dependenton the strength of the fields at the semiconductor surfaceand thereforeon the size of the piezoelectric-tosemiconductor gap. The interaction strength is maximized
with a gap of tOo to 500 nm depending on the semiconductor properties.The size ofthe gap is critical becausecontact
between the two materials results in damping and scatter-

Radio Data Link
The radiodata linkdescribedhere is a systemfor wirelessdata
communicationsbetweena comouterand severalremoteterminals locatedwithina large, open building.lThe system uses
techniquesto overcomemuldirect-sequence
spread-spectrum
tipathinterferenceand a SAW correlatorto minimizesensitivityto
signalvariations
andto improvesignalacquisition
time.Thisradio
data communicationssystemis designedto operateindoorsover
a limited range and with very low transmittedpower, Such a
system has two advantagesover networksthat use metallicor
fiber-opticcables:
r Aterminalmaybe installed
whereverit is neededby puttingit in
placeand turningit on.The needfor cable instala convenient
lationto every foreseeablelocationis avoided.
r Terminals
can be completelymobileand stillremainconnected
to the network.
Thesetwo advantagesmake possiblea varietyof applicationsin
office,warehousing,manufacturing,
and instrumentation
environments.
To realizethese advantagesfully, one must first address and
The potentialfor
overcomethe problemof multipathinterference.
multipathinterferencearises when radio signals,as a result of
reflections
from the wallsand objectswithina building,reacha
receiverby two or more pathsof differentlengths.Dependingon
their frequenciesand relativepath lengths,signalsarrivingby
thesepathsmay add destructively
and producedeep nullsin the
signalpower availableto a receiver.A conventionalnarrowband
signalcan suffera lossgreaterthan 25 dB. To overcomethis loss
eitherthe transmittedpoweror the transmittedbandwidthcan be
increased.
In eithercasemoresignalpowerreachesthe receiver,
but the wideband approach requiresfar less transmittedpower
for a given operating range. The system reported here uses a
w i d e b a n d w i d t hd e v e l o p e d b y m e a n s o f d i r e c t - s e q u e n c e
techniques,
spread-spectrum
sometimes
calledpseudo-noise
or
PN spread-spectrum.
To test the feasibilityof using direct-sequencespreadspectrumtechniquesfor data transmissions
within buildings,
three transceivershavingthe followingcharacteristicswere designedand built.
Data Rate:
100 kilobaud
/'nrla
l onnth
255 bytes
Code Rate:
25.5 MHz
CarrierFrequency:
1 . 5G H z
Modulation:
binary phase-shiftkeying
Bandwidth:
51 MHz

TransmitPower:
5 milliwatts
300 metres
OperatingRange:
butcan be
Theoperatingrangeis adequateior manyapplications
increasedby increasingtransmitterpower.Forexample,a range
of approximatelyone kilometrecan be expectedwitha transmitter
power of 50 milliwatts.
Two CRTterminalsand a centralcomputerwere outfittedwith
pollingprotocolwhichusedexisting
A multipoint
thetransceivers.
CPU softwareand terminalfirmwarewas chosenin the interestof
expediency.The transceiverswere equipped with RS-232-Cinterfaces and appeared to the CPU and terminalsas standard,
high-speed,synchronous
modems.
wasoriginally
used
Althougha microprocessor-based
recerver
in the system,it was replaced by a SAW-basedreceiverto overcome two major drawbacks.First,the microprocessorreceiver
was sensitiveto rapidchangesin multipathstructurewhichsometimes occurred as people or objects moved about in the area
where the radioswere operating.Second,the mtcroprocessor
synchronismacquisitiontime was 100 millisecondswhich severelydegradedthe channelthroughput.Thesedrawbackswere
and a simplerblockdiagramresultedtromthe useof a
eliminated
(Fig.1) in the receiver(Fig.2).Theincomingdata
SAWcorrelator
is translatedto the 350-MHz lF and decoded by the correlator.
The data is differentiallyphase-shiftkeyed and is thereforecontained in the relativephases of the compressed pulses at the
correlator
output.A secondSAWdevice,a delaylinewitha delay
coherof preciselyone bit period,is used to achievedifferentially
ent detection.A vitalfeatureof the delaylinedetectoris itsability
to demodulatesignalsarrivingvia differentpaths properlyeven
Theoutputofthedetecthoughtheircarrierphasesare unrelated.
window centered on the
tor is integratedduring a 2-1r,s-wide
correlationpeaks.In this way the receivercollectspowerfrom all
signalpathsand basesitsdata-bitdecisionson totalsignalpower
ratherthan on the power from any single fragile path.
timeis limitedby the settlingtimeof the AGC
Signalacquisition
whichis consideredadequatefor
loopto aboutone millisecond,
the polled, two-terminalnetwork.The polling rate is about 50
persecond.Reducingthe acquisition
transactions
timewouldnot
increasethis rate appreciably.The SAW correlatorresultsin a
reductionin thesignalacquisition
timeby a factorof 100andthereby
allowsthe systemto operateat its full 100 kilobauddata rate.
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Fag.1. Photographof the SAWcorrelatorpoftion of the radio
data link before discrete comDonentsare bonded on.

Fig.2. Sinplitied block diagram for the SAW-basedreceivel
used in the radio data link
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ing of the waves. Too large a gap or variations in the gap
causesdecoupling or variations in the coupling between
the piezoelectric substrateand the semiconductor.
Substitution of a diode array for the semiconductingslab
further enhancesthe convolver'sperformanceand flexibility becausechargecan be stored in the diode array. In one
mode of operation, successiveconvolution outputs can be
addedto the chargestoredin the diodesto make an integrating correlator.In the normal convolution mode, the referencesignal can be storedas a chargeimageon the diodesto
alleviate the problems of continual reference generation
and synchronizationwith a moving reference.The storage
time is determined by the diodes and is typically a few
milliseconds. The reference must still be refreshed, but
1000 times less often.
The difficulties in fabricating a two-substrate
piezoelectric-semiconductorconvolver can be bypassedby
using a substrate such as gallium arsenide that is both
piezoelectric and semiconducting or by depositing a thin
layer of a piezoelectric material like zinc oxide on a
semiconducting substratelike silicon (Fig. 9). Monolithic
devicesnow have efficienciesand bandwidths equivalent
to those obtained with separatesubstrates.lo
The use of programmableSAW correlatorsand convolvers is currently limited to research laboratories.System
applications are limited by the correlator's high loss and
limited dynamic range. When the lossesassociatedwith
transduction over a useful bandwidth [2sls), propagation,
and the interaction are combined, the ratio of the output
power to the product of the two input powers is about -S0
dBm. Thus if a +20 dBm reference is used, the ratio of
signal-to-outputpower is -30 dB. This loss is more than 20
dB betterthan the first convolver lossreported,but it is still
substantial.The dynamic rangeis limited by thermal noise
at low power and saturationat high power and variesfrom
20 dB to 40 dB depending on the configuration. It limits
both the useful power range at the input and the accuracy
that can be achieved in the convolved output.
Summary
Surface wave technology is maturing and devices that
were once confined to military applications demanding
high performance,even though the cost may be high, are
now being used in cost-sensitivecommercial applications
like television IF sections.Applications outside the military. arena have been limited to simple filters and resonators.As commercial communication systemsproliferate and becomemore complex, signal processingapplications of SAW devicesare becoming more common.
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Retrofittingfor SignatureAnalysis
Simplified
Thismicroprocessorexerciserprovidespreprogrammed
externalstimulusroutinesand monitoringcircuitsfor
signatureanalysistroubleshooti
ng of microprocessorbasedsystems.
by RobertRhodes-Burke
IGNATURE ANALYSIS troubleshooting techniques have reduced the cost of fault isolation in
digital circuits for many HP customers.The cost
savings have accrued from the use of lower-cost equipment and personnelwith lower skill levels,and from more
rapid fault isolation. Over 1000companieshavepurchased
HP signature analyzersfor testing digital logic circuits.
Signatureanalysistesting is used often in complex digital systems.It is frequently designedinto the products,but
severalcasesofretrofit havebeensuccessfulin productsnot
designed originally with signature analysis in mind. In
general, the most effective implementations are those
where somethought was given to testability considerations
in the product development cycle.
Until now, existing productsnot designedwith signature
analysis in mind were not rebofitted as often as they could
have been. One factor may have been the perception by
production and service engineersthat the retrofit process

Fig. 1. Model fi01 A MicroprocessorExerciser makesit posslb/e to apply signature analysrs ttoubleshooting techniques
to 6800-microprocessor-based products not originally deslgned for signature analysls methods. Other versions
(fi01 B,C,D) test products based on the 680216808,8085A,
and 280A microprocessors.

