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H E W L E T T - P A C K A R D  J O U R N A L  
Technical  Informat ion f rom the Laborator ies of  Hewlet t -Packard Company 

C o n t e n t s :  J A N U A R Y  1 9 8 4  V o l u m e  3 5  â € ¢  N u m b e r  1  
Two  H igh -Capac i t y  D i sc  D r i ves ,  by  Ken t  W i l ken  Each  can  s t o re  ove r  400  m i l l i on  by tes  
of  data.  One lets  you carry that  much data f rom dr ive to dr ive.  
A  C o m m a n d  L a n g u a g e  f o r  I m p r o v e d  D i s c  P r o t o c o l ,  b y  D o u g l a s  L  V o i g t  T h e  g o a l  i s  a  
f lex ib le  and forward- look ing way o f  communicat ing between d isc  and computer .  
S e c o n d - G e n e r a t i o n  D i s c  R e a d / W r i t e  E l e c t r o n i c s ,  b y  R o b e r t  M .  B a t e y  a n d  J a m e s  D .  
B e c k e r  s t o r a g e  c o d i n g  a n d  i n c r e a s e d  t r a c k  d e n s i t i e s  d e l i v e r  d i s c  s t o r a g e  a t  

one th i rd  the cost  per  megabyte .  
D i sc  Ga len  E r ro r  De tec t i on  and  Cor rec t i on  Us ing  VLS I ,  by  Pe te r  M .  Ga len  E r ro r  co r rec  
tion performance. entirely within the disc drive for better system performance. 
H e a d  J o h n s o n ,  i n  a  L a r g e  D i s c  D r i v e ,  b y  R .  F r a n k  B e l l ,  E r i c  W .  J o h n s o n ,  R .  K e i t h  
Whi taker ,  and Roger  V.  Wi lcox Object ive :  move 14 heads up to  2 .1  inches in  less  than 35 

mi l l iseconds and keep them wi th in  75 micro inches of  the correct  pos i t ion.  
M e c h a n i c a l  D e s i g n  o f  a  L a r g e  D i s c  D r i v e ,  b y  J a m e s  H .  S m i t h  A  m o l d e d  c a b i n e t ,  m o d  
u lar i ty ,  and h igh-volume par ts  too/ ing reduce manufactur ing t ime and cost .  
H i g h - C a p a c i t y  D i s c  D r i v e  S e r v o m e c h a n i s m  D e s i g n ,  b y  S t e p h e n  A .  E d w a r d s  C o m p l i  
ca ted  servo  per fo rmance issues  were  be t te r  reso lved  by  separa t ing  them f rom s t ruc tu ra l  

constraints. 
Authors 

S p e e c h  C .  f o r  H P  S e r i e s  8 0  P e r s o n a l  C o m p u t e r s ,  b y  L o r e n  M .  K o e h l e r a n d  T i m o t h y  C .  
Mackey input. your personal computer can call you when it is f inished or needs more input. 
S p e e c h  R .  f o r  H P  1 0 0 0  a n d  4 P  3 0 0 0  C o m p u t e r  S y s t e m s ,  b y  E l i z a b e t h  R .  H u e f t l e  
and Jeffrey R. Murphy Inserted in ser ies with any RS-232-C peripheral ,  this module suppl ies 

audib le  in format ion for  many appl icat ions 

In this Issue: 
Here in  our  Hewle t t -Packfc  

typesetting system. Our old s^f 
of  compl icated e lectromecha!  
mirrors, traveling lenses, and I 

Journal  of f ices,  we recent ly took del ivery on a new photo- 
em, acquired more than ten years ago, was a noisy nightmare 
za\ design. I t  had whir l ing drums, snapping relays,  rotat ing 
ssorted shutters and rol lers. Usually i t  worked, and it served 

us very reflecting for many years. Our new system has only four moving assemblies, reflecting 
the universal trend towards doing more things electronical ly and fewer things mechanical ly, 
thereby mechanisms reliability. Significantly, two of our new typesetter's four moving mechanisms 
are disc dr ives â€” " f loppies",  l ike the ones you can see in nearly every personal computer 

sys tem.  F rom m ic ro f l opp ies  to  l a rge  mu l t imegaby te  d r i ves ,  d i sc  d r i ves  a re  an  excep t i on  to  the  t rend  to  
more-electronic systems. Spinning platters coated with magnetic oxide are st i l l  the preferred media for storing 
mass i ve  on l y  o f  da ta  so  a  compu te r  can  have  rap id  access  to  any  p iece  o f  i t .  Bubb le  memory ,  t he  on l y  
ser ious contender for  the d isc dr ive 's  ro le,  has so far  made inroads only  where severe envi ronments would 
knock out media disc drive's finely tuned mechanisms. A cost-saving feature of some disc drive designs is media 
removabi l i ty ,  which lets users access more data wi th each dr ive by changing d iscs.  I t 's  taken for  granted in 
a f loppy dr ive,  but  becomes less cost-ef fect ive as dr ive capaci ty increases. 

Our  cover  d iscs  th is  month is  the indust ry 's  la rgest  removable  d isc  dr ive  media  module .  I ts  seven d iscs 
ho ld  rough ly  a l l  o r  ove r  fou r  hundred  m i l l i on  cha rac te rs ,  rough ly  the  amoun t  o f  i n fo rma t ion  i n  a l l  o f  t he  
books distinguished unusually photograph. It works in the HP 7935 Disc Drive, which is also distinguished by an unusually 
comprehens ive  se t  o f  bu i l t - in  d iagnos t i cs .  On pages  3  th rough 26 ,  you  can  read  about  the  des ign  o f  th is  
h igh-capaci ty  dr ive and i ts  companion f ixed-media dr ive,  the HP 7933. 

Two speech output  modules for  HP computers  are  descr ibed in  the ar t ic les  on pages 29 and 34,  one for  
HP Ser ies 80 Personal  Computers ,  and one for  HP 1000 and HP 3000 Computers .  The la t ter  is  compat ib le  
w i th  the  o ther  RS-232-C/V .24  in te rconnec t ion  p ro toco l ,  so  i t  can  a lso  be  used  w i th  o ther  manufac tu re rs '  
computers  i f  you can get  a long wi thout  the spec ia l  sof tware that  makes the modules eas ier  to  use wi th  HP 
computers.  I f  you can' t  a lways be looking at  the computer ,  i t  does help i f  the computer  can ta lk .  

-P .P.  Do/an 

Ed i to r ,  R ichard  P .  Do lan  â€¢  Assoc ia te  Ed i to r ,  Kenne th  A .  Shaw â€¢  Ar t  D i rec to r ,  Pho tog rapher ,  A rv id  A .  Dan ie l son  â€¢  I l l us t ra to rs ,  Nancy  S .  Vanderb loom.  
Susan E. European â€¢ Administrative Services, Typography, Anne S. LoPresti, Susan E. Wright â€¢ European Production Supervisor, Henk Van Lammeren 
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Two High-Capaci ty  Disc Dr ives 
One of  these 404-megabyte dr ives is  the current  industry  
leader  in  removable  d isc  pack capac i ty .  The o ther  is  a  
lower-cost  nonremovable dr ive.  

by Kent Wilken 

THE DESIGN of a high-capacity disc drive requires 
expert attention in a variety of areas. Magnetic media 
and magnetic read/write heads of exacting specifica 

tions must be obtained. Mechanics that can precisely and 
repeatably locate data on the magnetic surface must be 
employed. Low-noise electronics and sophisticated mod 
ulation techniques must be used to achieve high bit packing 
densities and retrieve the data reliably. Real-time signal 
processing techniques must be used to ensure that the disc 
heads are constantly in the correct position over the data. 
Error correcting codes must be designed to detect errors in 
reading the data and to correct certain types of those errors. 
And a microprocessor running what amounts to a real-time 
operating system must be employed to orchestrate the en 
tire operation. 

The HP 7933 and HP 7935 Disc Drives (Fig. 1) provide 
technical advancements over previous HP disc products 
in these as well as many other important areas. This pair 
of 404-megabyte disc drives includes the industry's high 
est-capacity removable-pack disc drive, the 7935. Its sister 
product, the 7933, is a less expensive nonremovable design. 

Automat ic  Head Al ignment  
The development of such large-capacity disc products 

including the requirement of removability presented a 
number of challenges. Head positioning accuracy needed 
special attention. A data pack that is written on one drive 
must be readable on another drive. The slight differences 
in relative head position from drive to drive can make this 
difficult. Similarily, a pack written at one temperature ex- 

F i g .  1 .  T h e  H P  7 9 3 3  a n d  7 9 3 5  
D i s c  D r i v e s  a r e  4 0 4 - m e g a b y t e  
dr ives that  feature data er ror  cor  
rection and extensive diagnostics. 
Externally, the drives are identical. 
The d i f fe rence is  that  the  7935 's  
d i s c  p a c k  c a n  b e  r e m o v e d  a n d  
rep laced by the user .  
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treme must be readable at the other extreme. Because of 
thermal expansion, the head position relative to the data 
will vary. To overcome these and related position vari 
ations, a technique dubbed automatic head alignment 
(AHA) is used. Each data surface in the disc pack has a set 
of calibration bands. When a pack is first inserted in the 
drive, and periodically thereafter based on time and tem 
perature changes, the built-in microprocessor makes a 
calibration reading on each of the bands on each of the 
surfaces. This reading tells the processor how far that band 
is from the positioning bands on the reference (servo) sur 
face. The difference is stored in a microprocessor RAM 
table. Later, when a head positioning (seek) operation oc 
curs, an interpolation is done based on the tabular data to 
determine the offset required for the target location. 

The main benefit of AHA is higher capacity as a result 
of being able to locate the target data more precisely. There 
is also a side benefit. Previous removable disc products 
required periodic fine tuning of the head position by qual 
ified service personnel. AHA virtually eliminates this man 
ual adjustment, thus reducing maintenance costs and sys 

tem down time. 

Sector Sparing 
Another area that required a lot of design attention was 

ensuring defect-free media in the area where user data is 
stored. It is a virtual impossibility to create a large magnetic 
surface for high-density recording that is defect-free. 
Higher-capacity disc products such as the 7933/35 tend to 
see more defects because the area that they use to store a 
bit of data is smaller, which means that smaller defects 
become visible. Previous products use a method called 
track sparing. When a defect is encountered, that track of 
data (one concentric ring) is flagged as being defective and 
that logical track is assigned to a new physical location 
taken from a spare track pool. 

Anticipating an increase in the number of observed de 
fects, a new method called sector sparing is employed in 
the 7933/35. Each track is allotted one extra data block 
(sector). If a sector should contain a defect, the extra sector 
is migrated to the defective area by moving the intervening 
sectors one position. The drive microprocessor handles 

Fig. 2. The HP 97935 A Data Pack 
fo r  the  7935 D isc  Dr ive  p rov ides  
con tamina t ion  res is tance  s im i la r  
t o  a  s e a l e d  c h a m b e r .  W h e n  t h e  
pack is  inser ted in  the f i l tered a i r  
o f  the dr ive,  a t rap door  opens to 
a l l o w  t h e  h e a d s  a c c e s s  t o  t h e  
media. 
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this data movement as well as the subsequent skipping of 
the defects in a manner that is transparent to the host com 
puter. 

Sector sparing greatly increases the number of media 
defects that can be compensated while still presenting 404 
megabytes of defect-free data space to the user without 
increasing the fraction of disc space that is reserved for 
sparing and unavailable to the user. 

Control l ing Contamination 
Controlling particle contamination is another challenge 

in designing a high-capacity removable disc product. Just 

as there is a greater sensitivity to media defects, contami 
nation becomes a greater concern. The HP 97935 Data Pack 
(Fig. 2) incorporates a new design concept that has contami 
nation resistance similar to a sealed chamber while provid 
ing the necessary removability. When not in use, the disc 
platters are completely enclosed in an outer set of plastic 
covers that prevent dust particles, fingerprints, and other 
pollutants from contaminating the media. When the pack 
is inserted in the filtered air of the drive chamber, a trap 
door opens that allows the heads to access the media. Pre 
vious designs exposed disc platters directly to dirty air and 
fingerprints during insertion and removal; to aid in avoid- 

A Command Language for Improved Disc Protocol 

by Douglas L.  Voigt  

By i tse l f ,  a  d isc dr ive is  o f  l i t t le  use.  I t  must  be connected to  
a  system.  The system des igner  w i l l  p robably  want  to  suppor t  a  
var iety  of  d isc products,  but  would l ike to min imize the ef for t  in  
des ign ing  the  suppor t i ng  so f tware .  Command  Se t  80  (CS-80)  
was created as an ad junct  to  the 7933/35 Disc  Dr ive pro ject  to  
provide a f lexible and forward- looking method of communicat ing 
between the d isc  and a  host  computer .  

One CS-80 feature that  eases the sof tware support  burden is  
t he  desc r i be  command .  When  sen t  by  t he  hos t ,  t he  desc r i be  
command wi l l  cause the dr ive to send back a l is t  o f  parameters 
detai l ing i ts characterist ics. This includes the amount of data the 
d e v i c e  c a n  s t o r e ,  h o w  f a s t  i t  t r a n s f e r s  d a t a ,  h o w  m u c h  R A M  
buffering it has for I/O â€” all of the information needed to connect 
a drive to a system. This makes i t  possible for the host computer 
to conf igure a disc dr ive into i ts system without pr ior  knowledge 
of  the type of  dr ive or i ts character ist ics.  

CS-80 a lso  min imizes communicat ion  overhead between the 
host  computer  and the d isc .  Prev ious communicat ion schemes 
had the computer tel l  the disc drive to seek to a specif ic address. 
U p o n  a r r i v a l ,  t h e  c o m p u t e r  w o u l d ,  i n  a  s e p a r a t e  c o m m a n d  
s t ream,  dec la re  whe the r  t he  ope ra t i on  was  t o  be  a  read  o r  a  
wr i te.  CS-80 has a locate-and-read (wr i te)  command that  sends 
al l  of  th is informat ion in the in i t ia l  command stream. 

CS-80 is supported on al l  of  the newer HP disc dr ives ranging 
from the 1 6-megabyte HP 7908 to the 404-megabyte HP 7933/35. 
I t  wi l l  also be supported on future drives. This consistent support 
o f  C S - 8 0  m a k e s  i t  e a s i e r  t o  p r o v i d e  a  b r o a d  r a n g e  o f  m a s s  
memory suppor t  on HP's  computer  systems.  

Transact ions in CS-80 
CS-80 s ta tes  how to  conduc t  t ransac t ions ,  the  bas ic  un i t  o f  

CPU 

Disc 

Send 
Command 

Receive 
Execution 

i    

work in  th is  pro toco l ,  and i t  te l ls  how to  spec i fy  the operat ions 
to  be per formed.  

A transact ion consists of three phases, as i l lustrated in Fig. 1. 
I n  t h e  c o m m a n d  p h a s e  t h e  C P U  s e n d s  a  c o m m a n d  m e s s a g e  
descr ib ing  an  opera t ion  to  be  per fo rmed by  the  d isc .  The com 
mand  i s  decoded ,  and  t he  d r i ve  en te r s  t he  execu t i on  phase ,  
dur ing  wh ich  the  spec i f ied  ac t iv i ty  takes  p lace.  I f  execut ion  o f  
the command involves the exchange of  data,  the d isc contro l ler  
uses the HP-IB paral lel  pol l  function to synchronize an execution 
message containing the data with internal events; this minimizes 
the t ime dur ing which the bus is  dedicated to  one t ransact ion.  

When execut ion is  complete,  the repor t ing phase is  entered,  
and  para l le l  po l l  i s  aga in  used to  in i t ia te  a  repor t ing  message 
that  s igna ls  the end of  the t ransact ion.  The repor t ing message 
conta ins  an ind ica t ion  o f  success or  fa i lu re  o f  the  t ransact ion.  
This can be interpreted by the CPU, al lowing the next transaction 
to  begin as soon as poss ib le .  

In error situations the disc aborts directly to the reporting phase 
and waits for the CPU to reach that point.  Between transact ions, 
the disc controller monitors the vital signs of the disc and performs 
l imi ted diagnost ics.  I f  anything happens that  requires CPU inter  
vent ion dur ing th is  t ime,  an unsol ic i ted repor t  is  entered to  get  
t he  CPU 's  a t ten t i on .  Th is  re f l ec ts  a  t rend  towards  equa l i t y  o f  
communicat ion between CPUs and intel l igent per ipherals,  which 
can in i t ia te  t ransact ions as a  resu l t  o f  events  detected outs ide 
the CPU. 

The formal izat ion of a transact ion al lows a CPU to support the 
w ide  range  o f  f ea tu res  o f  t he  7933 /35  D isc  Dr i ves  us ing  on l y  
t h r e e  a  t e m p l a t e s .  T h e  t r a n s a c t i o n  i s  a l s o  u s e d  a s  a  
l eve l  o f  modu la r i t y  i n  7933 /35  f i rmware .  The  f i rmware  impac t  
involved in convert ing the 7933/35 to a new CPU interface would 

Receive 
Report 

Receive and 
Decode Command 

S i g n a l  R e a d  a n d  S i g n a l  
E x e c u t i o n  T r a n s m i t  R e p o r t  

Special Polling 
Functions T i m e .  

C o m m a n d  P h a s e  E x e c u t i o n  P h a s e  R e p o r t  P h a s e  

F i g .  1 .  C o m m a n d  S e t  8 0  o r  
gan i zes  CPU and  d i sc  ac t i v i t i es  
in to three-phase t ransact ions.  A l l  
d i sc  func t ions  a re  execu ted  in  a  
c o m m a n d  p h a s e ,  a n  e x e c u t i o n  
phase, and a report phase. Shown 
here is  a locate-and-read t ransac 
tion. 
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be l imi ted to  the changes necessary  to  implement  t ransact ions 
on  the  new in te r face .  Cont ro l  o f  the  7933/35  by  a  CPU can be  
v iewed  as  t ransac t ion -o r ien ted  commun ica t ion  be tween  a  p ro  
cess  runn ing  ins ide  the  CPU and a  p rocess  (ca l led  the  log ica l  
m a c h i n e )  r u n n i n g  i n  t h e  d i s c  c o n t r o l l e r  t o  c o n t r o l  t h e  d i s c  
hardware. 

