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INTRODUCTION
A f a i r ly  e f f i c ie n t  encoding of th re e - le v e l quantized  noise,from  the poin t 

o f view of minimizing storage requirem ents f o r  ach iev ing  a given SNR, i s  to  s to re  each group of 5 samples in  an 8- b i t  word. The d e ta i l s  o f th i s  are given 
in  VLBA Memo No. 332. To achieve the same SNR ( in  continuum) w ith  2 -lev e l 
quan tiza tion  would req u ire  about 1£ more s to rag e , and w ith  4 - le v e l i t  would 
requ ire  about &% more. Moreover, from the po in t o f view of conserving bandwidth, 
observations ach iev ing  the same SNR w ill  req u ire  62? more s ig n a l bandwidth with
2 -lev e l compared to  3 -le v e l ( th i s  assumes re c ta n g u la r  bandpasses and Nyquist 
ra te  sam pling).

Thus i t  seems c le a r  th a t ,  fo r  continuum o bserv ation s lim ite d  by s to rage,
3 -lev e l q u a n tiz a tio n  w ith 8/5 encoding i s  the system o f choice. For observations 
which are  not s to ra g e -lim ite d , the  f in e s t  q u a n tiz a tio n  c o n s is te n t w ith reasonable 
system complexity i s  d esired . Since 4 -le v e l may lead  to  too much c o rre la to r  
complexity fo r  the VLBA, 3 -le v e l i s  again the choice; th e  SNR per u n it time would be 2 \% worse w ith  2- le v e l .

The q uestion  remains whether the 8 /5  code can be e f f i c ie n t ly  u t i l iz e d  w ith 
the tape sto rage  system planned fo r  the VLBA. F i r s t ,  i s  the equipment requ ired  
f o r  encoding and decoding excessiv ely  complex? Second, can the tape system 
capacity  be w ell matched to  the encoded data  r a te s  a t  VI£A sampling ra te s?
ENCODERS AND DECODERS

Figure 1 i s  a lo g ic  diagram of a d ig i t i z e r  and encoder. They w ill  work 
up to sample r a te s  o f  16 Ms/sec, and the cost o f the  encoder i s  ju s t  3 MSI chips 
and a small ROM. (There i s  some e x tra  cost in  tim ing g en era to rs , but th is  can 
be neglected sin ce  these  would be shared by many encoders . )  A decoder could be constructed  very s im ila r ly .

The Increm ental cost cannot be more than a few hundred d o lla rs  per s ta t io n , 
compared w ith using  a 2-b it/sam p le  code.
TAPE AND SAMPLING PARAMETERS

In what fo llow s, I  sh a ll  assume th a t  the tape reco rd ing  equipment i s  sub ject 
to  the fo llow ing  l im ita tio n s :

1. L inear density  -  33 >000 b i t s  per inch maximum
2. Tape v e lo c ity  -  270 in ch es /se c  maximum
3. Number of sim ultaneous track s  -  32, p lus 3 spares  (o r possib ly  33 o r 

34 w ith  fewer spares)



4. Number of passes a t  d if fe re n t head p o s itio n s  -  32 maximum
This im plies a maximum tape bandwidth o f  32 x 270 ip s  x 33000 bpi r  288 Mb/s.

The VLBA w ill  use sampling ra te s  o f 2~k »l6E6 sam ples/sec, fo r  k s 0 to 7 . 
A fter 8/5 coding, the b i t  r a te s  a re  1.6 tim es the sampling ra te s ,  o r 2~*»25.6E6 b i ts /s e c .  The number of channels of such data which w ill  f i t  w ith in  the tape bandwidth i s  thus 11.25*2*; o r

f s  = 1 6  Ms/s => 11.25 channels 
8 => 22.5

.125 => mo.
Here, and throughout th is  memo, I  have neg lected  the  e f fe c t  of overhead b i ts ,  
in c lu d ing  headers, synchronization  words, and e r ro r  checking b i t s ;  the number 
o f these  i s  a fun c tion  of the track  form at, which i s  a separa te  issu e . Thus, 
when exact r e s u l t s  a re  requ ired , most o f the ra te s  and speeds given here should be increased  to  account fo r  the overhead b i t s .

