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In this Issue 
I f  you read "What 's  Ahead" in  the October issue,  you probably expected 

t o  f i n d  i n  o n  H P ' s  N e w W a v e  e n v i r o n m e n t  f o r  p e r s o n a l  c o m p u t e r s  i n  
th is issue.  Don' t  bother to look.  They're not  here.  I t  seems that  the second 
version of the NewWave environment â€” the version described in the articles â€” 
hasn' t  been released yet.  We' l l  br ing you the art ic les when the new version 
is released. 

In place of the NewWave environment, we have f ive art icles on the design 
o f  the  HP 8145A Opt ica l  T ime-Domain  Ref lec tometer .  Th is  s to ry  i s  d is t in  
gu ished  by  one  o f  those  remarkab le  f l ashes  o f  i nsp i ra t i on  tha t  i ns tan t l y  

changes  "No  one  knows  how to  do  th i s "  to  "O f  cou rse !  How s imp le ! "  An  op t i ca l  t ime-doma in  
ref lectometer, or OTDR, is an instrument for characterizing the long optical fibers used in telephone 
and data  networks .  S imi lar  in  pr inc ip le  to  a  radar  sys tem,  an OTDR sends a  pu lse o f  inv is ib le  
infrared l ight into one end of the f iber, measures the l ight that comes back as a result of scattering 
and ref lect ion,  and p lots  the returned opt ica l  power as a funct ion of  t ime,  which in  th is  case is  
interpreted as distance. On this plot ,  one can see how lossy the f iber is and locate i r regular i t ies 
such  as  un l i ke  connec to rs ,  and  b reaks .  L i ke  many  modern  rada r  sys tems ,  bu t  un l i ke  ea r l i e r  
OTDRs,  the HP 8145A uses a  spread-spect rum technique.  Ins tead of  a  s ing le  pu lse o f  l igh t ,  i t  
transmits a coded sequence of pulses, and then correlates (a mathematical operation) the returned 
s ignal  i ts  the t ransmi t ted s ignal .  The t ransmi t ted code is  spread out  in  t ime,  but  i ts  corre lat ion 
funct ion is a sharp, local ized impulse that jumps out of the noise and is capable of resolving very 
closely spread-spectrum irregularities. OTDR designers have known for a long time that spread-spectrum 
techniques have theoret ical  advantages, but only i f  the correlat ion funct ion of the code used has 
a value Unfortunately, zero everywhere except at the single point where the impulse occurs. Unfortunately, 
no known Laboratories has zero sidelobes. This is where matters stood until researchers at HP Laboratories 
looked at certain pairs of complementary codes and found that, although the correlat ion functions 
of both correlation of a pair have sidelobes, the sidelobes cancel perfectly when the paired correlation 
funct ions are subtracted.  And so the HP 8145A was conceived.  Beginning on page 6,  you' l l  f ind 
a discussion of  OTDR pr incip les,  a descr ipt ion of  the HP 8145A and i ts  contr ibut ions,  and some 
measurement results. For the theory of complementary correlat ion, see page 14. The transmitter,  
receiver, and optical system designs, which had to meet str ingent restr ict ions on loss, noise, and 
nonl ineari ty,  are described beginning on page 22. The data processing system and user interface 
designs are presented in the ar t ic les on pages 29 and 35.  

One  o f  1988  be  ob jec t i ves  fo r  t he  HP DeskJe t  p r in te r  (Oc tober  1988  i ssue)  was  tha t  i t  be  
able used papers. plain paper, "plain" in this case meaning commonly used office papers. This turned 
out to found typical major challenge for the designers because of the variety of papers found in a typical 
o f f i ce .  Cor respondence papers  gave re la t i ve ly  un i fo rm ink je t  p r in t  qua l i t y ,  bu t  cop ie r  papers ,  
surpr is ing ly ,  var ied widely .  The main factor  in  the i r  pr in t  qual i ty  var iab i l i ty  was found to  be the 
amount Bares sizing or surface starch applied in manufacturing. On page 39, Steve Bares describes 
the pla in paper studies done for  the DeskJet project .  
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Many of automobiles, advanced capabilities of today's electronic instruments, VCRs, automobiles, and 
other products are provided by bui l t- in microprocessors. In developing these systems, a designer 
needs microprocessor development able to check their operation in a variety of ways. A microprocessor development 
sys tem,  such  as  t he  HP  64000 ,  p rov ides  subsys tems  ca l l ed  emu la to r s ,  wh i ch  p l ug  i n to  t he  
mic roprocessor  socket  o f  a  sys tem under  deve lopment  and a l low the  des igner  to  con t ro l  and  
observe design operation under realistic conditions. With the new HP 64700 Series emulators, design 
ers can use personal computers or engineer ing workstat ions for microprocessor system develop 
ment .  d iscussed on and sof tware des igns for  these emulators  are d iscussed in  the ar t ic les  on 
pages 45 and 52.  

We do environment. one article in this issue that's related to the NewWave environment. It's on page 
57, and Computer. about an expanded memory card for the HP Vectra ES Personal Computer. This 
high-performance memory system supports expanded and extended memory capabi l i t ies def ined 
by the needed 3.2 and 4.0 indust ry  s tandards.  These capabi l i t ies  are needed by the NewWave 
envi ronment  and other  appl icat ions.  The chal lenge for  the designers was to make a s ign i f icant  
contr ibution within a str ict definit ion of compatibi l i ty. 

The paper on page 74 is a rare species for this publication â€” the authors aren't from Hewlett-Pack 
ard.  sources,  we occas iona l ly  rece ive papers  f rom outs ide sources,  in  most  cases the sub ject  
mat ter  isn ' t  su f f ic ient ly  HP-re la ted for  us  to  jus t i fy  pub l ish ing them.  In  th is  paper ,  the authors  
p resen t  a  scheme fo r  ad jus t i ng  quadra tu re  phase  da ta  samp led  by  the  HP 5180A Wave fo rm 
Recorder  so that  the spect rum computed f rom the data corresponds to  s imul taneous sampl ing 
o f  the  two input  channe ls .  The recorder  ac tua l ly  samples  one channe l  100 nanoseconds la ter  
than the other one. 

R.P.  Dolan 

Cover 
The autocorrelat ion functions of two complementary Golay codes merge into their sidelobe-free 

sum in  th i s  rep resen ta t ion  o f  the  s igna l  p rocess ing  techn ique  imp lemented  in  the  HP 8145A 
Opt ical  Time-Domain Ref lectometer.  

What's Ahead 

Two produc t  des igns  w i l l  be  fea tu red  in  the  February  i ssue.  The HP 5371 A Frequency  and 
T ime two Analyzer  samples the zero cross ings of  one or  two input  s ignals  to  ext ract  f requency 
modulation and characterize frequency-agile sources. I t  implements continuous count technology, 
reading zero-dead- t ime counters  on the f ly  to  make b locks of  measurements wi thout  s topping.  
The  HP 8904A Mu l t i f unc t i on  Syn thes i ze r  c rea tes  comp lex  s igna ls  f rom common s ine ,  ramp,  
square ,  s igna l  and  no ise  wave fo rms .  A  cus tom VLSI  i n teg ra ted  c i r cu i t  ca l cu la tes  the  s igna l  
parameters in real t ime. 
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A High-Speed Opt ical  T ime-Domain 
Ref lectometer  with Improved Dynamic 
Range 
This art ic le presents basic informat ion on opt ical  t ime- 
domain reflectometry and introduces the HP 81 45 A, which 
uses a data correlation technique to increase measurement 
speed and dynamic  range.  

by Michael  Fle ischer-Reumann and Franz Sischka 

THE TIME SEEMS LONG PAST when one had to 
explain what fiber optic means, and that it is not only 
possible to transmit data and information through 

tiny glass fibers, but it can be done with higher bandwidth 
and over longer distances than with copper coaxial cables. 
In truth, it was only about ten years ago, in the early seven 
ties, when fiber optic transmission began over multimode 
fibers at a wavelength of 850 nm and data rates of several 
megabits per second. Today's state-of-the-art long-haul fiber 
transmission systems operate at speeds up to 2.3 Gbits/s 
on 9-Â¿tm single-mode fibers with 1300-nm lasers spanning 
link lengths of 50 km. Even longer distances, about twice 
as long, can be achieved operating in the third transmission 
window, using 1540 nm as the carrier wavelength. This is 
especially important for submarine cables, a rapidly grow 

ing application area. 
Thanks to high-volume production, component prices 

are dropping, so that fiber as a transmission medium is 
also becoming attractive for shorter distances, such as sub 
scriber loops, local area networks (LANs), and wide area 
networks (WANs). 

Fiber Optic Measurements 
Going along with installation and use of fiber optic trans 

mission links is the need for reliable measurement equip 
ment to characterize components and systems in R&D, pro 
duction, and maintenance. Basic measurement instru 
ments, including sources (light-emitting diode and laser 
diode), power meters, attenuators, and accessories, have 
been described in previous articles.1 The table below lists 

F i g .  1 .  T h e  H P  8 1  4 5  A  O p t i c a l  
Time-Domain Reflectometer makes 
one -po r t  impu l se  r esponse  mea  
s u r e m e n t s  o f  o p t i c a l  f i b e r s  a n d  
cab les .  I t  ope ra tes  a t  1300  nm,  
1 540 nm, or both, and has 0.01 -dB 
power resolut ion,  1-m display res 
o l u t i o n ,  a n d  2 0 0 - k m  m a x i m u m  
range. 
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the principal measurements and the types of companies 
that need to make them. 

User Measurement 
Fiber Manufacturer Diameter, roundness, centricity, 

dispersion, bandwidth, magnitude 
and uniformity of loss and attenua 
tion, length 

Cable Manufacturer Dispersion, bandwidth, magnitude 
and uniformity of loss and attenua 
tion, length 

Installation Company, Overall loss, attenuation of sec- 
Telecom Carrier tions, losses and locations of 

splices and connectors, end of 
fiber, breaks. 

In general, after the fiber is manufactured and/or has 
been put into a cable, there is no more need for mechanical 
or transmission-speed measurements. Focusing on mea 
surements of the transmission medium itself, be it a bare 
fiber or a completely installed, on-duty, long-haul telecom 
munication link, all of the very different users need to 
make basically the same measurements. What is important 
is that these measurements can all be performed by a single 
stand-alone instrument, the optical time-domain reflec- 
tometer (OTDR). 

Optical  TDR Principles 
Looking at the list of different results that various users 

want, one might think that an OTDR would have to operate 

in many different measurement modes. This is not true. 
An OTDR can only perform a single measurement. 

An OTDR performs a one-port measurement of the im 
pulse response of a fiber by stimulating the fiber under test 
with a pulse and displaying the amplitude of the reflected 
(Fresnel) and backscattered [Rayleigh) power2 3 versus dis 
tance on a (half logarithmic) screen. Distance is measured 
as it is in a radar system, by measuring the time between 
transmission of the pulse and reception of the reflected 
and backscattered power. This measurement makes it pos 
sible to analyze: 
â€¢ Overall link loss (dB) or attenuation of the fiber (dB/km) 
â€¢ Locations and losses of inhomogenities like bends, 

splices, and connectors 
â€¢ Location of the end of the fiber. 

Since the OTDR provides all of this information by per 
forming only a one-port impulse response measurement, 
the impulse response of the fiber must contain all the de 
sired information. For someone who is accustomed to 
measuring with electrical TDRs, this might be surprising. 
The difference between electrical and optical time-domain 
reflectometry stems from the presence of the Rayleigh scat 
tering, which is the main physical reason for the attenua 
tion within a glass fiber. 

What is Rayleigh scattering and why does it contain so 
much information? At every point of the fiber a small por 
tion (depending on fiber type and wavelength) of the trans 
mitted power is scattered in all directions. A small portion 
of this scattered power â€” about -48 dB at 1300 nm in a 
single-mode (SM) fiber for a 1-fj.s probe pulse width â€” is 

LEFT: 

RIGHT 

DIST: 

LOSS: 

0.628 km 

67.803 km 

67.175 km 

18.378 dB 

0.000 km n: 1.4580 Ic: 1.0000 72.000 km 

0.000 km 1.000 us 1300 nm 72.000 km 

Fig.  2.  Backscatter curve of  a 50- 
km fiber consisting ol tour 12.5-km 
segments. Dynamic range is 18 dB 
p e a k  f o r  a  t e n - s e c o n d  m e a s u r e  
ment. 
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Technical Risk Reduced by Joint Development Effort 

The HP 8145A Opt i ca l  T ime-Domain  Ref lec tomete r  resu l ted  
f r om an  unusua l - f o r -HP  j o i n t  e f f o r t  be tween  HP  Labo ra to r i es  
(HPL)  and  the  HP Bob l ingen  Ins t rument  D iv i s ion  (B ID) ,  made  
necessary  by  an unusua l  se t  o f  c i rcumstances and market  con 
ditions. 

By  1984 ,  some  o f  HP ' s  ma jo r  compe t i t o r s  had  es tab l i shed  
st rong posi t ions in  the f iber  opt ics test  and measurement  f ie ld .  
The i r  p roduc t  l i nes  were  anchored  by  a  key  p iece  o f  measure  
ment gear, the optical t ime-domain ref lectometer (OTDR). At that 
time, HP had no such product. In an effort to remedy this situation, 
two independent  e f fo r ts  got  underway to  address  the  prob lem,  
one in BID'S R&D laboratory and the other in HPL's wave technol 
ogy depar tment .  

La te  in  1984,  the  HPL team proposed a  new imp lementa t ion  
of  a complementary corre lat ion measurement  technique that  po 
tent ial ly of fered a quantum leap in the performance of the OTDR 
measurement .  Wi th in  a  few months,  they successfu l ly  reduced 
the  idea to  prac t ice  in  a  labora tory  pro to type.  However ,  i t  was 
clear that many technical and pract ical  unknowns stood between 
th is  prototype and the real izat ion of  th is  new technique in a rug 
ged f ie ld instrument.  

Months  o f  rework ing  and d iscuss ion  fo l lowed,  and in  Ju ly  o f  
1 985, BID'S management team made a bold decision. Reasoning 
tha t  an  ent ry  in to  the  market  w i th  a  "me too"  ins t rument  wou ld  
be  worse  than  no t  en te r i ng  a t  a l l ,  t hey  dec ided  to  accep t  t he  
techn ica l  r isks  requ i red to  prov ide the market  w i th  a  major  per  
fo rmance  con t r i bu t ion .  However ,  t hey  d id  so  on  the  cond i t i on  
t h a t  t h e  H P L  t e a m  t h a t  h a d  c h a m p i o n e d  t h e  c o r r e l a t i o n  i d e a  
would remain involved in the advanced development of  the prod 
uct â€” This the way through to its introduction, i f  necessary. This 
degree of  invo lvement  was h igh ly  unusual  for  HP Laborator ies.  
However ,  HPL management  recogn ized  the  impor tance  o f  th is  
p ro jec t ,  and agreed to  c ross  organ iza t iona l  boundar ies  to  pu l l  
t o g e t h e r  a  t e a m  o f  e n g i n e e r s  t o  w o r k  w i t h  B I D .  T h u s ,  t h e  
groundwork was la id for  an unusual  jo int  pro ject .  

Al l  technology t ransfers between a research organizat ion and 
a manufactur ing d iv is ion must  overcome a ser ies of  d i f f icu l t  ob 
stacles.  Development of  a feel ing of  shared ownership of  a tech 
no logy  requ i res  pa t ience  and  a  sp i r i t  o f  teamwork .  Each  team 
must  lea rn  how to  dea l  w i th  d i f fe ren t  work ing  s ty les ,  d i f fe ren t  
p e r s o n a l i t i e s ,  a n d  d i f f e r e n t  p e r s p e c t i v e s  o n  h o w  t h e  p r o j e c t  
should proceed. In addi t ion,  the physical  separat ion of  two work 
ing groups can lead to communications problems that are dif f icult  
to overcome. 

In  the  case o f  th is  jo in t  OTDR pro jec t ,  these  prob lems were  
m a g n i f i e d  m a n y  t i m e s  T h e  t e a m s  a t  B I D  a n d  H P L  w e r e  b o t h  

relat ively young and inexperienced. Most of the scient ists on the 
HPL team had never been involved wi th a product  t ransfer ,  and 
in i t ia l l y  had l i t t le  idea o f  what  was requ i red  to  br ing  a  product  
in to  p roduc t ion .  A t  the  same t ime,  the  team a t  B ID was tak ing  
on the cha l lenge o f  bu i ld ing a  product  much more compl ica ted 
than anyth ing that  i t  had done before .  For  example,  the d ig i ta l  
signal processing requirements of the OTDR go far beyond those 
o f  any  o f  the  f iber  op t ics  ins t ruments  p rev ious ly  made a t  B ID.  
Part of the r isk (and chal lenge) of breaking new technical ground 
is that unforeseen problems inevitably arise. Many such problems 
d id  ar ise ,  and they  presented d i f f i cu l t  techn ica l  cha l lenges fo r  
both groups.  

These obstac les  were compounded by the cha l lenge o f  main  
ta in ing  good  commun ica t ions  and  unders tand ing .  The  g roups  
at  BID and HPL were separated by over  6000 mi les and a n ine-  
hour  t ime d i f ference.  S ince te lephone communicat ions were ex 
t remely  inconvenient ,  there was a heavy re l iance on e lect ron ic  
ma i l .  Even under  idea l  c i rcumstances ,  th is  can  lead  to  de lays  
and  m isunders tand ings  because  o f  messages  c ross ing  i n  the  
mail  and the inevitable "reading between the l ines." In this case, 
language and cu l tura l  d i f ferences exacerbated the prob lems.  

Desp i te  a l l  o f  these obstac les  to  progress and success,  how 
ever, both teams worked hard, and in the end, achieved gratifying 
resu l t s .  The  p roduc t ' s  pe r fo rmance  mee ts  and  in  some a reas  
exceeds in i t ia l  pro ject ions.  By combin ing the ef for ts  o f  the two 
teams, HP was able to in t roduce the OTDR in September 1987,  
only 26 months af ter  the jo int  ef for t  began. 

Perhaps the  most  s ign i f i can t  long- te rm resu l t  o f  th is  p ro jec t  
has been the personal  and profess ional  growth of  the members 
of  both of  the teams. The HPL team has come away with a much 
deeper  unders tanding and apprec ia t ion o f  what  i t  takes to  turn  
a b lue-sky idea in to a product .  The team at  BID has acqui red a 
broad set  of  technical  sk i l ls ,  a long wi th the enthusiasm and con 
f idence to  ab ly  app ly  them to  fu tu re  p ro jec ts .  In  shor t ,  th is  un  
usua l - fo r -HP p ro jec t  se rves  as  an  examp le  o f  how fo rm idab le  
techn ica l  and  commun ica t ions  obs tac les  can  be  ove rcome by  
hard work, patience, perserverence, and dedication to a common 
goal. 

Michael  F le ischer-Reumann 
Project  Manager 

Bobl ingen Instrument Div is ion 

Steve Newton 
Project  Manager 

Hewlet t -Packard Laborator ies 

guided by the fiber backwards to the origin. 
Assuming that the fiber is homogeneous (the backscatter- 

ing coefficient is constant versus distance), at every succes 
sive section of the fiber there is less power than at the 
sections closer to the launching port, just because of the 
Rayleigh scattering. Consequently, the absolute value of 
the backscattered power is also lower by the same factor. 
Because the backscattered power has to travel all the way 
back through the fiber to the launching port, it is attenuated 
again. When it reaches the launching port, it carries, in its 
amplitude, information about the fiber loss. Measuring the 
backscattered power as a function of time relative to the 

launching pulse gives a plot of loss versus distance, which 
is shown on the display. 

The longer the duration of the probe pulse, the higher 
the amount of backscatter from a specific location. This 
can be easily understood from the following simplified 
model. Assuming that a pulse of duration T consists of a 
number n of short pulses of duration dt so that T = ndt. 
If every time a short pulse of duration dt propagates across 
a specific location z a certain amount power Pback(z) ^s 
backscattered, then the amount of backscatter for the pulse 
with duration T is nPback(z). From this it can be seen that 
the Rayleigh scattering is proportional to the energy of the 
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probe pulse, not only to the peak power level of the pulse. 
If we now assume that the fiber consists of several 

homogeneous parts that are spliced or connected, then at 
these locations there is a nondistributed or localized loss 
(fiber attenuation is distributed loss). The forward traveling 
power will be attenuated just by the amount of the localized 
splice or connector loss and consequently all backscatter 
that stems from locations beyond this point will be lower 
by the same amount. The backscattered light reaching the 
launching port will also carry this information, that is, the 
amount of the splice or connector loss and, of course, its 
location. 

At a connector, if there happens to be no physical contact 
between the two connected fibers, there will be not only 
a localized loss as described above, but also a reflection 
caused by the change in the refractive index (an impedance 
mismatch in electrical terms). This holds true not only for 
connectors (or mechanically, elastomeric splices) but also 
for the glass/air transition at the end of the fiber link. At 
that location, the reflected power is only proportional to 
the power level (not the energy), and is a maximum of 
about 4% of the incident power (- 14 dB). This is several 
orders of magnitude higher than the backscatter. These 
reflections are seen on the display as large spikes, and 
under certain conditions (no clipping in the receiver) the 
return losses at those locations can be measured. 

If the fiber breaks by accident, then the end surface will 
in most cases not be connector-like (rectangular and well- 
polished), and the reflected power will be below 4%. Some 
times the fiber is loosely guided in a tube filled with oil, 

which can act as an index matching fluid, so that nearly 
no end reflection occurs, but the backscatter drops to zero 
after the break. 

To summarize, because of Rayleigh backscattering, the 
impulse response of the fiber contains information on the 
amount and location of losses. Distributed losses are fiber 
attenuation and nondistributed losses are splice, bend, or 
connector losses. Because of Fresnel reflections, or changes 
in the refractive index, the impulse response contains infor 
mation on the location and return loss of nonphysical con 
nections and the fiber end. 

A more detailed mathematical description will be given 
in the following articles. 

OTDR Design Object ives 
The HP 8145A Optical Time-Domain Reflectometer (Fig. 

1) is designed to make OTDR measurements with greater 
speed, convenience, and dynamic range than conventional 
OTDRs. Objectives for its design were based on analysis 
of the features an OTDR should have to make it a valuble 
and helpful tool. 

In fiber manufacturing, it is mainly performance param 
eters that are are important. The instrument should be able 
to show the backscatter of the fiber under test as precisely 
as possible, operate under computer control, and allow 
users (in most cases highly knowledgeable engineers who 
understand the physics of fibers and OTDRs) to manipulate 
the measurement parameters to optimize the results. 

On the other hand, when the OTDR is used in a field 
environment during acceptance testing or maintenance, 

0.000 km n: 1.4580 Ic: 1.0000 72.000 km 

0.000 km 1.000 us 1300 nm 7 2 . 0 0 0  k m  

F i g .  3 .  A  t w o - m i n u t e  m e a s u r e  
ment on the f iber of Fig. 2 gives a 
dynamic  range o f  22  dB peak.  
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weight, power consumption, ease of use, ruggedness, wide 
temperature range, and short warm-up time, which are not 
very important in the factory or laboratory, become key 
issues. The instrument should be able to operate from bat 
teries, and should contain as few as possible mechanical 
components, because these usually limit the ability to with 
stand harsh environments. Flexible disc drives as a storage 
medium for measured curves or thermal printers to gener 
ate hard copies are therefore not desirable. 

HP8145A  Fea tu res  
The HP 8145A is a high-performance, HP-IB programma 

ble, optical time-domain reflectometer designed for both 
field maintenance and bench applications. It uses a data 
correlation technique (see article, page 14) that results in 
a dynamic range of 28 dB at 1300 nm, single-mode. This 
high dynamic range is measurable and displayable with 
only one measurement. Unlike conventional OTDRs, the 
HP 8145A does not require the user to patch partial mea 
surement results together manually. 

The correlation technique also drastically reduces the 
measurement time. The HP 8145A performs measurements 
much deeper in the fiber and up to 150 times faster than 
conventional OTDRs. It has a power resolution of 0.01 dB, 
a display resolution of 1 meter, and a maximum range of 
200 km. 

For field applications, the HP 8145A is lightweight and 
rugged. It can operate from batteries (12V to 30V) or ac 
power (90V to 260V). To eliminate the need for external 
data loggers or disc drives, a RAM memory (divided into 

an internal 12-curve memory and an external, plug-in, 114- 
curve module) serves as the storage medium for measure 
ment information. When hard copies are needed, any mea 
surement can be printed on an HP Thinkjet or Quietjet 
printer in about 30 seconds; no computer/controller is 
needed. 

Two cursors are provided for distance and loss measure 
ments. To use the internal 32-bit microprocessor to calcu 
late splice loss automatically, up to five cursors can be 
activated. Zoom capabilities make it possible to expand 
sections of a long cable or fiber for closer examination. The 
cursor positions are not affected by zooming. 

The HP 8145A provides probe pulse widths of 125 ns, 
250 ns, 500 ns, 1 /Â¿s, 2 /as, 4 /Â¿s, and 8 fis. Wider pulses 
result in faster measurements, while narrower pulses give 
better resolution. With a 125-ns pulse and a 500-m display 
window, two fusion splices less than 40 m apart at a dis 
tance of 14 km can be resolved. 

Any previously taken trace stored in RAM can be recalled 
and compared with the one being measured. This is useful 
for detecting inhomogeneities and attenuation changes like 
those caused by microbending during cabling. Traces at 
different wavelengths can also be compared. Two optional 
user-installable laser modules allow operation at 1300 nm 
or 1540 nm or both wavelengths. A low-loss wavelength 
division multiplexer ensures that the dynamic range is not 
affected by the number of installed laser modules. 

Four exchangeable connector options and a variety of 
adapter cables are available. 

LEFT: 

RIGHT 

DIST: 

LOSS: 

0.528 km 

111.509 km 

110.980 km 

26.123 dB 

0.000 km n: 1.5000 Ic: 1.0000 120.000 km 

0.000 km 4.000 us 1550 nm 
F i g .  4 .  A  f i b e r  b r e a k  a t  1 0 2  k m  

1 2 0 . 0 0 0  k m  a f t e r  a  t e n - s e c o n d  m e a s u r e m e n t .  
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Measurement  Performance 
Figs. 2 and 3 show the backscatter curve of a 50-kra-long 

fiber consisting of four 12.5-km segments. The splices be 
tween the segments have a loss of about 2.5 dB each. As 
demonstrated in Fig. 2, the HP 8145A's data correlation 
technique is able to give a dynamic range of 18 dB peak 
after only 10 seconds of measurement time. Fig. 3 shows 
that the dynamic range is extended to about 22 dB peak 
after another two minutes. These results are valid for a 
medium pulse length of 1 /xs. Using a long pulse of 8-/ns 
duration will lead to a dynamic range of more than 25 dB 
peak after only 10 seconds. 

The effectiveness of the data correlation technique de 
pends on various fiber characteristics such as Fresnel re 
flections and lossy splices. However, for fiber breaks, which 
typically have no Fresnel reflection, measurements can be 
done with the longest probe signals and measurement re 
sults can be obtained very rapidly. This is demonstrated 
by the measurement results given in Figs. 4 and 5. Fig. 4 
shows a fiber break at a distance of 102 km after only 10 
seconds of measurement time. Fig. 5 is for the same fiber, 
but with a measurement time of eight minutes. 

Fig. 6 gives an estimate of the measurement speed re 
quired for long fibers used in high-speed transmission 
lines. This diagram shows the achievable dynamic range 
(signal to peak noise) as a function of the measurement 
time and the pulse width for several different long fibers 
at a wavelength of 1300 nm. For example, the HP 8145A 
achieves a dynamic range of 25 dB after only ten seconds 
of averaging, using an S-/JLS probe pulse width. With con- 

3 0 0  

Fig .  6 .  Dynamic  range as a  funct ion o f  measurement  speed 
fo r  typ ica l  1300-nm f ibers  used in  h igh-speed t ransmiss ion  
lines. 

ventional OTDRs, every doubling of the measurement time 
improves the signal-to-noise ratio by 0.75 dB. The slopes 
of the curves of Fig. 6 are steeper than this, showing the 
superiority of code correlation over single-pulse probing. 

Two-point resolution is depicted in Figs. 7 and 8. Fig. 7 
shows the measurement result after five minutes of averag 
ing time. Two single mechanical splices 62 m apart at a 
distance of 37 km are clearly visible. Fig. 8 shows the result 
of a 30-second measurement of a series of fibers intercon 
nected with fusion splices. The fiber lengths are 13.914 
km, 74 m, 36 m, and 9 km. The short 36-meter-long piece 

0.528 km 

105.057 km 

104.528 km 

30.296 dB 

0.000 km n: 1.5000 Ic: 1.0000 120.001 km 

0.000 km 4.000 us 1550 nm 120.001 km 
F i g .  5 .  A  f i b e r  b r e a k  a t  1 0 2  k m  
after an eight-minute measurement. 
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LEFT: 

RIGHT: 

DIST: 

LOSS: 

37.278 km 

37.340 km 

0.062 km 

-0.042 <JB 

n: 1.5000 Ic: 1.0000 

34.900 km 0.125 us 1300 nm 

38.413 km 

41.900 km 

Fig. 7. Two connectors 62 m apart 
at  approximately  37 km. The mea 
surement t ime was f ive minutes.  

13.988 km 

14.024 km 

0.036 km 

0.244 dB 

LEFT: 

RIGHT 

DIST: 

LOSS: 

13.752 km n: 1.4580 Ic: 1.0000 14.252 km 

13.443 km 0.125 us 1300 nm 14.443 km 

F i g .  8 .  A  3 0 - s e c o n d  m e a s u r e  
m e n t  o f  f o u r  f i b e r s  s p l i c e d  t o  
g e t h e r .  T h e  f i b e r  l e n g t h s  a r e  
13 .914km,  74m,  36m,  and  9  km.  
The shor t  36-m f iber  a t  14  km is  
easily seen. 
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Receiver and 
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Fig.  9 .  B lock d iagram of  the HP8145A Opt ica l  T ime-Domain 
Re t  l ac tomete r ,  wh ich  uses  a  co r re la t i on  techn ique  fo r  im  
proved dynamic  range and  measurement  speed.  

of fiber at a distance of about 14 km is easily seen. 
Because the backscattered signal in most fibers is far 

below the receiver noise, it is important to have data on 
the repeatability of fiber loss and splice loss measurements. 
This requires many measurements, because the effect of 
the noise on the measurement results is only statistically 
predictable. Our test data indicates that splice loss repeata 
bility is better than 0.015 dB with a probability of 95%. 
Fiber loss readouts have an uncertainty of less than 0.015 
dB/km with 95% probability. Both uncertainties are valid 

for the HP 8145A's specified temperature range of â€” 10Â°C 
to 55Â°C. 

Architecture 
The architecture of the HP 8145A OTDR is shown in the 

block diagram, Fig. 9. Details of the various blocks, the 
correlation technique, and the user interface and firmware 
are given in the other articles in this issue. 

Acknowledgments 
Contributions to a complex and technically advanced 

product like the HP 8145A come from many people, both 
directly, in R&D, marketing, and production engineering, 
and indirectly, in the form of valuable ideas from many 
sources. In this case the contributors were located at widely 
separated sites. We would especially like to acknowledge 
the contributors on Steve Newton's team at HP Laboratories: 
Scott Foster, Robin Gifford, David Moberly, Moshe 
Nazarathy, Rick Trutna, and Paul Zorabedian. A great deal 
of help in terms of paving the way for this unusual joint 
effort came from the management level, notably Bill Shreve 
and Len Cutler at HP Laboratories and Peter Aue at the BÃ²b- 
lingen Instrument Division. 

References 
1. Hewlett-Packard Journal, Vol. 38, no. 2, February 1987, pp. 4-36. 
2. C. Hentschel, Fiber Optics Handbook, Hewlett-Packard publi 
cation no. 5952-9654. 
3. S.D. Personick, "Photon Probe: An Optical-Fiber Time-Domain 
Reflectometer," Bell System Technical Journal, Vol. 56, 1976, 
p. 355. 

DECEMBER 1988  HEWLETT-PACKARD JOURNAL 13  

© Copr. 1949-1998 Hewlett-Packard Co.



Complementary Correlat ion Optical  
T ime-Domain Ref lectometry 
The autocorre lat ion funct ion of  a complementary Go/ay 
code pa i r  has zero  s ide lobes,  mak ing these codes idea l  
for  spread-spectrum opt ica l  t ime-domain ref lectometry.  

by Franz Sischka,  Steven A.  Newton,  and Moshe Nazarathy 

AN OPTICAL TIME-DOMAIN REFLECTOMETER 
(OTDR) is an instrument that characterizes optical 
fibers by launching a probe signal into a fiber under 

test and detecting, averaging, and displaying the return 
signal. The distance to a given feature is determined by 
measuring the time required for the signal to travel to the 
feature and back again to the measuring instrument. 

A block diagram of a generic OTDR is shown in Fig. 1. 
An electronic probe signal generator is used to modulate 
the intensity of a laser, and the light output of the laser is 
launched into the fiber under test. In a conventional OTDR, 
the probe signal is a single square pulse. In field portable 
instruments, a semiconductor laser with an output power 
of several milliwatts is typically used as the source. The 
output of the laser is coupled into the fiber under test using 
a 3-dB fiber directional coupler. The unused output of this 
coupler is terminated by a method such as refractive index 
matching to prevent the probe signal from being reflected 
back into the receiver. 

The return signal from the fiber under test is coupled to 
the receiver via the coupler. It is important that this 
beamsplitter be polarization independent, because polari 
zation variations in the backscattered light would be indis 
tinguishable from true changes in the overall power level 
of the return signal. After detection and amplification in 
the receiver, the return signal is processed, usually by av 
eraging, before being transferred to the display. 

A more detailed description of the optical components 
used in OTDRs and in other photonics applications is given 
in reference 1. 

Display Calibration 
The OTDR operates as a one-port instrument. The probe 

light travels out to a given point on the fiber and the return 
light travels back. Therefore, the return signal has been 
attenuated twice. 

When observing the OTDR display, the user is only in 
terested in the backscattering signature of the fiber under 
test and not in the details of the two-way propagation of 
the light that probes the fiber. For this reason, the horizontal 
(range) axis is calibrated to show the true one-way distance 
to a reflection or other feature despite the fact that the 
probe light has actually travelled twice this distance, that 
is, from the instrument to the feature and back again. For 
example, signals from two reflections that are 100 m apart 
arrive back at the OTDR separated in time by 1 /xs. Simply 
converting this delay to distance using the speed of light 

in fiber (c/n ~ 200,000 km/s, where n is the refractive index 
of the fiber) would yield a separation of 200 m, which is 
the round-trip distance between the two reflections. The 
OTDR displays this interval as 100 m, which is the actual 
separation of the faults. In general, then, the distance Az 
is displayed according to the formula: 

Az = (c/n)At/2. 

Likewise, the vertical (power) axis of the display is cali 
brated to show the actual optical power levels divided by 
two (in dB), as if the probe light had propagated in only 
one direction. 

Limitat ions of  Conventional  OTDRs 
Several factors can limit the performance of conventional 

OTDRs. The most important of these is the fundamental 
trade-off between the signal-to-noise ratio (SNR) and the 
response resolution. Several key OTDR specifications, in 
cluding the dynamic range and the measurement time, are 
really different manifestations of the SNR. The response 
resolution of a measurement is the minimum separation at 
which be different faults (reflections, splices, etc.) can be 
resolved. 

The dynamic range of an OTDR refers generally to the 
ratio (in dB) of the largest signal level the instrument can 
handle to the smallest signal level it can detect. For the 
purposes of specification, dynamic range is usually defined 
as the ratio of the initial backscattering level (which itself 
depends on the probe signal energy and the type of fiber) 
to the rms noise level. Normally the one-way dynamic range 
is specified, that is, as if the probe light had only propagated 
in one direction. Before the introduction of the HP 8145A, 

Probe 
Signal Generator 

Signal 
Processor 

3-dB 
Coupler 

Index 
Matched 

T e r m i n a t i o n  

Fig.  1 .  B lock d iagram of  a  convent ional  opt ica l  t ime-domain 
ref lectometer (OTDR). 
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the state-of-the-art one-way dynamic range of commercial 
OTDRs was 22 to 24 dB. The HP 8145A's one-way dynamic 
range is 30 dB. 