Command Ef f ic iency 
CS-80 commands are des igned for  f lex ib i l i ty  and communica 

t ion  e f f ic iency.  The d isc  cont ro l le r  main ta ins  a  log ica l  mach ine 
state,  which contains the var iables used in making the decisions 
invo lved in  each d isc operat ion.  These var iab les are set  by the 
CPU th rough  the  use  o f  comp lemen ta ry  opcodes .  A  command  
message contains a ser ies of  opt ional  complementary opcodes,  
wh ich  may be  fo l lowed by  one opcode spec i fy ing  an  opera t ion  
to  be  per fo rmed.  Complementary  opcodes  used in  a  command 
that  conta ins an opcode speci fy ing an operat ion are temporary,  
and  app l y  on l y  t o  t he  cu r ren t  t r ansac t i on .  Comp lemen ta ry  op  
codes specif ied in a command that does not cal l  for an operat ion 
re ta in  t he i r  new va lues  pe rmanen t l y .  The  pe rmanen t  va lue  o f  
each complementary  opcode is  used dur ing  any  opera t ion  tha t  
does not  temporar i ly  overr ide i t .  

This structure al lows a CPU to generate commands containing 
only  the new informat ion necessary to do an operat ion.  Parame 
te r s  t ha t  do  no t  change  o f t en  need  no t  be  re t ransm i t t ed  w i t h  
each command,  s ince the i r  most  f requent ly  used va lues can be 
re ta ined in  the  d isc  cont ro l le r .  Th is  scheme a lso  o f fe rs  a  CPU 
several  ways of expressing the new value of a single parameter.  

T h i s  d a t a  i s  u s e d  t o  a l l o w  d i s c  a d d r e s s e s  ( l o c a t i o n s  o f  d a t a  
to  be  read  o r  wr i t ten )  to  be  spec i f ied  w i th  cy l inder ,  head ,  and  
sec to r  numbers  cor respond ing  to  the  d isc 's  phys ica l  o rgan iza  
t i on ,  o r  as  a  s ing le  b lock  number  fo rm ing  a  l i nea r  con t iguous  
address  space  inc lud ing  a l l  o f  the  sec to rs  on  a  d isc ,  wh ich  i s  
easier for a CPU to deal with. The 7933/35 f i rmware is opt imized 
to decode a few frequent ly used opcodes an order of  magni tude 
fas te r  t han  the  res t ,  t hus  re ta in ing  command  se t  power  wh i l e  
of fer ing speed where i t  is  needed.  

Status Information 
CS-80  a lso  spec i f ies  a  new fo rmat  fo r  s ta tus  in fo rmat ion  re  

turned to  the CPU. Error  and s ta tus condi t ions are d iv ided in to  
four  c lasses :  p ro toco l  re jec t  e r ro rs ,  hardware  fau l t  e r ro rs ,  p ro  
cedural access errors, and nonfatal information errors. A six-byte 
parameter f ield is provided to be used in conjunction with specif ic 
status bi ts,  or for current disc address Information. Any combina 
t ion  o f  s ta tus  b i ts  ou ts ide  o f  the  fau l t  f ie ld  can  be  suppressed 
as they occur  us ing the s ta tus mask complementary  command.  
The report ing message mentioned above gives a quick indicat ion 
as  to  whe ther  o r  no t  the re  i s  any  s ta tus  in fo rmat ion  ava i lab le  
upon complet ion of  each t ransact ion.  

CS-80 al lows the 7933/35 disc control ler  to take advantage of  
microprocessor  technology to  d is t r ibute  the in te l l igence and in  
c rease the  amount  o f  para l le l  ac t iv i t y  ava i lab le  in  HP sys tems 
today. In the future we hope to use it to help provide HP customers 
wi th  a  cons is tent  growth path invo lv ing a wide range of  system 
bui ld ing blocks.  

ing contamination, a dummy platter was put on the top 
and bottom. In the 7935, these cover discs are not required, 
meaning that for a given number of platters, two more are 
available for data, thus increasing capacity. 

Troubleshoot ing and Repair  
Diagnostics and serviceability are fundamental parts of 

the design of the 7933/35. The most visible part of the 
diagnostic design is the diagnostic front panel. This con 
sists of a set of keys and an alphanumeric display. With 
these, a trained service person can access data and test 
routines internal to the drive. 

The internal diagnostics and utilities are a major im 
provement. Previously, most disc diagnostics were written 
to run on the host computer. This has several disadvan 
tages. First, a product such as the 7933/35 is generally 
supported on more than one of HP's computer systems. 
Having to create a system-specific version of a diagnostic 
is a duplication of design effort. The internal diagnostics 
of the 7933/35 needed to be implemented only once. Sec 
ond, previous diagnostics have been written by system soft 
ware designers not necessarily extremely knowledgeable 
about the details of disc drive operation. The diagnostics 
on the 7933/35 were written by members of the design team 
in close cooperation with the hardware designers. 

Possibly the biggest advantage of the internal diagnostics 
on the 7933/35 is the array of test hooks designed into the 
hardware. External diagnostics must treat the disc drive as 
a black box. The internal diagnostic has more direct access 
to the hardware. It can use such facilities as an analog-to- 
digital converter to test power supply levels and other crit 
ical voltage settings. The internal diagnostic can disable 
certain sections of electronics while testing a neighboring 

board to help isolate the problem to a particular board. 
Extensive fault isolation in the diagnostics virtually elimi 
nates guesswork in repairing consistent failures in the 
drive. 

The most difficult problems to diagnose in a disc drive, 
however, are not the consistent failures. The intermittent 
failures are more difficult. The diagnostic design team rec 
ognized this and felt the best way to assist the service 
personnel was by keeping a detailed record of each failure 
the drive encountered in the course of operation. To that 
end, certain tracks inside the disc are reserved for storing 
this fault history. This is in addition to any fault logging 
a host system might have for drive errors. These mainte 
nance tracks are outside the normal disc address space and 
are accessible only by diagnostic commands from the I/O 
channel or through the diagnostic front panel. Besides pre 
serving the fault history, these tracks contain a history of 
data error occurrence, test patterns for verifying proper 
operation of the read data path, an area for doing write-then- 
read testing, a table of the spared areas of the disc, and 
other information. 

In addition, the drive contains internal utilities that do 
error rate testing, test the performance of the positioning 
system, and perform other tests. The diagnostics, mainte 
nance information, and internal utilities can be accessed 
through the diagnostic front panel or through the HP-IB 
(IEEE-488) I/O port using a special set of commands. 
Through use of the diagnostic front panel a service person 
can, for example, disconnect and service the failed drive 
while the rest of the computer system remains in operation. 
By passing diagnostic results over the I/O channel to the 
host computer, it is possible to display the results on the 
system console or even on a remote terminal. 
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Second-Generation Disc Read/Write 
Electronics 
by Robert  M.  Batey and James D.  Becker  

THE FIRST HP DISC PRODUCTS brought high perfor 
mance to Hewlett-Packard computational systems. 
However, by 1978, the capacities of these drives were 

becoming inadequate because of their use of traditional 
methods of channel encoding and decoding, and their low 
recorded track densities (on the order of 300 to 400 tracks 
per inch). 

By increasing track densities and by clever use of infor 
mation-packing coding techniques, the new 7933 and 7935 
disc products deliver slightly over three times the capacity 
of previous products (7925 family) at about the same cost. 
The effect is a reduced cost per megabyte. 

Coding Schemes 
Coding schemes used by earlier HP disc products include 

the MFM (modified frequency modulation) code and the 
FM or Manchester code. Their simplicity makes system 
design easy. It is significant that these codes use little of 
the channel's available bandwidth. This proves to be a 
disadvantage in terms of information content, but an advan 
tage in terms of simplicity of signal processing. 

To be more specific, consider MFM. The code construc 
tion map is as follows: 

Data Bit Code Sequence 
0  X  0  
1  0 1  

Head 

F lux  Inc iden t  
on  Head  
( Ideal ized) 

AGC 
Ci rcu i t r y  Re fe rence  

Vo l tage  
T o  C l o c k  
Recove ry  

E lec t ron i cs  

.Q. 

Read 
W a v e f o r m  

Res to red  
W a v e f o r m  

Fig .  1 .  B lock  d iagram and waveforms for  s imple  read cha in  
e lectronics for  the MFM code.  

The coding rule requires that a 1 stand for a flux transition 
and that a 0 represent no flux transition. The X stands for 
a possible flux transition depending on the last state of the 
previous code sequence transmitted. The X is simply re 
placed by the complement of the previous state, that is, if 
the previous state was a 1 (flux transition), replace X with 0 
(no flux transition). 

It is trivial to build a state machine to implement an 
encoder and decoder for this code, and processing the raw 
analog data from a read head is also very simple. We will 
examine why. 

The voltage output of an inductive head is proportional 
to the derivative of the flux, that is, it is proportional to 
the rate of change of the flux incident on the head trans 
ducer. Consider a waveform in which the flux reverses 
arbitrarily with time. The flux waveform steps between 
+ ph and â€” ph. Head output, the derivative of this 
waveform, consists of alternating impulses of value + Kph 
and â€” Kph. Since the read system is band-limited we can 
add a low-pass filter to the model. The output of the model 
will now be a series of alternating pulses of finite width 
and value. In reality, the low-pass function is determined 
by the rise time of the transitions (transition width) and 
the head response. These factors determine the Nyquist 
signaling rate for the system, that is, the maximum rate at 
which independent symbols can be sent over a channel 
without intersymbol interference.1 

Earlier coding techniques took advantage of the signaling 
limit to achieve an easy implementation of a pulse position 
detector. Consider a simple signal processing system con 
sisting of a read head, a differentiator, and a comparator 
to detect zero crossings. If we control the spacing of the 
pulses we introduce enough intersymbol interference so 
that the resulting waveform's only regions of zero slope 
are at the peaks. A coding scheme that controls the 
maximum distance between pulses can keep the resultant 
inflection point between adjacent pulses from reaching 
zero slope. The minimum distance is also controlled to 
keep the pulse position from being shifted out of a timing 
window. The result is that if the waveform is differentiated, 
the zero crossings will correspond to pulse peaks, and the 
comparator output will be a reasonable reconstruction of 
the flux waveform. 

Conditions necessary for this simple analog processing 
technique to be feasible seem to be: 
1. An "appropriately" band-limited channel 
2 . Tight constraints on the maximum and minimum signal 
ing rates (use of a proper coding technique) 
3. About 25 dB signal-to-noise ratio for a reasonable error 
rate. 

MFM and FM produce recording densities of 1.0 and 0.5 

JANUARY 1984 HEWLETT-PACKARD JOURNAL 7  

© Copr. 1949-1998 Hewlett-Packard Co.



Fig .  VLFM in  d iagram of  7933/35 read cha in  e lec t ron ics  fo r  the  VLFM code.  The numbers  in  
c irc les refer to waveforms in Fig.  3.  

respectively, with MFM being the better of the two codes 
at about 1.0 density (i.e., about 1 data bit per recorded 
transition).2 It is evident that the data rate is only equal to 
the rate of recorded transitions on the disc at best. Unless 
we can improve the data-to-transition ratio, the only way 
to increase capacity per track is to increase the number of 
flux reversals (transitions) per track, and this means great 
improvements in the heads or media must occur. 

The goal of the 7933/7935 project was to gain 33% in 
recorded density by means other than improved heads and 
media. The approach was to deal with the channel modula 
tion code, not only as a vehicle to simplify record recovery, 
but as a means of data packing. For every three transitions 
written on the disc, on the average we wanted to get four 
data bits of information. 

In surveying the literature, we found a code that gave us 
reasonable results.3 We chose to call the code VLFM in 
light of its predecessors. Horiguchi and Morita described 
the code with the following coding table. The ones and 
zeros on the left represent bit positions in a data string, 
and the ones and zeros on the right represent potential 

Â©Media Flux 
States 

Unprocessed 
) Data Head 

Waveform 

I Full-Wave 
Rectified 

-Quali f ication Level 

positions for recorded transitions on the disc (with the 
ones being the actual positions of recorded transitions). 

VLFM ENCODING TABLE 

Data Sequence 

00 
01 
10 

1100 
1101 
1110 
1111 

Code Sequence 

X01 
010 
XOO 
010001 
XOOOOO 
X00001 
010000 

Notice that some of the code strings are preceded by an X. 
This shorthand means that to form this code string the first 
bit must be assigned the complement of the trailing bit of 
the previously transmitted code string. This is done to re 
s t r ic t  the  minimum dis tance  between t rans i t ions .  For  
VLFM and also for MFM, the minimum distance between 
coded transitions is a distance of one transition cell  or 
window. We will  call  this distance the d constraint  for 
transition placement. 

Similarly, there is for many codes a maximum recorded 
distance between transitions. For MFM it is three windows. 
This constraint we will call the k constraint. For VLFM we 
can observe a maximum of seven windows for the k con 
straint. (Observe this by encoding hexadecimal 4D4D4D. 
1000000010100000001 wil l  appear in the binary code 
sequence.) 

Since the d and k constraints determine the minimum 
and maximum number of data windows between recorded 
transitions, they determine the upper and lower require- 

Dual  Comparator 

Â© Dif ferent iated 

, Qualification 

Qualified 

Â©One-Shot 
Output 

_rTirL_nnrLnrL_ 
_juui   ruuuui   

_njuuui_ 
Fig.  3 .  Waveforms in  the c i rcu i t  o f  F ig .  2 .  

dc Reference 
Input 

F i g .  4 .  P u l s e  q u a l i f y i n g  c i r c u i t  g a t e s  o u t  n o i s e  p u l s e s  a s  
shown in Fig. 3. 
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ments for the data channel bandwidth {when the clocking 
rate is specified). Both MFM and VLFM have d constraints 
of one, and thus they have identical upper-frequency re 
quirements. Because VLFM has a k of seven compared to 
the k of 3 for MFM, VLFM coding allows transitions to be 
more than twice as far apart in time. Therefore VLFM re 
sults in a much larger signal energy at lower frequencies. 
The result is a VLFM requirement of approximately twice 
the bandwidth required for MFM. Note that this bandwidth 
is achieved by decreasing the lower band limit rather than 
by increasing the upper band limit, which is the more com 
monly encountered technique. 

Analog Signal  Processing 
Processing codes that require more channel bandwidth 

than MFM make signal processing more difficult. 
Early schemes require signal amplification followed by 

a differentiator (d/dt) circuit. The output of the differen 
tiator circuit is then input to a comparator whose reference 
input is at ground potential. The comparator output is a 
digital waveform whose edges coincide with the flux rever 
sals applied by the rotating disc to the read head. Fig. 1 
illustrates how the waveforms look at different stages, and 
the block diagram for this configuration. Note the simplic 
ity of this scheme. 

In the 7933/35 product the waveforms look a bit different. 
Fig. 2 is a block diagram of the system and Fig. 3 shows 
typical waveforms in the electronics. For VLFM encoding 
the pulses are spaced twice as far apart as for MFM, worst 
case. Since the head voltage waveform attempts to approx 
imate the derivative of the flux, the system readback 
waveform settles to the zero baseline (almost) between 
some pulses when they are spaced far apart. 

Differentiating this waveform would result in the deriva 
tive's settling to near zero between pulses. Add a little 
noise to the system and a false zero crossing is easily gen 
erated. This results in a data error, something not easily 

HP Schottky 
Diodes 

Differential Output 
Signal from 

AGC Ampli f ier  

-Ir 

+vc  
Bias 

Diodes 

+VC 

r 
E 
^ â€¢ 
i  
-  
E 

- 1 0  

- 2 0  â€” 
Frequency: 
Data Pattern: 

â€” 
3 . 7 5 / 3 . 7 5  3 . 7 5 / 2 . 5 0  3 . 7 5 / 1 . 8 7 5  3 . 7 5 / 1 . 2 5  

4 4 / 4 4  4 4 / 0 0  4 4 / B 2  4 4 / F F  
Pattern Boundary 

Fig .  5 .  Schemat ic  d iagram of  the  fu l l -wave c i rcu i t  shown in  
Fig. 2. 01 and Q2 are a matched pair of 500-MHz transistors. 

Fig.  6.  Pat tern phase sensi t iv i ty  was measured by wr i t ing al l  
sectors  wi th  32 bytes o f  data  pat tern  44 a l ternat ing wi th  32 
by tes  o f  another  da ta  pa t te rn ,  then measur ing  the  o f fse t  o f  
the pat tern boundary in  the read waveform. 

tolerated in the disc business. We needed to design a system 
that could tolerate this condition without generating false 
zero crossings in these shouldering regions. 

Fig. 2 illustrates the approach. The read signal is first 
full-wave rectified. An active circuit using two HP Schottky 
diodes and a differential pair of transistors is used for this 
purpose. The speed of the circuit is important; so is 
minimizing the dead zone at crossover. 

After low-pass filtering, the full-wave-rectified signal is 
differentiated. This causes all negative-going transitions to 
track to flux reversals and all positive-going transitions to 
track approximate midpoints between flux reversals. This 
scheme generates waveforms approaching our require 
ment, except that the midpoint between pulses may have 
a slope that approaches zero. A small noise pulse will 
almost certainly generate a false zero crossing in the dif 
ferentiated signal. 

It was necessary to provide some noise immunity in these 
regions between pulses. We use a level comparator set 
about 15% above the lowest level of the full-wave signal. 
Any signal above the qualification threshold gets gated 
through, and any signal below the threshold is ignored. 
We will explain this gating circuit in detail, shortly. 

Triggering a negative-edge-triggered one-shot from the 
resultant output of the level qualifier results in a pulse 
train whose leading edges are timed synchronously with 
the read pulses coming from the head. Small noise pulses 
between data pulses are ignored. Error rates less than one 
part in 1011 have been obtained using this scheme. 