was similar to the design process and required R&D involvement. Designers are not always available to work on
products already releasedto production, and production
and service engineers may feel that they do not have the
time or circuit familiarity to retrofit the product themselves.
Consequenilysome products miss the opportunity to use
this technique to enhance their serviceability.
Another point is that someminimal amount of hardware
may be required to provide the timing signals to the signature analyzer. The signals required are simple in nature:
start and stop flags to identify the boundary of the data
stream of interest, and a clock pulse that indicates when
data is valid for sampling purposes.Usually the designer
can locate suitable timing signals already existing in the
system.Occasionallya slight design modification, costing
only a packageof gates,is required. This representssome
change,which can be considered intolerable in products
released to manufacturing.
Thus the design-inphilosophy is clearly the best,but the
simplicity of the retrofit task, when viewed correctly, has
not been stated strongly enough. The HP Model 50014
MicroprocessorExerciser(Fig. 1) should help removesome
ofthe obstaclesto evaluatingsignatureanalysisas a viable
test alternative.
The Microprocessor Exerciser
The 50014 Exerciser makes the retrofit of signature
analysis easier. The hardware impact on a product is reduced to the addition of a socket at the microprocessor
location if one is not already present.The microprocessor
exerciser provides a number of general-purposepreprogrammed stimulus exercises.These exercises can be
adapted to a typical system with little effort. Valuable ROM
space is not needed becausethe exerciser, acting as an
externaltest stimulus, doesnot require any memory allocation concessionsin the user system.
The exerciserprovides signatureanalysis experiencein
products as the technique is learned. Users can begin immediately to use signature analysis in their product by
connectingthe exerciserto the product and selectingany of
the preprogrammed stimulus programs. Thus the newcomer can actually experience the use of signature analysis
before gaining an in-depth understanding of the process.
Even if the user abandonsthe exerciserlater to implement a
designed-inapproach,the user will benefit from the use of
the exerciser and learn more quickly than by earlier
JANUARy
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methods.
The 5001A reduces the need for R&D personnel to be
involved in the retrofit of existing products. Since the programs are preprogrammedand tested by the designersof
the exerciser, the service engineer has a starting Iibrary of
many routines useful in exercising circuits connectedto
microprocessorsystembuses.The exerciserlets the service
engineer extend the programs to cover custom circuits or
unique configurations in the product under test. The ability
to write functional tests is also provided. These programs
can be co-residentwith diagnostic signatureanalysisexercise programs.
Additional product hardware requirements are nearly
eliminated, except for the required socket for the microprocessorand the breaking of feedbackloops in the circuits
beyond the processorbuses.It is still true that, unlessfeedback loops are broken, signature analysis techniques have
some difficulty in isolating a fault. However, it should be
noted that the detectionof a fault is not impaired. Also, this
deficiency affects most board testers, which observe only
edge-connectoractivity. Good design practices can alleviate the grief caused by this configuration, at low expense to the product, whether tested on an automatic test
system or on a bench using signature analysis.
Signature analysis takes place at the normal speed of
operation of the system. This is a major contribution be-

cause faults that may not show up in slower-speedtest
methods can be detectedby at-speedtesting. The fact that
the testing occurs in the product rather than on somefixture
adds to the near-perfectduplication of the environment that
will be seenby the circuit in normal operation. This benefit
is not often realized in other test methods.
A number of preprogrammed test programs are carefully
developedto take advantageof other featuresofthe s001A.
An example is the bus signature test that produces a
single-measurementresult in responseto the eight-bit bus
activity. The most frequent appliction of this test is the
single-measurementverification of a product's ROM data.
The 50014 MicroprocessorExerciseris the first of a family of exercisersfor the most popular microprocessors(see
page 1 7). The characteristicsof other exercisersin this family are essentially the same as described for the 50014,
which is specifically designedfor the 6800microprocessor.
Some of the features of these exercisers are:
r Timing signals.All necessarytiming and control signals
required for a signature analyzer are produced within the
circuits of the exerciser, This eliminates hardware overhead in the product under test. The timing signals are
controlled by the program, whether internal or custom.
This allows several programs to use dynamically varied
stimulus depending upon the responseof the product
under test,

Signature Analysis Reviewed
In signatureanalysistesting,the objectiveis the detectionand
isolationof digital faultsthat produce incorrectcircuit functions.
The techniquerequiresa repeatablestimulusof the circuitso that
digital data streamsare produced at variouspointsof interconnection (nodes) within the circujt. The signatureanalysistest
collectsthesebit streamsin a fashionthat compressesthem.The
compressionis similarto the well-knowntechniqueof cycllc redundancy checking in data communications.The resultsof this
compressionby HPsignatureanalyzersare signaturesconsisting
of four hexadecimaldigits. In a properly operating circuit, the
signaturefor a given node and a given stimulusis stable and
n16.li^f.hl6

Because signature analysis is a stimulus and response
technique, effective stimulus and response-measuringinstrumentsare requiredto test a givencircuitor system.For response,
either the HP Model 50044 Signature Analyzeror the Model
50054 SignatureMultimeterprovidesthe requiredmeasurement
capability.Withstimulusappliedto a circuitthe user probesthe
nodesof the circuitwithone of theseanalyzersand comparesthe
signaturesthey display with those of a known good circuit, as
listedin a servicemanual.
An importantcharacteristicis thattestingtakes placewithinthe
product, at the normalspeed of operationof the circuits,unlike
most board test systems.To achieve this,the product,if microprocessor based, must execute software so that the stimulus
processresultsfrom the programactivity.The advantageof testing at speed is obvious,but bluntedsomewhatby the necessityof
havinga subseto{ the circuitsfunctionalbeforethe test can take
place. This subset is often referredto as the kernel.This is the
innermostlayerof hardwareand/orfirmwarerequiredto validate
the basic functionof the microprocessorchip. This is often the
microprocessorand its requisiteclocks and power supplies.
The signatureanalysistest is oftenviewedas a diagnostictest
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that is used to isolate laults detected by some other means.
Sometimesthese means are functionalor selttests. In some
implementations
these means can be carefullydesignedsignature analysisexercisesthat produce a go/no-go result.
The stimulusmust be such that each node has a unique bit
stream,and f urther,thatthe circuitelementsare exercisedso that
the activity is an approximationof normal operation.This latter
conditionsuggeststhat it is not necessaryto generateall possible
input statesto exercisea digital circuit if certain conditionsare
never possiblein the system.In any case the stimulusmust be
constructedso that a repeatableand continuousexerciseof the
circuits under test is provided.
Only if the stimulusis correct can the responseof the circuits
under test be evaluatedas to its correctness.There is a simple
dichotomyin the result,eitherthe data streamwas correct and
produced a correct signature,or the signaturewas not correct.
The lattercase suggestsa faultydata stream,and therebydetects
a faultyfunctionsomewhereupstreamoi the data flow.
The stimulusis mostoftendone by speciallydevelopedmicroprocessorprogramsthatareexecutedin the productatthetime of
diagnosis.The stimulusprogramsare loops that cause repeatable digital data streams.This type of program is frequentlyan
endlesslooothat exercisesa functionalblock of circuitsand then
repeats.The technicianor serviceperdonmust be able to control
the selectionand initiationof thesetest loops so that appropriate
exercisesare used in the troubleshootingprocess.The service
engrneerwho setsup the productfor servicedocumentationalso
mustbe able to influencethe selectionand effectivenessof these
tests.
Timing informationmust be providedto indicatewhen the beginningand end of the test exerciseoccurs.Timinginformationis
also reouiredso that the data can be takenfrom the circuitunder
test only during the time when it is correct and stable.

r Built-in tests. Preprogrammedtests exercise the most
commonly occurring elementsin a microprocessorsystem. There are tests for ROM, RAM, and UO devices.
Several variations of the RAM and ROM tests are included to allow fault isolation to proceed quickly. Several functional tests are provided to allow singlemeasurementverification of major functional blocks.
r Simple to use. The user interface is very simple. Three
pushbuttons control test selection and a slide switch
controls the program source.The front panel reflectsthe
nature of the exerciser with a summary of the tests and
their accesscodesprintedbelowthe display. Connection
to a product is straightforwardand can be accomplished
in seconds. Connection to the signature analyzer is
likewise rapid, using only four wires that mate with the
pod connectorsof the HP analyzers.
r Test variety. Some tests are single-measurement functional tests, others are complete circuit exercisers.An
example of a single-measurementtest is the basepage
RAM test, which producesa single signaturethat in the
5001A correspondsto the number of correctly functioning RAM locationsin the 6800basepagearea.A complete
circuit exercise is the output-port stimulus program
which writes all possiblepatternsto any output port. The
port is selectedby connecting a senseline to its chip
selector strobe.The program determinesthe location of
the target port, and then exercises it exhaustively.
r Microprocessor test. A microprocessor instruction-set
test is included that also cycles interrupts and verifies
correct responses.The microprocessor exercise is automatically entered upon power-up so that the kernel of
the product under test is validated. The test usesall but
one instruction of the microprocessor,and tests each
instruction for correct function. The hardware and
software interrupts are also tested for correct operation.
The result of the test is a single measurementwhich
appears in the signature analyzer. A more complete test
result can be achievedby probing every pin on the processor,becausesome pins are for outbound data or address only.
r User programmable. Users can easily supply external
programsto customizethe 50014 MicroprocessorExerciser to their applications. A socket is provided so that
the service engineercan supply a 2048x8 EPROM containing custom test programs for a particular product.
These tests can be a mixture of functional and diagnostic
testsand can be selectedeasily in addition to the internal
preprogrammedexerciseprograms.
r Bus signature tests. Tests are present that allow a
single-measurementROM verification independent of
memory location or size. The use of the input qualifier
line allows the user to execute a special bus signature
program that allows data to be acceptedonly from locations that respond with the qualifier line in a specified
state (0 or 1, depending on the test). By connecting the
qualifier to a ROM chip selectline, a ROM's data can be
accessedregardlessof its position in the memory space.
This technique eliminates any need to learn the memory
map of the product under test, which can be a timeconsuming process. The data is processedinside the
exerciser and fed serially out on a single pin in the TTL

