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S i g n a l  r u g  U s i n g  S u r f a c e  A c o u s t i c  W a v e s ,  b y  W i l l i a m  R .  S h r e v e  C o m p a c t ,  r u g  
ged SAW correlat ion, that require no adjustment make real- t ime convolut ion, correlat ion, and 

dispersive f i l ter ing less di f f icul t .  

R e t r o f i t t i n g  f o r  S i g n a t u r e  A n a l y s i s  S i m p l i f i e d ,  b y  R o b e r t  R h o d e s - B u r k e  S i g n a t u r e  
analysis is a great help in t roubleshoot ing digi ta l  products designed to use i t ,  but what about 

a l l  the products that  aren ' t? 

A  F a s t ,  b y  H i g h - Q u a l i t y  D i g i t a l  D i s p l a y  f o r  I n s t r u m e n t a t i o n  A p p l i c a t i o n s ,  b y  
Kunio  Hasebe,  Wi l l iam R.  Mason,  and Thomas J .  Zambore l l i  Why des ign a  custom d isp lay  

when you can just  p lug one in? This  one is  easy for  a  microprocessor  to  ta lk  to .  

In this Issue: 

Electronic instruments and systems usually have a display of some kind to present data to 
humans have a readily understandable form. More and more, such systems have microcomput 
ers inside, and while they may be fed continuously varying real-world quantit ies l ike voltages, 
speeds, and temperatures, the f irst thing they do with this analog data is convert i t  to binary 
numbers so that internally they can operate entirely digital ly. This month's cover subject, the 
1 345A Graphics Display Module, is a high-quality cathode ray tube display that's designed to 
be built based spectrum analyzers, network analyzers, and other electronic instruments based 
on microcomputers. The 1 345A is easy for a microcomputer to talk to, because it understands 

p ic tu re  descr ip t ions  in  a  s imp le  b inary  language.  Wi th  i t ,  an  ins t rument  des igner  can prov ide  h igh-qua l i t y  
graphics and text while avoiding the t ime and expense required to design a custom display. Among the 1345A's 
contributions are its speed, l ine quality, resolution, number of brightness levels, and compactness â€” the entire 
module page 20. a l i t t le larger than the CRT. I t  tests i tsel f ,  too. The design story begins on page 20. 

Complex digital systems, especially computers and microcomputer-based products, are particularly diff icult to 
troubleshoot. I f  you connect an osci l loscope to any point in a digital circuit,  you see a voltage switching rapidly 
between system, levels. Without specialized test equipment and detailed knowledge of the system, it isn't possible to 
tell whether that "bit stream," as it 's called, is correct. Yet it 's impractical for every field service technician to have 
that developed Guided knowledge and equipment. Signature analysis was developed as a response to this problem. Guided 
by  a  tes t  numbers  the  techn ic ian probes po in ts  in  the  sys tem and observes four  le t te rs  and/or  numbers  (a  
s i gna tu re )  d i sp layed  by  a  compac t  i ns t rumen t  ( a  s i gna tu re  ana l yze r ) .  Compar i ng  t hese  s i gna tu res  w i t h  
documented correct signatures tel ls at once whether things are as they should be. The catch is that the system 
has to be designed for  th is  k ind of  t roubleshoot ing so that  when i t 's  being tested,  known bi t  s t reams can be 
introduced and the system can be set up so that signatures throughout i t  are predictable. But what about al l  the 
products can, were designed without this capabil i ty? Can't they be retrofit for signature analysis? Yes, they can, 
but i t 's not easy; some redesign is usually necessary. Again a problem, and again a solut ion, the 5001 A/B/C/D 
Microprocessor Exercisers. The four versions of this instrument make i t  easy to retrof i t  products based on four 
widely  s tory  microprocessors wi thout  cost ly  redesign.  How does i t  work? The story  begins on page 9.  

Last  month's issue reported on HP developments in surface acoust ic waves,  or  SAWs, and descr ibed SAW 
delay l ines, f i l ters, resonators, and sensors. In this issue, on page 3, you can read how SAWs can be used to do 
exot ic s ignal  processing,  such as pulse compression,  var iable-bandwidth f i l ter ing,  matched f i l ter ing,  var iable 
t ime delay,  proces f i l ter ing,  corre lat ion,  convolut ion,  and Four ier  t ransformat ion.  Compared to d ig i ta l  proces 
sors rugged, require the same things, SAW devices are small, simple, and rugged, operate in real time, and don't require 
h igh-accuracy analog-to-dig i ta l  convers ion.  Their  d isadvantage is  a l imi ted dynamic range.  

This history. we're doing something we haven't done in our 32-year history. We're asking you, our readers, to 
tel l  us reader you think of this publ icat ion. In the center of this issue we've put a reader opinion questionnaire. 
Please help us by completing it  and mail ing it  back to us. If  someone's already removed the questionnaire, your 
comments  are welcome wi thout  i t ,  now or  a t  any t ime.  

-R.  P.  Do/an 
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Signal Processing Using Surface 
Acoustic Waves 
I f  e lect r ica l  s ignals  are conver ted in to minute acoust ic  
waves on the surface of  a piezoelectr ic crystal ,  the signals 
can be processed in  nove l  ways for  var ious e lec t ron ic  
appl icat ions.  Such dev ices are smal l ,  rugged,  and can be 
fabr icated us ing microe lect ron ic  techniques.  

by Wil l iam R.  Shreve 

SURFACE-ACOUSTIC-WAVE (SAW) devices can be 
used for analog signal processing other than basic 
filtering and frequency control.1 By tailoring the 

characteristics of a device to a particular application's 
requirement, one can design systems to do pulse compres 
sion, variable-bandwidth filtering, matched filtering, vari 
able time delay, adaptive filtering, correlation, convolu 
tion or Fourier transformation. 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 ca 
pable of greater flexibility and accuracy at the expense of 
increased processing time and the high precision of ana 
log-to-digital (A-to-D) conversion required at the input. 

Frequency 

(b) 

Fig.  1 .  (a)  Delay character is t ic  o f  l inear ly  d ispers ive (down- 
chi rp)  f i l ter ,  (b)  Impulse response of  same f i l ter .  

Dispersive Delay Lines 
A number of signal processing functions can be per 

formed with dispersive delay lines. A dispersive delay line 
is a filter whose delay is a function of the input frequency. 
Fig. 1 shows the characteristics of a linearly dispersive 
delay line or chirp filter. The different frequency compo 
nents of a short-duration, broadband input pulse are spread 
out in time as they pass through the filter. This spreading 
causes a reduction in peak power. Conversely, an appro 
priately matched chirp (spread-frequency) input signal is 
compressed in time by the filter. This compression im 
proves the signal-to-noise ratio and simultaneously reduces 
the duration of the signal. 

The first application of these devices was pulse compres 
sion for radar systems like that shown in Fig. 2.2 An initial 
pulse is expanded in 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-noise ratio. This system makes efficient use of 
transmitter power, increases the system's resolving capabil 
ity in both range and velocity and reduces interference from 
other signals. 

Chirp filters have also been used for variable-bandpass 
filters.3 A pulse compressor and expander like those used 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  re la t ive  offse t  i s  de termined by the  mix 
ing frequency fc. 

Chirp filters can also be used to perform analog Fourier 
transform operations.4 As shown in Fig. 4, the input signal 
is mixed with a chirp signal, passed through a matched 
chirp filter and postmultiplied by another chirp signal. 
Mathematically this can be expressed as follows: 

F(t) = C3(t)}-C2(t) (1) 

If S(t) is a bandlimited signal and Cjft) and C2(t) are identi 
cal constant-amplitude chirp signals matched to the uni 
form filter impulse response C3(t), then F(t) becomes 

F(t) = exp 
p At/2  

t) J 
J-At /2  

S(t)exp(-j27rfr)  dr  (2) 
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_A_ 
Transmitter Receiver 

Fig.  2.  S/4 W devices can be used in chi rp radar systems by 
expand ing a  pu lse  before  i t  i s  t ransmi t ted  and compress ing  
the received s ignal  back into a narrow pulse so that  d istance 
accuracy is  mainta ined.  Expanding a pulse reduces the peak 
t ransmi t ter  power  requi red and pu lse compress ion improves 
the s ignal- to-noise rat io in the receiver.  

where f = (Af/At)t, At is the length of the mixing chirp signal 
C^t), and f i is the center frequency of that signal. This 
expression is the Fourier transform of the signal S(t) over 
the time interval At. For signals longer 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 con 
tinuous transformation. The signal bandwidth must be 
limited to the difference between the filter bandwidth and 
the mixing chirp signal bandwidth. The circuit shown in 
Fig. 4 is significant because it 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 processing system capabilities depend on 
filters with large dispersion time and large bandwidth be 
cause these two parameters determine the maximum data 
rate and dynamic range of a system. 

The accessibility of surface waves and their nondisper- 
sive propagation characteristics make chirp-filter design 
straightforward. Controlled variation of delay as a function 
of frequency is accomplished by choosing the appropriate 
transducer electrode pattern. 

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 deter 
mined by the electrode spacing. Hence, frequency and 

Fig.  3 .  SAW chi rp  f i l ters  can be used for  var iab le bandwidth 
f i l t e rs  as  shown in  the  s imp le  b lock  d iag ram above .  As  the  
mixing frequency fc increases the output bandwidth narrows. 

F(t) 

Chirp 
C2(t) 

Fig. 4. Chirp f i l ter implementation of analog Fourier transform. 
Chirps Cjfi) and CÂ¿(t) can be generated by pulsing SAW chirp 
filters . The output F(t) is the Fourier transform of the signal S(t). 

delay can be changed and controlled by the size and spac 
ing of the transducers. Three transducer designs (Fig. 5) 
have been used for dispersive delay lines.5 One uses a 
single, long dispersive transducer with a short, nondisper- 
sive, 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 disadvantage that it is difficult to match 
the nondispersive transducer over a broad frequency range 
"Here weight ing is  the var ia t ion of  the lengths of  the e lect rode f ingers  in  a  t ransducer  to  
ach ieve a  des i red impulse response.  

(a) 

(b) 

(c) 

Fig .  5 .  Three  SAW t ransducer  con f igura t ions  used to  make 
dispers ive (chi rp)  f i l ters,  (a)  Broadband, nondispers ive t rans 
ducer on the r ight ,  d ispersive t ransducer on the lef t ,  (b)  Both 
t ransducers  are  d ispers ive and shor ter  than the long one in  
(a) ,  (c)  Slanted arrangement of  t ransducers used in (b) .  This 
minimizes distor t ion caused by propagat ion under t ransducer 
electrodes. 
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Reflective 
Grating 

Input Interdigital 
Transducer 

Piezoelectric 
Substrate 

Output Interdigital '  
Transducer 

Fig .  6 .  Re f lec t i ve  a r ray  compres  
s o r .  H e r e  t w o  b r o a d b a n d  t r a n s  
ducers are used for  the input  and 
output  and d ispers ion is  obta ined 
from the variation in path length for 
di f ferent f requencies. The wave is 
re f lected when the spacing in  the 
d i r e c t i o n  o f  p r o p a g a t i o n  i s  a  
wavelength X ( the per iod for  adja 
c e n t  g r o o v e s  i n  t h e  g r a t i n g  i s  
about  

and still achieve low insertion loss. 
In the configuration of Fig. 5b, two transducers are used 

to achieve the dispersive characteristic. Each transducer 
contains fewer fingers than the one dispersive transducer in 
the configuration of Fig. 5a and is therefore easier to match. 
A broadband nondispersive transducer is not required. The 
resulting filter will have lower loss, but the design and 
analysis, if both transducers are weighted, is more complex 
because the time response of the filter is the convolution of 
the impulse responses of the two transducers. Both of these 
designs require compensation for effective velocity 
changes under the transducer that are introduced in fabrica 
tion, for propagation losses and dispersion introduced by 
the electrode metal, and for scattering losses as the waves 
propagate under the transducer. These scattering losses are 
particularly severe in compression (up-chirp) filters where 
the high-frequency components of the signal must prop 
agate under the low-frequency part of the transducer. 
Since plate-mode (or bulk-wave) velocities are higher than 
surface-wave velocities, the low-frequency electrodes can 
scatter higher-frequency surface waves synchronously into 
plate modes. This scattering increases insertion loss and 
causes spurious output signals. 

These problems are eliminated in the slanted design 
shown in Fig. 5c. The propagation direction is the same as 
in the other designs. At high frequencies, surface waves are 
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 nonsyn- 
chronous electrodes and thereby reduces dispersion, at 
tenuation and scattering effects. The impulse response is a 
somewhat complicated convolution of portions of the im 
pulse responses of the two transducers. This complication 
makes precise analysis difficult, but the slanted structure 
eliminates the Fresnel ripple that is characteristic of trans 
versal dispersive delay lines. 