These dynamic ranges are more impressive than they 
might initially appear because of the relationship between 
optical and electrical power. Since the detection process 
converts optical power to a proportional electrical photo- 
current, a 3-dB change in optical power produces a 6-dB 
change in electrical power. Thus a 30-dB optical one-way 
dynamic range equals a 60-dB optical two-way dynamic 
range, which is equivalent to a 120-dB electrical dynamic 
range! The optical powers involved may range from 100 
nanowatts (-40 dBm) down to 100 femtowatts (-100 
dBm), with corresponding photocurrents of roughly 70 
nanoamperes and 70 femtoamperes, respectively. 

The Level  Diagram 
A helpful tool for visualizing the dynamic range of an 

OTDR measurement at a certain distance is the level dia 
gram. It shows at a glance how the distance measurement 
capabilities depend on the pulse width , the signal-to-noise 
ratio, the influence of noise, and the magnitude of the Fres- 
nel reflections relative to the Rayleigh backscatter level. 
An example is depicted in Fig. 2 using typical OTDR power 
levels. 

Consider a laser that launches 8 mW into a single-mode 
fiber. This is equivalent to 9 dBm. Referring to the block 
diagram of Fig. 1, this level is then attenuated by 3 dB in 
the directional coupler. We therefore have a 6-dBm optical 
probe pulse in the fiber under test. Assuming a 0.35-dB/km 
fiber attenuation at a wavelength of 1300 nm, this probe 
pulse is attenuated to â€”36 dBm after 120 km. 

However, the backscattered (Rayleigh) and reflected 
(Fresnel) signals that the OTDR must detect are orders of 
magnitude lower. For example, Fresnel reflections at glass- 
to-air interfaces are 4% of the incident power level, or 14 
dB lower. Rayleigh scattering is 43 to 59 dB lower, depend 

ing on the duration of the probe pulse used. In addition, 
these signals suffer a round-trip propagation loss that cor 
responds to their round-trip propagation path from the 
OTDR. Therefore, in Fig. 2 they are plotted with a slope 
of 0.7 dB/km. Taking into account another 3-dB loss when 
the return light is split again in the coupler, we end up 
with a maximum power level at the receiver photodiode 
of - 11 dBm for Fresnel reflections and -40 to - 56 dBm 
for the maximum initial Rayleigh backscattered power 
using pulse widths of 4 Â¿Â¿s and 100 ns. respectively. 

Linearity and Noise 
Even along segments of the backscattered signal where 

the signal-to-noise ratio is good, it is of the utmost impor 
tance that measurement linearity be maintained to ensure 
that the displayed data is valid. This means that the response 
of each of the component parts of the measurement â€” detec 
tor, amplifier, analog-to-digital converter (ADC), averager, 
and so on â€” must be linear over a wide dynamic range. 

Assuming that all signals above the highest Rayleigh 
level are clipped (Fresnel reflections don't contain signif 
icant fiber loss information) and an 8-bit ADC is used, the 
instrument will have a 24-dB dynamic range between â€” 40 
dBm and -64 dBm. 

Let's now consider how noise can effect this dynamic 
range. The two-way 24-dB dynamic range appears as only 
12 dB on the OTDR's display. Even this would seem to 
assume that the receiver noise is less than or equal to the 
LSB (least-significant bit) of the ADC. This would mean 
having a receiver with a noise equivalent power (NEP) of 
-64 dBm. 

The receiver noise level can be greatly reduced by averag 
ing. This will extend the useful dynamic range provided 
that the ADC has a linear response, which it does not. 
However, there is a way to linearize the response of the 
ADC, as well as to extend this linear response well below 
the level of the LSB. The solution is to make use of the noise. 

Optical  Power (dBm) f  

Laser  Power  9  dBm- ,  
Assumed Fiber  Loss:  0 .7  dB/km Two-Way 

Optical Loss - 
(Two-Way) 

Ideal Fresnel - 
Reflections 

Maximum 
Rayleigh 
at 4-/IS pulses â€¢ 

at 100-ns pulses - 

30-dB OTDR 
Dynamic Range 

One-Way 

- 6 d B  
- 1 4  
dB 

- 5 9  
dB 

8-Bit  ADC 
(without 

Averaging) 
- Initial Peak 

Noise Level 
( - 6 1  d B m )  

- Peak Noise 
Level after 
3  x107  
Averages 

2 0  4 0  6 0  8 0  
Measurement Range (km) 

1 0 0  1 2 0  
Fig .  2 .  An example  o f  a  leve l  d ia  
gram for  a typ ical  OTDR. 
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This can be done by designing the receiver and ADC 
circuitry so the receiver noise extends over several ADC 
steps (each step equal to one LSB). After sufficient averag 
ing is done, the well-known sawtooth error function of the 
ADC is smoothed to a sine function with drastically re 
duced amplitude. If the peak noise level is about twice the 
LSB, the remaining ADC linearity error is less than the LSB 
by more than 36 dB. 

An example of this ADC error function reduction is given 
in Fig. 3. Here Gaussian noise is assumed, with a probability 
density function as depicted at the top. The level at which 
the ADC records the analog input is varied randomly from 
measurement to measurement by the receiver noise, which 
has a standard deviation denoted a. The ADC error function 
is given in the large curve and shows the decreasing error 
as a function of the noise overlap (tr/LSB) over the steps 
of the ADC transfer function. Using these results and refer 
ring back to the level diagram of Fig. 2, we see that by 
choosing the LSB level to be half of the peak receiver noise, 
we are able to obtain a linear dynamic range of 60 dB 
two-way and 30 dB one-way, provided that enough mea 
surements are averaged. 

Measurement  T ime 
Unfortunately, a conventional OTDR takes a long time 

to take enough averages to achieve this dynamic range. 
Even using a receiver that has an extremely low noise level, 
the majority of the dynamic range must be obtained by 
extensive averaging. For example, consider a conventional 
OTDR that transmits a single pulse every millisecond. If 
we begin with a receiver whose peak noise equivalent 
power is - 61 dBm, the averaging of two separate measure 
ments (requiring another 1 ms) will lower the noise by 
roughly 1.5 dB to -62.5 dBm. This is because the SNR is 
improved by the square root of the number of averages â€” in 
this case, by "V2, or roughly 1.5 dB. Further reducing the 
effective, noise from â€”62.5 dBm to â€”100 dBm, which is 
37.5 dB or a factor of 5623, would require 5623 x 5623 x 1 
ms = 31, 618, 129ms of measurement time â€” about 9 hours! 

In practice, the problem of noise is even more severe in 
that it is not sufficient simply to reduce the noise to the 
level of the signal of interest. The OTDR must detect 
changes in splice losses that are less then 0.1 dB, or vari 
ations of approximately 2% in the signal level. In fact, a 
signal-to-peak-noise ratio of 20 dB is required to ensure 
that the contribution of the noise will not perturb the back- 
scattered signal by more than Â±0.044 dB. In terms of the 
one-way display of the OTDR, this means that a Â±0.022-dB 
variation of the signal will be caused by a peak noise level 
10 dB below the signal at that point on the fiber. This 
limitation of amplitude accuracy by noise is shown in Fig. 
4, which plots the noise-induced signal distortion 
(minimum splice loss detectability) versus the SNR (one 
way) for a given point of interest on the curve. 

Noise Improvement  by Averaging 
Clearly, the quality of an OTDR measurement is closely 

tied to the ability of the instrument to reduce the noise 
level by averaging. As mentioned previously, it can be 
shown that each time we double the number of averaged 
measurements, we improve the SNR by the square root of 
2, or approximately 1.5 dB. The SNR (expressed in dB) of 
a measurement at a range z (km) can be simply expressed 
by the "OTDR maker's formula:" 

SNR(dB) = Pinit - 2az - NEP + 1.5Noct, 

where a is the fiber loss in dB/km, z is the range in km, 
NEP is the receiver noise equivalent power in dBm, Noct 
is the number of probe shots (measurements) expressed in 
octaves (i.e., Noct = log2N, where N is the number of shots), 
and Pini, is the initial value of the backscattered power in 
dBm. Pinit can be approximately expressed by: 

Pinil ~ constant x PinT, 

where Pin is the peak input power, T is the probe pulse 
width, and the constant factor is proportional to the fiber 
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F i g .  3 .  A n a l o g - t o - d i g i t a l  c o n  
verter (ADC) error as a function of 
no ise on the analog s ignal .  Gaus 
s ian no ise (probab i l i ty  dens i ty  a t  
top) and an infinite number of aver 
a g e s  a r e  a s s u m e d .  L S B  i s  o n e  
ADC step or least-s igni f icant bi t .  
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loss, the group velocity in the fiber, and the ability of the 
fiber to capture scattered light in the backward direction. 

On the user display, this SXR (dB) is divided by 2, which 
leads to the relationship mentioned in the preceding article, 
that is. the displayed SNR improves by only 0.75 dB for 
each doubling of the measurement time. This is why it can 
seem that, after about 20 minutes of measurement time, 
very little additional SNR improvement is occurring. 

It is easily seen in the above equations that increasing 
the number of averages directly contributes to an improved 
SNR, albeit at the expense of increasing the measurement 
time. We can also see that in a given measurement time, 
the only ways to improve the SNR are by increasing the 
laser power or by increasing the duration of the probe pulse. 

Response Resolut ion 
In any OTDR measurement, the received signal s(t) can 

be expressed as the convolution (*) of p(t), the signal that 
probes the fiber, f(t), the backscattering impulse response 
of the fiber, and r(t), the impulse response of the receiver. 

s(t) = p(t) * f(t) * r(t) 

The response resolution of the measurement is therefore 
degraded according to the durations of the receiver re 
sponse and the probe signal (Fig. 5). In a conventional 
single-pulse OTDR, the probe signal is simply a square 
pulse having duration T. If T := \ /J.B, for example, the 
two-point response resolution can be no better than approx 
imately 100 meters, even with an ideal receiver. So strictly 
from the point of view of response resolution, it is desirable 
that the probe pulse width be as small as possible. On the 
other hand, the strength of the received signal is propor 
tional to the energy of the probe signal, which is the product 
of the peak power and the probe pulse width. Once we 
reach the peak power limit of our laser source, our only 
means of increasing the probe energy (and thus the SNR) 
is to increase the duration of the probe pulse. But as we 
have just seen, this leads to degraded resolution. The trade 
off between the SNR and the response resolution is there 
fore an important and fundamental limitation on the overall 
performance of a conventional single-pulse OTDR. 

3 T 

S N R  ( d B )  

Fig.  4.  Minimum detectable spl ice versus the s ignal- to-peak- 
noise rat io (one-way). 

D e s i g n  A l t e r n a t i v e s  
Faced with this performance trade-off, the FtP OTDR de 

sign team was faced with several alternative means of build- 
ing a high-performance long-haul OTDR. One alternative 
was to obtain special high-power laser sources. However, 
the price of such lasers was high and their availability 
questionable. Furthermore, these lasers require high drive 
currents which could lead to limited lifetimes and noise 
problems. 

Another approach would be to use a high repetition rate 
to pack more measurements into a given time interval, 
increase the number of averages per second, and thereby 
reduce the noise more quickly. Unfortunately, the repeti 
tion period is limited by the round-trip time delay corre 
sponding to the maximum range of the measurement. De 
creasing the repetition period beyond this time can lead 
to ghost traces that are time-aliased from previous or sub 
sequent probe shots. While at least one commercial instru 
ment uses this approach anyway, we considered it unac 
ceptable. 

Most commercial OTDRs give in to the trade-off and use 
long pulses to maximize their dynamic ranges. In some 
cases, probe pulses 1 km in length are used. Even for a 
long-haul instrument, we felt that this was clearly not a 
good solution for the measurement problem we faced. 

In the end, we decided to pursue a new and different 
approach that had never before been successfully im 
plemented in a practical instrument. This required the im 
plementation of several new techniques, including a 
spread-spectrum scheme that involves probing the fiber 
with coded sequences of pulses rather than a single pulse. 
The coded sequences have complementary autocorrelation 
properties. Subsequent processing of the return signals al 
lows accurate recovery of the fiber response in a way that 
takes advantage of the extra energy injected into the fiber 
while maintaining the resolution that corresponds not to 
the width of the code sequence but to the width of only a 
single pulse â€” one bit â€” of the code sequence. 

Correlat ion Technique 
Spread-spectrum techniques such as correlation offer the 

dB 

Long Pulse 

Dis tance 

- D - D -  
2  C o n n e c t o r s  2  S p l i c e s  

Fig.  5.  Di f ferences in response resolut ion for  d i f ferent  pulse 
widths. 
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possibility of providing measurements with improved SNR 
without sacrificing response resolution. Such techniques 
are commonly used in radar and other peak-power-limited 
systems where increases in the transmitted energy would 
otherwise result in degraded resolution. 

One way of applying correlation to OTDR measure 
ments2'3 is to correlate (*) the detected signal s(t) with the 
probe signal p(t): 

s(t)*p(t) = [p(t)*f(t)*r(t)]*p(t) = [p(t)*p{t)]*[f(t)*r(t)] 

To the extent that the autocorrelation function of the 
probe signal [p(t)*p(t]] approximates a delta function, the 
fiber backscattering response f(t) can be accurately recov 
ered, subject, as always, to the response of the receiver: 

[p(t)*p(t)]*[f(t)*r(t]] = 8(t)*[f(t)*r(t)] = f(t)*r(t) 

In this case, the duration of the autocorrelation function 
of the probe signal determines the response resolution (two- 
point resolution) and not the duration of the probe signal 
itself, which may be a long and energetic sequence. 

An example of how correlation works is shown in Fig. 
6. The autocorrelation function of code X is obtained by 
shifting an identical version of code X across itself by a 
certain number of bits, multiplying all overlapping time- 
slots and adding the partial results. This sum represents 
the value of the autocorrelation function for that particular 
delay. To obtain all of the other values of the autocorrela 
tion function, code X is repeatedly shifted bit by bit and 
the procedure is repeated again and again until there is no 
further overlap of the fixed and shifted codes. In the exam 
ple of Fig. 6, code X consists of the elements 1, â€” 1, 1, 1 
and the autocorrelation result is 1, 0, â€” 1, 4, â€” 1, 0, 1. 

This autocorrelation function somewhat resembles a 
delta function. What is detrimental to the OTDR measure 
ment are the nonzero values of the result for certain nonzero 
values of relative delay. If these values are too large relative 
to the central peak, these so-called autocorrelation side- 
lobes result in distorted OTDR measurements. All previous 
attempts to build practical OTDRs using correlation tech 
niques failed because no finite coded probe sequence hav 
ing sufficiently small autocorrelation sidelobes could be 
found. 

Code X 

Shi f ted 
Code X 

Cor re la t ion :  
Mu l t i p l y  A l l  T ime  S lo t s  
a n d  A d d .  T h e n  S h i f t  

Fig.  6 .  The corre la t ion process.  

X  .  X  

Complementary Codes 
T h e  m e t h o d  d e s c r i b e d  h e r e  r e a l i z e s  t h e  f u l l  a d v a n t a g e  

of correlation by probing and correlating with pairs of probe 
s i g n a l s  t h a t  h a v e  c o m p l e m e n t a r y  a u t o c o r r e l a t i o n  p r o p e r  
t ies .  These  probe s ignals  are  the  complementary  codes  f i rs t  
i n t roduced  by  M.J .E .  Go lay  in  the  l a t e  1940s  a s  a  me thod  
of  improving  the  per formance  of  mul t i s l i t  spec t rometers .4  
Golay  codes  have  the  proper ty  tha t  i f  A and  B are  an  L-b i t  
c o m p l e m e n t a r y  c o d e  p a i r ,  t h e n  

(A*A)  +  (B*B)  =  2L8( t ) .  
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Fig. 7. The two upper plots show the autocorrelation functions 
of  the two Go/ay codes of  a complementary pair .  The bottom 
p lot  shows the sum of  the two upper  p lo ts .  
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The unique autocorrelation properties of the Golay codes 
are shown graphically in Fig. 7. The upper two plots show 
the individual autocorrelation functions of each member 
of a 64-bit complementary code pair. Each of the individual 
codes consists of a pattern of + Is and - Is. The value of 
each of the autocorrelation peaks is equal to the number 
of bits in the individual code. Each of the individual au 
tocorrelation functions also exhibits sidelobes that are up 
to 10% of the peak height. However, when the autocorrela 
tion functions are added, the peaks add to a value of 2L 
and the sidelobes cancel exactly. 

It is this contribution of all of the bits to the autocorrela 
tion peak along with the complete cancellation of the 
sidelobes that allows the correlation technique to work in 
practice. In designing a practical system of this kind, it is 
essential to work with an autocorrelation function that is 
perfect in principle, since finite sidelobes will always exist 
in a real, nonideal system. Using complementary codes, 
the sidelobes in a real system can be low enough so that 
the full advantage of correlation can be realized. 

Probing the Fiber 
Because the complementary Golay codes consist of the 

elements +1 and â€” 1, while the quantity being mod 
ulated â€” optical power â€” is only positive (there are no nega 
tive photons), the bipolar codes are transmitted with a bias 
equal to half of the available peak power. The fiber is probed 
by successive groups of four probe shots, one shot for each 
member of an L-bit Golay code pair and its ones comple 
ment. Subtracting the measured backscatter signals in pairs 
causes the component of the signals generated by the bias 
to cancel, while the component generated by the codes is 
reinforced. 

Signal Processing 
The signal processing sequence is depicted in the block 

diagram of the HP 8145 A OTDR in Fig. 8. Fig. 9 shows the 
partial results during signal processing as the final back- 
scatter signal of the fiber is reconstructed. 

Let's proceed through Fig. 9. A code generator establishes 

the complementan' codes A and B. which are sent to the 
offset shifter and the correlator. The offset shifter drives 
the laser diode with Is and Os, thus generating the on-off 
modulation of the optical power. The modulated light pro 
ceeds through the coupler and into the fiber, generating a 
superposition of impulse responses because of the many 
pulses of the code. The reflected and backscattered light 
is amplified by the receiver and digitally converted. 

For complementary Golay codes A and B, the probe light 
signals for the four shots are designated pA+, pA_, pB_, 
and pB_. The corresponding return signals are SA+, SA_, 
SB+, and SB_. The complementary nature of the fiber im 
pulse responses is demonstrated in the two upper plots of 
Fig. 9, which show the responses SA+ and SA_ resulting 
from probe shots pA+ and pA_. 

These partial results are subtracted in the averager, yield 
ing the signal Areceived. In the same way the complementary 
responses are processed, yielding the signal Breceived. 

The next step is correlation. Areceived and Breceived are 
correlated with the codes A and B. The partial results after 
the correlation of both sequences are shown in the third 
row of Fig. 9. Notice that the two correlator output signals 
are complementary in terms of sidelobes and in the begin 
ning of the backscatter curve. Finally, addition and 
logarithmic conversion lead to the OTDR display showing 
the fiber loss in dB plotted as a function of distance. 

Correlation Gain 
The effect of correlation on the performance of an OTDR 

is given by the "correlation OTDR maker's formula:"2 

SNR = Pinit - 2az - NEP + 1.5(Noct + Loct) 

where the parameters are the same as in the conventional 
OTDR maker's formula except for the addition of the term 
Loct, which is the code length expressed in octaves (i.e., 
Loct = log2L). As with a conventional single-pulse OTDR, 
each time the number of averages is doubled the SNR is 
improved by 1.5 dB (0.75 dB on the display). In the case 
of the complementary correlation OTDR, however, the SNR 

Fiber Under 
Test 

F i g .  8 .  B l o c k  d i a g r a m  o f  t h e  H P  
81 45 A Opt ica l  T ime-Domain Re-  
Hectometer. 
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F i g .  9 .  t h e  s i g n a l s  f o r  a  f i b e r  u n d e r  t e s t ,  t h e  A  a n d  B  c o r r e l a t i o n  f u n c t i o n s ,  a n d  t h e  
resul t ing measured impulse response of  the f iber .  
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improves by an extra factor of 1.5 dB for each octave of 
code  l eng th  i n  t he  p robe  s igna l .  Th i s  equa t ion  a l so  
explicitly shows that each bit of the probe signal effectively 
provides an extra average of the data, thereby reducing the 
measurement time. 

Noise Considerations 
I t  has  been shown that ,  compared to  a  convent ional  

single-pulse OTDR, the correlation technique effectively 
allows more averages. To make a fair comparison, however, 
one should take into account that the conventional probe 
signal can be sent out every measurement cycle, while the 
correlation OTDR needs four cycles to transmit all four 
probe shots into the fiber. Also, because the correlation 
OTDR transmits each pulse with a bias equal to half the 
available peak power, the peak pulse power is only half 
that of a conventional OTDR that has the same peak power 
capability. If the peak pulse power were the same, each 
correlation OTDR probe shot would provide a signal im 
provement equal to a factor of L, or 4L for four probe shots. 
Because the peak pulse power is halved, the improvement 
is 2L for four shots. 

L i k e  t h e  c o n v e n t i o n a l  t e c h n i q u e ,  t h e  c o r r e l a t i o n  
technique is affected by receiver noise. For four shots the 
noise increases by a factor of \/4L. Hence the correlation 
technique provides a signal improvement of 2L every four 
signal shots and a noise addition of 2VL, for a net improve 
ment of VL (i.e., 1.5Loct dB). The conventional technique 
provides a signal improvement of 4 for four shots and a 
noise addition of 2.  Thus the SNR improvement of the 
correlation OTDR over a conventional one is: 

SNR(code  o f  l eng th  L)  VL 
SNR(4 single pulses)  ~~2~~ 

As a result, performance equivalent to that of a conven 
tional OTDR is obtained in the correlation OTDR by using 
a code length of 4. Longer codes provide a performance 
advantage for correlation. 

Performance Advantage 
The performance advantage of the correlation OTDR can 

be seen in two ways. Assuming that the same laser and 
receiver are used, the correlation OTDR using codes 256 
bits long achieves a 9-dB greater two-way dynamic range 
in a one-minute measurement of a 0.1-dB fault. This means 
the correlation OTDR can achieve the same sensitivity 9 
dB farther into the fiber in a one-minute measurement. 
Depending on the fiber loss, this might correspond to a 
measurement range improvement of 10 to 15 km. Looking 
at the performance advantage in terms of measurement 
time, the same measurement range obtained with a conven 
tional OTDR is obtained with the correlation OTDR 64 
times faster. Thus a measurement requiring ten minutes of 
averaging using a conventional OTDR can be accomplished 
with a correlation OTDR in less than ten seconds. 

The performance advantage of a correlation OTDR over 
a conventional single-pulse OTDR using the same laser, 
receiver, and other components can be summarized as fol 
lows. When coded probe signals consisting of L bits are 
used to probe a fiber, dynamic range is increased by a factor 
of VL/4 for a given measurement time, while maintaining 
the response resolution corresponding to the width of a 
s ingle  pulse .  Alternat ively,  the resul t  obtained with a  
single-pulse OTDR can be obtained a factor of L/4 faster 
using complementary codes. The resolution of a code cor 
relation OTDR is exactly the same as that of the single-pulse 
OTDR, because the two-point resolution is only determined 
by the length of the code bits and not by the total code 
length. 

A more detailed explanation of the performance advan 
tage can be found in reference 5. 
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Optical  Component  Design for  a  
Correlat ion-Based Optical  Time-Domain 
Reflectometer 
The major requirements for the laser driver, optical system, 
and receiver were single-mode, two-wavelength operation, 
high l inear i ty,  low noise, and low insert ion loss. 

by Jurgen Beck,  Siegfr ied Gross,  and Robin Gif fard 

THREE PRINCIPAL COMPONENTS of an optical 
time-domain reflectometer are the laser diode and 
its driver, the optical system, and the receiver, as 

shown in Fig. 1. The laser diode emits the probe light 
pulses. This light is guided and coupled into the fiber under 
test by the optical system. The reflected and backscattered 
light coming out of the fiber under test is split out of the 
forward ray path and guided to the receiver by the optical 
system. The output of the receiver, a sampled digital signal, 
is fed to the digital signal processor. 

This article discusses the design of the laser driver, the 
optical system, and the receiver. The digital processor is 
discussed in the article on page 29. 

Optical  System 
The key component of the optical system is the splitting 

device. The backscattered light can be split in various ways. 
Basically, three groups of splitting devices can be distin 
guished: 
â€¢ Bulk optical systems with passive components (e.g., 

splitting cubes with dielectric or metal coatings, or 
polarization prisms) 

â€¢ Bulk optical systems with active components (e.g., 
acousto-optic deflectors) 

â€¢ Fiber-guided systems (e.g., directional couplers). 
The choice of a splitting technique depends on the re 

quirements of the instrument. For the HP 8145A OTDR, 
two important requirements are single-mode operation and 
the two-wavelength capability (1300 or 1540 nm, upgrad 
able to both). Additionally, the measurement process re 
quires low insertion loss and very low polarization sensitiv 
ity. The cost and availability of the components and the 
complexity and difficulty of the assembly process are other 
important factors. 

The optical system of the HP 8145A OTDR is based on 
a fiber-guided design. Fig. 2 shows a block diagram of the 
optical system. Fig.2a shows the basic version, operating 
at a wavelength of 1300 nm. The probe light emitted by 
the laser diode passes through a fiber connector to a 3-dB 
single-mode directional coupler. This coupler, built using 
the fused biconical taper technique, serves as a splitter for 
both wavelength bands, 1280 to 1320 and 1520 to 1560 nm. 
Half of the probe light is coupled to the fiber under test 
through the connector interface at the instrument front 

panel. The interface accepts adapters for the various con 
nector types. The half of the probe light not coupled to the 
output of the wavelength independent coupler is lost in 
the second coupler output port, which is terminated to 
avoid backreflections into the system. The backscatter sig 
nal coming out of the fiber under test passes through the 
coupler in the backwards direction and is again split with 
a coupling ratio of 50% (3 dB). One half of this signal is 
conducted by a pigtail to a photodiode at the receiver input. 
The pigtail is connected to the wavelength independent 
coupler by a fusion splice. 

The system is converted to dual-wavelength operation 
by inserting an upgrade subassembly between the 1300-nm 
laser diode and the wavelength independent coupler, as 
shown in Figs. 2b and 2c. In the two-wavelength version, 
the light waves of both laser diodes are combined into one 
fiber by means of a second directional coupler. In this case, 
the coupler has a wavelength dependent coupling ratio, 
which yields a high combining efficiency and low loss. 
This coupler is called the wavelength division multiplexer. 
The remaining ray path of the upgraded version is the same 
as in the basic version. Besides the enhanced optical sys 
tem, the two-wavelength version requires an additional 
laser diode driver circuit for the 1540-nm laser diode. Fig. 
3 shows the complete upgrade module including the opti 
cal system, the 1540-nm laser diode, and the driver cir 
cuitry. 

Loss Mechanisms 
The power efficiency of the optical system is charac 

terized by its two-way insertion loss. The two-way insertion 
loss is the loss in the forward direction between the laser 
diode pigtail and the the fiber under test, plus the loss in 

Optical System Forward 
Fiber under Test 

To Digital  Processor 

F i g .  1 .  P r i n c i p a l  c o m p o n e n t s  o f  a n  o p t i c a l  t i m e - d o m a i n  
ref lectometer. 
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the backward direction between the fiber under test and 
the pigtail of the photodiode. Fig. 4 shows typical two-way 
insertion loss and its origins for the basic and two-wave 
length versions of the optical system. 

The main loss component is the coupling loss of the 
wavelength independent coupler, that is, the amount of 
light that is lost in the terminated end of the coupler. Since 
the coupler is used bidirectionally. a broad tolerance (Â±8%) 
for the coupling ratio can be specified. The difference in 
two-way coupling loss for a 50% coupler and a 42% coupler 
is only 0.1 dB, because the backward coupling ratio is 
simply 100% minus the forward coupling ratio. 

Besides coupling loss, the wavelength independent 
coupler also exhibits excess loss, which is the light that is 
lost to the surroundings within the coupling region. 

For the wavelength division multiplexer, an overall in 
sertion loss is specified. It includes coupling loss, excess 
loss, and variations in coupling ratio caused by polarization 
effects. The wavelength division multiplexer has a high 
coupling ratio for 1300 nm and a low coupling ratio for 
1540 nm. The specified insertion loss is 0.5 dB maximum 
for both nominal wavelengths. 

Other losses in the optical system are caused by connec 
tions between two fibers. Fig. 4 shows typical values. The 
fusion splice at the photodiode has almost no loss, since 
this is a single-mode/multimode transition. The most crit 
ical connection is the connector interface at the instrument 
front panel, because it is accessible to the user and fre 
quently opened. A bad connection here not only causes 
extra loss, but can also produce strong reflections, which 
reduce the performance of the instrument. The user should 
therefore be aware of the need to keep the optical interface 
of the OTDR in good conditon. 

Precision Laser Driver Circuit  
As explained in the article on page 14, the cancellation 

of the correlation sidelobes is only exact when the entire 

Fig.  3 .  User- insta l lab le laser  module (7550 nm shown).  

measurement system is perfectly linear and the transmitted 
pulses are of uniform amplitude. This is especially chal 
lenging for the design of the laser driver circuit because of 
the temperature-dependent nonlinear relation between op 
tical power output and the driving current of the laser. The 
problem was to build an optical signal source with very 
high amplitude accuracy during the maximum-length code 
sequence. This means an error of less than 1000 ppm during 
any 128-/us interval. 

The main contribution to sidelobes is the decay of the 
optical power during a code sequence. The reasons for this 
decay are the poor efficiency and the temperature sensitiv 
ity of semiconductor lasers. Only about eight percent of 
the electrical power driving the laser is transformed into 
optical power. The remaining 92 percent heats up the laser 
chip. Since the efficiency of semiconductor lasers has a 
negative temperature coefficient (less power at the same 
driving current for a higher temperature), the optical power 
decays as the laser is heated. Sidelobes generated by this 
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1 5 4 0 n m  O p t .  0 0 3 )  

(a )  

U p g r a d e  M o d u l e  

(b )  

T w o - W a v e l e n g t h  V e r s i o n  
( 1 3 0 0  n m  1 5 4 0  n m  O p t .  0 0 4 )  
(c) 

T e r m i n a t e d  

T e r m i n a t e d  

T e r m i n a t e d  

F r o n t  
P a n e l  

F i b e r  
u n d e r  
T e s t  

F ig .  2 .  Op t i ca l  sys tem o f  the  HP 
81 45 A Opt ica l  T ime-Domain Re- 
f lectometer. 
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Typical 
7 . 1  ,  
d B  I /  

(Worst Case) 
10.91 

dB 
Splice Loss 0.0 (0.1) 
Excess Loss 0.1 (0.25) 

Coupling Loss of Wavelength 
Independent Coupler 
3.0 Coupling Ratio 50% 
(2.36 Coupling Ratio 58%) 

Connector Loss 0.3 (0.8) 

Connec to r  Loss  0 .3  (0 .8 )  
Excess Loss 0 .1  (0 .25)  

Coupling Loss of Wavelength 
Independent Coupler 
3.0 Coupling Ratio 50% 
(3.76 Coupling Ratio 42%) 

Connector Loss 0.3 (0.8) 

(Worst Case) 
9.11 
dB 

Splice Loss 0.0 (0.1) 
Excess Loss 0.1 (0.25) 

Coupling Loss of Wavelength 
Independent Coupler 
3.0 Coupling Ratio 50% 
(2.36 Coupling Ratio 58%) 

Connector Loss 0.3 (0.8) 

Connector Loss 0.3 (0.8) 

Excess Loss 0.1 (0.25) 

Coupling Loss of Wavelength 
Independent Coupler 
3.0/Coupling Ratio 50% 
(3.76,'Coupling Ratio 42%) 

Connector  Loss  0 .3  (0 .8)  

Insertion Loss of Wavelength 
Division Multiplexer 0.5 (1.0) 

Connector Loss 0.3 (0.8) 
Splice Loss 0.05 (0.1) 

(a) (b) 

effect will disturb the backscatter signal in the neighbor 
hood of a high Fresnel reflection. They extend for a distance 
of Â±(L/2) xtbi, xc at both sides of a peak, where c is the 
velocity of light, L is the code length in bits, and tbit is the 
pulse width of one bit of the code. 

With an uncontrolled laser diode, a peak-to-sidelobe 
ratio of less than 25 dB was found to be typical, correspond 
ing to a decay of two percent during a 128-/xs code se 
quence. Computer simulations show that it is necessary to 
have a peak-to-sidelobe ratio greater than 35 dB for good 
system performance. 

It is not possible to overcome this problem with a thermal 
control loop (e.g., with a Peltier cooler) because the thermal 
time constants are too large in this application. The only 
possibility is to provide a control loop with the built-in 
backfacet diode of the laser as the feedback source. 

In a control loop a new problem arises. For OTDR appli 
cations, the on/off ratio of the laser power has to be better 
than 60 dB, so the laser cannot be biased at the threshold 
current. The time it takes to overcome the threshold current 
when switching from the off state to the on state appears as 
dead time in the control loop, and can easily cause insta 
bilities. 

It is important to avoid any overflow in the analog-to-dig- 
ital converter (ADC), because clipping is a strong nonlinear- 
ity and generates very large sidelobes. In the HP 8145A, 
this requires that it be possible to attenuate the laser power 
by 7.5 dB. Thus a further difficulty is that the amplitude 
accuracy has to be the same for very different power levels. 

Laser Diode Select ion 
To overcome these difficulties it is first of all necessary 

to find a laser diode that is appropriate to this special 
application. This means that the laser diode needs to have 
a built-in backfacet diode to provide feedback for control 
ling the optical output power. The laser diode should also 
be able to handle continous-wave power because of the 
relatively high duty cycle of the code signal. The chip 

( fo r  1540 nm Only )  

Fig .  4 .  Two-way inser t ion  loss  o f  
the  HP 81 45 A opt ica l  sys tem a t  
7300  nm.  ( a )  Bas i c  ve r s i on ,  ( b )  
Two-wavelength version. 

should be mounted on a copper block with very good ther 
mal contact to the environment to be sure that the uncom- 
pensated decay error is relatively small. 

It is important not to use a laser diode mounted on a 
Peltier cooler, because this kind of thermal control system 
has a good thermal coupling ratio to ambient only when 
the temperature changes are slower than the cut-off fre 
quency of the Peltier control system. Beyond that fre 
quency, thermal contact becomes inadequate. 

For the HP 8145A, a CW laser diode was selected for the 

v +  

CODE n _ r  

Fig .  5 .  S impl i f ied  d iagram of  the  laser  dr iver  c i rcu i t .  Open-  
loop gain is 20. 
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1300-nm source. This laser is specified for high-power 
pulse applications, and is also available at 1540 nm in the 
same housing and with very similar characteristics. 

Control  Loop 
To reduce the decay of the laser output power, an elec 

tronic control loop is built around the laser using the back- 
facet diode as feedback source. Fig. 5 is a simplified dia 
gram of the driver circuit. It is well-known from control 
theory that errors in a controlled system are inversely pro 
portional to the open-loop gain. Therefore, to reduce the 
decay of 2% for a 128-/u.s code duration to an acceptable 
value of 0.1%, an open-loop gain of 20 is required. 

The responsivity rbfd of the backfacet diode and the effi 
ciency giaser of the laser diode have very small values (typ 
ically, rbfd xglaser = 0.004), so it is necessary to have high- 
gain stages in the loop to achieve a loop gain of 20. lathe 
circuit of Fig. 5, this gain is delivered by the voltage 
amplifier Al, the transconductance of the differential cur 
rent source, and the input resistor R. The total open-loop 
gain is given by: 

S 
A-ioop = -Â¿V x -^- x glaser x rbfd x R, 

where A, is the gain of Al and S is the transconductance 
of the differential current source. Thus the loop gain can 
be adjusted by choosing the value of R. 

We also know from control theory that circuit stability 
decreases with increasing open-loop gain. This effect can 
be compensated by making the loop slower. For an op 
timum compromise between speed and stability, the cutoff 
frequency of the amplifier Al is found to be 1 MHz. 

The current source Ire( and the switch Si make it possible 
to switch the laser from Pout = 0 mW to a power level 
defined by IrRt. 

Assuming that the noninverting input of Al is connected 
to ground and Si is opened, the loop forces the laser to 
Puul = 0 mW because the inverting input of Al has to have 
the same potential as the noninverting one, and this is 

possible only if Ibfd = 0 mA. 
If Si is closed by the CODE signal, Iref is fed to the input 

of Al. For the same reason as before, 1,,^ = Ibfd â€” Iref has 
to be zero. This is only possible if Ibfd equals Iref. Therefore, 
Iref forces the laser to a certain power level P0. To make 
the output power programmable, the reference current is 
controlled by a digital-to-analog converter. 

Because Iref is constant, Ibfd is also held constant by the 
loop, and the loop corrects the optical decay by increasing 
I] slightly during a code sequence. 

