






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































HI;" p!:Jt1vr/n$i;nce In m'gnfrtlc medl. drrmllnda much from 

eotw."Uonal encoding m.thod., but .ach. m.rhod ha. It. own 
dlaadrantage'i ,.t a .Imp/e .ncoding technique 'or ma .. aforag. hal 
• number of attractire charac'.rl.,ie. dlatlnct/, It. own 

C( /1 

New Method for Magnetic Encoding 

Combines Advantages 

of Older Techniques 

Arvind M. Patel 

General Products Division 
IBM Corporation 

San Jose, California 

A unique method of malZnetic recording combines two 
ad,'antages not both found in previous methods--ab­
senee of a de component in the aignal read from tape, 
and maintenance of a high recording efficiency OD the 
tape itself. In addition, the method retains principal 
ad,'antages of previous methods in that it ia self-clock­
inlZ for any pattern of recorded data and ia not seri­
ously affected by baseline or peak ahift in the read­
back ligna!. 

Callt-d zero modulation or ZM, the method ia used 
in the IBM 3850 Mass Storage System (!lee box at right). 
Thil' machine reads and writes on a magnetic aurface with 
a rotating read/write head. Rotation requires trani­
former coupling, which cannot handle a dc component; 
therefore an encoding method that imposes neither a 
de component nor the disadvantages of other techniques 
is required. ZM ill a aignificant improvement over earlier 
encoding methods, lOme of which merely assigned tranlli­
tions of malZnetie polarity to bits in lOme more or 
IeSII .traightforward way and often achieved a new 
advantage at the expense of an old one. These 
methods included non·return-to·:r.ero inverted (NRZI) , 
phase eneod ing (PE), group-coded recording (GCR), 
frequency modulation (FM), and modified frequency 
�r�.�,�o�d�u�l�a�~�i�o�n� {MFM). e.ometimes called delay modula­
tion. Zero morlull!tion Use!! IOphislicated cooing of data 

to match idiosynciaciea of the magnetic recording chan­
nel with waveform properties of the recorded ligna!. 

. Importance of efficiency and the absent dc com­
ponent u brought out when ZM ia compared with some 
earlier codes. NRZI, for example, is the limpleat en-

Honeycomb Sforage 

The IBM 3850 ia • rna .. atorage ays!em that .ervea 
as a virtual atorage medium aupportlng magnetic dlac 
flln, In much the .. me w.y .. the diaca .. rve .a 
virtual atorage supporting main memory. It conalsts 
of an array of data cartridges about 2 In. In diameter 
and 4 In. long with a capacity o' 50 million characta,.. 
each. Although the cartridge contalna a length of 
magnetic tape, �a�t�o�~� data are organized In cylinder. 
analogoul to thole o' a disc file, and can be tran.­
ferredto the disc file a cytlnder at a time-that la, 
without moving the dlsc read/write heads during the 
transfer. Up to 4120 cartridoos are stored in hexagonal 
compartments in a honeycomb..Jlke apparatus that in­
cludes a mechanlam tor Ntchlng cartridoca from the 
compartments, , .. ding or writing data on them, and 
�,�.�~�'�p�l�a�c�l�n�g� them, 
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coding method, used on lh-in. wide magnetic tape at 
data recording densities up to 800 bits/in_ l Presence 
or absence of a transition in the NRZI magnetic wave­
form corresponds to 1 or 0 respectively in the binary 
data stream (Fig. 1); successive magnetic transitions, 
which alternate in polarity, produce alternately posi­
tive and negative electric pulses in the readback sig­
nal, nominally symmetric about a base line .• Principal 
drawback of NRZI is that long strings of Os are reo 
corded as correspondingly long periods with no mag· 
netic transitions, and hence no pulses in the readhack 
.ignal; the read clock can lose synchronization during 
those periods. Furthermore, wideband circuits with dc 
response are required for .ignal processing and data 
detection. 

NRZI is also subject to a more subtle difficulty: base­
line and peak mift. alluded to previously_ At high, 
densities, the readback pulses produced by a string 
of consecutive Is tend to interfere wiih one another. 
When such a string of Is is preceded or followed by 
a Itring of consecutive Os, this interference is asym­
metrical, causing the first or last few pulses to have 
larger amplitudes; thuB the base line appears to drift. 
A similar shift can arise from a string of consecutive 
Os if the dc response of the electronic circuitry 
is llightly off specification. Interference also causes 
the pulses to seem to slide into the signal-free zone 
occupied by the Os, creating a displacement in time 
of the pulse peaks. This peak shift can be a significant 
fraction of the nominal tiMe between bits_ 

Phase encoding (PE)2 was devised to alleviate these 
problems, and is used on lh·in. tapes recorded at 1600 
bits/in. In PE a 1 corresponds to an up-going transi· 
tion and a 0 to a down-going transition at the center 
of the bit cell. Where two or more Is or Os occur in 
suct:eSl!ion, extra transitions are inserted at the bit-cell 
boundaries. Resulting waveform is eelf-clocking and 
hllll no de component, since the waveform in each bit 
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I 0 I I I 0 I 0 
Fig. 1 Conventional wave­
forms. NRZI is the limplest 
waveform, but requires a 
wide band amplifier for pro­
cessing, since it has a sub­
Itantial de component. This 
and other difficulties are 
overcome with PE and FM 
encoding, at the cost of 
high transition density-up 
to two transitions per bit. 
Variations on FM reduce 
number of transitions, but 
reintroduce the de com­
ponent 

cell has up (positive) and down (negative) sign~il 
levels of equal duration. However, PE requires twice 
the transition density of the NRZI method for a random 
data pattern. Thus recording efficiency is poor. 

Frequency modulation has transitions at every bit­
cell boundary. However, although FM is similar to PE 
in all' waveform propertiCl!, the 1 and, 0 correspond 
to a presence or absence, respectively, of any transition 
'at the center of the corrCl!ponding bit cell, rather 
than to_ an up or down transition. In the IBM 3330 disc 
file FM has been supplanted by MFM, or delay mod­
ulation, which provides enough clocking transitions 
without doubling the transition density}' In MFM <as 
in FM I a 1 and a 0 correspond to the presence or 
absence, respectively, of a transition in the center of 
the corresponding bit cell. However, additional transi· 
tions at the cell boundaries occur only between bit 

. cells that contain consecutive Os. This method retains 
an adequate minimum rate of transitions for cJ<:'Ck 
synchronization without exceeding the maximum transi­
tion density of NRZI, but at the cost of a more com­
plex data detection process. An additional disadvan­
tage is the dc component, with indefinitely large ac­
cumulated dc charge for lOme data patterns luch as 
0110110110 •• ' •. ' 

Modified forms of NRZI include synchronized NRZI 
(S.NRZI), and group-coded recording (GCR) used 'to 
record magnetic tape at 6250 bits/in. 4 In these methods, 
the data stream is precoded by adding bits to break 
up long strings of Os. In S-NRZI,; a 1 extends each 
8-bit group to nine bits and establishes a synchroniza­
tion transition. In GeR, each 4-bit group is mapped 
into five bits using a 6xed usignment that guarantees 
that the coded data stream never contains more than 
two conl!CCutive Os. Detection process for both methods 
is the - same as for NRZI, but maximum transition 
density is ~arily higher, and the dc compqnent 
can he'quite prominent. 
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Advantages of ZM 

Zero modulation encoding produces waveforms that 
clo.ely match characteristics of the magnetic record­
ing channel. Among these characteristici (Table 1) 
are: 

II inimwn enern at low I,equenc~s-achieved be­
caUIe the long-term de component is 0, and. maximum 
accumUlated unbalance between positive and Degative 
pulse durations of the waveform is amall. This helps 
alleviate hase-lin~ abilt of high density read aignals_ 
Narrow bandwidth-conserved by conltraining pulse 
width and ratio of maximum to minimum pulse width. 
This helps reduce the problem of peak .bifL Resulting 
read aignal amplitude is relatively unHorm-that is, it 
has a Imall dynamic range for any icind of dataatream. 
AJequak trtU1Silioll NJu-a a conaequence of the COD· 

atraint on the maximum pulse width, a dock aigna} 
can be derived from the transition rate. 
High eDic~llcy-ratio of highest transition density to 
bit denlily is dose to 1. With NRZI and MFM the 
ratio is exactly 1. and with other codes it is fractional. 
Iy higher, rising to 2 for PE and FM. 
ReliDble Error Checking-u a consequence of these 
characteristic! and varioul other constraints of the 
method, the code Itructure of ZM is luch that error 
checling is easy and reliable. 

20m Modulation Algorithm 

The ZM algorithm can be readily implemented by a 
practicing engineer with the information that followi. 
Theoretical details and proofs have been published 
el.llewhere.1S The ZM algorithm maps every data bit 
e-eQuentially into two binary ~igits in .uch a way 
that .any two consecutive 11 are separated by at least 
one and at the molrt three Os. This lIOQUence is recorded 
in NRZI. Consequently, the nl1rrowest puls.e in the ZM 

waveform Ipane two digits in the coded .equence, and 
this il the width of the data-bit cell. Similarly the wid­
est pulse Ipans four digits. which is twice the narrow· 
est pulae width. The J't'lIulting waveform is similar 
to that of MFM. 