Level Qualif ier 
The circuit that gates out noise pulses during waveform 

shouldering periods bears a bit more explanation. Basi 
cally, the circuit is made up of a dual comparator circuit. 
Each comparator within the circuit has a track-and-hold 
line. In one state the output of the comparator follows the 
polarity of the inputs as any comparator would, but in the 
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237ÃÃ 33 / iH 26111 1.8 /Ã­H 8 . 2  / i H  2 7  M H  18 / 

237Ã1 33 /*H 261 Ã­Ã̄  18 / iH 

Fig. 7. This f i l ter compensates for 
t h e  p a t t e r n  p h a s e  s e n s i t i v i t y  
shown in F ig.  6 and improves the 
drive error rate by over two orders 
of  magni tude.  

second state the comparator holds the last output state. 
This feature is used to implement a pulse qualifying circuit. 
It works in the following way (see Fig. 4). 

The full-wave-rectified waveform is input to the positive 
input pin of comparator A. When the signal is greater than 
the reference, comparator B is allowed to follow the dif 
ferentiator output polarity. When the full-wave signal is 
less than the reference, comparator B is latched in its pre 
vious state, effectively gating out any noise pulses that may 
occur during the shouldering period. 

The full-wave circuit is shown in Fig. 5. The two input 
transistors form a buffer stage so that clamping at the input 
capacitors is minimized. Bias diodes are included to com 
pensate the circuit thermally, thus minimizing dc drift. 
Since the circuit is basically a differential switch, the Schottky 
diodes are switched without the dc crossover problems 
that normally plague such circuits. Some signal compres 
sion occurs around the zero baseline, but this is generally 
tolerable because pulses are not qualified by level when 
the signal level is in this region. 

Clock Recovery  Techniques 
This section deals with synchronizing and decoding the 

serial pulse streams delivered by the analog processor in 
the read path. The task is more complex than it might seem 
since we would like to use a synchronous state machine 
to decode the encoded bit streams. The task requires a 
clock. The reliability of the clock recovery electronics must 
be good enough to deliver an error rate less than one part 
in 1011, like the rest of the electronics. 

It might seem that recovery of the timing information 
depends solely on the quality of the phase-locked loop 
circuitry. Although this is almost true, we found that even 
after we had constructed an adequate phase-locked loop, 
our error rate was not as good as we needed. A little further 

O T  

1 0 0  
Frequency  (MHz)  

Fig.8. Calculated frequency response of the fi l ter oi Fig. 7 . 

investigation revealed that the timing information coming 
off the disc was dependent upon the data pattern. We 
proved that this effect was independent of the phase-locked 
loop by the following test. 

First, we used a data generator to generate the patterns 
that were troublesome. When we locked the phase-locked 
loop to these patterns the loop had no trouble recovering 
them. This indicated that the trouble was either in the 
recorded patterns on the disc or in the analog processing 
electronics. 

The phase nonlinearities in the system were found to be 
caused by: 
1. The electrical resonance of the data heads 
2. Nonlinearities in the write process 
3. The phase/frequency characteristic of the read amplifier 
chain. 

It was felt that even though we could minimize these 
effects to some extent, we would still need to compensate 
for some of the phase nonlinearities. Since effects 1 and 3 
were controlled by component specifications, and since 
these two effects were the major contributors to phase non- 
linearities, we felt that a filter would provide enough 
correction. 

Our biggest difficulty was to measure the delay charac 
teristic of the channel. Because the channel includes the 
write process, the magnetic media, and the head, we could 
not simply use a network analyzer to measure the transfer 
function. Our approach was to vary the pattern repetition 
rate and measure the step offset in the phase detector output 
of the phase-locked loop. 

Fig. 6 shows the results of the test. The high-repetition- 
rate pattern (44 hexadecimal at 3.75 MHz) was chosen as 
a reference. All sectors were written with 32 bytes of the 

T 260 

- 4  
1  2  3  

Frequency (MHz) 

1 8 0  

Fig.  in  Overal l  f requency response wi th the f i l ter  of  F ig.  7 in 
the read path. 
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reference pattern alternated with 32 bytes of the pattern 
under test. All patterns chosen had 50% duty cycle. The 
phase step was measured for each case and plotted as in 
Fig. 6. 

This led us to design a niter with a group delay charac 
teristic compensating the pattern phase sensitivity shown 
in Fig. 6. The filter network is shown in Fig. 7 and has the 
calculated response shown in Fig. 8. When measured as 
part as the read path electronics, the characteristics are as 
shown in Fig. 9. Note the deviation from the filter's own 
characteristics below 1 MHz. This is largely caused by the 
ac coupling capacitors between amplifier stages. The filter 
improves the error rate by over two orders of magnitude. 
Fig. 10 shows a distribution of soft error rate for the product 
in the early days of production. 181 units were sampled 
(2,353 head and media combinations), showing that the 
average error rate was about 8 x 10 ~n. With error correc 
tion we would expect over an order of magnitude improve 
ment, or an average error rate f or the user less than 8 x 10~12. 

The clock recovery phase-locked loop is shown in Fig. 
lla. The one-shot pulse width is set to single-window 
width. This means that a ..101010.. code pattern (44 
hexadecimal data pattern) will generate a square wave out 
of the one-shot. One window is therefore the minimum 
distance between pulses. 

Below the block diagram, a state machine is shown for 
the phase detector (Fig. lib). The waveforms to the right 
are for a locked condition. To put things in perspective, 
the pulse width out of the one-shot is 66.7 nanoseconds. 
Signals PI and P2 are the sampled outputs of the phase 
detector. If the one-shot data is either early or late, the Pi 
and P2 pulse widths are altered. For instance, if the one- 
shot data is late, the PI pulse width is longer and P2 is 
shorter. The opposite is true if the one-shot data is early. 
Notice also that one-shot data cannot be later than sync 
data because of the J-K state machine. This phase detector 
will not operate with more than a Â±90-degree phase am 
biguity. Only a very small unstable region exists, because 
of logic propagation delays. If no pulse occurs during any 
cycle of the divide-by-two VCO clock, no sample output 

Drive Average Error Rate before Error 
Correction (Probabil i ty of Burst Error) 

F ig .  10 .  D is t r i bu t ion  o f  so f t  e r ro r  ra te  fo r  ea r l y  p roduc t ion  
7933/35 Disc Drives without error correct ion. Error correct ion 
improves the error  rate by another  order  of  magni tude.  

One-Shot 
(from Read 

Chain Diagram) 

Sampling 
Phase Comparator  

with Lookahead 

P 2  

Synchronized Undecoded Data 

From One-Shot 

_TL 
-H2 Clock 

One-Shot 

0  ( S y n c  
Data) 

J l  P1 

(b) 

F ig .  11 .  ( a )  C lock  recove ry  phase - l ocked  l oop ,  ( b )  Phase  
c o m p a r a t o r  s t a t e  m a c h i n e  a n d  w a v e f o r m s  f o r  a  l o c k e d  
condit ion. 

is generated. This phase comparator will not sample during 
an absence of data pulses. It operates much like a sample- 
and-hold, with the loop integrator performing the hold op 
eration. 

This phase-locked loop can remain locked to a string of 
pseudorandom pulses, evenly clocked. The phase detector 
sample rate is determined by the data pattern since no 
phase comparator output is generated when there are no 
pulses. The maximum loop bandwidth is realized when a 
...1010101.. field is presented to the phase detector input. 
For this reason the beginning of each sector is written with 
about 16 microseconds of this pattern to assure proper 
phase coherence of the system to the sector's data field. 
The loop bandwidth is set so that 90% settling occurs in 
about eight microseconds. 

Acknowledgments 
The authors would like to acknowledge the following 

individuals for their contributions: Pete Petroski for his 
low-noise preamp design, Richard Wilson for media 
characterization, Mary Carter for read head characteriza 
tion, and Russ Mendenhall and Wally Overton for guidance 
from their previous experiences in designing this kind of 
hardware. Also, we thank the many people in the produc 
tion area, the materials area, and other divisional support 

JANUARY 1984  HEWLETT-PACKARD JOURNAL 11  

© Copr. 1949-1998 Hewlett-Packard Co.



areas for their endless hours in making the 7933/35 data 
path a success. 

References 
1. A.B. Carlson, Communication Systems, McGraw-Hill, 1975, 
p. 160. 

2. J.C. Mallinson and J.W. Miller, "Optimal Codes for Digital Mag 
netic Recording," The Radio and Electronic Engineer, Vol. 47, no. 
4, April 1977, pp. 172-176. 
3. T. Horiguchi and K. Morita, "An Optimization of Modulation 
Codes in Digital Recording," IEEE Transactions on Magnetics, Vol. 
MAG-12, no. 6, November 1976, pp. 740-742. 

Disc Drive Error Detection and Correction 
Using VLSI  
by Peter  M.  Galen 

A DISC DRIVE is subject to errors when reading data 
from the disc. The errors can be induced by random 
noise, correlated noise, media defects, mechanical 

nonlinearities, and other causes. The purpose of error cor 
rection is to improve the integrity and recoverability of 
data. 

There are two elements to error correction. The first is 
the detection of errors and the second is the correction of 
the erroneous data. Placing error correction entirely within 
the disc drive eliminates the need for delay in the case of 
most errors and thereby improves the system performance. 

Error Correction 
Errors in disc drives are best described as bursty. This 

means that errors tend to occur in groups. This fact led to 
the choice of a burst-correcting code, called a Fire code,1 
for the 7933/35. The characteristic polynomial of this code 
is 

(X23 + 1)(X12 + X10 + X9 + X7 + X6 + X4 + 1) 

This code allows the correction of a single 12-bit burst in 
a sector on the disc (2147 bits). 

The first step in the error correction process occurs dur 
ing a write of data to the disc. As the data is written a 
division modulo the above polynomial occurs. At the end 
of the data stream the remainder is appended to the data 
and written on the disc. 35 bits are added in this encoding 
process. 

During a read the data stream with the appended error 

Data from Disc Linear  Feedback 
Shin Register  

2147-Bit  Buffer 

Switch 
S I  

Corrected 
Data 

correction information is again divided modulo the chosen 
polynomial. If the remainder, or syndrome, is zero, the 
data is correct. If the syndrome is not zero, then an error 
has occurred. There are two error types: correctable and 
uncorrectable. Correctable errors are errors 12 bits in length 
or less, while uncorrectable errors are greater than 12 bits 
long. For a correctable error the syndrome contains infor 
mation about the error pattern and the error location. 

Error Detection 
Error detection is critical to ensuring the integrity of 

customer data. The Fire code chosen can detect most uncor 
rectable errors. There is a chance that an uncorrectable 
error will be mistakenly found to be correctable and correc 
tion attempted. To prevent this, a 16-bit CRC (cyclic redun 
dancy check) is used. This is appended to the data on a 
write before encoding and is used for error detection after 
error correction has occurred. This decreases the probabil- 

Read Sector  A 
LFSR 

Encoder/ 
Decoder 1 

Read Sector  A+1 

LFSR 
Encoder/ 

Decoder 2 

Fig.  1 .  C i rcu i t  for  er ror  cor rect ion us ing a F i re  code.  

F ig.  2 .  In  the 7933/35 Disc Dr ives,  two l inear  feedback shi f t  
reg is ters  are  used so that  the  syndrome for  one sector  can 
be generated while the preceding sector is being corrected. 
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Encoded  Da ta  
t o  D i sc  

Hardware 
Fault  

Fig.  3.  The same l inear feedback shi f t  registers are used for  
bo th  encod ing  and  decod ing .  I n  encod ing  da ta ,  hav ing  re  
dundant  encoders  he lps  p revent  the  wr i t ing  o f  bad da ta  be  
cause of  an encoder  hardware fau l t .  

ity of undetected errors to less than one occurrence in 1015 
bits transferred. 

Real-Time Correction 
Correction can be accomplished by several methods 

using a Fire code. The method chosen is outlined in Fig. 
1. The syndrome is contained within a 3 5 -bit linear feed 
back shift register (LFSR). The data stream is contained in 
a 2147-bit buffer. Each shift of the LFSR moves the begin 
ning of the error one bit in the data stream. The error mask 
is found when only the last 12 bits of the LFSR are nonzero. 
This enables the data from the buffer to be clocked out on 
a one-for-one basis with clocking of the LFSR. When the 
error mask is found, switch SI is closed and the mask is 
EXCLUSIVE-ORed with the data, thereby correcting it. 

To allow generation of the syndrome for one sector while 
the previous sector is being corrected, two LFSRs are re 
quired. Fig. 2 shows how these registers are configured. 
This allows correction of errors in consecutive sectors with 
out inducing additional delay. 

1C fabricated using HP's SOS (silicon on sapphire) process. 
The design contains approximately 31,000 active devices. 
The 1C is designed to be compatible with several disc drives 
and is currently in use in the 7911, 7912, 7914, 7933, and 
7935 Drives. 

SOS was chosen for two reasons; these were the need 
for a fairly dense process and the speed requirements. This 
chip can accept data at a rate greater than 11 MHz. SOS is 
a CMOS process, but the substrate used is sapphire instead 
of the more traditional silicon. 

Designing Testabil ity Into the 1C 
Testing a VLSI chip can be difficult. One design goal for 

the 7933/35 project was that a drive be able to test itself 
functionally and detect and locate failing assemblies. To 
achieve this goal, the error correction chip was designed 
so that any input to it can be driven from a microprocessor- 
accessible register. All output lines can be read from micro 
processor-accessible registers on the chip. This concept is 
shown in Fig. 4. This method will not find speed-related 
problems, but can find most other failure types. 
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Fault  Detection on Writes 
An added advantage of the use of two LFSRs is their use 

in redundant encoding. The LFSR used for encoding is 
nearly identical to the one used for syndrome generation 
and correction. This allows the same LFSR to be used for 
both operations. Fig. 3 shows the configuration used to 
detect hardware failures in the encoder. This helps prevent 
a customer from storing bad data without knowing it. 

VLSI Implementat ion 
The error correction function was integrated into a 28-pin 

Normal 
Operation Microprocessor 

Writable 
Register 

Microprocessor 
Readable 
Register 

Fig.  4.  VLSI  error  correct ion chip 
is  designed so that  any input  can 
b e  s e t  b y  t h e  d r i v e  m i c r o p r o  
c e s s o r  a n d  a n y  o u t p u t  c a n  b e  
r e a d  b y  t h e  m i c r o p r o c e s s o r  f o r  
t e s t i n g  t h e  e r r o r  c o r r e c t i o n  c i r  
cuitry. 
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Head Posit ioning in a Large Disc Drive 
by R.  Wilcox Bel l ,  Er ic W. Johnson,  R.  Keith Whitaker,  and Roger V.  Wilcox 

THE HEAD POSITIONING SYSTEM in the HP 793 3/ 
35 Disc Drives has two major purposes. The system 
controls the position of the data heads to follow the 

data tracks within approximately one tenth of the track 
width. It also moves the heads from one cylinder to another 
in a minimum amount of time. 

The high track density of the 7933/35 (625 tpi) requires 
a new approach to data head alignment techniques. To 
minimize the effects of thermal drifts and other low-fre 
quency changes, the drive automatically aligns the data 
heads to prewritten alignment tracks existing on every data 
pack. The implementation of automatic head alignment in 
the drive requires special electronics and interaction with 
the drive microprocessor. 

The large capacity of the 7933/35 was achieved in part 
by having 13 data surfaces on seven discs. Including the 
servo head, there are 14 heads. The resulting high mass 
requires high power levels to move the heads rapidly from 
track to track at performance levels similar to previous HP 
disc drives (7920/25). This requires a special design for the 
actuator amplifier, and a linear actuator capable of moving 
this large mass at high accelerations. 

The head-carriage assembly in the 7933/35 is controlled 
by the microprocessor and dedicated electronics. The dedi 
cated electronics provide the necessary speed and a rela 
tively simple and reliable compensation technique for the 
positioning system. 

Head Posi t ioning Control  Systems 
Two separate control systems are used to control the 

position of the heads. The linear position control system, 
or fine position servo, keeps the servo head at the center 
of the servo track, and is used when reading and writing 
data. A nonlinear position control system is used when 
the heads are moved from one track to another (a seek). 
This nonlinear system is designed to move the heads rela 
tively long distances (0.0016 inch for a single-track seek, 
and 2.1 inches for the longest seek) in the shortest possible 
time. 

The fine position servo system is designed to keep the 
servo head as close as possible to the center of the servo 
track. In addition, the servo head must quickly settle on 
track at the end of a seek. For the 7933/35 the specific goals 
were to have a servo head tracking error of less than 75 

microinches and a settling time of 2.5 milliseconds. 
The largest part of the tracking error comes from the 

radial motion of the disc pack. The disc pack spins at 45 
Hz (2694 r/min), and the design of the spindle keeps the 
once-around runout component of the disc motion within 
300 microinches. This component needs to be reduced by 
at least a factor of 10 to keep the servo head tracking error 
within the desired limits. This implies that the open-loop 
servo gain should be approximately 20 dB at the once- 
around frequency of 45 Hz. 

The presence of nonlinearities requires the system to 
have a higher gain to ensure that the runout is reduced. 
Some of the nonlinearities include deadband in the power 
amplifier and the static friction of the head assembly car 
riage bearings. An open-loop gain of 30 dB overcomes the 
effect of these nonlinearities and still reduces the 45-Hz 
component by at least a factor of 10. 

To achieve fast settling times, the bandwidth of the fine 
position system needs to be as wide as possible and the 
transient response must be good. The bandwidth is limited 
by the presence of a mechanical resonance at 3400 Hz. The 
compensation technique that is used includes a lead/lag 
network and a low-pass filter (see Fig. 1). The final phase 
margin is 35 degrees and the open-loop 0-dB crossover 
frequency is 500 Hz. The low-pass filter controls the mag 
nitude and phase of the resonance so that stability is not 
a problem. 

A block diagram of the system used to control seeks is 
shown in Fig. 2. This nonlinear position control loop is 
used to optimize the time for long moves. The move lengths 
are always known ahead of the seek. 