output port of the exerciser.By connecting a signature
analyzer to this pin, the entire contents of a ROM of an
arbitrary size and position in memory can be verified.
Each bit of the data is examined and contributes to the
resulting signature.The single measurementis more effective than checksum methods frequently used in ROM
verification. This approach can be very useful for products that use several ROMs as options. A single measurement can verify the presenceor absenceof a specific
option in the product.
r External stimulus port. Not every point of interest in a
circuit is always accessibleto a microprocessorbus. This
general-purposestimulus port allows stimulus to be
applied to such points. For example,this port might be
connectedto a keyboard input so that all possible keystrokes can be simulated by the exerciset while the microprocessorreads such inputs. A preprogrammed
routine is provided to facilitate this type of test. Several
variations on this exercisecan be done when the qualifier
line is used.
r Qualified stimulus programs. An external qualifier allows activity in the circuit under test to signal a dynamic
modification of the stimulus. As describedin the previous examples,an externalqualifier input line is provided
that facilitates testing when the exact addressesofcertain
devices are not known. In the bus signature example the
qualifier line is used to find the ROMs of interest so that
they may be tested. Custom programs can exploit this
approach to produce dynamically alterable stimulus for
portions of the circuits.
r Optimized for troubleshooting. The exerciser is optimized for troubleshooting digital circuits. The programs trre carefully selected to provide a useful set of
general-purposeroutines to stimulate system componentstypicallyfound in microprocessorsystems.No keying in of programsor downloading is required to use the
50014.
How the Exerciser ls Used
The 50014 is connected to the product under test by
removing the microprocessorfrom its socketin the product.
The processor is then placed in the 40-pin ZIF (zercinsertion-force) socket on the exerciser.The flat cable fiom
the exerciser is then connected to the vacant socket in the
product. The signature analyzer is connectedby placing the
four wires from the timing pod of the analyzer in the connector at the right edge ofthe exerciser,The front panel of
the signature analyzer is set up for the specified edge and
polarity of the timing signals. The test setup is then complete (Fig. 2).
The user then applies power to the product under test,
which also applies power to the exerciser.(The exerciser
requires a maximum of ssO mA, nominal, at +5V.) The
microprocessortest is selectedautomatically and executed
after power-on.The user can place the dataprobe on a +5V
line to verify the functionality of the processor.
The user can now call preprogrammed tests with a few
keystrokes and execute the desired tests by pressing the
ENTERbutton. The tests selectedmost frequently at poweron are the ROM and RAM tests. A convenient first test for
the newcomer is the free-running address test. This places
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Fig,2, Touse lhe 5001A, the microprocessor
in theproduct
underlesl is removedfrom itssocketandplacedin the socket
ontheexerciser.Thef latcablefromthe exerciser
is connected
to the vacantsocketin the product.Fourwiresconnectthe
exerciserto the signatureanalyzer,m thls case the 5005A
SignatureMultimeter.
the addressbus in all possiblestatesand allows the user to
validate the function of addressdecodingand buffersin the
product.
Subsequenttests are easily selectedfrom the exerciser
front panel and executed. No restriction is made on the
order of execution. Custom programsstored in EPROM or
PROM also can be selectedeasily by the ROM-selectslide
switch on the front panel of the exerciser.This substitutes
the external PROM for the internal ROM and allows the
same degreeof selection versatility.
The correct test program, of course, depends upon the
product under test. There are over fifty preprogrammed
stimulus programs, many of which are general-purpose.
The sequenceof tests should reflect the natural organization of the microcomputerportion of the product under test.
The natural progressionwould be to start with the test of
ROM either by selectingthe addressrangeappropriateto its
addressesor by using the bus signaturetest.Then the RAM
test could follow to validate systemRAM. In this caseeither
the basepageRAM test could be used or one of the halfdozen other RAM tests.
At this point it becomesmore difficult to generalizeabout
the appropriate test. Since each product has different I/O
configurations,the next test selectedwill vary from product
to product. The only generalrule is to selectteststhat move
the boundary between the known good (tested)circuitry
12 rEwrErr pAcKARD
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and the unknown circuitry in a direction away from the
processorbus. This correspondsroughly to the concept of
"growing the kernel." Layers of tested circuits are added
like the skin of an onion around the processor.The result is
an increasing base of resourcesthat can be used for test
stimulus or responsedetection.
The I/O section can be testedto some degreeby the general purpose I/O tests that are included in the 50014 MicroprocessorExerciser.There are two categories:outputport stimulus tests and input-port stimulus tests.
The execution of the selected program is straightforward-simply pressing the ENTERbutton on the exerciser will causethe program to be executed.That program
will continue to executeuntil another program is selected
and enteredor power is removed.The program executionis
sufficient to cause some stimulus to be generatedin the
product under test.The user then placesa dataprobeon the
devicesbeing stimulatedto collect datastreams.The resulting data is compressedto produce a signature that can be
read from the signature analyzer.
The user then compares that result to the documented
result from a known good unit. The responseis either correct or incorrect. A mismatch between the two readings
indicatesthat at leastsomeportion of the datastreamin the
product under test is not correct. The user then applies
backtracing techniques to the circuit to Iocate the faulty
component(s).
The test is only as good as the documentationdeveloped
by the service engineer.To develop effective documentation the service engineer must take the signature from a
known good unit while it is being stimulated in the same
fashion as will be used in the serviceenvironment. This is
accomplishedby the selection of an appropriate stimulus,
application of the stimulus, and then documentationof the
resulting signaturesfor later comparisonwith results from
tested units.
The evaluationof a testis not finished until verification of
the effectivenessof the test. This can be done by probing
within a circuit in a known good unit while faults are
induced. Should the test fail to detect an induced fault
(such as a shorted trace) it should be analyzedto discover
how it could be used better or modified to correct this
deficiency. In most cases simple modifications can be
made.A side effect,however, is that a new set of signatures
will often result when a test program is modified.
The programs provided in the exerciser are generalpurpose and not always suitable for every application of a
customer. An easy means is provided so that a custom
program may be run on the exerciser.An extensive user
guide has been developedfor custom programming. Sample programs are provided along with short tutorials on
program modifications. There also is a suggestedprogramcontrol routine that can be placed in the custom ROM so
that the custom-testselectionprocesscan be identical to the
internal programROM.
Hardware Design
The microprocessorbusesin the product under test and
the exerciser are separatedby buffers. This permits the
detectionand isolation of faults that affectaddressand data
transferin the product, while allowing the diagnostic pro-
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Fig.3. Blockdiagramof 5001A Microprocessor
Exerciser(UUT : unit undertest).
gram to function normally. This would not be possible in
some casesin which signature analysis has been designed
into the product.
Fig. 3 shows a block diagram of the sootA Microprocessor Exerciser.The user bus processing circuit can be used to
monitor the data transactions in the product under test.
Since simultaneous activity occlus in the exerciserand the
product, it is useful to be able to capture the activity of the
product data bus so that the microprocessor can, if the
program is so written, test the data from the user system.
The exerciser's novel data bus capture circuit allows dual
address space maintenance (i.e., in the exerciser and the
product) while accessto data on the user's product data bus
is maintained. A shift-register-like delay is introduced to
capture and delay the user bus data for later accessby the
microprocessor.(See Fig. a. Also see "Software Design,"
page 15.) Software control is maintained so that user data
can be accessedor ignored at the program's option. This lets
the processoraccessboth the programs in the exerciser and
the data stored in ROMs or RAMs in the product under test.
The exerciser cannot, however, execute programs from the
product being tested. This limitation is not serious because
the programs can be validated by testing the machine code
with the bus signature test. This test is not available in any
signature analysis product at present. The operation of the