Presetting 
Increasing the loop stability to an acceptable value by 

reducing the cutoff frequency of Al to 1 MHz makes the 
pulse width of the optical signal strongly dependent on 
the desired power level because of the time the amplifier 
needs to increase IÂ¡ to a value above the threshold current. 
This effect adds more dead time to the control system, 
leading to poor stability. 

Therefore, a presetting circuit consisting of A2 and the 
surrounding components in Fig. 5 was added to the laser 
driver. This circuit is a second control loop that has a very 
low cutoff frequency (0.1 Hz). During the off state of the 
laser driver (CODE = low) the presetting circuit controls 
the current IÂ¡ by comparing I3 = (I2 â€” I]) = lÂ¡ with a cur 
rent source called Ipreset so that A2 forces IÂ¡ to be equal to 
preset' 

An electronic switch S2, in parallel with the laser, is 
closed when CODE is low so that the current Ij flows through 
S2. 

Now if a code sequence is started, the WINDOW signal 
(which builds a frame over CODE) switches the integrator 
A2 into the hold mode. S2 is opened very quickly by the 
CODE signal so that the laser is almost immediately driven 
by Ii = Iprusnf Since I,m.s,., is larger than the threshold cur 
rent, there is a very small rise time to some small power 
level. At this point the loop takes over and increases I] 
until the desired optical power is reached. 

The presetting circuit solves the problem of the ampli 
tude dependency of the pulse width and reduces the dead 

.3 

- . 2   

w ~ Â ¿ \ 4  WV̂ 7 

50 75 100 1S5 150 175 2 BE 

Fig .  6 .  Osc i l loscope d isp lay  o f  typ ica l  CODE ( top)  and WIN 
DOW (bottom) signals. 

F ig.  7.  Autocorre lat ion funct ion of  the HP 8145A OTDR for  a 
64-b i t  code.  The ver t ica l  sca le  is  in  leas t -s ign i f i cant  b i ts  o f  
the analog- to-d ig i ta l  conver ter .  The peak is  at  200 ADC LSB 
uni ts .  The hor izonta l  scale is  in  sample points.  The peak- to-  
s idelobe rat io is  37 dB. 
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time to a negligible value. 

Laser Driver Performance 
The performance of the laser driver circuit is depicted 

in Figs. 6 and 7. Fig. 6 shows a two-channel oscilloscope 
display of a code of length L = 32 and pulse width tbil = 
1 fjis at channel 1 and the WINDOW signal at channel 2. 

Fig. 7 shows the correlation output of the OTDR system 
for a code of length L = 64. This picture is vertically scaled 
in least-significant bits of the ADC. The value of the peak 
is at 200 ADC LSB units. The horizontal axis is scaled in 
sample points. It can be seen that a peak-to-sidelobe ratio 
of better than 37 dB is achieved. This is enough to ensure 
very good correlation results. 

The smallest pulse width the laser driver is designed for 
is 125 ns and the longest code has 256 bits. 

High-Performance Optical  Receiver 
The function of the optical receiver is to detect the back- 

scatter signal and other reflections from the fiber. The out 
put of the receiver is a sampled digital signal, which is fed 
to the digital signal processor. 

The most critical specification imposed on the optical 
receiver is the noise level required to achieve the specified 
range using a given forward pulse energy and averaging 
time. To avoid degrading the range resolution, the 
bandwidth of the receiver must be adequate to reproduce 
the shortest transmitted pulse length. Because correlation 
is used to process the output of the receiver, overall linear 
ity must be maintained over a wide dynamic range. Finally, 
the complete receiver chain must recover to the noise level 
as quickly as possible after overload. 

The receiver operates in a noisy digital environment, so 
complete shielding is necessary. Careful attention must be 
given to the handling of power supplies and grounds, par 
ticularly at the analog-to-digital converter. 

Input Stage Sensit ivi ty and Noise 
The choice of a pin diode optical sensor was made in 

view of the dual-wavelength requirement of 1300 and 1540 
nm and the modest system bandwidth of 4.0 MHz. Since 
a pin diode has no electrical gain, the amplifier following 
it must have the lowest possible noise. A junction FET is 

10" 
Frequency (Hz) 

F i g .  8 .  M e a s u r e d  n o i s e  o f  t h e  H P  8 1 4 5 A  O T D R  o p t i c a l  r e  
ceiver. 

used as the first stage. As shown in the box on page 27, 
the pin diode must have good quantum efficiency and low 
self-capacitance. To maintain the noise level over the work 
ing temperature range of the instrument, the dark current 
of the diode must be small. Fig. 8 shows the measured 
noise of the receiver in the form of a log-log plot of equiva 
lent optical noise power per root-Hz as a function of fre 
quency. The low-frequency spectral density is determined 
by the value of the feedback resistor in the transimpedance 
amplifier, and the increase at high frequencies is caused 
by the voltage noise of the FET. 

Because of the increase in the input noise spectral density 
at high frequencies, the output of the receiver must pass 
through a suitable anti-aliasing filter before reaching the 
ADC. If this is not done, noise from outside the useful 
bandwidth will be added to the true noise in the digitization 
process. Since the receiver gain falls off quickly, a simple 
anti-aliasing filter is adequate. In choosing the filter charac 
teristic, ringing must be avoided since the time-domain 
performance of the complete receiver is significant. 

When the OTDR transmitted pulse is long, the effective 
bandwidth of the receiving chain can be reduced, thereby 
reducing the noise level. To avoid the use of switched 
filters, the bandwidth reduction is performed by a simple 
real-time digital filtering algorithm operating on the ADC 
output. The procedure consists of decimation in time by 
powers of 2, and the resulting signal-to-noise ratio is quite 
close to the ideal value that would be obtained with an 
optimal filter. 

Transimpedance Ampl i f ier  
Fig. 9 shows a simplified diagram of a transimpedance 

amplifier. The pin diode output current is represented by 
the current generator Id, and capacitor C represents the 
sum of the diode capacitance and the total input capaci 
tance of the amplifier. The amplifier is assumed to have a 
high input impedance and gain â€”A, and R is the feedback 
resistor. Elementary circuit analysis shows that the output 
voltage V2 is given by: 

V2 = -IdR'/(l + as), 

where s is complex frequency, 

R' = AR/(1 + A), and a = R'C/A. 

(1) 

(2) 

A characteristic of this configuration is that the 
maximum input current for linear operation is simply given 
by the maximum output voltage of the amplifier divided 
by the value of R'. The frequency response of the circuit 

Fig.  9 .  S impl i f ied t rans impedance ampl i f ie r .  
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Signal-to-Noise Ratio for Detection Using a PIN Diode 

Fig. 1 shows an equivalent circuit  for calculat ing the signal-to- 
n o i s e  r a t i o  r e s u l t i n g  w h e n  a  p i n  d i o d e  i s  c o u p l e d  t o  a  F E T  
ampl i f ier .  The vol tage V developed across the res is tor  R by the 
s i g n a l  c u r r e n t  l s  a n d  t h e  n o i s e  c u r r e n t  l n  i s  d e t e c t e d  b y  t h e  
ampl i f ier  which shows equivalent  vol tage noise En. 

I f  power Ps at  wavelength X fa l ls  on the d iode,  the maximum 
poss ib le  ou tpu t  cu r ren t  i s  equa l  t o  Ps (eX /hc ) ,  whe re  e  i s  t he  
electronic charge,  h is  Planck's constant ,  and c Â¡s the veloci ty  
o f  l ight .  In  pract ice the output  current  is  reduced by a factor  n ,  
the  quantum ef f i c iency  o f  the  d iode.  Thus the  s igna l  cur rent  l s  
is given by: 

ls = Ps(et)X/hc). (1) 

The noise current ln contains shot noise components result ing 
f r om the  s i gna l  cu r ren t  l s ,  t he  d iode  da rk  cu r ren t  l d ,  and  t he  
ampli f ier input leakage current I , .  Thermal noise in the resistor R 
c a n  b e  d e n  b y  a  f u r t h e r  n o i s e  c u r r e n t .  T h e  s p e c t r a l  d e n  
si ty (s ingle-s ided) of  the total  noise current is  g iven by:  

S,( f )  = 2e( ls  4kBT/R, (2) 

where the last term is for the thermal noise. T is the temperature 
of  R and kB is Bol tzmann's constant.  

The vol tage noise in the ampl i f ier  is  represented by the noise 
generator  En.  In  the case we are consider ing,  the f i rs t  s tage of  
the amplif ier is a FET and the spectral density Sv(f) of En is given 
by:1 

Sv(f) = 4kBT(0.7/gm), (3) 

where gm is  the t ransconductance of  the t ransistor  and T is  the 
c h i p  n o i s e  ( I n  g e n e r a l ,  t h e r e  i s  a l s o  a n  i n d u c e d  g a t e  n o i s e  
cur ren t ,  bu t  th is  i s  ins ign i f i cant  in  th is  c i rcu i t . )  We have made 
the reasonable assumpt ion that  1/ f  noise is  not  important  in the 
f requency band of  in terest .  

The vo l tage at  the input  terminals  o f  the ampl i f ier  is  g iven in  
the f requency domain by:  

V  =  E n  R(ls jcoRC) (4) 

To express the tota l  noise in terms of  opt ical  power fa l l ing on 
the diode, we first find the value of le, the equivalent signal current 

Ã­ 
Fig .  1 .  Equ iva lent  c i rcu i t  fo r  ca lcu la t ing  the s igna l - to -no ise 
rat io  for  a p in d iode coupled to a FET ampl i f ier ,  

ampl i tude that  wou ld  reproduce the same va lue o f  V  when sub 
st i tuted into equation 4 with En and ln set to zero. This current is 
given by:  

l e  =  En(1  +  j u )RC) /R  +  ln  (5) 

Using equation 1 to express le in terms of an equivalent optical 
noise power Pe with spectral density Sp(f), and substituting uncor- 
related spectral densit ies into the Fourier transform equation (5), 
we  ob ta in  (when  gmR Â»1  and  R ls  Â«50  mV) :  

Sp(f)  = (hc/eT,X)2(4kBT/R + 2e(ld (o>C)2 (2.8kBT/gJ) (6) 

I t  i s  usua l ly  poss ib le  to  choose components  so that  the shot  
no ise  te rm in  equa t ion  6  i s  neg l ig ib le .  The  sma l l - s igna l  no ise  
spectra l  densi ty  expressed as input  opt ica l  power squared then 
conta ins just  two components ,  a  f requency independent  compo 
nent caused by the thermal  noise in R, and a component propor 
t i o n a l  t o  f r e q u e n c y  s q u a r e d  c a u s e d  b y  v o l t a g e  n o i s e  i n  t h e  
ampl i f ier .  The f requency f ,  a t  which the spectra l  densi ty  begins 
to r ise is given by: 

(1/2Tr)(gm/0.7RC)2 (7) 

I t  i s  impor tant  to  rea l ize  that  the arguments  g iven above are 
equal ly true when R is the feedback resistor in a transimpedance 
ampl i f ier .  The appl icat ion of  negat ive feedback does not change 
the noise referred to the input of the diode, as long as the overal l  
ga in  reduc t ion  does  no t  cause the  no ise  o f  a  la te r  s tage to  be  
come signi f icant.  

Reference 
1.  F.N.H.  Robinson,  Noise and Fluctuat ions,  Clarendon Press,  Oxford,  1974.  

is characterized by a real pole at an angular frequency of 
a"1. Equation 2 shows that the bandwidth of the circuit 
can be increased by increasing the amplifier gain. For exam 
ple, suppose that a bandwidth of 5.0 MHz is required with 
R = 2 Mil and C = 10 pF. Substitution shows that an 
amplifier gain of 630 is required. In practice the amplifier 
must not have a phase shift of more than about 30 degrees 
at the upper cutoff frequency, which at this gain represents 
something of a challenge. 

In the final design of the receiver for the HP 8145A, the 
problem of implementing the amplifier was reduced by 
designing the first stage using active bootstrapping. This 
technique reduces the effective total capacitance at the 
input node by more than an order of magnitude, reducing 
the amplifier gain requirement by the same amount. 

Another problem involved in realizing a bandwidth of 
5.0 MHz is presented by the self-capacitance of the feedback 
resistor. A simple calculation shows that with the desired 
feedback resistor value of 2 Mil in the configuration shown 
in Fig. 9, the maximum acceptable capacitance is 0.016 pF. 
This problem is addressed by introducing a lag network in 
the feedback path as shown in Fig. 10. If R, is much smaller 
than R, the effect of the stray capacitance Cs is exactly 
compensated when C1R1 = CSR. 

Another advantage of the transimpedance configuration 
is minimum sensitivity to voltage offsets in the first stage. 
However, since very stable baselines are required in this 
application, a programmable autozero circuit is incorpo 
rated using a track-and-hold circuit. 

The low-frequency response of the complete receiver 
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Fig.  10.  HP 81 45 A s impl i f ied t ransimpedance ampl i f ier  wi th 
boots t rapped input  s tage and lag network .  

chain is very important. Because the pin diode output sig 
nal is unipolar, it will excite any low-frequency pole-zero 
pairs in the response function, and the decaying responses 
of these may introduce baseline offsets. For example, as 
sume that a bypassing network gives the response a pole- 
zero pair that results in a gain increase of 1% in the closed- 
loop response at 100 Hz. If the receiver is excited by a l-/xs 
optical pulse, it is easy to show that the output will contain 
a 1.6-ms tail with an amplitude equal to 6.3 x 10~6 times 
the amplitude of the original pulse. At the deepest level 
of averaging used, the noise floor might easily be as small 
as 10~6 of the pulse reflected from the front end of the 
fiber, and a serious baseline aberration will be observed. 
To minimize these effects, dc biasing and coupling are used 
wherever possible in the receiver, and bypass time con 
stants are made either very long or very short. 

In use in the field, it has been found that fiber front-end 
reflections can be very large, far exceeding the 3% to 4% 
expected from a perfect cleave. The result is that very high 
degrees of overload occur in the receiver chain. Various 
clipping and current steering techniques are used through 
out the receiver to optimize the recovery from these events. 

During the development of the receiver a number of compo 
nents with "thermal tail" problems were found and rejected. 

Analog-to-Digital  Converter 
The architecture of the HP 8145A was developed around 

a basic clock frequency of 8.0 MHz. At this digitizing rate 
it was only economical to use an 8-bit ADC, an important 
decision because it determined the linear dynamic range 
of the receiver chain, and, indirectly, the averaging time 
required to obtain a given range in the presence of signif 
icant discrete reflections. The converter adopted is a CMOS 
flash type, which does not require a sample-and-hold cir 
cuit. 

The input noise level and the overall gain of the receiver 
determine the noise level at the converter input. To 
minimize digitization noise and assure linearity, the noise 
level can be made much larger than the step size of the 
converter. However, this reduces the dynamic range. After 
a lot of analysis and experimentation, a noise level of about 
0.5 step rms was chosen, and a baseline dithering scheme, 
which considerably improves the overall linearity, was de 
vised. With the deepest averaging and full digital filtering 
in use, the noise floor of the instrument is equivalent to 
about 5.0 x 10 ~4 of a converter step. The output of the con 
verter is capable of reproducing this signal level a few tens 
of microseconds after a full scale input â€” a surprising free 
dom from settling problems. 
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Data Processing in the Correlating Optical 
T ime-Domain Ref lectometer  
A powerfu l  spec ia l -purpose d ig i ta l  s ignal  processor ,  a  
genera l -purpose main  processor ,  and p ipe l ined 
measurement  f i rmware work wi th  the opt ica l  components 
to make measurements.  

by Jochen Rivoir  and Wil fr ied Pless 

THE DIGITAL SIGNAL PROCESSING ENGINE is a 
powerful 32-bit digital signal processor with an ar 
chitecture designed especially for the correlating HP 

8145A Optical Time-Domain Reflectometer. With its 200 
MSI ICs, the DSPE outperforms any available micropro 
cessor or signal processor for its tasks. 

After being started by the main microprocessor, the DSPE 
can work independently while the main processor per 
forms other measurement tasks. The firmware for these 
tasks is designed for pipelined operation to reduce over 
head and maximize throughput. 

DSPE Tasks 
As explained in the article on page 14, the DSPE sequen 

tially probes the laser driver and thus the fiber with offset- 
shifted Golay codes A and B and their ones complements. 
The four probe shots in each sequence are designated pA+, 
PA-. PB+. and PB-- 

Simultaneously the DSPE receives the fiber responses SA 
and SB from the ADC (analog-to-digital converter). To re 
duce noise, the responses are added into the integration 
memories (IMEMA and IMEMB, respectively) containing all 
previous responses. 

Each of the two integration sums is then correlated with 
the appropriate Golay code, and the two correlation results 
are added to extract the desired impulse response of the 
fiber f(t). Mathematically the calculated term looks like: 

5 (SA+.Ã - SA-.Ã) * A + ^ (sB+ii - SB_,Ã) * B 

where the * indicates correlation. 
Besides these calculation-oriented tasks, the DSPE is re 

sponsible for several timing parameters, like the start delay 
(determines the start distance) and the repetition rate of 
subsequent probes into the fiber. The DSPE manages the 
following main tasks : 
â€¢ Timing control 
â€¢ Code generation 
â€¢ Integration 
â€¢ Correlation 
â€¢ Adding results A and B. 

DSPE Architecture 
The architecture of the DSPE is shown in Fig. 1. The 

heart of the DSPE is a 32-bit ALU (arithmetic logic unit). 
To allow pipelining, both of the input ports and the output 

port of the ALU are buffered by registers. This allows mem 
ory access and ALU calculations to be performed simul 
taneously. The integration memory is fast enough to put 
an operand in register REGA or REGB and store the ac 
cumulator (ACCU) contents in a single 125-ns machine 
cycle. 

The address generator is a sophisticated set of counters 
and registers that handles the indexes during integration 
and correlation. 

The code generator logically consists of two Golay code 
memories for probes pA and pB. The selected memory is 
read bitwise, synchronously with the sampling in the ADC. 
The duration of one code bit â€” the pulse width â€” can be 
adjusted to an integer multiple of 125 ns. This integer is 
called the transmit decimation. 

The entire measurement, including code generation, tim 
ing control, integration, and correlation is controlled by a 
microcoded state machine. 

Micro-coded State Machine 
Fig. 2 shows a simplified block diagram of the state 

machine, which runs at 8 MHz. The state machine provides 
the DSPE hardware with a total of 32 control signals, which 

Address 
Generator 

F r o m  A D C  

Integration 
Memory 

Fig .  1 .  A rch i tec tu re  o f  the  d ig i ta l  s igna l  p rocess ing  eng ine  
(DSPE) of the HP 81 45 A Optical Time-Domain Reflectometer. 
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are associated with the current state. The current state is 
a function of the last  state and one selected input.  The 
microcode memory is no more than a large table containing 
a next state for each given state and input value, together 
with a set of control signals for the hardware. 

The state machine is a very simple but powerful concept. 
The disadvantage of this horizontal design is the need for 
a large 2K x 48-bit microcode memory. Compared to a stan 
dard processor, the advantage is that control signals can 
change simultaneously with a jump command, a capability 
needed by the DSPE. 

The state machine also allows the main processor to read 
from and write to the microcode memory, force a selected 
state, or read the actual state. 

Microcode for the state machine is generated by a special 
Pascal program running on an HP 9000 Computer. This 
program makes use of the internal data structure of the 
Pascal compiler's constants. A single composite Pascal con 
stant was defined whose bit representation corresponds 
exactly to the contents of the microcode memory. Since 
the Pascal compiler checks constant declarations during 
compile time, there was no need for writing an assembler. 
Only a macro expander had to be written. 

This program transfers the microprogram into microcode 
memory  v i a  HP- IB  commands ,  w i thou t  bu rn ing  any  
PROMs. It provides a set of about 100 powerful test pro 
grams that are used in production to test the DSPE in real 
time. 

Integration 
Fig. 3 shows the hardware involved in the integration 

process. As described above, integration is the successive 
component-by-component summation of arrays. The for 
mula is: 

F O R  s a m p l e _ c o u n t e r  :  =  0  T O  n m b _ s a m p l e s  D O  
I M E M ( s a m p l e _ c o u n t e r )  : =  I M E M ( s a m p l e _ c o u n t e r )  +  s a m p l e  

Fig. 4 illustrates the pipelined nature of the integration 
process. First, the sample counter SCTR is cleared (step 1). 
On the next machine cycle (step 2) this zero arrives in the 
READ_ADDR register and the integration memory puts the 
old integration sum IMEM(READ_ADDR) onto the IMEM_DATA 
bus. The ADC now provides the SAMPLE register with the 
first value. In step 3, the old sum and the first sample are 
clocked into REGA and SAMPLE, respectively, so that the 
ALU can calculate the new sum and apply it to the ACCU 
register, where it will be stored in step 4. Meanwhile, the 

Input  Microcode Memory 
2 K  x  4 8  

Cont ro l  
I n p u t  S e l e c t  S i g n a l s  

Fig .  2 .  S impl i f ied  microcoded s ta te  mach ine.  

READ_ADDR value of step 2 has arrived (via the ALLLADDR 
register) in the WRITE^ADDR register so that the new sum 
can be stored at the old address. 

S ince  a l l  hardware  e lements  a re  used  for  on ly  one  
machine cycle, all four steps can be pipelined. Attention 
has to be paid to the integration memory, because it is used 
in both a read and a write cycle. Fortunately, the write 
cycle fits in the first half of a machine cycle, and the read 
cycle fits in the second half. 

Fig. 5 is a flow chart of the integration process. Each box 
in the flow chart represents one step, or one machine cycle. 
Special attention has to be paid when filling the pipeline 
that no random writing occurs. Clearing the pipeline is not 
critical, since writing is inhibited then. The microprogram 
takes into account the two-step delay from the input of the 
state machine to its control signals. 

Decimation 
When the fiber is probed with pulse widths longer than 

125 ns,  the bandwidth of the receiver must be reduced 
accordingly.  The bandwidth is reduced digitally in the 
DSPE by adding several successive samples and treating 
the sum as one sample. The number of samples added is 
the same as the transmit decimation mentioned above, and 
the  name " t ransmi t  dec imat ion"  i s  used  fo r  bo th  the  
number of samples added and the process of adding them. 

Transmit decimation is done in real  t ime by keeping 
partial sums in the ACCU register, feeding the ACCU back 
to the ALU, and adding new samples to the ACCU. Finally, 
with the last decimated sample, the sum is stored in the 
integration memory. 

Correlation 
The next main task of the DSPE is to correlate the inte 

gration sum with the Golay code. The correlation of these 
sequences, IMEM(i) and GOLAY(g), is given by: 

Result(k) = IMEM(g  +  k )  x  GOLAY(g ) .  

where L is the Golay code length. The fact that Golay codes 
are binary codes, that is, they consist of ones and minus- 
ones,  reduces hardware requirements signif icantly,  be 
cause the multiplication by GOLAY(g) can be replaced by 

Fig.  3.  In tegrat ion hardware.  
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Data Path 

S a m p l e  R e a d  I M E M  A L L )  W r i t e  I M E M  

A d d r e s s  P a t h  

S C T R  R E A D _  A D D R  A L L L A D D R  W R I T E _ A D D R  

READ_ADDR 
-  - S C T R  

ACCU 
REGA - f  SAMPLE 

A L U . A D D R  
READ_ADDR 

WRITE_AODR 
>â€” AULADDR 

Fig.  4.  P ipel ined in tegrat ion process.  

the decision of whether IMEM(g+k) will be added to or 
subtracted from the partial sum. 

Fig. 6 shows the correlation hardware, which corre 
sponds directly to the formula above. For clarity, only the 
most important blocks are shown. Every variable or partial 
result is mapped into a register, a counter, or a memory. 
This method yields the best speed performance, but needs 
a significant amount of hardware. 

To avoid having to use a second ALU for the sum g + k, 
a special counter for i = g + k, the I counter, is used. This 
I counter is preloaded with k and then incremented simul 
taneously with the counter for g, the G counter. Thus the 
I counter has the value g + k without the need of calculating 
a sum. The following register transfer program shows the 
correlation algorithm in terms of hardware use. 

K _ c o u n t e r  : =  0  ;  
R E P E A T  

A C C U  :  =  0  ;  
L c o u n t e r  :  =  K _ c o u n t e r  ;  
G _ c o u n t e r  : =  0  ;  
R E P E A T  

C A S E  G O L A Y _ M E M O R Y ( G _ c o u n t e r )  O F  
0  { - 1 }  :  A C C U  : =  A C C U  -  I M E M ( L c o u n t e r )  
1  {  +  1 }  :  A C C U  : =  A C C U  +  I M E M ( L c o u n t e r )  

E N D _ C A S E  ;  
G _ c o u n t e r  :  =  G _ c o u n t e r  +  1  ;  
L c o u n t e r  :  =  L c o u n t e r  +  1  ;  

U N T I L  G _ c o u n t e r  =  L - l  ;  
I M E M ( K _ c o u n t e r )  :  =  A C C U  ;  
K _ c o u n t e r  :  =  Â « . c o u n t e r  +  1  ;  

U N T I L  K _ c o u n t e r  =  n u m b e r _ o f _ d a t a _  p o i n t s  -  1  ;  

The specialized hardware architecture of the DSPE 
makes it possible to execute the whole inner loop within 
a single machine cycle of 125 ns. By contrast, a standard 
processor would have to do the following steps: 

â€¢ Read a bit from the Golay memory 
â€¢ Do a branch according to the contents 
â€¢ Read 32 bits from the integration memory 
â€¢ Do a 32-bit addition or subtraction into the accumulator 
â€¢ Increment a register containing g 
â€¢ Increment a register containing k 
â€¢ Compare g with Lâ€” 1 (the loop limit) 
â€¢ Take the branch (in most cases). 

The DSPE executes a correlation of 500 24-bit data points 
with a code sequence of length 256 in less than 20 mil- 

SCTRâ€”  SCTR+1 
REGA â€” IMEM 

ACCU â€” SAMPLE+REGA 
IMEM 

Fig.  5 .  F low char t  o f  the in tegrat ion process.  
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Fig. 6. Correlation hardware. 

liseconds, much less than any other solution available. 

Measurement  F i rmware  Tasks 
After being initiated, the digital signal processing engine 

(DSPE) is designed to work independently of micropro 
cessor control for a period of time. The time is limited by 
the DSPE's memory depth (and by the patience of the user, 
who is waiting for a new display update). 

While the DSPE is doing its decimating, integrating, and 
correlating tasks, the microprocessor postprocesses previ 
ously taken data under control of the measurement firm 
ware. The microprocessor does lin/log conversion, normali 
zation, stitching, and discontinuity detection. These terms, 
and especially the consequences of the latter two for param 
eter setting, will be explained in the following paragraphs. 

Fig. 7 shows the tasks of the measurement firmware and 
its interdependÃ¨ncies with the DSPE. As shown in Fig. 7, 
a measurement is done in stages or frames. To ensure that 
frames 0 and 1 have valid data that is not corrupted by 
sidelobes these frames are measured with single pulses 
(L = 1). 

Operation is pipelined. During the first part of each 
frame, the microprocessor transfers data from the DSPE 
and sets up the DSPE for the next frame. Within a short 
period of time, the microprocessor system transfers data 
from the DSPE to the microprocessor RAM, does a further 
integration of the linear data for additional noise reduction, 
and executes a firmware routine that finds out the best 
code length and gain combination to maximize the noise 

reduction without incurring analog-digital converter (ADC) 
clipping for the next measurement frame. 

During the second part of each frame, the microprocessor 
postprocesses the DSPE data while the DSPE probes the 
fiber. 

Initialization 
After starting the measurement, the microprocessor 

firmware transforms user-chosen parameters such as start 
distance, span, average mode, wavelength, and pulse width 
to register values that are understood by the hardware. Start 
distance and span are converted to timing parameters that 
determine values for various DSPE registers. 

Data Transfer 
In continuous-average mode, the DSPE data of a frame 

is continuously transferred from DSPE RAM to micropro 
cessor RAM, where it is added to previously taken data. 
The word size of this linear result memory allows theoret 
ical noise reductions of more than 40 dB, depending on 
the pulse width. 

In refresh mode, the DSPE data is transferred to the mi 
croprocessor directly and is not added to previous results. 

Lin/Log Conversion 
As mentioned earlier, the display of an OTDR is a 

semilogarithmic plot of the fiber impulse response. Fig. 8 
shows a flow chart of the lin/log conversion routine that 
converts the linear impulse response data to logarithmic 
units. 

Stitching 
Measurement accuracy requires that the measurement 

system consisting of laser driver, fiber, receiver, and ADC 
be absolutely linear. Careful design of the laser driver 
makes this component highly linear. Nonlinearities of the 
fiber are negligible at the HP 8145 A's power level. However, 
strong reflections at the front end of the fiber cause satura 
tion effects in the receiver and/or clipping of the ADC, both 
highly nonlinear effects. 

If the ADC clips at least once in the area of interest, this 
information is latched by the hardware, and is read by the 
firmware. Since the ADC clips before the receiver saturates, 
detection of ADC clipping is sufficient to detect both ADC 
clipping and receiver saturation. If ADC clipping is de- 

DSPE 
Microprocessor 

DSPE 

Microprocessor 

Set  Up Hardware with L = 1  
Measure with L = 1 

Measure with L = 1 
T r a n s f e r  S e t  U p  L i n / L o g  s t Â ¡ t c h m a  D i s c o n t i n u i t y  D i s _ | a v  

D a t a  H a r d w a r e  C o n v e r s i o n 8  9  D e t e c t i o n  D l s P l a y  

Frame 0 

Frame 1 

Measure  wi th  L  >  1  
Transfer Code Length and Gain Lin/Log â€ž,. ,â€ž., ,â€žâ€ž Discontinuity - . .â€ž.â€ž 

D a t a  S e l e c t i o n  C o n v e r s i o n  S t l t c h m 9  D e t e c t i o n  D l s P l a V  

Frame 2 

DSPE 

Microprocessor 

Measure wi th  L  >  1  

Conversion 

Frame 3 Fig. 7. Relative t iming of the tasks 
of  the measurement f i rmware and 
the tasks of the DSPE. 
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tected, the firmware will probe the fiber with a single pulse. 
Since the ADC clip level and the receiver noise level are 

known, this information, together with the calculated noise 
reduction, can be used to determine the signal-to-noise 
ratio (SNR) of every measured point of the fiber of interest. 
When the SXR of the beginning of the fiber (leftmost part 
of the display) guarantees that the measured values lie 
within a Â±0.05-dB boundary, this part of the fiber will not 
be measured anymore, while measurements continue on 
only the part of the fiber that has an insufficient SNR. 

This means that the nonlinearities that forced single- 
pulse measurements before are of no concern for sub 
sequent measurements. As long as there are no non- 
linearities in the remainder of the fiber that cause ADC 
clipping, the remainder of the fiber can be measured with 
longer codes (L > 1). 

Constructing the fiber impulse response of parts that are 
measured with different combinations of code length L and 
laser the G is referred to as stitching. Fig. 9 illustrates the 
stitching procedure. 

Discontinuity Detection 
The sidelobe suppression that works perfectly in theory 

has its limitations in the real world. According to the theory 
of the complementary code technique, the sum of the two 
autocorrelation functions for codes A and B equals an ideal 
Dirac delta function of height 2L. In the real code correla 
tion OTDR, the codes used to probe the fiber are only close 
approximations of ideal A and B codes. Finite rise and fall 

Convert normalization factor 
to f loating-point real  number 

with 11 -bit mantissa. 

Ã  ̄

T 
Convert  mantissa to log 
value by table lookup. 

Convert 46-bit  integer to 
f loating-point real number 

with 11 -bit mantissa. 

Ã  

T  
Convert mantissa to log 
value by table lookup. 

Subtract exponents of  sum 
and normalization factor.  

Multiply result by log 2 
by table lookup. 

Add difference of log of 
mantissa of  sum and log of  

mantissa of N. 

Store result. 

times of the laser driver, ringing, and droop effects cause 
ones in the code to be only near-ones. These nonideal ef 
fects result in imperfect sidelobe cancellation. The peak-to- 
sidelobe ratio is about 35 dB. 

Sidelobes occur in an area of width Â±L2 around the 
ideal impulse. This means that instead of a delta function 
of height 2L the fiber is probed with a delta function of 
height 2L and associated sidelobes of width Â±L/2 around 
the peak. 

At strong reflections the sidelobes can interfere with the 
backscatter. A measurement firmware algorithm detects 

P(dBm) 
Measured with L0. G0 

Stitch Point 0 

Nf(N0) 

Distance 

Sufficient 
( a )  S N R  

Requires More 
Noise Reduction 

Nf(NÂ¡) = Noise Floor After N, Averages 

P(dBm) 

Measured with L, ,  G,  

Stitch Point 1 

Nf(N,) 

Fig.  8 .  f low char t  o f  the l in / log convers ion rout ine.  

Distance 
Requires More 

Noise Reduction 

Fig .  9 .  S t i t ch ing  is  the  process  o f  cons t ruc t ing  the  f iber  im 
pulse response of parts that are measured with di f ferent com 
b i na t i ons  o f  code  l eng th  and  ga in ,  ( a )  Measu remen ts  a re  
made on the entire f iber and averaged unti l  the signal-to-noise 
rat io (SNR) is suf f ic ient  to guarantee accurate values (wi thin 
Â±0.05 dB) for the beginning of the f iber. The f irst st i tch point 
(0)  is the point  where the SNFt becomes insuff ic ient ,  (b)  The 
code leng th  and /o r  ga in  can  then  be  inc reased to  measure  
the next  sect ion o f  the f iber .  Returns f rom the f i rs t  sect ion,  
which may now be large enough to  cause ADC c l ipp ing,  are  
ignored .  The  p rocess  i s  repea ted  un t i l  t he  en t i re  f i be r  has  
been measured accurate ly .  
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Area of No 
Interference from 
Sidelobes 

Sidelobes of Longer 
Codes Would Interfere 
with Backscatter 

, = L2/2 
Sidelobes that 
Would  Become 

Visible with Code 
Length L2 

Fig.  10.  L imi ta t ion of  code length by s t rong ref lect ions.  

discontinuities by comparing each measurement sample 
with the samples from a range L/2 on either side of it. When 
the difference is too large, the sidelobes associated with 
that sample can interfere with the backscatter. If this is the 
case, the code length is halved and the check is performed 
again. If there are still sidelobe problems, the code length 
is halved again, and so on. The algorithm determines the 
maximum allowable code length for measuring the selected 
part of the fiber. Fig. 10 shows the areas where sidelobes 
would be visible if no precautions were taken. 

Code Length and Gain Select ion 
The maximum code length with which the fiber can be 

probed is not necessarily the code length determined by 
the discontinuity detection algorithm, since the fiber re 
sponse to this code might cause clipping in the ADC. On 
the other hand, maximizing the SNR requires that the 
maximum possible probe energy be used. 

To establish this trade-off, another algorithm probes the 
fiber with a test shot, using the code length L determined 
by the discontinuity detection algorithm and minimum 
gain G. Any clipping in the ADC during the measurement 
is latched in a hardware register that can be read by the 
microprocessor. If no clipping occurs, the gain is increased 
and another test shot is fired. If clipping occurs, the code 
length is reduced for the next test shot. The algorithm de 
termines the maximum L and G to optimize the power 
coming back to the receiver without ADC clipping. 

Conclusions 
The pipelined structure of the measurement firmware, 

together with the signal processing hardware, allows very 
efficient data throughput with only a small amount of over 
head. Limitations in code length because of front reflections 
or excessive discontinuities are reduced by stitching a trace 
together using parts that are measured with code lengths 
and gains that are optimally adapted to the fiber to be 
measured. 
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Optical  Time-Domain Ref lectometer  User 
Interface Design 
The firmware built into the HP 8 1 45 A 0 TDR is the invisible 
intell igence that makes a complex instrument easy to use. 

by Joachim Vobis  

THE HP 8145A OPTICAL Time-Domain Reflectome 
ter described in this issue is a highly sophisticated 
machine. Its hardware and its theory of operation 

are difficult to understand. On the other hand, most users 
want to see an interface that is self-explanatory and helps 
them do everything from simple to complex tasks easily. 

The creation of a friendly user interface for both local 
and remote control is the task of a large portion of the 
firmware built into the HP 8145A. The firmware can be 
divided into five parts, as shown in Fig. 1: 
â€¢ A central data base holds the machine's states in ten 

registers (0-9) and the measurement results in thirteen 
internal registers (0-12] and 114 registers in an external 
plug-in module. Setting register 0 holds the current pa 
rameter settings and measurement register 0 holds the 
current measurement. 