Another approach to dispersive delay lines is shown in 
Fig. 6. The reflective-array compressor (RAG) uses reflec 
tion of surface waves to achieve varying path length.6 The 
reflection arrays consist of grooves whose reflectivity is 
varied by controlling their depth as a function of position 
along the array. Waves at all frequencies are launched by a 
single broadband transducer and reflected at right angles by 
the first reflection array at the point where the spacing of the 
grooves along the direction of propagation is a wavelength. 

As shown in Fig. 6, a second array reflects the wave back to 
the output transducer. The advantages of this configuration 
are large dispersion, since the length of the device is used 
twice, and very low distortion, since reflective arrays intro 
duce minimal distortion as the surface waves propagate 
through them. The disadvantage is more complicated fabri 
cation. 

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 /as of dispersion.6 Other devices have 
been built with up to 100 jus of dispersion, but lower 
bandwidths. 

Fixed Correlators 
Chirp devices are examples of matched filters designed to 

detect particular frequency modulated signals. They are 

i m p u l s e  
Response 

(a) 

Input 

(b) 
â€” Signal Matches 
Impulse Response 

Time 

(c) 
Output  Waveform 

Fig.  7.  SAW implementat ion of  a seven-bi t  b iphase-code cor  
re lator .  An incoming s ignal  is  converted into a sur face acous 
t ic wave by the input transducer in (b) and propagates toward 
the  output  t ransducer .  When the  shape o f  the  sur face wave 
under the output t ransducer matches the impulse response of 
the transducer (a), a correlation pulse occurs at that time in the 
output  waveform (c) .  
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well suited to radar applications because the compressed 
pulse output is insensitive to Doppler shifts at the input and 
has low time sidelobes. In other applications where Dop 
pler shift  is not a problem, amplitude- and phase- 
modulated codes are appropriate. These fixed-code cor 
relators can be implemented easily with tapped SAW delay 
lines.7 The size of a tap [or set of electrodes) determines its 
amplitude and its position determines its phase. To match a 
known coded input, the impulse response of the SAW de 
vice is the time inverse of the waveform. 

Fig. 7 shows the surface-acoustic-wave implementation 
of a seven-bit biphase-code correlator. The electrode connec 
tions to the summing bars determine the phase of the uni 
formly spaced taps. In practical systems, many other codes 
besides seven-bit codes are used. As the number of taps 
increases, performance is degraded by the attenuation 
caused by scattering, and by spurious signals generated by 
reflection. This distortion can be reduced by slanting the 
tapped transducer in a manner similar to that discussed for 
the chirp transducer (Fig. 5c). In this case, however, the 
energy is launched across the entire width of the device and 
the part of the beam intersected by an individual tap (elec 
trode pair) affects the tap weight. 

Multiphase codes can be used to advantage in communi 
cation systems to reduce multipath sensitivity. These sys 
tems are called spread-spectrum systems because the in 
formation is transmitted over a larger bandwidth than that 
required for the data itself. If r is the data rate and there are n 
taps per bit of information, then the code bandwidth is n 
times r. This seems to be an inefficient use of the spectrum, 
but since the matched filter discriminates against other 
signals, it should be possible to have multiple signals with 
differing codes share the same portion of the spectrum. The 
major advantage of spread-spectrum systems is the reduced 
sensitivity to interference from signals reaching the re 
ceiver by different paths. In a narrowband transmission 
system this can lead to cancellation and loss of the incom 
ing signal. In a broadband system the signal level will be 
reduced, but the signal will not be lost. 

The advantage of SAW devices as correlators is that they 
are passive, inherently synchronized, real-time processors. 
Digital correlators have to perform many multiplications 
and summations to determine when an input signal is pres 
ent. 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 in it is required at all. The radio data link described in 
the box on the next page is an example of a system that uses 
SAW devices in this manner. 

Gold Electrode 
Pair 

Convolution Out at  

Fig .  8 .  Bas ic  conf igura t ion for  SAW e las t ic  convo lver .  

Zinc Oxide 

â€” Silicon Dioxide 

n-Type Sil icon 
< 1 0 0 >  

Fig. 9. Configuration of a monolithic diode storage correlator. 

Programmable Correlators and Convolvers 
The disadvantage of fixed correlators is that the code can 

be changed only by making a new device. If nonlinear 
devices are used, it is possible to make programmable cor 
relators where the reference function encoded in the trans 
ducer is determined by an auxiliary input signal. The 
simplest implementation of this device is the SAW elastic 
convolver (Fig. 8).8 As the reference and the input signals 
pass through each other, nonlinearities in the substrate 
generate a signal that is proportional to the product of the 
signals. The sum-frequency component of 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 elec 
trode. Mathematically this 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. There 
fore, if the reference is a chirp signal, the device can be used 
as a pulse compressor. If the reference is a coded waveform, 
it behaves like a fixed correlator. The advantage of a device 
with this flexibility is obvious â€” one device can now per 
form a variety of functions. The disadvantages are the re 
quirement of generating a reference signal at each convolu 
tion 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 dif 
ficult. 

The weak nonlinearity problem can be solved by intro 
ducing a semiconducting medium to do the mixing.9 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 
piezoelectric surface and modulate carriers in the semicon 
ductor. The voltage generated across the thickness of the 
semiconductor is proportional to the square of the driving 
electric fields, so one component of this voltage corres 
ponds to the product of the modulation of the two input 
waves. The interaction in this case is much stronger than 
the interaction in the piezoelectric substrate. It is highly 
dependent on the strength of the fields at the semiconduc 
tor surface and therefore on the size of the piezoelectric-to- 
semiconductor gap. The interaction strength is maximized 
with a gap of 100 to 500 nm depending on the semiconduc 
tor properties. The size of the gap is critical because contact 
between the two materials results in damping and scatter- 
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Radio Data Link 
The radio data l ink described here is a system for wireless data 

communicat ions  between a  computer  and severa l  remote  termi  
na l s  l oca ted  w i th in  a  l a rge ,  open  bu i l d i ng .1  The  sys tem uses  
d i rect -sequence spread-spect rum techniques to  overcome mul -  
t ipath interference and a SAW correlator to minimize sensit ivi ty to 
s igna l  rad io  and to  improve s igna l  acqu is i t ion  t ime.  Th is  rad io  
data communicat ions system is designed to operate indoors over 
a  l i m i t e d  r a n g e  a n d  w i t h  v e r y  l o w  t r a n s m i t t e d  p o w e r .  S u c h  a  
sys tem has  two advantages  over  ne tworks  tha t  use  meta l l i c  o r  
f iber-opt ic cables:  
: A terminal may be instal led wherever i t  is needed by putt ing i t  in 

a convenient place and turning i t  on. The need for cable instal  
lat ion to every foreseeable locat ion is  avoided.  

.  Terminals can be completely mobi le and st i l l  remain connected 
to the network. 

These two advantages make possible a var iety of  appl icat ions in 
o f f i ce ,  warehous ing ,  manu fac tu r ing ,  and  ins t rumen ta t ion  env i  
ronments. 

To real ize these advantages fu l ly ,  one must  f i rs t  address and 
overcome the problem of mult i  path interference. The potential for 
mul t ipath  in ter ference ar ises when rad io  s igna ls ,  as  a  resu l t  o f  
ref lect ions f rom the wal ls  and objects wi th in a bui ld ing,  reach a 
receiver by two or more paths of di f ferent lengths. Depending on 
the i r  f requenc ies  and re la t ive  pa th  lengths ,  s igna ls  a r r iv ing  by  
these the  may add des t ruc t ive ly  and produce deep nu l ls  in  the  
s ignal  power avai lable to a receiver.  A convent ional  narrowband 
signal can suffer a loss greater than 25 dB. To overcome this loss 
ei ther be t ransmit ted power or the t ransmit ted bandwidth can be 
increased. In either case more signal power reaches the receiver, 
but  the wideband approach requ i res  far  less  t ransmi t ted power  
fo r  a  g iven  opera t ing  range .  The  sys tem repor ted  here  uses  a  
w i d e  b a n d w i d t h  d 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  
spread-spectrum techniques,  somet imes cal led pseudo-noise or  
PN spread-spectrum. 

T o  t e s t  t h e  f e a s i b i l i t y  o f  u s i n g  d i r e c t - s e q u e n c e  s p r e a d -  
spec t rum techn iques  fo r  da ta  t ransmiss ions  w i th in  bu i l d ings ,  
t h r e e  d e  h a v i n g  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s  w e r e  d e  
s igned and bui l t .  

100 ki lobaud 
255 bytes 
25.5 MHz 
1.5 GHz 
binary phase-shi f t  keying 
51 MHz 

Data Rate: 
Code Length:  
Code Rate: 
Carr ier Frequency: 
Modulation: 
Bandwidth:  

T r a n s m i t  P o w e r :  5  m i l l i w a t t s  
O p e r a t i n g  R a n g e :  3 0 0  m e t r e s  

The operating range is adequate for many applications but can be 
increased by increasing transmit ter power.  For example, a range 
of approximately one ki lometre can be expected with a transmitter 
power of 50 mil l iwatts.  

Two CRT terminals and a central  computer were out f i t ted wi th 
the transceivers. A mult ipoint pol l ing protocol which used exist ing 
CPU software and terminal f irmware was chosen in the interest of 
exped iency .  The t ransce ivers  were  equ ipped w i th  RS-232-C in  
te r faces  and  appeared  to  the  CPU and  te rmina ls  as  s tandard ,  
h igh-speed,  synchronous modems.  

Al though a microprocessor-based receiver was or iginal ly used 
in the system, i t  was replaced by a SAW-based receiver  to over  
come two major  d rawbacks .  F i rs t ,  the  mic roprocessor  rece iver  
was sensit ive to rapid changes in mult ipath structure which some 
t imes  occu r red  as  peop le  o r  ob jec t s  moved  abou t  i n  t he  a rea  
where  the  rad ios  were  opera t ing .  Second ,  the  m ic roprocessor  
synch ron i sm acqu i s i t i on  t ime  was  100  m i l l i seconds  wh i ch  se  
verely degraded the channel  throughput.  These drawbacks were 
el iminated and a simpler block diagram resulted from the use of a 
SAW correlator (Fig. 1 ) in the receiver (Fig. 2). The incoming data 
is  t rans la ted to  the 350-MHz IF  and decoded by the cor re la tor .  
The data is  d i f ferent ia l ly  phase-shi f t  keyed and is  therefore con 
ta ined  in  the  re la t i ve  phases  o f  the  compressed  pu lses  a t  the  
correlator output. A second SAW device, a delay l ine with a delay 
of precisely one bit  period, is used to achieve dif ferent ial ly coher 
ent detection. A vital feature of the delay l ine detector is i ts abil i ty 
to  demodulate s ignals arr iv ing v ia d i f ferent  paths proper ly  even 
though their carrier phases are unrelated. The output of the detec 
t o r  i s  i n t eg ra ted  du r i ng  a  2 - / xs -w ide  w indow  cen te red  on  t he  
correlat ion peaks. In this way the receiver col lects power from al l  
signal paths and bases its data-bit decisions on total signal power 
rather  than on the power f rom any s ingle f ragi le  path.  

Signal acquisit ion t ime is l imited by the sett l ing t ime of the AGC 
loop for about one mi l l isecond, which is considered adequate for 
the  po l l ed ,  two- te rm ina l  ne twork .  The  po l l i ng  ra te  i s  abou t  50  
transactions per second. Reducing the acquisi t ion t ime would not 
increase th is  ra te  apprec iab ly .  The SAW cor re la tor  resu l ts  in  a  
reduction in the signal acquisition time by a factor of 1 00 and thereby 
a l lows the system to operate at  i ts  fu l l  100 k i lobaud data rate.  
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Fig. 1 .  Photograph of the SAW correlator port ion of the radio 
data  l ink  before  d iscre te  components  are  bonded on.  

Received 
Data 

Fig.  2 .  S impl i f ied b lock d iagram for  the SAW-based receiver  
used in the radio data l ink.  
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ing of the waves. Too large a gap or variations in the gap 
causes decoupling or variations in the coupling between 
the piezoelectric substrate and the semiconductor. 