This limited range of pulae ~idth! corresponds to 
a Darrow bandwidth for the waveform, and the Darrow 
bandwidth has obvioul electronic advantages. Short 
"pieces" of the waveform of one polarity are always 
balaDced very lOOn by equally abort pieces of the wave· 
form with the opposite lign. Two such leCt.ions taken 
together make up • aection with a zero de component, 
and the waveform made up of auch balanced aections 
contains minimal energy at low frequencies. 

A quick way to estimate the amount of dc in • 
train of rectangular pulaes repreaenting data encoded 
in ZM or any other. code u to count positive. and 
negative-going excursion.. Jiving • value of :t 1 to the 
narrowest pulses, :t2 to pulsea twice as wide. and 
ao on. This corresponds to integrating the waveform 
mathematically, or collecting charge on a capacitor 
fed by • current with the Jiven waveform. If the total 
alraYI far from O. the de component u present. Under 
the zero modulation algorithm, the total changes lign 
frequently and never exceeds :t3. corresponding to the 
limit of three 0. between any pair of lao 

Two-for-one mapping is • Donlinear function of the 
preceding and following data WlQuences and requires 
an encoder with memory. In a practical implementa· 
tion, amount of memory C8Jl be limited u desired by 
adding a small amount of redund&n.Cy_ In its functional 
form, however, the ZM alsorithm, m seneral, requires 
unlimited memory. 

The algorithm can be deacrihed in term.s of a data 
bit to be encoded, ODe precMin, and one following 
data bit, and the two coded digits correapondin& to 
the preceding data bit; and in &arms of two parity 
function. that look aU.ad aDd ba.clc rdative to the 
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bit being encoded. Look-ahead parity, P(A), is the 
count modulo 2 of 18 in the data stream beginning 
with the data bit being encoded and counting forward 
to the next ~ bit; look-back parity, P(B), is the count 
modulo 2 of all Os in the data atream from' its be­
sinning up to the present bit. For example, in the 
data .equence 01011110, P(A) = 1 at the lIeCOod, 
fifth, and seventh bits from the left, P(A) = 0 at 
all 0 bits and all the other 1 bits; while P(B) = 1 
at the first, eecond, and eighth bits and 0 elsewhere. 

These rules can be translated into encoding and 
decoding functions expressed either in the form of 
tables or as equations (Table 2). In both, the symbol 
d represents a data bit; a and b, coded digits; and 
subscripts -I, 0, and + 1, preceding, current, and 
following bits, respectively . For convenience, the non­
existent bit preceding the first data bit is assumed to 
be I and its look-back parity is 0; the nonexistent bit 
following the last bit is O. 

The example (Fig. 2) illustrates the relationships 
among the various parameters of the data sequence 
and the corresponding ZM waveforms. 

Although the ZM waveform looks similar to the 
MFM, or delay modulation, waveform, the important 
difference is that the MFM waveform contains a de 
component, and the accumulated charge often increases 
indefinitely, whereas the maximum accumulated charge 
in the ZM waveform js ±3 units. 

ZM Algorithm With limited Memory 

Look-back parity it! accumulated from the number of 
0. limply by updating a l·bit Itorage cell as data 
bill are encoded. However, look-ahead parity depend. 
on the length of a Itring of 11 in the following data 
sequence. Since the algorithm imposes no limit on the 
length of this atring, memory requirement for com­
putation of P(A), in seneral, ia unlimited. However, 
a variant of the balic ZM algorithm limill the mem­
ory requirement to any lpecified number of bits . 

When accumulated look-back parity P(B) == 0 .. en­
coding functions become independent of the look-ahead 
sequence: 

.. = dad-t + d-t;_.b_l } _ _ 
ho = do If PCB) - O. 

To force P(B) to 0, a digit,P, can be inserted in a 
continuous dataltream at fixed intervals of f bits. 
This insertion implies that look-ahead parity, P(A), of the 
.equence of la at the end and beginning of any' eec· 
tion of f + 1 bits has no eHect on ZM mapping in the 
modified data sequence. In Fig. 3, tIOme values of P(A) 
are denoted by 4> indicating a "don't care" value when 
P(B) = 0_ The only aequence& of Is aHecting the 
mapping, then, are those between two Os in the same 
section of f + 1 digits. The longest such sequence is 
f - 1 digits long. Thu's, the memory required to com­
pute P(A) ia f - 1 bila. 

Thus, to limit the amount of memory, the ZM al­
gorithm ill given two important modjfications: First, 
an extra P.bit with the value of P(B) at position 
f is inserted at the end of every section of f data 

Oato 01001111010111111011100110 

'(A) 0 1 0 0 0 1 0 1 0 1 0 0 1 0 1 0 1 0 1 0 1 0 0 0 1 0 

PCB) 1 1 0 1 I 1 , 1 0 0 1 1 1 1 1 1 1 0 0 0 0 1 0 0 0 1 

1M pot_" ax>~1000lXl000l00lXX)lOOO()oolJO()101OO100IOIOO 

·3--~------------------------------
rL..- 0~:AA. A.. A.. A.. ~..... ....../ 
~-.3- ~ 

Fig.2 Basic zero modulation. Substituting two en­
coded bits for each data bit on the basis of infor· 
mation in preceding and following bits, and record­
ing the encoded bits in NRZI form, eliminates the 
dc component without other waveforms' disadvan· 
tages. However, since it places no constraints on 
the data pat1ern, it can require an infiniteiy large 
memory for implementation 
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tends only to the follo¥oin~ f - 1 daLl 1:.:">, U & 

binary &o.ic function of the dal..1 .tored in f bils of 
lDemory: 

peA) Ie 4.i. + d.d.ci: + d.d.d.d. + ••• 
+ d.d.d •••• d. __ d .... + cL.d.d. ••• d .... d'_1 

where t - f if f i. even and t ... f - 1 if f ia odd. 
Look.back parity ia merely a count of Os as in the case 
for IIftlimited 1DeII10ry. 

Encoding proceu ia ..delayed by f bit period. in a 
eootUtuoua IItream of data, while the memory ia loaded 
1M oomputing P (A), but the deCoding proceaa ia de­
layed by only one bit ·period. Thul decoding erron 
in ZM do not propagate. 

In the di-.ram, a value of f == 8 ia auumed for 
illuatrative purposel; but in fact, the value of f hal 
DO theoretical limits. AI described later, a &hilt regis­
ter delaya each bit while look-ahead parity it gen­
erated. Small values of f require ahort &hift regilters 
and encode data quickly; however they add a larger 
proportion of redundancy in the form of the extra 

. P.bit than do large values. Nevertheless, they may 
he convenient in lOme applications. For efficient utiliza. 
tion of &he m-.netic recording medium, large values 
of f-eg, 100 or more-are mandated. Although they 
impose aubstantialencoding delaYI, these are atill negli. 
gible ~mpared to the access time of a mass Itorage 
..,.tem. which it mealured in IeCOnds. Large values of 
1 do not neceasarily imply complex encoding logic; 
the look.ahead parity generator merely counts the bits 
.. they PUI. and a monolithic ahih register it relatively 
mexpensive. 

""I 
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ZM ........ 
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I 00 1 1 1 1 ~ 0 1 0 1 1 1 IIi 1 0 1 1 1 -­

I I .00 I 0 I • I 1 ••••••• e 01 01 -­

I 1 0 1 1 1 1 1 0 I 1 00 0 0 0 0 0 0 1 1 1 1 --

Fig. 3 Practical uro modulation. Adding an extra bit 
to the datI atream at regular Intervala In accordance 
with a pteacr~d pattern permits the two-for-one lub­
stltullon of ZM to be made with a memory of realizable 
capacity. In the waveform, de component 'I ltill 0, 
tranaitlon density lalow, yet added redundancy Is minor 

Synchronization Signal 

When readin~, a ZM "a\eform is d~oded into a data 
aequence with the help of a dock, which ia usually 
derived from the waveform. A eynchronaing aigna! of 
aufficient length and recogniubJe ending ia useful in 
marking the beginning of data. A eimilar reaynchroniz. 
ing aignal may also be inserted at predetermined in­
&erval, in the waveform, web .. at ZM memory bound· 
aries, for protection ill cue 01 temporary 10.. of 
aynchronization in magnetic defect&. 

Several characteristics are required of the Iynchroni­
aation lignaJ: 

(1) It must be diatinctiv·e enough not to he confused 
with the normal data waveform in ita original or 
&hifted politi on. 

(2) It must satisfy the ZM constraint. of maximum 
and minimum pulse width I. 

(3) It must have no net dc component over its length, 
although unlike the encoded data, the integrated total 
may exceed three units within ibelf. The accumula . 
tion may be four, five, or aix units (or even more if 
the synchronization lignal il abort and infrequent). 