The first summing junction shown in Fig. 2 is a digital 
counter, which keeps count of the present distance error 
(number of tracks remaining to the target). This error signal 
is fed to a nonlinear velocity profile generator, which 
supplies the input to the velocity control loop. The position 
signal is fed back to the digital counter, which is dec 
remented by 1 for every track crossing. 

The nonlinear velocity profile generator contains a pro 
grammable read-only memory (PROM) and a companding 
digital-to-analog converter (C-DAC). Using a PROM allows 
any function to be programmed for the velocity profile. 
The companding DAG has a wide dynamic range. It requires 
only seven input bits to achieve an output ratio of 150:1 

Servo Track 
Position 

Position 
Signal Fine Position 

Compensation 

Actuator Current 

Current 
C o m m a n d .  

F i g .  1 .  7 9 3 3 / 3 5  D i s c  D r i v e  p o s i  
t ion contro l  loop b lock d iagram. 
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with 6% accuracy for signals near 0 volts. A linear D AC 
with a similar output ratio and low-end accuracy would 
require 11 bits. 

The velocity profiles stored in the PROM are designed 
to provide the maximum possible current to the actuator, 
within the limits of the available supply voltage and the 
current rating of the amplifier. During the acceleration por 
tion of a seek, the large distance error creates a large input 
to the velocity loop. The high gain of the velocity loop 
causes the power amplifier to saturate until the head veloc 
ity equals the command velocity. This accelerating current 
level is limited by the power supply voltage, the actuator 
coil resistance, and the back EMF of the actuator. Once the 
head velocity equals the command velocity, the heads start 
to decelerate. The deceleration velocity profile is designed 
to provide the maximum current possible for the given 
supply voltage, actuator coil resistance, back EMF, and 
power amplifier characteristics. Fig. 3 shows the basic 
shapes of the current and velocity waveforms during a 
track-to-track seek. 

When the actuator heats up, the actuator coil resistance 
and back EMF constant change. A profile that works for a 
cool actuator would cause the power amplifier to saturate 
as the actuator heated up. To provide optimal seek times 
over a range of coil temperatures, four different profiles 
are stored in the PROM, each one designed to give optimum 
performance over a given range of actuator temperatures. 
At the start of each seek, the actuator coil temperature is 
checked by the microprocessor, which then selects the 
proper profile for that temperature. 

This system gives seek time performance of 5 ms for 
single-track seeks, 24 ms for the average random seek, and 
42 ms for the longest seek. 

Actuator Driver Amplif ier  
One of the primary goals in the design of the 7933/35 

Disc Drives was to keep the seek time as short as possible. 
As shown in Table I, the mechanical power required to 
move a fixed mass a fixed distance is inversely proportional 
to the third power of time, and the electrical power required 
is inversely proportional to the fourth power of time. A 
small reduction in seek time therefore requires a large in 
crease in drive power. In the 7933, which has a moving 
mass of nearly 1.7 Ib (0.765 kg) and a maximum seek dis 
tance of 2.1 inches, a nominal average seek (motion only, 
without overhead) takes 19.5 milliseconds, and a maxi 
mum-distance seek under nominal conditions takes 35 mil 
liseconds. The power required to achieve this performance 
reaches peaks of 1000 watts, and the maximum acceleration 
is approximately 900 ft/s/s (28 times gravitational acceler 
ation). On the other hand, when the drive is maintaining 
head position under servo control, the power requirements 

Acceleration 

Current 

Deceleration 

Velocity 

Time 

Fig.  3 .  Current  and ve loc i ty  dur ing a seek.  

Table I  
Seek Power Derivat ion 

Mechanical Power: 
PM = Mechanical Power 
x  =  D i s t a n c e  t  =  T i m e  
a = Acceleration v = Velocity 
f  =  F o r c e  m  =  M o v i n g  M a s s  

2 x  

f = ma = 2mx 

x v=r 
_ ,  2 m x 2  

t3 

Electrical Power: 
Kp = Motor Force Constant 
R = Electrical Resistance of Motor 
I = Current through Motor 
PE = Electrical Power 

f = ma = KFI 

.  m a  2 m x  
J x p  J x . p t  

_T2p_ lmVR_ 2 
"  :  

Ve loc i t y  P ro f i l e  
Genera to r  

Ve loc i t y  Con t ro l  
L o o p  

T a r g e t  
Address 

Fig .  2 .  7933/35  seek  con t ro l  sys  
tem. 
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are on the order of 0.025 watts. A conventional linear 
amplifier can accommodate the required dynamic range, 
but is inefficient unless it is operating at low output cur 
rents or high output voltages compared to its design limits. 
A switching amplifier is efficient, but is impractical over 
the required dynamic range. 

The 7933/35 actuator driver amplifier successfully com 
bines the dynamic range of the linear amplifier with the 
efficiency of the switching amplifier. This was done by 
designing a dual-mode circuit that operates as a linear 
amplifier when the required output is small and as a switch 
ing amplifier at higher outputs. Although this is simple in 
concept, the design requirements of the two amplifier types 
often conflict. The most obvious conflict is the wide 
bandwidth required by an efficient switching amplifier and 
the relatively narrow bandwidth required to compensate 
the feedback loop in a multistage linear amplifier. 

A simplified block diagram of the power amplifier is 
shown in Fig. 4. The output stage is a differential or bridge 
type, which is driven by one of two input stages depending 
on which mode (linear or switching) is selected. The mode 
selection is automatic and is determined by the amplitude 
of the input signal. Overall feedback is provided in the 
form of a voltage proportional to load current. This makes 
the circuit operate as a transconductance amplifier, that is, 
the output is a current in response to a voltage input. The 
linear mode input stage is a standard differential opera 
tional amplifier circuit in which the feedback signal is 
compared to the input signal. The linear loop compensation 
is also included here. A similar differential circuit is used 
in the switching mode input stage, but the gain and com 
pensation are different. A pulse width modulator is in 
cluded to convert the analog error signal (difference be 
tween actual and desired output) to a constant-amplitude 
pulse width modulated signal. The average value of the 
pulse width modulated signal is proportional to the switch 
ing mode error signal and the pulses may be of either po 
larity depending on the polarity of the error signal. The 
amplitude of the pulses is controlled and the power stage 
is designed so that only the output transistors saturate. 
This avoids latch-up and saturation recovery problems, 
which can occur if the earlier stages saturate. Also, since 
the compensation is placed in the first stage where the 
signal is still linear, the driver and output stages can be 
designed with very wide bandwidth for fast switching 

times. Notice that the linear mode compensation is inde 
pendent of the switching mode compensation, allowing 
the two loops to be compensated separately. Mode control 
is accomplished by a pair of analog voltage comparators 
connected as a window detector. 

Whenever the input signal exceeds a preset threshold of 
either polarity, the mode control circuit disconnects the 
linear input stage and connects the pulse width modulator 
to the power driver. A fast-acting electronic switch is used 
to achieve the desired switching time. 

The power output stage is a pair of fully complementary 
linear power amplifiers which are driven differentially. 
Local feedback is used to control the stage gain and ensure 
stability. Complementary Darlington transistors are used 
for the predriver and output sections of the stage to achieve 
the required gain with a minimum number of parts. The 
overall feedback signal representing the load current is 
obtained from the voltage across a small current sensing 
resistor in series with the linear motor. Since this resistor 
floats with respect to ground, a differential amplifier is 
required to convert the feedback signal to a voltage refer 
enced to circuit ground. 

Track Fol lower  
The basis for track-to-track seeking and on-track servoing 

in HP drives is sensing track position by monitoring mag 
netically recorded servo information. The circuitry that 
gives the track position information is called the track fol 
lower. 

A single surface in the center of the multidisc pack is 
dedicated to track position information. The information 
recorded is called servo code. The servo surface is com 
posed of servo bands written in concentric circles across 
the surface of the disc. The servo bands alternate between 
A and B bands. Data track centers occur when the servo 
head is positioned over equal portions of A and B tracks. 
As the servo head moves off track center, it encounters 
more of one and less of the other, producing a positive or 
negative signal corresponding to the direction of motion. 
Using this position error signal, the servo system adjusts 
the position back to track center. 

The servo code is marked at intervals with sector timing 
information. The track follower circuit decodes these tim 
ing marks and provides start-of-sector information to the 
read/write and drive control circuitry. 

Differential 
Amplifier 

Differential 
Amplifier 

C u r r e n t  P o w e r  
S e n s e  L i n e a r  A m p l i f i e r  

R e s i s t o r  M o t o r  

Fig.  4 .  Actuator  dr iver  ampl i f ie r  b lock d iagram.  
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S e r v o  C o d e  F o r m a t  
As mentioned above, the servo surface consists of alter 

nating bands of A and B servo information. Fig. 5 describes 
the format of the servo code. Each field consists of pairs 
of closely-spaced magnetic transitions. The electrical re 
sponse to each pair of closely spaced transitions is called 
a di-bit. 

The A and B bands of servo information are similar, 
differing only in the position in time of the closely spaced 
transition pairs. The electrical response of a head 
positioned over equal portions of A and B bands is a series 
of di-bits. Di-bits from the A band alternate with those from 
the B band. 

The sector timing marks are sequences of extra di-bits 
that are placed between the A and B servo di-bits. They 
contribute nothing to the position sensing system, but are 
detected as a sequence to generate sector timing informa 
tion. The timing information is also used to identify the A 
and B di-bit information. 

Circuit  Functional Description 
Fig. 6 is a block diagram of the track follower. The servo 

head signal is amplified by the AGC amplifier chain. The 
resulting signal is fed to the phase-locked loop, the position 
discriminator, and the level detecting circuitry. The phase- 
locked loop locks to the servo code waveform and produces 
timing signals that are used by the amplitude detectors, 
sector counters, and position discriminator. The position 
discriminator uses the incoming servo code and the phase- 
locked timing reference to demodulate the A and B 
amplitudes. The A and B amplitudes are subtracted in a 
differential amplifier to produce the position error signal. 

The amplitude detection circuit uses phase-locked gating 
signals to detect the sector timing sequences encoded in 
the A and B bands. The detector outputs are used to syn 
chronize the sector counters and initialize the start-of-sec- 
tor timing pulse. 

The AGC reference is derived by summing the A and B 
amplitudes. The resulting signal is fed to the AGC inte 
grator. The integrated output is fed into the AGC amplifier 
chain to keep the sum of A and B constant. 

Di-Bit Integrator 
The preceding functional description holds for many HP 

disc products. In the 7933/35, the di-bit integrator deserves 
special attention. Fig. 7 is a simplified schematic. Usually, 
the di-bit amplitude is peak detected by A and B peak 
detectors, which are carefully matched. The 7933/35 uses 
a dumped integrator followed by matched sample-and-hold 
amplifiers to separate the A and B channels. The process 
of integration has superior noise immunity compared to 
the process of peak detection, if properly implemented. 

Our implementation, shown in Fig. 7, avoids the difficult 
task of matching dual integrators by using the same inte 
grator to process both A and B di-bits. After the integration 
cycle, the integrator output is sampled by either the A 
sample gate or the B sample gate. Then it is reset to zero 
by the dump pulse to initialize it for the next integration 
cycle. This implementation requires only careful matching 
of the sample-and-hold circuits rather than matching inte 
grator circuits. 

Close ly  Spaced  
Magne t i c  T rans i t i on  
Pairs 

Head Output for 
Head Aligned with 
A Band 

Head Output for 
Head Aligned with 
B Band 

Head Output for 
Head Centered 
over  A and B Bands 

Fig .  5 .  Format  o f  the servo sur face,  a  sur face in  the center  
o f  t h e  m u l t i d i s c  p a c k  d e d i c a t e d  t o  t r a c k  p o s i t i o n  i n f o r m a  
tion. 

The implementation consists of matched transistors Ql 
and Q2 , which are arranged in a circuit similar to the Widlar 
current source.1 Rl biases Ql with a very small collector 
current. Because of the matched transistors, the quiescent 
current in the collector of Q2 should be equal to that of 
Ql. However, because of the presence of emitter resistor 
R3 and base connecting resistor R2, the quiescent current 
in Q2 is less than that in Ql. 

Rl sets the collector current of Q2 to a level sufficiently 
small that there is no significant voltage change in capacitor 
C2 in the quiescent state. The inverted servo signal is ac- 
coupled through Cl to the base of Q2. The negative swing 
of a servo di-bit pulls Q2 into full conduction. A bias voltage 
very near to that of the di-bit is imposed across the emitter 
resistor. The emitter current set by resistor R3 is propor 
tional to the di-bit voltage waveform and flows through Q2 
into capacitor C2. The voltage level at C2 is proportional 
to the integral of the di-bit waveform. The resulting circuit 
operation produces a smooth and accurate position error 
signal. 

Automat ic  Head Al ignment  
Previous HP disc products have used a special electronic 

tool and procedure to allow the HP Customer Engineers 
who service the drives to adjust the alignment of the data 
heads to the center of the data tracks. A special pack (CE 
pack) is placed in the drive along with the electronic tool. 
The electronic tool indicates the amount of adjustment 
required to bring the head to track center. An alignment 
procedure is performed if the head is out of specification. 
This is an expensive and difficult process. First, each CE 
pack must be very closely matched to other CE packs. Sec 
ond, each CE must carry a bulky and expensive CE pack 
to the customer's site. Third, very tight control of electrical 
and mechanical specifications is required to keep environ 
mental factors such as temperature from causing large head 
position shifts and data errors. Fourth, higher track den 
sities cause these error effects to become so severe that a 
higher-density drive could not be built if this traditional 
alignment method had to be used. 

The 7933/35 adapted the traditional approach to head 
alignment by including the special electronic tool in each 
drive and special reference tracks in every production pack. 
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Supplied with special controller firmware, the drive is able 
to correct errors up to Â±1/4 track. This adjustment range 
allows the drive to operate at a significantly higher track 
density without increasing mechanical tolerances. 

Each read/write board includes a circuit that duplicates 
the position sensing and sector timing circuits of the track 
follower board. Autoalignment bands, which duplicate a 
pair of servo bands, are included on each data surface. 
Alignment bands are located at the outside, near the center, 
and near the inside of each data surface. Periodically, the 
drive controller requests the servo system to position the 
data heads over an alignment band. When the alignment 
circuitry is then enabled, the drive controller measures the 
resulting position error signal from the selected data sur 
face. A command is issued to the servo system to offset a 
corresponding amount in the opposite direction. The pro 
cess is repeated up to four times at each band or until the 
error is small enough to be insignificant. This entire align 
ment process is repeated on each surface and at all three 
bands. The offset value required to null the error is recorded 
for each surface at all three bands. When any track on any 
surface is then accessed, the offset values for the alignment 
bands on either side are recalled and an offset is calculated 
by interpolating between the two alignment values. 

The autoalignment approach limits drive head alignment 
errors to less than 3% of track width (50 /nin) over widely 
varying temperature conditions (10 to 40Â°C ambient). 

Automat ic  Skew Correct ion 
The autoalignment circuitry also contains adjustments 

for correcting the circumferential alignment error of the 
heads with respect to the servo head. In previous drives a 
wide intersector gap was created to compensate for mis 
aligned heads. The automatic skew correction circuit al 
lows the intersector gap to be decreased by 80%. Virtually 
all the remaining gap is required for reasons other than 
physical misalignment. 

The autoskew measurements are made at the same time 
as the autoalignment measurements. The alignment bands 
on each surface contain sector marks identical to the servo 
surface. The difference in time between the sector marks 
on each band and the servo surface is measured by the 
skew correction circuit on the track follower board and 
then stored by the drive controller along with the autoalign 
ment information. Any required skew correction is com 
puted in the same manner as the autoalignment correction 
and fed back to the autoskew circuit, which can advance 
or delay the sector timing information by the required 
amount. 

The correction capability of the circuit is Â±1/6 sector. 
This greatly reduces the precision required for mounting 
heads in the drive assembly. 

Writ ing Servo Code for  Automat ic  Head Al ignment  
The autoalignment functions require very accurate and 

repeatable location of the alignment bands from band to 
band on each data pack. In the case of the 7935 data packs, 
they also require good repeatability from pack to pack, 
since the packs will be interchanged between different 
drives. This means that each data pack must be produced 
and formatted to an accuracy equal to that of a CE pack. 

It is the job of the servo writer to format the servo surface 
at the factory with position and timing information and to 
write the head alignment bands on the data surfaces. The 
alignment bands consist of servo information located in 
three bands on each of the data surfaces. Each band contains 
one track center per data surface, and each of these must 
be accurately located above the corresponding track center 
on the servo surface. 

In a basic sense, the servo writer is very similar to a disc 
drive. It must seek and position a carriage that holds all of 
the data heads and it must read and write to all surfaces 
on the data pack. In fact, much of the servo writer elec 
tronics consists of modified 7933 boards. However, most 
of the mechanics consists of specialized parts which pro 
vide the best possible system repeatability and freedom 
from vibration. The major differences are that the servo 
writer must position the data heads very accurately and 
repeatably without servoing on a servo surface and it must 
provide an external source of accurate circumferential 
timing. 

The major technical challenges in designing the 7933/35 
servo writer were: 
â€¢ To provide accurate, repeatable positioning and cir 

cumferential timing 
â€¢ To remove or compensate for any thermal or mechanical 

offsets and vibration 
â€¢ To design an automated system for repeatability, accu 

racy, and data collection 
â€¢ To overcome long thermal stabilization times and 

achieve less than a 20-minute process time per pack 
â€¢ To provide a means of calibrating and monitoring servo 

writer performance on a day-to-day basis 
â€¢ To be able to produce multiple servo writers with iden 

tical performance. 
Circumferential timing is established by phase locking 

to an optical encoder mounted on the spindle shaft. To 
provide accurate positioning, we use an air-slide carriage 
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bearing driven by a linear motor and a positioning system 
based on the HP 5501A laser and optics. Position is mea 
sured by reflecting the laser beam off a retroreflector, which 
is placed just behind the head mounting point on the car 
riage. The laser information is then converted to track po 
sition information and fed into a normal disc drive servo 
board and actuator amplifier electronics. The carriage can 
be offset in quarter-wavelength (6.25 /Â¿in) increments over 
its entire length of travel for fine adjustments or it can seek 
a given number of tracks (1600 /Â¿in) for larger displace 
ments. The initial position reference is established by pull 
ing the carriage back against its end-of- travel stops. 