Substitution of a diode array for the semiconducting slab 
further enhances the convolver's performance and flexibil 
ity because charge can be stored in the diode array. In one 
mode of operation, successive convolution outputs can be 
added to the charge stored in the diodes to make an integrat 
ing correlator. In the normal convolution mode, the refer 
ence signal can be stored as a charge image on the diodes to 
alleviate the problems of continual reference generation 
and synchronization with 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  d i f f icu l t ies  in  fabr ica t ing  a  two-subs t ra te  
piezoelectric-semiconductor convolver can be bypassed by 
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 substrate like silicon (Fig. 9). Monolithic 
devices now have efficiencies and bandwidths equivalent 
to those obtained with separate substrates.10 

The use of programmable SAW correlators and convolv 
ers is currently limited to research laboratories. System 
applications are limited by the correlator's high loss and 
limited dynamic range. When the losses associated with 
transduction over a useful bandwidth (25%), propagation, 
and the interaction are combined, the ratio of the output 
power to the product of the two input powers is about -50 
dBm. Thus if a +20 dBm reference is used, the ratio of 
signal-to-output power is -30 dB. This loss is more than 20 
dB better than the first convolver loss reported, but it is still 
substantial. The dynamic range is limited by thermal noise 
at low power and saturation at high power and varies from 
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-sensitive commercial applications 
like television IF sections. Applications outside the mili 
tary arena have been limited to simple filters and res 
onators. As commercial communication systems prolifer 
ate and become more complex, signal processing applica 
tions of SAW devices are becoming more common. 
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Retrofitting for Signature Analysis 
Simplified 
This  microprocessor  exerc iser  p rov ides  preprogrammed 
external  s t imulus rout ines and moni tor ing c i rcui ts  for  
s ignature analys is  t roubleshoot ing of  microprocessor-  
based systems.  

by Robert  Rhodes-Burke 

IGNATURE ANALYSIS troubleshooting tech- 
Ã±iques 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 equip 
ment and personnel with lower skill levels, and from more 
rapid fault isolation. Over 1000 companies have purchased 
HP signature analyzers for testing digital logic circuits. 

Signature analysis testing is used often in complex digi 
tal systems. It is frequently designed into the products, but 
several cases of retrofit have been successful in products not 
designed originally with signature analysis in mind. In 
general, the most effective implementations are those 
where some thought was given to testability considerations 
in the product development cycle. 

Until now, existing products not designed with signature 
analysis in mind were not retrofitted as often as they could 
have been. One factor may have been the perception by 
production and service engineers that the retrofit process 

Fig.  1 .  Model  5001 A Microprocessor Exerciser makes i t  pos 
s ib le  to  apply  s ignature analys is  t roubleshoot ing techniques 
t o  6 8 0 0 - m i c r o p r o c e s s o r - b a s e d  p r o d u c t s  n o t  o r i g i n a l l y  d e  
s i g n e d  l o r  s i g n a t u r e  a n a l y s i s  m e t h o d s .  O t h e r  v e r s i o n s  
(5001B,C,D)  tes t  p roducts  based on the 6802/6808,  8085A,  
and Z80A mic roprocessors .  

was similar to the design process and required R&D in 
volvement. Designers are not always available to work on 
products already released to production, and production 
and service engineers may feel that they do not have the 
time or circuit familiarity to retrofit the product themselves. 
Consequently some products miss the opportunity to use 
this technique to enhance their serviceability. 

Another point is that some minimal amount of hardware 
may be required to provide the timing signals to the signa 
ture 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. Occasionally a slight design modification, costing 
only a package of gates, is required. This represents some 
change, which can be considered intolerable in products 
released to manufacturing. 

Thus the design-in philosophy is clearly the best, but the 
simplicity of the retrofit task, when viewed correctly, has 
not been stated strongly enough. The HP Model 5001A 
Microprocessor Exerciser (Fig. 1 ) should help remove some 
of the obstacles to evaluating signature analysis as a viable 
test alternative. 

The Microprocessor Exerciser  
The 5001A Exerciser makes the retrofit of signature 

analysis easier. The hardware impact on a product is re 
duced to the addition of a socket at the microprocessor 
location if one is not already present. The microprocessor 
exerciser provides a number of general-purpose prepro 
grammed stimulus exercises. These exercises can be 
adapted to a typical system with little effort. Valuable ROM 
space is not needed because the exerciser, acting as an 
external test stimulus, does not require any memory alloca 
tion concessions in the user system. 

The exerciser provides signature analysis experience in 
products as the technique is learned. Users can begin im 
mediately to use signature analysis in their product by 
connecting the exerciser to the product and selecting any of 
the preprogrammed stimulus programs. Thus the new 
comer can actually experience the use of signature analysis 
before gaining an in-depth understanding of the process. 
Even if the user abandons the exerciser later to implement a 
designed-in approach, the user will benefit from the use of 
the exerciser and learn more quickly than by earlier 
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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 pro 
grams are preprogrammed and tested by the designers of 
the exerciser, the service engineer has a starting library of 
many routines useful in exercising circuits connected to 
microprocessor system buses. The exerciser lets 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-resident with diagnostic signature analysis exer 
cise programs. 

Additional product hardware requirements are nearly 
eliminated, except for the required socket for the micro 
processor and the breaking of feedback loops in the circuits 
beyond the processor buses. It is still true that, unless feed 
back loops are broken, signature analysis techniques have 
some difficulty in isolating a fault. However, it should be 
noted that the detection of a fault is not impaired. Also, this 
deficiency affects most board testers, which observe only 
edge-connector activity. Good design practices can al 
leviate the grief caused by this configuration, at low ex 
pense 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-speed test 
methods can be detected by at-speed testing. The fact that 
the testing occurs in the product rather than on some fixture 
adds to the near-perfect duplication of the environment that 
will be seen by the circuit in normal operation. This benefit 
is not often realized in other test methods. 

A number of preprogrammed test programs are carefully 
developed to take advantage of other features of the 5001 A. 
An example is the bus signature test that produces a 
single-measurement result in response to the eight-bit bus 
activity. The most frequent appliction of this test is the 
single-measurement verification of a product's ROM data. 

The 5001A Microprocessor Exerciser is the first of a fam 
ily of exercisers for the most popular microprocessors (see 
page 17). The characteristics of other exercisers in this fam 
ily are essentially the same as described for the 5001A, 
which is specifically designed for the 6800 microprocessor. 
Some of the features of these exercisers are: 
x Timing signals. All necessary timing and control signals 

required for a signature analyzer are produced within the 
circuits of the exerciser. This eliminates hardware over 
head 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 response of the product 
under test. 

Signature Analysis Reviewed 

In signature analysis test ing, the object ive is the detect ion and 
isolat ion of  d ig i ta l  faul ts that  produce incorrect  c i rcui t  funct ions.  
The technique requires a repeatable st imulus of the circuit  so that 
d ig i ta l  da ta  s t reams are  produced a t  var ious  po in ts  o f  in te rcon 
nec t i on  (nodes )  w i th in  the  c i r cu i t .  The  s igna tu re  ana lys i s  tes t  
col lects these bit  streams in a fashion that compresses them. The 
compress ion  is  s imi la r  to  the  we l l -known techn ique o f  cyc l i c  re  
dundancy check ing in  data  communicat ions .  The resu l ts  o f  th is  
compression by HP signature analyzers are signatures consist ing 
o f  fou r  hexadec ima l  d ig i t s .  In  a  p roper l y  opera t ing  c i r cu i t ,  t he  
s igna tu re  fo r  a  g i ven  node  and  a  g i ven  s t imu lus  i s  s tab le  and  
predictable.  

B e c a u s e  s i g n a t u r e  a n a l y s i s  i s  a  s t i m u l u s  a n d  r e s p o n s e  
t e c h n i q u e ,  e f f e c t i v e  s t i m u l u s  a n d  r e s p o n s e - m e a s u r i n g  i n s t r u  
ments are required to test a given circuit or system. For response, 
e i t h e r  t h e  H P  M o d e l  5 0 0 4 A  S i g n a t u r e  A n a l y z e r  o r  t h e  M o d e l  
5005A Signature Mul t imeter  prov ides the requi red measurement  
capabi l i ty .  Wi th s t imulus appl ied to a c i rcu i t  the user  probes the 
nodes the the circuit with one of these analyzers and compares the 
s igna tu res  they  d isp lay  w i th  those  o f  a  known good  c i r cu i t ,  as  
l is ted in a serv ice manual .  

An important characterist ic is that testing takes place within the 
product ,  a t  the normal  speed of  operat ion of  the c i rcu i ts ,  un l ike 
most  board  tes t  sys tems.  To  ach ieve  th is ,  the  produc t ,  i f  m ic ro  
p rocesso r  based ,  mus t  execu te  so f twa re  so  t ha t  t he  s t imu lus  
process resul ts  f rom the program act iv i ty .  The advantage of  test  
ing at speed is obvious, but blunted somewhat by the necessity of 
having a subset of the circui ts funct ional before the test can take 
p lace.  Th is  subset  is  o f ten re fer red to  as the kernel .  Th is  is  the 
innermost layer of  hardware and/or f i rmware required to val idate 
the  bas ic  func t ion  o f  the  microprocessor  ch ip .  Th is  is  o f ten  the  
mic roprocessor  and i ts  requ is i te  c locks  and power  supp l ies .  

The signature analysis test is often viewed as a diagnost ic test 

t ha t  i s  used  t o  i so l a te  f au l t s  de tec ted  by  some  o the r  means .  
Somet imes  these  means  a re  func t i ona l  o r  se l f - t es t s .  I n  some 
imp lementa t ions  these means can be care fu l l y  des igned s igna 
ture analys is  exerc ises that  produce a go/no-go resul t .  

The  s t imu lus  mus t  be  such  tha t  each  node  has  a  un ique  b i t  
stream, and further, that the circuit elements are exercised so that 
the act iv i ty  is  an approx imat ion of  normal  operat ion.  Th is  la t ter  
condition suggests that it is not necessary to generate all possible 
input  s tates to exerc ise a d ig i ta l  c i rcui t  i f  cer ta in condi t ions are 
never  poss ib le  in  the system. In  any case the s t imulus must  be 
constructed so that  a repeatable and cont inuous exerc ise of  the 
c i rcui ts  under test  is  provided.  

Only i f  the st imulus is correct  can the response of  the c i rcui ts 
under test  be evaluated as to i ts  correctness.  There is  a s imple 
d ichotomy in  the resul t ,  e i ther  the data s t ream was correct  and 
produced a correct  s ignature,  or  the s ignature was not  correct .  
The latter case suggests a faulty data stream, and thereby detects 
a faul ty  funct ion somewhere upstream of  the data f low.  

The st imulus is  most  of ten done by specia l ly  developed micro 
processor programs that are executed in the product at the time of 
d iagnos is .  The s t imulus  programs are  loops that  cause repeat -  
ab le d ig i ta l  data s t reams.  This  type of  program is  f requent ly  an 
endless loop that exercises a functional block of circuits and then 
repeats. The technician or service person must be able to control 
the select ion and init iat ion of these test loops so that appropriate 
exerc ises are used in  the t roubleshoot ing process.  The serv ice 
engineer who sets up the product for service documentat ion also 
must these able to influence the selection and effectiveness of these 
tests. 

T iming in format ion must  be prov ided to  ind icate  when the be 
ginning and end of the test exercise occurs. Timing information is 
also required so that the data can be taken from the circuit  under 
test  only  dur ing the t ime when i t  is  correct  and stable.  
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Built-in tests. Preprogrammed tests exercise the most 
commonly occurring elements in a microprocessor sys 
tem. There are tests for ROM. RAM. and I O devices. 
Several variations of the RAM and ROM tests are in 
cluded to allow fault isolation to proceed quickly. Sev 
eral functional tests are provided to allow single- 
measurement verification of major functional blocks. 
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 reflects the 
nature of the exerciser with a summary of the tests and 
their access codes printed below the display. Connection 
to a product is straightforward and can be accomplished 
in seconds. Connection to the signature analyzer is 
likewise rapid, using only four wires that mate with the 
pod connectors of the HP analyzers. 
Test variety. Some tests are single-measurement func 
tional tests, others are complete circuit exercisers. An 
example of a single-measurement test is the basepage 
RAM test, which produces a single signature that in the 
5001A corresponds to the number of correctly function 
ing RAM locations in the 6800 basepage area. A complete 
circuit exercise is the output-port stimulus program 
which writes all possible patterns to any output port. The 
port is selected by connecting a sense line to its chip 
select or strobe. The program determines the location of 
the target port, and then exercises it exhaustively. 
Microprocessor test. A microprocessor instruction-set 
test is included that also cycles interrupts and verifies 
correct responses. The microprocessor exercise is au 
tomatically entered upon power-up so that the kernel of 
the product under test is validated. The test uses all 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 measurement which 
appears in the signature analyzer. A more complete test 
result can be achieved by probing every pin on the pro 
cessor, because some pins are for outbound data or ad 
dress only. 
User programmable. Users can easily supply external 
programs to customize the 5001A Microprocessor Exer 
ciser to their applications. A socket is provided so that 
the service engineer can supply a 2048x8 EPROM con 
taining custom test programs for a particular product. 
These tests can be a mixture of functional and diagnostic 
tests and can be selected easily in addition to the internal 
preprogrammed exercise programs. 
Bus signature tests. Tests are present that allow a 
single-measurement ROM 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 accepted only from loca 
tions 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 select line, a ROM's data can be 
accessed regardless of 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 time- 
consuming process. The data is processed inside 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 measurement is more ef 
fective than checksum methods frequently used in ROM 
verification. This approach can be very useful for prod 
ucts that use several ROMs as options. A single mea 
surement can verify the presence or absence of a specific 
option in the product. 