(4) Basic Iynchroniution lignal pould he reasonably 
&hort and the endings compatible with the ZM algo­
rithm for. insertion at the memory boundary without 
modification . 

These lpecificationl could he ealily eatillfied if some 
binary sequence were known to be inadmissible al data . 
However. no auch aequence it poasible for serial datL 
Alternatively, a eynchronizing aignal can he chosen from 
ilIadmiasible sequences in ZM-coded patterns. These se· 
quences must aatillfy the ZM pulse.width conltraint but 
may exceed the maximum charge constraint. 

Among the sequences that Ntisfy the ZM run-length 
constraints, 0 0 1 0 1 0 0 0 1 0 1 0 0 0, either for­
ward or backward, is· the &horteat that does not occur 
in any ZM pattern. Any pattern containing one of these 
sequences CAn be used. as a aynchronizing pattern. 
Two examples are: 

WI = 0 1 000100101000101000'1000101001 
. W. = 0 l' 000101000101000'1 

The second of these does not IItilfy lpecification 3. 
Both examples begin and end with 01. and can he 
padded by any number of 01 digit pairs if desired 
for clocking. These endings also allow the aynchroniza­
tion lignal to be placed at the ZM memory boundary 
without modi6cation. 
. In actual application, the Iynchronaation pattern 
it placed at predetermined intervala at ZM memory 
boundaries. In case of .ynchroniz.ation loss, the clock 
is regenerated by the read waveform as IIOOn 81 the 
defect or other cause has pau.ed. With the clock run­
ning, the .ignal detector can produce the binary ZM 
pattern, but the pattern cannot be decodeJ until the 
aynchronization . pattern re-estabJiabea the ZM pair re­
lation with respect to the dock. If the dock it found 
to be out of tynchrouization, ie, one ZM digit out of 
step with the read ligna!, ita complement may be used 
for decoding. 
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Fig." ZM encoder. Principal feature Is a ahlft register from which data bits are fed to encoding 
logic, which is straightforward Implementation of equations In text 

Error Check in ZM Patterns 

Patterns of digits generated by the ZM algorithm 
utisfy various constraints, including parity in the cue 
of ZM with. limited memory. These coJUItrainta pro­
vide a powerful check capability for bit-detection errors 
and synchronization erron at the receiver. 

Because error·free ZM patterns possess run lengths 
of one, two, or three Os between two Is, two consecu­
tive 11 indicate a pick.up, or a 0 incorrectly read as 
I, while four or more consecutive Os signal a drop-out 
error. Acquisition of excessive de charge can be de· 
tected with an up·down counter that increments for 
every code bit position recorded with a positive level, 
decrements likewise when the level is negative, and 
signals an error if the total exceeds ±3 at any time. 
An alternative method of . implementing th~ check 
hal! been worked out,f' Finally, value of PCB) and 
charge value must hoth be 0 at the memory houndary­
a aimple hut effective check .on both synchronization 
and random errors. These .two checks at the memory 
boundary are equivalent in the sen~ that neither de· 
tects any. error missed hy the other as long as the 
checking circuits are working properly. Error check· 
ing of ZM patterns at the receiver, an additional bene­
fit derived from the atringent ZM' constraints, need 
k implemented only to enhance reliability even further. 

Implementation of ZM 
Algorithm 

In a ZM encoder (Fig. 4), the fint step is to modify 
the binary data sequence by inserting the P-hit at 
fixed intervals of f hita. The P·hit is the value of 
PCB) at count f, computed by a simple latch triggered 
by each 0 in the data stream. At count f + I, the 
P·hit is inserted in the data stream, and the P(B)­
latch and counter are reset to O. The modified data 
stream passes through a shift register f hits long, which 
IItores the previous and current data hits and the fol· 
lowing f - 2 data hits. From these stored hits the 
look.ahead parity function P(A) is generated in ac­
cordance with the hinary logic function given previous­
ly. From these values of P(A) and P(B), the current 
and next previous hits, and the just-computed ZM hits, 
the ZM code sequence is lenerated .. Two feedhack 
latches .tore each pair of hiu of the ZM pattern as 
they are computed, for ILIe in the lIext. hit cycle. These 
latches are updated continually .. the data hits are 
&equentially encoded into ZM patterna. 

Initially, look.hack parity it set to 0 and feedback 
latches are set to 01. Encoding atarta after a delay of 
f - 1 clocl perio<u durin, which the first data hits are 
shifted into the storage register. This puts do lin the 
next to last cell of the ahift register, from which it 
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Fig, 5 ZM decoder. Data bila ar. defined In terms of pair. of code bits, taking Into account 
preceding and following pair along with current pair. Hence the key element ia a 6-bit ahlft 
register that shifts two bits at a time and feeds code information to decoding logic 

il encoded into the first pair of code bits. The "pre· 
vious" bit, auumed to be I and initialized accordingly, 
either has been inserted in the shift register just ahead 
of the first real data bit or can be gated to the ZM 
encooer during the first encoding cycle. Alternatively 
it can be initialized simply by placing all Is in the 
ahiftregisler. This sequential encoding process is con· 
tinued for 'the ZM coded sequence which is converted 
into a conventional NRZI waveform. ZM synchronization 
pattern, if necessary. may be inserted in the coded pat· 
tern at selected (f + 1) ·bit boundaries. 

ZM decoder (Fig. 5) converts the received wave· 
form into a ZM pattern by means of conventional 
NRZI clocking and detection circuits. This Z'M pattern 
passes sequentially through a ,6-bit Itorage register 
which Itores three pairs of pattern bits. As in encoding, 

,for the first pair of bits, the "preceding" pair is llet 
to 01. Decoding Itarts after the second pair arrives in the 
storage register. The decoder generates each data bit 
as a function of the preceding, current, and following 
bit pairs, as described previously, 

Coded sequence received at the decoder satisfies all 
ZM constraints, and e,'ery (( + 1) st bit in the de· 
coded ,data stream is the correct P·bit. Any departure 
from the constraints or an incorrect P·bit clearly in· 
dicates an error. Some or all of these checb can easily 
be implemented for error checking. 
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This re-zif:11 OJ trlf' lla.lie theory of poly?':urni(J! error de:.t'c:ir~t coaes 
I.S expanded into a real·world application inwlting remote terminal~ 

Increasing interest in computer stations and terminals 
located some distance frum a large central computer ha~ 
stimulated a great demand for data link and communi. 
cation facilities. Inherent in any data link are the asso· 
ciated phenomena such as electrical noise and signal 
degradation that introduce errors into data transmitted 
over long distances. Consequently most data communi. 
cation facilities include error detection capc.bilities which 
may allow limited error correction on a char"acter basis 
and which may enable retransmission of complete meso 
sages or data blocks. Onf' - method of detecting errors 
within a data block is to send check bits after the data 
block as well as a simple parity bit with each character. 
However, large data -blocks may a.ccumulate indepen. 
dent errors which are mutually compensating and may 
not be encoded in the check bits. Polynomial codes have 
been used to resolve this problem by providing burst 
error detection as well as all single. and double·bit error 
detection. 

This article de:icribes specific hard"are designed and 
de\elopcd for physical implementation of polynomial 
check code generation and detf:!ction. Hardware is im. 
plemented as an I/O de\'ice attached to a sma}} com· 
puter for me in a remote job enlry terminal being de· 
veloped. The polynomial code C!enerator :detector was de· 
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signed 'as a generalized logic block to be lOsed with mo"t 
small general.purpose computers and to require mini· 
mal interface logic de~ign. 

Basic Theory 

Representation of Binary Information 

Consider a message of k bits to be transmitted seriall~ 
over a data link, and with n - k bits to be appended a5 
check bits unique to the mes~age being transmitted. The 
binary digit positions of a message can be considered 
as the coefficients of a polynomial of arbitrary Yariable x.­
Each coefficient is restricted to one of two values rie. 
0, 1). If the message consists of k bits, it is convenient -
to consider the first bit transmitted as the most siC!. 
nificant coefficient of the polynomial (ie, the kth bit cor· 
responds to the coefficient b k .1 ) • For example, considel 
the 6·bit message 101101 written least significant bit to 
most significant bit from left to right. This message j .. 
represented by the general polynomial f (x) = b(} + b J X .:'" 

b;:x:! + b:;x:J + b~x4 + b·,x\ where the coefficielits b". b i . 

b:.!, ba, b~, b;, are 1, 0, 1, 1, 0, 1, respeetheJy. Extendj;l;,! 
this representation, note that any arbitrary binary mt' .. · 
sage of k bits can be represented by a polyncmial of \1:,' 
form 

k- l' 
flXI = bo .... h,x' ... + h •. ex··' + h •. ,x'·] = ~ h,x' 

i= 1 

Arithmetic operatiom may be performed on the j)(lh. 
nomials according to the laws of orJjnary algebra. H,O\\' 

• Work perform('r-i undn the aU5picc5 of the l'. :". Atom;" Enpr;'v 

Commi"-i'Jn. 