The accuracy with which the servo information can be 
written is limited by the amount of vibration and thermal 
and mechanical offsets in the system. The vibration prob 
lem was solved mechanically by using an air bearing spin 
dle with an integrated optical encoder and by building the 
servo writer on an air-shock-isolated table. Long-term ther 
mal drifts caused by the environment were solved by 
operating the servo writer in a temperature controlled room 
(Â±0.5Â°C). The mechanical offsets are removed in the cali 
bration procedure. 

It is important that this machine be automated to ensure 
that the operations are performed and monitored exactly 
the same way for each pack and to free the operator from 
tedious machine adjustments, instrument reading, and data 
logging. Automation allowed us to develop format, verify, 
and calibrate routines that iterate their procedures, adjust 
ing the location of each alignment band until it is within 
specification; this is done very rapidly. The servo writer 
is a Z80-based system using the 7933 processor board. All 
of the production programs and maintenance subroutines 
are stored in EPROM within the servo writer and all of the 
data results and servo writer calibration information are 
sent to the production area data base system via an RS-232- 
C link. Using the processor-based system allowed us to 
incorporate many automatic checks on system calibration, 
operating conditions, and data results which increase the 
integrity and observability of the system. 

The long periods of waiting for thermal stability normally 
encountered in writing CE packs were minimized by paying 
close attention to the format, verify, and calibrate routines 
and to the amount of down time allowed for the servo 
writer. While the heads are loaded on the discs, friction is 
generated, and the heads and discs heat up and begin to 
expand, although not all of them equally. The amount of 
expansion depends upon the particular disc (middle, top, 
or bottom), the location of the heads, the time spent there, 
and their previous thermal history. Our problems were 
largely overcome by designing the format, verify, and cali 
brate routines to locate the data heads over the same por 
tions of the disc for the same amount of time and to limit 
the amount of down time allowed between packs. In this 
way, the machine is warmed up and achieves a state of 
process equilibrium from which only short periods of time 
are required to stabilize the position of the heads. If the 
system is down for an extended period of time, warmup 
(simulated verify) operations are performed until the sys 
tem is again ready for use. 

The servo writer uses a set of standard packs and corre 
sponding correction factors to calibrate itself for daily op- 
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Fig .  o f  S imp l i f ied  schemat ic  o f  the  d i -b i t  in tegra to r ,  par t  o f  
the posi t ion discr iminator in the track fol lower circui t .  

eration. These packs have been carefully selected and 
tested many times to determine the position inaccuracy 
(correction factor) for each head and data band. The servo 
writer measures the difference between where it thinks the 
corrected position of the alignment band should be and 
where it iterates to find it. This difference is saved in the 
servo writer and becomes the system calibration factor for 
that head and alignment band. Then, for each pack that it 
writes afterwards, it will offset its position by an amount 
equal to the calibration factor, and thus each data pack is 
written to look exactly like a standard pack. 

The servo writer calibration factors are sent to the pro 
duction data base system and can be monitored to deter 
mine the long-term stability of the servo writer and the 
condition of the standards packs. There should be no sud 
den step changes in the values of the calibration factors, 
so limits are set in the servo writer. If these limits are 
exceeded, the system will report a calibration error, will 
request service, and will not format any more packs. 

The volume of packs required for the 7933/35 products 
meant that several servo writers would be needed. To du 
plicate the servo writer and to prove that a single servo 
writer could produce packs repeatably within tolerance, a 
large amount of testing was done to determine the system 
repeatability. Error components were identified and mea 
sured and an error budget was drawn up. Each succeeding 
servo writer is now required to go through a certification 
testing program in which its accuracy and repeatability are 
checked and verified before it is released to production. 
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Mechanical Design of a Large Disc Drive 
by James H.  Smith  

ALTHOUGH THE HP 7933/35 DISC DRIVES can be 
considered higher-performance replacements for 
the earlier HP 7925 (see Table I), they bear little 

r e semblance  mechan ica l ly  to  the  o lde r  d r ive .  A  new 
mechanical design approach was taken, with high-volume 
manufacturing the goal. Many innovative concepts were 
evolved, both for the drive and for the media module. 

Because of the projected volumes for the 7933/35, we 
were able to show that payback periods of three months 
or shorter could be obtained by investing in parts tooling. 
We therefore investigated high-volume parts tooling on the 
front end of the project. We also looked at various ways 
that we could combine the functions of various parts and 
decrease the overall parts count. 

The approach that we finally decided upon is shown in 
Fig. 1. This design is based on a molded cabinet with a 
maximum amount of molded-in details and modularity of 
design. There are four major assemblies or modules: the 
actuator spindle base, the power supply, the card cage, and 
the cabinet itself. 

Cabinet  Design 
The cabinet is a two-part polycarbonate foam molded 

design consisting of the cabinet or outer shell and the com 
ponent mounting frame. The two units are bonded together 
by an induct ion heat ing process ,  us ing a  compounded 
polycarbonate material (with metal flakes) as bonding ma 
terial, to form one structural cabinet part. All of the cabinet 
parts are molded using straight pulls to eliminate slides, 
which would be costly and impractical because of the size 
of the parts involved. Each of the molded cabinet parts 
weighs approximately 32 pounds, making this the largest 
molded cabinet of its kind in the computer industry. The 
component mounting frame provides for mounting two of 
the three subassemblies, the actuator spindle base and the 
card cage. In addition, there are details for mounting the 
filter, the prefilter, and ducting to direct cooling air to the 
card  cage  and the  power  supply .  The  power  supply  i s  

mounted in the cabinet  port ion of  the assembly and is  
accessible through the rear of the cabinet. 

The molded cabinet probably presented more problems 
to the industrial designer than to the design engineers. To 
obtain the advantages of simple tooling and consequently 
a straight pull from the mold, we had to add one degree 
of draft to the cabinet sides. This was considered a poor 
industrial design practice, but once models were made that 
demonstrated the function of the parts as well as the draft, 
it did not appear to be very important. When the advantages 
of the design were weighed against the potential aesthetic 
disadvantage of one degree of slope to the sides, the prac 
ticality of the design won out. 

Table I  

Performance Comparison 
7933/35 versus 7925 

Storage 

TPI 

Track Width 

Recording Surfaces 

Access Time 

Maximum Off -Track 
Error 

Peak Force to Seek 
Acceleration 
Deceleration 

Kinetic Energy 
Required for an 
Average Seek 

7925 
120M Bytes 

384 

2600 Â¿tin 

9 

25ms 

500 /u,in 

11 0.0 Newtons 
70.0 Newtons 

0.5 Joules 

7933/7935 
404M Bytes 

625 

1600 /t in 

13 

2 4 m s  

260 fiin 

208 Newtons 
175 Newtons 

1.5 Joules 
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Shroud 

A b s o l u t e  
Filter 

Med ia  
M o d u l e  

T u b  A s s e m b l y  

A c t u a t o r  S p i n d l e  
B a s e  A s s e m b l y  

M a g n e t i c  
R ing  

Molded Cabinent 

F r o n t  D o o r  

Fig.  1 .  Exp loded v iew of  the 7933/35 Disc  Dr ives.  

Modularity 
The modularity of the system is made possible by separat 

ing the mechanical and electrical assemblies. We were able 
to have a modular card cage by standardizing the printed 
circuit board size. There are eight boards in the card cage 
and all but one are the same size. The read/write board 
was altered to make room for the preamp circuitry, but it 
still fits within the card cage. The other boards â€” the track 
follower, formatter/separator, DMA, microprocessor, servo, 
actuator driver, and power regulator â€” are all on standard 
HP boards. The card cage is a die casting and its cover is 
a die casting with a stamped and punched sheet-metal 
insert. The card cage is completely tested as an assembly 
before it is put into the cabinet. 

The actuator spindle assembly is a die casting. In it are 
mounted the spindle motor, linear motor, and actuator as 
sembly. This assembly is completely built and aligned and 
checked out before it is installed. This is a major mechan 

ical assembly of the drive and presented the most problems 
during the design (see article, page 23). 

The power supply is built on a die-cast base and is also 
completely assembled and tested before assembly. 

7935 versus 7925 
Comparing the total number of cast, molded, sheet-metal, 

and machined parts for the 7935 versus the 7925 shows 
that the mechanical parts have been reduced by 26% from 
509 parts to 376 parts. The sheet-metal parts count is 59% 
lower and the machined parts count shows a reduction of 
42%. For molded and cast parts, the amount of tooling has 
increased by 137%, from 72 parts for the 7925 to 171 for 
the 7935. 

The assembly area required for the 7935 is about 50% of 
that required for the 7925. The reasons for this are the 
modularity of the design, the fact that the drive cabinet 
itself is the workstation, and the new material flow con- 
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cepts, which dictate that a minimum amount of material 
should be in the assembly area at any time. By having 
completed and tested modules that can be dropped into 
the cabinet, the costly build stands that are required for 
the 7925 are eliminated. These stands were not only expen 
sive, but took up valuable space. 

Because all of the modules are tested at the subassembly 
level and all of the mechanical components are tested be 
fore assembly, the 7935 was able to go to a 24-hour test 
cycle which includes burn-in. The 7925 requires a 48-hour 
burn-in before testing, because the 7925 components can 
not be tested at the subassembly level; consequently, it is 
necessary to wait until they are all assembled before they 
can be burned in and tested. This has allowed the 7935 to 
use a five-step final build and test operation instead of the 
eight-step operation of the 7925. The 7925 goes from top- 
level build to initial turn-on to burn-in to put-up to diagnos 
tic testing to button-up, integration, and final test. The 7935 
combines the initial turn-on, burn-in, and put-up steps into 
one step and does not do the integration. This reduction 
in steps has not only reduced assembly labor but floor 
space as well. 

The manner in which the 7935 is built and tested com 
pared to the 7925 is probably a good proof for the statement 
made by W. Edwards Deming, "The later you wait in a 
process to test, the more it costs you and the harder it is 
to find a problem." 

The 7935 was able to build up to mature production in 
about four months versus twelve for the 7925. The quantity 
at mature production is about 50% higher than for the 7925. 
Part of the reason for this is that mechanical parts do not 
restrict production. 171 parts are tooled for high-volume 
production. All of these were tested at the production pro 
totype and pilot-run stages. Once production had started, 
vendors were able to supply very large quantities of parts 
in very short times. The materials engineers were involved 
very early in the design stages of the project and were able 
to design in the material flow from the vendors along with 
the parts and tooling design. There was a very large com 
mitment early in the project to high-volume production in 
a very short period of time. Critical purchased parts were 
negotiated with the vendors long before the release of the 
project. The material flow of the critical path was worked 
out well in advance. 

Media  Module  
A major design feature of the 7935 Disc Drive is the 

media module. 
Handling and cleanliness of disc media has always been 

approached with a certain fear and mystique. Media dam 
age and subsequent loss of data are usually blamed on 
contamination and/or handling-induced defects. Typically, 
drive manufacturers have used existing media cartridge 
and pack designs for their drives. When we investigated 
these existing designs, we found that they did not satisfy 
our design requirements . Through the investigation of these 
designs and extensive testing we were able to come up 
with a design that minimizes the effects of contamination 
and handling, the two major factors in media longevity. 

The media module consists of seven 14-inch oxide- 
coated discs assembled onto a hub, which contains a pre 

cision-ground armature plate at the base. This armature 
plate completes the magnetic circuit created by a magnetic 
ring mounted to the spindle hub. When the module is 
inserted into the spindle, this circuit secures the disc stack 
to the spindle with a clamping force of approximately 45 
Ib. The disc assembly is located on the precision-ground 
nose of the spindle in the radial direction by a three- 
pronged flexure which is part of the disc hub assembly. 
This arrangement allows the pack to be removed from and 
put back onto the spindle with a repeatability of eight 
microinches.  The handle assembly acts  as  a  cam 
mechanism; when lifted, it separates the hub from the spin 
dle, allowing for pack removal. 

The pack assembly is contained in a two-piece polycar 
bonate injection-molded case. Upon insertion into the pack 
chamber and onto the spindle hub, the pack is rotated to 
open the sliding door, which allows head access and a flow 
of clean filtered air onto the discs. Thus the door to the 
discs is only opened in the clean environment of the pack 
chamber to minimize the effects of contamination. In addi 
tion, a purge and cleaning cycle is used before data is 
written onto or retrieved from the media. 

Specifications call for the module to maintain protection 
after a 30g impact with a 12-ms duration. Typically, the 
module will withstand 75g and still provide protection for 
the media. 
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CORRECTION 

In  the November  1983 issue,  the two capt ions a t  the bot tom of  the box on page 8 
are reversed. The l ine chart  is on the r ight.  The sl ide is on the lef t .  
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High-Capacity Disc Drive 
Servomechanism Design 
by Stephen A.  Edwards 

THE ACTUATOR SPINDLE BASE ASSEMBLY (ASB) 
was the major mechanical design project for the 
7933/35 Disc Drives. Two of the fundamental design 

considerations for the ASB were modularity and primary 
functionality. In the past, HP products have tended to use 
the ASB as part of the structural cabinetry, thus subjecting 
critical components to external stresses and vibrations 
which could adversely affect their rigidity and precision 
alignment. By defining the cabinet/ASB interface early in 
the 7933/35 project, we were able to separate all the 
mechanically critical components, specifically the spindle, 
linear actuator, carriage/rail systems, and the base which 
supports them, from structural constraints and concentrate 
on the complicated servo performance issues. By eliminat 
ing many of the smaller extraneous subassemblies from the 
main base, several potentially annoying vibrational modes 
were avoided. As an added benefit, a single high-precision 
assembly emerged which requires fewer tools and less as 
sembly space and is fairly simple to monitor and trou- 
bleshoot. Subassemblies are pretested before reaching the 
final assembly station, resulting in higher yields. 

Fig. 1 shows the components of the actuator and base. 

Spindle 
The spindle assembly consists of a precision shaft ground 

on centers, supported by two ABEC-7 class ball bearings, 
and an internal preload spring all encased in a steel perma 
nent mold casting. Extremely tight runout requirements 
dictate stringent quality control at all phases of manufac 
ture and assembly. Final grinding is done in-house, on the 
spindle's own bearings, to obtain total runouts less than 
50 Â£iin peak to peak with nonrepeatable components repre 
senting less than 15 /Â¿in p-p of the total. 

The driving torque is supplied by an integral dc motor 
with a latching Hall-effect sensor used for shaft position 
and velocity feedback to the spindle driver electronics. 
Rotational speed of 2694 r/min is allowed to vary only 
Â±0.5% because of the extremely narrow bandwidth of the 
read/write phase-locked loop. 

Linear Actuator 
To supply the necessary radial access capability, a linear 

motor actuator system is employed. The linear motor hous 
ing is a 1010-steel shell mold casting containing four 76-de- 
gree sections of M7 grade ceramic magnets, radially mag 
netized to achieve a gap flux density of 2700 gauss. The 
armature is a three-piece bonded assembly with a 200-turn 
rectangular aluminum wire coil, developing a nominal 
force constant of 12.4 newtons/ampere throughout the 54.8- 
mm stroke. 

It is critical to the proper operation of the drive to estab 

lish and maintain a single degree of freedom for the head 
stack (i.e., radial to the disc center). Radial location is de 
coded by the dedicated servo head in the center of the 
seven-platter disc stack. The remaining thirteen heads are 
used for data manipulation based on the perceived servo 
head location. Sector timing information is also determined 
through the servo code. Any nonrepeatable motion of data 
relative to the servo heads results in misplaced data with 
respect to the anticipated cylinder and/or sector. This mis 
placed data, upon subsequent readback, results in unpre 
dictable and typically uncorrectable errors. 

The dynamic components of the actuator consist of the 
armature, the carriage assembly, the tach rod, and fourteen 
magnetic read/write heads. The maximum acceleration 
seen by the nominal 765 grams of the carriage system's 
moving mass is 28g. 

Structural support for the carriage system relies upon 
three precision dual-row miniature ball bearings, pre 
loaded between two tungsten carbide gauge rods. On the 
outer surface of the bearings is ground a gothic arch 
which,when mated with the rod, creates two-point contact. 
This suspension system results in compact single-degree- 
of-freedom motion as long as bearing/rail contact is main 
tained. Attached to the carriage and suspended inside a 
coil of 44 AWG wire are the tach rod and magnet which 
supply velocity feedback (nominally 2 V/m/s) to the servo 
system during long seeks and head loading. 

By removing the heads from the disc chamber, it is pos 
sible to remove the media in a module that is both easy to 
handle and inexpensive. Because of the nature of the head/ 
oxide media interface, it is necessary to load and unload 
the heads from the media while the discs are spinning. 
This is achieved by means of a head ramp and separation 
device called a cam tower. 

Base 
The base supports the linear actuator assembly and the 

spindle assembly. Initially, the base was envisioned as 
being an infinitely stiff beam which would support and 
maintain the two assemblies in their required orientation. 
Soon after the first unit was assembled and seek testing 
began, we found how wrong this assumption was. As 
shown in Figs. 2 and 3, the open-loop servo transfer func 
tion indicated a phase margin of approximately eight de 
grees at the gain crossover frequency of 353 Hz. Fairly minor 
mechanical variations can degrade this margin, resulting in 
an unstable condition. After several iterations of beam mod 
els and prototypes, it became apparent that a 16-in 
dumbbell with 30 Ib on one end and a 35-lb random mo 
ment generator on the other was a very uncooperative de 
vice. The moment generated by the linear motor, when 
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Fig. mechanical component of the actuator spindle base assembly, the major mechanical component of 
the 7533/35 Disc Dr ives.  
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" f i t  

40.000 t "  
353 Hz 

Gain Crossover 

Fig .  2 .  7933/35 servomechan ism 
open- loop  t rans fe r  f unc t i on  w i th  
out  shock mount .  Open- loop gain 
crossover is at  approximately 353 
H z ,  a n d  t h e  g a i n  d r o p s  s h a r p l y  
there. 

coupled to the base, drove a 400-Hz bending mode of the 
base assembly. This was so close to the crossover frequency 
that there was no servo gain to correct for position errors 
(see Fig. 2). The only solution seemed to be to decouple 
the source of random energy input from the rest of the 
system. What we needed was a thermally and dimension- 
ally stable composite that would absorb vibrational energy 
at a low frequency (approximately 60 Hz), where the servo 
system has 20 dB of gain to correct for position errors. 