Ã¯ External stimulus port. Not every point of interest in a 
circuit is always accessible to a microprocessor bus. This 
general-purpose stimulus port allows stimulus to be 
applied to such points. For example, this port might be 
connected to a keyboard input so that all possible key 
strokes can be simulated by the exerciser while the mi 
croprocessor reads such inputs. A preprogrammed 
routine is provided to facilitate this type of test. Several 
variations on this exercise can be done when the qualifier 
line is used. 

a Qualified stimulus programs. An external qualifier al 
lows activity in the circuit under test to signal a dynamic 
modification of the stimulus. As described in the previ 
ous examples, an external qualifier input line is provided 
that facilitates testing when the exact addresses of certain 
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. 
Optimized for troubleshooting. The exerciser is op 
timized for troubleshooting digital circuits. The pro 
grams are carefully selected to provide a useful set of 
general-purpose routines to stimulate system compo 
nents typically found in microprocessor systems. No key 
ing in of programs or downloading is required to use the 
5001A. 

How the Exerciser  Is  Used 
The 5001A is connected to the product under test by 

removing the microprocessor from its socket in the product. 
The processor is then placed in the 40-pin ZIP (zero- 
insertion-force) socket on the exerciser. The flat cable from 
the exerciser is then connected to the vacant socket in the 
product. The signature analyzer is connected by placing the 
four wires from the timing pod of the analyzer in the con 
nector at the right edge of the 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 com 
plete (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 550 mA, nominal, at +5V.) The 
microprocessor test is selected automatically and executed 
after power-on. The user can place the data probe 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 
ENTER button. The tests selected most frequently at power- 
on 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 .  7o use i r te  5001 A,  the microprocessor  in  the product  
under test is removed from i ts socket and placed in the socket 
on the exerciser. The f lat cable from the exerciser is connected 
to  the  vacan t  socke t  in  the  p roduc t .  Four  w i res  connec t  the  
exe rc i se r  to  the  s igna tu re  ana lyze r ,  i n  th i s  case  the  5005A 
Signature Mul t imeter.  

the address bus in all possible states and allows the user to 
validate the function of address decoding and buffers in the 
product. 

Subsequent tests are easily selected from the exerciser 
front panel and executed. No restriction is made on the 
order of execution. Custom programs stored in EPROM or 
PROM also can be selected easily by the ROM-select slide 
switch on the front panel of the exerciser. This substitutes 
the external PROM for the internal ROM and allows the 
same degree of 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 sequence of tests should reflect the natural organiza 
tion of the microcomputer portion of the product under test. 
The natural progression would be to start with the test of 
ROM either by selecting the address range appropriate to its 
addresses or by using the bus signature test. Then the RAM 
test could follow to validate system RAM. In this case either 
the basepage RAM test could be used or one of the half- 
dozen other RAM tests. 

At this point it becomes more difficult to generalize about 
the appropriate test. Since each product has different I/O 
configurations, the next test selected will vary from product 
to product. The only general rule is to select tests that move 
the boundary between the known good (tested) circuitry 

and the unknown circuitry in a direction away from the 
processor bus. This corresponds roughly 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 resources that can be used for test 
stimulus or response detection. 

The I/O section can be tested to some degree by the gen 
eral purpose I/O tests that are included in the 5001A Mi 
croprocessor Exerciser. There are two categories: output- 
port stimulus tests and input-port stimulus tests. 

The execution of the selected program is straight 
forward â€” simply pressing the ENTER button on the exer 
ciser will cause the program to be executed. That program 
will continue to execute until another program is selected 
and entered or power is removed. The program execution is 
sufficient to cause some stimulus to be generated in the 
product under test. The user then places a data probe on the 
devices being stimulated to collect data streams. The result 
ing data is compressed to 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 response is either cor 
rect or incorrect. A mismatch between the two readings 
indicates that at least some portion of the data stream in the 
product under test is not correct. The user then applies 
backtracing techniques to the circuit to locate the faulty 
component(s). 

The test is only as good as the documentation developed 
by the service engineer. To develop effective documenta 
tion 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 service environment. This is 
accomplished by the selection of an appropriate stimulus, 
application of the stimulus, and then documentation of the 
resulting signatures for later comparison with results from 
tested units. 

The evaluation of a test is not finished until verification of 
the effectiveness of 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 analyzed to 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 general- 
purpose 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 developed for custom programming. Sam 
ple programs are provided along with short tutorials on 
program modifications. There also is a suggested program- 
control routine that can be placed in the custom ROM so 
that the custom-test selection process can be identical to the 
internal program ROM. 

Hardware Design 
The microprocessor buses in the product under test and 

the exerciser are separated by buffers. This permits the 
detection and isolation of faults that affect address and data 
transfer in the product, while allowing the diagnostic pro- 
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Fig.  uni t  test) .  d iagram of  5001 A Microprocessor Exerc iser  (UUT = uni t  under test) .  

gram to function normally. This would not be possible in 
some cases in which signature analysis has been designed 
into the product. 

Fig. 3 shows a block diagram of the 5001 A Microproces 
sor Exerciser. The user bus processing circuit can be used to 
monitor the data transactions in the product under test. 
Since simultaneous activity occurs in the exerciser and 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 access to 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 access by the 
microprocessor. (See Fig. 4. Also see "Software Design," 
page 15.) Software control is maintained so that user data 
can be accessed or ignored at the program's option. This lets 
the processor access both 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 prepro 
grammed stimulus firmware. This ROM or the user's cus 
tom ROM can be selected from 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 address space of the 
processor (see "Software Design," page 15 and Fig. 5a). 

There is a single sense line which is processed in a man 
ner similiar to the data bus activity in the unit under test. 
This line can be connected anywhere in the user's system so 
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 high 
speed buffer, generates a program-controlled signature- 
analysis clock at either the read or the write time of the 
microprocessor. The programs for the exerciser use the 
software control feature to generate the qualified clocks 
sent to the signature analyzer for windowing a data stream. 

The hardware generation of clocks ensures that the mi 
croprocessor is in step with the data being collected by the 
signature analyzer. Clock skew has been minimized by a 
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F ig .  4 .  The  5001  A  ma in ta ins  a  dua l  64K address  space  by  
mapping the user space in the product under test into a single 
location in i ts internal memory. The user bus processing circuit  
d e l a y s  r e s p o n s e s  f r o m  t h e  u s e r  m e m o r y  a n d  t h e  m i c r o  
processor  reads the delayed data by reading the s ing le in ter  
na l  memory locat ion.  

compact low-power Schottky logic implementation, and 
produces negligible effects in 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 exerciser eliminates 
another source of operator error. Because custom 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 func 
tions 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 access to internal exerciser registers 
and the software-induced free-run of the processor. 

In the exerciser is a simplified overlay register scheme 
that or software-controlled. The processor executes reads or 
writes to internal exerciser registers by reading or writing to 
two memory locations. Thus the overlay register scheme 
has minimal impact on the address space available for pro 
grams. Unlike some input checking equipment test alterna 
tives, the complication of a movable shadow RAM effect is 
not present. The two locations of the 65,536-word memory 
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 CLR B instruction is connected in its 
place. CLR B is effectively a NOP instruction when observing 
processor activity externally (see Fig. 5b). For all possible 
addresses the processor sees an instruction whose outward 
effect is simply to increment the program counter and read 
(fetch) the next instruction (also a CLR B). 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 exerciser program memory may 
be selected by pressing two switches on the front panel. The 
value of the two digits displayed is available to the proces 
sor by reading a switch register. This is usually done only 
during the reset that occurs after the user presses the 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 possi 
ble mismatch between the test currently executing and the 
number in the display. This condition is cleared when the 
ENTER button is pressed. 

The external output port is an eight-bit latch that can be 
accessed and updated at any time by the program. This port 
provides stimulus signals for circuits beyond the reach of 
the processor bus at a rate synchronous with the stimulus 
program. This allows testing some circuits that need ini 
tialization, require external inputs (such as keyboard), or 
run asynchronously with the microprocessor bus (such as 
the handshake line into a parallel interface device). 

The exerciser requires that the product under test supply 
an additional 550 mA at 5Vdc Â± 5%. If this cannot be 
provided through the microprocessor socket, the exerciser 
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QUESTIONNAIRE 

1.  For  approx imate ly  how long have you rece ived the  HP Journa l?  
(Ci rc le  one number)  
1  .  Less  than  one  year  
2 .  1  y e a r  t o  2  y e a r s  
3 .  2  y e a r s  t o  3  y e a r s  
4 .  3  y e a r s  t o  4  y e a r s  
5 .  4  y e a r s  t o  5  y e a r s  
6 .  m o r e  t h a n  5  y e a r s  

2 .  When i t?  rece ive  the  HP Journa l  in  the  mai l ,  how soon do  you usua l l y  look  a t  i t?  
(Ci rc le  one number)  

1 .  U p o n  r e c e i p t  
2 .  W i t h i n  a  d a y  
3 .  W i t h i n  a  w e e k  

3 .  How do  you  usua l l y  read  the  HP Journa l?  
(Ci rc le  one number)  

1 .  J u s t  g l a n c e  a t  i t  
2 .  Read  i t  a l l  b r i e f l y  
3 .  Read  some  sec t i ons  and  no t  o t he r s  
4 .  Read  i t  a l l  ca re fu l l y  

4 .  Where  do  you usua l ly  read the  HP Journa l?  
(Ci rc le  one number)  

1  .  A t  h o m e  
2 .  A t  w o r k  

5. Most products usual ly art ic les are about product designs. Please circle the types of products that you usual ly read about. 
(Circ le a l l  appropr iate)  

1 .  H a n d h e l d  c a l c u l a t o r s  
2 .  P e r s o n a l  c o m p u t e r s  
3 .  D e s k t o p  c o m p u t e r s  
4 .  C o m p u t e r  s y s t e m s  
5 .  C o m p u t e r  p e r i p h e r a l s  
6 .  C o m p u t e r  s o f t w a r e  
7 .  Da ta  acqu i s i t i on  and  con t ro l  p roduc t s  
3 .  F ie ld  se rv i ce  i ns t rumen ts  
9 .  Labo ra to r y  i ns t r umen ts  

10 .  I ns t r umen t  sys tems  
11 .  Log i c  and  p rocesso r -based  c i r cu i t  ana l ys i s  p roduc t s  
1 2 .  R F  a n d  m i c r o w a v e  t e s t  e q u i p m e n t  
1 3 .  T e l e c o m m u n i c a t i o n s  t e s t  e q u i p m e n t  
14 .  Ana l y t i ca l  i ns t rumen ts  
1 5 .  M e d i c a l  i n s t r u m e n t s  
1 6 .  C o m p o n e n t s  
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6. Some circle Journal articles are not directly related to product designs. Please circle the types of HP Journal articles you usually 
read,  inc lud ing product  des ign ar t ic les.  
(Circ le al l  appropr iate) 

1 .  P r o d u c t  d e s i g n s  
2 .  P r o d u c t  a p p l i c a t i o n s  
3 .  Semiconduc to r  t echno logy  (e .g .  SOS.  NMOS.  CMOS,  GaAs)  
4 .  C o m p u t e r  a i d e d  d e s i g n  
5 .  F i b e r  o p t i c s  
6 .  Ca l cu la to r  a l go r i t hms  
7 .  Re l iab i l i t y  eng ineer ing  
8. Viewpoints â€” personal opinions of HP experts 
9 .  In -house  HP techno logy  (e .g .  e lec t ron  beam sys tem)  

10.  Research repor ts  (e .g . ,  sur face acoust ic  waves,  laser  techno logy,  p rox imi ty  e f fec t )  
1 1 .  Laboratory notebook 
12 .  So f twa re  t echno logy  
13 .  Bas ic  tu to r ia l  a r t i c les  
14. In this Issue â€” editor's letter 
1 5 .  A u t h o r  b i o g r a p h i e s  

7. Please believable. us how much of the information in the HP Journal you find to be objective, accurate, and believable. 
(Circ le one number)  

1  .  A l l  o f  i t  
2 .  V i r tua l l y  a l l  o f  i t  
3 .  M o s t  o f  i t  
4 .  More  than  ha l f  o f  i t  
5 .  Less  than  ha l f  o f  i t  