â€¢ The keyboard/display process provides input and output 
between the data base and the front panel. This part of 
the firmware implements the local human interface. 

â€¢ The HP-IB process does the same for remote control, 
conforming to IEEE 488.1 and 488.2. This process also 
dumps measurement results to a plotter or an HP Think- 
Jet printer without an external computer. 

â€¢ The measurement process executes the measurement by 
reading setting register 0, programming the hardware 
and processing the data received. It stores its results in 
measurement register 0. This part of the firmware is de 
scribed in the article on page 29. 

â€¢ The check process implements test and verification 
routines such as the self-test during power-on. 
The largest piece of firmware is the keyboard/display 

process. While it was possible to develop the other parts 
mostly in the lab, the human interface was grown in an 
interactive way. Successive prototypes were shown to cus 
tomers. The feedback allowed us to optimize the human 
interface for the requirements of typical applications, and 
to add features wanted for advanced tasks. Because users 
can be divided into three groups, three levels of use are 
offered: 
â€¢ Standard use. The user wants to select the distance range 

and run the measurement. Results and markers are ob 
tained directly from the display or by creating a hard 
copy on a printer or plotter. 

â€¢ Very easy use. Most of the hard keys and softkeys can 
be disabled (blanked) by HP-IB commands. Typically 
only the keys to recall settings and to start and stop the 
measurement are left. A user can recall the proper set 
tings and execute the measurement, but can't do any 

thing wrong by accidently pressing an unwanted buttom. 
â€¢ Sophisticated use. For documentation, special measure 

ments, and comparison of measurement results, a set of 
features is available to the skilled user. Some of the fea 
tures are not offered by other OTDRs, so they are de 
signed to be sufficiently self-explanatory that the user 
can become acquainted with them without a lot of train 
ing or reference to manuals. 

Front-Panel Interface 
The hard keys on the front panel are divided into four 

groups that provide the functions most often needed (Fig. 
2). The START, STOP, and CONTinue keys control the execu 
tion of measurements. The digit keys together with the 
knob and the vernier allow numerical entry to set or modify 
parameters. The marker keys activate different markers to 
calculate distances, attenuation, and losses. STO stores an 
instrument state in one of the setting registers (1-9) and 
RCL recalls it. RCL 0 can be used for reset (load factory-de 
fined setting) and RCL ENTER rescales the X and Y axes of 
the display to show the complete measurement result. 

Fig. 2 shows a typical CRT image. An X-Y grid contains 
the measured curve. The grid's Y scale (offset and dB/div) 
is on the left side and the X scale (start and stop position) 
is directly under the grid. Below the X scale, a measurement 
bar shows the measurement range and the calibration val 
ues. 

In the upper right corner is a readout of marker values. 
The left and right markers are used to measure distances, 
losses (dB), and attenuation (dB/km, least-squares approx- 

HP-IB Process â€¢HP-IB 

External 
Memory 

. (HP 81450A)  
(114 Result 

Registers) 

! 
Keyboard/Display 

Process 
Measurement 

Process 

C R T  K e y b o a r d  H a r d w a r e  

Fig.  1 .  HP 8145A OTDR f i rmware s t ruc ture .  
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imation). The splice marker can be used automatically (by 
default) or manually to calculate the loss of splices or con 
nectors. 

Softkeys 
The right side of the display contains the softkey labels, 

which offer functions not provided by the hard keys. Be 
cause there are many more tasks than softkeys, the softkey 
functions are arranged hierarchically, the most important 
on the highest level and the less important in one of the 
sublevÃ©is. 

The main level is split into two halves. The first half 
controls the X and Y axes (start or center position, distance 
span, dB/div, and vertical offset) while the second half of 
the main level manipulates the measurement parameters 
(continuous averaging or refresh mode, auto or manual 
pulse width, 1300 or 1540 nm wavelength). In the continu 
ous average mode, all modifications are editor operations, 
that is, changing a value affects only the display and not 
the measurement. This can be easily demonstrated with 
the X scaling: changing the start/center position or the span 
has a zooming effect, but the measurement as shown in 
the bar at the bottom runs with the same distance range. 
Pressing START to initiate a measurement forces the edited 
values to become the actual parameters for the hardware. 

Submenus 
The submenus allow the user to set the fiber characteris 

tics, memory functions, hard-copy features, and display 
and HP-IB options. 

Fiber characteristics include the refractive index, defined 
as the ratio of the speed of light in a vacuum to the speed 
of light in the glass fiber, and the ratio of the fiber length 
to the cable length (windings can make the mechanical 
length of a cable shorter than the optical length seen by an 
OTDR). 

The memory functions are used to assign an identifica 
tion label (up to 39 characters) to a measurement result 
and store it together with the corresponding setting in one 
of the measurement result registers. Internally, the HP 
8145A has 12 of these registers. An additional 114 curves 
can be stored in the HP 81450A, a nonvolatile memory 
module which plugs into the rear panel of the OTDR and 
can be exchanged at any time. The curves can be recalled 
to be analyzed (zoomed), dumped out, backed up via the 
HP-IB, or used for comparisions (see below). 

The dump menu provides one-keystroke hard copies 
from the CRT to a Thinkjet printer or an HP-GL plotter 
without the need of an external computer. If a user has 
made a lot of measurements and stored them, PRINT FROM/ 
TO or PRINT ALL can be used to print them. 

The display and HP-IB options in the lowest softkey level 
set brightness, HP-IB address, curve style (dots or lines), 
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o f  p resent ly  ac t ive  
p a r a m e t e r  a n d  m o d e .  
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c o n t i n u e  m e a s u r e m e n t .  
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M e a s u r e m e n t  r a n g e  
and 
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Pos i t ion  o f  se lec ted  
w i n d o w  a n d  p u l s e  w i d t h .  

Numer ica l  da ta  
entry f ie ld.  

Knob  fo r  da ta  
modi f icat ion 

and  cursor  cont ro l .  

C leanable  opt ica l  
ou tpu t  connec tors .  

S tore / reca l l  o f  n ine  user -  
se lec tab le  ins t rument  se t t ings .  
R e c a l l  o f  p r e s e t  s t a n d a r d  p a r a m e t e r  
sett ing.  

Ac t iva t ion  and  se lec t ion  o f  
cursors  fo r  l ength /a t tenuat ion  
o r  s p l i c e  l o s s  m e a s u r e m e n t s .  

Keys  fo r  da ta  modi f ica t ion  
and  cursor  cont ro l .  
Pa ramete r  w i l l  be  changed  
wi th  h ighest  reso lu t ion .  

Fig.  2 .  Human in ter face for  local  contro l .  
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and the distance unit. The distance unit can be set to 
kilometers, feet, or miles. 

Comparing Curves 
One of the HP 8145A's advanced features is curve com- 

parisions. The COMPARE MODE softkey causes the OTDR to 
take an older measurement result as a reference and com 
pare the current measurement or another stored trace with 
it (see Fig. 3). Comparing two curves is very helpful when: 
â€¢ A fiber must be characterized at more than one 

wavelength 
â€¢ A fiber must be compared with a curve showing the 

specification limit (quality assurance) 
â€¢ A fault must be found by comparing a current measure 

ment with an OTDR curve recorded when the fiber was 
inspected after installation 

â€¢ Small changes of fiber characteristics must be detected 
(research and development tasks, environmental tests, 
aging of fiber/splice/connector losses, sensor characteris 
tics, etc.) 
Many experiments were done to see if it would be better 

to calculate and display the difference of the two traces or 
to show the original waveforms. Because of the familiarity 
of OTDR curves, we decided to take the latter approach. It 
is not as natural for the human mind to interpret the calcu 
lated difference as it is to look for parallelism of the two 
original traces. In noisy regions it is hard to tell whether 
a peak is a noise peak or a real difference. Using the vertical 
offset controls to move one curve over or close to the other 
provides much more meaningful results. 

HP-IB Capabil it ies 
The functions offered in the human interface can be re 

stricted as mentioned above. Fig. 4 shows an example in 
which some of the softkeys are blanked by HP-IB com 

mands. 
All normal programming of the OTDR can be done re 

motely over the HP-IB. The command and query syntax. 
the data formats, and the status reporting conform to IEEE 
488.2. The mnemonics used for commands can be given 
in a short or a long form. For example, the string OFFS has 
the same meaning as OFFSET and STARTPOS? can be ab 
breviated to STAR?. The length unit used in messages can 
be meters, miles, or feet. 

Measured data can be read remotely in the following 
ways: 
â€¢ The command POINTS? returns the number of curve 

points, or zero if no measurement result is available. 
â€¢ YVALUE? <i> returns the dB value of point i of the curve. 

This method is slow, but easy to use because it returns 
only one real number in ASCII format. Furthermore, the 
command YVALUE <i>, Â«JB> overrides the value mea 
sured to build a synthetic curve (e.g., a specification 
limit curve) as a reference curve for the compare mode. 

â€¢ DATA? returns a long ASCII string representing the mea 
sured curve as a list of points. It is medium-fast and 
good for computers not supporting binary transfers. 
Many BASIC programmers with little experience in com 
plicated I/O commands use this mnemonic to get the 
data. 

â€¢ BDATA? transfers the entire measurement result register 
in binary format, including the settings and all bytes 
needed internally. The command BDATA ... sends this 
block back to the OTDR. 
A useful property of the HP-IB command pair BDATA? 

and BDATA ... is the possibility of uploading measurement 
results to a computer and restoring them back to the OTDR. 
Downloading and uploading use binary block transfers. 
This method is important because of its high transfer speed 
(about 0.7 second per curve). It is useful for building data 

F i g .  3 .  C o m p a r e  m o d e  i s  u s e f u l  
for  compar ing a stored curve wi th 
t h e  c u r r e n t  m e a s u r e m e n t  o r  
another stored curve.  
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F i g .  4 .  M e n u  e x a m p l e  w i t h  n o  
b l a n k e d  s o f t k e y s  ( t o p )  a n d  w i t h  
eight  select ively b lanked keys.  

bases of measurements in fiber optic networks or for reload 
ing curves for comparison purposes (finding faults, testing 
aging, etc.). 
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Print ing on Plain Paper with a Thermal 
InkJet Printer 
An understanding of "plain papers" and how their variabil i ty 
affects performance played a key role in the development 
of  the HP DeskJet pr inter.  

by Steven J.  Bares 

THE HP DESKJET PRINTER1 is the first low-cost inkjet 
printer to produce true letter-quality print on plain 
paper. Intended for office use, the DeskJet printer 

was designed specifically to meet customer demand for 
products that use available office papers. Approximately 
three million tons of paper is produced and distributed 
annually to offices in the U.S.A. alone. This paper is made 
on various types of machinery using many different pro 
cesses and materials. A major challenge during the develop 
ment phase was to construct a printhead that would pro 
duce reliable print quality over such a wide range of papers. 
To meet this challenge, the design team needed to identify 
and obtain samples of the types of papers available to the 
user and to understand the chemical and physical variabil 
ity of these papers. This included obtaining information 
about the paper industry's raw materials, manufacturing 
processes, and distribution networks. This paper sum 
marizes the results of these studies. Topics covered include 
the types of papers found in the office, the properties of 
these papers, and the effect of these properties on inkjet 
print quality. 

What Is Plain Paper? 
To design a printhead that produces consistent letter- 

quality print on plain papers, the development team 
needed to obtain paper samples for testing during the de 
sign phase. However, simply calling a paper company and 
requesting samples of plain paper will result in an incredu 
lous response. The properties of all papers are radically 
different and depend entirely on the paper's intended use. 
Hence, there are no "plain" papers, only papers that are 
sold into a particular environment. 

In U.S. offices, thousands of papers can be found, man 
ufactured by over 75 paper companies. To conduct a com 
plete study of all papers bought by thousands of distributors 
and sold to literally millions of offices nationwide would 
involve a vast expenditure of resources. Our first major 
dilemma in selecting papers for testing was to understand 
the processes by which business papers are brought from 
manufacturers into offices. This complex and dynamic dis 
tribution network is diagrammed in Fig. 1. We began by 
focusing our efforts on identifying high-market-share, man 
ufacturer-labeled office papers â€” only one of the possible 
channels for paper distribution. It was felt that this ap 
proach would identify the office papers having the largest 
overall market share while minimizing the expenditure of 
resources. 

Laboratory testing of over 150 of these selected papers 
revealed a wide range of properties for two general types 
of office papers, which we will call correspondence and 
copier papers. Correspondence papers are rough, have a 
large amount of starch on the surface (are hard sized), are 
typically acidic, and usually contain cotton fiber as well 
as traditional wood pulp. The relatively homogeneous na 
ture of these correspondence papers simplified the task of 
designing a compatible printhead. 

The specifications for copier papers, which represent 
over 88% of the paper tonnage shipped to U.S. offices, are 
well-documented and conform to an industry standard. 
Given our favorable experience with nonstandardized cor 
respondence papers, we had high expectations of rapidly 
achieving excellent print quality on copier papers as well. 
However, when we tested copier papers, we found that 
their only homogeneous property pertinent to inkjet print 
ing was their surface smoothness. Other potentially impor 
tant factors affecting inkjet print quality (discussed later) 
showed significant variations. 

The next step toward the goal of obtaining consistent 
print quality on office papers was to select a small subset 

Original 
Equipment 

Manufacturers 
(OEMs) 

Fig .  1  .  Schemat ic  o f  the  d is t r ibu t ion  ne twork  used by  man 
u fac turers  to  ge t  papers  in to  the  o f f i ce .  Market  research  a t  
Hew le t t -Packa rd  focused  on  manu fac tu re r - l abe led  pape rs  
so ld by paper  mi l ls  to  paper  merchants who supply  paper  to  
businesses. 
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for printhead optimization from the original 150 identified 
by market research. The criteria used to consolidate these 
papers were driven by both the need to cover the broadest 
market representation and the desire to include the widest 
ranges of print quality, fiber content, filler content, pH, 
type of internal sizing, smoothness, and many other vari 
ables. This work resulted in the selection of eight represen 
tative papers, which were purchased and used throughout 
the design phase. After selection of the eight-paper set and 
before the optimization phase, sufficient amounts of each 
paper sample were purchased so that paper consistency 
was maintained and only the ink and printhead design 
varied. The names of these eight papers and some of their 
properties considered important to the design of the DeskJet 
printhead are shown in Table I. 

Similar research into European office papers was per 
formed in parallel with the work reported above. This re 
search focused on office papers in Germany, France, Eng 
land, Switzerland, Holland, and Sweden. Because of the 
expense of market research, we limited our study to these 
countries and assumed that the information collected was 
representative of the office papers of all Western Europe. 
Our preliminary analysis of European office papers, ob 
tained before the completion of the entire study, guided 
our choice of the eight-paper representative set for the 
U.S.A. Our analysis of European papers showed that they, 
like the office papers found in the U.S., displayed a wide 
range of properties, the major difference being a higher 
number of alkaline papers (pH above 7) in Europe. We 
determined that the range of properties covered by the U.S. 
eight-paper set was sufficient to represent its European 
counterparts. Hence, our optimization of the DeskJet print- 
head was performed on the eight-paper set and it was as 
sumed that these papers typified those found in both U.S. 

400  -p  

3 5 0  - -  

3 0 0  - -  

I  2 5 0  - -  

f  2 0 0  +  
re 
5  
3  1 5 0  - -  
Q  

100 -- 
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T h i n k J e t  

D e s k J e t  

5 0  1 0 0  1 5 0  2 0 0  
D r o p  V o l u m e  o f  P r i n t h e a d  ( p i )  

2 5 0  3 0 0  

Fig .  2 .  P lo ts  o f  do t  d iameter  versus  pr in thead drop  vo lume 
for  the ThinkJet  and DeskJet  pr in ters .  Data for  the ThinkJet  
p r i n t e r  w a s  o b t a i n e d  u s i n g  H P  T h i n k J e t  p a p e r .  T h e  c u r v e  
shown  fo r  t he  DeskJe t  p r i n te r  i s  de te rm ined  by  ave rag ing  
dot -d iameter  data  taken f rom e ight  cop ier  and bond papers  
chosen by  Hewle t t -Packard  to  represent  the  o f f i ce  marke t .  
The curve labeled Spher ical  Drop is  the in- f l ight  d iameter  of  
ink drops at each drop volume calculated assuming spherical  
geometry.  For  both curves,  the sol id  l ines are obta ined f rom 
a least-squares f i t  o f  the data to a cube-root  model .  

and European offices. No detailed studies of office papers 
found in other countries were performed, although samples 
of papers from around the world were occasionally tested. 

Table I  

Representat ive Set  of  Papers and Selected Propert ies Used for  Opt imizat ion of  DeskJet  Pr inthead and Ink 

Paper M a n u f a c t u r e d  P a p e r  P a p e r  D e g r e e  T y p e  
i n  G r a d e  p H  o f  o f  

S i z i n g  F i l l e r  

S u r f a c e  F i b e r  A v e r a g e  H e r c u l e s e  P o r o s i t y  
S m o o t h -  T y p e  F i b e r  T e s t  ( s / m l )  

n e s s  L e n g t h  ( s )  
( s )  ( m m )  
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Print Quali ty and Plain Papers 
Selection of the representative office paper set allowed 

the design team to optimize the printhead on a small test 
bed with confidence that the papers reflected the majority 
of office papers. To obtain the most consistent print quality, 
the ink and printhead were chosen to yield the smallest 
variation of printed dot diameters over as many of these 
papers as possible. Vision system analysis as described in 
an earlier article2 provided the best means for reproducibly 
measuring printed dots on the paper. 

We have found that a plot of printed dot diameter versus 
printhead drop volume is the best means of illustrating the 
variation of print quality over the papers used for a particu 
lar inkjet printer. Drop volumes are calculated by measur 
ing the mass of ink after firing a known number of drops 
into a container. Printheads with different drop volumes 
are obtained as a result of normal manufacturing variations 
during production. A plot of this type for the DeskJet 
printer, using dot diameters averaged over the entire eight- 
paper test set and printed with the final DeskJet ink is 
shown in Fig. 2. For comparison, a similar plot for the 
Thinkjet printer using its special paper is also shown, along 
with the calculated in-flight diameter of an ink drop at 
each drop volume, assuming a spherical drop geometry. 

Only printheads that have drop volumes in a specified 
range are supplied for use in the Thinkjet and DeskJet 
printers. This operational range is noted for both these 
printers in Fig. 2. In the Thinkjet printer, the special paper 
and the wider customer tolerance for variations in draft- 
mode print quality allow a wide operational range to be 
used. For the DeskJet printer, the operational range is much 
narrower. This constraint on the drop volume range trans 
lates into small variations of print quality from printhead 
to printhead and ensures that consistent print quality is 
obtained on the broadest possible range of office papers. 

In the DeskJet printer, comparison of the dot diameters 
obtained at any drop volume with the diameter calculated 
assuming a spherical drop measures the amount of spread 
the drop undergoes after it strikes the paper. Comparison 
of this spread factor with that obtained with the Thinkjet 
printer provides some insight into one of the most impor 
tant of the properties of paper that determine inkjet print 
quality. To optimize the print quality of the Thinkjet printer 

200 -i- 

5 150 

o 
Â§100 

50  

25Â°= Cotton Bond 

5 0  1 0 0  1 5 0  2 0 0  
D r o p  V o l u m e  o f  P r i n t h e a d  ( p i )  

2 5 0  3 0 0  

Fig .  3 .  P /o fs  o f  do t  d iameter  versus  pr in thead drop vo lume 
for  three of f ice papers on the DeskJet  pr inter .  

a paper that yielded a spread factor near four was needed. 
To get such an absorbent paper that also yielded dots that 
were as circular as possible required a special paper, since 
most office papers don't have the desired properties. To 
achieve homogeneous print quality with the DeskJet printer 
on office papers, the spread factor has been reduced signif 
icantly below that of the Thinkjet printer. This reduction 
in the DeskJet printer's spread factor is obtained by ink 
formulation. 

The difference in spread factor between the Thinkjet and 
the DeskJet printers is a direct measure of the relative de 
pendence of each printer's print quality on its media. Even 
with the final printhead design and ink formulation, opti 
mal print in the DeskJet printer is obtained with a spread 
factor of about two. Because the spread factor is greater 
than one, the ink drop must interact with the paper. There 
fore, there is still some dependence on paper, and con 
sequently, there is a potential for papers to have unaccept 
able print quality. The range of spread factors observed on 
copier papers was the primary difficulty in finding an ink 
that prints consistently over all papers of this type. Even 
with the optimized printhead and ink, there are some 
copier papers that print unacceptably because of this range 
of surface physiochemistry in office papers. 

Paper 
Thickness 

Penetration 
Depth Paper 

Thickness 
Penetrat ion 

Depth 

Fig. penetration with sections of printed papers showing depth of ink penetration on a paper with 
good pr int  qual i ty  ( r ight)  and one wi th poor pr int  qual i ty  ( lef t ) .  
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Papers that display poor print quality in the DeskJet 
printer can be readily characterized by a more detailed 
examination of a plot of dot diameter versus printhead 
drop volume. Such a study is shown in Fig. 3 for three 
typical office papers printed with the DeskJet printer. The 
curves labeled Copier 1 and 25% Cotton Bond are represen 
tative of most copier and correspondence papers found in 
the office using the current DeskJet ink and printhead de 
sign. Some copier papers yield curves that lie significantly 
above most other office papers. The characteristic curve 
labeled Copier 2 is one example. Papers with characteristic 
curves that lie above most others yield poor print quality 
with the DeskJet printer. This is because the higher absor- 
bency allows too much spread of the ink drop across the 
paper surface. Much of our effort to understand paper has 
been centered around understanding the causes of poor 
print quality in these few papers. 

In papers that print poorly with the DeskJet printer, too 
much penetration occurs, not only across the paper surface 
as shown above, but also into the bulk of the paper. This 
is demonstrated in Fig. 4, which shows cross sections of 
papers printed at 300 dpi. In this figure, a cross section of 
copier paper that displays good print quality is shown on 
the right. In this case the penetration depth is less than 
20% of the paper thickness. Compare this penetration depth 
with a copier paper that yields poor quality, as shown in 
the photograph on the left of Fig. 4. Here, penetration is 
greater than 50% of the paper thickness. 

Based on these types of studies it is clear that to under 
stand what causes some papers to print poorly in the Desk 
Jet printer, we must understand differences in ink penetra 
tion dynamics at plain paper surfaces. A simple scanning 
electron microscope or optical comparison of the surfaces 
of two papers displaying radically different print quality 
shows that the surfaces appear very similar. Analysis of 
fiber length and fiber types in many examples of papers 
shows little correlation with observed print quality. Ini 
tially, it was surprising to find that the obvious properties 
that relate to the ink absorption process, such as fiber 
length, fiber type, porosity, and smoothness, did not show 
any correlation with the observed InkJet print quality. This 
set of somewhat counterintuitive observations can best be 
explained by considering the manufacturing process for 
office papers, the operations that control the amount of 
penetration, and the traditional uses for office papers. 

Control l ing Fluid Penetrat ion 
Papermaking is the art of taking wood pulp and convert 

ing it into sheets with some desired set of physical proper 
ties. Office papers are characterized by their limited ability 
to accept ink into the paper surface. This property is very 
important if the papers are used with roller-ball pens or in 

printing presses. The ability to accept an aqueous fluid 
such as the ink in the DeskJet printhead is the dominant 
property of paper affecting inkjet print quality. 

A simplified schematic view of a papermaking operation 
is shown in Fig. 5. In the modern papermaking process, a 
dilute (0.5%) mixture of wood fibers and various additives 
in water is pumped onto a moving wire or belt. In part, 
the additives limit the hydrophilic character of the wood 
fibers. As the wire moves along, water drains through the 
mesh. After much of the water has drained, the sheet leaves 
the wire and enters the press section for continued dewater- 
ing. To impart further fluid resistance, an additional hydro- 
phobic material, typically starch, is placed on the paper 
surface in the size press. The effect on print quality of 
increasing the hydrophobicity of the paper surface at the 
size press in the DeskJet printer is demonstrated in Fig. 6. 
In this experiment, print quality is compared for sized and 
unsized sheets of standard copier paper on the DeskJet 
printer. Print quality is greatly improved by the addition 
of the size-press starch. Our studies show that the chemical 
interactions between the starched paper surface and the 
aqueous inks dominate the ink/paper interaction. This ex 
plains why no macroscopic or other obvious difference 
could be observed between papers with good and bad print 
quality in high-magnification studies. 

Increasing the hydrophobicity of the paper surface im 
proves print quality in the DeskJet printer by reducing the 
penetration rate of the ink. Correspondence papers are all 
heavily sized to give them good writing properties and a 
stiff, high-quality feel.:i Indeed, it is the similarity in the 
expected uses of these papers that drives their need to have 
low and consistent penetration rates. Fortunately, this 
property also yields reproducible print quality on the Desk 
Jet printer. Copier papers are designed to be penetrated by 
toners at high temperature, making the dynamics of fluid 
penetration in these papers almost irrelevant to their use. 
It is no surprise, then, that fluid penetration rates in these 
papers vary over a broad range. 

By optimizing on the eight-paper test set, an ink formu 
lation and printhead design were achieved that yield con 
sistent print quality on virtually all of the correspondence 
papers we tested and most copier papers as well. However, 
even with the optimized final design, papers with curves 
like that of Copier 2 in Fig. 3 still yield unacceptable print 
quality. We have shown that small increases in surface 
hydrophobicity, easily obtained by adding small amounts 
of starch at the size press during the papermaking process, 
improve the print quality in these aberrant papers. With 
the success of the DeskJet printer, much of our recent work 
has focused on finding specifications for penetration rate 
that can be used by paper companies to help make their 
office papers conform to the needs of the DeskJet printer. 

Wet End Driers Calendar Size Press 

0.5% Fiber 80% Fiber 

Moving Wire 
2500 ft min nr To Winding, 

Slitting 
and Shipping 

F i g .  5 .  S c h e m a t i c  o f  t h e  o f f i c e  
p a p e r  p r o d u c t i o n  m e t h o d .  I n  
c reas ing the  hydrophob ic  charac  
ter  of  the paper by means of  addi  
t i v e s  i n  t h e  w e t  e n d  a n d  s t a r c h  
f rom the s ize press has the most  
impact  on DeskJet  pr int  qual i ty .  
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Unsized Sized 

Kan Man 
Ink Penetration Rates 

Techniques for examining fluid penetration into papers 
were developed long ago in the paper industry. However, 
techniques for measuring penetration rates of inks into 
paper surfaces under the dynamic conditions pertinent to 
inkjet printing have only been developed in recent years. 
One technique for measuring such rapid penetration rates 
was introduced by Bristow in 1967.4 Lyne and Aspler0 
demonstrated the applicability of this technique to inkjet 
printing in their 1984 study of the mechanisms of fluid 
penetration into paper surfaces. A commercial instrument 
based on the Bristow concept was introduced by Noram 
Instrument Company (Point Claire, Quebec) in 1984. 

The measurement of the volume of fluid that penetrates 
into a paper surface in a limited time forms the basis of 
the Bristow technique. The instrument consists of a station 
ary ink headbox and a paper strip mounted on a rotating 
wheel, as shown in Fig. 7a. When the headbox and the 
paper touch, ink is transferred to the paper. The amount 
of ink that transfers is dependent on the contact time be 
tween the paper and the ink. The contact time is calculated 
from the tangential velocity of the rotating wheel and the 
width of the slit in the ink headbox. The quantity of liquid 
per unit area that transfers to the paper in time t can be 
described by:'' 

V(t) = V(t = 0) + K,,t' (1) 

Here V(t = 0) is the amount of liquid that penetrates into 
the paper surface before absorption by capillary forces be 
gins. Ka is the Lucas-Washburn penetration rate and con 
tains all the ink physiochemical parameters, ink/paper in 
teraction terms, and terms describing the paper's pore 
structure. To get the penetration rate Ka, ink is metered 
into the headbox and trace areas are measured at selected 
wheel speeds. This data is plotted on a square-root time 
scale and Ka is extracted by regression analysis. 

Using the Bristow apparatus (Paprican Bristow Tester, 
Noram Instruments) and DeskJet ink as penetrant, penetra 
tion rates were measured on a wide variety of office papers. 
Examples of this data for three office papers are shown in 
Fig. 7b. These curves show that for short contact times, ink 
penetration does not occur. This initial delay time is ob 
served only when considering penetration of aqueous 
fluids into papers. In this region, ink is transferred only 
because it fills the gaps in the paper surface. The intercept, 
therefore, is an alternate measure of the paper's bulk topol 
ogy or smoothness. When the contact time is sufficiently 

Fig. 6.  Photographs of pr int  made 
on a s tandard of f ice copier  paper  
before and after starch addit ion at 
the size press. 

long, penetration occurs with a rate proportional to the 
square root of the contact time, as given by equation 1. 
Penetration rates are calculated by least-squares regression 
of the data in the region after the delay time. 

To correlate penetration rates of paper with print quality, 
reproducible standards for letter-quality print were needed. 
Unfortunately, quantitative methods to measure print qual 
ity in a fashion that correlates with consumer preferences 
are not yet available. Hewlett-Packard has attempted to 
design a reproducible, consumer-based rating system. To 
rate print quality, a committee of individuals considered 

Headbox 

Paper Strip 

Time Available for Absorption = L/V 

Rotating Wheel 
Veloci ty  = V 

35 -r 
Copier 2 

2 0  2 5  3 0  
T i m e  ( m s ) 1 2  

Fig .  7 .  (a )  Schemat ic  d iagram o f  the  Br i s tow appara tus  fo r  
measur ing  f l u id  pene t ra t i on  under  dynamic  cond i t i ons ,  (b )  
Penetrat ion data for  three representat ive of f ice papers.  Mea 
surements  were made us ing the Noram Br is tow tester  us ing 
ink f rom the DeskJet  pr in ter  as penetrant .  Penetrat ion rates 
are obta ined by least -squares regress ion of  data in  the posi  
t ive-s lope port ion of  each curve.  
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Fig. 8. Print quali ty rat ing for DeskJet printer output on copier 
papers p lot ted versus the penetrat ion rate obtained f rom the 
Br i  stow apparatus.  The sol id curve, shown for c lar i ty,  shows 
degenerating print quality with increasing ink penetration rate. 

to be typical office users is employed. Each committee 
member evaluates a sample's print quality on a scale of 0 
to 3, with 0 = unacceptable, 1 = acceptable, 2 = good, 
and 3 = excellent. The print samples used for those tests 
incorporate both text and graphics. The print quality rating 
from the committee for any test sample is an average of 
the perceptions of the committee members. We have found 
that the results of this rating system are reliable. Rating 
errors are approximately Â±0.5 for ratings above acceptable, 
and Â±0.1 for papers below acceptable. 

Fig. 8 shows the print quality ratings for sixteen standard 
copier papers plotted against their penetration rates ob 
tained from the Bristow Tester. Copier papers were selected 
for this experiment because, in general, their look and feel 
are reasonably consistent. The sixteen copier papers chosen 
for this experiment were selected based on their uniformity 
of color, stiffness, opacity, and smoothness to eliminate 
such variables from the assessment of print quality. Rapid 
penetration rates yield large, irregularly shaped dots and 
poorer print quality as attested by print quality ratings less 
than one for such papers. Acceptable print quality was 

observed in those papers with penetration rates below 0.4 
ml/m2ms1/2. Because of the experimental error in the Bris 
tow apparatus, penetration rates could not be used to dis 
tinguish acceptable from good and good from excellent 
papers reproducibly. However, papers with ink penetration 
rates above 0.4 ml/m2ms1/2 yield below-acceptable print 
quality (a rating less than 1) in all cases. 

Summary  
Simply put, we have learned that there is no such thing 

as plain paper. By linking timely market research into the 
design phase of the DeskJet printhead we were able to 
design a product that meets the difficult goal of printing 
on office papers. The variation of penetration rates of ink 
into office papers was identified to be the most difficult 
obstacle to overcome in designing the ink and printhead. 
The Bristow apparatus serves to specify the penetration 
rate and will help design teams make future products. With 
our technical studies of office papers complete, we are now 
in a position to help suppliers make papers that perform 
optimally on the DeskJet printer and future products. 
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Host Independent Microprocessor 
Development  Systems 
A new archi tecture makes i t  possib le to  use th is  fami ly  of  
emulators wi th workstat ions,  mainframes, or  personal  
computers .  The cab l ing  techno logy and chass is  des ign 
inprove per formance and usabi l i ty .  

by Arnold S.  Berger  

HP 64700 SERIES EMULATORS are a new family of 
products representing the latest stage in the evolu 
tion of the HP 64000 Microprocessor Development 

System, introduced in 1979. The original family of prod 
ucts, which is still going strong, was designed around a 
cluster of development stations sharing a local disc memory 
and printer. This cluster uses an optimized version of the 
HP-IB as its LAN core, and is a very efficient hardware and 
software integration environment for small engineering 
teams. In fact, many of today's concepts in distributed com 
puting networks were first applied when the HP 64000 
system was introduced. 

As microprocessors became more complex, the develop 
ment environment shifted to larger teams of software en 
gineers working on small to medium-size mainframe com 
puters, such as the Digital Equipment Corporation VAXâ„¢ 
and the HP 9000 Series 500. Hewlett-Packard responded 
to this trend with the introduction, in 1985, of the HP 
64000 Hosted Development System. This system permits 
an existing HP 64000 cluster to be linked to the mainframe 
computer with the high-speed HP-IB file transfer capability, 
while the software cross-development tools remain resident 
on the host mainframe. Individual HP 64000 development 
stations can be operated under remote control via the ter 
minals on the host machine. 

However, the industry trends in software engineering 
were pointing towards more open software development 
environments. The large software development teams, now 
writing software for 32-bit microprocessors with address 
ranges measured in gigabytes, needed environments that 
could best be serviced by HP-UX (Hewlett-Packard's ver 
sion of AT&T's UNIX operating system), while the small 
teams were moving towards software development on HP 
Vectra-class computers. 

Hewlett-Packard responded to the needs of the large 
teams with the introduction, in 1986, of the HP 64000-UX 
family of hardware and software-based products. Work was 
also in progress to develop a family of products that could 
satisfy the needs of the single engineer or small develop 
ment team, without the proprietary technology of the orig 
inal HP 64000 Logic Development System. We recognized 
that the IBM PC/AT and the Microsoft MS-DOS" operating 
system had become de facto computing standards for the 
engineering community and that a product offering was 
needed for these systems. In addition, we had the enviable 

position of being able to start with a clean slate, using the 
knowledge gained through the evolution of the original 
families of products. 

Host Independence 
During the investigation phase of this project, the entire 

design team went on the road to visit customers. Both our 
installed base of customers and customers who did not 
have any of the HP 64000 products were visited. In all, 
some 35 companies who design products containing em 
bedded microprocessors were surveyed to determine the 
set of features that were considered most appropriate for 
a personal-computer-based microprocessor development 
system. The HP 64000-PC Personal Integration Environ 
ment, based on the HP 64700 Series emulators/analyzers, 
is the result of our effort to bring a microprocessor develop 
ment system to the personal-computer-based engineering 
team. 

Early in the HP 64700 product definition phase we 
realized that expanding the product definition to include 
the requirement of host independence would free the prod 
uct from dependence on a particular computer or operating 

Fig.  1 .  These HP 64742 A Emulators for  the MC68000 micro 
p rocesso r  a re  members  o f  t he  HP 64700  Ser ies .  They  a re  
ava i lab le  wi th  DIP or  PGA cabl ing.  HP 64700 emulators  are 
hos t  independent  and can opera te  w i th  works ta t ions  or  per  
sonal  computers.  
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system and broaden the environment in which it could 
function effectively. At the lowest level, host independence 
implies a totally self-contained microprocessor emulation 
vehicle. The emulator contains its own local controller, 
which has sufficient on-board operating software to relieve 
the remote computer of all base-level control functions. 
All commands to the new HP 64700 Series emulators are 
constructed from simple ASCII character strings. 

The emulator communicates with its controller over a 
standard-protocol, serial network. The world beyond its 
RS-232-D/RS-422 port is understood to be an 80-character- 
by-24-line "dumb" terminal. File transfers using industry 
standard formats are accepted. Thus, any host computer 
(or terminal) can control an HP 64700 Series product, mak 
ing it useful for a variety of tasks, from code development 
through field service applications. 

Host independence also means that the product can be 
used as easily with workstations such as the HP 9000 Series 
350, with mainframe computers such as the DEC VAX, and 
with personal computers, such as the HP Vectra PC. Any 
cross-development software that produces an industry 
standard file format can create object files for use by HP 
64700 systems. 