r, attention hf're i~ re,tricted \e bin:n; c0df'5 in "hich 
\TIc,mial coeITiciellt,. are dements from tht" ~cl 10. 1). 
la~ becn shown1 that polynomial code, ~:ltidying error. 
ecting and correcting pr<>perlies can be described hy 
special algebraic system which essentially requires 
t arithmetic operations on polynomials whose coeffi. 
nts are elements of a field containing q element!. be 
:formed modulo q. For hinary polynomials this reo 
ires addition and subtraction to he carried out 
,dulo 2 (ie, the exclusive OR function). 

efinitions 
veral pertinent definitions and properties of poly. 
;mial operations are: (1) The degree of a polynomi.al 
the greatest power of x in which the coefficient is 

mzero. For example, n hi nary digits is represented hy 
In - 1 degree polynomial. (2) The degree of the poly· 
Jmial reEulting from the product of two polynomials is 
ie sum of their degrees. (3) If R(x), S(x), and T(x) 
re polynomials such that T(x) = R(x) S(x),then T(x) 
. said to he diyisible hy R(x), or R(x) di\'ides T(x). 
~(x) and Sex) are also termed factors of T(x). 
With these concepts' in mind, the division of poly: 

;omials can be defined according to the Euclidean di· 
ision algorithm. Given any two polynomials H (x) and 
)(x), there is a unique pair of polynomials Q(x), R(x) 
uch that H(x) = Q(x)P(x) + R(x), where Q(x) is 
ermed the quotient and R(x) the remainder. Q(x) and 
R (x) can be obtained from the diyision H (x) jP(x) 
Jnder the corre!fponding algehraic system. The degree 
of R(x) is less than the degree of H(x) and P(x). R(x) 
may be interpreted as the remains after H (x) has heen 
e\'enly dh'ided by P{x) ; and since diyision is essentially 
a subtraction operation, R (x) is the remainder 'after 
P(x) has been subtracted from H(x) an in.tegral num· 
ber of times. The special case when R (x) = 0 is pre· 
ci!-ely the case when H (x) i~ dh'i sible by P (x), as de· 
fined previously ~ 

Data Encoding 
The polynomial division process provides some insight 
into the encoding of k bits of information for transmis. 
sion. If H (x) represents the message and P(x) defines a 
polynomial the previously defined division will pro· 
duce aremaiooer, R(x), which is unique to a small 
subset of messages including H (x). P (x) is called a gen. 
erator polynomial since its functIon is that of generat. 
ing unique check hits R(x), given any message H(x). 
If errors occurred during transmission, they can be de· 
tected by dividing the received message hits hy P(x) 
and comparing that remainder with the received check' 
bits. If the comparison results in an equality condition, 
the assumption is that both the message, H (x), and the 
check, R (x), were transmitted correctly. 

Mathematically, H(x) = Q(x)P(x) +R(x), where 
H (x) is a k - 1 degree polynomial representation of k 
message bits; P(x) is a generator polynomial of de· 
gree m - 1 where m - 1 < k - 1. H(x) - R(x) = 
Q(x) P(x), since addition and subtraction are de. 
fined modulo 2, ie, H(x) - R(x) = H(x) + R(x) = 
Q(x)P(x). _ 

The addition of R(x) modulo 2 essentially modifies 
the message H (x) in the last m - 1 hits, since.R(x), by 
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c; f~ni!i~ln~ is (of ..::~ c' ~ J{~' ~.I,",,:, l~, ... \''','' '- .. l', 

bit,,:. !'l.\ :;;;;1\ it i~ mel/" comenienl 10 fend R~x) 8~ 

tIle }aq m - 1 hit ... of the encodd rne~!',.:l2e. This is e35ily 
accompli~hed by comiJeIin~ Htx) to be k + (m - II 
hits in length with m - 1 low order 0 coefficients. Multi· 
plication hy xm - 1 performs the transformation. 

xm-1H(x) + R(x) = F(x) 

where F{x) is termed the code polynomial and repre. 
sents the encoded message of k + (m - 1) bits to be 
transmitted. Example: Encode the message 1010010001, 
corresponding to the polynomial H (x) = 1 + x2 + xn + 
xII, using the generator P(x) = 1 + x2 + x' + x~. Mul· 
tiplying H(x) hy x~ and dividing by P(x) results in: 

SO H (x) = 00000 1010010001 
R(s) = 11000 
F (x) - 11000 1010010001 

'-.-' '---.r--' 
ch~ck rn~s5ag~ 
bits bits 

The encoded message, F (x), consists of ten' higher.order 
message hits, H (x), and fin lower·order check hits, 
R(x). 

The encoded message received after transmi!sion over 
a data link can he represented by B(x) = F(x) + E(x), 
where F(x) is the correct message and E{x) is the error 
message. Since arithmetic has heen defined modulo 2, 
E(x) will contain nonzero coefficients in each erroneous 
bit position. If B(x) is not divisible by P(x), an error 
has occurred. If the re!;ulting division generates no reo . 
mainder, B(x) is accepted as the true encoded message. 
It is possible, however, that enough errors in appropriate 
hit positions have heen generated so that E(x) is divis. 
ible hy P(x) . and B(x) will he decoded as the true 
message. To ensure effective error detection, the generator, 
P(x), must he chosen such that no error pattern, E(x), 
is dh·isible by P(x). It can be shown that P(x) must 
have certain properties to enable this error detecting 
scheme to function. It can 31so be shown that the ab~lity 
of a specific code to detect the erroneous data is related 
to its error correction capabilities. 

A more rigorous mathematical treatment of error cor· 
recting codes and their. properties is given in Ref. L A 
few basic results are given without proof to illustrate 
typical properties of generator polynomials: (1) A code 
generated by any polynomial P(x) ,,·Hh more than one 
term detects all single errors (ie. an error in exactly 
one position). (2) Any polynomial of the form 1 + x~ 
(c an integer) will detect any odd number of errors (ie, 
typical odd or even parity error detecting)' (3) A poly­
nomial P (x) of length n detects all single and double 
errors if n < e, where e is the least integer such that 
P(x) divides xP - 1 (= xP + lmocl2)' (4) A polynomial 
P(x) of length n detects any burst·error of length n or 
less. A hurst.error of length n is defined as the number 
of errors occurring between the first and last errors, in· 
clusive .. 

Physical Realization 

The theory {If how to encode a.nd decode messages fOI 

error detection has been shown, hut the important op­
eration to accomplish this is the di'yision, under addi· 
tion modulo 2, of messages hy a fixed polynomial, P (x). 
Consider a lonf!.hand calculation of the dh·ision of 1 + 
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Fig_ 1 Manual calculation 
of 1 + x· +X' + x'" divided 
by 1 + x· + x' + X' 

------------ -- --- .-.-- - --

£. + X8 + XlII by 1 + Xli + x:, + XII. Since addition mod· 
ulo 2 is simply an Exclusiye OR funchon, drop the vari· 
able x and manipulate the binary coefficients of the poly. 
nomials (see Fig. 1). The quotient is Q (x) = x" + x 3 + x 
and the remainder is R(x) = x;j + x!l + 1. 

Referring to the manual didsion example (Fig. 1). 
the division algorithm is: (1) Align high-order coeffi­
cients of PIx) and the partial remainder_ The first iter­
ation aligns the didsor PIx) with the dividend. (The 
dotted underline references the partial remainder for 
each stepl. (2) Subtract (modulo 21 PIX) from the 
partial remainder. (3 I Go hack to step (1) if the de­
gree of the partial remainder is greater than or equal to 
the degree of divisor P I x) ; otherwise the partial remain. 
der is the remainder R, xL Notice that in step (3 J the 
alignment of high.order coefficients required the partial 
remainder to be shifted left Dy one bit and the entry of 
the next two dividend bits into the low-order position. In 
general, at ellch step the next dividend bit is "brought 
down" or shifted into the low position of the partial re­
mainder until the most significant bit is 1. This be­
comes clearer if the addition is thought of as being per­
formed in a 6-bit regi'ster in which the most significant 
bit of the generator and partial remainder are ignored. 
These bits will ahraysresult in I + 1 = o. 

Consider a 6-bit register and step (2) of the pre· 
vious di\'isioTl, with reference to Fig. 2 I A). Shifting the 
partial remainder left by one bit will align the higher. 
order coe-fficients as shown in Fj~. 2 (B I. Since the sub· 
traction is performed after the coefiicients are aligned, 
the most significant bit shifted out of the ref!'ister is u~ed 
to enable the subtract lo~dr: Ih.: r~,;u}t after subtraction 
is sho\\n in Fig. 2(CI. Each ~tep may he implemented 
in a similar manner, excepl that the di,,-isioll i" termi· 
nated after all data bits haye heen :.;hi fled into the 
ret!ister. 