8 .  When i t?  a re  th rough w i th  your  copy  o f  the  HP Journa l ,  what  do  you usua l l y  do  w i th  i t?  
(Ci rc le one number)  

1  .  Toss  i t  away  
2 .  F i l e  i t  
3 .  P a s s  i t  a l o n g  

9. I f  usual ly pass i t  a long, approximately how many other people usual ly see your copy of the HP Journal? 

W r i t e  i n  a  n u m b e r    

10.  P lease ind icate the extent  to  which you use the HP Journal  as a product  in format ion re ference.  
(Ci rc le one number)  

1  .  P lays  no ro le  
2 .  A n  o c c a s i o n a l  r e f e r e n c e  
3 .  A  f r e q u e n t  r e f e r e n c e  
4 .  A  c o n s t a n t  r e f e r e n c e  

11.  P lease ind icate the extent  to  which you use the HP Journal  as a source of  technica l  in format ion.  
(Circ le one number)  

1  .  P lays no ro le  
2 .  A n  o c c a s i o n a l  r e f e r e n c e  
3 .  A  f r e q u e n t  r e f e r e n c e  
4 .  A  c o n s t a n t  r e f e r e n c e  
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1 2. Listed supports are qualit ies that Hewlett-Packard strives to maintain. Please tell us to what extent the HP Journal supports these 
qualit ies. 
(C i rc le  one number  per  l ine)  

Greatly 
Q u a l i t i e s  R e i n f o r c e s  

a .  P r o d u c t  q u a l i t y  1  
b .  F i n a n c i a l  s t a b i l i t y  1  
c .  S t r o n g  c u s t o m e r  s u p p o r t  1  
d .  N e w  p r o d u c t  d e v e l o p m e n t  1  
e .  R e l i a b l e  s u p p l i e r  1  
f .  A  b r o a d  l i n e  o f  p r o d u c t s  1  
g .  T e c h n i c a l l y  a d v a n c e d  1  
h .  G o o d  c o m p a n y  t o  w o r k  f o r  1  
Â ¡ .  C o r p o r a t e  c i t i z e n s h i p  1  

Somewhat  
Reinforces 

2 
2 
2 
2 
2 
2 
I  
2 
2 

Has No 
Effect 

3 
3 
3 
3 
3 
3 
3 
3 
3 

Tends to  
Detract 

4 
4 
4 
4 
4 
4 
4 
4 

1 3. Now next rank these same qual i t ies in the order of importance to you. (Write 1 next to the most important qual i ty,  2 next to the 
second most  impor tant  and so on.  P lease rank at  least  f ive . )  

a .  P r o d u c t  q u a l i t y    
b .  F i n a n c i a l  s t a b i l i t y    
c .  S t r o n g  c u s t o m e r  s u p p o r t  
d .  N e w  p r o d u c t  d e v e l o p m e n t    
e .  R e l i a b l e  s u p p l i e r    
f .  A  b r o a d  l i n e  o f  p r o d u c t s    
g .  T e c h n i c a l l y  a d v a n c e d    
h .  G o o d  c o m p a n y  t o  w o r k  f o r    
i .  C o r p o r a t e  c i t i z e n s h i p    

14. Of  a l l  the  impor tan t  (magaz ines  and t rade journa ls )  you read,  p lease l i s t  those tha t  a re  most  impor tan t  to  you.  

15. Please information. other publications that you consider comparable to the HP Journal as sources of technical information. 

16.  P lease c i rc le  your  area o f  spec ia l ty :  
(c i rc le  one number)  

1 .  R e s e a r c h  
2 .  D e v e l o p m e n t  E n g i n e e r i n g  
3 .  P r o d u c t  M a n a g e m e n t  
4 .  P r o j e c t  M a n a g e m e n t  
5 .  P r o d u c t i o n  
6 .  M a r k e t i n g  
7 .  G e n e r a l  M a n a g e m e n t  
8 .  O t h e r    

Thank  You  
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can use an external power supply. When the supply is 
connected to the external power input lines, its presence is 
detected automatically and an internal relay disconnects all 
logic except the microprocessor and a low-power clock 
buffer from the system under test. The relay actuates so 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. 

Protection circuits are built into the exerciser so that 
reverse voltage on the external supply will not actuate the 

Non-Over lay Mode.  Processor  sees 32 ident ical  2K x  8  ROM images.  

Free-Run Mode.  Processor sees 64K f i l led with NOP instruct ions.  

One Locat ion-  

M i c r o  
processor 

64K User 
Space 

2K Program ROM 

Program ROM (c) 
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) Control Latch 

FFFE 
(Read) 

(d) 

Sense Data from Input Qual i f ier  

Switch Register Data 

User Bus Processed Data 

-Microprocessor  sees 64K of  
user address space 

one location at  a t ime 

Fig.  5 .  5001 A operat ing modes.  

relay, thus protecting the exerciser from damage. An over- 
voltage protection circuit is also included. If overvoltage 
occurs, an internal power Zener diode will avalanche, 
blowing an internal fuse. This fuse is socketed for easy re 
placement. The fuse also provides overcurrent protection. 

Software Design 
The memory mapping scheme allows versatility in test 

location. The internal preprogrammed stimulus routines 
reside in a 2048 x8 ROM. The decoding of this ROM allows 
the individual routines to appear to run in any of the thirty- 
two 2Kx 8 pages of 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 
space of the product under test. The user data bus process 
ing circuit assures that data streams resulting from instruc 
tion fetch in the stimulus programs do not interfere with the 
interleaved data streams resulting from instruction execu 
tion (the stimulus). 

The user data bus processing circuit represents an un 
usual, but effective, way to access data occurring simul 
taneously on two buses without resorting to an elaborate 
mapping or clocking scheme. The situation is one wherein 
two 64K address spaces are mapped into one that can be 
read by a conventional 16-bit-ad dress-bus microprocessor. 
By mapping the user's addressable space into a single loca 
tion, then overlaying that single location into the internal 
address space, 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 
address in the address space of the internal bus. The address 
chosen overlays a location that is very infrequently ac 
cessed by the internal programs. The location selected is 
the reset vector (note that a reset pulse will cause the ROM 
to be accessed instead of the 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 intro 
duced by the shift register is a function of the number of 
machine cycles required to read the register. The dual bus 
structure causes two sets of data to 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 
response from the user bus. The hardware overhead is only 
four packages, since timing and decoding signals are al 
ready present. 

The microprocessor instruction set test represents a new 
departure in testing. The test is essentially a functional test 
of the instruction set. A sequence of instructions 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 +5 Vdc will produce a single measurement unique 
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to a given loop time (with 99.998% probability). The exer 
cise is so constructed that tables in ROM are frequently used 
in computations, and a simulated stack is used for extensive 
branching and jump testing. The mapping feature of the 
ROM as described above is useful in this regard. The pro 
gram tests all instructions except the WAIt-for-interrupt 
instruction. The program writes patterns to addresses that 
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 cause interrupt lines on the processor to be toggled. 
Various tests of maskable and nonmaskable interrupts are 
performed, including the correctness of the transfer of con 
trol to the appropriate service routine. The fact that the 
interrupt lines to the user system are intercepted is essential 
for this test, as well as for the general stimulus programs. 
The microprocessor test is executed at the speed of normal 
operation by using the normal clocks and power supplies in 
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 
advantage that 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 pro 
cessor is emulated, rather than exercised. 

Since the 6800 instruction set uses relative branching as a 
means of transfer of control within a program, position- 
independent code can be written. Some internal prepro 
grammed stimulus programs can be relocated to appear to 
run in other address spaces because they are written with 
relative branches to do looping. The advantage of this ap 
proach is the flexibility gained as custom programs are 
developed. 

An HP Model 5004A Signature Analyzer or 5005A Signa 
ture Multimeter can be used as a remote display. This fea 
ture, which can be useful in some applications, was im 
plemented for the testing of the 5001A. Because the pro 
gram can control the start and stop and clock of the signa 
ture analyzer, a clever programmer can "finesse" a signa 
ture into the display. This occurs if +5Vdc or all logic ones 
are clocked into the signature analyzer when a finesse- type 
program is running. If the programmer knows ahead of time 
the number of clocks required to produce the desired signa 
tures, then a simple loop can be set up to produce the 
desired result. The initial application was such that the 
result of a functional test produced the finesse signature of 
PA55 which also could be easily interpreted as PASS. Other 
failures are identified by signatures of FA01 , FA02 , FA03 , et 
cetera. These results represent failure at test 01 and so forth. 
The advantage here 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 are run for that 
failure. The 65,535 unique signatures available open a 
variety of possibilities. 

Product  Design 
The 5001A case is injection-molded glass-filled polycar 

bonate. The case is designed to be used with a family of 

microprocessor exercisers. Hence, the model can be desig 
nated by providing a different front-panel overlay for each 
instrument in the family. 

All the nonelectrical parts are made from polycarbonate: 
the case (two halves), the stimulus connector, the signature 
analyzer connector, and the overlay panel. The use of 
polycarbonate makes the instrument very durable and non- 
conductive, two important features in the environment 
where the 5001A is used. 
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A Family of Microprocessor Exercisers 

The 5001 Microprocessor Exerc iser  fami ly  inc ludes three mod 
e l s  i n  a d d i t i o n  t o  t h e  5 0 0 1  A  d e s c r i b e d  i n  t h e  a c c o m p a n y i n g  
ar t ic le .  Model  5001 A is  des igned to test  products based on the 
6800 microprocessor .  Models  5001 B,  5001 C,  and 5001 D do a 
s im i l a r  j ob  fo r  p roduc ts  based  on  the  6802 /6808 ,  8085A,  and  
Z80A microprocessors ,  respect ive ly .  

5001 B Tests 6802/6808 
The 5001 B Microprocessor Exerciser (Fig. 1 ) is intended for use 

wi th the 6802 and 6808 microprocessors.  Because these proces 
so rs  a re  code -compa t i b l e  w i t h  t he  6800 ,  t he  p rep rog rammed  
stimulus routines of the 5001 B are identical to those for the 5001 A. 
The 5001 B hardware resources are compatible with the 5001 A so 
that custom test routines written for the 5001 A will run in the 5001 B 
wi thout  modi f icat ion.  To mainta in sof tware compat ib i l i ty ,  the on- 
chip RAM in the 6802 microprocessor is disabled by the 5001 B. 

F i g .  1 .  5 0 0 7 6  M i c r o p r o c e s s o r  E x e r c i s e r  f o r  6 8 0 2 / 6 8 0 8 -  
mic roprocessor -based products .  

5001 C Tests 8085A 
The 5001 C (Fig.  2) is s imi lar to the 5001 A, with the fol lowing 

except ions: 
1 . Internal/External Clock. The 8085A is different from the 6800 in 

that  the 8085A has two basic  modes for  the c lock funct ion:  a 
clock can be inserted from an external osci l lator (pins X1 and 
X2), or the microprocessor can act as its own oscil lator when a 
crys ta l ,  inductor ,  or  res is tor  and capac i tor  are  cor rec t ly  con 
nected to the X1 and X2 pins. The 8085A has a clock output pin 
that goes to the rest of  the system under test (SUT). The f i rst  
mode is no problem for the 5001 C but the second mode poses 
a problem when a crystal  and the 8085A are separated by 21 
cm of  f la t  r ibbon cab le .  Somet imes osc i l la t ions  occur  a t  the  
res idua l -RC-de te rmined  f requency  (usua l l y  abou t  20  t imes  
lower  than the des i red crys ta l  f requency) .  Severa l  so lu t ions 
were investigated with the choice being an INT/EXT clock driver 
switch. In the EXT (external)  posi t ion the X1 and X2 l ines are 
connected d i rect ly  f rom the 8085A to the corresponding p ins 
in  the SUT.  The INT ( in ternal )  pos i t ion connects  a 4.00-MHz 
crystal direct ly to the X1 and X2 pins of the 8085A and discon 
nects the corresponding l ines to the SUT. The INT posi t ion is 
guaranteed to work at 4.00 MHz (this was determined Â¡o be a 
f requency where most 8085A systems wi l l  operate),  whi le the 
E X T  p o s i t i o n  p r o v i d e s  " a t  s p e e d "  o p e r a t i o n .  ( " A t  s p e e d "  

F i g .  2 .  5 0 0 1  C  M i c r o p r o c e s s o r  E x e r c i s e r  f o r  8 0 8 5 / 4 -  
m/croprocessor -based products .  

means that  both  the 5001 C and the SUT wi l l  operate  a t  the 
f r e q u e n c y  d e t e r m i n e d  b y  c o m p o n e n t s  i n  t h e  S U T . )  T h e  
swi tched c lock dr iver solut ion also provides some added ben 
e f i t  i n  t ha t  t he  5001  C  can  ope ra te  i n  a  s tand -a lone  mode  
without a clock source; only a power supply is needed. Incom 
ing inspect ion of  8085A microprocessors  and eas ier  serv ice 
procedures are examples of  the benef i t .  