The result of these findings is a shock mount. This is a 
vulcanized sandwich of two aluminum plates with a spe 

cially formulated butyl rubber between them. Its effect is 
to reduce the moments applied to the end of the base by 
the reactive load on the actuator caused by accelerating 1.7 
Ib at 28g. The change in servo performance is illustrated 
by the open-loop transfer functions in Figs. 4 and 5. The 
phase and gain drops at crossover have been eliminated 
and the effective crossover frequency has increased to ap 
proximately 486 Hz. Design tradeoffs involved larger as 
sembly tolerances, seek-length-dependent servo perfor 
mance caused by relative velocity between the velocity 
transducer and the base, and the requirement to maintain 

Xi 353. 12 

TRANS 1 

180. 00. 

Vi 8. 1895 YiO. 0 

100 EXPAND 

8.2Â° 
Phase Margin 
at  Crossover 

L G  H Z  353 Hz 800.00 

Fig .  3 .  7933/35 servomechan ism 
open- loop  t rans fe r  f unc t i on  w i th  
out shock mount. Phase margin at 
ga i n  c rossove r  ( 353  Hz )  d i ps  t o  
only 8.2Â°. 
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X :  4 8 8 .  9 3  
TRANS 1  

4 0 .  O d d  
# A i  1 0 0  
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-10. 000_ 

486 Hz 
Gain Crossover 

600.00 
Fig .  4 .  7933/35  servomechan ism 
open- loop  t rans fe r  f unc t i on  w i th  
shock  mount .  Ga in  c rossover  f re  
quency has been increased to 486 
Hz and there is  no sharp drop.  

critical composition tolerances on an elastomeric material. 

Drive Performance Issues 
There are two major factors to consider when discussing 

overall drive performance. The first is whether the servo 
system can seek and accurately locate the servo head where 
desired within a fixed time (preferably very short). The 
second is whether the data heads follow the servo head. 

Servo head settling time is the period required for the 
carriage assembly to move and settle within a quarter track 
width of the target track center. When within a quarter 

track (400 pin), the track follower circuitry homes in, and 
at a suitable time, enables the read/write circuit to use one 
of the other 13 heads. If the servo system is unable to 
position the head in the track follower range within a soft 
ware-specified time limit, a seek error is flagged and the 
drive does a recalibration and reattempts the seek. 

To measure accuracy and settling time performance, we 
determined the open- and closed-loop system transfer func 
tions and settling characteristics using HP Digital Signal 
Analyzers. Initially, the error rate observed was quite poor, 
even when the servo position was extremely accurate. This 

X :  4 8 6 .  9 3  
TRANS 1  

180 .  00 .  

Y .  3 6 .  2 1 5  Y i O . O  
1 0 0  E X P A N D  

- 1 8 0 .  0 0 _  

Phase Margin 
at  Crossover 

~ >  T  
486 Hz 

600.00  

Fig .  5 .  7933/35 servomechan ism 
open- loop  t rans fe r  f unc t i on  w i th  
s h o c k  m o u n t .  P h a s e  m a r g i n  a t  
ga i n  c rossove r  i s  a  comfo r t ab le  
36.2". 
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was a result of the data heads' going astray with respect to 
the servo head. The major factor allowing this to occur was 
that the carriage bearings were not maintaining contact 
with the rail. As the carriage tilts, the heads above or below 
it are no longer in a vertical line perpendicular to the disc 
surface, that is, the heads are not in the same cylinder. 
This causes data to be miswritten with respect to the servo 
reference and therefore causes errors when the data is re 
trieved. 

One major cause of this behavior was a nonsymmetric 
magnetic field in the linear motor, which applied a horizon 

tal force to the coil upon excitation. This resulted in a 
moment in the carriage system, forcing the bearings to slide 
sideways with respect to the rail, thereby tilting the carriage 
up or down dependent upon the polarity of the coil current. 
By balancing the magnet volume about the horizontal axis 
of the linear motor, this effect was eliminated. This 
phenomenon was monitored using an instrumentation 
pack (servo code written on all surfaces) and several sets 
of track follower electronics. It was thereby possible to see 
relative settling between servo and data heads. 
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Roger  V.  Wi lcox 

Roger Wi lcox returned to 
his nat ive Idaho to jo in HP 
in Boise in 1979. Born in 
Montpel ier ,  he studied 
electr ical  engineer ing at  
Br igham Young Univers i ty ,  
graduat ing wi th  a BS de-  
gree in  1969,  then spent  
ten years in California work- 
i ng  on  radar  s igna l  p ro  

cessing for the U.S. Navy. His work there resulted 
in one patent .  With HP's Disc Memory Div is ion in 
Boise,  he des igned the t rack fo l lower  and served 
as project  leader for  the 7933/35 Disc Dr ives.  
Roger is marr ied,  has six chi ldren, l ives in Boise, 
and teaches digital electronics at Boise State Uni 
vers i ty .  His other interests inc lude woodworking,  
backpack ing,  and coach ing youth  spor ts .  
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Eric  W.  Johnson 
Er ic  Johnson graduated 
f rom Washington State Uni  
versity with a BSEE degree 
in  1979 and jo ined HP the 

H  , p , ,  s a m e  y e a r  a s  a  d e v e l o p -  
Â « I p ,  Â »  m e n t  e n g i n e e r .  H e  c o n t r i b -  
â € ¢ i ^ ^ f .  L  u t e d  t o  t h e  d e s i g n  o f  t h e  

^^dÃ‰B i fÃ  Ã    7933 /35  D isc  Dr i ve  se rvo  | f l l  I  e l e c t r o n i c s  a n d  s e r v o  w r i t -  
â€¢â€¢â€¢^B iS IHI  e r .  In  1  982  he  rece ived  h is  
MSEE degree from Stanford University. A native of 
Kelso, Washington, Eric l ives in Boise, Idaho, and 
enjoys sports,  especial ly  Softbal l ,  basketbal l ,  and 
skiing. 

R. Frank Bell  
Frank Bel l  jo ined HP in 
1 975 with experience in the 
design of  instrumentat ion, 
secur i ty  systems, and 
sona r .  A t  HP ' s  D i sc  Mem 
ory Div is ion,  he 's  done 
analog and interface circuit 
des ign for  d isc dr ives,  in-  

* "  e luding the actuator  dr iver  
 ,  s  a m p l i f i e r  f o r  t h e  7 9 3 3 / 3 5 ,  
and he acts as a tutor for videotaped circuit theory 
courses from Stanford University and the University 
o f  Idaho.  H is  work  has resu l ted in  one paper  and 
two patents  on in t rus ion detect ion systems and 
one pending patent on a dual-mode ampli f ier. Born 
in Nashvil le, Tennessee, Frank received his BSEE 
degree f rom Lehigh Univers i ty  in  1962 and h is  
MSEE degree f rom the Univers i ty  of  Santa Clara 
in 1 973. He's married, has two teenagers, lives in 
Meridian, Idaho, and enjoys ski ing, camping, sai l  
ing ,  and home computers .  

R. Keith Whitaker 
j  Kei th Whitaker at tended 

Weber  Sta te  Col lege and 
the Universi ty of  Utah, 
graduat ing f rom the la t ter  
with a BSEE degree in 1 977 
and an MSEE in 1978. With 
HP since 1 978, he has con 
tributed to the design of the 

f j tÃ­t jBÃ  7925 Disc Drive servo sys- 
B J  t e m  a n d  t h e  7 9 3 3 / 3 5  D i s c  

Dr ive pos i t ion servo and seek cont ro l ,  and has 
coauthored an  IEEE cor respondence on phase-  
locked loops .  Ke i th 's  hobb ies  a re  sk i ing ,  pho tog  
raphy ,  backpack ing ,  and  scuba  d iv ing .  He  was  
born in Portland, Oregon, grew up in Ogden, Utah, 
and now l ives in  Boise,  Idaho.  
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James H.  Smith 
J im Smi th was mechanica l  
design project manager for 
the 7933/35 Disc Dr ives.  
With HP since 1977, he's a 
graduate of California State 
Universi ty at San Jose 
(BSME 1959)  and  the  Un i  
versity of Santa Clara (MBA 
1974) .  H is  work  has  re  
su l ted in  a  pending patent  

on the 7933/35 media  module .  J im was born in  
Eureka, California. He's married, has two children, 
and is a founder and board member of the Idaho 
Youth Soccer  Associat ion.  He a lso serves as a 
soccer coach and as a board member of the Boise 
City Parks and Recreation Department. He enjoys 
hunt ing and f ishing. 

23: 
Stephen A.  Edwards 

F j ^ _  ^ _  S t e v e  E d w a r d s  w a s  r e  
sponsible for  the 7933/35 
Disc Drive actuator design. 
A  1978 BSME graduate  o f  
the Universi ty of  Texas at  
Aust in,  he 's  been wi th HP 
s ince  1979  as  a  deve lop  
ment engineer.  Steve's 
interests include horses 
(he and his wife â€” another 

HP engineer â€” have an Arabian and a quarter 
horse) ,  outdoor  spor ts ,  sa i l ing,  and "warm sunny 
vacat ions."  Or ig ina l ly  f rom Tyler ,  Texas,  he now 
l ives in Boise, Idaho. 

29! 

Timothy C.  Mackey 
Tim Mackey  g raduated  
from Port land State Univer 
s i t y  w i th  degrees  in  bus i  
ness adminstrat ion and 
computer science in 1 974. 
He was a product manager 
for communications related 
products at HP's division in 
Corval l is ,  Oregon before 
l eav ing  the  company  re  

cently. Tim is married and now lives in Upton, Mas 
sachusetts. His interests include music and motor 
sports (cars,  boats,  motorcycles,  a i rp lanes).  

Loren Koehler 
Ã¯ Loren M. Koehler joined HP 

in 1 979 and has worked on 
|  several  di f ferent I /O prod- 
I ucts for HP Series 80 Com- 
| puters, including the Serial 

and  BCD I /O Modu les .  He 
was the pro ject  leader  for  
the  HP 82967A Speech 
Synthesis Module. A native 

I  Oregonian, Loren attended 
Portland State University, receiving a BSEE degree 
in 1979.  He is  marr ied,  has three chi ldren,  and 
l ives in Corval l is,  Oregon. His outside interests 
inc lude woodwork ing ,  sk i ing ,  mus ic ,  and invo lve  
ment  in  Ful l  Gospel  Business Men's Fel lowship 
International. 

34; 
Jeffrey R.  Murphy 

. g o , ,  J e f f  M u r p h y  j o i n e d  H P  i n  
1979 af ter  receiv ing a 
BSEE degree f rom Cornel l  
Univers i ty .  He worked on 
the  12060A ADC for  the  
A-Ser ies Computers,  the 
27201 A Speech Module,  
and  the  27203A Speech 
Library. He now is working 
on  broadband loca l  a rea  

networks. Born in Will iamsport, Pennsylvania, Jeff 
now lives in Rocklin, California. He is a member of 
the IEEE and enjoys bicycling and skiing when not 
pract ic ing c lass ica l  p iano (he has taken lessons 
for 12 years). 

| Born in Kearney, Nebraska, 
Beth Hueft le studied 
mathematics at the Univer- 

I sity of Nevada at Reno (BS 
1976)  and computer  sc i -  

i  ence at Cal i fornia State 
Universi ty at  Chico (MS 
1978).  She then jo ined HP 
and has cont r ibuted to  the 

!  FORTRAN/77 compi ler  for  
the  HP 1000,  the  des ign  o f  p rocess  con t ro l  sys  
tems ,  and  the  27203A Speech  L ib ra ry .  Be th  cu r  
rently is working on local area networks for personal 
computers .  She is  a  member of  the Society  for  
Women Engineers and lives in Loomis, California. 
Outside of work, she has many interests â€” skiing, 
soccer ,  b icyc l ing ,  rock  c l imb ing,  photography,  
and col lect ing ant iques.  
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Speech Output for HP Series 80 Personal 
Computers 
This module a l lows a computer  to provide informat ive 
prompts and alarms, freeing the user f rom frequent attention 
to a display. 

by Loren M.  Koehler  and Timothy C.  Mackey 

THE HP 82967A SPEECH SYNTHESIS MODULE 
(Fig. 1) for Hewlett-Packard's Series 80 Personal 
Computers allows these machines to output audible 

information to prompt operators, sound alarms, indicate 
error conditions, or request service. The 82967A is accom 
panied by enough vocabulary and software to provide a 
variety of tools for using speech. A similar module, the 
HP 27201 A, is available for computers with an RS-232-C/V.24 
interface. A powerful supporting software package makes 
this module easy to use on the HP 1000 and HP 3000 
Computer Systems (see article on page 34). 

Computer-generated speech output can improve the effi 
ciency of some operations, and in many cases, provide new 
capabilities. Some possible applications are: 
â€¢ Test/measurement. A typical test station might use a volt 

meter controlled by a Series 80 Computer via the HP-IB 
(IEEE 488). With speech output, the computer can tell 
a technician when to move a test probe to a new circuit 

node without the technician's having to divert attention 
away from the circuit board to obtain the next test in 
struction. The computer also can be programmed to 
warn the technician verbally when a high voltage is 
encountered. 
Data entry. An accounting clerk who enters data into 
ledgers all day long gets very good at using the 10-key 
numeric pad on the computer's keyboard. This user typ 
ically does not look at the screen during every data entry. 
Accuracy can be increased greatly by either having audi 
ble feedback of entered data or verbal warnings of "out- 
of-balance" account situations to such users, thus getting 
their attention and causing them to check their entries. 
Monitoring/process control. With speech output, a com 
puter monitoring peripheral status or controlling a pro 
cess can provide information with an audible alarm, 
eliminating the time required for an operator to locate 
the appropriate display and read the alarm message. For 

SPEECH SYNTHESIS  
S Y S T E M  D I S C  

F i g .  1 .  T h e  H P  M o d e l  8 2 9 6 7  A  
S p e e c h  S y n t h e s i s  M o d u l e  p r o  
v ides p lug- in  speech output  capa 
bi l i ty for HP Series 80 Computers. 
T h e  s p e e c h  o u t p u t  c a n  b e  
suppl ied to headphones,  an exter  
na l  aud io  sys tem,  or  the  speaker  
contained in the video monitors for 
HP-86  Compute rs .  Inc luded  w i th  
the 82967 A is a disc containing a 
1 5 0 0 - w o r d  s p e e c h  v o c a b u l a r y  
and binary rout ines to simpl i fy the 
a p p l i c a t i o n  o f  s p e e c h  o u t p u t  t o  
programs.  
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Program-Level  Speech 
Incorporation: 

Real-t ime concatenation 
and speech output  

Vocabulary Data Base 
and User-Generated 

Speech Files 

E P R O M  U T I L I T Y :  
Translates vocabulary to 

correct f i le structure 
f rom EPROM storage 

W O R D  U T I L I T Y :  
Edits and generates words 

for  HP-86 and HP-87 
Computers from standard 

vocabulary 

E D I T .  E D I T 8 5  8 7 .  a n d  
Binary Routines for 

Speech Fi le Development:  
Listening to vocabulary 

data, renaming, deleting, 
and sentence building 

Fig.  2.  Out l ine of  sof tware package for  implement ing speech 
output in Ser ies 80 Computers.  Al l  port ions are included with 
the 82967 A except the EPROM UTILITY and the WORD UTILITY, 
which are avai lab le f rom the HP User 's  L ibrary .  

example, a computer can announce, "Printer 6 is out of 
paper," or "Furnace temperature is too high," to indicate 
not only the nature of the problem, but also the device 
affected. 

Speech Output  Technology 
A computer system can use several techniques to gener 

ate speech output.1 Some of the most common methods 
are converting text to speech, reconstructing speech using 
digitized samples or recordings of actual speech, and syn 
thesizing speech using linear predictive coding (LPC, see 
box on page 32). The LPC technique is used by the 82967A 
and its companion product, the 2 7201 A Speech Output 
Module. 
Text-to-Speech Conversion. Translating text in ASCII 
characters into verbal output is done by examining the text 
in sequence and trying to figure out how to pronounce the 
syllables observed. Because most languages, in particular 
English, contain words or combinations of letters that look 
the same but sound different, or sound the same but look 

different, the set of translation rules can become quite com 
plicated. For example, consider the italicized words in the 
following sentences: 

Your assignment is to read the chapter about reed boats. 
After you have read the instruction, pick up the red en 

velope. 
After the archers picked up their bows, they faced the spec 

tators and bowed. 

To handle these problems, a large exception dictionary and 
an intricate set of context-dependent rules are required. 

The advantage of translating text is its flexibility. How 
ever, the quality of the speech is generally very poor. The 
listener must pay close attention, because the speech out 
put is usually flat and unemotional, and sounds mechani 
cal. In some cases, the listener must have some knowledge 
of the general context of the spoken message to understand 
it correctly. Some of these deficiencies can be corrected, 
but then the benefit of flexibility is lost. 
Recorded Speech. Actual speech can be digitized and 
stored in the computer's memory for reproduction when 
desired. The benefit is natural-sounding speech, but the 
memory requirements are large even for brief speech out 
puts, typically 12K bytes for speech lasting one second. 
An alternative approach is to use the computer to search 
for a desired phrase recorded on a tape recorder and direct 
the recorder to play back the phrase. The disadvantage of 
this method is the long access time and the large number 
of phrases required to verbalize a full range of numbers or 
conditions. 
Synthesized Speech. Speech synthesis can generate high- 
quality speech using a mathematical model of the human 
vocal tract and digital data based on the recording of spoken 
words and sounds. Synthesized speech output has some 
clear advantages over more conventional methods of sound 
reproduction such as the tape recorder. Synthesized speech 
has solid-state reliability, allows real-time random selec 
tion and concatenation of words, phrases, and sounds, and 
has significantly lower data requirements than digitized 
speech. The LPC technique used in the 82967A and 27201A 
Modules is based on the assumption that the sound a person 
makes at one instant is a continuation of the sound made 
in the previous instant. LPC removes natural redundancies 
in speech and reduces the number of bits required to repro 
duce one second of speech by as much as 98.5% compared 
to purely digitized speech. Hence, the benefit of the LPC 
technique is that it greatly reduces memory requirements 

Data 
Microprocessor 

Data 

3 ,  C o n t r o l  

Speech 
Synthesis 

Chip 

Audio Ampli f ier  

Gain Programmable 
Amplifier 

Audio Phone Jack 

*â€¢ Audio RCA Jack 

F i g .  3 .  B l o c k  d i a g r a m  o f  t h e  
8 2 9 6 7 A  S p e e c h  S y n t h e s i s  M o d  
ule 's hardware system. 
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while retaining a high-quality speech output. 