The hardware required to implement this :llgorithm 
(ie, shift and subtract modulo 2 I is simply a feedback 
shift register with Exclusi\e on gating. Subtraction and 
addition modulo 2 is implemented by the Exclusivc OR 
function. The number of shift Tc;::i;;;lcr bil positions is 
equal to the de2ree of the diYisor P I x I. The ;;hift reg· 
ister shown in Fif!' . .31 A I is oriellled ,,-jlh the 10\\. to 
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Fig_ 2 Shift register alignment sequence 
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Fig. 4 Functional block diagram 

high-order positIOn from left to right. The most sig­
nificant data bit enters the left most shift register bit 
position. A delay of 6-bit-shift times is associated with 
this shift register since six extra O's must be shifted in 
after the data bits to complete the encoding process. 
This delay can be avoided by treating the ·data as if it 
were shifted out of the high-order end. The register can 
be ea~iJ) modified for this more efficient scheme:! as 
shown in Fig. 31 B). Since encoding and decoding of 
messal!es are precisely equh'alent, this circuit can be 
used for both functions. This and the simple logic im­
plementation are the attractive, features of polynomial 
error detection. Error correction implementation is much 
more complex.], 

Hardware. Description 

Design Philosophy 
The initial design objecth'e was to develop polynomial 
code generation electronic logic that could easily inter­
face with a small 8-, 12-, or 16-bit computer_ The spe­
cific application was to implement an I/O device for 
error detection at remote job entry stations and at com­
munications concentrator stations. Both of these stations 
were to be provided with a small general-purpose com­
puter to be used as a data communications controller. 
To allow for expansion and upgrading of the remote 
terminal system, the polynomial code deyice design ob· 
jecth'es were incorporated with enough flexibility to al­
low interfacing to most commercial minicomputers. 

llsing the black box concept, the polynomial code 
generator accepts 0-bit data byte~ and produces two 8-
bit check b)tes. The!'e two check bytes may be read 
from the black box and subsequently loaded into a com­
puter. Conversely, 1\,'0 check bytes can be loaded into 
the black box from the computer I/O bus, allowing pre­
vious data·error-code generation/detection to continue 
from a preyiously int"rrupted. state. (See Fig. 4.) This 
facility is very convenient for time-multiplexing error­
code generation/detection between several communica­
tion lines and eliminates unnecessary replication of error­
detection hardware at 'a dnln concentration statioll. 
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11,_ 8-1n[ b\le "l!~ cho"en as the ba~ic data !>lru;ture 
hec:au!>(" mo.,! ~h3racl("r code se-ts u~ed in d3ta comn::uni· 
cation nrt' easily 5peciEed with 8-level coding. It al;,{. 
~ppears that most small and medium size computer ~ 
have integral.number byte word sizes. In ~ssence, there 
appears to be an evolving byte-oriented standardization 
of most .large computer systems using communication fa, 
cilities. . 

Operating Characteristics 

A more detailed block diagram of the polynomial code 
device is shown in Fig. 5. The device consists of an 8-
bit buffer register (through which all data bytes pass 
for encoding). a 16-bit polynomial register with asso­
ciated feedback gating for a specific generator poly­
nomial, and the control logic. 

The polynomial code dedce performs four functions 
as specified by the four command bits. These bits, strobed 
into the control logic by a pulse from the computer, are: 

LOAD LEFT . The left byte of the polynomial reg­
ister is loaded with data from the 
I/O bus. The LOAD and EORjLEFT 
bits are high for this command, and 
the device is lIet for EOR mode. 

LOAD RIGHT 

RESET 

GO 

. The right byte of the polynomial 
register. is loaded with data from the 
i/o bus. The LOAD and CRC16/ 
RIGHT bits are high for this com· 
mand, and the device is set to CRC16 
mode. 

This command overrides all other 
command bits and clears the buffer 
and polynomial registers to all O's. 
The RESET bit is high for this com­
mand. 

The buffer register is loaded with a 
data byte from .the I/O bus. The data 
b)1e is then encoded with polynomial 
register contents as specified by EOR 
and CRC16 bits. 

EOR - High 

CRCl6 = High 

Exc1ush'c OR of 
data byte with' 
right byte of 
polynomial regis. 
ter. 

Generate polyno­
mial check code 
of data byte and 
polynomial regis. 
ter contents. 

If both EOR/LEFT and CRCI6/RIGHT bits are low, the 
encoding mode is determined by the last mode command 
~vm. . 

The polynomial register contents may be strobed onto 
the I/O bus by pro\'iding the gating appropriate to the 
desired computer. A separate I/O signal must be u~ed 
for this function since no command bits ha\e been as· 
signed for this purpose. This provides more flexibility in 
interfacing the polynomial code dedce to computers with 
different word sizes. 
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Polynomial cod~ device block diagram 

. __ . - --_._--

ice and Time Constraints 

I/O timing constraints are shown in Fig. 6. 
and bits must be stable at the leading edge 

c· I/O pulse. Encoding of a data byte is initio 
.e trailing edge of the I/O pulse and require~ 
: completion. A minimum I/O pulsewidth of 
dts the deyice to a 1.8-1'5 repetition rate, which 
m the required I/O im·truction execution time 
;maIJ computers. Consequently, thi~ assures the 
of a data byte in one I/O in~truction time, 

time consuming I/O deyice skip loop program. 
1e contents of the polynomial register may he 
onto the 1/0 bus 1 I's after the trailing edge of 
pulse. 

uter Implementation 

)lynomia1 code device has been interfaced and 
'ith a Digital Equipment Corp PDP.8/L computer 
functions in a remote terminal environment and 

;ontro1 several remote devices and a data communi. 
, line. Briefly, the. computer's characteristics are 
word, 1.6.l's memory cycle, and one programmable 

.er (ie, the AC register I. The instruction set is very 
ed and contains one r/o instruction (ie, the lOT 
uction J. All prograr.1med 1/0 data must pass through 
AC, which provides 12 buffered data output lines 
12 data input lines. The lOT Instruction format con· 

s a 3·bit operation code, a 6·bit de\'ice address. and 
·bit operation spccification as shown in Fig. 7. 
~ach execution of the JOT instruction places 6·bil 
-ice address on the de\'ice address lines monitored by 
:h I/O dedce. When a de\ice recof!nizcs its aS5igned 
dce address, it gates the Is;;.t three bit" of the lOT 
struction into the de\'ice cont rnJ logie. Each operation 
,t specifies an action associated \\ itl! the de\·ice. The 
ITee operation bits correspond to three ('olltrnl pulses 
;hicn occur in sequence and mil\' be com hi ned in the 
OT instruction to affect one, two, or three ~eguential 
le\'ice operations. 

Since all I/O data must pass throuf£J, the AC, the con· 
trol and data bits must he loade,) into tht> AC prior to 

........ 
! 
I 

I 
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Fig. 6 Timing diagram 
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-- -OPERATION OPERATION 
CODE (1/0 PULSES) 

Fig. 7 lOT instruction format 

1/0 PULSE 

FRO"; AC { 12 illS POlYNOMIAL 
CODE DEVICE 

TOAC 

1/0 BUS GATING 

I/O PULSE 21 

: LEFT 8 BITS 
I 

I 
: RIGHI 8 BITS 
I 

1/0 PULSE 4 

Fig. 8 PDP·8/l interface to device 

an lOT instruction. The general interfacing of the puh. 
nomial code dnice to the computer is shown in Fi~. ::. 

l':otice that onh' either the ri!!ht or left byte from tIlt' 
polynomial ref'ist~r can be read at one ti~le sillce Ill!' 
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pop·alL Data Encode Program 

Comment 

Clear AC 

Get old right check byte 

Load right byte of polynominal register 

Get old left check byte 

Load left byte of polynominal register. Sets device to CRC16 

Get data byte 

Generate check bytes. clear AC, load AC with new right 
check byte 

Deposit new right check byte. clear AC 

Load AC with new left check byte . 

Deposit new left check byte, clear AC 

. 
ing check b~ te!"> given· one data byte is sho\"n in Fig. 9. 
The corresponding program can be implemented with 
six to ten instructions on most small computers. I'iotice 
that no decision branches are required and that no device 
flag test loop is required per data byte. This results from 
the assurance that data byte encoding is completed within 
one instruction time. The dotted line branches in Fig. C) 

are included to illustrate the additional flowcharting reo 
quired to generate ·check bytes for a block of data bytes. 
A correS'ponding error detection program can similarly 
be implemented with this flowchart with the additional 
test·for.zero instructions on the check bytes as the last 
step. A specific programming example for a I.byte en· 
code operation is shown in the table. The execution time 
on a PDP.8/L computer is 39.4 ps/data byte and in· 
cludes seven memory references. 

Hardware vs Software 

Fig. 9 Device data encode flowchart 
The justification of the effort and expense. of de\'eloping 
special.purpo~e hardware for a computer system is in· 
herently influenced by the equiyalent software required 
to perform the same task. Hard\\'are/software tradeoff:; 
con~equently hecome central to the decision bet "een 
hardware and· software implementation. In remote com· 
puting applications "here a small computer is used to 
control such items. as peripherals, format communica­
tion~ data. and tran,;late code sets, gross amounts of 
time call he consumt"d in communication line error· 
ch~cking routines. This effectively lowers the data trans· 
mis:;ion rate \\hich the computer can 'maintain \\ hile 
satid~ in~ its other commitments. Cost and performance 
criteria rna ~ force the designer 'to accept 10\\ er communi. 
cation line band"idth and/or slo\\ e; remote peripheral 
devices. Thi~ in turn enhances the I/O throuchout limi­
tatiolls of the central computer facilities, particularly for 
a lar~e number of remote !'lations. 

data to tht" AC i~ only 12 bit~ wide. Thi~ is accompli~hed 
by assilming ]/0 pul!'-es 2 and 4 to read left and right. 
respecti\ely. For a computer \dth a 16·bit I/O data bus. 
only one control pulse. would be needed to ~"ad both 
bytes of the polynomial regi~ler. 