The initial product offering consisted of four products: 
the HP 64742A/L 68000 Emulator, the HP 64753A/L Z80 
Emulator, the HP 64764A/L 80186 Emulator, and the HP 
64765A/L 80188 Emulator. 

Follow-on products include emulators for the 8086/8088 
microprocessor families and popular microcontrollers. 
Table I is a listing of microprocessors and microcontrollers 
supported at the time this article appears. Fig. 1 is a photo 
of the HP 64742A Emulator. 

Table I  
HP 64700 Series Emulators 

Emulation 
Before going any further it might be instructive to review 

what an emulator is and how it operates. Fig. 2 is a block 
diagram of the major components of the emulation system. 
Every emulator contains a duplicate of the processor that 
is being emulated, which is called the target processor. The 
system being designed around the target processor is called 
the target system. The emulation processor resides on the 

run control board within the emulator and is connected to 
the processor socket in the target system via line driver 
buffers and a target system cable. The emulation processor, 
typically a high-speed version of the target system proces 
sor, forms the core of the run control board. Surrounding 
the emulation processor are basically three functional cir 
cuit blocks: 
â€¢ Run control 
â€¢ Memory and memory mapping 
â€¢ Analysis bus interface. 

The run control circuitry controls the operation of the 
emulation processor so that the user can always maintain 
control of the emulator. Since each microprocessor has a 
different internal architecture, the run control circuitry 
must be tailored to provide the interface to the host control 
system. Run control affects operations such as single-step 
ping, sharing interrupt signals with the target system, sig 
naling the analyzer, keeping the host controller aware of 
the status of the emulation processor, and so on. 

The emulator contains its own internal emulation mem 
ory, which can be used as a substitute for the memory, 
RAM, and ROM that will eventually be in the target system. 
This memory can be located anywhere in the address space 
of the emulation processor. Mapping of the memory and 
its designation as RAM, ROM, or guarded are handled by 
the mapping circuitry, which provides a translation func 
tion between the address being output by the emulation 
processor and the address being supplied to the emulation 
memory array. 

The analysis bus interface provides the link between the 
signals traversing the address, data, and status buses of the 
emulation processor, the emulation bus analyzer, and the 
state/timing analyzer. The analyzers will be discussed later 
in this article. 

Two other system blocks, the host controller and the 
analysis system, are not shown in Fig. 2. The host controller 
works with the run control system, memory subsystem, 
and analysis system to provide the coordination of all the 
complex tasks going on within the emulator. It interfaces 
with the user to convert commands to proper operational 
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Fig.  2 .  Major  components  o f  the emulat ion system.  
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sequences. The host controller also interfaces indepen 
dently with the state timing analyzer, emulation bus 
analyzer, and memory subsystems. This enables the host 
controller to communicate with emulation memory and 
read and write to it while the emulation processor con 
tinues to run the user's code. Likewise, the state timing 
analyzer or the emulation bus analyzer can be set up or 
unloaded without stopping the emulator. This type of ar 
chitecture is called dual-bus, referring to the two indepen 
dent processor buses (emulation and host control) within 
the emulator. 

Design Goals 
As stated earlier, the entire R&D team undertook an ex 

tensive series of customer visits. The purpose of these visits 
was to focus on the features that were most important to 
users of microprocessor emulation systems. The two most 
important features were ease of use and transparency. 

Every engineer wants products that are easy to use. The 
key for a design team is to make the product operate in a 
straightforward manner without compromising the func 
tionality needed to solve complex measurement problems. 
Functionality, at least for development systems, has two 
aspects. First, the emulator must provide a comprehensive 
set of system analysis and processor control functions. Sec 
ond, as important as the feature set is the transparency of 
the emulator. An emulator is supposed to behave as if the 
target microprocessor chip is plugged into the socket in 
the user's target system. When the performance of the 
emulator differs from how the target microprocessor would 
behave, then the transparency of that emulator is com 
promised. 

The HP 64700 emulators have the same high degree of 
transparency as their predecessors. For the initial HP 64700 
products, in-circuit operation is full-speed, with zero wait 
states in the target system or emulation memory. For the 
Z80, this is 10 MHz, and for the 80186/88 and the 68000, 
12 MHz. 

Special care was taken to match the timing and paramet 
ric performance of each emulator to those of the target 
processor. Operation from power-on or system reset is con 
sistent with the target processor chip. Overall, care was 
taken to see that when differences do occur, as they must 
in some design environments, the HP 64700 Series per 
forms in a manner consistent with a user's expectations. 

To meet the ease of use and transparency design goals 

for the HP 64700 Series, it was necessary for the design 
team to address three critical areas: a new architecture for 
the emulation subsystem, a new chassis configuration, and 
new cabling technology. 

System Architecture 
Many possible architectures can be employed in 

emulator design. The HP 64700 Series uses a dual-bus ar 
chitecture (Fig. 3), with a foreground or background monitor 
to permit the user to control the microprocessor emulation 
in the target system. 

The dual-bus architecture has been the heart of the HP 
64000 family of products since its introduction in 1979. 
What makes the architecture of the HP 64700 Series new 
is the addition of the hybrid monitor. The hybrid monitor, 
residing either in foreground or background, is a major 
departure from the original HP 64000 family design. 

The monitor is the control program that the emulation 
microprocessor is running when it is not explicitly running 
the user's program. The monitor program is very similar 
to the small programs often supplied with single-board 
computers. Typically 2K to 3K bytes in size, the monitor 
handles reading and modifying memory, internal registers, 
I/O ports, and so on. 

Single-stepping and software breakpoints are also han 
dled by the monitor program. While the use of the monitor 
is easily understandable, its integration within the emu 
lator plays an important role in the emulator's range of 
useful applications. 

Complex applications typically require the use of a fore 
ground monitor. This monitor is a block of code that runs 
in the same address space (foreground) as the user's own 
program. It is linked with the user's run-time code at assem 
bly time so that when control of the emulation processor 
is switched from the user program to the monitor program, 
real-time system events can still be serviced. These events, 
such as multiple interrupts and watchdog timers, are very 
difficult to handle properly with other monitor implemen 
tations. The foreground monitor is often the architecture 
of choice for complex multitasking environments. 

Background monitors are easier to use when trying to 
get a new design off the ground. The monitor is present in 
a background or shadow memory, and control is transferred 
to this monitor by remapping (called "jamming") the 
monitor instructions from the background address space 
directly to the emulation processor. This type of monitor 
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makes no assumptions about the user's environment. The 
emulation processor can always enter the monitor when 
instructed to do so. Problems arise from this architecture 
when it becomes necessary to keep a user's target system 
alive while the emulator is running in background. The 
new HP 64700 emulators, such as those for the 8018X and 
68000 processors, solve this problem by offering the best 
of both worlds. Once the user answers a simple configura 
tion question, either the emulation system will operate 
with the monitor in background, or by assembling and 
linking the monitor with the run-time code, the user will 
have the advantages of a foreground monitor. A more com 
plete discussion of foreground and background monitors 
can be found in reference 1. 

Cabling 
In keeping with the twin goals of transparency and ease 

of use, the design of the cable to the target system became 
a major focus. The cable has to be small, light, flexible, 
and long, so the user can plug it into a target system where 
the microprocessor socket is not readily accessible. The 
signal that starts at the emulator and exits at the target 
system must look like the signal that would be present if 
the target processor chip itself were present. Since these 
cables experience a great deal of mechanical stress over 
the life of the product and its application in target systems, 
they have to be rugged. 

We approached this design task in two ways. A member 
of the team did an experimental and theoretical study of 
the electrical performance needed for the emulator to meet 
its design goal. The objective was to make the signal fidelity 
in the cable essentially independent of the length of the 
cable. Another team was working with an outside cable 
manufacturer to realize the mechanical features needed in 
the cable. 

The length of the cable is important because in the major 
ity of real-world target systems, the microprocessor socket 
is not easily accessible to the emulation cable, and it isn't 
always possible, either mechanically or electrically, for the 
user to have a convenient extender card with the processor 
socket easily accessible. Since the transit time through the 
cable is set by the speed of light, the length of the cable 
for each emulator is set by the maximum operating speed 
of the processor being emulated and its timing require 
ments. 

A cable design evolved that borrows heavily from exist 
ing oscilloscope technology. However, an oscilloscope typ 
ically has between two and eight signals to deal with. The 
Motorola 68000 microprocessor has 64 pins, of which 
roughly 60 must maintain high signal fidelity. The cable 
technology is considered proprietary, so further details can 
not be given here. However, the results are easily demon 
strated. 

Fig. 4 illustrates the signal fidelity achievable with the 
new cable technology. Fig. 4a is the trace from a signal 
propagating along a standard ribbon-type cable, 12 inches 
long, of the type commonly used for connection to a target 
system. The upper trace is the source end and the lower 
trace is the exit end of the cable. It is clear that the lower 
trace exhibits significant undershoot and ringing. Signals 
such as this would probably lead to erroneous data and 

inconsistent performance, since correct operation would 
depend upon how much design margin was available in 
the user's target system. Fig. 4b is a 1.5-meter length of the 
controlled-impedance cable used in the HP 64700 Series. 
The signal fidelity is vastly superior, although some degree 
of rise time degradation does occur. Since each cable used 
within the HP 64700 Series is optimized for full-speed 
operation of the processor in the target system, the effects 
of cable propagation delay and rise time degradation can 
be minimized. Also, the clock signals to and from the pro 
cessor are buffered at the target end of the cable with a 
small, surface-mounted line driver circuit. In processors 
such as the Z80, 8086, and 68000, this is not absolutely 
essential since these processors do not have their own in 
ternal oscillator circuitry. The 80186 processor does have 
an on-chip oscillator that would not function at all if it 
needed to drive the added capacitance of the cable. In this 
case, the buffer circuitry provides the oscillator function 
and drives a clean signal back to the emulator. With this 
design a Z80 emulator can operate at 10 MHz with no wait 
states with a one-meter-long cable. The shortest cable of 
the initial products is 18 inches long, and is designed to 
be used with an 80186/80188 processor operating at clock 
speeds up to 16 MHz. 

Achieving these levels of performance results in a cable 
that is expensive to manufacture and test. This would trans 
late to customer dissatisfaction with the product if this 
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Fig .  4 .  (a )  S igna ls  a t  the  source end (upper  t race)  and ex i t  
end ( lower  t race)  o f  a  s tandard r ibbon- type cable  12 inches 
l ong ,  (b )  S igna l s  a t  t he  sou rce  end  (uppe r  t r ace )  and  ex i t  
end ( lower  t race)  of  a  1 .5-meter  length of  the contro l led- im 
pedance cab le  used in  the HP 64700 Ser ies .  
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performance led to a mechanically fragile cable design. 
Considerable effort also went into making the cable 
mechanically rugged and flexible. During the product's de 
velopment, a special test fixture was designed to flex the 
cable through thousands of bending cycles, typical of how 
these cables are stressed in real environments. 

Chassis 
During our customer visits we found that one of our 

customers had suspended an HP 64000 Development Sys 
tem from the ceiling by steel cables to get it close to the 
target system processor, which was located in the topmost 
circuit card in a six-foot-high equipment bay. The HP 64000 
is about the size of a large workstation computer and this 
was obviously not optimal for mechanical, safety, and con 
venience reasons. Thus, we saw the need for a chassis that 
could be easily brought close to the system under develop 
ment. 

The chassis for HP 64700 Series emulators is designed 
for minimum size. Holes are placed around the perimeter 
of the chassis to hold two handles, which can be used for 
standing or suspending the emulator closer to the target 
system (see Fig. 5). These handles, dubbed the "skyhooks" 
by a member of the design team, permit the emulator to 
adjust to any desired mechanical configuration. 

Data Transfer 
Since the HP 64700 Series uses an industry-standard 

serial interface structure, the speed at which files and infor 
mation can be exchanged between the emulator and the 
host computer is a significant issue. The HP 64700 can 
transmit and receive files at burst rates up to 450 kilobaud 
using the synchronous RS-422 channel (imbedded in an 
otherwise standard RS-232-D port) with hardware hand 
shaking. However, raw bandwidth is useless unless it can 
be coupled with an equally fast method of loading the files 
into the processor's memory space. This file transfer link 
has been optimized so that a realizable system transfer rate 
in the range of 100 to 150 kilobaud is obtained. This in 
cludes the overhead of file formats and file error correction 
software. Actual file transfer rate measurements have been 
made. A 256K-byte file was repeatedly downloaded to the 
emulation memory of each of the HP 64700 emulators. 
Table II lists the transfer times for three of the initial prod 
ucts. 

Table I I  
HP 64700 Series Emulator 256K-Byte File Transfer Time 

Emulator  Time (seconds)  

H P 6 4 7 5 3 A ( Z 8 0 )  1 4  
H P 6 4 7 6 4 A  ( 8 0 1 8 6 )  2 0  
H P 6 4 7 4 2 A ( 6 8 0 0 0 )  2 6  

However, it should noted that this is a special 8-bit binary 
transfer mode. Files in ASCII or hexadecimal format would 
load at approximately one half to two thirds of these rates. 
Buffered interface circuits are currently being designed for 
use with the HP 9000 Series 300 and HP Vectra Personal 
Computers (IBM PC/AT compatibles) so that the maximum 
download speed capabilities can be realized. 

O p e r a t i n g  M o d e s  
An additional RS-232-D interface is also included with 

the emulators. This second port allows the emulator to be 
operated, together with a terminal, from a single drop of a 
mainframe computer, or in conjunction with a PROM pro 
grammer. The HP 64700 emulator can be placed in a pass- 
through mode so that the terminal can effectively com 
municate with the host computer. When the appropriate 
escape sequences are given, the emulator will intercept 
and execute those commands intended for it. The transpar 
ent mode also allows several emulators to be serially con 
nected to each other and to a single host control port. After 
each emulator is assigned a unique serial address code, it 
can then be individually controlled by the host. 

An emulator can be used in a stand-alone mode, that is. 
without target hardware. Used this way, it is much like a 
single-board computer. The stand-alone mode is a very 
efficient way to develop the embedded code that the final 
product will eventually be controlled by, even though it 
may be too early in the design cycle for any real target 
system hardware. Eventually, of course, it becomes neces 
sary to begin turning on the target system hardware and 
integrating it with the various software modules that have 
been and still are being developed for it. At this point the 
emulator must be able to plug into the target system and 
substitute for the microprocessor that will be used in the 
final product. 

Analysis 
An important feature of the HP 64700 Series is the power 

of its internal emulation bus analysis and external state 
and timing analysis. The heart of the analysis system is 
the logic analyzer on a chip used in the HP 165X family 
of logic analyzers.2 Internal analysis of the emulation pro 
cessor's address, data, and status buses is a standard fea 
ture, and an additional 16 external channels of 25-MHz 
state analysis and 100-MHz timing analysis are available 
as an option. The external channels can be either tightly 
or loosely coupled to the internal channels, depending 

Fig.  5.  Handles at tach to the HP 64700 emulator  chassis  for  
s tanding or  suspending the emulator  c lose to  the target  sys 
tem. 
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upon the requirements of the measurement. 
The features and applications of the HP 64700 internal 

analyzer include: 
â€¢ Eight levels of sequencing for complex program flow 

tracking 
â€¢ Address, data, or status range resources 
â€¢ Prestore queue for variable access tracking 
â€¢ Time tagging for instruction execution measurements 
â€¢ 1024-state-deep memory (512 states with time tagging) 
â€¢ Powerful set of store qualification resources 
â€¢ Selectable trigger resources 
â€¢ Code coverage memory for reliability metrics. 

Environments 
An emulator is only one part of a microprocessor de 

velopment system. Also required is a comprehensive soft 
ware environment that will support the microprocessor of 
choice. The HP 64000-PC Personal Integration Environ 
ment provides the required environment. Since the 
hardware is host independent, any assembler or compiler 
that can output one of several industry-standard object file 
formats, such as Intel Hexadecimal File Format, Motorola 
Hexadecimal S-Record File Format, Extended Tektronix 
Hexadecimal File Format, and Hewlett-Packard Absolute 
File Format, can be used. However, to access the complete 
development system environment the user is encouraged 
to use software tools that also produce compatible symbol 
table information for use by HP-approved, high-level de 
buggers and HP-supported interfaces. 

The supported interfaces, initially targeted for HP Vectra 
Personal Computers and HP 9000 Series 300 workstations, 
provide a window environment for code development and 
hardware/software integration. On the HP Vectra PC, the 
window environment is coupled with an inverted-tree 
command line structure. The inverted-tree structure is the 
interface most familar to users of the popular spreadsheet 
programs. This structure allows complex measurement se 
quences to be constructed from ever-descending levels of 

options until the final structure of the command is estab 
lished. At each level a brief explanation line is provided 
for each command option. The user selects the option pos 
sibilities using the cursor keys or the first letter of the 
command option. This type of interface is often called 
noun-driven, since only noun descriptors are used to 
traverse the tree. 

Windows can be set up and customized for various infor 
mation displays. Register information, memory contents, 
high-level source code, assembly code, and analyzer trace 
information can coexist in different windows and be called 
up for full display. In addition, a terminal window can be 
invoked. This window allows direct access to the host in 
dependent, ASCII command set of the HP 64700 system. 
Fig. 6 shows this user interface for an MC68000 emulator 
(HP 64742A). 

One of the most challenging chores for the user is the 
proper structuring of the triggering, tracing, and storing 
conditions required to build complex measurement struc 
tures. The window interface opens up to reveal a straight 
forward menu construct. Simply filling in the menu fields 
automatically builds the analyzer's measurement se 
quence. 

On HP 9000 Series 300 Computers the interface is mod 
eled after the original HP 64000 syntax-directed softkey 
structure. This consistency permits an HP 64700 Series 
emulator to operate from the same environment as a com 
panion HP 64000-UX emulator. 

Mult iprocessor Emulation 
Multiprocessor systems are becoming the norm, rather 

than the exception, in the design of products with embed 
ded microprocessors. Industrial robots, telecommunica 
tions networks, and aircraft are just a few examples of such 
applications. The HP 64700 Series contains a special mea 
surement and control structure called the coordinated mea 
surement bus, or CMB. The CMB interface is a 9-pin D-type 
connector on the rear of the instrument. Up to 32 emulators 
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tatic int nun discs, delay; 
tatic int free levelO]; 

1 11H HHflfl HHNn HMMH HnHn HHflfl Rnnn Rill 
11BB BBBB BBBB BBBB BBBB BBBB BBBB BB11 
1CCC CCCC CCCC CCCC CCCC CCCC CCCC CCC1 
DDDD DDDD DDDD DDDD DDDD DODO DDDD DDDD 
1111 1111 1111 1111 1111 1111 1111 1111 

8812SC ADDQ.L Â«4, ft? 
88125Ã̈  HOUE.U MMc[A6),-[A?l 
881260 898c supr pros 

8.488 uS 
8.528 uS 
8.488 uS 

! > T A T I Ã Ã  - M M  R u n n i m j  u s e r  I T  - , -  
Systen Register  Processor Breakpoint* Hmoi'y  Config  Analysis  

A c t i v e  D e l e t e  E r a s e  L o a d  O p e n  S t o r e  U t i l i t y  Z o o *  F ig .  6 .  Use r  i n te r f ace  f o r  an  HP  
6 4 7 4 2 A  E m u l a t o r ,  s h o w i n g  t h e  
window capabi l i ty .  

50  HEWLETT-PACKARD JOURNAL DECEMBER 1988  

© Copr. 1949-1998 Hewlett-Packard Co.



C o m m u n i c a t i o n s  
T o  F r o m  H o s t  

Fig. 7. Emulation in a robotics appl icat ion of a mult iprocessor 
array. 

can be connected via this port, using inexpensive insula 
tion-displacement ribbon cable, with a total separation dis 
tance of 50 meters. The CMB allows any grouping of 
emulators to participate in a coordinated measurement. 
This measurement can include synchronous starts and stops, 
internal or external analyzers coupled to multiple trigger 
sources, or triggering by activity occurring at another, re 
mote emulator. Each emulator can be controlled by the 
same host computer or by independent hosts. Thus, for 
example, in a system with multiple processors accessing 
a common memory, fault conditions leading to an errone 
ous data transfer can be traced by triggering the analyzers 
of the two emulators at the detection of the fault, using the 

external state timing analyzer to look at bus activity, and 
breaking the emulators to the background state to prevent 
any system or code corruption. 

Fig. 7 is a simplified schematic diagram of one possible 
multiprocessor configuration, a complex industrial robot 
ics application. The robot has communications links that 
allow it to share status and task programming information 
with other computers. Usually, satellite processors handle 
the peripheral chores, while a powerful central processor 
such as a 32-bit 68020 coordinates overall operation. In 
the example shown, each peripheral processor (such as an 
80186) is replaced by a separate HP 64764A/L Emulator. 
These emulators are linked to each other via the CMB and 
to a 68020 emulator via the CMB/IMB link in the HP 64120A 
card cage. The entire system is controlled by an HP 9000 
Model 350 workstation computer, and each emulator ap 
pears as a session on the high-resolution display. The HP 
64120A card cage is linked to the Model 350 via the HP-IB 
(IEEE 488/IEC 625), and the HP 64700 emulators communi 
cate via the RS-232-D/RS-422 serial link. With this config 
uration, some or all of the processors can be started or 
stopped simultaneously. Program flow events occurring in 
one part of the system can trigger analyzers somewhere 
else and perhaps shut down the system to prevent damage 
from, say, a robot arm out of control. 
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Host Independent Emulator Software 
Architecture 
Bui l t  into the f i rmware of  the HP 64700 Ser ies host  
independent  emulators  is  an ent i re  microprocessor  
development system. 

by Wil l iam A.  Fischer,  Jr .  

FOR A MICROPROCESSOR EMULATOR, the system 
software is a significant portion of the overall design. 
HP 64700 Series emulators have, for the first time, 

an entire microprocessor development system built into 
firmware. This firmware lays the groundwork for future 
emulator design. 

When a silicon manufacturer releases a new micropro 
cessor, it is important that emulation support be available 
in a timely fashion. The present HP 64000-UX Advanced 
Integration Environment offers more than 40 different mi 
croprocessor emulators. A flexible software architecture 
was developed for the HP 64700 Series that also supports 
many different emulators. This article will discuss the HP 
64700 software architecture. It will be shown how the soft 
ware architecture improves the emulation development en 
vironment and how users benefit with easy-to-use, flexible 
emulation interfaces. 

Software Architecture Overview 
The HP 64700 software has a layered architecture. The 

layers consist of the processor specific drivers, the generic 
firmware, the terminal interface, the RS-232-D/RS-422 com 
munication channel, the programmatic interface, and the 
host interface (see Fig. 1). The software layers have well- 
defined interfaces that permit easy communication be 
tween layers. These interfaces facilitated design and im 
plementation without unnecessary concern for the detailed 
design of the other software layers. 

The system design started with the terminal interface. 
The requirement for host independence (see article, page 
45) necessitated development of an easy-to-use interface 
that connects to a simple ASCII terminal. The needs of the 
terminal interface user were some of the key system design 
concerns. 

The terminal interface is supported by the generic and 
processor-specific firmware layers. The generic firmware 
layer is used by all emulation products. The processor-spe 
cific layer customizes the emulation product for a specific 
microprocessor. The terminal interface firmware is primar 
ily generic, but commands for specific processors can be 
added. 

The user interface residing on the host computer makes 
use of the terminal interface to perform its functions. Some 
terminal interface commands use an option mode to im 
prove system performance by reducing the information 
passed over the RS-232-D/RS-422 communication channel. 

The programmatic interface is the layer between the ter 

minal interface and the host user interface. It resides on 
the host computer and consists of a library of C function 
calls that access the entire functionality of the emulation 
system. The programmatic interface is ported to multiple 
hosts and allows connection of user interfaces of different 
flavors including high-level software debuggers. 

Terminal  Interface 
The terminal interface provides for communication be 

tween the emulation system and the outside world. Termi 
nal interface commands are designed to be atomic, each 
performing only one function. Command names are one to 
five characters in length and form easily remembered 
mnemonic abbreviations of the emulation functions. Com 
mand options provide extra flexibility for the command 
functions. Command operands are used when additional 
data is required by the function. 

For example, to display registers the simple command 
reg is used. With no operands, the command displays the 
entire register set. A single register can be displayed by 
following the command with an operand, the register name, 
as in reg pc. To modify a register the command might be 
used as follows: reg pc=lOOh. 

The terminal interface command set consists of nearly 
100 commands. Almost half of these commands are used 
to access the functionality of the emulation analyzer (see 
article, page 45). The other commands provide functionality 

Host User Interfaces 

Programmatic Interface 
Host 

Computer 

RS-232-D/RS-422 
Communication 
Channel 

Terminal Interface 

Generic Firmware 

Processor-Specific 
Firmware 

Emulator 

F ig .  1 .  The  HP  64700  emu la to r  so f twa re  has  a  l aye red  a r  
chitecture. 
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for memory display, software breakpoints, emulation mem 
ory and target memory loading, stepping, running, and sys 
tem functions. 

To help the user with the sheer number of commands 
that must be remembered, the HP 64700 terminal interface 
contains an extensive help system. The help system pro 
vides detailed descriptions and uses for all commands. 
User access to the commands is simple and hierarchical 
so that users can work their way from generic help, through 
a listing of command groups, and finally to more thorough 
help for an individual command. See Fig. 2 for a display 
of help commands. 

Terminal interface system commands are also available 
for displaying the time and date, controlling the communi 
cation port, and running performance verification tests. 
The HP 64700 Series also allows the user to define system 

macros, groupings of commands that can be executed by 
a user-defined name. 

Firmware Structure 
The firmware consists of generic core code and a set of 

processor-specific drivers and functions. This division al 
lows easy partitioning of firmware tasks. The generic core 
code is universal. Only the processor-specific functions are 
developed for each new emulator. This minimizes the over 
all development time for a new microprocessor emulator. 

The goals of the firmware design were to create maximum 
flexibility in the generic core code, total isolation of the 
processor-specific functions, and minimization of the pro 
cessor-specific functions. Maximum flexibility allows the 
system to accommodate emulation of most conceivable 
types of processors. The total isolation of processor-specific 

R>help 

help - display help information 

help <group> 

help -s <group> 

help <command> 

help 

- print help for desired group 

- print short help for desired group 

- print help for desired command 

- print this help screen 

-- VALID <group> NAMES --- 

gram - system grammar 

proc - processor specific grammar 

sys - system commands 

emul - emulation commands 

* - all command groups 

R>help emul 

emul - emulation commands 

b   break to monitor 

be   break condition 

bnct. . .bnct signal 

bp   breakpoints 

cf   configuration 

cim. . . .copy target image load. . .load emul memory 

cmb. . . .CMB interaction m   memory 

cmbt. . .cmbt signal map. . . .memory mapper 

cov. . . . coverage 

cp   copy memory 

dump. . .dump memory 

es   emulation status 

io   input/output 

mo   modes 

r   run user code 

reg. . . . registers 

rst . . . . reset 

rx   run at CMB execute 

s    s t e p  

ser. . . .search memory 

x. . . .emit CMB execute 

R>help m 

display or modify processor memory space 

m <addr> 

m -d<dtype> <addr> 

m <addr>. .<addr> 

m -dm <addr>. .<addr> 

m <addr>. . 

m <addr>=<value> 

display memory at address 

display memory at address with display option 

display memory in specified address range 

display memory mnemonics in specified range 

display 128 byte block starting at address A 

modify memory at address to <value> 

m -d<dtype> <addr>=<value> - modify memory with display option 

m <addr>=<value> , <value> - modify memory to data sequence 

m <addr>. .<addr>=<value>,<value> - fill range with repeating sequence 

- VALID <dtype> MODE OPTIONS - 

w - display size is 2 byte(s) 

b - display size is 1 byte(s) 

1 - display size is 4 byte(s) 

m - display processor mnemonics 

Fig .  2 .  A  typ ica l  HP 64700 h ierar  
chical  help faci l i ty  d isplay.  
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functions means that the firmware for a given emulator 
resides by itself in ROM on the processor-specific hardware 
board and that the functions are separately compiled. Most 
of the functionality of the firmware is in the generic code, 
reducing the quantity of processor-specific code needed 
for a new emulator. 

The generic commands can be extended. An emulator 
may need a special command not developed in the original 
design. The processor-specific firmware can insert a new 
command into the generic command set or a host interface 
can download new commands via RS-232-D/RS-422. This 
makes the firmware extremely flexible for future but yet 
unknown emulation requirements. 

Separating the generic core functionality from the proces 
sor-specific functionality means that the basic emulation 
functionality is handled by the generic core code, which 
makes calls to low-level drivers that are resident in the 
emulator ROM. The generic core code handles the parsing 
of commands and the basic emulator control. Calls are 
made to the processor-specific drivers whenever communi 
cation with the emulation hardware is needed to complete 
a function. For example, the user enters a command to 
display memory (m O..20h). The generic core code parses 
the command and passes the ASCII string (O..20h) to an 
emulation function that converts the string to an actual 
address. The generic core code then passes the address to 
a processor-specific function that interacts with the emula 
tion hardware to read memory and return the memory val 
ues. The generic core code will then display the value in 
the proper format. 

The processor-specific functions are accessed through a 
table consisting of function calls. Other tables provide in 
formation about processor-specific registers, configuration 
items, the memory mapper, and error code information. 

The data structures are also separated into generic and 
processor-specific pieces of information. Because of pro 
cessor differences, each requires processor-specific data 
structures. Some of these processor differences include ad 
dress, data, and registers. Functions that must differ for 
each emulator include emulation status, configuration, and 
miscellaneous functions. 

Address 
Physical address ranges differ widely with processor 

types. For example, the Zilog Z80 microprocessor has a 
16-bit address range, the Intel 8086 has a 20-bit address 
range, and the Motorola MC68000 has a 24-bit address 
range. In addition, address mnemonics differ. The Intel 
family uses a segmentoffset structure while the Motorola 
family uses a linear address space. Also, some processors 
like the MC68000 and the TMS 320C25 use the concept of 

multiple address spaces. For example, the MC68000 uses 
function codes to distinguish between user and supervisor 
space. These function codes become a logical extension to 
the address. See Fig. 3 for specific examples. 

To handle the varying complexities of processor address 
es, the concept of an address object was developed. An 
address object is a processor-specific structure that repre 
sents a location in the processor's address space. The ad 
dress object structure contains all the pertinent information 
about that processor's address (see Fig. 4). The generic 
firmware never handles a specific address type but instead 
only passes pointers to these address objects. The lower- 
level processor-specific drivers interpret the address, trans 
lating ASCII string to address object, address object to ASCII 
string, address object to physical address, physical address 
to address object, or program counter to address object as 
appropriate. Adding an integer to an address object is 
another lower-level driver function. 

Data 
Data sizes also vary between processors. The MC68000 

can access data lengths of 1, 2, or 4-byte words. The Intel 
8086 can access data as 1 or 2 bytes but the data must be 
displayed in a swapped order compared with the MC68000. 
Since most processors access data as multiples of single 
bytes, data input and display are handled generically as 
an array of bytes. The ordering of the byte data for display 
and interpretation is left up to the processor-specific func 
tions to specify for the particular processor being emulated. 

It is also important to control the type of cycle that is 
used to access the data. The 8086, for example, can access 
data as bytes or words, and it may be necessary for 
peripheral devices to see the proper type of data access. 
The mode (mo) command is used to select the access mode 
for data. The options of this command are processor-spe 
cific and are handled in the drivers that access the data. 
These processor-specific access modes are defined in one 
of the processor-specific tables. 

Similarly, it is important to display the data in the form 
that is most understandable to the user. Typical ways of 
displaying data are in bytes, words, or mnemonics. Again, 
the mode command is used to set the default for these 
processor-specific attributes. Alternatively, commands 
such as memory (m) and search memory (ser) permit the 
user to input an override option to change the display mode 
for that command and the default. 

Registers 
Every processor has its own set of registers. The register 

names vary, as do their lengths and functions. In addition, 
the registers may be read only, write only, or read-write. 

Processor 

Z80 

MC68000 

80186 

TMS320C25 

Address Example 

1000 

10000@sp 

1000:23a5 

1000@p 

Address Type 

linear 

linear with function codes 

segment : of f set 

linear with function codes 

note: (3 indicates function code follows 

sp = supervisor program space for the MC68000 

p = program space for TMS320C25 

F ig .  3 .  Add ress  rep resen ta t i ons  
for var ious processors.  
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Some can reside in memory and others in I/O space. 
Processor-specific tables are created for each emulator 

that fully define the valid register names, sizes, read/write 
status, and register grouping information. 

Configuration 
Each emulator requires a different set of configuration 

parameters. These configure the emulation hardware to 
provide the type of functionality that the user wants. Users 
need to decide if they want to use the target system clock 
or the internal emulation clock, or they might need to 
switch between a foreground monitor and a background 
monitor (see article, page 45). These configuration parame 
ters are extremely important for normal functionality, and 
provide the flexibility for an emulator to work in a wide 
variety of target systems. 

Each emulator establishes its own table of function calls 
for configuration parameters. The table contains the config 
uration name, the function to be called for that configura 
tion, and the configuration help functions. 

Status 
An emulator must be able to control the transition to 

various states and determine the state in which it is cur 
rently residing. An emulator has three basic states: running 
user code, running in monitor, and static reset. The method 
each emulator uses to enter these various states can vary 
greatly from a simple toggle of a control bit located at a 
defined address in the controller's memory space to multi 
ple writes to the hardware. 

Determining the current status of an emulator may be as 
simple as reading a single hardware status bit or as complex 
as interrogating the monitor for detailed information. Pro 
cessor-specific functions control the state transitions and 
read the current system state. 

A d d r e s s  O b j e c t  L e n g t h  =  3  
W o r d  1  =  h i g h  8  b i t s  o f  a d d r e s s  
W o r d  2  =  l o w  1 6  b i t s  o f  a d d r e s s  
W o r d  3  =  f u n c t i o n  c o d e  

F ig .  4 .  Address  ob jec t  s t ruc tu re  fo r  the  MC68000  p rocessor .  

Miscellaneous 
Each processor has its own instruction mnemonics. An 

inverse assembler is provided in firmware for each 
emulator. Also, functions are provided for loading the emu 
lation monitor, the code that actually communicates with 
the target processor. 

Host Interfaces 
Host interfaces are programs resident on the host com 

puter that provide the user's view of the HP 64700 Series 
emulators. Because emulation control firmware is resident 
in ROM on the emulator, it is reasonable and efficient to 
develop multiple host interfaces for each emulator. 

Currently, host interfaces are supported for two different 
hosts: the HP 9000 Series 300 and the HP Vectra PC and 
IBM PC/AT compatibles. Two different interfaces are sup 
ported on the Series 300: an emulator interface using the 
same syntax-directed softkey design as the original HP 
64000 and a new high-level software debugger. The inter 
face on the HP Vectra PC provides a friendly emulation 
interface with a flexible windowing display system (see 
Fig. 6 on page 50). A timing analyzer interface is provided 
on the HP Vectra PC using a graphical display (see Fig. 5). 
All host interfaces provide a syntax-directed command 
structure, displays of emulator output, and an integrated 
symbolic package. 

Programmatic Interface 
The programmatic interface is the starting point for all 

host software. The programmatic interface is a library of C 

Sanpie Period (180 ns] 1.888 us/diu 518.88 ns x to tine trig 
Magnification I 4x1 Magnify about Ixl 8.8 us x to o 
c u r s o r  n o v e s  [ x l  1 8 . 8 8  n s / c l k  

x o 
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Pod3â€” 

Â«â€¢â€” > IJliTLTLitLr JllruTJTLnJTIlJUl 
P o d S    >  

PotÃ³   > i  

P o d ?    >  wmnnjir^^ 
PodB   >  

STATUS: H68880 â€” Running in Monitor 
B e g i n  H a l t  S p e c  S y s t e n  U t i l i t y  

Trace ConfÃ­ete Fig.  5 .  HP 64700 t iming analyzer  
i n t e r f a c e  ( o r  t h e  H P  V e c t r a  P e r  
sonal  Computer .  
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function calls. A host interface program gains access to the 
emulation system via these calls. 

The programmatic interface provides functionality for 
memory and I/O accesses, run control, register display and 
modification, software breakpoints, the coordinated mea 
surement bus, and error message control. The programmat 
ic interface hides the emulator's functional idiosyncrasies 
from the host interfaces. Thus, the designers of host inter 
faces do not need to understand the complete emulator 
behavior, greatly simplifying their task. 