unit in the presence of bus faults is also an improvement
over earlier techniques.
An internal 2K-byte program ROM contains the preprogrammed stimulus firmware. This ROM or the user's custom ROM can be selectedfrom the front panel. The ROM is
decoded in such a way that test programs can appear to run
in any location in the possible 64K-byte addressspaceofthe
processor(see"software Design," page 15 and Fig. 5a).
There is a single senseline which is processedin a manner similiar to the data bus activity in the unit under test.
This line can be connected anywhere in the user's systemso
that TTl-level activity can be captured synchronously with
the stimulus program activity. A typical use of this external
qualifier line is on chip-select lines, to identify interesting
sections of the address map in the system under test.
The signature analysis clock generator takes the clock
signal from the processor and, after buffering in a highspeed buffer, generates a program-conbolled signatureanalysis clock at either the read or the write time of the
microprocessor. The programs for the exerciser use the
software conhol feature to generate the qualified clocks
sent to the signature analyzer for windowing a data stream.
The hardware generation of clocks ensures that the microprocessoris in step with the data being collected by the
signature analyzer. Clock skew has been minimized by a
13
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compact low-power Schottky logic implementation, and
produces negligible effectsin most test systems.The fact
that the signature analyzer is connected to the exerciser
rather than the product under test eliminates the possibility
of error due to incorrect connection and simplifies testing
when several products must be checked. The single setup
required for all built-in programs in the exercisereliminates
another source of operator error. Becausecustom programs
can access all features of the hardware, this single setup
feature is available even in custom programs.
The control logic allows the software to control the functions of the exerciser as the stimulus programs execute.An
example is placing address buffers in the high-impedence
state during the microprocessor test so that address or data
bus faults in the system under test cannot affect the test.
Other functions allow accessto internal exerciser registers
and the software-induced free-run of the processor.
In the exerciser is a simplified overlay register scheme
that is software-controlled. The processorexecutesreads or
writes to internal exerciserregistersby reading or writing to
two memory locations. Thus the overlay register scheme
has minimal impact on the addressspaceavailable for programs. Unlike some input checking equipment test alternatives, the complication of a movable shadow RAM effect is
not present.The two locations of the 65,536-wordmemory
that are affected were carefully chosen and can be disabled
for testing the user's system if required.
The user can make the processor free-run by executing a
very short program that sets a bit in the control logic and
latches the free-run state.As this occurs the internal ROM is
disconnected and a CLRB insbuction is connected in its
place, CLRB is effectively a NOPinstruction when observing
processor activity externally (seeFig. SbJ.For all possible
addressesthe processor seesan instruction whose outward
effect is simply to increment the program counter and read
(fetch) the next instruction (also a CLRB). The result is that
the processor cycles through all possible addresses and
reads continously. This is an exhaustive test of the address
bus of the product under test.
Any of the 51 tests in the exerciserprogram memory may
be selectedby pressing two switches on the front panel. The
value of the two digits displayed is available to the processor by reading a switch register. This is usually done only
during the reset that occu$ after the user pressesthe ENTER
button to indicate that the selected test number is to be
executed. Whenever the switch register is modified the
decimal points in the display are lighted to indicate a possible mismatch between the test currently executing and the
number in the display. This condition is cleared when the
ENTERbutton is pressed.
The external output port is an eight-bit latch that can be
accessedand updated at any time by the program. This port
provides stimulus signals for circuits beyond the reach of
the processor bus at a rate slmchronous with the stimulus
program. This allows testing some circuits that need initialization, require external inputs (such as keyboard), or
run asynchronously with the microprocessor bus (such as
the handshake line into a parallel interface device).
The exerciserrequires that the product under test supply
an additional 550 mA at SVdc ! so/o.If this cannot be
provided through the microprocessorsocket,the exerciser
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can use an external power supply, When the supply is
connected to the external power input lines, its presenceis
detected automatically and an internal relay disconnectsall
logic except the microprocessorand a low-power clock
buffer from the system under test. The relay actuatesso that
the external supply can absorb virtually all the extra load
required by the exerciser. An additional advantage of this
technique is that the exerciser can be used even when
power supply margin tests are run on the product under
test. The microprocessor always runs from the power
supplies of the product being tested.
hotection circuits are built into the exerciser so that
reverse voltage on the external supply will not actuate the

Non-Overlay Mode. Processor sees 32 identical 2K x 8 ROM images.

Froe-Ruri Mode. Processor sees 64K filled with NOP instruciions.

Overlay Mode. Same as (a), except one address accesses 64K user
space and one address accesses switch register.
During Overlay Mode:
Two addresses reserved for exerciser user
Address State
FFFF
(Write)
FFFE
(Write)
a-Sense

Oata from Input eualifier

,"""0'IE!@E@il
FFFE
(Read)

(d)

Flg.5. fi01 A operating modes.

relay, thus protecting the exerciser from damage.An overvoltage protection circuit is also included. If overvoltage
occurs, an internal power Zener diode will avalanche,
blowing an internal fuse. This fuse is socketedfor easyreplacement. The fuse also provides overcurrent protection.
Software Design
The memory mapping scheme allows versatility in test
location. The internal preprogrammed stimulus routineb
residein a 2048x B ROM. The decoding of this ROM allows
the individual routines to appear to run in any of the thirtytwo 2Kx 8 pagesof memory. The ROM images itself into
these pages by ignoring the five most-significant address
lines in the ROM decoding. The result is that a stimulus
program can be made to overlay any page in the memory
spaceof the product under test. The user data bus processing circuit assuresthat data streamsresulting from instruction fetch in the stimulus programs do not interfere with the
interleaved data streams resulting from instruction execution (the stimulus).
The user data bus processing circuit represents an unusual, but effective, way to access data occurring simultaneously on two buses without resorting to an elaborate
mapping or clocking scheme.The situation is one wherein
two 64K addressspacesare mapped into one that can be
read by a conventional 16-bit-address-bus
microprocessor,
By mapping the user'saddressablespaceinto a single location, then overlaying that single location into the internal
addressspace,great economy in hardware was achieved.
Figs. 4, 5c, and 5d illustrate this overlay mode. The user
data processing circuit captures the data at the end of an
instruction cycle just as the microprocessor would, It
latches the data on every machine cycle, and then presents
the data to a four-level eight-bit-wide shift register. The
output of this register is decoded as if it were a single
addressin the addressspaceofthe internal bus.The address
chosen overlays a location that is very infrequently accessedby the internal programs. The location selectedis
the reset vector (note that a reset pulse will causethe ROM
to be accessedinstead ofthe shift register).Thus, to access
any location in the user space the program simply reads
from the location desired, and then reads the shift register
output in the following instruction. The time delay introduced by the shift register is a function of the number of
machine cyclesrequired to read the register.The dual bus
structure causestwo setsof datato be present for every valid
address: ROM or register data in the exerciser, and the
product response in the user's data bus, The technique
simply ignores the internal data and reads the delayed
responsefrom the user bus. The hardware overhead is only
four packages,since timing and decoding signals are already present,
The microprocessorinstruction set test representsa new
departure in testing. The test is essentially a functional test
ofthe instruction set.A sequenceofinstructions is executed
that constantly checks the effect of instructions as they are
executed. If at any point an instruction produces a faulty
result, a branch is made to a "skip-chain" that terminates
the program early, reducing the time interval of the test.
Since the test is executed in a loop with signature analyzer
start and stop timing emitted at the extremes of the loop,
probing +SVdc will produce a single measurementunique
JANUARy
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to a given loop time (with 99.998/oprobabilityl. The exercise is so constructed that tables in ROM arefrequently used
in computations,and a simulatedstackis usedfor extensive
branching and jump testing. The mapping feature of the
ROM as describedaboveis useful in this regard. The program tests all instructions except the WAlt-for-interrupt
instruction. The program writes patterns to addressesthat
cannot be checked with the loop-length method so that a
complete test result is obtained with probing of address
and data bus lines during the test.
The test has another unusual feature: the real-time test of
interrupts. With a stack simulated by tables in ROM, the
program writes patterns to the control logic in the exerciser
that causeintenupt lines on the processorto be toggled.
Various tests of maskable and nonmaskable interrupts are
performed, including the correctnessof the transfer of control to the appropriate service routine. The fact that the
interrupt lines to the user systemare intercepted is essential
for this test, as well as for the general stimulus programs.
The microprocessortest is executedat the speedof normal
operationby using the normal clocksand power suppliesin
the product under test, thereby performing a true kernel test
in the product. The only drawback in this test is that fanout
and timing tests are not made on the unit. However, the
advantagethat the actual microprocessor in the product is
used should not be overlooked. A limitation of the input
checking equipment approach, for example, is that the processor is emulated, rather than exercised.
Sincethe 6800instruction setusesrelativebranchingasa
means of transfer of control within a program, positionindependent code can be written. Some internal preprogrammed stimulus programs can be relocated to appear to
run in other address spacesbecausethey are written with
relative branches to do looping. The advantage of this approach is the flexibility gained as custom programs are
developed.
An HP Model 50044 SignatureAnalyzer or 5005A Signature Multimeter can be used as a remote display. This feature, which can be useful in some applications, was implemented for the testing of the 5001A. Becausethe program can control the start and stop and clock of the signature analyzer, a clever programmer can "finesse" a signature into the display. This occursif +sVdc or all logic ones
are clocked into the signature analyzer when a finesse-type
program is running. If the programmer knows aheadof time
the number of clocks required to produce the desired signatures, then a simple loop can be set up to produce the
desired result. The initial application was such that the
result bf a functional test produced the finesse signature of
PAs5 which also could be easily interpretedasPASS.Other
failuresareidentified by signaturesof FA01, FA02, FA03, et
cetera,Theseresults representfailure at test 01 and so forth.
The advantagehere is that a functional test can detect a fault
and isolate it to a functional block such as a particular
printed circuit board before diagnostics tue run for that
failure. The 65,535 unique signatures available open a
variety of possibilities.
Product Design
The 50014 caseis injection-molded glass-filledpolycarbonate. The case is designed to be used with a family of
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microprocessorexercisers.Hence,the model can be designated by providing a different front-panel overlay for each
inshument in the family.
All the nonelectrical parts are made from polycarbonate:
the case(two halvesJ,the stimulus connector,the signature
analyzer connector, and the overlay panel. The use of
polycarbonate makes the instrument very durable and nonconductive, two important features in the environment
where the 50014 is used.
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A Family of Microprocessor Exercisers
familyincludesthreemodThe5001Microprocessor
Exerciser
els in additionto the 5001A describedin the accompanying
article.Model5001Ais designedto test productsbased on the
Models5001B, 5001C,and 5001Ddo a
6800 microprocessor.
similarjob for products based on the 6802i6808,80854, and
Z80A microprocessors,respectivelv.
s(XrlB Tests 6802/6808
(Fig.1)is intendedfor use
The5001B Microprocessor
Exercrser
Becausetheseproceswith the 6802and 6808microprocessors.
sors are code-compatiblewith the 6800, the preprogrammed
stimulusroutinesof the 5001B are identicalto thosefor the 5001A.
The5001Bhardwareresourcesarecompatiblewiththe50014so
that customtest routineswrittenfor the 5001Awill run in the 500 1B
withoutmodification,
To maintainsoftwarecompatibility,
the onis disabledby the 5001B.
chip RAMin the 6802microprocessor