Software Considerations 

Device Programming 

The polynomial code de,·ice i~ easil) prugrammed on any 
gennal·purpM-e minicomputn. A flowchart lor f!enerat. 

) 
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Fig. 10 Programmed data encode flowchart 

Software implementation of polynomial code genera­
tion and detection is possible on any machine with shift 
and basic logical instructions. The algorithm consists of 
three basic operations: (}) shift data byte and reo 
mainder, (21 compare most signifIcant bits, and (3) 
Exclush·e OR remainder and genet'ator polynomial (de­
pendent on compare test) . 

A flowchart for encodillt. one data byte is shown in 
Fig. 10. l\otice that eight iterations of the shift loop are 
required for en'r) data Lyte. \''(T orst-case data encoding 
requires eight iterations with 'an Exclush'e OR for each 
iteration. A typical 16·bit computer with an Exclusive 
OR instruction :lnn Iwo or more p~'ogrammable registers 
would require flO to 120 instruction executions per data 
byle. Assumint! a' polrn6mial code I/O dedce connected 
to the same computer could be programmed "'ilh six to 
eight instructions, a performance increase factor of 10 
to 20 is obtained. 

The performance increa~e factor for a PDP-8/L is 
much higher. Jue to its 12-bit "ord size. For an integral 
number of byte generator polynomials, an integral 
number of 12-bi( memory location;; must be used for 
check.byte storage. In thi,;. case, onl) n of the 12 bits are 
used since pacLin:;- and unpackin2 [l-bit bytes is time 

con5uminc: on a PDP-8/L, \\hich probabl) r~pr~,elll, 
the wont-case programming eHort for implementatioll 
of polynomial code generation. A PDP-GlL program 
that I \qote requires 432 instruction executions ,and ] .1· 
ms execution time per data byte in the worst ca:;t'. A~· 
suming 20~~ of the total computer time is alloHt'l1 {HI 

error checking, about 5 ms/data byte of computill;: 
would be required. In this case. the PDP-8/L could sup· 
port a 200·baud communication line, which hardly sati~. 
fie~ remote joh entry requirements. t"sing the PDP·H, L 
execution times with and without the polynomial code 
device, a performance increase ratio is obtained (If 

,1.1 ms/39.4 JLS = 20. The larger factor for the PDP-SlL 
results from the lack of an Exclusive·OR instruction. Tilt' 
equivalent of an Exclu!ive OR requires 10 PDP-3L 
instructions and 80 extra instructions per data byte in 
the worst case. 

The p~lynbmial code generator /detector de!lcrihed 
earlier has been built. The required logic was assembled 
on three 2% x 5", 36.pin PC cards; 32 TTL IC pack­
ages were u!'ed. The PC cards were compatible with DEC 
!vI·series logic cards and could conveniently be plact'd 
within a PDP-8/L extended memory cabinet. In addition. 
two unique logic cards were required to satisfy PDP-8/L 
I/O bus conventions I ie, ·deYice lIelection card and, an 
open col\ect?r bus dri"er card). 

Conclusion 
The attempt has been made· here to prodde the reader 
with an understanding of polynomial error code genera. 
tion and detection with minimal mathematical rie0r. 
Practi~al aspects and application of this error-coding 
technique ha\'e been considered in a real·world situation 
involving remote job entry computing terminals. It has 
been shown that significant performance impro\'ements 
can be realized by "hardwired software" capable of illl. 
pleme~ting a specific generator polynomial for error 
detection. The significant advantages of the polynomial 
code device described are: III inexpensh'e 15200 for 
materials, parts, card assembly), (2) generalized 1/0 
interfacing to small computers, (31 elimination of co,.tl~ • 
error encoding/detecting software, (4) time·shared capa­
bility behleen several communication .lines, with mini­
mum software, and (51 decreased number of undetected 
errors passed through remote joh entry and concentrator 
subsystems. 

The development of more general.purpose 10ric for 
implementin<Y any arbitrar)' <Yenerator poh'nomial ha' r"'". C' .. 

been initiated. Elich PC card "ill contain four bit~ flf 
the polynomial register. A polynomial register of all\ 
len"th may he as!'embled and hardllired to !;eler;1 L" c . 
c1usi"e OR bit positions or not and to ~e1ect the 1a,1 
stare of the pol) /Iomial register. 
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Abstrlct 
This paper describes I novel run-length limited code. 
tenned lPM. A group of three data bits is converud into 
si x code bi ts whi ch are represented by the presence or 
absence of sfgnal transitions. At least bIG zeros are 
.. intlined between bIG consecutive ones. that 11 a lIin­
imum distlnce of three positions between transitions. 
resulting in great reduction of pulse crowding. The 
IIfnilllUlll distlnce 11 assured by a unique mergi ng rule at 
the boundary of adjacent Code words. Th1s rule distin­
guishes the code from both fixed and vlriabl. length 
codes and results 1n very simple .ncoding and decoding 
tlgorithms. An actual 50s density increase has been 
accomplished in saturation recording by using the 3PM 
code in combinat10n with other electron1c techniques. 
The new code is used in I current ISS/UnivIC high den­
sity disk storage system. featuring 2500 bits/em (6300 
BPI) 11near density. 10 Mbits/sec data rate. 338 MByte 
capacity and one bit in 10 billion raw error rate on 
conventional Mod-ll head/disk 1nterface. 

Desirable Code Properties 
The basic problem of this paper i$ increasing the data 
density fn~tai magnetic recording without changing 
the· physical pararreters, that 11 flying height, head 
inductance. oxide thickness and magnetic properties, 
in an existing head medium interface, while maintaining 
the same reliabi11ty. The first task is the selection 
of a COde that is capable of increasing the 11near bit 
density with the least possible degradation 1n the ana­
log signal waveform. This means that the new code should 
not aggravate the write conditions, and 1t should not 
fn~rease pulse crowding at the higher data density. 
At this point. it is desirable to survey the major para­
meters of some existing codes. The definitions follow 
those of Patel. 1 A data group, consisting of m data 
bits. is 'converted into a code group of n code bits. 
The 'ratio m/n is called the code rate. The code bits of 
a code grouP. ,ones and zeros, are recorded by the pre-, 
sence or absence of magnetization transitions in nuni­
formly spaced pOSitions. Two consecutive ones are sep­
arated by at least d but not more than It zeros so that 
the minimum distance between two consecutive transitions 
is (d+l) pOSitions. This proper.ty makes the code run-
length limited. 2,3 , 
If the time interval of one dat~ bit is T sec, the min­
imum and maximum time intervals between tranSitions are: 
Tmin • (m/n)(d+l)T sec and Tmax • (m/n)(k+l)T sec. The 
efficiency of the code is measured by the density ratio, 
defined as: 

DR • data densi ty • Tmin • Tminr • (!!!.) (d+l) 
max. transltlon density --,- n 

where'T is the data bit period and Tminr is the ratio of 
minillUll time interval to the data bit period. The den­
sity ratio expresses the nUIIDer of data bits per flux 
reversals or tranSitions, spaced at nnn;mum distance. 
Additional i~ortant parameters are the detection win­
dow, W • (m/n) • T and the cloCk rate, which is the 
reciprocal of the window. The window equals the tine 
duration of one code bit or the length of one position. 
The code rate (m/n) is a Jneasure of the relative win­
dow (Wr), i.e., the detection window related to the 
data bit period: Wr • WIT • m/n. 
Many run-l ength-limi tydgC!)des have been reported and 
analyzed in the past. - The write data wavefonns and 
major code parameters of some codes are shown in Figure 
1 and Figure 2 for the same data density. 
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In the write mode in saturation recording, the 'most 
'critical parameter is the maximum flux reversal aensity 
thit, the head is capable of writing and the medium can 
support. This is limited by the inductance of the head 
and by pulse crowding, demagnetization and ether non­
linear effects of the medium that increase with flux 
density. It 1s therefore, desirable to maintain the 