The programmatic interface also handles command and 
error message synchronization. The HP 64700 emulators 
will only respond with information such as data, an error 
message, or a status message in response to an entered 
terminal command. Updates of information are also re 
turned after a null command (a simple carriage return). 
The only time the user receives information without re 
questing it is on power-up, when the copyright message and 
emulator hardware configuration and firmware revisions 
are sent. This methodology greatly simplifies the handling 
of information returned from the emulator. 

The information returned from the HP 64700 Series can 
be either synchronous or asynchronous. A memory com 
mand, for example, returns the contents of the requested 
memory locations. If an invalid address is entered, an error 
message is generated and displayed. Both of these informa 
tion types are synchronous with the last command entered. 

A software breakpoint command (bp) establishes a condi 
tion that could result in the generation of an asynchronous 
message. The software breakpoint command replaces an 
instruction in the target memory space with the processor's 
software trap instruction. When that trap instruction is 
executed in the user's program, the control of the target 
processor is transferred to the emulation monitor program. 
The emulation control firmware, executing on the control 
processor, determines that a software breakpoint occurred, 
and a message is displayed indicating this. The software 
breakpoint will most likely occur long after the original 
software breakpoint command was entered. Because of this, 
the software breakpoint message will be returned with data 
from another command. This type of message is termed 
asynchronous. 

The status and error commands are separated into syn 
chronous and asynchronous buffers by the programmatic 
interface. Host interfaces can access these two buffers for 
display and error evaluation purposes. 

The programmatic interface, like the firmware, uses the 
concept of an address object. The processor-specific depen 
dencies are manipulated by a library that together with an 
expression evaluator and a symbol package evaluates all ex 
pressions of address objects. This permits the programmat 
ic software to handle the expression in a generic fashion. 

The programmatic interface also provides substantial 
control of the HP 64700 emulation analyzer. The terminal 
interface handles analyzer control with a large set of ele 
mental commands. Simple analyzer control is easy, but 
setting up a complex analysis sequence requires the user 
to allocate all the analyzer resources manually. This re 
quires an intimate understanding of the analyzer hardware 
and its programming model. The programmatic interface 
uses an expression tree with a validation function to deter 

mine if the analyzer contains enough resources to perform 
the measurement. 

The programmatic interface also includes the communi 
cation port drivers. For MS-DOS these port drivers control 
the standard RS-232-D/RS-422 port on the HP Vectra PC 
and provide high-speed communication at up to 460 
kilobaud using a new buffered interface card (HP 6403 7A). 
A communication port configuration file is read to associate 
a logical emulator name with a physical communication 
port on the host computer. 

The PC Interface 
The host user interface for PCs provides the user with a 

friendly windowing environment. Commands are entered 
by single keystrokes or command selection using the cursor 
keys. The PC interface takes the commands from the user 
and builds a set of data structures. These data structures 
are passed to the programmatic interface. The program 
matic interface validates the data structures and generates 
the appropriate terminal interface commands. The com 
mands are passed to the port drivers which send them to 
the HP 64700 emulator via an RS-232-D/RS-422 communi 
cation channel. 

The data generated by the HP 64700 Series is received 
via the RS-232-D/RS-422 drivers. It is then processed by 
the programmatic interface and the data is put into data 
structures. The PC interface translates the data structures 
into ASCII for display in one of the windows. 

Summary  
The layered software interface for the HP 64700 emula 

tors has succeeded in reducing the development time for 
new emulation products. The software contains well- 
defined interfaces that simplify software communication 
between layers. The terminal interface layer provides a 
host independent interface that is also used by all the host 
interfaces. Incorporating the entire emulation functionality 
in firmware has permitted easy development of more than 
one host interface, providing an emulation system that can 
be used as a hardware/software integration tool , a high-level 
software debugger, or a timing analyzer. 

Acknowledgments 
Much thanks goes to the software architects who devoted 

so many hours to the development of this system: Eric Kuzara, 
Jeff Downs, Cheryl Brown, Beth Vail Jones, Mike Gardner, 
Harold Shaw, Steve Warntjes, Rick Nygaard, Manfred 
Arndt, and Todd Bailey. A special thanks is given to John 
Romano who successfully guided us through this project. 

56  HEWLETT-PACKARD JOURNAL DECEMBER 1988  

© Copr. 1949-1998 Hewlett-Packard Co.



Expanded Memory for  the  HP Vectra  ES 
Personal  Computer  
This  memory subsystem prov ides h igh-per formance 
expanded memory  and  ex tended memory  suppor t  fo r  HP 
Vectra Personal  Computer  appl icat ions whi le mainta in ing 
compat ib i l i ty  wi th industry standards. 

by Gary W.  Lum, Mi l ton J.  Lau,  and Wesley H.  Stel ter  

THE VECTRA ES EXPANDED MEMORY CARD is a 
memory subsystem consisting of a hardware card 
and a software driver for the HP Vectra ES Personal 

Computer. The key design objectives for this subsystem 
were to: 
â€¢ Conform to industry standards, including LIM EMS 3.2 

and 4.0 (see box, page 61) 
â€¢ Provide a high-performance expanded memory system 

to support Microsoft Windows and the NewWave envi 
ronment 

â€¢ Provide a high-performance memory system to support 
extended memory applications (see box, page 62, for an 
explanation of extended and expanded memory). 
The design challenge was to provide superior perfor 

mance and yet remain compatible. Both LIM EMS 4.0 and 
3.2 define a protocol for using expanded memory, but EMS 
3.2 includes support of function calls 10 and 11, which 
dictate a specific memory architecture, and several major 
applications make use of them. These software functions 
define not only the memory cards' I/O port addresses, but 
the I/O data bit assignments as well. The memory card had 
to conform to these definitions â€” a high-performance mem 
ory system that was not register-compatible with the LIM 
EMS 3.2 specification would not meet our objectives. How 
does one contribute within such a strict definition of com 
patibility? 

The project team began by addressing the level of com 
patibility required by end-users. Clearly, full support of 
LIM EMS 4.0 was a requirement for Microsoft Windows, 
and because some major industry applications use LIM 
EMS 3.2 functions 10 and 11, supporting these was also 
necessary. Extended memory support was required for sup 
port of new operating systems, such as OS/2. None of these 
applications specifies a particular mechanical configura 
tion of a memory card, or a maximum CPU or memory 
clock speed. Research showed that customers wanted at 
least 1M bytes of additional memory and required any up 
grades to be user-installable. Industry trends showed that 
a maximum configuration of 6M to 8M bytes would be 
competitive in the next generation of memory cards. There 
fore, we required full compatibility with LIM EMS 3.2 and 
4.0, but had some freedom in the mechanical configuration, 
memory configuration, and electrical performance of the 
card. 

Given these constraints, the ES expanded memory card 

definition evolved into a card that provides the following 
features: 
â€¢ 100% compatibility with LIM EMS 4.0 and 3.2 
â€¢ Daughter board configuration that does not take up a 

standard Vectra I/O slot. 
â€¢ Up to 8M bytes of expanded or extended memory 
â€¢ User-installable memory upgrades 
â€¢ All 8M bytes of memory running at the same memory 

speed as the Vectra ES motherboard memory 
â€¢ EMS 4.0-specific hardware for superior expanded mem 

ory performance. 
Each of these features adds capability to the Vectra ES 

Computer, yet does not compromise the required compati 
bility models. A proprietary motherboard/memory-card in 
terface was defined that makes the 8M-byte memory array 
appear to the 80286 CPU as motherboard memory. Since 
the new LIM EMS 4.0 function calls do not specify a 
hardware architecture, proprietary high-performance cir 
cuitry was designed to assist these calls. Surface mount 
logic ICs and the latest DRAM technology allow both the 
new logic and an 8M-byte memory array to fit on a single 
card. 

Hardware Architecture 
The ES expanded memory card is partitioned into three 

major blocks (Fig. 1): a single 8M-byte DRAM array, ex 
tended memory logic, and expanded memory logic. The 
extended and expanded logic blocks are two independent 
memory systems. Separate extended and expanded mem- 

VALID_EXT_ADRS 

8M-Byte Memory 
Array 
and 

Control Logic 
â€¢â€¢â€¢ 

Extended Memory 
Logic 

Expanded Memory 
Logic 

D a t a  C o n t r o l  

12-MHz 80286 Processor  In te r face  
A d d r e s s  

F ig .  1  .  B lock  d iag ram o f  the  Vec t ra  ES expanded  memory  
card. 
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ory addresses are generated each memory cycle, and one 
is chosen depending on the type of cycle (defined by the 
state of the highest microprocessor address lines). 

The 8M-byte DRAM array is organized as four indepen 
dent 2M-byte banks (the reason for this is explained later). 
Each bank is 18 bits wide â€” 16 bits of data and 2 parity 
bits â€” which allows a minimum memory configuration of 
2M bytes, with upgrades in 2M-byte increments. On-board 
logic handles all timing and refreshing for the memory 
array. Each bank can be assigned to either expanded or 
extended memory via DIP switches, so the user can specify 
a combination of both kinds of memory. 

The extended memory logic is straightforward (Fig. 2). 
Comparators and DIP switches define a starting address 
and an ending address on any IM-byte boundary. These 
signals generate VALID_EXT_ADRS, which is used in a lookup 
table to determine which of the four physical memory 
banks is used. Any memory bank not assigned in the lookup 
table is considered to be expanded memory, allowing a 
combination of both extended and expanded memory. DIP 
switches define all extended memory parameters, since 
extended memory must be defined at system power-up, 
before any software driver can configure the card. 

The expanded memory logic, shown in Fig. 3, is consid 
erably more complex. Four logically independent banks of 
eight map tables each, bank-switching logic, and a set of 
I/O registers make up this block. The I/O registers are used 
to configure the bank-switching logic and update map table 
contents. Once the map tables are programmed, they begin 
managing the expanded memory pages whenever memory 
addresses are presented to the board. 

Since the card is register-compatible with EMS 3.2, both 
the I/O port locations and the bit definitions were pre 
defined. To provide EMS 4.0 with the full mapping capa 
bility it requires (it allows programs to address up to 32M 
bytes of expanded memory), a map table of 64 entries was 
defined. Each entry corresponds to a 16K-byte block in the 
MSÂ®-DOS IM-byte address space. With this structure, any 
open 16K-byte block can be mapped with expanded mem 
ory, which gives applications the ability to manipulate 
much larger amounts of expanded memory than the 64K 
bytes available in EMS 3.2. When expanded memory is 
used to backfill user memory, an operating environment 
can manage several concurrent applications by simply 

"As explained later ,  there are eight  tables per bank so the card can run eight  tasks before 
requi r ing sof tware mapping.  

DIP Switches 
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Detect 
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DIP Switches 

DRAM 
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Logic 

V A L I D _ E X T _ A D R S  

Extended  
Memory  
A d d r e s s  

2 3  

mapping in or out additional pages, rather than moving 
programs off to disc. Special I/O decoding is used to place 
the EMS 3.2-compatible I/O ports at their required address 
es, while making the additional 60 EMS 4.0-compatible 
map table entries available via proprietary I/O ports. 

Map Table Operat ion 
A map table entry consists of a page enable bit and a 

7-bit page offset. The page enable bit determines whether 
the current table entry is active. It is necessary when mul 
tiple expanded memory cards are present in a system. The 
page offset selects 1 of 128 16K-byte expanded memory 
blocks, which limits each card to a maximum of 2M bytes. 
The basic operation of the map table is shown in Fig. 4. 
When a memory address is presented to the map table, the 
appropriate entry is selected. If the page enable bit is set, 
then the corresponding expanded memory page is accessed; 
otherwise, the bank-switching logic will not respond. In a 
system that has two or more expanded memory cards, only 
one page enable bit can be set for a given 16K-byte block; 
otherwise, memory contention occurs. 

Because we wanted to support 8M bytes, we needed a 
way to select one of the possible 512 16K-byte expanded 
memory blocks. The most straightforward approach was 
to define the page offset to be 9 bits, which would select 
1 of 512 expanded memory blocks. 

However, this would make the I/O registers incompatible 
with LIM EMS 3.2. Therefore, we decided upon a more 
complex addressing scheme, which makes the card look 
like four 2M-byte expanded memory cards, as shown in 
Fig. 5. Each of the four memory banks is defined as a logical 
LIM EMS 3.2 board, each capable of addressing its respec 
tive 128 16K-byte expanded memory blocks. The bank- 
switching logic simulates the parallel memory decoding of 
four boards and generates a single address to the 8M-byte 
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memory array. To any expanded memory application, the 
ES expanded memory card looks like four independent 
2M-byte memory cards. 

To improve EMS 4.0 performance within the EMS 3.2 
compatibility model, new circuitry was developed. The 
resulting capability is a superset of EMS 3.2. incorporating 
multiple map tables, independent control of these map 
tables, and a microprocessor interface that allows 12-MHz 
memory operation anywhere within the 16M-byte address 
range. Each of these capabilities is usable by software driv 
ers that know of their existence, such as the Vectra ES 
expanded memory manager. Applications that write di 
rectly to I/O registers are not affected by the additional 
circuitry. 

Multiple map tables work on the same principle as micro 
processor register sets. Rather than storing in memory an 
image of an active register set when invoking a new task, 
additional copies of the register sets are available, and can 

be selected using a single instruction. Using data from the 
HP Windows development group, it was decided to imple 
ment eight map tables, allowing the card to run eight tasks 
before requiring software mapping. Unique to bank 0 on 
the expanded memory card are four additional default map 
tables. These nonvolatile map tables are used at power-on, 
and store different configurations of backfilled memory. 
DIP switches are used to select the appropriate backfill 
configuration. All map tables are controlled by two propri 
etary I/O registers, MTACTIVE and MTACCESS. MTACTIVE de 
fines which map table is used at execution time. MTACCESS 
defines which map table is accessible, and therefore up 
dated, through the appropriate (and EMS 3.2-compatible) 
I/O registers. The independent control allows a current task 
to continue executing while a new task is being set up. 

The Vectra ES motherboard memory is a 16-bit-wide 
array operating at 12 MHz, with one wait state (249-ns 
cycle time). The objective of the ES expanded memory card 
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0 0 0 0 0  
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was to operate its 8M-byte memory array at the same speed 
and memory width. Because of timing limitations in the 
ES/12's industry-standard backplane, all memory accesses 
are limited to 8 MHz with one wait state. Furthermore, 
backplane memory can only be accessed as 16-bit words 
if an entire 128K-byte address range is programmed for 
16-bit accesses, again because of timing restrictions on the 
industry-standard backplane. Because much of the 640K- 
to-lM-byte DOS address range runs as 8-bit accesses, a 
128K-byte block may not exist, and consequently all back 
plane memory accesses may only be 8-bit. Quick calcula 
tions showed that 8-bit accesses at 8 MHz with one wait 
state would not meet our performance goals. It became 
clear that the ES expanded memory card could not operate 
over the standard backplane, and a new proprietary connec 
tor was defined which allows access to the local 80286 
buses and control signals. The particular signals and buses 
used are: 
â€¢ The local 80286 data bus to provide 20 ns of additional 

data setup time for a write to the expanded memory card. 
â€¢ The local 80286 address bus to provide decoding 40 ns 

earlier than available over the backplane. It is mainly 
access to this bus that makes 16-bit, 12-MHz memory 
operation possible. 

â€¢ Memory commands (MEN/LREAD, MEM_WRITE) directly 
from the 80286 to generate memory timing signals (RAS, 
CAS). This allows standard 100-ns DRAM to be used. 
The use of local 80286 buses required new circuitry to 

be added to the ES/12 motherboard. Because both mother 
board memory and the expanded memory card reside on 
the local buses, direction control of data and address buffers 
needed to be modified when memory accesses were in 
itiated by either DMA devices or backplane masters. 

printed circuit board. The supporting circuitry is im 
plemented in discrete TTL and PALs. High-speed (25-ns) 
SRAM is used to implement the 2048 map table entries 
required for expanded memory. The nonvolatile map tables 
are stored in high-speed PROM. Surface mount technology 
is used wherever possible. Roughly 85% of the components 
are surface mounted. 

Software Driver Architecture 
The Vectra ES expanded memory manager is a software 

driver. It must be loaded before the expanded memory card 
can be used. It is designed to be 100% compatible with the 
LIM 3.2 and LIM 4.0 specifications. 

All code was developed in 80286 assembly language 
under the MS-DOS environment. The code is written as a 
standard character device driver and is installed during 
normal initialization of MS-DOS. Although it does not per 
form any character I/O operations, it is identified with a 
character device name, EMMXXXXO, and remains as a typical 
terminate, stay resident program. The size of the resident 
code is dynamic and varies with the amount of expanded 
memory available in the memory pool. This achieves effi 
cient use of conventional memory to allow other huge ap 
plications to run. After initialization, the typical size of 
the memory manager is about 8K bytes when managing 4M 
bytes of expanded memory. 

The memory manager consists of three separate pieces 
of code: 
â€¢ Initialization routines 
â€¢ LIM 3.2 memory management functions 
â€¢ LIM 4.0 memory management functions. 

Initializing the expanded memory card requires five 
tasks. The first is scanning the lM-byte address range for 

Hardware Implementat ion 
The Vectra ES expanded memory card is roughly the 

size of a standard Vectra I/O card. Two proprietary edge 
connectors are intentionally offset from standard backplane 
connectors so users are mechanically prevented from in 
stalling the ES expanded memory card in a standard I/O 
slot. 

The 8M-byte memory is implemented using IM-byte 
single in-line memory modules (SIMMs). Each SIMM has 
nine 1M x 1-bit, 100-ns CMOS DRAMs mounted on a small 
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unused 16K-byte blocks. These empty spaces are areas in 
which pages of expanded memory can be mapped. The 
spaces need not be contiguous and every available space 
from the end of base memory through option ROM is scanned. 
The algorithm uses a nondestructive read write scheme to 
check for RAM and the industry-standard AA55 checksum 
for ROM. In cases where known areas of memory space are 
being used for memory mapped I/O. an exclude option on 
the driver command line prevents searching these blocks. 

The second initialization task is setting up the map ta 
bles. To allow expanded memory to be mapped into various 
16K-byte holes, the hardware needs to be told what pages 
can be mapped. This is achieved by writing the expanded 
memory page number into a map table. On power-up the 
default map table is read from PROM and copied into one 
of the eight SRAM map tables. During this procedure, the 
expanded memory pages used to backfill MS-DOS memory 
from 256K bytes to 640K bytes are marked and excluded 
from the the expanded memory pool. 

The third initialization task is identifying memory types. 
Conventional memory on the expanded memory card is 
identified by reading the default map table. The remaining 
memory is either extended or expanded, and is determined 
by using an overlapping algorithm. An ID byte is written 
on every 16K-byte interval in extended memory. Then, 
using expanded memory, every 16K-byte page is read. If 
the expanded memory page contains the extended memory 
ID byte, then the page is extended memory. Pages being 
used as extended memory are marked so they do not get 
allocated into the memory pool. The read/write test for 
extended memory is nondestructive so that any extended 
memory applications such as VDISK.SYS will not be de 
stroyed. 

The fourth initialization task is a memory test. The RAM 
test is used to verify the memory's read/write ability. Any 
16K-byte page that contains a bad memory location is 
marked and not entered in the memory pool. This proce 
dure is also necessary during power-on to initialize the 
DRAM parity checking circuitry. 

Data Structure 
The final initialization task is data structure setup. The 

memory manager uses three data structures to control the 
expanded memory pool (see Fig. 6). These are the handle 
table, the lookup table, and the page table. 

The handle table is used to store information about han 
dles and the pages they own. A handle is merely a token 
used by the memory manager to identify an entry in this 
table. When applications request pages, a handle is re 
turned back to them so that when future requests to ma 
nipulate the pages are made, the owner of the pages can 
be identified. One handle is returned for every request to 
allocate pages from the memory manager. Each entry con 
sists of a pointer to the first page owned by the handle, the 
number of pages owned by the handle, the context save 
area, and the name of the handle (8 bytes of ASCII). 

The lookup table contains the N consecutive logical page 
translation mappings that belong to a handle. Each element 
is considered a logical page and contains a pointer to a 
page table entry or a null entry if unused. 

The page table contain two fields. The first field is used 

to indicate that the page has been allocated and the second 
field contains the physical address of the expanded mem 
ory page being used. The mapping of a page is finished 
when this address is written into an entry in the currently 
active map table. 

The handle table is adjustable and can be programmed 
by the user to allow up to 64 handles. The lookup and page 
tables are dynamically determined by the amount of ex 
panded memory available. The more expanded memory 
added to the card, the larger the data structure. This ap 
proach eliminates wasted space for unused entries because 
of nonexistent expanded memory. Since the majority of 
memory manager requests are allocating, reallocating, de 
allocating, and mapping expanded memory, a data struc 
ture is needed that handles the requests in an efficient 
manner. At first a linked list was considered because it 
provides a fast means of reallocating and deallocating mem 
ory pages; however, it would not be efficient for mapping 
pages. An important realization was that almost all memory 
manager activities after an application has been allocated 
expanded memory involve mapping those pages so the 
application can use them. Therefore, a lookup table was 
chosen over a linked list because it is much faster for trans 
lating and mapping logical pages. Speed in mapping pages 

LIM EMS 3.2 and 4.0 

Lotus Development Corporat ion,  Inte l  Corporat ion,  and Micro 
s o f t  M e m  j o i n t l y  d e f i n e d  t h e  o r i g i n a l  L I M  E x p a n d e d  M e m  
ory Speci f icat ion (EMS) in  1984.  Th is  spec i f icat ion,  a t  rev is ion 
3 .2 ,  a l l ows  p rog rams  w i th  an  EMS 3 .2  d r i ve r  t o  use  up  to  8M 
bytes of expanded memory for data storage. LIM EMS 3.2 defines 
a rather l imi ted bank-swi tching scheme, a l lowing only four  16K- 
byte blocks of  expanded memory to be present at  any one t ime. 
T h e s e  f o u r  1 6 K - b y t e  b l o c k s ,  o r  p a g e s ,  m u s t  b e  c o n t i g u o u s ,  
mean ing  tha t  a  s ing le  64K-by te  open space must  be  ava i lab le  
f o r  b a n k  s w i t c h i n g .  T h i s  6 4 K - b y t e  p a g e  w i n d o w  m u s t  r e s i d e  
a b o v e  u s e r  m e m o r y ,  t y p i c a l l y  a t  s e g m e n t s  C 8 0 0 H ,  C C O O H ,  
DOOOH, and D400H. RAM discs,  pr int  spoolers,  and certain pro 
grams (such as Lotus 1-2-3Â® or AutoCADâ„¢) make use of  th is 
addi t ional  s torage.  Ear ly  vers ions of  L IM EMS inc lude sof tware 
funct ion cal ls that al low an appl icat ion to wri te direct ly to the I /O 
p o r t s  o f  t h e  e x p a n d e d  m e m o r y  c a r d .  T h e s e  c a l l s  a r e  n o t  
documented in  rev is ion 3.2,  but  they are suppor ted.  

In August 1987, LIM EMS 4.0 was announced. With 4.0, several 
l imitations of version 3.2 were removed. EMS 4.0 allows programs 
to  address up to  32M bytes  o f  expanded memory,  code as wel l  
as data to be stored in  expanded memory,  and the funct ional i ty  
o f  mul t i task ing,  which a l lows mul t ip le  appl icat ions,  RAM discs,  
and  spoo le rs  to  run  s imu l taneous ly  in  expanded  memory .  Any  
open 16K-byte block in the 1M-byte address space can be f i l led 
w i th  expanded memory .  

EMS 4 .0  can  run  on  expanded memory  cards  des igned  on ly  
for  EMS 3.2;  only  a new dr iver  is  requi red.  Such a system, how 
ever,  wi l l  not make use of al l  the power of EMS 4.0, because the 
new funct ion cal ls can be accessed only by hardware cards that  
h a v e  o r  E M S  4 . 0  c i r c u i t r y ,  s u c h  a s  b a c k f i l l  c a p a b i l i t y  o r  
m u l t i p l e  m a p  t a b l e s .  M a p  t a b l e s  a r e  t h e  t o o l  u s e d  b y  t h e  e x  
panded memory  manager  dr iver  to  manage the  bank swi tch ing  
o f  expanded memory .  
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is a priority, since operating systems, device drivers, and 
interrupt subroutines also make calls to the memory man 
ager. Consider the following algorithm to map a logical 
page using a linked list data structure: 

whi le  (  lookupâ€”  > log ica l_page !  =  log icaLpage )  do  {  
lookup =  lookupâ€”  Â»next  /  t raverse  * /  

} 
/  m a p  t h e  p a g e  * /  
o u t (  M A P _ T A B L E ,  p a g e _ t a b l e [ l o o k u p - ^ l o g i c a l _ p a g e ] )  

The translation from logical page to physical address 
would have required an average of 64 traversals down the 
linked list data structure for a 2M-byte card. This number 
would double for every 2M bytes added to the system. 

Using the lookup table data structure, the algorithm is 
reduced to: 

/  m a p  a  p a g e  * /  
o u t (  M A P _ T A B L E ,  p a g e _ t a b l e [  l o o k u p !  l o g i c a L p a g e  ]  ]  )  

The translation from logical page to physical address 
requires only two reads. 

Expanded versus Extended 
Memory 

Three k inds of  memory can exist  in  an MS-DOS personal  com 
p u t e r :  c o n v e n t i o n a l ,  e x t e n d e d ,  a n d  e x p a n d e d .  T h e  p h y s i c a l  
memory devices used are ident ical  in al l  cases. Only the access 
mode di f fers.  

Convent iona l  memory  res ides  in  the  l inear  address  space o f  
an In te l  microprocessor  (8088,  8086,  80286,  or  80386)  running 
MS-DOS.  Th is  memory  can  be  accessed  d i rec t l y  by  the  20  ad  
d ress  l i nes  o f  an  8088 /6 .  O f  t h i s  1M-by te  add ress  space ,  t he  
lowes t  640K by tes  i s  a l l oca ted  as  conven t iona l  memory  (a l so  
re fe r red  to  as  use r  o r  base  memory ) .  Memory  space  be tween  
640K bytes and 1 M bytes is designated by the computer architec 
ture for video, hard disc, option ROMs, and other system uti l i t ies, 
but  there are normal ly  areas in  th is  384K-byte memory that  are 
not used. 

Ex tended memory  i s  the  l inear ly  mapped memory  above the  
1  M-byte  memory  space.  In  a  v i r tua l -mode 80286 or  80386,  up 
to  15M by tes  o f  ex tended  memory  can  be  accessed .  Because  
MS-DOS does  no t  suppo r t  v i r t ua l  mode ,  ex tended  memory  i s  
l imi ted to  specia l ly  wr i t ten ut i l i t ies  such as RAM discs and d isc 
caches .  An  8088/6  cannot  access  any  ex tended memory .  

Expanded memory is  a method that  a l lows any Inte l  micropro 
cessor  runn ing MS-DOS to  access more than 1M bytes o f  mem 
ory.  Th is  is  accompl ished by bank swi tch ing,  in  which 16K-byte 
b locks  (o r  pages)  o f  expanded memory  a re  mapped in to  some 
o r  a l l  o f  t he  empty  spaces  tha t  occu r  i n  the  1  M-by te  memory  
space.  An expanded memory spec i f icat ion (EMS) descr ibes the 
speci f ic  sof tware cal ls  that  manipulate the bank swi tch ing.  

Most personal computers al low a port ion of their  base memory 
(wh i ch  no rma l l y  r es ides  on  t he  mo the rboa rd )  t o  be  d i sab led ,  
usua l l y  f rom 256K by tes  to  640K by tes .  A l though the  d isab led  
memory  is  inaccess ib le ,  i t  a l lows the  more  power fu l  expanded 
memory to  rep lace,  or  backf i l l ,  the d isabled base memory.  Th is  
capabi l i ty  is  par t icu lar ly  usefu l  for  support ing LIM EMS 4.0.  

Expanded Memory Access 
The LIM 4.0 functions provide an interface for operating 

systems and/or applications to access expanded memory. 
Each function is optimized for speed. The memory manager 
is also reentrant so device drivers and interrupt service 
routines can use expanded memory. An application re 
questing service from the memory manager would follow 
these steps: 
1. Request from the memory manager M logical pages of 
expanded memory. The memory manager will scan the 
page table entries for unallocated pages. When they are 
found the lookup table is updated with M consecutive en 
tries pointing to the allocated pages. The number of pages 
requested and a pointer to the first logical page are stored 
in the handle table. A handle representing an entry to the 
handle table is returned to the application. 
2. Request the page frame address. There are always at 
least four consecutive 16K-byte page frame windows avail 
able for mapping in the lM-byte address space (to maintain 
compatibility with LIM 3.2). The memory manager will 
return the segment address of the first 16K-byte page frame. 
3. Request to save the current page map. Since other appli 
cations may have already mapped expanded memory into 
the page frame, the current mapping must be preserved. 
The mapping is saved in the context save area of the handle 
table. 
4. Request to map a page. The application will give the 
memory manager a handle, a logical page, and a physical 
page. From the handle and logical page, a physical address 
of the expanded memory page will be translated. The map 
table entry given by the physical page will be written with 
this physical address, thus completing the mapping. 
5. At this time the application can now read, write, and/or 
execute code at the page frame address where the page is 
currently mapped. 
6. Request to unsave a page mapping. When the applica 
tion has completed its task with the mapped page it was 
using, it must replace the original page mapping before 
leaving. The memory manager will replace the old map 
pings that were stored in the context save area of the handle 
table. 
7. Request to deallocate pages. The memory manager will 
deallocate pages belonging to the application by resetting 
the allocated bit for each page in the page table. The lookup 
table entries will then be cleared and adjusted for the de 
allocated pages. Each active handle will have its pointer 
to the first logical page entry adjusted to the lookup table. 
Other applications can then reuse the expanded memory 
pages returned to the pool. 

Performance Data 
The data collected on ES expanded memory card com 

patibility and performance has been excellent. We have 
not found any application or utility using LIM EMS 3.2 or 
4.0 that does not run on the ES expanded memory card. 
In comparisons of a Vectra ES/12 with the ES expanded 
memory card and an ES/12 with a conventional expanded 
memory card, the following data has been taken: 
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L o a d  T i m e  f r o m  D i s c  t o  M e m o r y  
(seconds) 

Application 

\VindowsPaint 
Lotus 1-2-3' 

Given these results, we believe we have met our initial 
design objectives. The performance differences in the above 
data are attributable to the ES card's 16-bit memory access 
anywhere in the address space, 12-MHz operation any 
where in the address space, use of the eight hardware map 
tables, and optimized driver design. 

Conclusions 
The development of products for the industry-standard 

marketplace is deceivingly difficult. Because "industry 
compatible" is not always a cleanly written specification, 
part of the design process is determining what aspects of 
industry compatibility need to be considered. The chal 
lenge for product developers is to identify where contribu 
tions can be made within the nebulous compatibility model 

and then provide added value without compromising that 
model. The ES expanded memory card, with its high-speed 
memory system, large memory size, and adherence to in 
dustry standards, is an example of added value within the 
industry-standard marketplace. 
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PART 1:  Chrono log ica l  Index 
February 1988 
Precision Digital Oscilloscopes and Waveform Recorders, /ames 

L. Sorden 
Waveform Recorder Software Design 
Signal  Condit ioning and Analog-to-Digi tal  Conversion for  a  

4-MHz, 12-Bit  Waveform Recorder,  Albert  Gee and Ronald 
W. Young 

Adaptive Sample Rate: A First-Generation Automatic Time Base, 
Richard W. Page and Nancy W. Nelson 

Waveform Reconstruction Techniques for Precision Digitizing 
Oscilloscopes, Richard W. Page and Allen S. Foster 

Digital Design of a High-Speed Waveform Recorder, Rayman W. 
Pon, Steven C. Bird, and Patrick D. Deane 

Printed Circuit Board Transmission Lines 
Waveform Recorder Design for Dynamic Performance, Brian /. 

Frohring, Bruce E. Peetz.MarkA. (Jnkrich.and Steven C. Bird 
Fixed-Frequency Sine Wave Curve Fit 
Packaging a High-Performance 250-Megasample-per-Second Ana 

log-to-Digital Converter, Patrick D. Deane, Simcoe Walmsley, Jr., 
and Farid Dibachi 

Precision Digitizing Oscilloscope Waveform Analysis, Display, 
and Input/Output, Douglas C. Nichols 

Handling of Significant Digits 
Developing a Printed Circuit  Board Design System, Elaine C. 

Regelson 
Automat ing the  Pr inted Circui t  Board Design Process ,  Gary 

Jackoway 

Finding Paths in a Gridded Data Structure 
Managing HP PCDS with the Design System Manager, Paul S. 

Reese and Mark E. Mayotfe 
Use of Filesets in HP PCDS 
Version Strings 
A Multidevice Spooler for Technical Applications, Deborah A. 

Lienharf 
Integrating Applications in a Design Management System, Mark 

E. Mayotte 
HP PCDS Library Module 
Software Quality Assurance on the HP Printed Circuit  Design 

System Project, David E. Martin 
Silicon-on-Insulator MOS Devices for Integrated Circuit Applica 

tions, /eon-Pierre Colinge 

April 1988 
Mill imeter-Wave Sources and Instrumentat ion,  Mohamed M. 

Sayed and John R. Regazzi 
A New Generation of Mill imeter-Wave Calibration and Verifi  

cation Standards 
Millimeter-Wave Vector Network Analysis, Robert G. Dildineand 

/ames D. Grace 
Millimeter-Wave Source Modules, Robert D. Albin 
Millimeter-Wave Source Module Interface 
2-GHz-to-20-GHz Amplifier 
High-Power Microwave Source for Millimeter-Wave Generation, 

Alan R. Bloom, Roger R. Graeber, Kenneth A. Richter, Andrew 
N. Smith, and Ronald T. Yamada 

Millimeter-Wave Detectors Extend Range of Scalar Network Ana 
lyzer, Herbert L. Upham 

Waveguide Reflectometer Calibration 
Design and Performance of Millimeter-Wave Thermocouple Sen 

sors, Lee H. CoJby 
Adapting UNIX Logon Mechanisms to Automation Applications, 

Marvin L. Watkins 
A Virtual  User  Simulat ion Uti l i ty,  Kjel l  A.  Olsson and Mark 

Bergman 
vuser Run String Options 
An HP-UX Kernel Load and Measurement System, Kjell A. Olsson 

and Grace T. Yee 
Process Measures to Improve R&D Scheduling Accuracy, Richard 

M. LeVitt 
An Arbitrary Waveform Synthesizer for DC to 50 MHz, Roland 

Hassun and Albert W. Kovalick 
Address Sequencer 
Sampling Clock Requirements 
A 125-MHz 12-Bit Digital-to-Analog Converter System, Wil/redo 

T. Sagun, Fred H. IvÃ©s, Gary L. Baldwin, and Thomas Hornak 
Arbitrary Waveform Synthesizer Applications in Magnetic Record 

ing and Radar, Albert W. Kovalick and Roland Hassun 
A Waveform Generation Language for Arbitrary Waveform Syn 

thesis,  Derrick T. Kikuchi,  Rafael F.  Miranda, and Peter A. 
Thysell 

June 1988 
Statistical Issues in Setting Product Specifications, Sherry L. Read 

and Timothy R.C. Read 
Robust Estimators 
Propagation of Error with Multiple Sources of Variability 
Boxplots 
Circuit Design Using Statistical Data Analysis, Karen Ka/adar 

and Lynn M. Plouse 
Statistical Calibration of a Vector Demodulator, Karen Kafadar 
Appendix: Solving Nonlinear Least Squares Problems 
An Availability and Reliability Tool forComputer Systems, Wulf 

D. Render 
The Language of Dependability 
Project Management Using Software Reliability Growth Models, 

Gregory A. Kruger 
A Reliable, Autoloading, Streaming Half-Inch Tape Drive, John 

W. Dong, Kraig A. Proehl, Ronald L. Abramson, Leslie G. Christie, 
Jr., and Douglas R. Dome! 

Streaming Tape Drive Control Electronics, Brad/red W. CuJp, 
Douglas R. Domel, Wayne T. Gregory, Jeffery J. Kato, Gerod C. 
Melton, Kraig A. Proehl, David W. Ruska, Virgil K. Russon, and 
Peter Way 

A One-Gigasample-per-Second Digitizing Oscilloscope, Joe K. 
Millard 

A One-Gigasample-per-Second Analog-to-Digital Converter, John 
J. Corcoran, Ken Poulton, and Knud L. Knudsen 

Repetitive versus Single-Shot Bandwidth 
Digitizer Hybrid 
Front-End Signal Conditioning for a High-Speed Digitizing Oscillo 

scope, Thomas K. Bohlev, Mark E. Mathews, Lewis R. Dove, Joe 
K. Millard, David W. Bigelow, and Donald D. Skarke 

Digital Filtering in a High-Speed Digitizing Oscilloscope, B. Allen 
Monti/o 
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Dithering in the HP 54111D 
Digital Filters 

August 1988 
Design and Development of a Color Thermal InkJet Print Cartridge. 