S y s t e m  O v e r v i e w  
The design objectives for the 82967A were to provide 

speech output with as high a degree of quality as possible, 
and to provide everything needed to allow its use as a 
viable computing tool. The 82967A hardware is closely 
knit with software and vocabulary (refer to Fig. 2). 

The EDIT program generates speech files. A speech file 
is a subset of the vocabulary data base, with words, phrases, 
and sounds put into user-defined combinations and re 
named to fit the given application. A speech data file, as 
with any data file, requires a certain amount of time to 
load from mass storage into the computer and requires a 
certain amount of memory space. Speech file construction 
allows the user to make tradeoffs between vocabulary resid 
ing in computer memory and the amount of load time from 
mass storage. 

The EPROM UTILITY program converts additional vocab 
ulary words, usually residing on an EPROM (electrically 
programmable read-only memory), to the correct data file 
structure. EPROMs programmed with additional vocabu 
laries selected by the user are available from the vendor 
for the speech synthesis integrated circuit used in the 
82967A Speech Module. The EPROM UTILITY program is 
available from the HP User's Library service. It works in 
conjunction with the HP 82929A Programmable ROM Mod 
ule for Series 80 Computers. The 82929A holds up to two 
64K-bit EPROMs and fits directly into the Series 80 I/O 
backplane. 

The WORD UTILITY program can be used to develop new 
words from the existing vocabulary. New words are con 
structed by deriving the required syllables and phonetic 
sounds from existing words in the vocabulary data base 
and patching them together. The WORD UTILITY program 
also allows a word, phrase, or sound to be altered by varying 
the digital parameters that define it (refer to the box on 
page 32). 

Hardware Design 
The 82967A hardware system (Fig. 3) is centered around 

an 8049 microprocessor and a TMS5220 speech synthesis 
chip. In addition, the module contains a programmable 
amplifier for attenuation of the volume under software con 
trol, active low-pass and high-pass filters, and a final audio 
amplifier. 

The 8049 microprocessor services the speech chip, con 
trols the gain programmable amplifier, and handles the I/O 
protocol between the 82967A and the host computer via a 
translator chip. 

The IMB5 translator chip provides the interface between 
the module and the bus to the host computer. To service 
the speech chip, the microprocessor provides an internal 
90-byte first-in, first-out (FIFO) buffer between the host 
computer and the speech synthesis chip. The computer 
invokes verbal execution of an utterance (a sound, a word, 
or a group of sounds and/or words) by passing to the host 
computer a command and a 16-bit value representing the 
total number of bytes in the speech file containing the data 
for the utterance. The computer then transmits the speech 
data for the utterance to the microprocessor's FIFO buffer. 

After it fills its FIFO buffer or receives all of the bytes in 
the utterance (if less then 90 bytes), the microprocessor 
sends a speak command and 16 bytes of speech data to the 
TMS5220 speech chip. The microprocessor then passes 
additional eight-byte blocks of speech data on a request 
basis to the speech chip until the utterance is finished. As 
data is moved from the microprocessor's FIFO buffer to 
the speech chip, more data is sent from the host computer 
until all of the requested speech data has been transferred 
from the computer to the speech module. 

The data transfer used between the Series 80 Computer 
and the 82967A card is known as an OUTPUT data transfer. 
The OUTPUT data transfer was selected as the only means 
of transferring speech data from the computer to the speech 
module because this type of data transfer cannot be sus 
pended by another device. Therefore, it can guarantee that 
all speech data in an utterance arrives at the 82967A with 
out interruption. The OUTPUT data transfer approach re 
duces the memory requirements on the speech module, 
which keeps the hardware cost down. After completion of 
the OUTPUT speech data transfer, the other I/O operations 
of the computer can resume or begin while the speech 
module is still speaking, using the speech data remaining 
in the FIFO buffer. 

The TMS5220 speech chip produces synthesized speech 
by taking the encoded LPC parameters, decoding the infor 
mation, and placing it in an internal digital lattice filter. 
The ten most-significant bits of the filter output are 
supplied to an on-chip digital-to-analog converter (DAC) 
every 125 microseconds, yielding an analog signal repre 
senting the appropriate utterance at the output of the 
speech chip. 

Programmable volume control is accomplished by using 
a gain programmable amplifier (GPA). This amplifier is 
actually a digital-to-analog converter. The analog signal 
from the speech chip is fed into the GPA's reference node 
and attenuated to one of sixteen possible levels, depending 
on the setting of the four binary inputs to the GPA by the 
microprocessor. The GPA setting is controlled from the 
keyboard or program by using the binary keyword SVOL, 
or alternately, the CONTROL command from the Series 80 
I/O ROM. For example, the command SVOL 10,12 sets the 
output to level 12. The value 10 is the factory setting for 
the 82967A's select code (hardware address). Writing a 
value of 15 to the GPA sets the maximum volume level; a 
value of \ yields a minimum volume level. Writing a value 
of 0 to the GPA turns off the output. At power-on or after 
a system reset, the speech module sets a default value of 
15 for the GPA. 

Two-pole high-pass and low-pass active filters are used 
to modify the analog signal before final amplification on 
the card. The -3-dB point of the high-pass filter is 100 Hz, 
and the -3-dB point of the low-pass filter is 3 kHz. These 
points were picked based on the bandwidth of human 
speech and background system noise. An operation called 
deemphasis, which attenuates the high frequencies of the 
synthesized speech, is performed directly by the TMS5220 
speech synthesis chip. After the analog speech signal is 
filtered, it passes through a manual volume control and 
into an audio amplifier. The output of the audio amplifier 
is 0.22 watt into an eight-ohm load, which is more than 
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Linear Predictive Coding 

Linear predict ive coding (LPC) is a speech analysis/synthesis 
t echn ique  wh ich  reduces  the  amoun t  o f  s to red  i n fo rma t ion  re  
qui red to  reconstruct  an ut terance.  I f  actual  speech is  d ig i t ized 
fo r  s to rage ,  96 ,000  b i t s  o f  memory  a re  requ i red  to  rep roduce  
one second of  speech. By stor ing only the data required by LPC 
to synthesize the same one second of  speech wi th h igh qual i ty ,  
the memory requ i red is  reduced to  less than 1200 b i ts .  

LPC  ana l ys i s  beg ins  w i t h  a  r eco rd i ng  o f  t he  ac tua l  sound ,  
word,  or  combinat ion of  words and/or  sounds.  This  record ing is  
then conver ted  in to  d ig i ta l  da ta  by  f i rs t  sampl ing  the  recorded 
waveform at a f ixed rate. This data is then compressed to extract 
ampl i tude,  source,  and f i l ter  informat ion to reconstruct  the ut ter  
ance based on a mathemat ica l  model  o f  the human vocal  t ract .  
The amplitude, or energy, is simply the loudness of the utterance. 
The source informat ion speci f ies whether or  not  the vocal  cords 
are vibrating, and if so, at what frequency (pitch). The fi l ter param 
e ters  descr ibe  the  re la t i ve  pos i t ion ing  o f  the  tongue,  l ips ,  and 
teeth in the vocal  t ract  model .  

Speech Analysis  
The  f i l t e r  pa ramete rs  a re  de r i ved  based  on  the  assumpt ion  

that whatever is spoken now is to a large degree a l inear cont inu 
a t ion  o f  wha t  was  spoken  an  ins tan t  ea r l i e r .  Tha t  i s ,  t he  f i l t e r  
parameters KÂ¡ are determined by min imiz ing the mean square 
er ror  between the ac tua l  va lue vn o f  a  sample  o f  the  u t te rance 
and the  va lue  vne es t imated f rom a  we ighted sum of  a  number  
of previous actual values. The relat ion between vne, the KÂ¡ coef 
f ic ients ,  and the prev ious sample va lues is  g iven by 

(1) 

where the analysis period, i  = 1 to j ,  is a function of the sampling 
ra te  and the va lue chosen for  j .  For  the LPC technique used in  
the 82967A and 27201 A Modules,  the sample rate is  8 kHz and 
j  =  1 0 .  

Matrix algebra is used to solve for the KÂ¡ coeff icients for each 
ana l ys i s  pe r i od .  The  amp l i t ude  va lue  i s  de r i ved  f rom the  rms  
va lue  o f  the  speech waveform.  The p i tch  va lue  is  der ived f rom 
the per iodic  var iat ion of  the sample values.  

Phonetics 
Before  d iscuss ing  how the  LPC parameters  a re  combined to  

f o r m  a  f r a m e  o f  s p e e c h  d a t a  a n d  h o w  t h a t  f r a m e  i s  u s e d  t o  

Number 
of 

Bytes Data for Utterance 

Flag for 
Speech 

Chip 

M S B  L S B  S p e e c h  D a t a  F r a m e s  Stop Code 
Frame 

F i g .  2 .  A n  u t t e r a n c e  i s  c o d e d  a s  a  s e q u e n c e  o f  s p e e c h  
frames with a header that indicates the total  number of bytes 
in  the sequence and a f ina l  s top speech f rame.  

synthesize speech,  the fo l lowing informat ion about  basic phone 
t ics wi l l  be useful.  

Speech  sounds  can  be  d iv ided  rough ly  in to  two  ca tegor ies :  
unvo iced  and  vo iced .  Unvo iced  sounds  a re  random no ise  gen  
erated by a constr ict ion somewhere in the vocal t ract.  Examples 
of unvoiced sounds are the letters f and s. Voiced sounds involve 
the vocal cords vibrat ing at a certain pitch. Al l  vowels are voiced 
sounds as  we l l  as  the  le t te rs  I ,  m,  n ,  r ,  w ,  and y .  Some le t te rs  
such as v and z are combinations of unvoiced and voiced sounds. 

Some le t te rs  have o ther  charac ter is t i cs  tha t  must  be  cons id  
ered for  speech synthesis.  Al l  of  the consonant  let ters except  h 
invo lve a  const r ic t ion in  the voca l  t rac t  that  Â¡s  re laxed ra ther  
quick ly .  For  the stop le t ters b,  d,  g ,  k ,  p ,  and t ,  the constr ic t ion 
completely blocks the f low of air  through the vocal  t ract .  Hence, 
s t o p  t o  a r e  c h a r a c t e r i z e d  b y  a  s h o r t  s i l e n c e  l a s t i n g  1 0  t o  
100 mil l iseconds. 

Al l  letters characterized by either a part ial  or a complete vocal 
t rac t  cons t r i c t ion  a re  a lso  charac te r ized  by  rap id  spec t ra l  ( f re  
quency) changes before and after the occurrence of the constr ic 
t ion.  the is  caused by the rap id  changes in  the s t ructure o f  the 
vocal  t ract  as the constr ic t ion is  formed and then re laxed.  

Speech Frames 
The LPC parameters for  each analys is  per iod are stored wi th 

a repeat  b i t  in  speech f rames of  d i f ferent  lengths as shown Â¡n 
F i g .  1 .  E a c h  w o r d  o r  s o u n d  i s  s t o r e d  i n  t h e  v o c a b u l a r y  a s  a  
sequence of  these speech frames headed by a digi ta l  value that 
ind icates the number of  bytes in  the sequence (F ig.  2) .  

The  speech  f rames  can  be  c lass i f i ed  i n to  f i ve  bas i c  t ypes :  
vo iced,  unvo iced,  repeat ,  zero  energy,  and a  s top code f rame.  
The 50-b i t  vo iced (V)  f rames spec i fy  energy ,  p i tch ,  and a l l  ten  
f i l ter coeff icients. The 29-bit  unvoiced (U) frames specify energy, 
zero  11-b i t  and on ly  the  f i rs t  four  f i l te r  coef f i c ien ts .  The 11-b i t  
repeat  (R) f rames speci fy  only energy and pi tch,  and have thei r  

LPC F i l t e r  Coe f f i c i en ts  

X X X X  0  X X X X X X  K ,  

X X X X  0  0 0 0 0 0 0  

X X X X  1  X X X X X X  
Fig.  1  .  LPC speech synthesis  pa 
rameters are stored into one of five 
speech frame formats:  (a) voiced, 
(b)  unvoiced,  (c)  repeat ,  (d)  zero 
energy ,  and (e)  s top  f rames (see 
text). 
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v  
v 
v 
v 
v 
v 
v 
v  
z 
z 
z 
z 
u 
u 
u 
u 
u 
U R  
U R  
S 

Ã̈ 
I  

LLI 

12 
13 
13 
13 
13 
11 
7 
1 
O 
O 
O 
o 
1 
1 
7 
7 
7 
6 
4 
15 

Q -  K .  

4 3  2 2  
3 9  2 5  
3 8  2 5  
3 8  2 4  
41 
4 5  2 4  
4 9  2 1  

16 
2 5  1 7  

14 

1  2 5  8  

K3 
6 
9 
9 
8 
8 
6 
2 
10 

K g  t \ g  K y  t \ g  K g  * * 1 0  

1 0  1 1  1 0  6  3  3  
4  1 1  8  6  4  4  
3  1 1  9  6  4  4  

11 9 
1 1  9  
1 3  1 0  
1 3  1 2  
4  2  

21 
24 
31 
27 
31 

6 
O 
15 
1 
10 

Fig .  3 .  L is t ing  o f  the  twenty  speech f rames and LPC param 
eter  va lues in  the sequence for  the word "e ights . "  The ut ter  
ance begins at the top of the l ist  and concludes with the stop 
frame at the bottom. 

repeat b i t  set  to one to indicate to the speech synthesis 1C that  
the f i l ter  coef f ic ients  for  the prev ious f rame are to  be reta ined.  
The 4-b i t  zero energy (Z)  f rames spec i fy  zero energy and have 
no  o ther  va lues .  The  4 -b i t  s top  (S)  f rame spec i f i es  an  energy  
va lue o f  15 and has no o ther  va lues.  The shor ter  length  o f  the  
unvo iced ,  repea t ,  and  zero  energy  f rames  a l low the  da ta  ra te  
and  s to rage  requ i rements  fo r  speech  syn thes is  to  be  reduced 
considerably.  

In  each f rame,  the energy va lue can range f rom 0 to  15,  and 

the p i tch va lue can range f rom 0 to  63.  The repeat  b i t  is  e i ther  
zero or  one.  Note in  F ig.  1  that  the number of  b i ts  a l located for  
each f i l ter  coef f ic ient  var ies depending on the in f luence of  that  
parameter  on speech qual i ty .  

F ig .  3  shows a  l i s t ing  o f  the va lues in  each o f  the 20 f rames 
in  the  74 -by te  sequence  o f  va lues  requ i red  to  syn thes ize  the  
wo rd  "e igh t s . "  The  Z  f r ames  desc r i be  t he  momen ta ry  s i l ence  
before the "t" and the U and UR frames describe the "ts" sound . 

Speech Synthesis 
Fig .  4  shows a  b lock  d iagram o f  the  bas ic  speech syn thes is  

process.  The exci ta t ion sources are a var iable- f requency pulse 
genera tor  fo r  vo iced f rames and a  random no ise  genera tor  fo r  
unvo iced f rames.  The ampl i tude o f  the  se lec ted source is  mod 
u l a t e d  b y  t h e  d e s i r e d  a m p l i t u d e  o r  e n e r g y  l e v e l  a n d  t h e n  i s  
appl ied to the recurs ive f i l ter ,  which is  programmed by the f i l ter  
coef f ic ients  for  the speech f rame.  The t ransmiss ion funct ion of  
the fi l ter is 

where 

T(z )  =  

H(z )  =  

(2) 

(3) 

Therefore,  i f  en is the nth sample of  the selected exci tat ion,  the 
synthesized output sample vn' is 

(4) 

T h i s  b e  o u t p u t  i s  t h e n  s e n t  t o  a d d i t i o n a l  c i r c u i t r y  t o  b e  
shaped by high-pass and low-pass f i l ters and amplif ied for output 
as audib le  speech.  

Voiced or  Unvoiced 

Pitch Recursive Filter T(z) 

Random Noise 
Generator 

F i g .  4 .  B l o c k  d i a g r a m  o f  L P C  
speech synthes is  process.  

adequate for most needs. 
The 82967A comes with a phono jack and an RCA-type 

speaker jack connected in parallel. These two jacks enable 
the user to connect the speech module to an HP-86 Comput 
er's video monitor (whose audio input also uses an RCA 
connector), to stereo headphones, or to whatever else meets 
the user's needs, without the need for an adapter. The 
manual volume control is designed so that by turning it 
all the way down, the correct volume setting is obtained 
for use with headphones. 