For maximum u t i l iz a t io n  o f the tap e , we would l ik e  to  operate  always a t  
the maximum a v a ila b le  l in e a r  b i t  d en sity , and we would l ik e  to  always use a l l  av a ilab le  tra c k s . To achieve the l a t t e r ,  note th a t i t  i s  accep tab le  to use 
only an in te g a l f ra c tio n  of the track s a t  one time and to  use the o thers on 
successive p asses; but i t  i s  not fe a s ib le  to  use d if f e r e n t  numbers of track s  
on d if fe re n t  passes. On the o the r hand, tape u t i l i z a t io n  i s  not impaired by 
running a t l e s s  than the maximum p ossib le  tape v e lo c ity . The l a t t e r  i s  requ ired  only i f  the maximum to ta l  bandwidth must a lso  be achieved.
POSSIBLE DATA ORGANIZATIONS

The data  ra te  w ritte n  onto a tra ck  need not be the same as the data ra te  
of a channel, since m ultip lex ing  and dem ultip lex ing  o f the channel data i s  p o ssib le . 
To keep the im plem entation as simple as p o ss ib le , I  consider only schemes which 
mux o r demux the data by small in te g ra l  r a t io s .  Table I  then i l l u s t r a t e s  some 
modes th a t r e s u l t  in  a constant track  data  r a te .  The mux/demux r a t io s  are a l l  
powers of two. To achieve a l in e a r  b i t  d en sity  o f 33,000 bpi a t  6.4 Mb/s req u ires  
a tape v e lo c ity  of 194 in /se c . At sample ra te s  of 2 Ms/s or le s s ,  one could 
use more tra c k s  per pass and correspondingly le s s  m ultip lex ing  and lower tape 
v e lo c it ie s  to  m aintain  the same d en sity . For the  h ighest th ree  sampling ra te s ,  
the to t a l  N y q u ist-ra te  bandwidth i s  64 MHz and the to t a l  data  ra te  to  the tape i s  204.8 Mb/s.
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TABLE I :  Const ant-Speed Modes 
(R ates in  u n its  o f 10°/sec)

Sample Encoded Mux/ No. of No. o f TrackRate Date Rate Demux Channels Tracks Data Rate
16 25.6 1/4 8 32 6.4

8 12.8 1 /2 16 32 6.44 6.4 1/1 32 32 6.4
2 3.2 2/1 32 16 6.4
1 1.6 4/1 32 8 6.40.5 0.8 8/1 32 4 6.4

Implementing th i s  se t of modes has some advantages* Since the maximum 
tape v e lo c ity  i s  never used a t  record time, some speedup a t  playback time i s  always p o ss ib le . A dditional speedup i s  possib le  a t the lower sampling ra te s .
The s e n s i t iv i ty  achieved a t  the maximum to ta l  bandwidth o f 64 MHz i s  27$ b e t te r  
than the same bandwidth with 2- le v e l quan tiza tion , a t  a tape consumption ra te  
th a t i s  between those o f 1 b it/sam ple and 2 b it/sam ple codes (135  < 194 < 270 
ip s ) .  However, i t  does not u t i l i z e  the maximum p ossib le  bandwidth of the reco rders, which would re q u ire  running a t  the maximum tape v e lo c ity .

For those experim ents demanding the maximum possib le  s e n s i t iv i ty ,  we must 
ask how much o f the  reco rder bandwidth i s  a c tu a lly  usable. This may be le s s  
than the recorder* s  capacity  because of c o n s tra in ts  on tape changing tim es and tape shipping  c o s ts . I f  the f u l l  tape bandwidth i s  used (270 ip s ,  32 passes) 
then fo r  12 hours opera tion  the tape ree l must be 30,400 f e e t  long. This tape 
leng th  i s  very  u n lik e ly  to  be fe a s ib le . I t  seems d e a r  th a t the 24-hour unattended 
opera tion  s p e c if ic a t io n  cannot be met a t the f u l l  tape bandwidth w ithout th ree  
o r more tra n s p o r ts  per s ta t io n , which i s  expensive. Even then, the tape shipping 
costs  may be p ro h ib it iv e . So something le s s  than the f u l l  bandwidth must be 
used; th is  means running a t  something le s s  than maximum tape v e lo c ity , i f  maximum tape u t i l i z a t i o n  ( b i t  density) i s  to  be m aintained.