Jeffrey P. Baker. David A. Johnson, Vyomesh Joshi, and Stephen 
]. Xigro 

Capillary Forces in a Foam Matrix 
Print Quality and Pen Development 
Development of a Color Graphics Printer. James C. Smith, David 

C. Triboiei. Hatem E. Mosta/a, and EmiJ Maghakian 
Color Communication Standard 
Manufacturability of the PaintJet Printer 
Mechanical Design of a Color Graphics Printer. Chuong Cam Ta, 

Lawrence W. Chan, P. Jeffrey VVieid, and Ruben Nevarez 
The Second-Generation Thermal InkJet Structure, Ronald A. 

AskeJand, Winthrop D. Childers, and William R. Sperry 
High-Volume Microassembly of Color Thermal InkJet Printheads 

and Cartridges, Cheryl A. Boeller, Timothy J. Carlin, Peter M. 
Roessler, and Steven W. Stein/ield 

Automatic Alignment Machines 
JULIO 
Factory Systems 
Ink Retention in a Color Thermal InkJet Pen, Erol Erturk, Brian 

D. Gragg, Mary E. Haviland, W. Wistar Rhoads, Jim L. Ruder, and 
Joseph E. Scheffelin 

Activating the Pen 
Ink and Media Development for the HP PaintJet Printer, Donald 

J. Palmer, John Stoffel, Ronald ]. Selensky, Peter C. Morris, M. 
Beth Heffernan, and Mark S. Hickman 

Color Thermal InkJet Printer Electronics, Jennie L. Hollis, Philip 
C. Schultz, and William J. Walsh 

Low-Cost Servo Design 
Red AlGaAs Light-Emitting Diodes, Frank M. Sferanka, Dennis 

C. DeFevere, Michael D. Camras, Chin-Wang Tu, David K. 
McEl/resh, Serge L. Rudaz, Louis W. Cook, and Wayne L. Snyder 

LED Ratings 
HP-RL: An Expert Systems Language, Steven T. Rosenberg 
About HP-RL 
MicroScope: An Integrated Program Analysis Toolset, James P. 

Ambras, Lucy M. Berlin, Mark L. Chiarelli, Alan L. Fosler, 
Vicki O'Day, and Randolph N. Splitter 

The Browser Construction Toolkit 
Using Templates in Cross-Reference Analysis 
Rule-Based Execution Monitoring 

October 1988 
Discless HP-UX Workstations, Scotf W. Wang 
Program Management 
A Discless HP-UX File System, Debra S. BartleÂ» and Joel D. Tesler 
Discless Program Execution and Virtual Memory Management, 

Ching-Fa Hwang and William T. McMahon 
The Design of Network Functions for Discless Clusters, David O. 

Gutierrez and Chyuan-Shiun Lin 
Crash Detection and Recovery in a Discless HP-UX System, 

Annette Rondel 
Boot Mechanism for Discless HP-UX, Perry E. Scott, John S. 

Marvin, and Robert D. Quist 
Discless System Configuration Tasks, Kimberly S. Wagner 
Small Computer System Interface, Paul Q. Perlmuller 
SCSI and HP-IB 
X: A Window System Standard for Distributed Computing Environ 

ments. Frank E. Hall and James B. Byers 
Managing the Development of the HP DeskJet Printer, John D. 

Rhodes 
Market Research as a Design Tool 
Human Factors and Industrial Design of the HP DeskJet Printer 
Development of a High-Resolution Thermal InkJet Printhead. 

U'llliam A. Buskirk. David E. Hackleman, Stanley T. Hall. Paula 
H. Kanarek, Robert N. Low. Kenneth E. Trueba, and Richard R. 
Van de Poll 

Integrating the Printhead into the HP DeskJet Printer, J. Paul 
Harmon and John A. Widder 

DeskJet Printer Chassis and Mechanism Design, Larry A. Jackson. 
Kieran B. Kelly, David W. Pinkernell, Steve O. Rasmussen, and 
John A. Widder 

Data to Dots in the HP DeskJet Printer, Donna J. May. Mark D. Lund, 
Thomas B. Pritchard, and Claude W. Nichols 

The DeskJet Printer Custom Integrated Circuit 
DeskJet Printer Font Design 
Firmware for a Laser-Quality Thermal InkJet Printer, Mark J. 

DiVittorio, Brian Gripe, Claude W. Nichols, Michael S. Ard, 
Kevin R. Hudson, and David J. Neff 

Slow-Down Mode 
Robotic Assembly of HP DeskJet Printed Circuit Boards in a Just-in- 

Time Environment, P. David Cast 
DeskJet Printer Design for Manufacturability 
Fabricated Parts Tooling Plan 
CIM and Machine Vision in the Production of Thermal InkJet 

Printheads, Mark C. Huth, Robert A. Conder, Gregg P. Ferry, 
Brian L. Hellerline, Robert F. Aman, and Timothy S. Hubley 

Whole Wafer Assembly of Thermal InkJet Printheads 
Production Print Quality Evaluation of the DeskJet Printhead 
Economical, High-Performance Optical Encoders, Howard C. 

Epstein, Mark G. Leonard, and Robert Nicol 
Basics of Optical Incremental Encoders 
A Complete Encoder Based on the HEDS-9000 Encoder Module 

December 1988 
A High-Speed Optical Time-Domain Reflectometer with Improved 

Dynamic Range, Michael Fleischer-Reumann and Franz Sisc/ika 
Technical Risk Reduced by Joint Development Effort 
Complementary Correlation Optical Time-Domain Reflectometry, 

Franz Sischka, Steven A. Newton, and Moshe Nazaralhy 
Optical Component Design for a Correlation-Based Optical Time- 

Domain Reflectometer, Jtirgen Reck, Siegfried Gross, and Robin 
Gitfard 

Signal-to-Noise Ratio for Detection Using a PIN Diode 
Data Processing in the Correlating Optical Time-Domain Reflec 

tometer, Jochen Rivoir and Wil/ried Pless 
Optical Time-Domain Reflectometer User Interface Design, Joachim 

Vobis 
Printing on Plain Paper with a Thermal InkJet Printer, SÃ­even J. 

Bares 
Host Independent Microprocessor Development Systems, Arnold 

S. Berger 
Hos t  A.  Emula tor  Sof tware  Archi tec ture ,  Wi l l iam A.  

Fischer, Jr. 
Expanded Memory for the HP Vectra ES Personal Computer, Gary 

W. Lum, Milton J. Lau, and Wesley H. Sfelter 
LIM EMS 3.2 and 4.0 
Expanded versus Extended Memory 
Generalization of the Redfield-Kunz Treatment of Quadrature 

Phase Time Data, Alexander Keller and L/lrich H. Haeberlen 
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PART 2:  Sub jec t  Index 

Subject Month 

Acceleration factor, software 
t e s t i n g    J u n e  

Adaptations, UNIX boot/logon   Apr. 
A b s o r p t i o n  r a t e ,  i n k    D e c .  
A d a p t e r s ,  m i l l i m e t e r - w a v e    A p r .  
A d a p t i v e  s a m p l e  r a t e    F e b .  
A D C  e r r o r    D e c .  
A d d r e s s  s e q u e n c e r    A p r .  
Adhesive placement, DeskJet 

p r i n t h e a d    O c t .  
A d h e s i v e s ,  i n k j e t  p e n    A u g .  
A i r  s y s t e m ,  t a p e  d r i v e    J u n e  
A l G a A s  L E D s    A u g .  
Algorithm, code and gain selection .. Dec. 
Algorithm, fixed-frequency sine 

w a v e  c u r v e  f i t    F e b .  
A l g o r i t h m ,  M a r k o v  c h a i n    J u n e  
Algorithm, statistical calibration   June 
Algorithms, character 

e n h a n c e m e n t    O c t .  
Alignment machines, printhead   Aug. 
A m p l i f i e r ,  s o u r c e  m o d u l e    A p r .  
Ampl i f i e r ,  t r ans impedance    Dec .  
A m p l i f i e r ,  2 - t o - 2 0 - G H z    A p r .  
Analog-to-digital converter, 

1 - g i g a s a m p l e / s    J u n e  
Analog-to-digital converter, 

4 - M H z ,  1 2 - b i t    F e b .  
Analog-to-digital converter, 

2 5 0 - M H z ,  8 - b i t    F e b .  
A n a l y s i s ,  w a v e f o r m    F e b .  
A p p l i c a t i o n  i n t e g r a t i o n    F e b .  
Arbitrary waveform synthesizer   Apr. 
A D C  h y b r i d    F e b .  
Asynchronous data transfer, SCSI .... Oct. 
A t t a c h  m a c h i n e s    O c t .  
A t t e n u a t i o n ,  o p t i c a l  f i b e r    D e c .  
Attenuator, digitizing oscilloscope .. June 
A u t o l o a d i n g  t a p e  d r i v e    J u n e  
A u t o m a t i c  e x e c u t i o n    F e b .  
Automation, UNIX applications   Apr. 
Autoplacement, circuit board 

d e s i g n    F e b .  
Autorouter module, HP PCDS   Feb. 
A v a i l a b i l i t y  t o o l    J u n e  
Averaging, digitizing oscilloscope .... Feb. 
A v e r a g i n g ,  o p t i c a l  T D R    D e c .  

B  
B a c k s c a t t e r ,  o p t i c a l  f i b e r    D e c .  
B a c k s h o r t ,  f i n l i n e    A p r .  
Bandwidth, repetitive vs. 

s i n g l e - s h o t    J u n e  
B a r r i e r ,  i n k    A u g .  
Bend locat ion,  opt ica l  f iber    Dec.  
B E S T    A u g .  
B  Â ¡ - t r i g g e r ,  A D C    F e b .  
Bold algorithm, DeskJet characters ... Oct. 
Boo t  ROM,  HP-UX 6 .0  . . .  . . .  Oc t .  

Boot ROM loader, HP-UX 6.0   Oct. 
B o o t ,  U N I X  a d a p t a t i o n s    A p r .  
B o x p l o t s    J u n e  
Breakpoint command, emulator   Dec. 
B r i s t o w  a p p a r a t u s    D e c .  
Broadcast failure datagrams, 

H P - U X  6 . 0    O c t .  
B r o w s e r s    A u g .  
B u b b l e s ,  i n k j e t  p e n    A u g .  
B u f f e r  a r m ,  t a p e  d r i v e    J u n e  
B u r s t  t i m e  b a s e    F e b .  
B u s  a c c e s s  p h a s e s ,  S C S I    O c t .  

C a b l e s ,  e m u l a t o r    D e c .  
Cache performance, HP-UX 6.0   Oct. 
C A E / C A D  s y s t e m    F e b .  
C a l i b r a t i o n ,  a u t o m a t i c    J u n e  
C a l i b r a t i o n ,  s t a t i s t i c a l    J u n e  
C a p i l l a r y  f o r c e s    A u g .  
C a r r i a g e ,  D e s k J e t  p r i n t e r    O c t .  
C a r t r i d g e ,  p r i n t ,  c o l o r    A u g .  
C a t i o n  c o n c e n t r a t i o n    A u g .  
C A T S    A p r .  
Character design, DeskJet printer   Oct. 
C h a s s i s ,  D e s k J e t  p r i n t e r    O c t .  
C h a s s i s ,  e m u l a t o r    D e c .  
C h o k e ,  r a d i a l    A p r .  
C h u n k  m a p ,  H P - U X  6 . 0    O c t .  
C h u n k  t a b l e ,  H P - U X  6 . 0    O c t .  
C I M    O c t .  
C i r c u i t  d e s i g n ,  s t a t i s t i c a l    J u n e  
C l o c k  g e n e r a t o r    F e b .  
C l o g g i n g ,  i n k    A u g .  
C l u s t e r  n o d e    O c t .  
C l u s t e r  s e r v e r  p r o c e s s    O c t .  
C M O S ,  S O I    F e b .  
C n o d e    O c t .  
Code correlation, optical TDR   Dec. 
C o d e  l e n g t h ,  o p t i c a l  T D R    D e c .  
C o d e  w h e e l  s e l e c t i o n    O c t .  
C o d e s ,  c o m p l e m e n t a r y    D e c .  
Color communication standard   Aug. 
Communication link, common   June 
C o m p a r a t o r  d e l a y ,  A D C    F e b .  
C o m p a r e  m o d e    D e c .  
Complementary Golay codes   Dec. 
C o m p o n e n t  v a r i a t i o n    J u n e  
Compressed-width algorithm   Oct.  
C o n c u r r e n t  s t a t e  m a c h i n e s    J u n e  
Connector loss,  optical  f iber   Dec. 
C o n t e x t  d e p e n d e n t  f i l e s    O c t .  
Control electronics, tape drive   June 
Controller, automation, UNIX   Apr. 
Conver ter ,  analog- to-digi ta l    June 
Converter, vector and polygon 

t o  r a s t e r    A u g .  
Coordinated measurement bus   Dec. 
C o p i e r  p a p e r    D e c .  

Correlation, complementary, OTDR . Dec. 
C o r r e s p o n d e n c e  p a p e r    D e c .  
Coupler, probe, millimeter- 

w a v e    A p r .  
Crash detect ion,  HP-UX 6.0   Oct .  
Crash  recovery ,  HP-UX 6 .0    Oc t .  
C r o s s - r e f e r e n c e  a n a l y s i s    A u g .  
C r o s s  t a l k ,  i n k j e t  p e n    A u g .  
C r o s s  t a l k ,  t h e r m a l  i n k j e t    O c t .  
C r u s t i n g ,  i n k    A u g .  
C u r v e  f i t  t e s t ,  A D C    F e b .  

D A C / s a m p l e r  m i c r o c i r c u i t    A p r .  
D a m p i n g ,  t h e r m a l  i n k j e t    O c t .  
D a t a  c o m p a c t o r    A u g .  
Data correlation optical TDR   Dec. 
D a t a  d e c e l e r a t i o n  1 C    F e b .  
D a t a ,  l i b r a r y  m o d u l e    F e b .  
D a t a  s t o r a g e ,  s y n c h r o n o u s    F e b .  
D a t a  s t r u c t u r e ,  g r i d d e d    F e b .  
D a t a  s y n c h r o n i z e r    F e b .  
D e c e l e r a t i o n ,  d a t a    F e b .  
D e c i m a t i o n ,  o p t i c a l  T D R    D e c .  
D e f e c t  r a t e s ,  s o f t w a r e    J u n e  
D e f e c t  t r a c k i n g    F e b .  
D e  M a r c o  E Q F    A p r .  
D e s i g n  h i s t o r y    F e b .  
D e s i g n  m o d u l e ,  H P  P C D S    F e b .  
Design system manager (DSM)   Feb. 
D e s k J e t  p r i n t e r    O c t .  
De tec to r s ,  mi l l ime te r -wave    Apr .  
D e - t e e t e r  c i r c u i t    F e b .  
D H L E D s    A u g .  
D i a p e r  c h i p    A u g .  
D i g i t a l  f i l t e r i n g    J u n e  
Digital-to-analog converter, 

1 2 5 - M H z ,  1 2 - b i t    A p r .  
Digital signal processing 

e n g i n e  ( D S P E )    D e c .  
D i g i t a l l y  c o n t r o l l e d  w r i t e    J u n e  
D i g i t i z e r    J u n e  
Digitizing oscilloscope, 

1 - g i g a s a m p l e / s    J u n e  
D i g i t i z i n g  o s c i l l o s c o p e s    F e b .  
D i o d e  t r i p l e r    A p r .  
D i p l e x e r ,  m i l l i m e t e r - w a v e    A p r .  
D i r e c t i o n a l i t y ,  i n k j e t  p e n    A u g .  
D i s c  t r a n s a c t i o n ,  S C S I    O c t .  
D i s c l e s s  b o o t  m e c h a n i s m    O c t .  
D i s c l e s s  c l u s t e r    O c t .  
D i s c l e s s  c r a s h  d e t e c t i o n    O c t .  
D i s c l e s s  c r a s h  r e c o v e r y    O c t .  
D i s c l e s s  f i l e  s y s t e m    O c t .  
Discless message interface 

f u n c t i o n s    O c t .  
D i sc l e s s  ne twork  func t ions    Oc t .  
D i s c l e s s  n e t w o r k  p r o t o c o l    O c t .  
D i s c l e s s  n e t w o r k  r e c o v e r y    O c t .  
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Discless networking buffer 
m a n a g e m e n t ,    O c t .  

D i s c l e s s  p r o g r a m  e x e c u t i o n    O c t .  
D i s c l e s s  s y s t e m  c o n f i g u r a t i o n    O c t .  
D i s c l e s s  w o r k s t a t i o n s    O c t .  
D i s c o n t i n u i t y  d e t e c t i o n    D e c .  
D i s t o r t i o n .  A D C    F e b .  
Distr ibuted sys tems,  HP-UX 6.0    Oct .  
D i t h e r i n g    J u n e  
D o u b l e - w i d t h  a l g o r i t h m    O c t .  
D r a f t - q u a l i t y  a l g o r i t h m    O c t .  
DRAM system, waveform recorder ... Feb. 
D r o p  d i a m e t e r ,  i n k j e t    D e c .  
D r o p  g e n e r a t i o n ,  i n k j e t    A u g .  
D r o p  v o l u m e ,  i n k j e t    D e c .  
D y e  c o n c e n t r a t i o n    A u g .  
D y n a m i c  l o a d ,  H P - U X    A p r .  
D y n a m i c  r a n g e ,  o p t i c a l  T D K    D e c .  

E f f e c t i v e  b i t s    F e b . ,  J u n e  
Electronics, color inkjet 

p r i n t e r    A u g .  
E m u l a t o r s ,  m i c r o p r o c e s s o r    D e c .  
Encapsulant placement, DeskJet 

p r i n t h e a d    O c t .  
E n c o d e r ,  a n a l o g    J u n e  
E n c o d e r s ,  o p t i c a l    O c t .  
E n c o d i n g ,  A D C    F e b .  
E n d  l o c a t i o n ,  o p t i c a l  f i b e r    D e c .  
Enhancement algorithm, character ... Oct. 
Environment ini t ial izat ion,  DSM   Feb.  
E n v i r o n m e n t a l  d e l t a    J u n e  
E p s o n  F X - 8 0  e m u l a t i o n    O c t .  
E r r o r  p r o p a g a t i o n    J u n e  
E r r o r ,  s h a f t  r u n o u t    O c t .  
Error sources, vector network 

a n a l y s i s    A p r .  
E r r o r s ,  o p t i c a l  e n c o d e r    O c t .  
Estimates, software project duration . Apr. 
E s t i m a t i o n    J u n e  
E s t i m a t i o n  q u a l i t y  f a c t o r    A p r .  
Examples, UNIX automation 

a d a p t a t i o n s    A p r .  
E x e c u t i o n  m o n i t o r i n g    A u g .  
Execution, UNIX modes and 

i n i t i a t i o n    A p r .  
E x p a n d e d  m e m o r y    D e c .  
E x p e c t  s t a t e m e n t s    A p r .  
E x p e r t  s y s t e m s  l a n g u a g e    A u g .  
E x t e n d e d  m e m o r y    D e c .  

F a b r i c a t e d  p a r t s  t o o l i n g  p l a n    O c t .  
F a i l u r e  r a t e s ,  s o f t w a r e    J u n e  
F i b e r  o p t i c  m e a s u r e m e n t s    D e c .  
Fidel i ty ,  d ig i t iz ing osci l loscope   June 
F I F O  f i l e s ,  H P - U X    O c t .  
F i l e  s e c u r i t y ,  D S M    F e b .  
F i l e  s e r v e r ,  H P - U X  6 . 0    O c t .  
F i l e s e t s ,  H P  P C D S    F e b .  
F i l e  s y s t e m  I / O ,  H P - U X  6 . 0    O c t .  
F i l t e r ,  D A C    A p r .  
F i l t e r i n g ,  d i g i t a l    J u n e  
F i l m ,  c o l o r  i n k j e t  p r i n t i n g    A u g .  
F i n i t e  i m p u l s e  r e s p o n s e    F e b .  
Finline, millimeter-wave 

d e v i c e s    A p r  
F i r m w a r e ,  e m u l a t o r    D e c .  
F i r m w a r e ,  o p t i c a l  T D R    D e c .  
F i r m w a r e ,  t h e r m a l  i n k j e t    O c t .  
F i r m w a r e ,  w a v e f o r m  r e c o r d e r    F e b .  
F l a n g e s ,  w a v e g u i d e    A p r .  
F l u i d  b a r r i e r    A u g .  
F o a m  m a t r i x ,  i n k j e t  p e n    A u g .  
Font  design.  DeskJet  pr inter    Oct .  
F o r c e - d i r e c t e d  p l a c e m e n t    F e b .  
F o r m u l a ,  O T D R  m a k e r ' s    D e c .  
Four ie r  t ransform,  computa t ion    Dec .  
F o u r i e r  t r a n s f o r m ,  s h o r t - t i m e    F e b .  
F r a m e s    A u g .  
F r e s n e l  r e f l e c t i o n s    D e c .  

G a A s  c h i p s    J u n e  
GaAs FETs, millimeter-wave 

c i r c u i t s    A p r .  
G a i n ,  c o r r e l a t i o n    D e c .  
G a i n  s e l e c t i o n ,  o p t i c a l  T D R    D e c .  
G a p ,  o p t i c a l  e n c o d e r    O c t .  
Generic layer,  emulator firmware   Dec. 
G e n e r i c  p r i n t e r  c o d e    O c t .  
G e o m e t r i c  i n t i m a c y    O c t .  
G o e l - O k o m o t o  m o d e l    J u n e  
G o l a y  c o d e s    D e c .  
G u a r d b a n d ,  c u s t o m e r    J u n e  

H 
H a l f - h e i g h t  a l g o r i t h m    O c t .  
H a l f - h o l d  s a m p l i n g    A p r .  
H e a d  a t t a c h  m a c h i n e    O c t .  
H e t e r o s t r u c t u r e s ,  L E D    A u g .  
H o m o s t r u c t u r e s ,  L E D    A u g .  
Host independent microprocessor 

d e v e l o p m e n t  s y s t e m s    D e c .  
H o s t  u s e r  i n t e r f a c e ,  e m u l a t o r    D e c .  
H P  E G S    F e b .  
H P  P C D S    F e b .  
H P - R L    A u g .  
H P - U X  d i s c l e s s  w o r k s t a t i o n s    O c t .  
H P - U X  k e r n e l  m e a s u r e m e n t    A p r .  
H P - U X  u t i l i t y ,  v i r t u a l  u s e r    A p r .  
H u b  l o c k  m e c h a n i s m    J u n e  
H y b r i d ,  a t t e n u a t o r    J u n e  
H y b r i d  c i r c u i t ,  A D C    F e b .  
H y b r i d  c i r c u i t ,  p r e a m p l i f i e r    F e b .  
H y b r i d ,  d i g i t i z e r    J u n e  
H y b r i d ,  p r e a m p l i f i e r    J u n e  

I 

1 C  t e c h n o l o g y ,  S O I    F e b .  
Idempotent messages, HP-UX 6.0   Oct.  
I n c r e m e n t a l  e n c o d e r s ,  o p t i c a l    O c t .  
I n f i n i t e  i m p u l s e  r e s p o n s e    F e b .  
Information transfer phases, SCSI .... Oct. 
Ink  absorpt ion  ra te ,  p la in  paper    Dec .  
I n k ,  D e s k J e t  p r i n t e r    O c t .  
I n k ,  t h e r m a l  i n k j e t    A u g .  
I n k J e t  p r i n t e r ,  c o l o r    A u g .  
I n k J e t  p r i n t i n g  o n  p l a i n  p a p e r    D e c .  
I n t e g r a t i o n ,  o p t i c a l  T D R    D e c .  
In te rconnect ,  DeskJe t  pr in thead    Oct .  
I n t e r c o n n e c t ,  p r i n t  c a r t r i d g e    A u g .  

Interface, source module, 
m i l l i m e t e r - w a v e    A p r .  

I n t e r l e a v e d  d i g i t i z e r s    J u n e  
I n t e r p o l a t i o n    F e b . ,  J u n e  

J o b  f l o w .  D S M  s p o o l e r    F e b .  
J U L I O    A u g .  
J u s t - i n - t i m e  m a n u f a c t u r i n g    O c t .  

Kernel measurement, HP-UX 6.0   Oct. 
K e y  d a t a  s t r u c t u r e    A p r .  
K l o p f e n s t e i n  c o m b i n e r    A p r .  
K n o w l e d g e  b a s e    A u g .  

L a n g u a g e ,  e x p e r t  s y s t e m s    A u g .  
Language ,  waveform genera t ion    Apr .  
LAN failure detection, HP-UX 6.0 .... Oct. 
L A N  l i n k  l e v e l  a d d r e s s    O c t .  
L a s e r  d r i v e r ,  o p t i c a l  T D R    D e c .  
L a t c h i n g ,  p r i n t  c a r t r i d g e    A u g .  
L a y o u t ,  c i r c u i t    J u n e  
L a y o u t ,  g r o u n d  p l a n e    J u n e  
L E D  t y p e s    A u g .  
L e v e l  d i a g r a m    D e c .  
L i b r a r y  m o d u l e ,  H P  P C D S    F e b .  
L i g h t - e m i t t i n g  d i o d e s ,  r e d    A u g .  
LIM Expanded Memory 

S p e c i f i c a t i o n  ( E M S )    D e c .  
L i n e a r i t y ,  o p t i c a l  T D R    D e c .  
L i n / l o g  c o n v e r s i o n    D e c .  
L i s p  p r o g r a m  a n a l y s i s    A u g .  
Load generation and measurement, 

H P - U X    A p r .  
L o a d  p r o g r a m s    A p r .  
L o a d e r ,  s e c o n d a r y ,  H P - U X  6 . 0    O c t .  
L o c k f    O c t .  
L o g i c  d e v e l o p m e n t  s y s t e m s    D e c .  
L o g i c  l e n g t h ,  a u t o r o u t i n g    F e b .  
L o g o n ,  U N I X  a d a p t a t i o n s    A p r .  
L o s s ,  o p t i c a l  f i b e r    D e c .  

M 
M a c h i n e  v i s i o n    O c t .  
M a g n e t i c  r e c o r d i n g    A p r .  
M a i n t e n a n c e ,  D e s k J e t  p e n    O c t .  
M a p  t a b l e ,  e x p a n d e d  m e m o r y    D e c .  
M a r k e t  r e s e a r c h    O c t .  
M a r k o v  c h a i n  a l g o r i t h m    J u n e  
Measu re s ,  so f twa re  s chedu l i ng    Ap r .  
M e c h a n i s m s ,  D e s k J e t  p r i n t e r    O c t .  
M e d i a  d r i v e ,  i n k j e t  p r i n t e r    A u g .  
Memory system, waveform recorder . Feb. 
M e n i s c u s  d y n a m i c s    A u g .  
M e t r i c s ,  s o f t w a r e  q u a l i t y    J u n e  
Microprocessor development 

s y s t e m s    D e c .  
M i c r o S c o p e    A u g .  
M i c r o w a v e  s o u r c e ,  h i g h - p o w e r    A p r .  
M i l l i m e t e r - w a v e  d e v i c e s    A p r .  
M o d e l ,  m e d i a  d r i v e    A u g .  
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Moni to r ing  p rog ram execu t i on    Aug .  
M O S ,  S O I    F e b .  
Mounting tolerance, optical encoder . Oct. 
M P B F ,  p r i n t  c a r t r i d g e    A u g .  
M T B F ,  p r i n t  c a r t r i d g e    A u g .  
M u l t i p r o c e s s o r  e m u l a t i o n    D e c .  

N 
N e g a t i v e  h e a d ,  i n k j e t  p e n    A u g .  
Network f i le  system,  HP-UX 6.0   Oct .  
Networks, design system 

m a n a g e r    F e b .  
N M R  t i m e  d a t a    D e c .  
N o i s e ,  d i g i t i z i n g  o s c i l l o s c o p e    J u n e  
N o i s e ,  o p t i c a l  T D K    D e c .  
Nonidempotent messages, 

H P - U X  6 . 0    O c t .  
Nonlinear least squares problems .... June 
N o z z l e ,  i n k j e t    A u g .  
NS-ARPA internet address ... ... Oct. 

O b j e c t s    A u g .  
O p e r a t i n g  s y s t e m ,  H P - U X  6 . 0    O c t .  
O p n o d e  p r o g r a m    A p r .  
O p t i c a l  b a l a n c e    O c t .  
O p t i c a l  e n c o d e r s    O c t .  
O p t i c a l  s y s t e m ,  T D K    D e c .  
Optical time-domain reflectometry ... Dec. 
O r i f i c e  a t t a c h  m a c h i n e    O c t .  
O r i f i c e  p l a t e    A u g .  
O s c i l l o s c o p e ,  1 - g i g a s a m p l e / s    J u n e  
Oscilloscopes, digitizing   Feb., June 
O v e r h e a d  t r a n s p a r e n c y  f i l m    A u g .  
O v e r s a m p l i n g ,  A D C    F e b .  

P a c k a g i n g ,  A D C    F e b .  
P a c k e t ,  w a v e f o r m  s y n t h e s i s    A p r .  
P a i n t J e t  p r i n t e r    A u g .  
P a p e r  a b s o r b e n c y    D e c .  
P a p e r ,  c o l o r  i n k j e t    A u g .  
Paper  hand l ing ,  DeskJe t  p r in te r    Oc t .  
P a p e r ,  i n k j e t  p r i n t i n g    O c t .  
Paper ,  p la in ,  for  ink je t  p r in t ing    Dec .  
Parts library, circuit board 

d e s i g n    F e b .  
P e e l  t e s t s ,  a d h e s i v e    A u g .  
P e n e t r a t i o n  d e p t h ,  i n k    D e c .  
P e r f o r a t i o n ,  p a p e r    A u g .  
Performance, expanded memory 

c a r d    D e c .  
Performance measurements, 

H P - U X  6 . 0    O c t .  
P e r i o d i c  r m s  f u n c t i o n    F e b .  
P e r i s t a l t i c  p u m p    O c t .  
Phase errors,  optical  encoder   Oct.  
P h o t o m e t r i c  e f f i c i e n c y ,  L E D s    A u g .  
P I D  r e g u l a t o r ,  H P - U X  l o a d    A p r .  
P i n  d i o d e  d e t e c t i o n    D e c .  
P i p e l i n e d  a r c h i t e c t u r e ,  A D C    F e b .  
P l a i n  p a p e r  f o r  i n k j e t  p r i n t i n g    D e c .  
P l a i n - p a p e r  p r i n t i n g    O c t .  
P o l y u r e t h a n e  f o a m    A u g .  
P o s t p r o c e s s i n g ,  A D C    F e b .  
P o s t p r o c e s s o r s    A p r .  
Power  sensors ,  mi l l imete r -wave    Apr .  

P r e a m p l i f i e r ,  d i f f e r e n t i a t i n g    J u n e  
P r e s e t t i n g  c i r c u i t    D e c .  
P r i m i n g ,  i n k j e t  p e n    A u g .  
P r i n t  c a r t r i d g e ,  c o l o r    A u g .  
P r i n t  q u a l i t y  e v a l u a t i o n    A u g . ,  O c t .  
P r i n t  q u a l i t y ,  p l a i n  p a p e r    D e c .  
P r i n t e d  c i r c u i t  b o a r d  d e s i g n    F e b .  
P r i n t e r ,  c o l o r  g r a p h i c s    A u g .  
P r i n t e r ,  D e s k J e t    O c t .  
Pr inthead energy window budget    Oct .  
P r i n t h e a d ,  1 8 0 - d p i  i n k j e t    A u g .  
Printhead, thermal inkjet, 

h i g h - r e s o l u t i o n    O c t .  
P r o b e  c o u p l e r    A p r .  
P r o b e  p u l s e ,  o p t i c a l  T D R    D e c .  
P r o c e s s  E Q F    A p r .  
P r o c e s s  I D s ,  H P - U X  6 . 0    O c t .  
Process measures, software 

s c h e d u l i n g    A p r .  
P r o c e s s o r - s p e c i f i c  c o d e    D e c .  
P r o d u c t i o n ,  i n k j e t  p r i n t h e a d    A u g .  
P r o d u c t i o n  m a r g i n    J u n e  
P r o d u c t i o n ,  p r i n t h e a d    O c t .  
P r o g r a m  a n a l y s i s    A u g .  
Program management, HP-UX 6.0 .... Oct. 
P r o g r a m ,  t h e r m a l  a n a l y s i s    F e b .  
P r o j e c t  m a n a g e m e n t ,  s o f t w a r e    J u n e  
P r o j e c t  p r o g r e s s  r a t e    A p r .  
P s e u d o r a n d o m  d i t h e r ,  A D C    F e b .  
P u l s e  d e t e c t o r  c h i p    J u n e  
Pulse modulation, 

h i g h - p e r f o r m a n c e    A p r .  

Q - b a n d  s o u r c e  m o d u l e    A p r .  
Q u a d r a t u r e  e n c o d e r s ,  o p t i c a l    O c t .  
Q u a d r a t u r e  p h a s e  t i m e  d a t a    D e c .  
Q u a l i t y  a s s u r a n c e ,  s o f t w a r e    F e b .  
Q u a l i t y ,  p r i n t    A u g .  
Q u a n t i l e - q u a n t i l e  p l o t s    J u n e  
Q u a n t i z a t i o n  n o i s e    A p r .  
Q u a n t i z e r  1 C    F e b .  
Q u e r y  f a c i l i t y ,  D S M    F e b .  
Q u e r y  l a n g u a g e    A u g .  
Q u i c k i e  p a t t e r n    O c t .  

R a d a r  s i m u l a t i o n    A p r .  
R a d i a l  c h o k e    A p r .  
R A S  c a l c u l a t i o n s    J u n e  
R a y l e i g h  s c a t t e r i n g    D e c .  
R - b a n d  s o u r c e  m o d u l e    A p r .  
R e a d / w r i t e  s y s t e m ,  t a p e  d r i v e    J u n e  
R e c e i v e r ,  o p t i c a l  T D R    D e c .  
Reconstruction, sampled 

w a v e f o r m    F e b .  
R e c o r d e r s ,  w a v e f o r m    F e b .  
R e d f i e l d - K u n z  m e t h o d    D e c .  
R e d  L E D s    A u g .  
R e d u n d a n c y  m o d e l i n g    J u n e  
R e f i l l  t i m e ,  i n k j e t  p e n    A u g .  
R e f l e c t i o n s ,  o p t i c a l  f i b e r    D e c .  
R e f l e c t o m e t e r  c a l i b r a t i o n    A p r .  
R e g e n e r a t i o n  t i m e  c o n s t a n t    F e b .  
R e l e a s e  c r i t e r i a ,  s o f t w a r e    J u n e  
R e l i a b i l i t y ,  D e s k J e t  p r i n t e r    O c t .  
Reliability growth modeling. 

s o f t w a r e    J u n e  
R e l i a b i l i t y ,  i n k j e t  p r i n t e r    A u g .  
R e l i a b i l i t y ,  o p t i c a l  e n c o d e r    O c t .  
R e m o t e  m a i n t e n a n c e  p r o t o c o l    O c t .  
R e p e t i t i v e  b a n d w i d t h    J u n e  
R e s e r v o i r ,  i n k    A u g .  
R e s o l u t i o n ,  A D C    J u n e  
R e s o l u t i o n ,  o p t i c a l  T D R    D e c .  
R e t e n t i o n ,  i n k    A u g .  
R i s k ,  t e c h n i c a l    D e c .  
R o b o t i c  a s s e m b l y    O c t .  
R o b u s t  e s t i m a t o r s    J u n e  
R o o t  s e r v e r ,  H P - U X  6 . 0    O c t .  
R o u t i n g ,  c i r c u i t  b o a r d  d e s i g n    F e b .  
R u l e s ,  M i c r o S c o p e    A u g .  