.same flux density in a system, where the head and medium 
cannot be changed. The highest data density will be 
aChieved, if a code with the largest Tmin or DR value 1s 
selected. 
In the read mode, high density ratio is again important 
as will be seen later. It is equivalent to large Tmfnr. 
which expresses the fact that pulse crowding is removed 
or limited. The other desirable factor 1s a large window 
that results in relative insensitivity to noise. However, 
large window is less efficient in increasing the data 
density than large Tmin. This is illustrated by the GCR 
4/5 code that has a 6M wider window, but reduced Tminr 
value. relative to MFM. It can increase the data density 
over MFM only by 8%, as shown in a study by Tamur! et 
a1.!> A large value of Tminr is equivalent to a low flux 
density resulting in reduced pulse crowding. Tminr is 
effecti ve 1 n both writi ng and readi ng. whil e the re 1 a­
tive window is effective only in reading. 
The old codes without exception have density ratios less 
than. or at best, equal to one. The 3PM code accomplishes 
S~ greater DR than HFM, whiie maintaining the same win- ~ l 
dow and the same clock rate. This is due to USing three 
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;;,::s1!10"1S (c ... n in the T.in ctistance. wI'Iil! ~M LISts 
only two pcsltioni (Figure 1). Thls basic feature of 
the code originated its nuw; Three-position IICdulation 
(3PM). In a general sense, there is a direct evolution 
froll double frequency to "no. and then to JPM. The 
nl.ll'ber of code bit poSitions in the Tarin distance in­
creased frQIII one to two and then to three, while the 
window remained the sane.· The densi~ ratio increased 
in proportion to lllin. It is Sftn that if the lIinhUII 
transition interval of an existing "no. recording sys­
tem is lIIIinUined but the code is changed to JPM. the 
potential exists of increasing tht data density by 50%. 
The maximum transition interval (Tlllx) in the lPM code 
is considerably. longer than in MFM. This requires a 
more tightly controlled phase-locked oscillator that 
is capable of lIIintaining accurate clocking over a max-
1IUII of 12 clock periods. This problem has bet!! solved 
successfully in the window detection of the 3PM code. 
The 3PM code write data wavefol"lll has considerable DC­
content and digital sum variation, IS IDOst run-length­
limited c:odes do. This is of no concern in writing 
since the write head is DC-coupled. In the read IDOde 
the question of digital sum variations enters into c:on­
sideration only if ~ want to restore the write data 
waveform. 10 However. if we reconstruct the read pulses 
by proper spectral shaping to the point that they do 
not interfere. the location of the pulse peaks contain 
the data accurately and conventional peak detection 
can be used. In thi s process, there 1 s no need to con­
sider DC-content or OSV of the original write data 
wayeform. The optimum spectral shaping is treated in a 
companion paper, submitted by W.D. Huber. Based on 
his work the following general equation has been de­
rived for the code parameters, when optimum spectral 
shaping. Dr optimum equalization is applied to the 
ana10gwaveshape. The relative importance of the code 
and analog waveshape parameters in the read /IIOde can 
be observed from this relationship: 

Max. data density • (.flux rev. density)' DR • 

• _1_._. (!!!)(d+l) • ~ (SNRi)q(!!!.}(d+l)l-q • 
v·Tnnn n V'ISO . n . 

· .d- (SNRi)q (OR)l-q Wrq 
v· '50 

Where: K • 0.4. q. 0.37 for (d+l) • 2 
q • 0.4 for (d+l) • 3 

v is the head to medium speed, TSO is PWSO' measured 
in time. of the isolated pulse. SNRi is the input sig­
nal to noise ratio at the head. expressed as peak sin­
gle pulse amplitude to RMS noise. The above relation­
ship has been .orked out for an error rate (without 
error correction) of one bit in 10 billion and with a 
generous 331 window margin to cover fixed bit shift. 
jitter and circuit tolerances. It is valid for a range 
of SNRi between 30 and 34 dB. The second part of the 
equation focuses attention on the analog properties of 
the waveshape. It is seen that density ratio or mini­
mum transition distance is more efficient in increasing 
the data density than the relative window. The 3PM code 
increases the density ratio by 50% over MFM. while 
leaving the relatiVe window the same. An actual data 
density increase of 1.S6-times was achieved by using 
this code. combined with optimum spectral shaping 
equalization at 31 dB SN~. Thus. 3PM combines the ad­
vantages in both write and read through its Tmin • 1.ST 
feature and appears to 'be the best code to increase 
data density without changing the head/l1I!:dium interface. 

3PM Code Aloorithm 
A code with properties described above can be implemen­
ted with a number of different algorithms. The most 
str~ightforward method is fixed length bioclc coding. 
This. however. is' not effiCient; requiring large memory 
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or COo.-ciex 10;;1c. Variab1e ler;;th c!)d!s are lruch m:lrt 
efficient and can b! 1mpl~nte~ with l~5S memory. How­
ever. the 10gicl1 operations in drcoding, due to the 
nature of variable length groups that IllUst be handled. 
c:ould be quite complex. Furthermore. spechl precaution 
must be used against error propagation. which can be 
li.ited in general to tht number of bits in the longest 
word. 

Tht unique novel al gorithll of tht 3PM code is Similar to 
fixed ltngth block encoding and decoding with one .ddi­
tion.l rule. The algorithm convtrts three bit data ~roups 
into six bit c:ode 9roupS. The encoding fs explained by 
looking at Figure 1 and Ff9ure l. The space allowed for 
I word of three data bits is divided into six equidistant 
positions: '1 to P6' The basic encoding table for one 
word is shown in Figure 3. 

O'N.lIIIY 
DATA 
WOI'll) 

0 0 0 
0 0 0 
0 0 , / 
0 , 0 
0 , , 
0 , , , 0 a , 0 , , 0 , , , a , , a , , 0 , , 0 , , , , , , 

IlNA"Y TRAHIITION 
DATA I'OSTTIONS 
WOIIO " n '" N ... N 

0 0 0 0 • • • , 0 
0 • , 0 • • , 0 0 
0 , 0 0 , 0 • 0 0 
0 , , 0 , • 0 , • , 0 • 0 0 , 0 0 0 , 0 , , 0 0 0 0 0 , , 0 , 0 • 0 , 0 , , , , 0 0 , 0 0 

FIGURE 3. lN1iel Encoding TI!bI. 

INnU!NC! M ntANSITION 
ADJACENT WOIIIDS 

"'feEDING. 

x 
x 
X 

x 
x 
x 
x 
0 , 
0 , 
0 , 
a , 

~LLOW'NG 

,: YES 

0: NO 

0 , 
X 
x 
0 , 
x 
x 
x 
0 
a , , 
x 
x 

X : DON"T CARE 

.... 
0 
0 
0 
0 
0 
0 
0 
0 , 
0 , 
a , 
0 , 

POSITIONS 

", n '" N 

0 0 0 0 
0 0 0 0 
0 0 0 , 
o· , 0 0 
0 , 0 0 
0 , 0 0 
a a , 0 , 0 0 0 
0 0 0 a , a a a 
o· 0 a 0 , 0 a a 
0 a a 0 , a 0 1 

0 a a , 

FI GURE 4. FlM Encocins witt! Merving 

... N 

, 0 
0 , 
0 0 
0 0 , 0 
0 , 
a' a 
0 0 
a 0 , a , 0 
a , 
a , 
a 0 
0 0 

Minimum two zeros are maintained between adjacent ones. 
The boundary position CP6) is occupied by zeros in all 
code words. In a sequence of words. where a one occurs 
at Ps of the present word and also at Pl of the follow­
ing word the d-2 condition ~uld be violated. The spe­
cial rule of the 3PM code provides that in this case 
the Ps transition of the present word and the Pl tran­
sition of the following word will not be written in 
their original locations but will be replaced by a sin­
gle transition at P6' The two original transitions. Ps 
and Pl. will be merged into one transition at P6. The 
P6 pOSition in the initial encoding table is reserved 
for this merging operation. 

.... ",-
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The results of the f1nel .ncoding. Ifur the -"9in9 
rul. hIS been CArried out. 11 shown in Figure 4. Here 
III cQlli)inetions of biNry data II'Ords of three bits elch 
Ire shown together .with the influence of Idjacent dltl 
II'Ords. If the preceding II'Ord ends 'in PS. I '1 transition 
of the pres.nt word will be shffted to the sixth posi­
tion of the previous word denoud by '6'. Sflril.rly. if 
the followingll'Ord starts with '1. a '5 tr.nsition of 
the present word will b. shifted to '6. The resul t of 
thts .. rging rul. is that .ny n\lN)er of octal data words 
Cln b. CAunaud. while Simultaneously maintaining the 
d-Z condition .verywhere in the sequenc •• Th. encoding 
logic that i~lements this rule is very si~l •• It has 
to look back to the Ps position of the previous word 
and look ahead to the Pl posit10n of the follOWing word. 
thus dealing with II positions Simultaneously. This wlY. 
the words are chai ned to one Ino ther ina N wral way. 
preserv1ng the fbed block l.ngth property of the code. 
Decoding is done in a si.ilar manner. The 7 trlnsition 
positions Ire observed simultaneously. They uniquely 
ident1fy the binary data word, IS shown in Figure 4. 
Decoding. therefore. is stau independent. maintaining 
the advantage of fixed length blocks. that greatly sim­
plifies the logic. The decoded data II'Ords are identified 
by a word clock. derived from a general clock system . 
that runs synchronously with the transitions. Error pro­
pagation is limiud to a maximum of three data bits (one 
word). This may resul t from the drop-out or drop-in of 
I single transition. or from one transition shifting by 
one position in detection. This is better than the 
limit of error propagation in variable length codes with 
the same parameters. 
It is interesting to co~are the code with the smallest 
fixed-length block code that achieves the run lengths 
of 3PH. To make the comparison as stringent as possible 
consider state-dependent codes where past IS well IS 
present information may be used in forming each code 
word. By means of a program devised at the Sperry Re­
search Center. it was found that the shortest block 
code with minimum spaCing of 1.5 data-bit tillll!s and 
rau 0.5 converts each 8 bits of data into 16 bits of 
code. l1 Thus, this code requires 12.Z88 bits of storage 
for its encode/decode tables. or logic suffic:ientfor a 
rather cOlllll ex 8-input. 16-output swi tehing circui t. 
With this comparison the simplicity of the 3PH logic 
can be properly appreciated. 
This sysum has been implemented ·in a recently released 
ISS/Univac high density disk f11e. featuring 2500 bitsl 
c:m (6300 BPI) data density. 10 Hbits/seedata rate and 
338 MByte capacity on conventional Mod-ll type head disk 
interface. In I companion piper. A. Geffo~ discusses 
the cemplete system implementation. Figure 5 shows the 
Inalog Wlveshape of I plttern sequence after equaliza­
t10n. It is seen that the pulses are completely sepa­
rated. the interaction is co~letely removed by optimum 
spectral shaping. As I result. the pulse peak locations 
are restored to great accurlcy. A number of dffferent 