Fig. 2. 5001C Microprocessor Exerciser for 8085Amicrop rocessor-b ased prod u cts.

Fig. 1. 5001B Microprocessor Exerciser for 680216808microp rocessor based p rcd ucts.
5001C Tests 8085A
The 5001C(Fig.2) is similarto the 5001A,with the following
exceotions:
1. lnternallExternal
Clock.The 80854 is differentf romthe 6800 in
that the 80854 has two basic modes for the clock function:a
clock can be insertedfroman externaloscillator(pinsX1 and
X2),or the microprocessorcan act as its own oscillatorwhen a
crystal,inductor,or resistorand capacitorare correctlyconnectedto the X1 and X2 pins.TheB0B5Ahas a clock outputpin
that goes to the rest of the systemunder test (SUT).The first
mode is no problemfor the 5001C but the secondmode poses
a problemwhen a crystaland the 8085Aare separatedby 21
cm of flat ribboncable. Sometimesoscillations
occur at the
residual-RO-determined
frequency(usuallyabout 20 times
lower than the desired crystal frequency).Severalsolutions
were investigatedwiththe choicebeingan tNT/EXT
clock driver
switch.In the EXT(external)positionthe X1 and X2 linesare
connecteddirectlyfrom the 80854 to the correspondingpins
in the SUT.The INT(internal)positionconnectsa 4.00-MHz
crystaldirectlyto the X1 and X2 pinsof the B0B5Aand disconnectsthe corresponding
linesto the SUT.The tNTpositionis
guaranteedto work at 4.00 MHz (thiswas determinedto be a
frequencywhere most 80854 systemswill operate),whilethe
EXTposition provides "at speed" operation.("At speed"

meansthat both the 5001Cand the SUT will operateat the
frequency determined by componentsin the SUT.) The
switchedclock driversolutionalso providessomeadded benefit in that the 5001C can operate in a stand-alonemode
withouta clocksource;onlya powersupplyis needed.Incoming inspectionof 8085A microprocessorsand easier service
proceduresare examolesof the benefit.
2. Multiplexed AddresslData8us. The 80854 microprocessor
hasthe lowereightbitsof addressesmultiplexed
withtheeight
bits of the data bus. This allowsthe microprocessorto have
more features,but also requiresmore traces on the printed
circuitboardwhenthe 80854is usedwithstandardnonmultiplexedcomponents(ROM,buffers,etc.)Therefore,
a fine-line
board (0.25-mmtraceswith 0.25-mmspaces)is used in the
5001C.This is one of the firstfull productionusesof fine-line
board layoutand fabricationin an HP product,continuinga
trend towardsdenser printedcircuit boards.The multiplexed
bus also creates a need to verrfysignaturesat two different
timeson the bus. Forthis purposetwo free-runtestsare used,
one clockingthe signatureanalyzerwhenthe addressis valid
and anotherclockingthe analyzerwhenthe data is valid (more
on this later).
3. Multi-lnterrupt.
The 80854 has five differentinterruptpins with
variouslevelsof priorityand masking.The externalstimulus
linesare loopedto the 80854 interruptlinesthrougha multipurpose(alsoloopsSIDand SoDlines)bufferinternalto the
5001C. Thisis donefortest00.Thesoftwareis somewhattricky
becausethere is no RAM in the 5001C. ln this case each
interrupttriggers the next interrupt in addition to verifying
maskingand priorityfunctionality.
4. Signature AnalysisClock Generation. Reads and writes in a
microprocessorsystemare controlledby two factors:the state
(reador writeor neither)and the edge (i.e.,data valid).In the
6800,statecontrolis done by one set of lineswhile the clock
edge is always provided by anothercontrol line, f2. In the
8085Aeach separatetask has its stateand timing information
on a separatecontrolline (nw for reading,wR for writing,and
ALEfor latchingaddresses).
Thisis a problemwhen kying to
generateone signatureanalyzerclock signal (with minimum
propagationdelay) as a combinationof all three controllines
(R=W
, m , and ALE)in additionto variousotherstate-sensitive
5001C control lines. The solution is Schottkvcombinatorial
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Signature
Analyzer
Clock

WF 80854 Write Line
m 8085A Read Line
ALE 8085A Address Latch Line
AcE 5001CALE Clock Enable
sAR 5001c Read clock Enable
sAw 5001CWrite Clock Enable
s, 8085 R/W Line
,F 5001C Control Lines
Normally in "1" State

q
saw

Fig.3. 5001Csignature analyzer clock generation.
logic,keepingthe delaysto a minimumbut stlllpreserving
the
singleconnectionof the signatureanalyzetclock line(Fig.3).
5 . llO and Memory-MappedIlO. The8085Amicroprocessorhas
two modesfor l/O (inpuVoutput):
l/O-mapped(lo/Mline : 1)
and memory-mapped(tOltttline : 0). The memory-mapped
mode is the normal64K-byteaddressspace usedfor memory
and some l/O devices, whereasthe l/O-mappedmode is a
512-byte(256 read and 256 write) address space used for
access to l/o where speed or program memory space is
critical. Memory-mappedl/O is more general-purposebut
usuallyslower,while l/O-mappedl/O is less flexible but
quicker.Thefact thatthe l/O-mappedmode is notveryflexible
posesproblemswhentryingto writegeneral-purpose
stimulus
tests. Our solutionis memory-mappedreads and writesthat
appear l/O-mappedto the SUT.This is not as straightfoMard
as it seems,in that it requiredtricky latchingof the 5001C
control lines in addition to some gating of the signature
analyzerclock to guaranteestable signatures.
6 . 4K ROMwithPagingScheme.The5001seriesusesan internal
2K ROMoverlayedintothe entirememoryspace 32 timessuch
thatthe microprocessorseesthe ROMat any address(excluding specialcontroladdresses).In the case of the 5001C, a 2K
ROMis notsufficient,so a 4K BOM is used.To preservethe 2K
image,one of the 5001C controllinesis used to map between
halvesof the 4K ROM(Fig.4).Thismappingis invisibleto the
SUT.
7 . Comorehensive
RAM Test. Becauseit has more ROM soace.

the 5001C includesa comprehensiveRAMtest.Thistestwrites
a patternto all of memory(64K).Thenmemoryis readone byte
at a time,and if the correctpatternis read,a walkingonesand
walking zeroes patterntest is performedto that byte. Upon
successfulcompletionof this bytetest,the signatureanalyzer
clock is toggled once and the next memoryIocationis tested.
This test essentiallycountsthe numberof good RAM cells in
byte increments.An advantage of this test is that no prior
knowledgeis needed of where RAM exists.
5001D Tests Z80A
The 5001D MicroprocessorExerciser(Fig. 5) is designed to
workwith the ZB0Amicroprocessor.lt is very similarto the 5001A
MicroprocessorExerciserexcept for the followingfeatures:
1. Full lnstructionSet festrng. The 50010 performsa test on the
full instructionset of the 2804. The testing ot some of the
instructionscreated interestingproblems.The HALTinstruction posed the problemof how to get the Z80A out of the HALT
mode afterits execution.Thissimilarinstructionis nottestedrn
the 5001A and 5001B. The solutionis to feed back the FEF
outputto the r.t'Mi
input (Fig. 6). The trMicreatesthe interrupt,
which brings the Z80A out of HALT.Anothertesting problem
occured with the RST0 instruction.Location0000 had to be
reservedfor the 500.1D power-upand manualresets,so this
same location could not be used for the RST0 jump. The
solutronwas to use a 4K ROMthat can be accessedin two 2K
pages, as in the 5001C. Now the RST0 instructioncan be
tested using locationO00Oin the top 2K page of the 4K ROM
while the 5001D resetscan use the bottom2K page. Finally,
since the 5001D contains no RAM, all instructionsinvolving
stacks are done using simulatedstacks stored in the ROM.
2. lnterruptsand Bus Control Testing. During the instructionset
test (TEST
00),interruptsand bus controlsignalsare simulated
to test their operation(Fig. 6). The interruptsare tested by
settingthe tttf or f.ttvtt
line low using a controlledfeedbacktap
from the externalstimuluslines.Whenthese linesare set low,
the processorrs checked to see if the appropriateinterrupt
actionsaretaken.Someoithe interruptmodesrequireexternal
data. The 5001D has a registerthat sends the appropriate
interruptacknowledgeresponseto the processor.The testing
of bus controllines(euSROand BUSAK)
is performedby setting
the auSnQinputwitha feedbacktapfromtheexternalstimulus
lines.The BUSAK
signalgeneratedfrom the processoris used
to clear the externalstimulusregisterto bring the processor
back out ot the high-impedancestate.