2 .  Mu l t i p l exed  Add ress /Da ta  Bus .  The  8085A  m ic rop rocesso r  
has the lower eight bits of addresses multiplexed with the eight 
b i ts  o f  the data bus.  This  a l lows the microprocessor  to  have 
more features,  but  a lso  requ i res  more t races on the pr in ted 
circui t  board when the 8085A is used with standard nonmult i -  
plexed components (ROM, buffers, etc.) Therefore, a f ine-l ine 
board (0 .25-mm t races wi th  0 .25-mm spaces)  is  used in  the 
5001 C. This is one of the f irst ful l  production uses of f ine-l ine 
board  layout  and fabr ica t ion  in  an HP product ,  cont inu ing a  
t rend towards denser pr inted c i rcu i t  boards.  The mul t ip lexed 
bus a lso creates a need to  ver i fy  s ignatures at  two d i f ferent  
t imes on the bus. For this purpose two free-run tests are used, 
one clocking the signature analyzer when the address is val id 
and another clocking the analyzer when the data is valid (more 
on this later). 

3. Mult i - Interrupt. The 8085A has f ive dif ferent interrupt pins with 
var ious levels of  pr ior i ty  and masking.  The external  s t imulus 
l i nes  a re  looped to  the  8085A in te r rup t  l i nes  th rough a  mu l  
t ipurpose (also loops SID and SOD l ines) buffer internal to the 
5001 C. This is done for test 00. The software is somewhat tricky 
because  the re  i s  no  RAM in  the  5001  C .  I n  t h i s  case  each  
in te r rup t  t r i ggers  the  nex t  i n te r rup t  i n  add i t i on  to  ve r i f y ing  
masking and pr ior i ty funct ional i ty.  

4 .  S ignature  Ana lys is  C lock  Genera t ion .  Reads and wr i tes  in  a  
microprocessor system are control led by two factors: the state 
(read the write or neither) and the edge (i.e., data valid). In the 
6800, state control  is done by one set of l ines whi le the clock 
edge  i s  a lways  p rov ided  by  ano ther  con t ro l  l i ne ,  $2 .  In  the  
8085A each separate task has i ts state and t iming information 
on a separate control l ine (RW for reading, WR for writ ing, and 
ALE for latching addresses).  This is a problem when try ing to 
generate one s ignature analyzer  c lock s ignal  (wi th  min imum 
propagat ion delay) as a combinat ion of  a l l  three control  l ines 
(RW , WR , and ALE) in addition to various other state-sensitive 
5001 C cont ro l  l ines.  The so lu t ion is  Schot tky  combinator ia l  
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A L E  
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8085A Wri te  Line 
8085A Read Line 
8085A Address Latch Line 
5001 C ALE Clock Enable 
5001 C Read Clock Enable 

SAW 5001 C Write Clock Enable 
s ,  8 0 8 5  R / W  L i n e  
#  5 0 0 1  C  C o n t r o l  L i n e s  

Normal ly  in  "1" State 

Fig.  3.  5001 C s ignature analyzer  c lock generat ion.  

logic, keeping the delays to a minimum but st i l l  preserving the 
single connection of the signature analyzer clock l ine (Fig. 3). 

5 .  I /O and Memory-Mapped I /O.  The 8085A microprocessor  has 
two modes for  I /O ( input /output ) :  l /O-mapped ( IO/M l ine = 1)  
and  memory -mapped  ( IO /M l i ne  =  0 ) .  The  memory -mapped  
mode is the normal 64K-byte address space used for  memory 
and some I /O dev ices ,  whereas  the  l /O-mapped mode Â¡s  a  
512 -by te  (256  read  and  256  wr i t e )  add ress  space  used  fo r  
a c c e s s  t o  I / O  w h e r e  s p e e d  o r  p r o g r a m  m e m o r y  s p a c e  i s  
c r i t i c a l .  M e m o r y - m a p p e d  I / O  i s  m o r e  g e n e r a l - p u r p o s e  b u t  
u s u a l l y  s l o w e r ,  w h i l e  l / O - m a p p e d  I / O  i s  l e s s  f l e x i b l e  b u t  
quicker. The fact that the l /O-mapped mode is not very f lexible 
poses problems when trying to wri te general-purpose st imulus 
tes ts .  Our  so lu t ion  is  memory-mapped reads and wr i tes  tha t  
appear l /O-mapped to the SUT. This is  not  as st ra ight forward 
as  i t  seems,  in  tha t  i t  requ i red  t r i cky  la tch ing  o f  the  5001 C 
c o n t r o l  l i n e s  i n  a d d i t i o n  t o  s o m e  g a t i n g  o f  t h e  s i g n a t u r e  
analyzer  c lock to  guarantee s tab le  s ignatures.  

6.  4KROMwith Paging Scheme. The 5001 ser ies uses an internal  
2K ROM overlayed into the entire memory space 32 t imes such 
that the microprocessor sees the ROM at any address (exclud 
ing special control addresses). In the case of the 5001 C, a 2K 
ROM Â¡snot sufficient, soa4K ROM Â¡s used. To preserve the 2K 
image, one of the 5001 C control l ines Â¡s used to map between 
halves of the 4K ROM (Fig. 4).  This mapping is invisible to the 
SUT. 

7 .  Comprehens ive RAM Test .  Because i t  has more ROM space,  

07FF 

Effective 
Memory Space 

0000 

( F u n c t i o n a l  M o d e l )  4 K  R O M  

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

the 5001 C includes a comprehensive RAM test. This test writes 
a pattern to all of memory (64K). Then memory is read one byte 
at a time, and if the correct pattern is read, a walking ones and 
walk ing zeroes pat tern test  Â¡s performed to that  byte.  Upon 
successful complet ion of this byte test,  the signature analyzer 
clock Â¡s toggled once and the next memory location Â¡s tested. 
This test  essent ia l ly  counts the number of  good RAM cel ls  in 
by te  increments .  An advantage o f  th is  tes t  Â¡s  that  no pr io r  
knowledge is  needed of  where RAM ex is ts .  

5001 D Tests Z80A 
The 5001 D Microprocessor  Exerc iser  (F ig .  5)  is  des igned to  

work with the Z80A microprocessor. It is very similar to the 5001 A 
Microprocessor Exerc iser  except  for  the fo l lowing features:  
1 . Full Instruction Set Testing. The 5001 D performs a test on the 

fu l l  i ns t ruc t i on  se t  o f  t he  Z80A.  The  tes t i ng  o f  some o f  the  
ins t ruc t ions created in terest ing prob lems.  The HALT ins t ruc  
t ion posed the problem of how to get the Z80A out of the HALT 
mode in i ts execut ion. This s imi lar  instruct ion is not tested in 
the 5001 A and 5001 B. The solut ion is to feed back the HALT 
output to the Ã‘MÃ input (Fig. 6). The Ã‘MÃ creates the interrupt, 
which br ings the Z80A out  o f  HALT.  Another  tes t ing prob lem 
occured wi th  the RST 0 inst ruct ion.  Locat ion 0000 had to  be 
reserved for  the 5001 D power-up and manual  resets,  so th is 
s a m e  l o c a t i o n  c o u l d  n o t  b e  u s e d  f o r  t h e  R S T  0  j u m p .  T h e  
solut ion was to use a 4K ROM that can be accessed in two 2K 
pages ,  as  in  the  5001 C.  Now the  RST 0  ins t ruc t ion  can  be  
tested using locat ion 0000 in the top 2K page of  the 4K ROM 
whi le the 5001 D resets can use the bottom 2K page. Final ly,  
s ince the 5001 D conta ins no RAM, a l l  inst ruct ions involv ing 
s tacks are done us ing s imulated s tacks s tored in  the ROM. 

2.  Interrupts and Bus Contro l  Test ing.  Dur ing the inst ruct ion set  
test (TEST 00), interrupts and bus control signals are simulated 
to  tes t  the i r  opera t ion  (F ig .  6 ) .  The in te r rup ts  a re  tes ted  by  
setting the INT or Ã‘MÂ¡ line low using a controlled feedback tap 
from the external st imulus l ines. When these l ines are set low, 
the processor Â¡s checked to see i f  the appropr iate in terrupt  
actions are taken. Some of the interrupt modes require external 
da ta .  The 5001 D has  a  reg is te r  tha t  sends  the  appropr ia te  
interrupt acknowledge response to the processor.  The test ing 
of bus control lines (BÃœSRQ and BUSAK) Â¡s performed by setting 
the BUSRQ input with a feedback tap from the external stimulus 
l ines. The BUSAK signal generated from the processor is used 
to  c lear  the external  s t imulus reg is ter  to  br ing the processor  
back out  o f  the h igh- impedance s ta te .  

bx' 
F i g .  5 .  5 0 0 1  D  M i c r o p r o c e s s o r  E x e r c i s e r  f o r  2 8 0  A -  
mic roprocessor -based products .  

1 8  H E W L E T T - P A C K A R D  J O U R N A L  J A N U A R Y  1 9 8 2  

© Copr. 1949-1998 Hewlett-Packard Co.



Interrupt 
Register 

Interrupt Acknowledge 

Fig.  6.  Interrupt and control  s ignal  s imulat ion in the 5001 D. 

3. Quali f ied RAM Test. In addit ion to the comprehensive RAM test 
in the 5001 C, the 5001 D also contains a qual i f ied RAM test.  
This  test  a l lows the running of  a  wr i te / read RAM test  on one 
memory chip at  a t ime by placing the qual i fy l ine on the chip- 
select signal of the RAM chip of interest.  This feature enables 
the user to f ind a faulty RAM chip quickly when the other RAM 
tests show that  there is  a problem in RAM, 

4. Z80A R AM Refresh. The transparent RAM refresh capabil i ty of 
the Z80A processor is  preserved in the 5001 D by having the 
re f resh  addresses  and  con t ro l  s igna ls  au tomat ica l l y  ou tpu t  
from the 5001 D to the system under test. This prevents the loss 
of  RAM data even i f  the 5001 D is operat ing independent ly of  
the system under test,  with i ts buffers inact ivated (the buffers 
can be turned on and of f  under  sof tware cont ro l ) .  

5 .  RAM Ref resh  S igna tu re  Ana lyzer  C lock ing .  The  tes t ing  and  

t roubleshoot ing of  dynamic RAM systems is faci l i tated by giv 
ing the 5001 D the ability to create signature analyzer clocks on 
refresh cycles of the Z80A. The Z80A refresh test (TEST 01) will 
t e s t  a  t e s t  r e f r e s h  c a p a b i l i t y .  I t  c a n  a l s o  b e  u s e d  t o  t e s t  
a  s y s t e m ' s  r e f r e s h  d e c o d i n g  c i r c u i t r y  s i n c e  t h e  s i g n a t u r e  
analyzer  c lock ing occurs  on ly  on the Z80A ref resh cyc les.  
Fetch Cyc le  S ignature  Ana lyzer  C lock ing.  As  in  the  5001 C,  
mos t  o f  the  s igna tu re  ana lyze r  c locks  f rom the  5001  D  a re  
created by gating the RD, WR, MREQ. lORQ. and RFSH control 
l ines from the processor to the signature analyzer clock output. 
The signature analyzer clock edges from the 5001 D fol low the 
edges  o f  these  con t ro l  l i nes .  However ,  the  fas t  Z80A fe tch  
cyc le prevents the use of  th is  method for  s ignature analyzer  
c lock ing on ins t ruc t ion  reads.  The end o f  the  fe tch  cyc le  oc  
curs too close to the disappearance of the address information 
to obtain stable signatures. To solve this problem, a sequential 
t iming c i rcu i t  was des igned that  gates the Z80A c lock to  the 
signature analyzer clock output. This gating occurs only at the 
end of  a  fe tch cyc le  and on ly  when the processor  is  not  in  a  
WAIT state.  This method a l lows the s ignature analyzer  c lock 
e d g e  t o  o c c u r  b e f o r e  t h e  a d d r e s s  a n d  d a t a  i n f o r m a t i o n  i s  
removed f rom the  sys tem.  Gat ing  the  c lock  in to  the  5001 D 
requ i red  a  low- load ,  fas t  c lock  bu f fe r .  A  d isc re te  t rans is to r  
inver t ing buf fer  was des igned to  accompl ish th is .  
Sh ie lded  F la t  R ibbon  Cab le .  A  spec ia l  sh ie lded  f l a t  r i bbon  
cable is used between the 5001 D and the system under test.  
This cable consists of two 40-l ine f lat  r ibbon cables that have 
every other l ine grounded at both ends. The cable shields the 
f as t  Z80A  c l ock  f r om  o the r  s i gna l s  and  l owe rs  t he  g round  
impedance be tween the  5001 D and the  sys tem under  tes t .  
Th i s  a l l ows  t he  5001  D  t o  ope ra te  a t  no rma l  Z80A  sys tem 
speed. 