Using th e  modes of Table I ,  the maximum bandwidth (a t  194 ip s )  would achieve 
12 hours of o p e ra tio n  with 22,500 fe e t  of tape. Thus, whether th i s  i s  a reasonable 
se t o f  modes depends on whether such a tape leng th  i s  ach ievab le  and on whether the shipping  c o s ts  would then be acceptab le.

Having considered  these  examples, we can now see the general r e s u l t :  we 
s t a r t  w ith th e  amount of tape th a t w ill  f i t  on a tra n sp o r t, and th i s  im plies 
(given the o th e r  param eters) the usable tape bandwidth; from the above d iscu ssion , 
we expect i t  to  be le s s  than the maximum tape bandwidth. This a lso  im plies 
a p a r t ic u la r  tape v e lo c ity . We must then format our da ta  so th a t i t  j u s t  f i t s  onto the tape a t  t h i s  ra te . Some examples are given in  Table I I .  I t  should 
be noted th a t  i f  b i t  d e n s itie s  higher than 33,000 bpi are achieved, then the 
data ra te s  (bu t not the v e lo c i t ie s )  a re  increased  p ro p o rtio n a te ly .
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TABLE I I :  Track Rates vs. Tape Length 
(For 12 hour opera tion  on one re e l  w ith  32 passes)

Length o f Maximum Data Rate fo r  33,000 bpi
Reel V elocity  a t  max v e lo c ity

9,600 f t  85.33 ip s  2.82 Mb/s
18,200 161.8 5.34
22,500 200 6.60

I  have p rev iously  advocated, in  p riv a te  notes and d iscu ssion s, a very general 
fo n n a tte r  im plem entation th a t would be capable of producing data streams f o r  
a l l  a v a ila b le  tra ck s  a t  nearly  any sp e c if ie d  tra c k  ra te  from an appropriate  
number o f channels a t  any convenient channel ra te .  This would allow f u l l  u t i l i z a t io n  
o f the usable tape bandwidth, and would be e a s ily  adaptable to  Improvements 
in  tape technology o r to  adoption o f o th e r  techno logies in  the fu tu re . However, 
the consensus seems to  be th a t  th e  e x tra  complexity of d ig i ta l  hardware th a t 
th i s  would req u ire  i s  p ro h ib itiv e  (probable cost i s  a few K$ per s ta tio n , p lus 
e x tra  design time and possib ly  reduced r e l i a b i l i t y ) .  Therefore, the remainder 
o f th is  memo considers a s im p lif ied  system in  which each chann el's  data stream 
i s  m ulitplexed and /or dem ultiplexed by sm all in te g e rs  in  producing the track  
data  stream s. This tu rn s  out to  have s u f f ic ie n t  f l e x ib i l i t y  fo r  most purposes.

Consider the block diagram o f F igure 2 . Here each of the N . channel 
data stream s a t  ra te  f d i s  f i r s t  m ultip lexed  by M, so th a t M of them f i t  onto one l in e ;  then each o f these i s  dem ultiplexed by D, so th a t  each i s  s p l i t  in to  
D l in e s .  The output data ra te  i s  then f t  = (M/D)fd fo r  each of the Nt  = (D/M)Neh tra ck s . Several reasonable cases a re  considered in  Table I I I .  The choice of 
cases i s  based on the assumption th a t  the tape v e lo c ity  and the tape length 
may be chosen f re e ly , up to  the maximum lim its  ( i . e . ,  any value i s  av a ilab le  
to  the designer; once the system i s  b u i l t ,  only a small number of descrete  values 
w ill  be a v a ila b le  to  the u se r) . Thus, the  tape v e lo c i t ie s  o f Table I I I  were 
chosen to  g ive f ^ / f^  r a t io s  which a re  small in te g e rs , and the required  tape len g th s  were then ca lcu la ted .