OTFF
Effiectlve
lilemory space
0000
OTFF
Effective
Memory Space
00@
(Funetional. Model)

4K ROM

Fig. 4. Mappi ng between halves of the 4K ROM in the 5001C.

18 HewrEn-pecKARD
JoURNAL
JANUARy
1982

Fig. 5. 5001D MictoprocessorExerciserfor Z80Amicrop rccessorbasedproducts.

Flg.6. lntenupt and antrol signal simulationin the 5001D.
3. QualifiedRAM lest. In additionto the comprehensiveRAMtest
in the 5001C,the 5001D also containsa qualifiedRAM test.
This test allowsthe runningof a write/readRAM test on one
memorychip at a time by placingthe qualifyline on the chipselectsignalof the RAM chip of interest.This featureenables
the userto find a faultyRAMchip quicklywhenthe other RAM
tests show that there is a problem in RAM.
4. Z80A RAM Refresh.The transparentRAM refresh capability of
the Z80A processoris preservedin the 5001D by havingthe
refreshaddresses and control signals automaticallyoutput
fromthe 5001D to the systemundertest.This preventsthe loss
of RAM data even if the 5001D is operatingindependentlyof
the systemundertest, with its buffersinactivated(the bufiers
can be turned on and off under softwarecontrol).
5. RAM Refresh Signature Analyzer Clocking. The testing and

of dynamicRAMsystemsis facilitatedby givtroubleshooting
ingthe 5001D the abilityto createsignatureanalyzerclockson
refreshcycles of the 2804. The Z80A refreshtest (TEST
01)will
test a processor'srefreshcapability.lt can alsobe usedto test
a system's refresh decoding circuitry since the signature
analyzerclocking occurs only on the Z80A refreshcycles.
6. Fetch Cycle SignatureAnalyzer Clocking. As in the 5001C,
most of the signatureanalyzer clocks from the 5001D are
created by gating the n-D,WF,MFEo-,
toR-6,and RFSttcontrol
linesf romthe processorto the signatureanalyzerclock output.
The signatureanalyzerclock edges fromthe 5001Dfollowthe
edges of these control lines. However,the fast Z80A fetch
cycle preventsthe use of this method for signatureanalyzer
clocking on instructionreads.The end of the fetch cycle occurstoo closeto the disappearanceof the addressinformatron
to obtainstablesignatures.To solvethis problem,a sequential
timing circuitwas designedthat gates the ZB0A clock to the
signatureanalyzerclock output.Thisgatingoccursonlyat the
end of a fetch cycle and only when the processoris not in a
WAITstate.This method allows the signatureanalyzerclock
edge to occur before the address and data informationis
removedfrom the system. Gating the clock into the 500'1D
required a low-load.fast clock buffer. A discrete transistor
invertingbufferwas designed to accomplishthis.
7. Shielded Flat Ribbon Cable. A special shielded flat ribbon
cable is used betweenthe 5001D and the systemundertest.
This cable consistsof two 4O-lineflat ribbon cables that have
everyother line groundedat both ends. The cable shieldsthe
fast ZB0A clock from other signals and lowers the ground
impedancebetweenthe 5001D and the system under test.
This allows the 5001D to operate at normal Z80A svstem
soeeo.
-David Rick
-Robert Welsh
-Waymond Fong
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A Fast,Compact,High-QualityDigital
Displayfor Instrumentation
Applications
Smallsize,low cost,and a simpledigitalinErtacemake
it easierfor designersfo build this directed-beamCRT
displayinto theirelectronicinstruments.
by Kunio Hasebe,WilliamR. Mason,and ThomasJ. Zamborelli
IGH-QUALITY GRAPHICSin a compact, low-cost
module are made availableto instrument designers
with the Hewlett-PackardModel 1345A Graphics
Display (Fig. 1). This new digital display producesvector
graphics on its display screenin responseto digital commandsfrom a host processor.Thus it is no longer necessary
for the instrument designerto custom-designthe complex
circuitry neededto convertdigital coordinateand character
datainto the analogsignalsrequired by a traditional analog
X-Y display. The 1345,\ is a self-containedgraphics display module that interfacesto a user's system as a peripheral via a 16-bit digital bus, compatible with popular
microprocessors.
The 13454 Graphics Display is a L6-cm-diagonalelectrostaticCRTdisplay module containinga vector processor,
optional vector memory, built-in character generator,
stroke generator, high-voltage supply and deflection
amplifiers. It featuresrandom vector drawing, producing
bright, smooth lines, and it offers four programmableline
styles,four programmableintensity levels,and a full ASCII
characterset with a choice of four programmablesizesand
four orientations. In addition, the user may incorporate
special charactersor symbols by means of an auxiliary

iiatlt:ai

Fig. 1. Model 13454 Digital Display Module is a 16-cm
(diagonal) electrostaticCRTdisplay componentfor i nstrumentationand measurernentsysferns./t has high resolution(2048
x 2048 points), intetnal character generation, and programmable intensityand line type.
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ROM. A 4K-word internal vector refresh memory is available as an option.
Becauseof its high resolution (2048 x 2048 addressable
points), the 1345,\ can draw both straight and curved lines
(curvilinear vectors).Curved lines are drawn as a seriesof
connectedshort straight vectors.
The 13454 draws all vectors in a picture by moving its
display beam at the samespeed.This constantwriting rate
insuresa picture of uniform brightness(shortvectorsdo not
becomebrighter than long vectors).
Erasinga waveform that intersectsother waveforms(vectors) does not leave blank spacesat the intersections.
At its fastestdrawing rate,and at a 60-Hzrefreshrate,the
1345A can draw a picture that contains up to 8194 centimetres of vectors. If the refresh rate is slowed to 40 Hz
(possiblein some applications),then the picture can contain up to 1.2,288cm of vectors(Fig. 2).
The 1345A is intended to be integratedinto instrumentation or measurementsystemssuch as spectrum analyzers,
network analyzers,and waveform analyzers.The compact
display module is designedto provide an easymechanical
and electricalinterfaceto a user's system.The entire module takes up slightly more space than the CRT envelope
itself (seeFig. i). Printed circuit boardsare attachedto the
diecastframewith screwsand areeasilyaccessedfor servicing while the instrument is powered-up. A built-in test
ROM writes a self-testpattern on the screenwhenever the
digital interfacecableis removed for servicing (seeFig. 3).
The test pattern exercisesall of the display module's
capabilities for quick verification of operation and diagnosis of possible malfunctions.
Directed-Beam Vector Display
Much has been written comparing the advantagesand
disadvantagesof the various CRT display techniques (see
box, page 24). The 1345A usesthe directed-beam,randomscantechnique.It draws a line by moving the writing beam
continuously between two end points at a constant rate.
This producesa smooth, continuous and uniformly bright
line. This comparesto the raster-scantechnique of drawing
a line pixel by pixel. Depending upon the total number of
pixels on the screenand the direction of the line drawn, the
line may look jagged(Fig. a).
In the 1345A,eachvectoris specifiedby a startingpoint, a
stopping point, a vector speed(four different constantwriting rates),and a brightnesslevel (threedifferent levels).To
draw a picture consistingof uniformly bright lines, all lines

Fig.2. Model 1345A can display
up to 8194 centimetresof vectors
at lts fasfest drawing rate and a
60-Hz refresh rate.