-Dav id  R ick  
-Robert  Welsh 
-Waymond  Fong  
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A Fast ,  Compact ,  High-Qual i ty  Digi ta l  
Display for  Instrumentat ion Appl icat ions 
Smal l  s ize,  low cost ,  and a s imple d ig i ta l  in ter face make 
i t  eas ier  fo r  des igners  to  bu i ld  th is  d i rec ted-beam CRT 
display into their  e lectronic instruments.  

by Kunio  Hasebe,  Wi l l iam R.  Mason,  and Thomas J .  Zambore l l i  

HIGH-QUALITY GRAPHICS in a compact, low-cost 
module are made available to instrument designers 
with the Hewlett-Packard Model 1345A Graphics 

Display (Fig. 1). This new digital display produces vector 
graphics on its display screen in response to digital com 
mands from a host processor. Thus it is no longer necessary 
for the instrument designer to custom-design the complex 
circuitry needed to convert digital coordinate and character 
data into the analog signals required by a traditional analog 
X-Y display. The 1345 A is a self-contained graphics dis 
play module that interfaces to a user's system as a periph 
eral via a 16-bit digital bus, compatible with popular 
microprocessors. 

The 1345A Graphics Display is a 16-cm-diagonal elec 
trostatic CRT display module containing a vector processor, 
optional vector memory, built-in character generator, 
stroke generator, high-voltage supply and deflection 
amplifiers. It features random vector drawing, producing 
bright, smooth lines, and it offers four programmable line 
styles, four programmable intensity levels, and a full ASCII 
character set with a choice of four programmable sizes and 
four orientations. In addition, the user may incorporate 
special characters or symbols by means of an auxiliary 

F i g .  1 .  M o d e l  1 3 4 5 A  D i g i t a l  D i s p l a y  M o d u l e  i s  a  1 6 - c m  
(diagonal)  e lectrostat ic  CRT display component for  instrumen 
tat ion and measurement systems. I t  has high resolut ion (2048 
x  2 0 4 8  p o i n t s ) ,  i n t e r n a l  c h a r a c t e r  g e n e r a t i o n ,  a n d  p r o  
grammable in tens i ty  and l ine  type.  

ROM. A 4K-word internal vector refresh memory is avail 
able as an option. 

Because of its high resolution (2048 x 2048 addressable 
points), the 1345A can draw both straight and curved lines 
(curvilinear vectors). Curved lines are drawn as a series of 
connected short straight vectors. 

The 1345A draws all vectors in a picture by moving its 
display beam at the same speed. This constant writing rate 
insures a picture of uniform brightness (short vectors do not 
become brighter than long vectors). 

Erasing a waveform that intersects other waveforms (vec 
tors) does not leave blank spaces at the intersections. 

At its fastest drawing rate, and at a 60-Hz refresh rate, the 
1345A can draw a picture that contains up to 8194 cen 
timetres of vectors. If the refresh rate is slowed to 40 Hz 
(possible in some applications), then the picture can con 
tain up to 12,288 cm of vectors (Fig. 2). 

The 1345A is intended to be integrated into instrumenta 
tion or measurement systems such as spectrum analyzers, 
network analyzers, and waveform analyzers. The compact 
display module is designed to provide an easy mechanical 
and electrical interface to a user's system. The entire mod 
ule takes up slightly more space than the CRT envelope 
itself (see Fig. 1). Printed circuit boards are attached to the 
diecast frame with screws and are easily accessed for servic 
ing while the instrument is powered-up. A built-in test 
ROM writes a self-test pattern on the screen whenever the 
digital interface cable is removed for servicing (see Fig. 3). 
The test pattern exercises all of the display module's 
capabilities for quick verification of operation and diag 
nosis of possible malfunctions. 

Directed-Beam Vector  Display 
Much has been written comparing the advantages and 

disadvantages of the various CRT display techniques (see 
box, page 24). The 1345 A uses the directed-beam, random- 
scan technique. It draws a line by moving the writing beam 
continuously between two end points at a constant rate. 
This produces a smooth, continuous and uniformly bright 
line. This compares to the raster-scan technique of drawing 
a line pixel by pixel. Depending upon the total number of 
pixels on the screen and the direction of the line drawn, the 
line may look jagged (Fig. 4). 

In the 1345A, each vector is specified by a starting point, a 
stopping point, a vector speed (four different constant writ 
ing rates), and a brightness level (three different levels). To 
draw a picture consisting of uniformly bright lines , all lines 
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F ig .  2 .  Mode l  1345A can  d isp lay  
up to 8194 cent imetres of  vectors 
a t  i t s  f as tes t  d raw ing  ra te  and  a  
60-Hz refresh rate. 

must be programmed to have the same writing rate and 
intensity level. To highlight certain elements of 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 less bright. To vary the intensity of a 
trace, all that is required is either a programmed intensity 
level change or a programmed writing rate change. In all, 
twelve levels of brightness can be obtained by choosing 
combinations of one of the four writing rates and one of the 
three brightness levels (Fig. 5). 

The image is maintained by being completely redrawn at 
approximately a 60-Hz refresh rate. Thus the picture must 
be stored in a refresh memory, either the optional internal 
refresh memory or system memory dedicated to refreshing 
the picture. The directed-beam technique has fast picture 
updating capability because only the vector end points 
need to be changed. This compares to the raster technique 
that takes time to calculate intermediate points on a line and 
whether a pixel shared by two lines can be erased or 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 
traces. 

System Interface 
As previously stated, the 1345A communicates with its 

host system over a 16-bit parallel data bus. The logic levels 
are standard TTL positive logic levels. Data is transferred 
using a two-wire handshake. When the 1345A is ready to 
accept new data, it will pull the RFD (ready for data) hand 
shake line to the active low level. The system must then 
make the data valid on the data bus and pull the DAV (data 
available) handshake line to the active low level. The 1 345 A 
will then signify its acceptance of the data by returning RFD 
to the inactive high level. When the system returns the DAV 
line to its inactive high state, a handshake cycle is complete. 
Since the data transferred must be acted upon by the 1345 A 

Fig .  3 .  A  bu i l t - in  tes t  ROM wr i tes  a  se l f - tes t  pa t te rn  on  the  
sc reen  when  the  d ig i ta l  i n te r face  cab le  i s  d i sconnec ted .  A  
chart on top of the module shows which components to adjust 
to correct  var ious parts of  the pat tern.  
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X , ,  Y ,  
Vector  Technique 

X2, Y2 

X , ,  Y ,  

X2, Y2 

Raster Technique 

F i g .  4 .  C o m p a r i n g  v e c t o r  a n d  r a s t e r  l i n e - g e n e r a t i o n  
techniques. 

before the next data word can be accepted, the data transfer 
rate is variable and depends on the data being sent. The data 
transfer rate can vary from 2 MHz for PLOT-X data to 8.33 
kHz while a long vector is being drawn. 

The 1345A recognizes four commands. Each command is 
identified by the condition of the three most significant bits 
on the data bus. 

D15 D14 D13 

0 0 0  
0 0 1  
0 1 0  T e x t  
0 1 1  S e t  C o n d i t i o n  

Command 

Plot Absolute 
Graph 

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: 

Wl WO Writing Speed 

0  0  0 .20 inch per  microsecond 
0  1  0 .15 inch per  microsecond 
1  0  0 .10 inch per  microsecond 
1  1  0 .05 inch per  microsecond 

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 loca 
tion. The beam will move only after receiving the Y coordi 
nate. The format of the command is as follows: 

D15 D14 D13 D12 Dll DlO D9 D8 D7 D6 D5 D4 D3 D2 Dl DO 

0  0  O X Y P C D D D D D D D D D D D  

XY 

0 = X coordinate (0-2047) as specified by DO-D10 
1 = Y coordinate (0-2047) as specified by DO-D10 

PC (Beam control bit) 

0 = Move (draw vector with beam off) 
1 = Draw (draw vector with beam on) 

The graph command can be used when the data points are 
always the same X increment apart. If the system sends the 
1345A that X increment, the 1345A will store it and au- 

D15 D14 D13 D12 Dll DlO D9 D8 D7 D6 D5 D4 D3 D2 Dl DO 

0  1  1  I I  1 0  0  0  L I  L  

I I  10  In tens i ty  

0  0  B l a n k  
0  1  D i m  

1 0  Half  Br ightness  
1  1  Ful l  Br igh tness  

>f> *r co CM i- o 

Fig.  5.  Twelve levels of  br ightness can be obtained by choos 
ing combinations of one of the four writ ing rates and one of the 
three br ightness levels.  

5 )  G R A P H :  Y  P o s i t i o n  =  5 1 2  0 0 1 1 1 0 1 0 0 0 0 0 0 0 0 0  
Beam is on;  Draw 

6 )  G R A P H :  Y  P o s i t i o n  =  1 0 2 4  0 0 1 1 1 1 0 0 0 0 0 0 0 0 0 0  
Beam is on;  Draw 

7 )  T E X T :  A S C I I  6 5  =  " A "  
S ize  =  1 .5  x  
Rotat ion =  0  Degrees 

0,2047 

0 1 0 0 1 0 0 1 0 1 0 0 0 0 0 1  

2047,2047 

1 0 2 4 , 1 0 2 4  1 5 3 6 , 1 0 2 4  
A  

1024,512 

Moves are represented 
as dashed l ines 
(beam is off)  

The sol id l ine is drawn 
by the display (beam 
is on) 

X  2 0 4 7 , 0  

Fig .  6 .  A  sample  1345 A command sequence and the  resu l t  
ing picture.  
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tomatically increment the current X position by that X in 
crement whenever GRAPH-Y data is sent. This means that 
after sending the X increment (delta-X). the system only 
needs to send GRAPH-Y values. This allows the system to 
use less memory to store a picture. The format of this com 
mand follows: 

D15 D14 D13 D12 Dll DID D9 D8 D7 D6 D5 D4 D3 D2 Dl DO 

O  O  1 X Y P C D D D D D D D D D D D  

XY 

0 = Set delta-X increment (specified by DO-D10) 
1 = Y coordinate (specified by DO-D10) 

PC (Beam control bit) 

0 = Move (draw vector with beam off) 
1 = Draw (draw vector with beam on) 

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 

text command format is: 

D15 D14 D13 D12 Dll DIO D9 D8 D7 D6 D5 D4 D3 D2 DI DO 

0  1  0  S I  S O  R l  R O  E S  A  A  A  A  A  A  A  A  

ES 

0 = Use previous size and rotation 
1 = Establish new size and rotation using Rl-RO and Sl-SO 

R l  R O  

0 0  0  D e g r e e s  

0  1  9 0  D e g r e e s  
1  0  1 8 0  D e g r e e s  
1  1  2 7 0  D e g r e e s  

Width x Height 

S I  SO  S i ze  ( i n  Addre s sab l e  Po in t s )  

0 0  I X  2 4  x  3 6  
0  1  1 . 5  x  3 6  x  5 4  
1  0  2 . 0  X  4 8  X  7 2  
1  1  2 . 5  X  6 0  x  9 0  

D7-DO contain the ASCII code. 

T a b l e  I  
1345A Character  Set  

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 
8 backspace 
9 Vi shift down 

10 line feed 
11 inv. line feed 
12 Va shift up 
13 carriage return 
14 horizontal tic 
15 vertical tic 
16 centered * 
17 centered Â° 
18 up arrow 
19 left arrow 
20 down arrow 
21 right arrow 
22 square root 
23 pi  

24 delta 
25  mu 

26 "(degree) 
27 ohm 
28 rho 
29 gamma 
30 theta 
31 lambda 

32 space 
3 3  !  
3 4  "  
3 5  #  
3 6  $  
3 7  %  
3 8  &  
3 9  '  
4 0  (  
4 1  )  
4 2  *  
4 3  +  
4 4  ,  
45 
4 6  .  
4 7  /  
4 8  0  
4 9  1  

5 0  2  
5 1  3  
5 2  4  
5 3  5  
5 4  6  

5 5  7  
5 6  8  
5 7  9  
5 8  :  
5 9  ;  
60 
111 

62 
83 

6 4  @  
6 5  A  
6 6  B  
67 
68 
69 
70 
71 
72 
73 
74 

75 
76 
77 
7 8  N  
7 9  O  
8 0  
81 
82 
83 
84 
H:, 
86 
8 7  W  
8 8  X  
89 
90 
m 
92 

93 
94 
95 

C 
D 
E 
F 

G 
H 
I 

J 
K 
L 
M 

P 

Q 
R 
S 

T 
U 
V 

Y 
Z 

[ 
\  

! 