·time intervals between adjacent pulse peaks can be ob­
served which is characteristic of this code. 

Concl uS ion 
A new code has been descri bed that uses the same code 
rate as the HFH code, but increases the minimum distance 
by 50S. thereby achieving I density ratio of 1.5 data 
bits per minimum transition distance. The actual achiev­
Ible dlta bit density is related to the code paraareters 
and signal to noise ratio in general terms. The new code 
has been i~lemented in I comnercial digital recording 
disk f11e and reliably accomplished 56S increlse 1n bit 
density with the same head/disk interface. used by In 
earlier model with HFM code. 

FIOURE I. Equaliaed ANIot W ........ 
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Subject: 2,7 Encoder/Decoder Circuits H. K" .. ok 

The pUl~ose of this memo is to summarize the results obtained from an 
experimental breadboard of a 2,7 encoder/decoder circuit, for possible 
application to future Memdrex disk files. 

Schematics l for the breaJboard were provided to Tony Yung and Hoover 
Kwok at three stages in the development process - original design level, 
original breadboard build level, and functional breadboard level (after 
debug) . The ftmctional breadboard schematics were provided on f\tay 28, 
1980, after the results described in this memo were obtained. 

JEST CIRaJIT 

The test circuit consisted of essentially those functions described in the 
block diagram on the following page. 

The on-board test oscillator provided a 2F frequency of approximately 
25~1HZ. \\'hile this frequency is slightly lo .... er than the IBt\l 3370 rate, 
it should be close enough f0r the purposes of this demonstration. Also, 
using the MECL 10K logic family, ,nruch higher switching rates shou] d be . 
attain.able ldthout major problems. 

(Futhermore, it is expected that timing 'changes ",-ould be necessary anyway 
to integrate the circuits into a disk controller. This tends to reduce 
the value of detailed timing analyses on an isolated board.) .' 

The main purposes, therefore, of the breadboard were to establish: 

,1) A working f\~CL 10K prototype ~hich would en~ode and decode all 
words in the Franaszek 2,7 code dictionary.~'3 . 

2) A simple, reliable decoder phasing technique for read-back. 

3) A potential scheme for generating system timing pulses.for the 
associated disk controller. 
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RESULTS 

The following chart describes the 2,7 code dictionary: 

~ 
u=mJ 
~ 
© 

DATA \\DRD 

1 0 . 
010 
001 0 
1 1 
011 

:~l ~RDOBY DETENT ASSlcnlENf . ~ CODE WORD 

o 1 0 0 
H. Rep ~ I 0 0 I 0 0 

o OIl 
000 

Rate 0 0 1 0 0 I 0 0 
I 000 
001 0 0 0 

Lo Rep ~ 0 0 0 0 I 0 0 0 
Rate 0 0 0 1 0 0 

To 0 0 TI 0 0 
o 0 To 0 0 Tl 0 0 
To 0 0 0 
o 0 To 0 
o 0 0 0 
o 0 0 Tl 

o 0 
To 0 0 0 
o 0 

A "1" in the code word represents a flux transition recorded on, or read 
back from, the disk surface. Since it is a 1/2 rate code, there are t\~ 
possible detent assignments, which are arbitrarily labelled To and T1 • 

I~ the photographs of figures 5 and 6, an encoded data pulse which aligns 
Wlth Clock B represents a 1, or transition, in the To detent. An encoded 
data pulse which is in the space between Clock B pulses represents a 1, 
or transition, in the TI detent. 

Since the breadboard circuits were capable of repeatedly serializing a 
byte of data (applied by manual switches), the test patterns selected 
were combinations of either two or three 2,7 words which had their 
word botmdaries at the data bytebotmdary. The results are shown in 
figures 1 through 4. (Note that this by no means exhausts all the 
possible permutations of 2,7 words, but is a reliable indication that 
the hardware's encode/decode algorithm works. It may still be possible 
to have da ta-dependent timing problems.) 

Figure 5 shows the generation of the highest rep rate pattern of 2,7 
encoded data in relation to the B Clock. This is obtained during the 
time that the word 010 is being repeatedly encoded. 

Figure 6 shows the lowest possible rep rate, obtainable by encoding the 
word 0011 repeatedly. 

Figures 7 through 10 illustrate the results of the decoder phasing 
technique. The test sequence was as follows: 

1) Circuits are repeatedly encoding and decoding a byte of l's. 
(fig. 7) 

2) A one-detent (1/2 bit time) delay is introduced into the 
undecoded data stream. Note new timing relationship between 
- BIT TIME 0 (scope trace 1) and - DECODER A*O GATE our (trace 3), 
in fig. 8, as compared to figure 7. This results in erroneously 
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3) 

4) 

decoding a stream of ones as alternate ones and zeroes. This is in 
accord~ce with the 2,7 dictionary: 

DATA WORD 

1 0 
1 1 

CODE WORD 

o 1 0 0 
100 0 

To Detent.J' 1"" T 1 Detent 

In figure 9, the decoder phasing has been momentarily enabled, and 
then disabled, which causes the decoder to decode a stream of one's 
again (even though the lDldecoded data stream is now arriving at the 
decoder one detent time later) • .' 

In figure 10, the one detent delay has been removed, and the decoder 
again erroneously decodes alternate ones and zeroes, (since the 
decoder phasing was disabled), even though the lmdecoded data stream 
now arrives at the time it originally did. 

This decoder phasing technique is the subj ect of a ~morex invention 
disclosure ""hlch is now being written. I recommend it as being simpler, 
and more reliable then the method used in the IBM 33704 , since it 
requires no adjustment to the system clocks. 

Figures 11 through 15 illustrate the timing relationships of the bread­
board clocking system. Note that for 2F = 29 to 30 ~IIZ, the ABCD Clock 
pulses derived will only be about 17 nanoseconds in width. At -higher 
data rates, to obtain. greater margin for setting latches, the signals 
± IF and ± 1FD could be used instead of the ABCD Clocks. The IF and 
lFD pulses will be twice as wide. . 

CCt+1EJ'lfS RELATED TO SOIEMATICS (PAGE TS301 

In figure 14, timing margins can be improved by inserting ,more delay 
between the 2F input and the clock input to the IF and lFD - generating 
flip flops. This, of course, will affect all the downstream system 
timing. 

In figure 15, note that the equivalent of Clock D (pin 8D-13, page TS30) 
is used to drive the bit cotmter. The bit times are generated by means 
of a 3-bit Gray code counter and a 3-to-8 bit decoder. 

The 3-to-8 decoder is disabled by the same pulse which triggers the cotmter. 
The "dead time" between bits may be eliminated by keeping the 3:8 decoder 
enabled at all time s • Since it is a Gray code counter, the decoder output 
bits shoul0 be glitch-free. 

~'" 
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ADDITIONAL C(M.fENTS 

The 10141 shift, register module type used in the breadboard is not 
a standard Merrnrex part. The 10141 seeJred nruch more noise-prone than 
the other 10K modules. The worst noise was present on pin 1, . 
particularly at the 2F shifting frequency. This \\-as resolved DY ensur­
ing that the VCC pins (pins 1 and 16) were tied directly to the ground 
plane by a via-hole, or with heavy guage wire, rather than' just connect­
ing pins 1 and 16 together with light gauge ~ire. 

The breadboard also contained hardware for generating the high-rep-rate 
2,7 encoded pattern by means of a 3 bit shift register. This circuit 
\\-'as not tested, but should be very easy to implement. This method (or 
some equally trivial technique) is recommended instead of the six bit 
data loop used in the IBM 3370 5 , since it would be simpler, more reliable, 
and avoid patent infringement. -
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