must be programmed to have the same writing rate and
intensity level. To highlight certain elementsof a picture,
different intensity levels may be used. For example,a dim
graticule might be displayed with two data traces, one
bright and one slightly lessbright. To vary the intensity of a
trace,all that is required is either a programmed intensity
level changeor a programmed writing rate change.In all,
twelve levels of brightness can be obtained by choosing
combinationsof one of the four writing ratesand one of the
three brightnesslevels (Fig. s).
The image is maintainedby being completely redrawn at
approximately a 60-Hz refreshrate. Thus the picture must
be stored in a refresh memory, either the optional internal
refreshmemory or systemmemory dedicatedto refreshing
the picture. The directed-beamtechnique has fast picture
updating capability becauseonly the vector end points
need to be changed.This comparesto the rastertechnique
that takestime to calculateintermediatepoints on a line and
whether a pixel shared by two lines can be erasedor not.
Therefore, the 1345A is capable of displaying animated
pictures with ease,such as mechanical deflections in a
finite-element model of a structure, or scrolling of data
uaces.
System Interface
As previously stated,the 1345,4,communicateswith its
host systemover a 16-bit parallel data bus. The logic levels
are standardTTL positive logic levels. Data is transferred
using a two-wire handshake.When the 13454 is ready to
acceptnew data, it will pull the RFD(readyfor data)handshake line to the active low level. The system must then
make the data valid on the data bus and pull the DAV (data
available)handshakeline to the activelow level. The 1345A
will then signify its acceptanceof the databy returning RFD
to the inactive high level. When the systemreturns the DAV
line to its inactive high state,a handshakecycleis complete.
Sincethe datatransferredmust be actedupon by the 1345A

Fig. 3. A built-in test ROM writes a se/f-test pattern on the
screen when the digital interface cable is disconnected. A
chart on top of the module showswhich components to adjust
to correct various oatts of the Daftetn.
.]ouRner21
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0.20inch per microsecond
0.15 inch per microsecond
0.10inch per microsecond
0.05inch per microsecond

00
01
10
1. 1

Xr,Yr

RasterTechnique

VectorTechnique

Fig, 4. Comparing vectot and raster line-genetation
technioues.

before the next data word can be accepted,the data transfer
rate is va-riableand depends on the data being sent. The data
transfer rate can vary from 2MHz for PLOT-Xdata to 8.33
kHz while a long vector is being drawn.
The 1345Arecognizesfour commands.Eachcommandis
identified by the condition of the three most significant bits
on the data bus.
D15 D14 D13
0
0
0
1
0
0
010Text
1
1
0

PlotAbsolute
GraPh

1

7

11

I0

11 I0

Intensity

0 0
01

Blank
Dim

1 0
7 1.

0

D15 D14 D73 D72 D11 D1OD9 D8 D7 D6 D5 D4 D3 D2 D1 DO
O

O

Half Brightness
Full Brightness

0 0
0 t
1 0
1 1.

D

DDDDDDDDDD

XY

0 : Move (draw vector with beam offJ
1 : Draw (draw vector with beam on)
The graph command can be used whsn the data points are
always the same X increment apart. If the system sends the
13454 that X increment. the 13454 will store it and au-

D3 D2 D1 DO

beONFO

Linetype
Solid Line
Intensified
End Point
Long Dashes
Short Dashes

oooooooooooooooo

Commands

0 L1 L0 0 0 W1 w 0 0 0 0
L1 LO

O XYPC

PC (Beam control bit)

SetCondition

D 1 5 D14 D13 D72 D17 D10 D9 D8 D7 D6 D5 D4

The plot command will move the beam to a specific X-Y
location with the beam either on or off. The command word
contains either the X coordinate or the Y coordinate, so that
two plot command words are sent to specify an X-Y location. The beam will move only after receiving the Y coordinate. The format of the command is as follows:

0 : X coordinate(O-2O47)
as specifiedby D0-D10
as specifiedby D0-D10
1 : Y coordinate(O-2O47)

Command

The set condition command controls the beam intensity
level, the linetype, and the writing speed of all vectors
drawn on the CRT until another set condition command is
received. The format of the command is as follows:

0

Writing Speed

W1 WO

Xz' Yz

1) SET:

Full Brightness
Solid Line
0.05 in/ps

0111100000011000

2) PLOT:

X Posilion = 1024

0000010000000000

3) PLOT:

Y Position = 1024
Beam is off: Move

0001010000000000

4) GRAPH: Delta-X= 512

0010001000000000

5) GRAPH: Y Position = 512
Beam is on; Draw

0011101000000000

6) GRAPH: Y Position = 1024
Beam is on; Draw

0011110000000000

7) TEXT:

0100100101000001
ASCII 65 = "A"
Size = 1.5 x
Rotation = 0 Degrees
2047,2047

o,2047

Moves are represented
as dashed lines
(beam is off)
1024,1024 1536,1024

.rA
,,|
,/

,y

l,/

The solid line is drawn
by the display (beam
is on)

1024,512

o;o
Fig.5. Twelve levelsof brightnesscan be obtained by choosing combinationsof one of the four writing ratesand one of the
three brightness/evels.
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x

2o47,o

Fig. 6, A sampte 13454 command sequence and the rcsulting picturc.

tomatically increment the current X position by that X increment whenever GRAPH-Ydata is sent. This means that
after sending the X increment (delta-X),the system only
needs to send GRAPH-Yvalues. This allows the system to
use lessmemory to store a picture. The format of this command follows:
D15 D14D13D12D11D1OD9D8D7D6D5D4D3D2D1DO
1

XYPC

D

text command format is:
D15 D14 D73 D1,2D11 D1OD9 D8 D7 D6 D5 D4 D3 D2 D1 DO
1

O

O

51 SO RlROESAAAAAAAA

ES
0 : Use previous size and rotation
1 : Establishnew size and rotation using R1-R0and S1-S0

DDDDDDDDDD
R1 RO

XY

0
0
T
T

0 : Set delta-X increment (specifiedby D0-D10)
1 : Y coordinate (specifiedby D0-D10)

0
1
0
7

O Degrees
90 Degrees
180 Degrees
27ODegrees

PC (Beam control bit)
0 = Move fdraw vector with beam off)
1 : Draw (draw vector with beam on)

51

The text command will draw a specified character at the
X-Y coordinate previously specified by a plot or graph
command. The user may choose any combination of one of
four character sizes and one of four rotations. The character
is specified by the ASCII equivalent given in Table I. The

S0

width x Height
(in AddressablePoints)

Size

001
011.5
102.O
112.5

24x36
36x54
48x72
60x90

X

x
x
x

D7-D0 contain the ASCII code.

Table I
1345ACharacterSet
0 no operation
1 HP logo
2 beta
3 no operation
4 upper-half tic
5 lower-half tic
6 left-half tic
7 right-half tic
I backspace
9 % shift down
10 line feed
11 inv. Iine feed
rz % shift up
13 carriage return
14 horizontal tic
15 vertical tic
16 centered *
17 centered o
18 up arrow
19 left arrow
20 down arrow
21 right arrow
22 square root
23 pi
24 delta
25 mu
26 '(degree)
27
28
29
30
31
NPC : nonprinting

character

ohm
rho
gamma
theta
lambda

32 space
33!
34"
35#
36$
u, o/"

64@e6
65

A

97a

66

B

98b

67

C

99c

68

D

100d

69

E

101e

70

F

102f

77

G

103g

72

H
I

104h
105i

38&
39',
40(
41 )
42*
43+

J
K

106j

75

44

76

L

1081

45

77

M

109m

46

78

N

110n

79

O

7'1,7 o

80

P
v
R
S
T
U

L12 p

48

0

73
74

49

1

ol

50

2

82
83
84

JI

52
53 5

6J

707k

113 q
114 |
115 s
116 t
177 lt

J+

6

86

118 v

55

7

87

5tt

I

88

57 I

89

W 119 w
X 72O x
Y L2\ y

58
:r!,

90

z

;

91

722 z

t 723 |
124 |
t" 725 )

60

92

ol

93

62
63 ?