High-Level  Speech Incorporat ion 
Incorporation of speech output in an HP BASIC program 

is a simple task. Special keywords provided by the "speak" 
binary program included with the 82967A's software allow 

quick implementation of speech output in programs. The 
software also contains easy-to-use routines for generating 
speech files that contain the desired utterances. 
Retrieving Speech Data. To retrieve a speech file from mass 
storage, the procedure is the same as that required to read 
any data file into memory from mass storage with one ex 
ception â€” the keyword is different. For example, 

10 ASSIGN #1 TO"HP" !Open the file 
20 DLOAD !A$ = name and file information, P$ = speech data 
30 ASSIGN #1 * Â¡Close the file 

The above three HP BASIC statements load a speech file 
into computer memory. The actual speech data resides in 
the variable P$. Information related to the speech data such 
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Speech Output for HP 1000 and HP 3000 Computer Systems 

by El izabeth R.  Hueft le  and Jeffrey R.  Murphy 

The ef f ic iency of  some users of  a  large computer  system can 
b e  n o t a b l y  i m p r o v e d  b y  t h e  a d d i t i o n  o f  l o c a l  s p e e c h  o u t p u t ,  
wh ich  can  be  used  to  reques t  se rv i ce  fo r  pe r iphe ra l s  such  as  
plot ters and pr inters,  prompt operators for  inputs,  announce the 
occurrence of input or output error condit ions, and sound alarms. 
The HP 27201 A Speech Output  Module  in  con junct ion wi th  the 
appropr ia te  HP 27203A or  HP 27205A Speech L ibrary  prov ides 
this capabil i ty for HP 1 000 and HP 3000 Computer System users. 
The 27201 A can also be used with other RS-232-CA/.24 computer 
systems, but the user wil l have to develop the speech fi les directly 
wi thout  the assistance of  the Speech L ibrary sof tware.  

The 27201A is  a  mic roprocessor -based per iphera l  whose ap  
pearance and internal speech synthesis circui try are very simi lar 
to  the 82967A Speech Synthes is  Module  for  HP Ser ies  80 Com 
puters  d iscussed in  the  accompany ing  ar t i c le .  The d i f fe rences  
a re  the  in te r fac ing  method and the  add i t ion  o f  l im i ted  In te rna l  
speech data s torage.  

Interface 
The 27201A and  i t s  i n te rconnec t ing  cab le  imp lement  a  s tan  

d a r d  s i g  ( f o r  t r a n s m i t  d a t a ,  r e c e i v e  d a t a ,  a n d  g r o u n d  s i g  
na ls )  RS-232-C/V.24  da ta  communica t ions  In te r face .  Because  
n o  o t h e r  s i g n a l s  a r e  p r o v i d e d ,  t h e  m o d u l e  d o e s  n o t  s u p p o r t  
connect ion to  long-hau l  modems.  However ,  shor t -hau l  modems 
us ing three-wi re  data  communicat ions can be used.  

Th i s  I n te r f ace  scheme  a l l ows  t he  27201  A  to  be  connec ted  
direct ly to the host  computer or  to be inserted in ser ies wi th any 
RS-232-CA/.24 per ipheral  such as a terminal ,  pr inter ,  or  p lot ter .  
The ser ia l  conf igurat ion (Fig.  1)  e l iminates the need for  another 
po r t  when  add ing  speech  capab i l i t y  and  a l l ows  the  27201A to  
be connected easily to a workstation for interactive speech output 

Speech Output  Module 

F i g .  1 .  S e r i a l  c o n f i g u r a t i o n  f o r  H P  2 7 2 0 1  A  S p e e c h  O u t p u t  
M o d u l e .  T h e  m o d u l e  i s  i n s e r t e d  i n  t h e  R S - 2 3 2 - C / V . 2 4  l i n e  
c o n n e c t i n g  t h e  p e r i p h e r a l  t o  t h e  h o s t  c o m p u t e r .  D u r i n g  
n o n s p e e c h  o p e r a t i o n ,  t h e  m o d u l e  p a s s e s  a l l  s i g n a l s  b e t w e e n  
t h e  p e r i p h e r a l  a n d  t h e  h o s t  c o m p u t e r ,  b u t  m o n i t o r s  t h e  s i g n a l s  
t o  d e t e c t  t h e  s p e c i a l  e s c a p e  c o m m a n d  s e q u e n c e  t h a t  a d  
d r e s s e s  t h e  m o d u l e .  

p r o g r a m  d e v e l o p m e n t .  
T o  c o e x i s t  w i t h  a n  i n - l i n e  p e r i p h e r a l  o n  t h e  s a m e  d a t a  c o m m u n i  

c a t i o n s  l i n e ,  t h e  2 7 2 0 1  A  o p e r a t e s  i n  a n  e a v e s d r o p  m o d e ,  m o n i t o r  
i n g  a l l  d a t a  o n  t h e  l i n e  w h i l e  p a s s i n g  I t  t h r o u g h  t o  t h e  i n - l i n e  
p e r i p h e r a l .  T h e  2 7 2 0 1 A ' s  s p e e c h  o u t p u t  f u n c t i o n s  a r e  i n v o k e d  
b y  a  s p e c i a l  e s c a p e  s e q u e n c e  ( E s c & y S < c o m m a n d > E s c & y U ) ,  w h i c h  
t r i g g e r s  c o m m a n d  r e c o g n i t i o n  b y  t h e  s p e e c h  s y n t h e s i s  c i r c u i t r y .  
T a b l e  I  l i s t s  t h e  a v a i l a b l e  c o m m a n d s .  W h e n  t h e  m o d u l e  m u s t  
c o m m u n i c a t e  w i t h  t h e  h o s t  c o m p u t e r ,  I t  i n t e r c e p t s  t h e  p e r i p h  
e r a l ' s  G T S  ( c l e a r - t o - s e n d )  l i n e  t o  s u s p e n d  d a t a  f l o w  f r o m  t h e  
p e r i p h e r a l  d u r i n g  t h i s  t i m e .  T h e  2 7 2 0 1 A  i m p l e m e n t s  t h e  X O N /  
X O F F  h a n d s h a k e ,  w h i c h  m e a n s  t h a t  d a t a  f l o w  c o n t r o l  r e s i d e s  w i t h  
t h e  2 7 2 0 1  A ,  e v e n  w h e n  t h e  p e r i p h e r a l  i n i t i a t e s  t h e  h a n d s h a k e .  

T a b l e  I  

H P  2 7 2 0 1 A  S p e e c h  O u t p u t  M o d u l e  C o m m a n d s  

C o m m a n d  A c t i o n  
C L E a r  D e l e t e s  a  g r o u p  o f  w o r d  d a t a  i n  t h e  2 7 2 0 1  A  
D o w n l o a d  T r a n s f e r s  w o r d  d a t a  f  r o m  h o s t  c o m p u t e r  t o  

a  g roup  I n  t he  27201  A  
P i T c h  V a r i e s  p i t c h  o f  s p e e c h  
R E S e t  C l e a r s  2 7 2 0 1  A  a n d  r u n s  s e l f - t e s t  
S P E a k  C a u s e s  2 7 2 0 1  A  t o  s p e a k  u s i n g  w o r d  d a t a  i n  

a  g r o u p  
S T A t u s  I d e n t i f i e s  b u f f e r ,  r e g i s t e r ,  a n d  m e m o r y  s t a t u s  

o f  2 7 2 0 1  A  a n d  c o n v e y s  e r r o r  m e s s a g e s  
T R A n s p a r e n t  P a s s e s  a l l  d a t a  t h r o u g h  2 7 2 0 1  A  w i t h o u t  

r e c o g n i z i n g  c o m m a n d s  
U P L o a d  T r a n s f e r s  w o r d  d a t a  f  r o m  a  g r o u p  I n  t h e  

2 7 2 0 1  A  t o  t h e  h o s t  c o m p u t e r  

* A  g r o u p  I n  t h e  2 7 2 0 1  A  r e p r e s e n t s  o n e  R A M  o r  E P R O M  c o m p o  
nen t .  

I n t e r n a l  M e m o r y  
T h e  S p e e c h  O u t p u t  M o d u l e  c a n  s t o r e  t h e  d a t a  f o r  s y n t h e s i z i n g  

u p  t o  1 0 0  w o r d s  ( 5 0  s e c o n d s  o f  s p e e c h )  b y  d o w n l o a d i n g  t h e  
d a t a  f r o m  t h e  s p e e c h  l i b r a r y  I n  t h e  h o s t  c o m p u t e r  t o  t h e  m o d u l e ' s  
i n t e r n a l  R A M ,  o r  c a n  s t o r e  t h e  d a t a  f o r  u p  t o  2 0 0  w o r d s  ( 1 0 0  
s e c o n d s  o f  s p e e c h )  u s i n g  E P R O M s  I n s t a l l e d  b y  t h e  u s e r .  I n  t h e  
l a t t e r  f o r  u s e r s  c a n  s t o r e  t h e  v o c a b u l a r y  m o s t  a p p r o p r i a t e  f o r  
t h e i r  s p e e c h  a n d  e l i m i n a t e  t h e  t i m e  r e q u i r e d  t o  o b t a i n  s p e e c h  
d a t a  f r o m  t h e  h o s t  s y s t e m .  

S p e e c h  L i b r a r y  S o f t w a r e  
F i g .  2  i l l u s t r a t e s  t h e  s p e e c h  s o f t w a r e  p a c k a g e  u s e d  b y  H P  

1  0 0 0  a n d  H P  3 0 0 0  C o m p u t e r s  t o  g e n e r a t e  s p e e c h  o u t p u t  w i t h  
t h e  2 7 2 0 1  A  S p e e c h  O u t p u t  M o d u l e .  T h i s  p a c k a g e  p r o v i d e s  s e v  
e r a l  u s e f u l  f e a t u r e s .  F i r s t ,  i t  p r o v i d e s  a  v o c a b u l a r y  o f  o v e r  1 7 0 0  
c o m m o n l y  u s e d  w o r d s  a n d  s o u n d s  i n  a  f o r m  r e a d y  t o  b e  d o w n  
l o a d e d  t o  a  m o d u l e  a n d  s p o k e n .  S e c o n d ,  t h e  p a c k a g e  p r o v i d e s  
e a s y  a c c e s s  t o  t h e s e  w o r d s  a n d  s o u n d s .  T h i r d ,  t h e  s p e e c h  s o f t  
w a r e  p r o v i d e s  a  d a t a  b a s e  s t r u c t u r e  f o r  t h e  s p e e c h  d a t a  a n d  a  
p r o g r a m  f o r  m a n a g i n g  t h a t  d a t a  b a s e .  F o u r t h ,  t h e  s o f t w a r e  m a k e s  
I t  e a s y  f o r  a  u s e r  t o  i n c l u d e  s p e e c h  o u t p u t  i n  t h e  u s e r ' s  a p p l i c a  
t i o n  p r o g r a m s .  

T h e  v x  ( v o i c e  e x e r c i s e r )  p r o g r a m  l e t s  t h e  u s e r  c o n t r o l  t h e  
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Word Library 
(Raw vocabulary) 

Data  Base 
In i t ia l i za t ion ,  Update  

VSCHMA 
( IMAGE schema f i le)  

Data  Base 
Access .  Re t r ieva l  

VMNGR-Data  Base  
Manager Util ity 

(Word edit ing and 
genera t ion )  

VX-Voice 
Exerciser Utility 
(Speech output,  

speech fi le 
development) 

IMAGE Vocabulary 
Data Base 

(Word and sound 
library) 

Fig .  2 .  Out l ine  o f  the  Speech L ib ra ry  so f tware  package fo r  
HP WOO and HP 3000 Computers.  

27201 A wi thout  hav ing to  code module commands and speech 
da ta  in  a  p rogram.  The  in te rac t i ve  access  p rov ided  by  vx  le ts  
the user c lear the module,  download selected speech data to i t ,  
and cause i t  to  speak  by  us ing  on ly  a  few keys t rokes .  Thus ,  a  
user  can  l i s ten  to  d i f fe ren t  ou tpu ts  qu ick ly  to  choose the  bes t  
sounding one for  the user 's  appl icat ion.  

The IMAGE schema f i le  VSCHMA conta ins  ins t ruc t ions  used 
dur ing  the  ins ta l la t ion  o f  the  speech so f tware  to  cons t ruc t  the  
da ta  base ,  wh ich  i s  based  on  HP 's  IMAGE da ta  base  manage  
ment system. 

The VMNGR program manages the speech data base. I t  al lows 
the user to: 

â€¢ Instal l  speech data into the data base 
â€¢ Make o ther  da ta  bases  ou t  o f  subsets  o r  superse ts  o f  the  

s tandard  speech data  se t .  For  example ,  i f  an  app l ica t ion  re  
quires a data base that takes up only a small amount of storage, 
VMNGR can be used to  c reate  a  smal l  da ta  base conta in ing 
on ly  the words needed.  

â€¢ Make up new words by  combin ing par ts  o f  ex is t ing  words .  
Instruct ions and hints about how to do this are included in the 
user manual.  

â€¢ Add custom words to  the data base.  I f  a  user  needs words 
that are not in the standard vocabulary and cannot make them 
by modifying exist ing words, the user can purchase addit ional 
words  f rom the  vendor  o f  the  speech syn thes is  c i rcu i t  used  
i n  t h e  2 7 2 0 1  A .  T h e s e  c u s t o m  w o r d s  a r e  p r o v i d e d  o n  a n  
EPROM that the user can install in the speech module. VMNGR 
can then be used to access those words for instal lat ion in the 
centra l  data base.  

â€¢ Create a burn file for an EPROM. VMNGR can be used to format 
selected speech data into the proper f i le  for  programming an 
EPROM. The user can then program EPROMs for  insert ion in 
the memory sockets of the 27201 A, which provides nonvolati le 
s torage of  speech data for  fast  speech output .  
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as the names of the words in the speech file and their 
location are contained in the variable A$. The binary 
keyword DLOAD provided by the binary speech software is 
used instead of the normal LOAD command because the 
vocabulary data base and user speech files have unique 
data structures. 
Real-Time Concatenation. Combining words, phrases, and 
sounds residing in the host computer memory is an easy 
task for the applications program. One useful example is 
the generation of a number to be verbalized by a speech 
module in an HP-86 or HP-87 Computer. The statements 

60 LETX$ = "20" 
70 NUMBERS = PAR$("100",A$,P$)&PAR$(X$,A$,P$) 

put the speech parameters for the word 120 in the string 
variable NUMBER$. This procedure enables any number 
between zero and 999 million to be constructed and ver 
balized in real time using the existing English vocabulary. 
To generate the given range of numbers, the speech file 
must contain speech data for the numbers zero through 20, 
the multiples of ten (30, 40, 50, etc.) through 100, and the 
numbers "thousand" and "million." The keyword PAR$( ) 
is part of the "speak" binary routine. 
Speech Generation. To have a program speak an utterance 
is the most straightforward task of all. For example, to 
speak the number 120 generated above, requires only the 
program statement: 
80 SPEAK 10; NUMBERS Â¡Where 10 is the 82967A's select code 

A phrase of speech stored in a user's speech file can be 
as brief as one sound or word, or as long as thirty minutes 
of continuous speech. The phrases in a speech file can be 
named using a total of up to 195 characters on the HP-86/87 
Computers and up to 95 characters on the HP-83/85 Comput 
ers by using the EDIT program. For example, in the statement 

100 SPEAK 10; PAR$("DEMO",A$,P$) 

DEMO is the label for the phrase "GOOD DAY PAUSEio THIS 
IS THE HEWLETT PACKARD 8 2 9 6 7 A SPEECH SYNTHESIS 
MODULE." This phrase could have been constructed using 
the EDIT or the WORD UTILITY programs, or all the separate 
words could have been placed in separate phrases in a 
speech file and concatenated in real time to produce the 
same result. 
Finding Words. The first step is to look up the desired 
words on the vocabulary disc that comes with the 82967A. 
This is done by running the EDIT program and pressing the 
VIEW softkey. The Series 80 host computer then asks the 
user which dictionary to look in. If the word wanted is 
"hello," the user enters H, the first letter in hello, because 
the standard vocabulary is arranged into 26 alphabetic dic 
tionaries (one for each letter in the alphabet). A complete 
listing of the standard vocabulary on a removable placard 
is also included in the manual for the 82967A. User dic 
tionaries are also allowed, and any name of up to eight 
characters can be assigned to a user-created dictionary. 
Listening to Words or Phases. Once the user looks through 
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the displayed words to confirm the existence of the desired 
words in the vocabulary, the user can listen to different 
sentence combinations by pressing the LISTEN softkey. The 
host computer then prompts the user by asking Word/Phrase 
to Speak? The user then enters each desired word separated 
by underscore marks. For example, 

Word/Phrase to Speak? 

HELLO_LAM_THE_HEWLETT_PACKARD_EIGHTY_SIX_ 
PERSONAL_COMPUTER 

The words are read from the vocabulary disc and the 
82967A promptly "speaks" them. Next, a set of three 
softkeys (AGAIN, INCLUDE, CONTINUE) is displayed by the 
computer. The AGAIN softkey causes the phrase to be spo 
ken again. The INCLUDE softkey causes the entire phrase 
to be brought into the dictionary residing in the host com 
puter's memory. Pressing the CONTINUE softkey causes the 
original set of softkeys (VIEW, LISTEN, FET, SAVE, INCLUDE, 
DELET, RENAME) to be redisplayed. 
Saving Results. Once the desired results are in the host 
computer's memory, the user can save this resident dictio 
nary on disc by simply pressing the SAVE softkey. The 
computer then prompts the user for a name for the dictio 
nary file this information will be stored in. Once the phrases 
are created and stored on disc, the user can write a BASIC 
application program to use them under program control 
with the help of the SPEAK command provided by the 
"speak" binary program that comes with the 82967A. 

Packaging 
The packaging scheme for the 82967A is designed so 

that the user does not have to assemble or disassemble 
anything to install the unit. The package is a plug-in module 
(Fig. 1), which in external appearance looks similar to the 
Series 80 HP 82950A Modem. A volume control and two 
audio jacks are the only clues that this is not an 82950A. 
Plugging the module into any of the four I/O slots in the 
Series 80 Computer backplane is the only installation 
needed (Fig. 4). Power is drawn from the mainframe, thus 
eliminating the need for any external power supplies and/ 
or cords. 

Fig .  4 .  Ins ta l l ing  the  82967 A in  a  Ser ies  80  Computer  i s  a  
s imple  process.  The module  is  p lugged in to  one o f  the  four  
I / O  s l o t s  i n  t h e  b a c k p l a n e  o f  t h e  c o m p u t e r  a s  s h o w n  a n d  
der ives i ts  power f rom the mainframe. 
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