Sample-and-hold  c i rcu i t s ,  ADC   June  
S a m p l i n g    J u n e  
S a m p l i n g ,  h a l f - h o l d    A p r .  
Sampling scheme compensation, 

w a v e f o r m  r e c o r d e r    D e c .  
S A W  o s c i l l a t o r    F e b .  
Scalar network analysis, 

m i l l i m e t e r - w a v e    A p r .  
Sca l ing  fo r  g raph ic s  emula t ion    Oc t .  
S c a n ,  w a v e f o r m  s y n t h e s i s    A p r .  
S c a t t e r i n g ,  o p t i c a l  f i b e r    D e c .  
S c h e d u l i n g ,  s o f t w a r e  R & D    A p r .  
S C S I  a n d  H P - I B    O c t .  
S C S I  b u s    O c t .  
S C S I  b u s  p h a s e s    O c t .  
S C S I  b u s  s i g n a l s    O c t .  
S e l e c t  s t a t e m e n t s    A p r .  
S e l f - t e s t ,  m i c r o w a v e  s o u r c e    A p r .  
S e n d  s t a t e m e n t s    A p r .  
S e n s i t i v i t y  a n a l y s i s    J u n e  
S e q u e n c e r ,  a d d r e s s    A p r .  
Serv ice  s ta t ion ,  DeskJe t  p r in te r    Oct .  
S e r v o ,  c a r r i a g e  m o t i o n    O c t .  
S e r v o  d e s i g n    A u g .  
S e r v o  s y s t e m ,  h y b r i d    J u n e  
S h e a r  t e s t s ,  a d h e s i v e    A u g .  
S H  L E D s    A u g .  
S i d e l o b e s ,  c o d e  c o r r e l a t i o n    D e c .  
Signal conditioning, oscilloscope .... June 
Signal-to-noise ratio, pin diode 

d e t e c t i o n    D e c .  
S i g n i f i c a n t  d i g i t s ,  d i s p l a y  o f    F e b .  
Silicon-on-insulator 

t e c h n o l o g y    F e b .  
S imula t ion ,  magne t ic  record ing    Apr .  
S i m u l a t i o n ,  r a d a r    A p r .  
S i m u l a t i o n ,  t h e r m a l  i n k j e t    O c t .  
S i m u l a t i o n  u t i l i t y ,  v u s e r    A p r .  
Simultaneous sampling, time data ... Dec. 
Sine wave curve fit, 

f i x e d - f r e q u e n c y    F e b .  
S i n g l e - s h o t  b a n d w i d t h    J u n e  
S i z i n g ,  p l a i n  p a p e r    D e c .  
Slab, microwave source 

d e s i g n    A p r .  
S l e e p s    A p r .  
S l i p  r a t e    A p r .  
S l o w - d o w n  m o d e    O c t .  
Small computer system interface 

( S C S I )    O c t .  
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Software, circuit board 
d e s i g n    F e b .  

Sof tware ,  qual i ty  assurance    Feb.  
S o f t w a r e  R & D  s c h e d u l i n g    A p r .  
Software reliability growth models . June 
S o f t w a r e ,  w a v e f o r m  r e c o r d e r    F e b .  
S O I    F e b .  
Source ,  microwave ,  h igh-power    Apr .  
Source modules, millimeter-wave ... Apr. 
Specif icat ions,  s ta t is t ical  issues    June 
Spectrum, quadrature phase 

t i m e  d a t a    D e c .  
Speed,  OTDR measurements   Dec.  
S p e e d  s e n s o r ,  t a p e  d r i v e    J u n e  
S p i d e r  c h i p    A u g .  
S p i t t o o n    A u g .  
S p l i c e s ,  o p t i c a l  f i b e r    D e c .  
S p l i t t e r ,  p o w e r ,  W i l k i n s o n    A p r .  
S p o o l e r ,  m u l t i d e v i c e    F e b .  
S p o u t i n g    A u g .  
S p r e a d  f a c t o r ,  i n k j e t  p r i n t i n g    D e c .  
S p r e a d - s p e c t r u m  o p t i c a l  T D K    D e c .  
Standard cel l  phase- locked loop   June 
S tandard ,  co lor  communica t ion    Aug.  
S t a r c h ,  p a p e r  s u r f a c e    D e c .  
S t a t e  m a c h i n e ,  o p t i c a l  T D R    D e c .  
S t a t i c  l o a d    A p r .  
S t a t i c  p r o g r a m  a n a l y s i s    A u g .  
S t a t i s t i c s  a p p l i c a t i o n s    J u n e  
S t i t c h i n g    D e c .  
S t r e a m i n g  t a p e  d r i v e    J u n e  
Swap space management, 

H P - U X  6 . 0    O c t .  
S w i t c h  a s s e m b l y    J u n e  
Synchronous data  t ransfer ,  SCSI   Oct .  
Synthesizer ,  arbi t rary  waveform   Apr .  

T a p e  d r i v e ,  ' / 2 - i n c h    J u n e  
T a p e  p o s i t i o n i n g    J u n e  
T a p e r ,  c o n s t a n t  i m p e d a n c e    A p r .  
T a r g e t  p r o c e s s o r    D e c .  
T a r g e t  s y s t e m    D e c .  
T e m p e r a t u r e  t e s t i n g    J u n e  

Terminal interface,  emulator   Dec.  
T e s t  l i n e  l i m i t    J u n e  
T e s t i n g ,  i n k j e t  p r i n t e r    A u g .  
T h e r m a l  i n k j e t  p r i n t e r    O c t .  
Thermal inkjet printer,  color   Aug. 
T h e r m a l  p e r f o r m a n c e ,  A D C    F e b .  
Thermocouple sensors, 

m i l l i m e t e r - w a v e    A p r .  
T h i r d - p a r t y  t e s t i n g    A u g .  
T h r e s h o l d  v o l t a g e ,  S O I  M O S    F e b .  
Throughput performance, 

H P - U X  6 . 0    O c t .  
T i m e  b a s e ,  w a v e f o r m  r e c o r d e r    F e b .  
T i m e  d a t a ,  q u a d r a t u r e  p h a s e    D e c .  
Time domain reflectometer, 

o p t i c a l    D e c .  
T i m i n g  u n c e r t a i n t y    F e b .  
T i m e - o u t s    A p r .  
Transistor physics, SOI MOS   Feb. 
T r a n s m i s s i o n  l i n e s ,  P C  b o a r d    F e b .  
Transparency  f i lm,  co lor  ink je t    Aug.  
T r i g g e r ,  a n a l o g - d i g i t a l    F e b .  
T r i g g e r ,  d i g i t a l    F e b .  
T r i g g e r ,  d r o p o u t    F e b .  
T r i g g e r ,  h i g h  f r e q u e n c y    F e b .  
T r i p l e r ,  d i o d e    A p r .  
T r i v i a l  f i l e  t r a n s f e r  p r o t o c o l    O c t .  
T w i s t  c a p ,  c a m - a c t u a t e d    O c t .  

U 
U - b a n d  s o u r c e  m o d u l e    A p r .  
U n c e r t a i n t y ,  m e a s u r e m e n t    J u n e  
U n d e r s a m p l i n g    F e b .  
U N I X ,  f i l e  s y s t e m    O c t .  
U N I X  l o g o n  m e c h a n i s m s    A p r .  
User interface, microprocessor 

d e v e l o p m e n t  s y s t e m    D e c .  
User  in terface,  opt ical  TDR   Dec.  
U s e r  s i m u l a t i o n  u t i l i t y    A p r .  

V a c u u m - f l u o r e s c e n t  d i s p l a y    J u n e  
V a r i a b i l i t y ,  s o u r c e s    J u n e  
V - b a n d  s o u r c e  m o d u l e    A p r .  

Vector demodulator, calibration   June 
Vector network analysis. 

m i l l i m e t e r - w a v e    A p r .  
V e c t r a  E S  1 2    D e c .  
V e l o c i t y ,  i n k j e t  d r o p    A u g .  
V e r s i o n  c o n t r o l ,  D S M    F e b .  
V e r s i o n  s t r i n g s .  D S M    F e b .  
V Ã ­ a s ,  m u l t i p l e    A u g .  
Virtual memory management, 

H P - U X  6 . 0    O c t .  
V i r t u a l  u s e r  s i m u l a t o r    A p r .  
V i s i o n ,  m a c h i n e    A u g .  
v u s e r    A p r .  

W  
W a v e f o r m  a n a l y s i s    F e b .  
Waveform generation language 

( W G L )    A p r .  
W a v e f o r m  r e c o n s t r u c t i o n    F e b .  
Waveform recorder sampling 

s c h e m e  c o m p e n s a t i o n    D e c .  
W a v e f o r m  r e c o r d e r s    F e b .  
W a v e g u i d e ,  m i l l i m e t e r - w a v e    A p r .  
W a v e g u i d e ,  p r e c i s i o n  f l a n g e s    A p r .  
W a v e g u i d e - t o - c o a x  t r a n s i t i o n    A p r .  
W - b a n d  s o u r c e  m o d u l e    A p r .  
W i l k i n s o n  s p l i t t e r    A p r .  
Window manager, X Window 

S y s t e m    O c t .  
W i n d o w  s y s t e m s    O c t .  

X  W i n d o w  S y s t e m    O c t .  

Z e r o - f i l l e d  s p e c t r u m    J u n e  

P A R T  3 :  P r o d u c t  I n d e x  

D e s k J e t  P r i n t e r    O c t . ,  D e c .  
H E D S - 5 5 0 0  O p t i c a l  E n c o d e r    O c t .  
H E D S - 9 0 0 0  S h a f t  E n c o d e r  M o d u l e    O c t .  
H D S P - X 1 0 X  S e v e n - S e g m e n t  D i s p l a y s    A u g .  
H D S P - X 1 5 X  S e v e n - S e g m e n t  D i s p l a y s    A u g .  
H L C P - X 1 0 0  L i g h t  B a r s    A u g .  
H L M P - X 1 5 0  L o w - C u r r e n t  L a m p s    A u g .  
H L M P - 4 1 0 0  H i g h - I n t e n s i t y  L a m p s    A u g .  
H P  D e s i g n C e n t e r  F a m i l y    F e b .  
H P  D e s i g n  S y s t e m  M a n a g e r    F e b .  
H P  E n g i n e e r i n g  C r a p h i c s  S y s t e m    F e b .  
H P  P r i n t e d  C i r c u i t  D e s i g n  S y s t e m    F e b .  

H P - U X  6 . 0    O c t .  
P a i n t J e t  C o l o r  G r a p h i c s  P r i n t e r    A u g .  
5 1 8 0 A  W a v e f o r m  R e c o r d e r    F e b . ,  D e c .  
5 1 8 0 T / U  P r e c i s i o n  D i g i t i z i n g  O s c i l l o s c o p e    F e b .  
5 1 8 3 A  W a v e f o r m  R e c o r d e r    F e b .  
5 1 8 3 T / U  P r e c i s i o n  D i g i t i z i n g  O s c i l l o s c o p e    F e b .  
5 1 8 5 A  W a v e f o r m  R e c o r d e r    F e b .  
5 1 8 5 T  P r e c i s i o n  D i g i t i z i n g  O s c i l l o s c o p e    F e b .  
7 9 8 0 A  T a p e  D r i v e    J u n e  
8 1 4 5 A  O p t i c a l  T i m e - D o m a i n  R e f l e c t o m e t e r    D e c .  
8 3 4 0 / 1  S y n t h e s i z e d  S w e e p e r    A p r .  
8 3 4 9 B  M i c r o w a v e  A m p l i f i e r    A p r .  
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8 4 8 6 A  P o w e r  S e n s o r s    A p r .  
8 5 1 0 B  N e t w o r k  A n a l y z e r    A p r .  
8 7 5 7 A  S c a l a r  N e t w o r k  A n a l y z e r    A p r .  
8 7 7 0 A  A r b i t r a r y  W a v e f o r m  S y n t h e s i z e r    A p r .  
1 1 7 7 6 A  W a v e f o r m  G e n e r a t i o n  L a n g u a g e    A p r .  
4 5 9 4 4 A  V e c t r a  E S  E x p a n d e d  M e m o r y  C a r d    D e c .  
51089A Analys is ,  Display ,  and Input /Output  Module    Feb .  
5 4 1 1 1 D  D i g i t i z i n g  O s c i l l o s c o p e    J u n e  

6 4 7 0 0  S e r i e s  E m u l a t o r s    D e c .  
8 3 5 5 0 A  R F  P l u g  I n    A p r .  
8 3 5 5 4 / 5 / 6 A  M i l l i m e t e r - W a v e  S o u r c e  M o d u l e s    A p r .  
8 5 0 2 5 C  D e t e c t o r  A d a p t e r    A p r .  
8 5 0 2 6 A  M i l l i m e t e r - W a v e  D e t e c t o r s    A p r .  
8 5 1 0 0 V / W  S o u r c e  M o d u l e s    A p r .  
8 8 7 8 0 A  T a p e  D r i v e    J u n e  

P A R T  4 :  A u t h o r  I n d e x  

A b r a m s o n ,  R o n a l d  L    J u n e  
A g o s t a ,  J o h n  M    F e b .  
A l b i n ,  R o b e r t  D    A p r .  
A m a n ,  R o b e r t  F    O c t .  
A m b r a s ,  J a m e s  P    A u g .  
A r d ,  M i c h a e l  S    O c t .  
A r m s t r o n g ,  D i a n e    A u g .  
A s k e l a n d ,  R o n a l d  A    A u g .  

B a k e r ,  J e f f r e y  P    A u g .  
B a l d w i n ,  G a r y  L    A p r .  
B a r e s ,  S t e v e n  J    D e c .  
B a r t l e t t ,  D e b r a  S    O c t .  
B e a m e r ,  C a r o l    A u g .  
B e a m e r ,  D a n    A u g .  
B e c k ,  J Ã ¼ r g e n    D e c .  
B e e m e r ,  J e f f    A u g .  
B e r g e r ,  A r n o l d  S    D e c .  
B e r g m a n ,  M a r k    A p r .  
B e r g s t e d t ,  D o n    A u g .  
B e r l i n ,  L u c y  M    A u g .  
B e y s t e r ,  M a r y  A n n    A u g .  
B i g e l o w ,  D a v i d  W    J u n e  
B i r d ,  S t e v e n  C    F e b .  
B l o o m ,  A l a n  R    A p r .  
B o e l l e r ,  C h e r y l  A    A u g .  
B o h l e y ,  T h o m a s  K    J u n e  
B o r e r ,  M i k e    A u g .  
B o t k a ,  J u l i u s  K    A p r .  
B u s k i r k ,  W i l l i a m  A    O c t .  
B y e r s ,  J a m e s  B    O c t .  

C a m r a s ,  M i c h a e l  D    A u g .  
C a r l i n ,  T i m o t h y  J    A u g .  
C h a n ,  L a w r e n c e  W    A u g .  
C h i a r e l l i ,  M a r k  L    A u g .  
G u i l d e r s ,  W i n t h r o p  D    A u g .  
C h r i s t i e ,  L e s l i e  G . ,  J r    J u n e  
C l a r k e ,  E r i c    A u g .  
C o l b y ,  L e e  H    A p r .  
C o l i n g e ,  J e a n - P i e r r e    F e D .  
C o n d e r ,  R o b e r t  A    O c t .  
C o o k ,  L o u i s  W    A u g .  
C o r c o r a n ,  J o h n  J    J u n e  
G r i p e ,  B r i a n    O c t .  
G u l p ,  B r a d f r e d  W    J u n e  

D e a n e ,  P a t r i c k  D    F e b .  
D e F e v e r e ,  D e n n i s  C    A u g .  
D i b a c h i ,  F a r i d    F e b .  
D i l d i n e ,  R o b e r t  G    A p r .  
D i V i t t o r i o ,  M a r k  J    O c t .  
D o m e l ,  D o u g l a s  R    J u n e  
D o n g ,  J o h n  W    J u n e  
D o v e ,  L e w i s  R    J u n e  

E l l e m e n t ,  D a v i d    A u g .  
E p s t e i n ,  H o w a r d  C    O c t .  
E r t u r k ,  E r o l    A u g .  
E v a n s ,  S t a n    A u g .  

F e n w i c k ,  J o h n    F e b . ,  A p r .  
F e r r y ,  G r e g g  P    O c t .  
F i s c h e r ,  W i l l i a m  A . ,  J r    D e c .  
F i s h e r ,  D i a n e    A u g .  
F l e i s c h e r - R e u m a n n ,  M i c h a e l    D e c .  
F o s t e r ,  A l a n  L    A u g .  
F o s t e r ,  A l l e n  S    F e b .  
F r o h r i n g ,  B r i a n  J    F e b .  

C a s t ,  P .  D a v i d    O c t .  
G e e ,  A l b e r t    F e b .  
G i f f a r d ,  R o b i n    D e c .  
G r a c e ,  J a m e s  D    A p r .  
G r a e b e r ,  R o g e r  R    A p r .  
G r a g g ,  B r i a n  D    A u g .  
G r e g o r y ,  W a y n e  T    J u n e  
G r o s s ,  S i e g f r i e d    D e c .  
G r u b e ,  A l a n    O c t .  
G u t i e r r e z ,  D a v i d  O    O c t .  

H a c k l e m a n ,  D a v i d  E    O c t .  
H a e b e r l e n ,  U l r i c h  H    D e c .  
H a l b e r t ,  D o u g    A p r .  
H a l l ,  F r a n k  E    O c t .  
H a l l ,  S t a n l e y  T    O c t .  
H a r m o n ,  J .  P a u l    O c t .  
H a r r i n g ,  D o n    O c t .  
H a s s u n ,  R o l a n d    A p r .  
H a s w e l l ,  W a l t e r  T . ,  I l l    A u g .  
H a v i l a n d ,  M a r y  E    A u g .  
H e f f e r n a n ,  M .  B e t h    A u g .  
H e l t e r l i n e ,  B r i a n  L    O c t .  
H i c k m a n ,  M a r k  S    A u g .  

H o ,  M a y  F o n g    A u g .  
H o l l i s ,  J e n n i e  L    A u g .  
H o r n a k ,  T h o m a s    A p r .  
H u b l e y ,  T i m o t h y  S    O c t .  
H u d s o n ,  K e v i n  R    O c t .  
H u t h ,  M a r k  C    O c t .  
H w a n g ,  C h i n g - F a    O c t .  

I v Ã © s ,  F r e d  H    A p r .  

J a c k o w a y ,  G a r y    F e b .  
J a c k s o n ,  L a r r y  A    O c t .  
J o h n s o n ,  A l l e n  D    A u g .  
J o h n s o n ,  D a v i d  A    A u g .  
J o s h i ,  V y o m e s h    A u g .  

K a f a d a r ,  K a r e n    J u n e  
K a n a r e k ,  P a u l a  H    O c t .  
K a t o ,  J e f f e r y  J    J u n e  
K e l l e r ,  A l e x a n d e r    D e c .  
K e l l y ,  K i e r a n  B    O c t .  
K e t c h u m ,  J o h n    F e b .  
K i k u c h i ,  D e r r i c k  T    A p r .  
K l e i n ,  M a t t    A p r .  
K n u d s e n ,  K n u d  L    J u n e  
K o e n i g ,  M a r y  K    A p r .  
K o v a l i c k ,  A l b e r t  W    A p r .  
K r u g e r ,  G r e g o r y  A    J u n e  

L a r s o n ,  D o u g l a s  A    A p r .  
L a u ,  M i l t o n  J    D e c .  
L e o n a r d ,  M a r k  G    O c t .  
L e v i n s o n ,  M i t c h    A u g .  
L e V i t t ,  R i c h a r d  M    A p r .  
L i e n h a r t ,  D e b o r a h  A    F e b .  
L i n ,  C h y u a n - S h i u n    O c t .  
L o w ,  R o b e r t  N    O c t .  
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earned h is  Dip lom In-  
genieur degree (1 979) and 
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came to  HP on a  par t - t ime bas is  in  1978 and 
worked on optical design, optical data storage, and 
metal  vapor lasers.  Since he jo ined the HP 
Laborator ies staf f  fu l l - t ime in 1983,  Steve has fo 
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a member of the team that 
deve loped the  HP 8145A 
OTDR,  h is  ma in  respons i  
b i l i ty  was design of  the 
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spare t ime. 

Jochen Rivoir  
I  Jochen Rivoir  received his 

Diplom Ingenieurdegree in 
1983,  a f te r  s tudy ing e lec  
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is from the California State University at Humboldt 
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(1 983) and his MBA degree are from Oregon State 
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A r n o l d  S .  B e r g e r  
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I  Emulators .  H is  past  des ign 
I  respons ib i l i t i es  Inc lude  the  
â€¢ storage CRT for the HP 

1727A Osc i l loscope and 
 A  t h e  H P  5 4 3 0 0 A  P r o b e  M u l t i  

plexer, and he was the project manager for the HP 
641 20A Card Cage.  His profess ional  exper ience 
before joining HP in 1 979 includes basic research 
in nondestructive testing as a senior staff scientist 
at Ford Motor Company and research on crystall ine 
defect  in teract ions in metal  at  Argonne Nat ional  
Laboratory. Arnie's BS degree (1 966) and PhD de 
gree (1971 ) are in materials science and are both 
f rom Cornel l  Univers i ty .  He has wr i t ten some 25 
papers and oral presentations, two journal articles, 
and one prior HP Journal article. He is a member 
of the American Physical Society and an authority 
on techniques for  the measurement  of  e lect r ica l  
res ist iv i ty  at  cryogenic temperatures.  Arnie was 
born in Brooklyn, New York, is married and has a 
child. He and his wife, who is a software design en 
gineer in HP's Electronic Design Div is ion,  l ive in 
Co lorado Spr ings ,  Co lorado.  H is  avocat ions  in  
c lude bicycl ing,  woodworking,  running,  and restor 
ing old HP instruments.  
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^ ^ ^  D u r i n g  d e v e l o p m e n t  o f  t h e  
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V Â »  - Â « i f  a g e r  i n  c h a r g e  o f  s o f t w a r e  

des ign .  He  has  s ince  be  
come section manager with 
responsibi l i ty for Intel  and 
Motoro la  emula t ion  prod  
ucts.  Previously,  he has 
worked  as  techn ica l  sup  

port engineer and product marketing engineer. In 
the ten years before he joined HP in 1 984, Bill was 
an engineer at  the Hami l ton Standard Div is ion of  
Uni ted Technolog ies,  des ign ing automated tes t  
equipment for the space shuttle. He holds a BSEE 
degree (1973) ,  an MSEE degree (1978) ,  and a 
master 's  degree in  management  (1980) ,  a l l  f rom 
Rensselaer Polytechnic Institute. He has authored 
and coauthored a number of papers and art icles, 
main ly  about  sof tware pro ject  management .  Bi l l  
was born in  At t leboro,  Massachuset ts ,  and l ives 
with his wife and four children in Colorado Springs, 
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ball. 
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i  As  lead hardware en-  
I  g ineer ,  Gary Lum's con-  

t r ibut ion to the NewWave 
I  development  was the ex-  
I  panded-memory  card  
I  hardware archi tecture for  
| the HP Vectra ES Personal 

Compute r .  He  i s  now p ro j  
ect manager for advanced 
PC development .  S ince 

joining HP in 1 979, he has worked on the logic de 
sign for HP 2627A and HP 2626A terminals, 1C de 
sign for the HPTouchscreen II Personal Computer, 
and on HP Vectra PC development. Gary's BS de 
gree in electrical engineering is from the University 
of California at Berkeley (1 979) and his MS degree 
is from Stanford University (1 981 ). He was born in 
Syracuse, New York, is married, and lives in Santa 
Clara, Cal i fornia.  He is interested in f i lm and f i lm 
h is tory ,  photography,  and gardening.  

M i l t on  J .  Lau  
R&D engineer Mi l ton Lau 
served as sof tware proiect  

I ^ p p m p ^ ^ l  l e a d e r  f o r  d e v e l o p m e n t  o f  
j ^M  t he  HP  Vec t ra  ESexpanded -  

I  memory  manage r  and  RAM 
^ _  J ^ f l  d i s c ,  a n d  f o r  d e b u g g i n g  

* ^ 3 ^ ^ P J J  t h e  e x p a n d e d - m e m o r y  
card. Among his past proj- 
ects  were the operat ing 
system and firmware for the 

HP 1 50 Touchscreen PC and BIOS firmware for the 
HP Vectra PC. Before jo in ing HP in  1984,  he was 
an R&D engineer for a small company, developing 

f irmware for terminals compatible with HP and Dig 
ital Equipment Corporation systems. Milton's BSCS 
degree is f rom Cal i fornia State Universi ty.  San 
Francisco (1983) .  He was born in  San Francisco.  
Cal i fornia, and l ives in Mi lpi tas. Cal i fornia. His 
favorite leisure activit ies include basketball, skiing, 
and f ly ing remote-contro l led gl iders.  

Wes ley  H .  S te i te r  
*  ^ ^ M ^  W i t h  m e m o r y  s y s t e m  d e -  
^ ^ ^ ^ ^ t i A _ _  S l 9 n  a n ^  a r c h i t e c t u r e  h i s  

â „ ¢ | B  ^ I r *  s P e c i a l i n t e r e s t s > W e s S t e l -  
r  ,  ^ . m  t e r ' s  w o r k  e x p e r i e n c e  a s  

deve lopment  eng ineer  i n  
c ludes des ign for  the HP 
Vec t ra  and  Vec t ra  ES Per  
sonal  Computers.  On the 
NewWave pro jec t ,  he was 

m r  r e s p o n s i b l e  f o r  t h e  e x -  
panded-memory  board  for  the  Vect ra  ES PC.  He 
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degree in  1977,  the year  he a lso jo ined HP.  Wes 
was born in  San Franc isco,  where he serves as 
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ried, has a child, and makes his home in San Bruno, 
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years 1967 to  1969,  when 
he worked in John Waugh's 
NMR laboratory at the Mas 
sachusetts Inst i tute of 
Technology. When he later 
re turned to  h is  nat ive Ger  

many,  Ulr ich jo ined the Max Planck Inst i tute for  
Medical Research in Heidelberg to establ ish a re 
search group focusing on sol id-state NMR. He at 
tended the Technische Hochschule in  Stut tgar t ,  
where  he earned h is  d ip loma and PhD degree.  
Ul r ich 's  associat ion wi th HP dates back to the 
mid-s ixt ies,  as he l ikes to recal l ,  when an HP RF 
doub le -ba lanced  mixer  he  was  us ing  g rea t l y  im 
pressed h im wi th  i ts  des ign and per formance 
characterist ics. 

A l exande r  Ke l l e r  
M ^ >  T h e  t h e o r e t i c a l  a n d  m a t h e -  

^ / Â ¿ S .  ^ ^ L  m a t i c a l  a s p e c t s  o f  m o l e c u -  
^ k  l a r  m o t i o n  i n  s o l i d - s t a t e  

nuclear  magnet ic  reso-  
\ I 0  * * *  "  n a n c e  h a v e  b e e n  A l e x  K e l  

ler 's focal interests in the 
past  three years.  He was 

â€¢ born in Germany and 
I  s tud ied  a t  the  He ide lbe rg  
I  Un ive rs i t y ,  where  he  

earned h is  PhD degree.  Al though Alex1 pr imary 
professional  concern is  wi th mathemat ics,  there 
are occasional ventures into experimental physics, 
one o f  which produced h is  cont r ibut ion to  use o f  
the  HP 5180A Waveform Recorder  descr ibed in  
this issue of the HP Journal.  
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Generalization of the Redfield-Kunz 
Treatment of Quadrature Phase Time Data 
A prescr ip t ion is  g iven to  compute the complex Four ier  
transform spectrum from quadrature phase t ime data when 
the x and y signals are sampled neither simultaneously nor 
a l ternate ly .  Th is  case appl ies to  the sampl ing scheme of  
the HP 51 80 A Waveform Recorder. 

Alexander Kel ler  and Ulr ich H.  Haeberlen 

CLASSICAL, DISCRETE, QUADRATURE PHASE 
Fourier transformation stipulates that the analog 
s ignals  x( t )  and y( t )  to  be Fourier  t ransformed 

are sampled and digitized simultaneously and that all time 
increments are equal. Digitization is often done by two- 
channel waveform recorders or equivalent instruments. 
Many of these sample the two input signals x(t) and y(t) 
alternately and not simultaneously. These instruments also 
do not store the data in separate sets {xÂ¡} and {yÂ¡}, i = 0   
N - 1 with N = 2n for some integer n, but rather in a single 
consecutive set {x0, y0, Xj, y,   XN_J, yN_!}. Redfield and 
Kunz1 have indicated an elegant way to handle the compu 
tation of the Fourier transform or spectrum in this situation. 
The data set {x0, ..., yN-^ is multiplied, element by element, 
with + 1, -1, â€” 1, + 1, + 1, - 1, - 1, .... The discrete cosine 
(sine) Fourier transform of the resulting set {x0, â€” y0, â€” x1, 
y,, x2, ...} gives, without any further data manipulation, 
the quadrature phase absorption (dispersion) spectrum 
with the center or zero frequency automatically in the mid 
dle of the respective partial spectrum. 

Hewlett-Packard offers a two-channel waveform recorder 
(the HP 5180A) which is very well-suited for digitization 
of quadrature phase time signals of many kinds, for which 
the Fourier transform, or spectrum, is ultimately to be com 
puted. The data obtained in pulsed nuclear magnetic reso 
nance (NMR) spectroscopy is just one example. The prob 
lem is that the HP 5180A samples input signals x(t) and 
y(t) neither simultaneously nor alternately. Whatever digi 
tization rate is chosen, y(t) is always sampled 100 ns later 
than x(t). This problem could be cured with a delay line 
and appropriate compensation of the losses in the RF part 
of the quadrature phase receiver, but it is preferable to seek 
the solution on the computational side. It is the purpose 
of this communication to indicate the appropriate steps. 

To explain the procedure we apply these steps to a test 
signal x(t) = cos(2irft/T), y(t) = sm(2irft/T) with f being an 
integer and T = NAt the total measuring time, where At is 
the sampling interval. T is thus an integer multiple of the 
period of the test signal and we can clearly formulate what 
we want to see in the resulting spectrum: the absorption 
part should have a line with some normalized amplitude 
at the position vk = kAv with k = + f and Av = 1/T, and zeros 
everywhere else. All entries of the dispersion part should 
be zero. The signal is sampled as shown in Fig. 1, where 

the 100-ns difference in the sampling times for x(t) and 
y(t) is generalized to an interval dt. 

The stored data consists of the set {sq} with 

sq = X2i ~* cos(2irfl/N) for q = 2l even 

= y2i+i ->â€¢ sin(2irfl/N) for q = 21 + 1 odd 

where 1 = 0, ..., Nâ€” 1. The arrows indicate the result in the 
case of our test signal. The Redfield-Kunz-treatment leaves 
us with the set {rq} with 

(-l)'cos(2Trfl/N), q = 2l =  r2 l  =  ( -1 ) '  

The Fourier transform or complex spectrum g(vk) of the set 
{rq} consists of the set of N complex numbers 

2 N - 1  

gk = 2 ,  rqe  
q = 0 

(1) 

We now insert our test signal into equation 1 and consider 
first the Redfield-Kunz case e = dt/At = l/2. 

gk = V {cos(2irfl/N) - sin(2irf 
1 = 0 

( - 1)1 

(2) 
1  N - 1  - 4-ii- + ie -il"k-f)'N-2""(k-f"N )e-2""( 

Expressing i by e11T/2 and (-1)' by eml leaves us with 

T T  
X 0  X2 

Fig .  1 .  Sampl ing  o f  quadra tu re  phase  s igna ls  by  wave fo rm 
recorders,  e  = of f /Af  =  ' /?  corresponds to  the Redf ie ld-Kunz 
case,  d t  =  WO ns cor responds to  the HP Model  51 80 A.  
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1 N'-' 
gk = ^ Z { 

2  l = o  

Since 

N - 1  

1 = 0 

(3)  

= N8kk. modulo N 
(a) 

A b s o r p t i o n  
Real  Par t  o f  gk 

N/2 N - 1  O  

D ispers ion  
Imag inary  
Part  of  gk 

N 2  N - 1  

w e  g e t  

_  _  
8 k  -  

, , - i i r ( k - f - N / 2 ) / N  \ s  
) Â ° k .  

i s  
) Â ° k , N  

( 3 )  

Note that both exponentials are equal to one whenever 
the Kronecker symbols are nonzero. Therefore, 

gk = N8kfN/2+f. (4) 

This is the Redfield-Kunz result: a test signal of the type 
we have chosen gives a single line at the desired position, 
i .e. ,  f  steps to the right of the center in the absorption 
spectrum, whereas the dispersion spectrum (imaginary 
parts of the gk) is zero throughout the entire range of k. If 
we had chosen x(t) = sin(2irft/T) and y(t) = cos(2irft/T) as 
test signals we would have obtained a single nonzero entry 
in the dispersion part of the complex spectrum. 

We now turn to the general or HP case where e = dt/At 
+ V2. With the identical sequence of steps in the treatment 
of the data, i.e., Redfield-Kunz multiplication and Fourier 
transformation as above, we obtain 

N - 1  
gk = S {cos (2-irfl/N) -sin(2TTf(l + e)/N)K-l)'e" 

1 = 0 

=  -  S  { ( l + e - Â ¡ - i r ( k - 2 i r f - N / 2 ) / N ) e - 2 i T Â ¡ l ( k - f - N / 2 ) / N  

2  ] = 0  

(2') 

( 2 a ' )  

which are the modified equations 2 and 2a. Instead of equa 
tion 3 we get 

g k =  f  

--""t+zf-N/2)/N ( l - e -  )81,N,2_f}. ( 3 ' )  

Applying the action of the Kronecker symbols to the ex 
ponentials gives 

-  I n  i _ - i i r ( k - N / 2 | ( 1 - 2 e ) / N Â « !  
g k  -  - J Ã U + 8  ) Â ° k , N / 2 + f  

+  f 1 _ p - i i r ( k - N / 2 J ( l - 2 e ) / N l R  
J o k . N / 2 - f i -  

( 5 )  

The problem with the HP waveform recorders is now 
evident: for e =Â¿ Vi the exponentials are not equal to one, 
which means that our test signal produces nonzero entries 
in the dispersion part of the spectrum as well as a "ghost 
line" at k = N/2 - f in the absorption part. We also recog 
nize that the ghost lines are small in the central region of 
the spectrum where k ~ N/2 whereas they become large 
near the edges, where k = 0 and k ~ N-1. An example 
for e = 0.25 and f = 3N/8 is shown in Fig. 2a. 

To "exorcise" the ghosts we begin by defining a set (hk) by 

Real  Par t  o f  gk  
Imag inary  
Par t  o f  gk  

(b) N/2 N - 1  0  N / 2  N-1 

Fig.  2.  Absorpt ion and d ispers ion spectra obta ined wi th Red 
f ie ld-Kunz t reatment  o f  data in  the case of  a  test  s ignal  x  = 
cos(2-n t t /T) ,  y  =  s in (2 i r f t /T )  w i th  f  =  3N/8  and e  =  ' / . .  (a )  i s  
the resul t  before apply ing equat ion 7.  Note the ghost  l ine in  
the  le f t  ha l f  o f  the  absorp t ion  spec t rum,  and  the  two  ghos t  
l ines in  the d ispers ion par t  o f  the spectrum, (b)  is  the resul t  
af ter  apply ing equat ion 7.  

" k  â € ”  

_  _ !  - V  / f 1 + e - i T r ( N / 2 - k - 2 e f ) / N i e - 2 i n l ( N / 2 - k - f ) / N  

2  1  =  0  

+  ( 1 - e  _ p - M N / 2 - k + 2 e f l / N K  - 2 i r i l ( N / 2 - k  )e k + f ) / N i  

This expression for hk follows immediately from equation 
2a'. Again introducing Kronecker symbols gives 

(6) 

By comparing equations 5 and 6 we see immediately that 

gk + hk = gk + gÂ£-k = N(8kN/2+f + 8kN/2_f) 

and 

â € ž  V , Â »  â € ”  ,  n *  â € ”  M f R  R  1  _ - m ( k - N / 2 ) ( l - 2 e ) / N  
g k  -  h k  -  g k  ~  g N - k  -  N l < > k , N / 2  +  f  -  6 k  , N / 2 - f )  6  

from which we obtain our final result 

( 7 )  =  N 8 k , N / 2  +  

which replaces equation 4, valid for the Redf ield-Kunz-case 
e = Vz in the case of the use of an HP 5 180 A or equivalent 
waveform recorder. The digitization scheme of these 
waveform recorders can thus be taken care of by this simple 
prescription: treat the data exactly as in the Redfield-Kunz- 
case where the x and y samples are taken alternately. This 
gives the set {gk}. Then use these gk to compute the set {gk} 
according to equation 7. The real (imaginary) part of this 
set represents the desired discrete absorption (dispersion) 
spectrum. 
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