TABLE I I I :  Data C onfigura tions For 8/5 Code
f d 11 .2kft,97 ips,3 .2M b/s I6 .4 k f t ,  l45ips,4 .8M b/s 22.5kft,194ips,6 .4M b/s 

Mb/s
M D Nch M D Nch H M D »ch Nt

25.6 1 8 4 32 3 16 6 32 1 4 8 32
12.8 1 4 8 32 3 8 12 32 1 2 16 326.4 1 2 16 32 3 4 24 32 1 1 32 323.2 1 1 32 32 3 2 24 16 2 1 32 16
1.6 2 1 32 16 3 1 24 8 4 1 32 8
0.8 4 1 32 8 6 1 24 4 8 1 32 4
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The th i r d  s e t  of columns of Table I I I  i s  e s s e n t ia l ly  the same as Table I .
All cases a re  based on fixed  tape v e lo c i t ie s ,  but one could always in crease  D or decrease H by any d esired  tape speedup fa c to r . The middle columns i l l u s t r a t e  
the e f fe c t  o f  having a tape leng th  which im plies a somewhat odd M/D ra t io .
In t h i s  example, a l l  32 tape tracks are e f f ic ie n t ly  u t i l iz e d  but the n a tu ra l 
number of channels i s  6 tim es a power o f  2 ; I  have shown a maximum o f 24, although 
i t  could have been 48, oompared to  the usually-assum ed value of 32 fo r  the VLBA.
I f  th i s  i s  Inconven ien t, o th e r choices of M,D lead  to  as la rg e  as 33. Note, 
however, th a t  any inconvenience i s  due not to  the the "oddness" o f f d, but ra th e r  
to  an inconven ien t tape leng th  combined w ith the choice o f 32 fo r  the number 
of sim ultaneous tra c k s . To i l l u s t r a t e  th is ,  Table IV shows how data ra te s  which are powers o f  2 tim es 16 MHz (appropria te  to  1 o r 2 b it/sam ple  codes) could be used w ith a 18,200 foo t tape.

TABLE IV: 16 MHz Data Rate Example 
f d 18.2 k f t ,16 2 ip s ,5 .33Mb/s
Mb/s

M D Nch Nt
16 1 3 10 30

8 2 3 20 304 4 3 40 30
2 8 3 40 15
1 16 3 32 6.5 32 3 32 6

OTHER ADVANTAGES OF THE 8/5 CODE
Of the 256 p o ssib le  codes using 8 b i t s ,  only 3** = 243 are  required  to  rep resen t 

5 samples. Some o f the e x tra  13 codes can be put to  good use. The a ll-z e ro  
and a ll-o n e  codes need not be used a t  a l l ;  t h i s  l im i ts  the maximum number of 
consecutive ze ro s  o r ones in  v a lid  data  to  14, which l im i ts  the bandwidth over 
which the playback s ig n a ls  must be equalized . Furtherm ore, the codes which 
rep resen t e f f i c i e n t  sync p a tte rn s  can be reserved  fo r  th a t purpose and not used 
to  rep resen t v a lid  data; in  th is  way, sync p a tte rn s  w il l  not occur in  v a lid  
data , and th i s  allow s use of a simple design fo r  the sync d e te c to rs . (For example, 
an optimum 32- b i t  sync p a tte rn  i s  $69969669 in  hexadecim al; t h i s  can be produced by re se rv in g  j u s t  two of the spare codes, $69 and $96. )
SUMMARY AND RECOMMENDATIONS

I t  has been assumed th a t  the requirement fo r  12 hours opera tion  per tape 
re e l  (o r  24 hou rs, i f  possib le) i s  a hard s p e c if ic a t io n ;  th a t the number of 
track s  per p ass i s  fixed  a t  about 32 ; and th a t  the maximum tape v e lo c ity  i s  
fixed  a t  270 ip s .  The l in e a r  b i t  density  and the s iz e  of a tape ree l may be 
su b jec t to  some improvement in  the fu tu re . I t  has been shown th a t  these param eters

5



determine the  usable tape bandwidth, and th a t th i s  w ill  req u ire  an average tape 
v e lo c ity  l e s s  than the maximum. The tape v e lo c ity  then determ ines the tra c k  
data ra te ,  which im plies a m u ltip lex ing  r a t io  f o r  p u ttin g  the av a ilab le  channel 
data ra te s  onto the tracks. By s u i ta b le  choice of the tape v e lo c ity  and s l ig h t  
adjustm ent o f the tape len g th  (downward from the maximro), the m u ltip lex ing  fa c to rs  can be kept to r a t io s  of sm all in te g e rs .