NPC = nonprinting character 

96 

97 a 

98 b 

99 c 

100 d 

101 e 

102 f 

103 g 

104 h 

105 i 

106 j 

107 k 

108 1 

109 m 

110 n 

111 o 

112 p 

113 q 

114 r 

115 s 

116 t 

117 u 

118 v 

119 w 

120 x 

121 y 

122 z 

123 ( 

124 | 

125 ) 

126 box 

127 shaded 

triangle 
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Instrumentation Graphics 

The 1345A D ig i ta l  Graph ics  D isp lay  i s  des igned  to  meet  the  
d i sp l ay  r equ i r emen ts  o f  e l ec t r on i c  measu remen t  i ns t r umen ts  
such as osc i l loscopes,  spect rum analyzers ,  network  analyzers ,  
curve t racers,  and waveform analyzers .  

The important  aspects of  any instrumentat ion graphics picture 
are resolut ion, br ightness, the amount of data displayed, and the 
da ta  update  speed.  

Addressable resolut ion is the incremental  accuracy with which 
the e lec t ron beam can be pos i t ioned wi th  the screen area.  I t  i s  
specified as the number of points along the horizontal axis and the 
number of points along the vert ical axis. A high-resolut ion picture 
can present  f iner  waveform deta i ls ,  such as no ise sp ikes.  

The Â¡deal display should have enough br ightness range to be 
use fu l  i n  e i t he r  a  b r igh t  ou tdoor  env i ronmen t  as  i n  a  po r tab le  
instrument,  or  a darkened laboratory environment as in a bench- 
top  ins t rument .  I t  shou ld  show enough  da ta  and  upda te  i t  f as t  
enough to keep up wi th t ransducer or  measurement instruments '  
da ta  acqu is i t ion  and process ing  speeds.  

Other essent ia l  character is t ics of  an instrumentat ion graphics 
d isp lay module are a h igh-qual i ty  p ic ture,  f lex ib le packaging for  
easy mount ing and minimum space requirements,  and low power 
consumpt ion  to  min imize  the  hos t  ins t rument ' s  coo l ing  requ i re  
men ts  and  power  supp ly  l oad .  The  1345A has  these  fea tu res ,  
a long wi th an ASCII  character  generator  for  label ing and ident i f i  
cat ion of  sof tkey funct ions,  and the ab i l i ty  to  generate d i f ferent  
l inetypes and dif ferent intensit ies to separate one waveform from 
another. 

CRT Technology  
There  a re  two  methods  o f  de f l ec t i ng  the  e lec t ron  beam in  a  

cathode ray tube (CRT):  e lectromagnet ic  and e lectrostat ic .  Elec 
t romagnet ic def lect ion uses magnet ic f ie lds to def lect  the beam, 
while more electrostatic methods uses electric f ields. It takes more 
energy and more t ime to change a magnetic f ield than an electr ic 
f i e l d .  o r  t h e  e l e c t r o s t a t i c  d e f l e c t i o n  m e t h o d  c a n  d r a w  o r  
update a p ic ture much more quick ly ,  and consumes less power .  
However ,  e lect rosta t ic  CRTs are more expens ive.  

There are also two ways to scan the beam over the CRT screen . 
One  me thod  uses  a  f i xed  f o rma t ,  common ly  known  as  ras te r -  
scan,  and the  o ther  uses  a  random vec tor  fo rmat  and is  ca l led  
d i rec ted -beam.  The  ras te r - scan  me thod  scans  the  en t i r e  CRT 
screen one l ine at a t ime even when the beam is off or there is no 
data to present on the screen. This f ixed-format scanning method 
makes resolu deflection circuit simple but l imits addressable resolu 
t ion ,  scan  the  h igher  the  reso lu t ion  the  longer  i t  takes  to  scan  
the screen i f  the l ight  output  is  to  remain the same. 

The d i rec ted-beam method moves the e lec t ron beam in  a  ran 
dom vector format only where data needs to be presented on the 
CRT screen.  Because the beam is  moved f rom one po in t  to  the  
next in a straight l ine, l ine quality remains high compared to raster 
scan,  in  wh ich  a  l ine  appears  as  ser ies  o f  do ts .  There fore ,  the  
d i rec ted-beam method has  a  h igher  da ta  update  speed,  h igher  
addressable resolut ion,  and bet ter  s t ra ight- l ine qual i ty .  

Many computer  data terminals today have CRT displays using 
electromagnet ic def lect ion and the raster-scan format.  The CRTs 
are  cur rent -dr iven through a yoke and a  tuned c i rcu i t .  The e lec  
t romagnet ic def lect ion and raster  scan make an at t ract ive combi 
nat ion for  reasons of  cost  and s impl ic i ty .  

The 1 345A uses electrostat ic def lect ion and the directed-beam 
fo rma t  because  i t  i s  i n tended  as  a  l ow-power ,  h igh - reso lu t i on  
d i sp lay  modu le  w i t h  rea l - t ime  p i c tu re  upda te  speed  to  sa t i s f y  
inst rumentat ion graphics needs.  

Fig. 6 shows a sample command sequence and the result 
ing picture. 

Refreshing the Display 
The system is required to resend all picture data to the 

1345A at a minimum rate of 50 Hz. Below a 50-Hz refresh 
rate, the display may begin to flicker. Recommended re 
fresh rate is approximately 60 Hz. 

If the user does not wish to worry about refreshing the 
picture data, the 1345A can be ordered with an internal 
memory option. This option supplies a 4K x 16-bit read/ 
write memory. The 1345A 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 lower- 
performance microprocessor when designing the system. 

The memory interface uses the same 16-bit data bus as the 
standard 1345A for both data and address information. The 
address used 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 access of picture data, 
the address pointer is automatically incremented. 

Four interface signals control operation of the memory 
board, as follows (X = don't care): 

RD WR DS AO 

X  X  1  X  
0  1  0  X  
1 0 0 0  
1 0 0 1  

Memory Action 

None 
Read from memory 
Write to address pointer 
Write to memory 

Memory Programming Example  
A d d r e s s  C o n t e n t s  

0000 
0001 

to 
1000 

1001 
1002 

to 
2002 

2003 
2004 

to 
2060 
2061 
2062 

to 
2147 

2148 

2149 
to 

2255 
2256 

2257 

Jump to 1002 

Jump to 1002 

Jump to 2062 

Graticule A 

Jump to 2062 

Graticule B 

Jump to 0  

Set of Labels 

Jump to 0  

In this example: 

â€” Picture A is not displayed 
â€” Picture B is displayed 
â€” Graticule A is not displayed 
â€” Graticule B is displayed 
â€” The labels are not displayed 

Fig.  7.  The jump command in  the ref resh memory wi l l  cause 
the display to jump to any desired picture element.  Animation 
and scro l l ing  can be  ach ieved us ing  th is  command.  
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Analog 
X.Y.Z 

Outpu t  

( O p t i o n )  D i g i t a l  
Data 

R e f r e s h  I n p u t  Vector 
Processor 

Stroke 
Generator 

Deflection 
Amp 

^ ^ H  

dc 
Power 
Input 

+5V, Â±15V 
Low-Voltage 

Power Supply 
High-Voltage 

Power Supply 

Two additional signals provide added flexibility. An 
acknowledge signal is output for every cycle. Since the 
memory has a constant access time 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 
refreshed by 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 uses the 1345A data format 
described earlier. The second allows the user to direct the 
refresh circuitry 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 Dll DlO D9 D8 D7 D6 D5 D4 D3 D2 Dl DO 

1  X  X  X  A  A A A A A A A A A A A  

Fig .  8 .  1345A b lock  d iagram.  

DO-Dl 1 specify the next data word to be sent to the 1345A display. 

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 cause the display 
to jump to any desired picture element (see Fig. 7). The user 
may also use the jump command to create animation on the 
screen by successively jumping to a series of pictures. 
These prestored pictures can be any size, limited only by 
the memory size. Scrolling of data or text can also be 
achieved by using the jump command. 

Line Generation 
Fig. 8 is the block diagram of the 1345A Display. The 

stroke generator takes the digital X and Y data from the 
vector processor and generates voltages to drive the CRT via 

Drive External CRT 

F i g .  9 .  T h e  s t r o k e  g e n e r a t o r  i m  
p l e m e n t s  t h e  l i n e a r  p a r a m e t r i c  
equat ions for a straight l ine. 
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Limit 
Comparator 

Vre, 

Precharge 
Switch 

B u f f e r  ' " " A r  
A m p l i f i e r  8 V â € ”  J  

Y -  
A d j u s t  

Fig.  10.  The ramp generator  keeps the wr i t ing beam veloci ty  
constant regard/ess of the length of the l ine being drawn. Thus 
a/ I  l ines have the same in tens i ty  un less d i f ferent  in tens i t ies  
have  been  p rog rammed.  

the deflection amplifiers. 
The linear parametric equation for a straight line with 

end points at (Xj, YJ and (X2, Y2) is: 

X = Xj + Â«AX where AX = (X^X^ 
Y = Ya + Â«AY where AY = ^-Yj) 

The stroke generator implements these equations as 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 â€” long vectors dim, short 
vectors bright. To achieve uniform brightness regardless of 

vector length, a scheme of 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 V(AX)2 + (AY)2. 

The circuitry used to generate such 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 Vref, and holding the ramp output at the refer 
ence voltage. 

A negative-going ramp is generated when the flip-flop is 
cleared, opening the precharge switch and allowing the 
capacitor to be discharged linearly by the constant current 
output of the computing circuitry. Because the output cur 
rent of the computing circuit is inversely proportional to 
the length of the line being traced, V(AX)2+(AY)2, the slope 
of the ramp function is: 

da 
dF 

d v  

dt 
u u t  

V(AX)2+(AY)2 

as required. 
Finally, when the ramp output reaches zero volts, the 

limit comparator is tripped, clocking a one into the flip-flop 
and closing the precharge switch. The capacitor is quickly 
charged to the reference voltage, and the initial condition is 
restored. 

Vector  Processor  
The vector processor accepts data from either a host pro 

cessor or a refresh memory and performs the following 
functions: 

Monitor the set condition command and control the fol 
lowing: 
D gray scale (intensity) 
G linetypes 
n writing speeds 
Handshake with the stroke generator and pass a single 
PLOT-X/PLOT-Y 11-bit absolute data word 

â€¢ Convert graph mode data to output absolute data values 
for the stroke generator. 
Convert text ASCII values to absolute stroke data. 

BÃ€V 

Data 
Latch 

Fig. 1 1 .  The vector processor ac 
cepts  input  data and processes i t  
for  the stroke generator.  The VPC 
i s  a  s p e c i a l  N M O S / C M O S  i n t e  
grated c i rcu i t  ch ip.  
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I n teg ra ted  C i rcu i t  Pe r iphera l  Log ic  

Inpu t  La tch  

Da ta  f rom 
H o s t  C o m p u t e r  

o r  M e m o r y  

r ^  
C h a r a c t e r  S i z e  L o g i c  ^ B  A X  L a t c h  

Â ®  Â ¿  Â ©  

_â€” O u t p u t  L a t c h e s  Las t  Da ta  La t ches  

3 -S ta te  Buf fe r  

V  T o  S t r o k e  
/  G e n e r a t o r  

F i g .  1 2 .  V P C  a r c h i t e c t u r e  a n d  
operation. 

The major design constraints were a result of the space, 
power, and speed requirements. The board space available 
was less than 320 cm2 and power dissipation had to be less 
than 5 watts. The speed required was dictated by the stroke 
generator, which can draw some vectors in as little as 1.5 /its. 
Thus the vector processor had to be designed to set up each 
vector in at most 1 /us. 

The space and power constraints indicated an integrated- 
circuit implementation. After due consideration, an 
NMOS/CMOS process was chosen and a special vector pro 
cessor chip (VPC) was designed. Fig. 11 shows the block 
diagram of the vector processor based on the VPC. 

An additional requirement for very smooth characters 
suggested a character made with strokes rather than a raster 
character approach. This, combined with the need for mul- 
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tiple character sizes and rotations and the 1345A graph 
mode, led to the architecture shown in Fig. 12 for the VPC. 

The function of the VPC can be seen by looking at its 
operation in each of the four 1345A modes. Letters refer to 
blocks in Fig. 12. 
1. Set condition. Data is latched onto the VPC into A and 
sent to the stroke generator via latch O. 
2. Plot absolute. Data is input via J 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. There 
after, only Y data is passed to A via J. Data is output to the 
stroke generator for 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 J and K. Thereafter, the 
character stroke data is read from the stroke ROM M via N 
into A until the last stroke is read. Character size and rota 
tion is determined in B, D, and E. Data is then output 
through F as before in plot absolute form. 
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