94

126 box

95

127 shaded
triangle
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Instrumentation Graphics
The 13454 DigitalGraphicsDisplayis designedto meet the
display requirementsof electronicmeasurementinstruments
such as oscilloscopes,spectrumanalyzers,networkanalyzers,
curve tracers,and waveformanalyzers.
The importantaspectsof any instrumentation
graphicspicture
are resolution,brightness,the amountof data displayed,and the
data update speed.
Addressableresolutionis the incrementalaccuracywithwhich
the electronbeam can be positionedwith the screen area. lt is
specifiedas the numberof pointsalongthe horizontalaxisand the
numberof pointsalongthe verticalaxis.A high-resolution
picture
can presentfiner waveformdetails,such as noise spikes.
The ideal displayshould have enough brightnessrangeto be
useful in either a bright outdoor environmentas in a portable
instrument,or a darkenedlaboratoryenvironmentas in a benchtop instrument.lt should show enough data and update it fast
enoughto keep up with transduceror measurementinstruments'
data acquisitionand processingspeeds.
Other essentialcharacteristicsof an instrumentation
graphics
display moduleare a high-qualitypicture,flexiblepackagingfor
easymountingand minimumspace requirements,
and low power
consumptionto minimizethe host instrument'scooling requirements and power supply load. The 13454 has these features,
along with an ASCIIcharactergeneratorfor labelingand identification of softkeytunctions,and the abilityto generatedifferent
linetypesand differentintensitiesto separateone waveformfrom
another.
CRT Technology
There are two methods of deflectingthe electron beam in a
cathoderay tube (CRT):electromagneticand electrostatic.Electromagneticdeflectionuses magneticfieldsto deflectthe beam,
whilethe electrostaticmethodsuseselectricfields.lt takesmore
energyand moretime to change a magneticfieldthan an electric
field.Therefore,the electrostaticdeflectionmethod can draw or
update a picturemuch more quickly,and consumesless power.
However,electrostaticCRTsare more exoensive.
Thereare alsotwo waysto scanthe beamoverthe CRTscreen.
One method uses a fixed format, commonly known as rasterscan, and the other uses a random vector format and is called
directed-beam.The raster-scanmethod scans the entire CRT
screenone lineat a time even when the beam is off or there is no
data to presenton the screen.Thisfixed-formatscanningmethod
makesthe deflectioncircuitsimplebut limitsaddressableresolution,becausethe higherthe resolutionthe longerit takesto scan
the screen if the light output is to remainthe same.
The directed-beammethod movesthe electronbeam in a random vectorformatonlywhere data needsto be presentedon the
CRT screen.Becausethe beam is moved from one pointto the
nextin a straightline,Iinequalityremainshighcomparedto raster
scan, in which a line appears as series of dots. Therefore,the
directed-beammethod has a higherdata update speed, higher
addressableresolution,and betterstraighfline qualit;.
Manycomputerdata terminalstoday have CRTdisplaysusing
electromagnetic
deflectionand the raster-scanformat.The CRTs
are currentdriventhrougha yoke and a tuned circuit.The electromagneticdeflectionand rasterscan makean attractivecombinationfor reasonsof cost and simplicity.
The 13454 useselectrostaticdeflectionand the directed-beam
format because it is intended as a low-power,high-resolution
display module with real{ime picture update speed to satisfy
graphics needs.
instrumentation
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Fig. 6 showsa samplecommand sequenceand the resulting picture.
Refreshing the Display
The system is required to resend all picture data to the
13454 at a minimum rate of 5OHz. Below a 50-Hz refresh
rate, the display may begin to flicker. Recommendedrefresh rate is approximately 60 Hz.
If the user does not wish to worry about refreshing the
picture data, the 13454 can be ordered with an internal
memory option. This option supplies a 4Kx16-bit read/
write memory. The 13454 will automatically refresh the
display with the picture data contained in the memory.
Since the system only has to write the picture data once
with this option, it is often possible to specify a lowerperformance microprocessor when designing the system.
The memory interface usesthe same16-bit data bus asthe
standard 1345A for both data and addressinformation. The
addressused for a memory read or write cycle is stored in an
address pointer on the memory board. The user may load
this address pointer via the data bus and then proceed to
write or read picture data. After each accessof picture data,
the addresspointer is automatically incremented,
Four interface signals conhol operation of the memory
board, as follows (X : don't care):
RD WR DS AO

xxlx
010x
1000
1001

Memorv Action
None
Read from memory
Write to address pointer
Write to memory

Memory Programming Example
Address

Contents

0000
0001
to
1000
1001
1002
to
2002
2003

In this example:
-

Picture A is not displayed
Picture B is displayed
Graticule A is not displayed
Graticule B is displayed
The labels are not displayed

2004
to
2060

2061
2062
to
2'147
2148
2149
to
2255
2256
2257

Fig.7. Thejump command in the refreshmemory will cause
the display to jump to any desired picture element. Animation
and scrolling can be achieved using this command.

Analog

x,Y,z
Output

dc
Power
lnput
+5V, !15V

Fig.8. 13454 block diagram.

Two additional signals provide added flexibility. An
acknowledge signal is output for every cycle. Since the
memory has a constantaccesstime of 320 ns, the use of this
signal is optional. An input for external synchronization of
the picture is also supplied. If not used, the picture is
refreshedby an internal circuit at a rate of approximately 60
Hz.
Two types of data words can be written into the memory.
The first is picture data,which usesthe 13454 data format
describedearlier. The secondallows the user to direct the
refresh circuihy to jump around picture data. This jump
command is written into the memory but is not sent to the
display. Its format follows:
D15 D14 D13 D12 D11 D1OD9 D8 D7 D6 D5 D4 D3 D2 D1 DO
1

X

X

X

A

A

AAAAAAAAAA

D0-D11specifythe nextdataword to besentto the 1345Adisplay.
The jump command allows the user to write graticules,
labels, or other picture elements into memory upon
power-up and display them only when needed. A jump
command inserted into the memory will causethe display
to jump to any desiredpicture element(seeFig. 7). The user
may also use the jump command to createanimation on the
screen by successivelyjumping to a series of pictures.
These prestoredpictures can be any size, limited only by
the memory size. Scrolling of data or text can also be
achievedby using the jump command.
Line Generation
Fig. B is the block diagram of the 13454 Display. The
stroke generator takes the digital X and Y data from the
vector processorand generatesvoltagesto drive the CRTvia
Drive External CRT

Ffg. 9. Ihe strcke generctor implements the linear patametric
equationsfor a straight line.
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Scale
Factor
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Ylrsr
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vector length, a schemeof intensity drive correction can be
implemented.
However, a more elegant solution is to keep the beam
velocity constant.To keep dl/dt constant,the slope da/dt
must vary inversely as V1A)<1t+ 1AV;t
The circuihy used to generatesuch a ramp function in the
1345A is diagrammed in Fig. 10.
Initially, the Q output of the flip-flop is high, and the
precharge switch is closed, connecting the top of the
capacitor to Vr"g,and holding the ramp output at the reference voltage.
A negative-goingramp is generatedwhen the flip-flop is
cleared, opening the precharge switch and allowing the
capacitorto be dischargedlinearly by the constantcurrent
output of the computing circuitry. Becausethe output current of the computing circuit is inversely proportional to
the length of the line being traced,\4AXF+(A-VIZ the slope
of the ramp function is:
da

dv

dto

&

:-

Iout
c

c

v(Ax)2+(AY)2,

vFig. 10. Theramp generator keepsthe writing beam vetocity
constantregardlessof the length of the line being drawn. Thus
all lines have the same intensity unless different rnlensfi,'es
have been programmed.

the deflection amplifiers.
The linear parametric equation for a straight line with
end points at (X1, Y1) and (X2, Y2) is:
X = Xr * aAX where AX : (X2-X1)
y = yr + aAy where Ay : (Y2-Y1)
0< a <1
The strokegeneratorimplements theseequationsas shown
in Fig. 9.
Varying a from 0 to 1 will trace out the line. If the slope
da/dt is constant while the vector length (L) changes,the
writing beam velocity is not constant. This results in
nonuniform brightness of vectors-long vectors dim, short
vectors bright, To achieve uniform brightness regardlessof

as required.
Finally, when the ramp output reacheszero volts, the
limit comparatoris tripped, clocking a one into the flip-flop
and closing the prechargeswitch. The capacitoris quickly
chargedto the referencevoltage,and the initial condition is
restored.
Vector Processor
The vector processoracceptsdatafrom either a host processor or a refresh memory and performs the following
functions:
r Monitor the set condition command and control the following:
o gray scale (intensity)
o linetypes
o lwiting speeds
r Handshakewith the shoke generatorand pass a single
PLOT-X/PLOT-Y
11-bit absolute data word
r Convert graph mode data to output absolute data values
for the stroke generator.
r Convert text ASCII values to absolute stroke data.
w0
wl
LO
L1
t0
t1

Fig.11. Thevectorprocessoracceptsinputdataand processes
it
for the strokegenerator.TheVPC
ls a specra/NMOSICMOSintegratedcircuitchip.
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Integrated Circuit {-

---f

Peripheral Logic
Data from
Host Computer
or Memory
ASCII Lookup
ROM

Stroke
ROM

Flg. 12. VPC architectureand
oDerction.

The major design constraintswere a result of the space,
power, and speedrequirements.The board spaceavailable
was less than 320 cm2and power dissipation had to be less
than 5 watts. The speed required was dictated by the stroke
generator,which can draw somevectorsin aslittle as 1.5pr,s.
Thus the vector processorhad to be designedto setup each
vector in at most 1 trr,s.
The spaceand power constraints indicated an integratedcircuit implementation. After due consideration, an
NMOS/CMOSprocesswas chosenand a specialvector processorchip (VPC)was designed.Fig. 11 shows the block
diagram of the vector processorbasedon the VPC.
An additional requirement for very smooth characters
suggesteda charactermade with strokesrather than a raster
characterapproach.This, combined with the need for mulThomas J. Zamborelli
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tiple character sizes and rotations and the 13454 graph
mode, led to the architectureshown in Fig. 12 for the VPC.
The function of the \?C can be seen by looking at its
operationin each ofthe four 1345A modes.Lettersrefer to
blocks in Fig. 12.
1. Set condition. Data is latched onto the VPC into A and
sent to the stroke generatorvia latch O.
2. Plot absolute.Datais input viaJ to A, through F, G, and H,
and output to P and Q for stroke generator use.
3, Graph absolute. The X data is first latched into C. Thereafter, only Y data is passedto A via f. Data is output to the
strokegeneratorfor X via C, D, E, F, G, H and P. For Y data
the data path is A, F, G, H and Q.
4. Character data is handled somewhat differently. The
ASCII data is latched into L via I and K. Thereafter, the
character stroke data is read from the stroke ROM M via N
into A until the last stroke is read. Charactersize and rotation is determined in B, D, and E. Data is then output
through F as before in plot absolute form.
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