One could fig u re  out a reasonable s e t o f v e lo c it ie s  and m u ltip lex in g  f a c to r s  
based on what we now know about the tape technology, but th i s  may change and we may wish to  support o th e r tech no lo g ies. I t  costs  very l i t t l e  to  allow a 
wide range of m ultip lex ing  f a c to r s ;  I  suggest providing fo r  programmable values of M and D as follow s:

M a 11 2 , 3 , 4 , 6 , o r 8 ;
D = 1 , 2 , 3, 4 , 5, 6 , 8, o r 16.

This also allow s a small number of record  v e lo c i t ie s  to  be implemented w ithout 
co n stra in in g  the speedup f a c to r  req u ired  a t  playback time.

The a c tu a l record v e lo c i t ie s  implemented should be determined by the achievable 
tape len g th , as described above. However, there  should be one a d d itio n a l v e lo c ity  
near the maximum of 270 ip s , reg a rd le ss  o f whether i t  d i f f e r s  from the o th e rs  
by a power of two, and reg a rd le ss  o f the tape consumption ra te .  This w il l  allow  
the maximum tape bandwidth to  be a v a ila b le  fo r  short periods of time i f  needed.
This would allow , fo r  example, 11 channels o f 25.6 Mb/s data  to  be recorded 
(using  M= 1, D s  3, and Nt  = 33) .  This rep resen ts  88 MHz bandwidth w ith Nyquist sampling and 8/5 3 -lev e l encoding, compared w ith  64 MHz w ith  a 2 -b it/sam ple  
code. Of course, one could a lso  record  128 MHz of bandwidth with a 1-b it/sam p le  code, but th i s  would give about 2$ le s s  s e n s i t iv i ty .

The above recommendations apply reg a rd le ss  of the q u a n tiza tio n  or encoding 
chosen; they come only from considering  the parameters of the tape technology.

I  a lso  recommend im plem entation of the 8/5  code fo r 3- le v e l d a ta , considering  
th a t ( 1 ) the  cost of the encoders and decoders i s  n eg lig ib le ; ( 2) i t  i s  the 
optimum p ra c tic a l  code fo r  ta p e -lim ite d  observations; and (3) much le s s  RF bandwidth i s  consumed in  tap e -lim ited  o b serv a tio n s than w ith 2- le v e l q u an tiza tio n .

Having done th is , th ere  seems to  be no need a t  a l l  fo r 2 -lev e l q u a n tiz a tio n ; 
however, m aintaining 2- le v e l support req u ire s  no s ig n if ic a n t a d d itio n a l hardware 
and i t  could be kept. But i t  does in troduce  complexity and some in e ff ic ie n c y , 
so i t  probably should be dropped in  the absence of a strong  argument to  the 
con trary . Whether 4 -lev e l q u a n tiz a tio n  should be supported in  the reco rd ers  
depends on whether the c o r re la to r  can use i t ;  i f  not, there  i s  no point in  in c lu d ing  
i t  in  the reco rders. Supporting a l l  th ree  q uan tiza tio n s, includ ing  8/5 encoding 
o f 3- le v e l da ta , i s  possih le  a t  reasonab le  hardware co s t; but the o v e ra ll system 
s im p lif ic a tio n  th a t  r e s u lts  from supporting  only a s in g le  oode may be s ig n if ic a n t .  
Since 3 -lev e l i s  optimum and should be supported, i t  i s  the add itio n  o f 2- le v e l  
and/or 4- le v e l  codes which should be thought of as e x tra -co s t options.
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